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Abstract

According to the long-standing definition, septic and aseptic total joint replacement loosening are 

two distinct conditions with little in common. Septic joint replacement loosening is driven by 

bacterial infection whereas aseptic loosening is caused by biomaterial wear debris released from 

the bearing surfaces. However, recently it has been recognized that the mechanisms that drive 

macrophage activation in septic and aseptic total joint replacement loosening resemble each other. 

In particular, accumulating evidence indicates that in addition to mediating bacterial recognition 

and the subsequent inflammatory reaction, toll-like receptors (TLRs) and their ligands, pathogen-

associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPS), play 

a key role in wear debris-induced inflammation and macrophage activation. In addition, 

subclinical bacterial biofilms have been identified from some cases of seemingly aseptic implant 

loosening. Furthermore, metal ions released from some total joint replacements can activate TLR 

signaling similar to bacterial derived PAMPs. Likewise, metal ions can function as haptens 

activating the adaptive immune system similar to bacterial derived antigens. Thus, it appears that 

aseptic and septic joint replacement loosening share similar underlying pathomechanisms and that 

this strict dichotomy to sterile aseptic and bacterial-caused septic implant loosening is somewhat 

questionable. Indeed, rather than being two, well-defined clinical entities, peri-implant osteolysis 

is, in fact, a spectrum of conditions in which the specific clinical picture is determined by complex 

interactions of multiple local and systemic factors.
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I. SEPTIC AND ASEPTIC LOOSENING OF TOTAL JOINT REPLACEMENT

According to the long-standing definition, septic and aseptic loosening of total joint 

replacements (TJRs) are two distinct conditions that, excluding the accompanying peri-

© 2014 by Begell House, Inc.
*Address all correspondence to: Jukka Pajarinen MD PhD, Department of Orthopaedic Surgery, Stanford University School of 
Medicine, 450 Broadway Street, Redwood City, CA 94063; Tel.: 650-725-2962; Fax: 650-721-3470; jpajari@stanford.edu. 

HHS Public Access
Author manuscript
J Long Term Eff Med Implants. Author manuscript; available in PMC 2015 March 20.

Published in final edited form as:
J Long Term Eff Med Implants. 2014 ; 24(4): 283–296.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



implant bone loss, have little in common. Septic loosening of TJRs may present as a rapidly 

developing acute condition that is driven by a fulminant infection of the artificial 

components by a highly virulent bacteria such as Staphylococcus aureus.1–3 Alternatively, 

septic loosening may develop as a slow indolent process in which bacterial-induced 

inflammation causes periprosthetic bone loss and mechanical dislodgement of the prosthesis 

from the underlying bone bed. The bacteria gain access to the implant either directly during 

primary surgery causing early postoperative infection developing within some days or a few 

weeks after the initial surgery. In addition, bacteria can reach the implant via hematogenous 

or contiguous spread causing late infections that sometimes occur years after the primary 

surgery. Patients suffering from infection of a TJR may present with local symptoms and 

signs (pain, poor function, redness, purulent drainage from the wound, etc.) and, in the more 

fulminant cases, with systemic symptoms of an acute inflammation (general malaise, fever, 

chills). The more fulminant TJR infections rarely possess a diagnostic challenge whereas the 

diagnosis of chronic low-grade prosthesis infection might be difficult and occasionally even 

indistinguishable from aseptic loosening of TJR.

Aseptic loosening of TJRs is a slowly advancing process that typically takes years to 

develop. In the early phase, symptoms are absent or mild due to wear particle-induced 

synovitis. In these cases, problems with the implant are only evident on routine follow-up 

radiographs that reveal progressive wear of the bearing surfaces and developing osteolytic 

lesions. Later on, as the condition progresses, these osteolytic lesions progress and may lead 

to migration of the artificial components due to undermining of the underlying supporting 

bony bed. The condition is primarily driven by low-grade chronic inflammation caused by 

biomaterial wear debris released either from joint replacement bearing surfaces and/or from 

the interfaces between the bone, bone cement (if present), and the implant surface.4,5

The dissimilarity of these two conditions is reflected also in the peri-implant 

histopathology.6 The interface tissue developing around aseptically loose metal-on-

conventional ultrahigh molecular weight polyethylene (UHMWPE) type of TJRs is 

characterized by macrophage infiltrates and foreign body giant cell formation on a 

background of fibrous tissue stroma (Table 1, Fig. 1). Occasional CD3+ T lymphocytes are 

also visible but neutrophils and other lymphocyte subtypes such as B cells and plasma cells 

are absent. In contrast, the interface tissue surrounding septic implants is characterized by 

infiltration of various inflammatory cell populations including neutrophils and lymphocyte 

subsets (Table 1, Fig. 1).

Although the classical dichotomy between septic and aseptic loosening of TJRs thus seems 

clear cut and well grounded, research addressing the cellular and molecular biology of 

aseptic loosening of TJRs during past 15 years has somewhat complicated this picture. 

Indeed, accumulating evidence indicates that these two seemingly distinct conditions have 

significant overlap.

II. PATHOGENESIS OF ASEPTIC LOOSENING

The standing paradigm of aseptic joint replacement loosening states that peri-implant 

osteolysis is primarily driven by chronic, low-grade inflammation caused by UHMWPE 
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wear particles released from the bearing surfaces of TJRs or by wear of polymethyl 

methacrylate (PMMA, bone cement) that is sometimes used to fix the metal components of 

the joint replacement to the surrounding bone. Macrophages are considered as the key 

mediators of this wear debris-induced inflammation.4,5,7 Macrophages activated by 

UHMWPE or PMMA wear debris secrete chemokines and pro-inflammatory cytokines that 

lead to further macrophage recruitment, increased osteoclasto-genesis, and suppression of 

osteoblast formation and function.8–10 Together, these changes create a microenvironment 

that favors bone resorption over bone formation, thus ultimately leading to peri-implant 

osteolysis and implant loosening (Fig. 2). Although this sequence of events leading from the 

generation of wear debris to the formation of osteoclasts has been well characterized, the 

key question in the basic research of aseptic osteolysis has been how macrophages interact 

with wear debris and how exactly this interaction leads to macrophage activation and an 

inflamma-tory phenotype.

III. TOLL-LIKE RECEPTORS AND THE CONCEPT OF MACROPHAGE 

POLARIZATION

At least a partial answer to this important question is toll-like receptors (TLRs). TLRs are a 

family of pattern recognition receptors that recognize a broad range of molecules derived 

from bacteria, viruses, and fungi.11–13 The TLR ligands are evolutionary well-conserved 

structural components of these pathogens and display a repeating molecular structure; 

examples of typical TLR ligands include lipopolysaccharide (the primary cell wall 

constituent of Gram-negative bacteria), lipoteichoic acid (the primary cell wall constituent 

of Gram-positive bacteria) and single- and double-stranded RNA (the genome of RNA 

viruses).

In addition to the pathogen-derived molecules, or pathogen-associated molecular patterns 

(PAMPs), TLRs also recognize various host-derived ligands that are released from necrotic 

cells and fragmented extracellular matrix during times of tissue damage.13–16 Some 

examples of such endogenous TLR ligands include heat shock proteins, uric acid, high-

mobility group box 1 (HMGB1), fibrinogen, and hyaluronan. Collectively these exo- and 

endogenous TLR ligands are known as danger-associated molecular patterns (DAMPs). The 

array of TLRs and other pattern recognition receptors enables the innate immune system to 

recognize and react to danger caused by pathogen invasion as well as sterile tissue damage, 

and mount an inflamma-tory response ultimately aimed to clear the tissue insult and initiate 

tissue regeneration17.

Signaling via some TLRs, especially TLR4, leads to macrophage activation into a pro-

inflammatory phenotype.18,19 The phenomenon is known as classical macrophage activation 

or, in reference to the role that these types of macrophages play in T helper (Th) cell type 1 

inflammatory response, M1 macrophage polarization.19–22 M1 macrophages are effector 

cells of the cell-mediated immunity; they are effective in antigen presentation and killing of 

phagocytosed pathogens via production of oxygen radicals, and produce inflammatory 

cytokines and chemokines. Additional signals that induce M1-like macrophage phenotypes 

include GM-CSF and the Th1 signature cytokine IFN-γ; indeed, the M1 macrophage 
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activation induced by TLR4 signaling is thought to be due to autocrine and paracrine type 1 

interferon signaling.19,23

In addition to this M1 macrophage polarization, macrophages can assume various other 

functional phenotypes collectively known as alternative macrophage activation.19,20,22,24 

Macrophages exposed to the Th2 signature cytokines interleukin-4 (IL-4), IL-13, or to 

macrophage colony stimulating factor (M-CSF) assume an anti-inflammatory phenotype 

known as alternative macrophage activation or M2 polarization. These cells produce anti- 

rather than pro-inflammatory cytokines, and participate in tissue regeneration and 

angiogenesis by secreting various growth factors and extracellular matrix precursors.19,25 

Indeed, the physiological switch from inflammation to tissue regeneration and healing is 

thought to be mediated in part by a local switch in macrophage phenotype from M1 to 

various forms of M2 macrophage activation.25,26

IV. TLRS IN WEAR DEBRIS RECOGNITION

TLRs have been shown to play a critical role in the activation of macrophages and the innate 

immune system in general in the context of various infections and sterile tissue damage, but 

what is their relevance to aseptic osteolysis? In addition to recognizing exo- and endogenous 

danger signal molecules, there is some evidence that inorganic wear debris released from 

joint replacement implants can be recognized directly by certain TLRs (Fig. 3). Maitra et al. 

reported that alkane polymers released from UHMWPE and subsequently oxidized by 

interface tissue macrophages can directly bind to TLR2 and TLR2/1 dimers and activate 

proinflammatory signaling.27 Similarly, cobalt ions occasionally released in large amount 

form TJRs with metal-on-metal bearing surfaces can activate TLR4 signaling.28–30

In addition, various PAMPs can adhere firmly to UHMWPE wear particles, thus opsonizing 

them for recognition by TLRs.31–34 Potential PAMP sources include minor infections in the 

skin, gastrointestinal tract, and periodontal tissue from which bacterial structural 

components are released systemically to the circulation, eventually arriving to the peri-

implant tissue.35–38 In addition, the presence of subclinical, low-grade, and biofilm-hidden 

bacterial growth on the implant surfaces is one possible source of wear debris opsonizing 

PAMPs that has also been extensively discussed in the literature.39–44 Strong support for the 

role of subclinical bacterial infection in pathogenesis of aseptic loosening comes from 

clinical observations that occurrence of aseptic TJR loosening is reduced by the combined 

use of antibiotic prophylaxis and antibiotic-loaded bone cement.45,46 The possibility that 

endogenous TLR ligands could also opsonize wear debris for TLR recognition is intriguing 

and currently largely unexplored.

Recently, Pearl et al. provided evidence that one or some combination of TLRs is involved 

in wear debris-induced inflammation and osteolysis using the mouse calvarial model.47 In 

mice deficient in the adaptor protein intermediary factor MyD88, which is required for the 

initiation of the intracellular signaling cascades of TLRs, PMMA particle-induced osteolysis 

was significantly reduced compared to wild-type mice. Similar results were obtained in an in 

vitro model in which macrophages derived from MyD88-deficient mice showed 

significantly reduced TNF-α production compared to macrophages derived from wild-type 
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mice stimulated with PMMA particles. Thus, the results directly support the hypothesis that 

TLRs are involved in the recognition of PMMA debris; however, the results should be 

interpreted cautiously as MyD88 mediates signaling also from receptors other than TLRs.

Greenfield et al. demonstrated, using TLR2–/–, TLR4–/–, and TLR2–/–/TLR4–/– knockout 

mice and both in vitro and in vivo model systems, that titanium particle-induced 

inflammation and osteolysis were partially dependent on TLR2 and TLR4 but only if 

titanium particles were contaminated with TLR2 or TLR4 ligands. Inflammation and 

osteolysis caused by titanium particles without PAMPs developed similarly in both TLR 

knockout and wild-type mice, suggesting that TLR2 or TLR4 do not mediate recognition of 

PAMP-free titanium particles.48 Although titanium particle-induced inflammation and 

osteolysis was enhanced by PAMP binding to particles, pure titanium particles were enough 

to cause these reactions. The results of Pearl et al. and Greenfield et al. thus seem to lead to 

different conclusions about the role of TLRs in debris recognition; one possible explanation 

for this discrepancy between the studies is the different nature of wear particles (PMMA 

versus titanium) used in the experiments.

In animal model systems, wear debris has generally led to increased local expression of 

some TLRs although rapid downregulation of TLR system after intramedullary titanium 

particle injection has also been reported.49–51 Finally, retrieval studies investigating the 

interface tissue developing around aseptically loose TJRs have consistently shown that the 

interface tissue macrophages and foreign body giant cells express a spectrum of TLRs as 

evaluated by immunohistochemical stainings6,52–54 [Fig. 4(a)]. Furthermore, in qRT PCR 

analysis, the expression of all TLRs except TLR3 and TLR7 (that recognize virus-derived 

PAMPs) was significantly increased in aseptic interface tissue compared to osteoarthritic 

synovial tissue55 [Fig. 4(b)].

V. MACROPHAGE POLARIZATION IN ASEPTIC LOOSENING

TLR signaling is one of the cues that induces M1 macrophage polarization. Thus, if TLR 

signaling is indeed involved in wear debris recognition, it is reasonable to assume that M1 

macrophages are found in tissues surrounding aseptically loose TJRs. Although few retrieval 

studies have directly applied the relatively novel concept of macrophage polarization to the 

research of aseptic loosening, previous retrieval studies have consistently reported the 

production of M1-related mediators including iNOS, TNF-α, IL-1β IL-6, PGE-2, IL-8, 

CCL2, and CCL3 in the interface tissue.10,56–67 Of the few currently existing studies that 

have specifically aimed to characterize the macrophage polarization state in the interface 

tissue, Rao et al. found an increased proportion of M1 to M2 macrophages from aseptic 

interface tissue compared to controls and concluded that M1 activation predominates in the 

aseptic interface tissue.68 However, Koulouvaris et al. found increased expression of M2-

related markers and arrived at the opposite conclusion.69

To shed further light on this currently somewhat controversial matter, we recently performed 

genome-wide expression profiling of the interface tissue surrounding tissues from loose 

revised implants using microarray technology. In an attempt to determine the macrophage 

phenotype in the interface tissue, this genome-wide expression profile of the peri-implant 
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tissue was compared to the expression profile of cultured M1 and M2 macrophages. Several 

M1-related genes such as STAT1, CCL2, CCL3, IL-8, and CD86 were found to be 

upregulated and several M2-associated genes such as mannose receptor (CD206) and 

CCL16 were downregulated in the interface tissue (manuscript in preparation).

Taken together, these reports would seem to support the hypothesis that M1 macrophage 

activation predominates in the peri-implant tissues, thus providing further support to the role 

of TLRs in wear debris-induced macrophage activation. However, TLR signaling is not the 

only cue that can induce M1 polarization and in fact IFN-γ and GM-CSF are commonly 

used in vitro to generate M1 macrophages. A retrieval study by Jämsen et al. profiled the 

expression of macrophage activating and polarizing cytokines from peri-implant tissues and 

osteoarthritic control tissues using qRT PCR and immunohistochemistry.70 Although high 

expression of several chemokines and osteoclast-related products was found in the peri-

implant tissues, no significant production of macrophage polarizing cytokines IFN-γ, GM-

CSF, IL-4, IL-13, or IL-17 could be detected. It thus seems that other macrophage activating 

and polarizing signals, such as wear particles per se or DAMPs adhering to particles 

surfaces, rather than classical macrophage polarizing cytokines are responsible for the peri-

implant tissue macrophage phenotype.

VI. METAL WEAR AND THE ROLE OF ADAPTIVE IMMUNE SYSTEM

Adverse local tissue response caused by various metals released from total joint 

replacements forms a potentially interesting subclass of aseptic loosening and biomaterial-

induced inflammation. This adverse host response is clinically and histopathologically 

distinct from the one caused by UHMWPE or PMMA wear particles, and is characterized by 

large osteolytic areas as well as formation of cystic or solid tissue masses commonly known 

as pseudotumours. Peri-implant histopathology is characterized by large areas of necrosis 

and mononuclear cell infiltrates consisting of not only macrophages but also of various 

lymphocyte sub-populations ranging from T and B lymphocytes to mature plasma cells.71–74 

Peri-vascular T lymphocyte infiltrates, or aseptic lymphocyte-dominated vasculitis-

associated lesions (ALVALs), have been suggested to be typical for the condition, although 

recent reports challenge this assumption.75–77 Occasionally extensive peri-implant osteolysis 

or pseudotumour formation is not seen but the patient still presents with continuous pain in 

the implant area accompanied by synovitis and accumulation of lymphocytes in the peri-

implant tissues.74

These types of local adverse reactions have been attributed to the release of large amounts of 

nanosized metal particles and metal ions from the implant, specifically cobalt and 

chromium, with smaller amounts of other metals such as nickel. Considerable metal release 

is a particularly common problem for total joint replacements with metal-on-metal (MoM) 

bearings or modular components and occurs due to the combined effect of mechanical wear 

of articulating surfaces and subsequent corrosion of nanosized wear particles as well as 

scratched implant surfaces. Indeed, highly elevated cobalt and chromium ion levels can be 

measured around MoM implants and even from the circulation of MoM implant recipients, 

and the poor clinical performance of these implants has been attributed to the considerable 

metal release that can complicate these types of implants.78,79
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For a time it has been recognized that larger, about 1μm sized, metal particles evoke 

inflammatory responses from macrophages presumably via similar mechanisms that have 

been described for UHMWPE and PMMA wear particles of similar sizes.80–82 The 

mechanisms by which smaller metal nanoparticles and ions lead to local adverse host 

response are, however, relatively poorly understood. In vitro cobalt and chromium ions are 

geno- and cytotoxic at the clinically relevant concentrations, possibly explaining the wide 

areas of necrosis that are associated to metal release.83–85 Metal ions also suppress 

osteoblast function and activate endothelium to recruit mononuclear cells.86–88 Following 

the seminal discovery that nickel ions activate TLR4 signaling, it was recently demonstrated 

that cobalt ions can also induce TLR4 signaling by binding to and cross-linking the receptor 

protein, thus providing a direct mechanism by which also cobalt ions could activate 

macrophages and other cells directly.28–30

In contrast to the adverse host reaction associated with UHMWPE and PMMA wear that is 

considered to be mediated solely by the innate immunity,89,90 it has been long speculated 

that adaptive immune response could play a role in the adverse tissue response to implant-

derived metal debris. This assumption is based on the observation of lymphocyte 

subpopulations in the peri-implant tissues surrounding MoM implants and on the well-

characterized ability of metal ions to activate adaptive immunity by acting as haptens with 

host proteins.91 The best characterized example of this type IV hypersensitivity reaction is 

dermal allergy to nickel.92 Despite the fact that a similar dermal allergy can develop against 

cobalt and chromium, the extent to which type IV hypersensitivity contributes to the 

reaction against implant-derived metals is still somewhat controversial.93.

The activation of the adaptive immune system is a complex process that is initiated by 

activation of dendritic cells via recognition of a danger signal molecule by TLRs.94 This 

recognition of danger signal is followed by internalization of the antigen and migration of 

dendritic cell to local lymphatic tissue. If the initial activation of the dendritic cell was 

sufficient, the antigen is presented to the lymphocyte population with a repertoire of co-

stimulatory molecules and the lymphocytes that recognize the foreign antigen with their T-

cell receptor become activated. These cells clonally expand, migrate to the inflamed tissue, 

and regulate the functions of such cells as macrophages by secreting, e.g., IFN-γ and support 

M1 polarization.

It seems unlikely that UHMWPE or PMMA wear debris, even though sufficient to activate 

innate immunity either directly or indirectly by accumulation of PAMPs and DAMPs on 

particles surfaces, could activate adaptive immunity mainly due to lack of foreign antigen 

that could be presented to the lymphocyte population. In contrast, the metal ions have, at 

least theoretically, potential to activating both innate and adaptive immunity by providing 

both the necessary danger signal to initiate innate immune activation, and the foreign 

antigen to activate adaptive immunity by forming haptens with host proteins. It however 

seems likely, however, that the tendency to react against metal haptens is determined by 

individual hereditary factors, with some patients being genetically more susceptible to 

developing type IV hypersensitivity against metals than others. This might be the reason for 

the varied reactions caused by metal wear, with some patients developing symptoms and 

lymphocyte-dominated synovitis with relatively minor metal wear while others present with 
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extensive peri-implant osteolysis, necrosis, and pseudotumors with more considerable metal 

wear.

Finally, in contrast to aseptic loosening with or without metal wear, there probably is little 

question that the adaptive immune system is involved to the host response against bacterial 

growth in fulminant septic TJR loosening. Indeed, it would seem intuitive that bacterial 

infection of implant components does not lack danger signals that can stimulate innate 

immunity and plentitude of foreign antigens that can activate adaptive immunity. Indeed, the 

peri-implant tissue of septic loosening is typically infiltrated by various lymphocyte 

subpopulations.6 It has even been suggested that in addition to presence of neutrophils in the 

peri-implant tissues, lymphocyte subpopulations, especially B and plasma cells, might serve 

as useful diagnostic markers of implant-related infection.6,55 Although this hypothesis is 

attractive, the currently existing clinical studies have not found additional benefit of 

analyzing lymphocyte subpopulations in the diagnosis of implant-related infection to that 

achieved with analyzing neutrophils.95–97 The current literature in the field is however 

limited and further studies on the matter are warranted.

Taken together, it would seem that the local adverse tissue reaction against total joint 

replacement wear by-products is a spectrum of conditions that share considerable 

mechanistic overlap but might be distinguished by their ability to activate adaptive immune 

responses (Fig. 5); aseptic loosening due to UHMWPE or PMMA wear is mainly mediated 

by the innate immune system reacting against the polymers themselves or DAMPs sticking 

to polymer surfaces but lacks presentable antigen; byproducts of metal wear have the ability 

to stimulate both arms of the immune systems at least in genetically susceptible individuals, 

while the fulminant septic loosening is characterized by activation of both innate and 

adaptive immune systems

VII. CONCLUSIONS

Septic and aseptic loosening of TJRs have traditionally been considered as two distinct and 

well-defined conditions with the former being caused by implant infection and the latter by 

implant-derived biomaterial wear debris. However, recent evidence indicates that in addition 

to mediating bacterial recognition and the subsequent inflammatory reaction, TLRs and their 

ligands play a key role in wear debris-induced inflammation and macrophage activation. It 

thus seems that these two conditions share similar underlying pathomechanisms and that the 

strict dichotomy between sterile aseptic and bacterial septic implant loosening is somewhat 

questionable. Indeed, it can be speculated that rather than being two, well-defined clinical 

entities, peri-implant osteolysis is, in fact, a spectrum of conditions in which the specific 

clinical picture is determined by complex interactions of multiple factors including type and 

load of wear debris, PAMP accumulation, extent of bacterial biofilm formation, DAMPs 

associated with tissue destruction, the extent to which adaptive immune system is activated, 

and individual hereditary factors; “pure” UHMWPE and PMMA wear debris-induced 

aseptic loosening and fulminant septic loosening represent the ends of the spectrum, while 

adverse local host response against metals falls somewhere in between having characteristics 

of both conditions. In addition to these factors, is has been reported that macrophage 

phenotype is an important factor that regulates the mode in which macrophages respond to 
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wear debris; in M1 macrophages the inflamma-tory response to wear debris is enhanced and 

in M2 macrophages it is effectively suppressed.98–101 These observations highlight the fact 

that the properties of the local and systemic cytokine environment, which in turn determines 

the balance of M1 versus M2 macrophage polarization, might be additional factors that 

regulate the local biological reaction to wear debris from joint replacements.
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FIG. 1. 
Typical interface tissue histopathology in aseptic and septic loosening. (a) Interface tissue 

developing around aseptically loose TJRs is characterized with macrophage infiltrates and 

foreign body giant cells. (b) Occasional T lymphocytes (arrowheads), identified by CD3 

immunostaining, are scattered among macrophages but neutrophils and other lymphocyte 

subpopulations are absent. In contrast, the septic interface is characterized by (c) NE+ 

neutrophil infiltrates, (d) diffuse CD3+ T lymphocyte infiltrates, (e) nodular CD20+ B 

lymphocyte infiltrates, and (f) occasional CD138+ plasma cells (arrowheads).
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FIG. 2. 
The “particle disease” theory in brief. Macrophages are activated by wear particles to 

produce chemokines and inflammatory mediators. Chemokines recruit additional monocytes 

into interface tissue, and inflammatory cytokines lead to increased ostoclastogenesis and 

bone resorption, primarily by increasing receptor activator of Nf-κB ligand (RANKL) and 

decresing osteoprotegeing (OPG) production from local fibroblasts and osteoblast. The exact 

mechanisms by which wear particles are recognized by macrophages and thus cause 

macrophage activation is still incompletely understood.
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FIG. 3. 
Toll-like receptors (TLRs) in wear debris-induced macrophage activation. Wear particles 

accumulate and concentrate both exo- and endogenous danger signal molecules on their 

surfaces. These DAMPs and PAMPs are recognized primarily by TLR2/1, TLR2/6, and 

TLR4, which induce macrophage activation and production of inflammatory cytokines and 

chemokines by activating NF-κB and IRF3. Additionally, oxidized alkane polymers and 

cobalt ions can directly induce TLR signaling and macrophage activation.
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FIG. 4. 
Toll-like receptors (TLRs) in aseptic interface tissue. (a) Interface tissue macrophages and 

foreign body giant cells express a spectrum of TLRs including TLR1, TLR2, TLR4, and 

TLR6 as evaluated by immunohistochemical staining. (b) The relative expression of several 

TLRs including TLR1, TLR2, TLR4, and TLR6 is significantly increased in aseptic 

interface tissue compared to osteoarthritic synovial tissue as evaluated by qRT PCR. (*) p < 

0.05; (**) p < 0.01; (***) p < 0.001 as evaluated using Mann-Whitney U test. Data from 

Ref. 55.
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FIG. 5. 
Adaptive immune system in aseptic and septic loosening. (a) UHMWPE and PMMA wear 

particles accumulate PAMPs and DAMPs on their surfaces and are sufficient to activate 

macrophages via TLRs and other pattern recognition receptors (PRRs), leading to 

production of pro-inflammatory cytokines and chemokines ultimately leading to aseptic 

osteolysis. Due to the lack of presentable antigen, the adaptive immune system is not 

activated and lymphocyte subpopulations are rare in the peri-implant tissues. (b) In the case 

of metal wear, cobalt ions can activate macrophages directly via TLR activation and 

indirectly by inducing cell necrosis and release of large amounts of DAMPs. In addition, at 

least in genetically susceptible individuals, cobalt ions can activate adaptive immune system 

by forming haptens with host proteins. T helper type 1 lymphocytes enhance macrophages 
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inflammatory responses by secreting interferon-γ that induce M1 polarization. As a marker 

of this lymphocyte activation, various lymphocyte subpopulations are characteristic for the 

adverse host reaction against metals. (c) In fulminant septic loosening, dividing bacteria 

provide both the danger signal and a plentitude of various antigens to activate the adaptive 

immune system.
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TABLE 1

Cell populations in aseptic and septic interface tisues.

Marker OA Aseptic Septic

HSP47 ++ + ++

NE - - ++

CD68 + +++ ++

CD3 ± + ++

CD20 + - ++

CD138 - - +

Cell populations in osteoarthritic control synovial membrane, aseptic, and septic interface tissues were evaluated by immunohistochemistry with 
cell type-specific antibodies. Fibroblasts were identified by heat shock protein (HSP) 47, neutrophils by neutrophil elastase (NE), macrophages by 
CD68, T lymphocytes by CD3, B lymphocytes by CD20, and plasma cells by CD138 immunostainings. The number of positive cells in each tissue 
was evaluated on a semiquantitative scale, with no positive staining (-), occasional positive cells (±), some positive cells (+), moderate numbers of 
positive cells (++), and large numbers of positive cells (+++). Data from Ref. 6.
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