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Abstract

:

Periprosthetic osteolysis remains a leading complication of total hip and knee arthroplasty, often resulting in aseptic loosening of the implant and necessitating revision surgery. Wear-induced particulate debris is the main cause initiating this destructive process. The purpose of this article is to review recent advances in understanding of how wear debris causes osteolysis, and emergent strategies for the avoidance and treatment of this disease. A strong activator of the peri-implant innate immune this debris-induced inflammatory cascade is dictated by macrophage secretion of TNF-α, IL-1, IL-6, and IL-8, and PGE2, leading to peri-implant bone resorption through activation of osteoclasts and inhibition of osteoblasts through several mechanisms, including the RANK/RANKL/OPG pathway. Therapeutic agents against proinflammatory mediators, such as those targeting tumor necrosis factor (TNF), osteoclasts, and sclerostin, have shown promise in reducing peri-implant osteolysis in vitro and in vivo; however, radiographic changes and clinical diagnosis often lag considerably behind the initiation of osteolysis, making timely treatment difficult. Considerable efforts are underway to develop such diagnostic tools, therapies, and identify novel targets for therapeutic intervention.
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1. Introduction


As the population ages, there is an ever-increasing frequency of total joint arthroplasty, with an estimated prevalence of 4.5 million and 6.7 million people living with a prosthetic hip or knee, respectively [1]. While improvements in surgical technique and materials used are increasing the longevity of arthroplasties, revision surgery will continue to be a necessary proportion of joint replacement [2,3]. At present, revision rates for osteolysis for total hip (THA) and total knee arthroplasty (TKA) range between 3.5 and and 5% of all knee and hip revisions, respectively [4,5,6,7]. While representing a small percentage of revisions, the lack of available bone stock and reduced muscular function (Figure 1) portends need for increasingly complex revisions including additional augments, stability, and constraint exposing patients to increased risk of serious, long-term complications including infection and instability [8]. Therefore, diagnosing and preventing debris wear-induced osteolysis are important targets to improve long-term outcomes of total joint arthroplasty.



Mechanical failure due to aseptic loosening was historically the most common long-term complication of total joint arthroplasty in conventional polyethylene implants, and despite the use of highly cross-linked polyethene is still responsible for the many of revision surgeries today in both hip and knee arthroplasty at greater than one year post operation [3,9]. Although various factors may play a role in aseptic loosing, including implant wear properties and host related factors, the formation of implant wear-related polyethylene debris particles have been described in the literature as a fundamental aspect of this bony destruction [10,11,12,13,14]. This localized bone destruction, known as peri-implant osteolysis (PPOL), is initiated by the phagocytosis of small wear debris particles by cells of the monocyte/macrophage cell lineage, leading to their proliferation, differentiation, and activation (Figure 2) [15]. These events lead to upregulation of intracellular signal transduction involving the transcription activation of NFκB, nuclear translocation, and upregulation of gene expression. This triggers increased cytokine and chemokine production, leading to a pro-inflammatory state, which disrupts the homeostatic balance between bone formation and resorption, ultimately promoting osteolysis [16,17,18]. This review summarizes the current literature regarding the innate immune response to wear debris particles and the subsequent induction of osteolysis, as well as immunomodulation for the prevention and treatment of osteolysis in high-risk patients.




2. Innate Immune Response to Wear Debris Particles


2.1. Macrophages


The initial inflammatory response to wear debris has historically been understood as a product of macrophage reactivity; therefore, a primary focus of investigation has been targeted at the reduction in osteolysis. Rao et al. demonstrated a predominance of M1 macrophages in synovium and pseudo-membrane in patients undergoing revision total hip or knee arthroplasty with radiographic evidence of osteolysis, as well as an in an in vitro murine model in response to intra-articular challenge with wear debris [19]. The normal cytokine profile of M1 and M2 macrophages differ significantly. M1 macrophages induce a pro-inflammatory state with production of mediators including TNF-α, IL-1, IL-6, IL-12, IL-23, granulocyte-macrophage colony stimulating factor (GM-CSF), macrophage colony stimulating factor (M-CSF), platelet derived growth factor, and epidermal growth factor, as well as increased expression of iNOS and HLA-DR. Alternatively, M2 macrophages produce a milieu that induces bone healing, debris scavenging, wound healing, and angiogenesis through production of mediators such as IL-4, IL-10, IL-13, and increased expression of CCL1, CCL18, mammalian chitinase Ym1, Arginase 1, and FIZZ1.



The induced polarization to the M1 phenotype has significant clinical value as both a target for drug therapy and more simply, as an indicator of the biologically active role of this wear debris [20,21,22]. The complete cytokine profile of the M1 macrophage response has not yet been fully elucidated, and it is expected that more obscure and occult cytokines and tissue responses are involved in this reactivity as well [15]. While M-CSF activates osteoclasts directly; IL-1, TNF-α, and IL-6 have been shown to influence osteoblasts and other cells that direct the formation of osteoclasts. Additionally, GM-CSF directly regulates the formation of multinucleated giant cells, which act in a mechanism analogous to osteoclastic destruction of bone [23]. While the complete mechanism is not yet fully understood, Figure 2 demonstrates the central role of the milieu of M1 cytokines, known as the inflammasome pathway, in the biologic response to wear debris with subsequent development of osteolysis [15,23].




2.2. Toll-like Receptors


Chemokine expression by peri-implant cells, including macrophages, fibroblasts, and osteoblasts, exposed to wear debris plays a central role in the innate immune response leading to osteolysis. Although the periprosthetic inflammatory pathway described above has been well studied, less is known about the mechanisms of the initial interaction between wear debris and the phagocytic cells responsible for initiation of the inflammasome. A study by Gu et al. examined the literature regarding Toll-like receptors (TLRs) and chemokines in the activation of macrophages in the induction of the osteolysis inflammasome pathway [24]. TLRs belong to a class of pattern recognition receptors that enable the innate immune system to distinguish between self and non-self structures, and can recognize a myriad of stimuli, including endogenous damage associated molecular patterns (DAMPs) and exogenous pathogen associated molecular patterns (PAMPs) [25,26]. Over 13 individual mammalian TLRs have been identified, with TLR2 and TLR4 most commonly associated with aseptic loosening [25]. A study by Greenfield et al. found that TLR2-/- knockout mice had reduced radiographic evidence of osteolysis when compared to wild-type mice in vivo, and that TLR2 -/- knockout murine macrophages secreted reduced TNF-α when challenged with titanium wear debris, all suggestive of TLR2 playing a critical role in aseptic loosening [27]. Similar findings have been identified in TLR4 receptors, which typically recognize LPS, mannan, glycoinositol phospholipids, envelope proteins, or self-proteins including heat shock proteins (HSP) 60 and 70 [28,29]. Initial interest in TLR4 as a mediator of aseptic loosening began as increased expression of the receptor was identified in in tissue surrounding explanted prostheses due to osteolysis by Takagi in 2007 [30]. Subsequent investigation identified decreased osteolysis in knockout TLR4-/- mice, as well as an inhibited inflammatory response when exposed to wear particles, as comparted to wild type TLR4 mice [31]. Several groups also examined the role of particle composition as it effects TLR4 activation. Ultra-high molecular weight polyethylene (UHMWPE), a common weight bearing surface in total hip and knee replacements, was found to upregulate expression of TLR4 and HSP60 receptors on monocytes, leading to downstream upregulation of pro-inflammatory cytokines [32].



Titanium, like UHMWPE, is a common implant used in orthopaedic reconstruction, and also generates debris leading to aseptic loosening. A similar upregulation in cytokine production and osteolysis was found with exposure to titanium particles coated with lipopolysaccharide (LPS) through binding to TLR4 [33]. It remains unclear, however, whether an endotoxin coating, such as LPS, is required for TLR4 activation. Takagi et al. demonstrated that LPS exposure downregulates TLR4 mRNA expression, likely due to an auto or paracrine inflammatory cytokine downregulation as a protective mechanism to avoid damage caused by excessive inflammatory response [30]. Given this strong evidence supporting the role of TLR2 and TLR4 in the activation of the inflammasome pathway, their activation and downstream effects has been a target of much research. Several studies have been influential in identifying the molecular recruitment and downstream effects of wear particles and can be seen in Figure 3, which illustrates wear particles binding to TLR2/4, with adherent PAMPs or DAMPs. With the binding of wear particles to TLR, there is subsequent rearrangement of tyrosine inducible regions and adaptor protein recruitment, including MyD88, TIRF, and TIRAP. Activation of MyD88 phosphorylates IRAK4, which subsequently phosphorylates IRAK1. This subsequently leads to downstream activation of AP-1 and NFκB, leading to nuclear translocation and upregulation of inflammatory cytokine production. This plays a pivotal role in the induction of osteoclast differentiation and upregulation, leading to osteolysis [26,34].




2.3. Chemokines and Chemokine Receptors


As discussed above, chemokine expression by peri-implant cells, including macrophages, fibroblasts, and osteoblasts, that are exposed to wear debris also plays a central role in the innate immune response leading to osteolysis [24]. Chemokines are a class of small proteins that play a critical role in normal leukocyte activation and migration. The intracellular effects of these chemokines are mediated by a family of G-protein coupled receptors on effector cell surfaces, and are classified into the following four groups based on the class of chemokine that they bind: CXCR, CCR, CX3R, and XCR. [35,36] Given their central role in activation of the innate immune system, these molecular interactions have been a target of research for better understanding the pathogenesis of osteolysis [37,38]. Recently, an improved understanding of the role of chemokines in debris-induced cellular migration has been elicited. It was historically understood that wear debris particles stimulated only a local response with resident osteoblasts and macrophage/monocytes activated to produce IL-1, IL-6, and TNF-α [23]. However, landmark studies by Lind et al. and Nakashima et al. identified the role of titanium and UHMWPE debris in the induction of chemokine expression in macrophage/monocytes, fibroblasts, and osteoblast leading to cellular migration [39,40]. Additional studies by both Gibon et al. and Ren et al. demonstrated in vivo chemotaxis of macrophages in response to wear particles [41,42,43]. Several key chemokines specific to aseptic loosening pathology have been identified, including IL-8, monocyte chemoattractant protein (MCP)-1, MIP-1a, CCL17/TARC, and CCL22/MDC.



IL-8, a well-described chemokine, is a member of the CXC class, is classically understood to function as a neutrophil chemotactic factor [38]. Much like its TNF-α, IL-1, and IL-6 counterparts, IL-8 has been identified in high levels in tissue and synovial fluid surrounding failed, aseptic loosened prostheses [44]. As such, IL-8 can be used as a marker for early detection of aseptic loosening in patients with continued pain without radiographic evidence of loosening. A study by Kaufman et al. utilized protein arrays to identify macrophage/monocyte cytokine production to wear debris particle challenge in vitro, utilizing UHMWPE, TiAlV, Cobalt Chrome (CoCr), and alumina wear debris. They identified that IL-8 was produced in human macrophages in vitro at 5–900 times greater than a challenge with normal saline, and that TiAlV particles were the most stimulatory, with UHWPE and CoCr stimulating increased IL-8 production, though dampened compared to the titanium alloy [44,45]. A recent study by Haleem-Smith et al. identified upregulated IL-8 production by mesenchymal stem cells exposed to Ti, UHMWPE, and CoCr [46]. This increased expression leads to migration of effector cells, including those of the macrophage/monocyte lineage and osteoclasts to the periprosthetic region, leading to increased osteolysis. MCP-1, MIP1 (CCL-2), and MIP1a have all also been identified in periprosthetic tissue surrounding failed, aseptically loosened implants. These chemokines are upregulated in vitro after macrophage exposure to various wear debris particles, as demonstrated by Nakashima et al [40]. Several studies have also evaluated the role of MIP1(CCL-2) through either CCR2 receptor blockade or in a CCR2 Receptor -/- knockout mouse model, identifying elimination of migration of MSCs in vitro [41,47]. Blockade of CCR4 on osteoclast precursors, the conjugate receptor for chemokines CCL17/TARC and CCL22/MDC expressed on mature osteoclasts, reduced recruitment of osteoclast precursors to the bone-prosthesis interface in an in vitro human model [48].





3. Bone and Soft Tissue Relationship


3.1. Osteoclasts


The bone resorptive function of osteoclasts is central to the pathogenesis of osteolysis. The RANK, RANK ligand (RANK-L), osteoprotegerin (OPG) system is critical to the activation of osteoclasts. Osteoblasts and stromal cells express RANK-L, which subsequently binds to its receptor, RANK, on the surface of osteoclasts and their precursors. This binding upregulates the differentiation of precursors into multinucleated osteoclasts and promotes osteoclast survival. In a mechanism to protect bone from excessive resorption, OPG is secreted by osteoblasts and osteogenic stromal stem cells and binds to RANK, preventing interaction with RANKL and subsequent osteoclast activation. There is significant interplay and crosstalk between the cells participating in the RANK/RANKL/OPG pathway and the innate immune system [49,50]. The degree to which other, non-osteoclast cells, with the potential to resorb bone, are activated by the RANK/RANKL system is unknown, and the complete role of released cytokines, such as TNF-α or IL-1 in activation of osteoclasts, has yet to be fully elucidated [15]. Kadoya et al. demonstrated that multinucleated giant cells express some markers similar to those characteristic of osteoclasts, including tartrate-resistant acid phosphatase (TRAP) and vitronectin receptor, though this was identified only on the bone side of the bone-implant interface, it was not identified in macrophages localized to the implant surface [49]. Further in vitro studies have demonstrated that macrophages localized to the hip capsule, distinguished from their osteoclast counterparts both by antigenic phenotype and lack of response to calcitonin, are themselves capable of mild bone resorption after exposure to wear debris particles [51]. However, despite these findings, if the bone resorbing capabilities of macrophages is comparable to that of osteoclasts, given their ubiquity and near ontogenic relationship with osteoclasts, it remains to be determined if macrophages directly play a role in osteolysis [15]. The inverse has also been evaluated in several studies. Wang et al. identified the capability of osteoclasts to phagocytose wear debris particles of various materials, including ceramic, metallic, and polymers. They identified that these osteoclasts maintained full functional abilities after the phagocytosis of such wear debris particles demonstrating that, at least in vitro, there is substantial plasticity between these cell types involved in osteolysis deriving from the same precursor cells in the bone marrow [52,53]. As discussed previously, Haleem-Smith et al. identified the ability of mesenchymal stem cells, precursors for both macrophage/monocytes and osteoclasts, to participate in the formation of implant associated osteolysis, with phagocytosis of wear particles leading to decreased proliferation and increased production of pro-inflammatory cytokine IL-8 [46].




3.2. Osteoblasts


As the stimulatory cells in the RANK/RANKL/OPG pathway, osteoblasts play a key role in the natural homeostasis of bone and have been well described as critical players in the development of wear debris mediated osteolysis. Both Vermes et al. and Zreiqat et al. initially identified the adverse effects of wear debris material on the formation and function of osteoblasts [54,55]. Subsequently, titanium particles were identified as a downregulator of gene expression of type I collagen by osteoblasts, and UHMWPE particles were identified to alter differentiation of osteoblast precursors [56,57]. Pioletti et al. first identified the cytotoxic effects of wear debris particles on osteoblasts, as well as the alteration of fibronectin gene expression and cellular adhesion strength [58,59]. Most recently, Pioletti and Kottelat evaluated the role of osteoblasts in the altered cytokine and chemokine milieu through exposure to wear debris particles. They utilized primary human osteoblasts exposed to titanium particles in vitro, then utilized RT-PCR to measure relative gene expression when compared to non-exposed controls. They identified that when compared to unexposed human osteoblasts, the titanium exposed cells demonstrated increased production of osteoclastogenic factors RANK-L and M-CSF, and pro-inflammatory cytokines IL-6 and IL-8. They also identified increased expression of VEGF and matrix metalloprotease(MMP)-1, and decreased expression of type I collagen RNA [60]. These findings are highly suggestive of the importance of osteoblasts as critical mediators in the development of wear debris induced osteolysis.




3.3. Fibroblasts


As the predominant cell type at the bone-prosthesis interface, and as mediators of the development and differentiation of osteoclasts, fibroblasts have long been thought to play a role in the modulation of normal bone homeostasis and the development of wear debris mediated osteolysis [61]. Koreny et al. evaluated the role of fibroblasts and fibroblast-derived factors in the mediation of peri-implant osteolysis. Fibroblasts were stimulated in vitro by applying pro-inflammatory cytokines to cultured media, obtained from explanted synovial tissue from osteolytic knee and ankle implants, peri-prosthetic interface membrane, and titanium wear debris particles. RNase protection assays were then used to identify altered gene expression in the exposure groups, and ELISA, Western blot hybridization, and flow cytometry were used to determine changes in fibroblast protein expression. They identified elevated levels of TNF-α, MCP-1, IL-1, IL6, IL-8, and VEGF in the conditioned media from explanted interface membranes. Fibroblasts were found to phagocytose particulate wear debris, leading to subsequent upregulation of previously discussed inflammasome cytokines and chemokines, including MMP-1, MPC-1, IL-1, IL-6, IL-8, COX-1, COX-2, leukemia inhibitory factor, and TGFβ1/TGFβ1 receptor. Additionally, when these interface membrane fibroblasts were cultured with media with containing TNF-α or IL-1, they demonstrated upregulation of RANKL and OPG. Furthermore, when these stimulated fibroblasts were cocultured with bone marrow aspirate in the presence of macrophage colony stimulating factor (M-CSF), staining with tartrate resistant acid phosphatase (TRAP) identified induction of osteoclastogenesis [62]. These findings suggest that interface fibroblasts directly respond to wear debris particulates, potentially through direct phagocytosis. This leads to upregulation of the inflammasome and may be actively involved in the induction of osteoclastogenesis and activation of mature osteoclasts, potentially playing a critical role in the development of periprosthetic bone destruction.





4. Therapeutic Targets of Aseptic Loosening through Modulation of the Innate Immune Response


At present, there are no established alternatives to revision surgery for PPOL. While anti-resorptive have been shown in small studies to provide some moderate benefit, these benefits have not been supported in randomized trials. With the recent development and applications of biologic drugs as potential therapies for various pathologic processes in medicine, there are immense opportunities for immunomodulation as a means to reduce or prevent the need for revision surgery for osteolysis or aseptic loosening. In this section, we review the current clinically validated immunomodulatory treatments of osteolysis, as well as novel targets identified in both human and translational studies.



Non-biologic immunomodulators, namely bisphosphonate treatment, have historically been thought to play a potential role in PPOL. Bisphosphonates remain the most widely used agent to treat osteoclast-driven bone disease, including osteoporosis and Paget’s disease, and have been historically used to theoretically increase the clinical survivorship and decrease the rate of revision surgery though modulation of osteoclast activity [63]. Functioning largely based on their chemical structure, osteoclasts can be grouped into two distinct categories, those being nitrogen containing and non-nitrogen containing [64,65]. Preferentially incorporated into bone mineral due to their high affinity for hydroxyapatite, the first developed bisphosphonate medications, possessed R2 side chains lacking nitrogen, and given their structural similarity to inorganic phosphate, were incorporated into newly formed adenosine triphosphate (ATP) by class II aminoacyl-transfer RNA synthetases after osteoclast mediated uptake from mineralized bone. Subsequent intracellular accumulation of non-hydrolyazable ATP analogues is thought to be cytotoxic to osteoclasts, inhibiting multiple ATP dependent processes, and leading to osteoclast apoptosis. In contrast, later generation bisphosphonates possessed R2 side chains containing nitrogen, and their mechanism of osteoclast cytoxicity is distinctly different from that of their early-generation counterparts. These nitrogen containing bisphosphonates bind to and inhibit the activity of farnesyl pyrophosphate synthase, a key regulator in the mevalonic acid pathway critical to the production of cholesterol and other sterols. As such, the post-translational modification of proteins is inhibited, leading to downstream cellular apoptosis. While this is non-selective for simply osteoclasts, the high-affinity of nitrogen containing bisphosphonates for hydroxyapatite before osteoclast endocytosis allows for selective inactivation of osteoclasts specifically [64,65,66]. In the setting of TJA, the primary concerns with the use of bisphosphonates involve the role of osteoclast inhibition in at the bone-implant interface in regard to both biologic ingrowth of porous surfaces as well as reducing the effect of wear debris on the histologic stability of the bone implant interface [63]. Numerous clinical studies have evaluated the role for bisphosphonate supplementation, identifying increased radiologic bony ingrowth [67,68], as well as decreased rate of revision for aseptic loosening [69], and decreased all cause revision rate with bisphosphonate used for the first year following arthroplasty [70,71], though these studies are limited by small sample sizes and failure to evaluate patients following the development of osteolytic defects. Von Knoch et al. in 2007 examined the utility of bisphosphonates in a leporine model of particulate wear at 6 and 12 weeks’ post-implantation. Their group identified both a significant histologic and radiographic increase in bone thickness at 6 and 12 weeks with administration of both alendronate and zolendronate in both the minimal wear and high wear leporine knees. Further histologic analysis demonstrates increased bone volume in bisphosphonate treated knees, independent of the presence of wear particles, suggesting that bisphosphonates may provide protective effect against PPOL [72]. However, these findings have not been supported in randomized clinical trials, as Rubash et al. randomized 123 patients with established osteolytic lesions, finding that daily oral administration of both low and high dose alendronate did not affect change in radiological size, visual analog scale pain scores, or risk of progression to revision surgery over the 18-month study period when compared to placebo [73]. Further clinical trials are necessary to elucidate the benefits of bisphosphonates in prevention and treatment of PPOL, particularly in the treatment of previously developed osteolytic defect.



At this juncture, the anti-RANKL biologic denosumab is considered the most realistic option for prevention of osteolysis, due to its known mechanism of action, superior efficacy over other drugs, and its limited side effect profile [74,75,76]. Studies in murine models of periprosthetic have previously demonstrated the significant protection against bone resorption at the implant interface with administration of anti-RANKL antibodies, with additional decreases in serum levels of the osteolytic enzyme Tartrate Resistant Acid Phosphatase (TRAP). Mahtma et al. recently completed a double-blind randomized controlled clinical trial examining the effect of denosumab on the immunologic characteristics of the bone-implant interface in revision hip arthroplasty for osteolysis. Twenty-two patients were randomized to treatment with a single dose of subcutaneous denosumab versus placebo prior to their revision THA for osteolysis. Bone surface biopsies were taken 8 weeks later at the time of surgery, with a significant decrease (83%) in osteoclast number at the bone-implant interface, as well as osteoclast surface percentage, osteoblast number, and osteoblast surface percentage in the denosumab group when compared to controls [77]. This is the first study to confirm the immunologic basis for clinical efficacy of anti-RANKL antibodies in the reduction in osteolytic activity in human subjects. While first-in-man, this study is fraught with limitations, particularly in that the included patients already indicated for surgery for management of their osteolytic defects, suggesting significant destruction and likely implant instability. As such, the authors did not include the most likely patients to benefit from such a treatment, that being patients with well-functioning, well-fixed arthroplasties with early evidence of osteolysis. Furthermore, this study fails to clearly elucidate a clinical benefit of anti-RANKL antibodies, particularly in this subset of patients, and further studies should seek to further elucidate a substantial clinical benefit of denosumab treatment, particularly in otherwise asymptomatic patients. Skoldenberg et al. initiated a similar double blind, randomized clinical trial in 2015, to evaluate the benefit of Denosumab on PPOL in a group of 20 patients [78]. While enrollment is complete, at the time of this review, the results of such study remain illusory.



Furthermore, developments in understanding of the Wnt-sclerostin pathway as a central regulator of normal homeostasis of bone have provided a potential target for a single agent to function as combination therapy in high-risk patients. Romosozumab, a humanized mouse anti-sclerostin monoclonal antibody was approved for medical use in the United States in 2019 and has since played a critical role in the treatment of both osteoporosis as well as cancer-mediate osteolysis given its unique capabilities as both anti-resorptive and anabolic in bone [79,80,81,82]. Expressed by mature osteocytes, fibroblast like synovial cells, and even myeloma cells directly, sclerostin functions as a key regulator of the canonical Wnt/βcatenin pathway. Wnt/βcatenin signaling is activated by binding of Wnt proteins to receptor complexes composed of frizzled receptors and co-receptors of the low density lipoprotein receptor-related protein (LRP) family, LRP5 and 6. This event stabilizes βcatenin, induces its translocation to the nucleus, and activates gene transcription. This pathway is known as the canonical Wnt signaling pathway, and controls differentiation of mesenchymal stem cells (MSC) restraining chondrogenic and adipogenic differentiation and favoring osteoblastic differentiation, as well as promoting osteoblast maturation, survival of osteoblasts and osteocytes, and inhibits osteoclast generation by increasing the expression in osteoblasts and osteocytes of OPG. Sclerostin is a potent antagonist of the canonical Wnt pathway, binding to the Wnt Co-receptor LRP5/6, preventing downstream signaling of Wnt. While much has been learned about the role of anti-sclerostin therapy in the setting of quantitative bone loss in osteoporosis and multiple myeloma [74,83], the role of sclerostin in wear-induced PPOL has yet to be elucidated. In a recent study, Jagga et al. in 2021 published on the sclerostin-producing potential of fibroblast-like synoviocytes (FLCs) at the implant host junction. In an in vitro model of FLCs, particular wear upregulated NFκB, COX-2, pro-inflammatory cytokines IL-1β, TNF-α, IL-6, IL-8, IL-11, IL-17, as well as RANKL expression, sufficient to activate osteoclast activity. Inhibition of Wnt signaling was observed in osteoprogenitor cells after the introduction of wear-induced particulate debris, and in the presence of such debris, the stimulation of the canonical Wnt pathway failed to upregulate osteogenic activity, with detection of sclerostin production by FLCs and osteoprogenitor cells. Interestingly, neutralization of SOST in the cell lines partially restored the downregulated Wnt signaling in the presence of wear debris [84]. As such, this study suggests that not only may FLCs play a role in PPOL through the stimulation and upregulation of osteoclast activity, but also through suppression of osteoblastic activity of osteoprogenitor cells, and that inactivation of Sclerostin may play a protective role. While significantly more in vitro and in vivo research is needed to both better elucidate the mechanism of such suppression, as well as translate to animal models and clinical research, the possibilities of such effects are encouraging.



Current biologics indicated for the treatment of rheumatic disease are another potential target, including TNF-α inhibitors such as etanercept, adalimumab, or infliximab, and IL-1 antagonists such as anakinra [84]. While widely used in the treatment of rheumatic disease, there is significant hesitation regarding their application in osteolysis. This is due primarily to the well-established side-effects of drugs targeting the innate and adaptive immune system, leading to immunosuppression, opportunistic infections, and rarely, subtypes of cancer. Additionally, they are associated with a high cost of treatment (~USD 15,000 per year) [84]. Furthermore, off-label utilization of these drugs would require FDA approval. Despite initial interest in the form of a prospective, double-blind, placebo-controlled clinical pilot study, there are no economic models suggesting return on investment necessary to risk time (~12 years) and resources (~USD 800 million) necessary to obtain approval.



Several novel biologics have been evaluated in vitro as potential therapeutic options to arrest osteolysis once detected. One such biologic is AM630, a selective antagonist of cannabinoid receptor (CB) 2 that subsequently inhibits IL-1 and TNF-α. This leads to arrest of the inflammatory reaction previously described leading to osteolysis both in vitro and in vivo in a murine model [85]. LY294002, a PI3K/AKT selective inhibitor, has been found to decrease expression of TNF-α mRNA and downstream protein product in macrophages pretreated with the drug after stimulation with wear particle debris [86]. Tetracycline was also evaluated as a potential treatment given its known inhibition of MMP-9. A group using an in vivo murine model of osteolysis found that despite the MMP-9 inhibitory properties, there was no alteration in MMP-9 or TNF-α expression, but instead highly downregulated gene expression of RANK and RANKL and inhibited wear debris induced osteolysis [84].




5. Biomarkers


Finally, while there have been several potential immunologic based targets to prevent osteolysis, clinically validated biomarkers for early detection of prosthesis loosening are critical in the application of such treatments. The natural history of osteolysis is such that once the clinical or radiographic evidence of osteolysis is apparent, the implant may be mechanically loose. Even if medical therapy were to arrest wear debris induced inflammatory osteolysis upon detection, continued micromotion and instability of implants prevents reintegration of the implant [87] While therapeutic targets are of research interest, there is little clinical application until the development of a clinically validated biomarker enables the detection of osteolysis prior to clinical or radiographic presentation, to the development of micromotion and mechanical instability, and prior to the development of severe bone loss requiring augmented reconstruction during revision surgery. Ross et al. examined 24 h urine samples of 26 patients who had previously undergone TJA, with 10 having subsequently developed PPOL, and the remaining 16 serving as healthy controls. Seven candidate biomarkers were measured, including free deoxypyridinoline (DPD), cross-linked N-telopeptides (NTX), interleukin-6 (IL-6), interleukin-8 (IL-8), osteoprotegerin (OPG), α-crosslaps (α-CTX), and β-crosslaps (β-CTX). As an individual biomarker, DPD demonstrated the highest ability to predict osteolysis, with an area under the curve (AUC) in Receiver Operating Characteristic (ROC) analyses of 0.844 at 6 years prior to diagnosis. A panel of α-CTX and IL-6 was able to identify at-risk patients with an AUC of 0.941 or greater at all post-operative time points and an AUC of 1.000 pre-operatively, suggesting the role for such biomarkers in the detection of pre-clinical PPOL [88]. In the only other series in the literature, Li et al. found that biomarker levels, specifically osteocalcin and cross-linked carboxyterminal telopeptide of type I collagen (ICTP), were elevated before implant migration as assessed by radiosteriometric analysis (RSA) in their cohort of 40 TKAs [89]. Further research is needed to identify optimal targets, routes, and timing of testing following arthroplasty to monitor for pre-clinical evidence of osteolysis.




6. Limitations


As a retrospective review, there are limitations inherent in this article. As this is a broad, complex topic with ever-changing targets, it is certainly possible that studies with differing outcomes were not included. Given the breadth of literature covered, this review is unable to completely detail overall research strategy, inclusion and exclusion criteria, statistical methods, and limitations of each study. As such, readers with a keen interest would be wise to review the individual studies included before changing practice habits.




7. Conclusions


The initiation of aseptic osteolysis around prostheses used in total joint arthroplasty is intimately related to the inflammatory reaction that occurs because of wear debris particles that lead to activation of the innate immune system. This debris-induced inflammation is dictated by macrophage secretion of TNF-α, IL-1, IL-6, and IL-8, and PGE2, leading to peri-implant bone resorption through activation of osteoclasts and inhibition of osteoblasts through several mechanisms, including the RANK/RANKL/OPG pathway. With the increasing incidence and prevalence of TJA, there is a growing need for early diagnosis and intervention for wear debris induced inflammation. Recent research has improved our understanding of how sterile implant debris causes downstream immune activation and peri-prosthetic responses, such as the inflammasome signaling pathway. Targeted immunologic therapies, including application of rheumatic drugs such as infliximab, etanercept, and adalimumab have been the focus of much research, and are being investigated as potential pharmacologic agents against PPOL. Denosumab has shown promise in early clinical trials, however, higher power, longer term clinical studies are necessary to better elucidate the roll of anti-RANKL antibody treatment. Furthermore, SOST/Sclerostin, PI3K inhibitors, or tetracyclines are all promising therapeutic modalities that require further in vitro and in vivo literature to elucidate their potential effects. Most importantly, immunologic detection modalities, such as urinary α-CTX, IL-6, DPD, or ICTP, require further study to identify optimal markers, routes, and timing of testing following arthroplasty to monitor for pre-clinical evidence of osteolysis.







Author Contributions


Conceptualization, J.P.C.; writing, J.P.C., J.W.S., P.M.G., I.J.W. and O.S. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Singh, J.A. Epidemiology of Knee and Hip Arthroplasty: A Systematic Review. Open Orthop. J. 2011, 5, 80–85. [Google Scholar] [CrossRef]

	



Man, K.; Jiang, L.-H.; Foster, R.; Yang, X.B. Immunological Responses to Total Hip Arthroplasty. J. Funct. Biomater. 2017, 8, 33. [Google Scholar] [CrossRef] [PubMed]

	



Jamari, J.; Ammarullah, M.I.; Santoso, G.; Sugiharto, S.; Supriyono, T.; van der Heide, E. In Silico Contact Pressure of Metal-on-Metal Total Hip Implant with Different Materials Subjected to Gait Loading. Metals 2022, 12, 1241. [Google Scholar] [CrossRef]

	



Bozic, K.J.; Kurtz, S.M.; Lau, E.; Ong, K.; Chiu, V.; Vail, T.P.; Rubash, H.E.; Berry, D.J. The epidemiology of revision total knee arthroplasty in the United States. Clin. Orthop. Relat. Res. 2010, 468, 45–51. [Google Scholar] [CrossRef] [PubMed]

	



Sharkey, P.F.; Lichstein, P.M.; Shen, C.; Tokarski, A.T.; Parvizi, J. Why are total knee arthroplasties failing today—Has anything changed after 10 years? J. Arthroplast. 2014, 29, 1774–1778. [Google Scholar] [CrossRef]

	



Ackerman, I.N.; Busija, L.; Lorimer, M.; de Steiger, R.; Graves, S.E. Lifetime Risk of Revision Hip Replacement Surgery in Australia Remains Low: A Population-Level Analysis Using National Registry Data. J. Bone Jt. Surg. Am. 2021, 103, 389–396. [Google Scholar] [CrossRef]

	



Jorgensen, N.B.; McAuliffe, M.; Orschulok, T.; Lorimer, M.F.; De Steiger, R. Major Aseptic Revision Following Total Knee Replacement: A Study of 478,081 Total Knee Replacements from the Australian Orthopaedic Association National Joint Replacement Registry. J. Bone Jt. Surg. Am. 2019, 101, 302–310. [Google Scholar] [CrossRef]

	



Fritz, J.; Lurie, B.; Miller, T.T. Imaging of hip arthroplasty. In Seminars in Musculoskeletal Radiology; Thieme Medical Publishers: New York, NY, USA, 2013; Volume 17, pp. 316–327. [Google Scholar]

	



Robertsson, O.; Knutson, K.; Lewold, S.; Lidgren, L. The Swedish Knee Arthroplasty Register 1975–1997: An update with special emphasis on 41,223 knees operated on in 1988–1997. Acta Orthop. 2001, 72, 503–513. [Google Scholar] [CrossRef]

	



Boehler, M.; Plenk, H.; Salzer, M. Alumina ceramic bearings for hip endoprostheses: The Austrian experiences. Clin. Orthop. Relat. Res. 2000, 379, 85–93. [Google Scholar] [CrossRef]

	



Santavirta, S.; Takagi, M.; Gomez-Barrena, E.; Nevalainen, J.; Lassus, J.; Salo, J.; Konttinen, Y.T. Studies of host response to orthopedic implants and biomaterials. J. Long-Term Eff. Med. Implant. 1999, 9, 67–76. [Google Scholar]

	



Willert, H.G.; Bertram, H.; Buchhorn, G.H. Osteolysis in alloarthroplasty of the hip. The role of ultra-high molecular weight polyethylene wear particles. Clin. Orthop. Relat. Res. 1990, 258, 95–107. [Google Scholar] [CrossRef]

	



Jamari, J.; Ammarullah, M.I.; Santoso, G.; Sugiharto, S.; Supriyono, T.; Prakoso, A.T.; Basri, H.; van der Heide, E. Computational Contact Pressure Prediction of CoCrMo, SS 316L and Ti6Al4V Femoral Head against UHMWPE Acetabular Cup under Gait Cycle. J. Funct. Biomater. 2022, 13, 64. [Google Scholar] [CrossRef] [PubMed]

	



Toh, S.M.S.; Ashkanfar, A.; English, R.; Rothwell, G. The relation between body weight and wear in Total Hip Prosthesis: A finite element study. Comput. Methods Programs Biomed. Updat. 2022, 2, 100060. [Google Scholar] [CrossRef]

	



Landgraeber, S.; Jäger, M.; Jacobs, J.J.; Hallab, N.J. The pathology of orthopedic implant failure is mediated by innate immune system cytokines. Mediat. Inflamm. 2014, 2014, 185150. [Google Scholar] [CrossRef]

	



Schwarz, E.M.; Lu, A.P.; Goater, J.J.; Benz, E.B.; Kollias, G.; Rosier, R.N.; Puzas, J.E.; O’Keefe, R.J. Tumor necrosis factor-α/nuclear transcription factor-?B signaling in periprosthetic osteolysis. J. Orthop. Res. 2000, 18, 472–480. [Google Scholar] [CrossRef]

	



Sandell, L.J.; Silva, M.J. Specialty update: What’s new in orthopaedic research. J. Bone Jt. Surg. 2001, 83, 1117–1124. [Google Scholar] [CrossRef] [PubMed]

	



Liu, X.-Y.; Qiu, G.-X.; Weng, X.-S.; Yu, B.; Wang, Y. What is the optimum fusion technique for adult spondylolisthesis—PLIF or PLF or PLIF plus PLF? A meta-analysis from 17 comparative studies. Spine 2014, 39, 1887–1898. [Google Scholar] [CrossRef]

	



Jiang, J.; Jia, T.; Gong, W.; Ning, B.; Wooley, P.H.; Yang, S.-Y. Macrophage Polarization in IL-10 Treatment of Particle-Induced Inflammation and Osteolysis. Am. J. Pathol. 2015, 186, 57–66. [Google Scholar] [CrossRef]

	



Rao, A.J.; Gibon, E.; Ma, T.; Yao, Z.; Smith, R.L.; Goodman, S.B. Revision joint replacement, wear particles, and macrophage polarization. Acta Biomater. 2012, 8, 2815–2823. [Google Scholar] [CrossRef] [PubMed]

	



Kadoya, Y.; Kobayashi, A.; Ohashi, H. Wear and osteolysis in total joint replacements. Acta Orthop. 1998, 69 (Suppl. S278), i-16. [Google Scholar] [CrossRef]

	



Shanbhag, A.S.; Jacobs, J.J.; Black, J.; Galante, J.O.; Glant, T.T. Macrophage/particle interactions: Effect of size, composition and surface area. J. Biomed. Mater. Res. 1994, 28, 81–90. [Google Scholar] [CrossRef] [PubMed]

	



Revell, P.A. Joint Replacement Technology; Woodhead Publishing: Southen, UK, 2008. [Google Scholar] [CrossRef]

	



Gu, Q.; Shi, Q.; Yang, H. The Role of TLR and Chemokine in Wear Particle-Induced Aseptic Loosening. J. Biomed. Biotechnol. 2012, 2012, 596870. [Google Scholar] [CrossRef] [PubMed]

	



Takagi, M. Toll-like Receptor. J. Clin. Exp. Hematop. 2011, 51, 77–92. [Google Scholar] [CrossRef] [PubMed]

	



Pearl, J.I.; Ma, T.; Irani, A.R.; Huang, Z.; Robinson, W.H.; Smith, R.L.; Goodman, S.B. Role of the Toll-like receptor pathway in the recognition of orthopedic implant wear-debris particles. Biomaterials 2011, 32, 5535–5542. [Google Scholar] [CrossRef] [PubMed]

	



Greenfield, E.M.; Beidelschies, M.A.; Tatro, J.M.; Goldberg, V.M.; Hise, A. Bacterial Pathogen-associated Molecular Patterns Stimulate Biological Activity of Orthopaedic Wear Particles by Activating Cognate Toll-like Receptors. J. Biol. Chem. 2010, 285, 32378–32384. [Google Scholar] [CrossRef]

	



Ohashi, K.; Burkart, V.; Flohé, S.; Kolb, H. Cutting Edge: Heat Shock Protein 60 Is a Putative Endogenous Ligand of the Toll-Like Receptor-4 Complex. J. Immunol. 2000, 164, 558–561. [Google Scholar] [CrossRef]

	



Kawai, T.; Akira, S. The role of pattern-recognition receptors in innate immunity: Update on Toll-like receptors. Nat. Immunol. 2010, 11, 373–384. [Google Scholar] [CrossRef]

	



Takagi, M.; Tamaki, Y.; Hasegawa, H.; Takakubo, Y.; Konttinen, L.; Tiainen, V.-M.; Lappalainen, R.; Konttinen, Y.T.; Salo, J. Toll-like receptors in the interface membrane around loosening total hip replacement implants. J. Biomed. Mater. Res. Part A 2007, 81A, 1017–1026. [Google Scholar] [CrossRef]

	



Bi, Y.; Seabold, J.M.; Kaar, S.G.; Ragab, A.A.; Goldberg, V.M.; Anderson, J.M.; Greenfield, E.M. Adherent Endotoxin on Orthopedic Wear Particles Stimulates Cytokine Production and Osteoclast Differentiation. J. Bone Miner. Res. 2001, 16, 2082–2091. [Google Scholar] [CrossRef]

	



Hao, H.-N.; Zheng, B.; Nasser, S.; Ren, W.; Latteier, M.; Wooley, P.; Morawa, L. The roles of monocytic heat shock protein 60 and Toll-like receptors in the regional inflammation response to wear debris particles. J. Biomed. Mater. Res. Part A 2009, 92A, 1373–1381. [Google Scholar] [CrossRef]

	



Mao, X.; Pan, X.; Peng, X.; Cheng, T.; Zhang, X. Inhibition of Titanium Particle-Induced Inflammation by the Proteasome Inhibitor Bortezomib in Murine Macrophage-Like RAW 264.7 Cells. Inflammation 2012, 35, 1411–1418. [Google Scholar] [CrossRef] [PubMed]

	



Maitra, R.; Clement, C.C.; Scharf, B.; Crisi, G.M.; Chitta, S.; Paget, D.; Purdue, P.E.; Cobelli, N.; Santambrogio, L. Endosomal damage and TLR2 mediated inflammasome activation by alkane particles in the generation of aseptic osteolysis. Mol. Immunol. 2009, 47, 175–184. [Google Scholar] [CrossRef]

	



Rollins, B.J. Chemokines. Blood 1997, 90, 909–928. [Google Scholar] [CrossRef]

	



Fernandez, E.J.; Lolis, E. Structure, function, and inhibition of chemokines. Annu. Rev. Pharm. Toxicol. 2002, 42, 469–499. [Google Scholar] [CrossRef]

	



Zlotnik, A.; Yoshie, O. Chemokines: A New Classification System and Their Role in Immunity. Immunity 2000, 12, 121–127. [Google Scholar] [CrossRef] [PubMed]

	



Allen, S.J.; Crown, S.E.; Handel, T.M. Chemokine: Receptor Structure, Interactions, and Antagonism. Annu. Rev. Immunol. 2007, 25, 787–820. [Google Scholar] [CrossRef] [PubMed]

	



Lind, M.; Trindade, M.; Schurman, D.; Goodman, S.; Smith, R. Monocyte migration inhibitory factor synthesis and gene expression in particle-activated macrophages. Cytokine 2000, 12, 909–913. [Google Scholar] [CrossRef] [PubMed]

	



Nakashima, Y.; Sun, D.H.; Trindade, M.C.D.; Chun, L.E.; Song, Y.; Goodman, S.B.; Schurman, D.J.; Maloney, W.J.; Smith, R.L. Induction of macrophage C-C chemokine expression by titanium alloy and bone cement particles. J. Bone Jt. Surg. 1999, 81, 155–162. [Google Scholar] [CrossRef]

	



Gibon, E.; Ma, T.; Ren, P.-G.; Fritton, K.; Biswal, S.; Yao, Z.; Smith, L.; Goodman, S.B. Selective inhibition of the MCP-1-CCR2 ligand-receptor axis decreases systemic trafficking of macrophages in the presence of UHMWPE particles. J. Orthop. Res. 2011, 30, 547–553. [Google Scholar] [CrossRef]

	



Ren, P.-G.; Huang, Z.; Ma, T.; Biswal, S.; Smith, R.L.; Goodman, S.B. Surveillance of systemic trafficking of macrophages induced by UHMWPE particles in nude mice by noninvasive imaging. J. Biomed. Mater. Res. Part A 2010, 9999A, 706–711. [Google Scholar] [CrossRef]

	



Ren, P.-G.; Irani, A.; Huang, Z.; Ma, T.; Biswal, S.; Goodman, S.B. Continuous Infusion of UHMWPE Particles Induces Increased Bone Macrophages and Osteolysis. Clin. Orthop. Relat. Res. 2010, 469, 113–122. [Google Scholar] [CrossRef] [PubMed]

	



Abu-Amer, Y.; Darwech, I.; Clohisy, J.C. Aseptic loosening of total joint replacements: Mechanisms underlying osteolysis and potential therapies. Arthritis Res. Ther. 2007, 9, S6. [Google Scholar] [CrossRef] [PubMed]

	



Kaufman, A.M.; Alabre, C.I.; Rubash, H.E.; Shanbhag, A.S. Human macrophage response to UHMWPE, TiAlV, CoCr, and alumina particles: Analysis of multiple cytokines using protein arrays. J. Biomed. Mater. Res. Part A 2007, 84A, 464–474. [Google Scholar] [CrossRef] [PubMed]

	



Haleem-Smith, H.; Argintar, E.; Bush, C.; Hampton, D.; Postma, W.F.; Chen, F.H.; Rimington, T.; Lamb, J.; Tuan, R.S. Biological responses of human mesenchymal stem cells to titanium wear debris particles. J. Orthop. Res. 2011, 30, 853–863. [Google Scholar] [CrossRef]

	



Huang, Z.; Ma, T.; Ren, P.-G.; Smith, R.L.; Goodman, S.B. Effects of orthopedic polymer particles on chemotaxis of macrophages and mesenchymal stem cells. J. Biomed. Mater. Res. Part A 2010, 94A, 1264–1269. [Google Scholar] [CrossRef]

	



Cadosch, D.; Gautschi, O.P.; Chan, E.; Simmen, H.P.; Filgueira, L. Titanium induced production of chemokines CCL17/TARC and CCL22/MDC in human osteoclasts and osteoblasts. J. Biomed. Mater. Res.—Part A 2010, 92, 475–483. [Google Scholar] [CrossRef]

	



Leibbrandt, A.; Penninger, J.M. RANK(L) as a Key Target for Controlling Bone Loss. In Therapeutic Targets of the TNF Superfamily; Springer: New York, NY, USA, 2009; Volume 647, pp. 130–145. [Google Scholar] [CrossRef]

	



Kadoya, Y.; Al-Saffar, N.; Kobayashi, A.; Revell, P. The expression of osteoclast markers on foreign body giant cells. Bone Miner. 1994, 27, 85–96. [Google Scholar] [CrossRef]

	



Athanasou, N.; Quinn, J.; Bulstrode, C. Resorption of bone by inflammatory cells derived from the joint capsule of hip arthroplasties. J. Bone Jt. Surg. 1992, 74, 57–62. [Google Scholar] [CrossRef]

	



Wang, W.; Ferguson, D.J.P.; Quinn, J.M.W.; Simpson, A.H.R.W.; Athanasou, N.A. Osteoclasts are capable of particle phagocytosis and bone resorption. J. Pathol. 1997, 182, 92–98. [Google Scholar] [CrossRef]

	



Wang, W.; Ferguson, D.J.; Quinn, J.M.; Simpson, A.H.R.; Athanasou, N.A. Biomaterial Particle Phagocytosis by Bone-Resorbing Osteoclasts. J. Bone Jt. Surg. 1997, 79, 849–856. [Google Scholar] [CrossRef]

	



Vermes, C.; Glant, T.T.; Hallab, N.J.; Fritz, E.A.; Roebuck, K.A.; Jacobs, J.J. The potential role of the osteoblast in the development of periprosthetic osteolysis: Review of in vitro osteoblast responses to wear debris, corrosion products, and cytokines and growth factors. J. Arthroplast. 2001, 16, 95–100. [Google Scholar] [CrossRef] [PubMed]

	



Zreiqat, H.; Crotti, T.; Howlett, C.; Capone, M.; Markovic, B.; Haynes, D. Prosthetic particles modify the expression of bone-related proteins by human osteoblastic cells in vitro. Biomaterials 2002, 24, 337–346. [Google Scholar] [CrossRef] [PubMed]

	



Yao, J.; Cs-Szabo, G.; Jacobs, J.J.; Kuettner, K.E.; Glant, T.T. Suppression of osteoblast function by titanium particles. J. Bone Jt. Surg.—Ser. A 1997, 79, 107–112. [Google Scholar] [CrossRef]

	



Dean, D.D.; Lohmann, C.; Sylvia, V.L.; Köster, G.; Liu, Y.; Schwartz, Z.; Boyan, B.D. Effect of polymer molecular weight and addition of calcium stearate on response of MG63 osteoblast-like cells to UHMWPE particles. J. Orthop. Res. 2001, 19, 179–186. [Google Scholar] [CrossRef] [PubMed]

	



Pioletti, D.P.; Takei, H.; Kwon, S.Y.; Wood, D.; Sung, K.L.P. The cytotoxic effect of titanium particles phagocytosed by osteoblasts. J. Biomed. Mater. Res. 1999, 46, 399–407. [Google Scholar] [CrossRef]

	



Pioletti, D.P.; Takei, H.; Lin, T.; Van Landuyt, P.; Ma, Q.J.; Kwon, S.Y.; Sung, K.-L.P. The effects of calcium phosphate cement particles on osteoblast functions. Biomaterials 2000, 21, 1103–1114. [Google Scholar] [CrossRef]

	



Pioletti, D.P.; Kottelat, A. The influence of wear particles in the expression of osteoclastogenesis factors by osteoblasts. Biomaterials 2004, 25, 5803–5808. [Google Scholar] [CrossRef] [PubMed]

	



Al-Saffar, N.; Revell, P.A. Pathology of the bone-implant interfaces. J. Long-Term Eff. Med. Implant. 1999, 9, 319–347. [Google Scholar]

	



Koreny, T.; Tunyogi-Csapó, M.; Gál, I.; Vermes, C.; Jacobs, J.J.; Glant, T.T. The role of fibroblasts and fibroblast-derived factors in periprosthetic osteolysis. Arthritis Care Res. 2006, 54, 3221–3232. [Google Scholar] [CrossRef]

	



McDonald, C.L.; Lemme, N.J.; Testa, E.J.; Aaron, R.; Hartnett, D.A.; Cohen, E.M. Bisphosphonates in Total Joint Arthroplasty: A Review of Their Use and Complications. Arthroplast. Today 2022, 14, 133–139. [Google Scholar] [CrossRef]

	



Hall, A. Rho GTPases and the Actin Cytoskeleton. Science 1998, 279, 509–514. [Google Scholar] [CrossRef] [PubMed]

	



Kavanagh, K.L.; Guo, K.; Dunford, J.E.; Wu, X.; Knapp, S.; Ebetino, F.H.; Rogers, M.J.; Russell, R.G.G.; Oppermann, U. The molecular mechanism of nitrogen-containing bisphosphonates as antiosteoporosis drugs. Proc. Natl. Acad. Sci. USA 2006, 103, 7829–7834. [Google Scholar] [CrossRef] [PubMed]

	



Dunford, J.E.; Thompson, K.; Coxon, F.P.; Luckman, S.P.; Hahn, F.M.; Poulter, C.D.; Ebetino, F.H.; Rogers, M.J. Structure-activity relationships for inhibition of farnesyl diphosphate synthase in vitro and inhibition of bone resorption in vivo by nitrogen-containing bisphosphonates. J. Pharmacol. Exp. Ther. 2001, 296, 235–242. [Google Scholar] [PubMed]

	



Bhandari, M.; Bajammal, S.S.; Guyatt, G.H.; Griffith, L.; Busse, J.; Schunemann, H.J.; Einhorn, T. Effect of Bisphosphonates on Periprosthetic Bone Mineral Density After Total Joint Arthroplasty. J. Bone Jt. Surg. 2005, 87, 293–301. [Google Scholar] [CrossRef] [PubMed]

	



Wang, C.-J.; Wang, J.-W.; Weng, L.-H.; Hsu, C.-C.; Huang, C.-C.; Chen, H.-S. The Effect of Alendronate on Bone Mineral Density in the Distal Part of the Femur And Proximal Part of the Tibia After Total Knee Arthroplasty. J. Bone Jt. Surg. 2003, 85, 2121–2126. [Google Scholar] [CrossRef]

	



Namba, R.S.; Inacio, M.C.; Cheetham, T.C.; Dell, R.M.; Paxton, E.W.; Khatod, M.X. Lower Total Knee Arthroplasty Revision Risk Associated With Bisphosphonate Use, Even in Patients With Normal Bone Density. J. Arthroplast. 2016, 31, 537–541. [Google Scholar] [CrossRef]

	



Prieto-Alhambra, D.; Javaid, M.K.; Judge, A.; Murray, D.; Carr, A.; Cooper, C.; Arden, N.K. Association between bisphosphonate use and implant survival after primary total arthroplasty of the knee or hip: Population based retrospective cohort study. BMJ 2011, 343, d7222. [Google Scholar] [CrossRef]

	



Ro, D.H.; Jin, H.; Park, J.-Y.; Lee, M.C.; Won, S.; Han, H.-S. The use of bisphosphonates after joint arthroplasty is associated with lower implant revision rate. Knee Surg. Sport. Traumatol. Arthrosc. 2018, 27, 2082. [Google Scholar] [CrossRef]

	



von Knoch, F.; Eckhardt, C.; Alabre, C.I.; Schneider, E.; Rubash, H.E.; Shanbhag, A.S. Anabolic effects of bisphosphonates on peri-implant bone stock. Biomaterials 2007, 28, 3549–3559. [Google Scholar] [CrossRef]

	



Rubash, H.E.; Dorr, L.D.; Jacobs, J.; Maloney, W.; Saag, K.; Malbecq, W.; Leung, A. Does alendronate inhibit the progression of periprosthetic osteolysis? Trans ORS 2004, 29, 1492. [Google Scholar]

	



Spaan, I.; Raymakers, R.A.; Van De Stolpe, A.; Peperzak, V. Wnt signaling in multiple myeloma: A central player in disease with therapeutic potential. J. Hematol. Oncol. 2018, 11, 67. [Google Scholar] [CrossRef] [PubMed]

	



Smith, R.L.; Schwarz, E.M. Are Biologic Treatments a Potential Approach to Wear- and Corrosion-related Problems? Clin. Orthop. Relat. Res. 2014, 472, 3740–3746. [Google Scholar] [CrossRef] [PubMed]

	



Boyle, W.J.; Simonet, W.S.; Lacey, D.L. Osteoclast differentiation and activation. Nature 2003, 423, 337–342. [Google Scholar] [CrossRef]

	



Mahatma, M.M.; Jayasuriya, R.L.; Hughes, D.; Hoggard, N.; Buckley, S.C.; Gordon, A.; Hamer, A.J.; Tomouk, M.W.; Kerry, R.M.; Eastell, R.; et al. Effect of denosumab on osteolytic lesion activity after total hip arthroplasty: A single-centre, randomised, double-blind, placebo-controlled, proof of concept trial. Lancet Rheumatol. 2021, 3, e195–e203. [Google Scholar] [CrossRef]

	



Sköldenberg, O.; Rysinska, A.; Eisler, T.; Salemyr, M.; Bodén, H.; Muren, O. Denosumab for treating periprosthetic osteolysis; study protocol for a randomized, double-blind, placebo-controlled trial. BMC Musculoskelet. Disord. 2016, 17, 174. [Google Scholar] [CrossRef] [PubMed]

	



Reid, I.R.; Billington, E.O. Drug therapy for osteoporosis in older adults. Lancet 2022, 399, 1080–1092. [Google Scholar] [CrossRef]

	



Li, X.; Zhang, Y.; Kang, H.; Liu, W.; Liu, P.; Zhang, J.; Harris, S.E.; Wu, D. Sclerostin Binds to LRP5/6 and Antagonizes Canonical Wnt Signaling. J. Biol. Chem. 2005, 280, 19883–19887. [Google Scholar] [CrossRef]

	



Krause, C.; Korchynskyi, O.; de Rooij, K.; Weidauer, S.E.; de Gorter, D.J.; van Bezooijen, R.L.; Hatsell, S.; Economides, A.; Mueller, T.D.; Löwik, C.W.; et al. Distinct Modes of Inhibition by Sclerostin on Bone Morphogenetic Protein and Wnt Signaling Pathways. J. Biol. Chem. 2010, 285, 41614–41626. [Google Scholar] [CrossRef]

	



Liu, S.; Virdi, A.S.; Sena, K.; Sumner, D.R. Sclerostin antibody prevents particle-induced implant loosening by stimulating bone formation and inhibiting bone resorption in a rat model. Arthr. Care Res. 2012, 64, 4012–4020. [Google Scholar] [CrossRef]

	



Chen, D.; Zhang, X.; Guo, Y.; Shi, S.; Mao, X.; Pan, X.; Cheng, T. MMP-9 inhibition suppresses wear debris-induced inflammatory osteolysis through downregulation of RANK/RANKL in a murine osteolysis model. Int. J. Mol. Med. 2012, 30, 1417–1423. [Google Scholar] [CrossRef]

	



Jagga, B.; Edwards, M.; Pagin, M.; Wagstaff, K.M.; Aragão, D.; Roman, N.; Nanson, J.D.; Raidal, S.R.; Dominado, N.; Stewart, M.; et al. Structural basis for nuclear import selectivity of pioneer transcription factor SOX2. Nat. Commun. 2021, 12, 28. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, F.; Lu, J.; Zhu, X.; Mao, H.; Yang, H.; Geng, D.; Xu, Y. Effects of a Cannabinoid Receptor 2 Selective Antagonist on the Inflammatory Reaction to Titanium Particles In Vivo and In Vitro. J. Int. Med. Res. 2010, 38, 2023–2032. [Google Scholar] [CrossRef] [PubMed]

	



Huang, J.-B.; Ding, Y.; Huang, D.-S.; Liang, A.-J.; Zeng, W.-K.; Zeng, Z.-P.; Qin, C.-Q.; Barden, B. Inhibition of the PI3K/AKT Pathway Reduces Tumor Necrosis Factor-Alpha Production in the Cellular Response to Wear Particles In Vitro. Artif. Organs 2013, 37, 298–307. [Google Scholar] [CrossRef] [PubMed]

	



Aspenberg, P.; Agholme, F.; Magnusson, P.; Fahlgren, A. Targeting RANKL for reduction of bone loss around unstable implants: OPG-Fc compared to alendronate in a model for mechanically induced loosening. Bone 2011, 48, 225–230. [Google Scholar] [CrossRef] [PubMed]

	



Ross, R.D.; Deng, Y.; Fang, R.; Frisch, N.B.; Jacobs, J.J.; Sumner, D.R. Discovery of biomarkers to identify peri-implant osteolysis before radiographic diagnosis. J. Orthop. Res. 2018, 36, 2754–2761. [Google Scholar] [CrossRef]

	



Li, M.G.; Thorsen, K.; Nilsson, K.G. Increased bone turnover as reflected by biochemical markers in patients with potentially unstable fixation of the tibial component. Arch. Orthop. Trauma Surg. 2004, 124, 404–409. [Google Scholar] [CrossRef]








[image: Bioengineering 09 00764 g001 550] 





Figure 1. (a–c) AP pelvis and Judet radiograph demonstrating late-stage osteolysis of the right total hip arthroplasty as evidenced by lucency around the implant-bone interface of the acetabular cup. (d,e) Coronal and axial computed tomography (CT) demonstrating late-stage osteolysis of the rigt total hip arthroplasty as evidenced by lucency throughout acetabular cup periphery, and ischium. 
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Figure 2. Schematic of the inflammasome pathway and its central role in the development of wear debris associated peri-implant osteolysis. 
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Figure 3. Wear debris particles induce the TLR signaling cascade. TLRs recognize wear particles with adherent PAMPs or DAMPs via MyD88. The binding of TLR and MyD88 phosphorylates IRAK4 which subsequently phosphorylates IRAK1. The activation of AP-1 and NF-κB leads inflammatory cytokine production and osteoclast differentiation and maturation, leading to osteolysis. 
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