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The research in this thesis represents part of a project aimed at developing a minimally 
invasive treatment for aseptic loosened orthopaedic implants (e.g. hip-, knee implants). 
In this thesis the biology of the process of aseptic loosening of implants was explored. 
Ultimately, these findings may lay down the foundation for the identification of biological 
targets to counteract the aseptic implant loosening process. Eventually a biological 
refixation approach for loosened orthopaedic implants may be developed. In Chapter 1, 
the process of aseptic loosening as well as aspects of the peri-prosthetic interface tissue 
were introduced. Aseptic loosening is the most common reason for complex implant 
revision surgeries, which affects on average 10-20% of total hip and knee replacement 
patients 10-20 years after the primary joint replacement.[1-3] During the implant loosening 
process a fibrous-like tissue, the so-called peri-prosthetic interface tissue, is formed at the 
bone-implant interface. This interface tissue usually contains a wide variety of cells, which 
produce cytokines and chemokines triggering bone resorption around the implant. This 
leads to mechanically unstable implants and ultimately a need for revision surgery due 
to incapacitating pain or even a peri-prosthetic fracture. Aseptic loosening of implants 
occurs secondary to a biological response to implant wear-debris particles, originating 
from the articulating joint, of which the most important cellular target is believed to be the 
macrophage. Nevertheless, the precise biological mechanisms underlying the loosening 
process have still to be elucidated. Consequently, biologic targets for successful treatment 
of aseptic loosening have not been found yet. Therefore, the aim of this thesis was to 
increase the knowledge on the biological responses around aseptic loosened prostheses by 
(1) characterizing the cellular content of the peri-prosthetic interface tissue, (2) studying the 
osteogenic potential of peri-prosthetic interface tissue cells, and (3) exploring the individual 
host-immune responses in relation to early migration of prostheses.

Does the cellular content of peri-prosthetic interface tissue shed new light on 
the mechanism of implant loosening?

Characterization of the peri-prosthetic interface tissue is one of the ways of studying 
the underlying mechanisms of aseptic loosening and potential therapeutic targets for 
treatment. Numerous studies have provided information about the cellular content of 
peri-prosthetic interface tissue as well as the cytokines and chemokines it produces.[4-
6] In a recent review, on histological and immunological aspects of aseptic loosening, a 
predominance of macrophages, multinucleated cells and signs of inflammation was 
reported in the peri-prosthetic interface tissue.[5] However, a lack of information on the 
role of fibroblasts and osteocytes amongst others was noted. Since only studies based 
on histological evaluation (e.g. cell/tissue/organ cultures) were included in that review, 
important cellular and molecular mechanisms associated with aseptic implant loosening 
may have been missed. Therefore, in Chapter 2, we conducted a systematic literature search 
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aimed at summarizing the characteristics of peri-prosthetic interface tissue based on in vitro 
findings, in order to provide an overview of the currently proposed cellular mechanisms 
involved in implant loosening. Besides macrophages also fibroblasts, derived from the peri-
prosthetic interface tissue, were shown to be actively involved in osteoclastogenesis with 
subsequent pathologic bone resorption through production of inflammatory cytokines, 
chemokines, matrix degrading enzymes, osteoclastogenic factors and angiogenic 
factors. Moreover, fibroblasts were reported to be considered as potential therapeutic 
target in treating aseptic loosening. Again, only a few papers addressed the involvement 
of osteoblasts/osteogenesis in the process of implant loosening. Two papers suggested 
that the peri-prosthetic interface tissue of some patients with aseptic loosening exhibits 
osteogenic characteristics.[7, 8] Another paper showed a potentially disturbed osteogenic 
signalling in these patients.[9] Thus, (effects on) osteoblasts do seem to play a role in the 
process of aseptic loosening. Therefore, we concluded that besides the well-known role of 
macrophages and osteoclasts in the mechanism of loosening, the role of fibroblasts and 
osteoblasts should be taken into account.
	 These findings led us to perform a tissue characterization study of peri-prosthetic interface 
tissue samples collected during revision surgery for aseptic loosened hip prostheses. In 
that study both gene expression analysis and (immuno)histochemistry were combined to 
evaluate the presence of various cell types, including fibroblasts and osteoblasts (Chapter 3).  
Results showed that peri-prosthetic interface tissue samples express macrophage-, 
fibroblast-, osteoblast- and endothelial cell-related genes. Exploring gene expression 
patterns between samples revealed two components, clustering osteoblast- and fibroblast-
related genes in another component than macrophage- and endothelial cell-related genes. 
Overall, a high inter-tissue sample variability in factor loading scores of the components was 
observed, which could not be explained by patient- or prosthesis characteristics. (Immuno)
histochemical staining of the tissue samples showed predominance of both fibroblasts and 
macrophages with high inter- and intra-tissue sample variation in stained area and staining 
location. No significant associations were found between the stained area and patient- or 
prosthesis characteristics or gene expression data. Besides studying the macrophage in 
general, we also investigated the presences of macrophage subtypes in the tissue samples. 
In one-third of the samples M1(pro-inflammatory phenotype) and M2 (anti-inflammatory, 
pro-tissue healing phenotype) macrophages were present in comparable amounts, 
whereas almost two-third showed the predominance of M2 macrophages. In conclusion, 
fibroblasts and osteoblasts seem to be at least as important as macrophages in the aseptic 
loosening process. In addition, in particular M2 macrophages were present in our peri-
prosthetic tissue samples.   
	 The observed clustering of fibroblast- and osteoblast-related genes in a different 
component than macrophage- and endothelial cell-related genes, underscores the 
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different roles these (clusters of ) cell types have in the process of implant loosening. 
Furthermore, differences in component scores between tissue samples indicate that the 
implant loosening process as such is based on a variety of cellular mechanisms between 
patients but also within patients. Morowietz et al. showed that the (proportional) 
presence of distinct cell types within peri-prosthetic interface tissue characterize different 
mechanisms of loosening (i.e. wear-debris induced, inadequate initial fixation).[10] Both 
fibroblasts and macrophages are the prominent cell types within the peri-prosthetic 
interface tissue (Chapter 3) and can produce similar osteolytic factors in response to 
wear-debris particles (Chapter 2). However, fibroblasts might also be involved in another 
mechanism of loosening, where inadequate initial mechanical fixation of the implant 
results in an expanding fibrous tissue (like scar tissue) with subsequent micromovement 
of the implant. The latter preventing a close interconnection between bone and implant.
[10, 11] Fibroblasts can therefore significantly influence prosthesis survival because of their 
inflammatory response to wear debris particles and their capacity to produce and remodel 
the extracellular matrix around implants.[12] The observed differences in cellular content 
between patients might be the reason why therapeutic strategies which (only) interfere 
with the osteolytic process of aseptic loosening (e.g. non-steroidal anti-inflammatory drugs 
(NSAIDs), antibodies to specific osteolytic mediators) [13-19] showed inconclusive results. 
A combined therapy, which not only targets the inflammatory response to wear debris 
particles and the subsequent osteolytic process but also targets the extracellular matrix 
production and modulation, might therefore be necessary to successful interfere with the 
aseptic loosening process.
	 Although the role of macrophages within the peri-prosthetic interface tissue has been 
extensively studied, recently, the role of macrophage polarization showed seemingly 
contradictive results. Based on retrieval and in vitro studies, it has been shown that the 
presence of macrophages of the M1 phenotype (pro-inflammatory) in the peri-prosthetic 
interface tissue outweighs the presence of macrophages of the M2 phenotype (anti-
inflammatory, pro-tissue healing).[13] Additionally, inflammatory wear debris responses are 
aggravated in M1-macrophages but are suppressed in M2-macrophages.[14, 15] However, 
other studies reported either a predominance of M2-macrophage activation or presence of 
equal proportions of both macrophage subtypes. [9, 16] In our study samples, the presence 
of M2-macrophages outweighed the presence of the M1 phenotype, although some of 
our samples showed no differences between both subtypes. Koulouvaris et al. proposed 
that in the final stages of loosening (i.e. revision is required), the pro-inflammatory response 
to wear debris particles might not be decisive anymore, resulting in a more prominent 
presence of M2-macrophages.[9] Moreover, a local dynamic shift in the macrophage 
phenotype from the inflammatory M1 to the anti-inflammatory M2 phenotype is presumed 
a transition from a state of inflammation to tissue regeneration.[17-19] Therefore, the 
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abundance of M2-macrophages within the peri-prosthetic interface tissue might be 
indicative for a regenerative capacity of this tissue and proposes the prospective use of 
macrophage modulation as an potential early therapeutic strategy in the loosening 
process. Local modulation of the macrophage phenotype, which was already pointed out 
and investigated by several other authors[13, 20-22], might limit the wear particle-induced 
inflammation with subsequent less peri-prosthetic osteolysis.
	 In general, a large variability in outcome measures as well as study population 
characteristics exists, which makes comparison between studies almost impossible. In the 
context of patient heterogeneity, most in vitro studies make use of selected cell types of 
animal or human origin (i.e. cell lines or specific primary cell types) to reduce heterogeneity. 
Although, this approach facilitates interpretation of the results, it ignores the complexity 
of the variety of cellular mechanisms in aseptic prosthesis loosening. As aseptic loosening 
involves the cross-talk between a variety of cells and the subsequent production of a wide-
range of inflammatory mediators and matrix degrading factors, such basic experimental 
approaches are not representative of the in vivo situation. Therefore, despite the relatively 
high variability, more research should be focused on studying the complete peri-prosthetic 
interface tissue instead of selected cells, like in our study in Chapter 3. Another general 
limitation of (characterization) studies on peri-prosthetic interface tissue is the relatively 
small sample size. For that matter, to increase the ability to compare study results, studies 
with a sufficient sample size and more detailed and comparable description of study and 
tissue characteristics should be conducted.
	

Do peri-prosthetic interface tissue cells have potential osteogenic capacity?

The current strategy for the treatment of aseptic implant loosening (i.e. revision surgery) is 
successful with 10-year survival rates of 70-80%.[1-3, 23] However, the burden to the patient 
is large due to the duration of the surgical procedure, (e.g. risks for infection) and extensive 
blood loss causing morbidity (e.g. cardiovascular, renal) to the patient in the postoperative 
period.[24] Minimally invasive percutaneous implant refixation procedures have therefore 
been developed in order to reduce morbidity, while stabilizing the primary prosthesis with 
bone cement either or not in combination with eradication of the peri-prosthetic interface 
tissue.[25-28] Other strategies aimed at reducing the prevalence of aseptic loosening by 
improving the quality of the primary implant (e.g. design and material) or on interfering with 
the osteolytic process of aseptic loosening (e.g. the use of non-steroidal anti-inflammatory 
drugs (NSAIDs), bisphosphonates and antibodies to specific osteolytic mediators).[29-36] 
Bone resorption (osteolysis) is part of the bone remodelling process which also involves 
bone formation. Surprisingly, only limited attention has been paid to the role of bone 
formation (osteogenesis) in aseptic loosening and even less is reported on the role of 
osteogenesis in treatment of aseptic loosening.
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	 Osteogenesis can be stimulated in a variety of ways, for example, growth factors can 
stimulate signalling pathways that are involved in osteoblast differentiation. Important 
osteogenic signalling pathways include the bone morphogenetic protein (BMP) and the 
Wingless (Wnt) signalling pathway and several studies have even shown interactions 
between these two pathways.[37-41] However, little is known about uncoupling these 
pathways and their intrinsic inhibitors (like sclerostin) and the effect on osteoblast 
differentiation. Since, sclerostin, acts physiologically as a downstream molecule of BMP 
signalling to inhibit Wnt signalling and negatively regulates bone mass [42, 43], interference 
with both pathways and sclerostin might prolong the effect of BMPs on osteoblast 
differentiation or bone formation. Therefore, in Chapter 4, the possibility to enhance bone 
regeneration by interference with BMP and Wnt signalling pathways was studied in human 
and murine cell lines. The interaction of both pathways on the effect on expression of SOST 
(the gene encoding sclerostin) was investigated using human osteosarcoma cells. Results 
showed that SOST expression could be either decreased with increasing Wnt signalling 
or increased by stimulation of BMP signalling. However, GIN (a specific inhibitor of GSK3β, 
which is an important part/member in Wnt signalling) could significantly decrease the 
BMP4-induced SOST expression and thereby uncouple BMP signalling and SOST expression. 
In addition, using the murine pre-osteoblastic cell line KS483, combined BMP4 and GIN 
stimulation could enhance osteoblast differentiation (increase both ALP activity and matrix 
mineralization) compared to BMP4 alone. Altogether, this study showed that uncoupling 
BMP signalling and SOST expression (using GIN) leads to an enhanced BMP4-induced 
osteoblast differentiation. This effect has potential to be used in clinical practice to induce 
local bone formation, e.g. osseointegration of implants or fracture healing.
	 Until now, stimulation of osteogenesis within the peri-prosthetic interface tissue itself 
has never been studied. Therefore, in Chapter 5, the actual capacity of peri-prosthetic 
interface tissue cells to differentiate into the osteoblast lineage was investigated. In addition, 
the potential to (further) increase osteoblast differentiation using the bone formation 
enhancing factors tested in Chapter 4 was examined. Results showed that culturing peri-
prosthetic interface tissue cells in osteogenic medium increased ALP staining as well as 
gene expression levels and resulted in production of a mineralized matrix in the majority of 
the donors, when compared to cells cultured in normal culture medium. In general, addition 
of BMPs, GIN or a combination of BMPs and GIN to the osteogenic culture medium could 
not significantly further increase the studied osteogenic characteristics, although in some 
donors it could be increased. Overall, a high inter- and intra-donor variability in response to 
different osteogenic stimuli was observed, which hampered the identification of a standard 
formula inducing osteogenic differentiation. Nonetheless, peri-prosthetic interface tissue 
cells were proven to possess osteogenic potential and as such stimulation of osteogenesis 
within the peri-prosthetic interface tissue could possibly counteract or slow down osteolysis 
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in the aseptic loosening process. Several animal studies already showed that BMP2 can 
enhance neo-bone formation to fill critical-sized bone defects.[44-46] In addition, a case-
report study showed that implantation of a construct with BMP2 in combination with bone 
marrow derived mesenchymal stem cells could fill the critical bony defect after revision 
surgery.[47] Furthermore, preclinical studies showed the potential of inhibiting sclerostin 
via a monoclonal antibody in enhancing bone formation and preventing implant loosening.
[48, 49]
	 The ability of peri-prosthetic interface tissue to respond to osteogenic stimuli suggests 
that a population of cells is (already) committed to the osteoblastic lineage. As we did 
not find an association between the responsiveness to osteogenic stimuli and the cell 
content of the tissue, we were not able to pinpoint the exact cell type(s) responsible for 
the osteogenic capacity of peri-prosthetic interface tissue. Both our characterization 
study and the systematic review showed macrophages and fibroblasts to be the main 
cell type in peri-prosthetic interface tissue. Therefore, likely one of these cell-types, or a 
specific subpopulation of these cell types, is able to increase ALP production and matrix 
mineralization in response to osteogenic stimuli. In a study by Heinemann et al., the main 
cell type found in granulomas obtained from prosthetic revisions was shown to stain 
positive for ALP as well as CD68 (a macrophage marker).[50] In a study by Zreiqat et al, 
foamy macrophages but not spindle-shaped mesenchymal cells, both obtained from 
loosened prostheses, were shown to express and produce several osteoblastic genes and 
proteins.[7] On the other hand, literature also shows fibroblasts to be able to express several 
osteoblast related genes.[51] Interestingly, several studies have showed that specific human 
fibroblasts (i.e. dermal and periodontal fibroblasts) are able to differentiate into osteoblasts.
[52-54] Thus, finding a population of cells within the interface tissue, which can differentiate 
into the osteoblastic lineage is likely to provide a new opportunity to interfere with the 
altered balance in bone remodelling and bone resorption in aseptic loosening. 
	 Almost all tissue samples responded to either one of the applied osteogenic stimuli, 
however, there was not one single, nor a combination of factor(s) that effectively induced 
osteogenic differentiation in all donors. Studies investigating the osteogenic differentiation 
of human bone marrow derived mesenchymal stem cells also showed inter-individual 
variation in the osteogenic capacity of these cells.[55, 56] Moreover, in a study using adipose 
derived mesenchymal stem cells inter-individual variation in response to BMP2 was shown.
[57] Therefore, stimulation of the osteogenic capacity of peri-prosthetic interface tissue cells 
warrants either further research into one universal stimulus for all patients or requires a 
more personalized medicine approach. In addition, further research into the influence of 
clinical parameters (e.g. patient- and prosthesis characteristics) on the osteogenic capacity 
of peri-prosthetic interface tissue cells could also be necessary to be able to develop such a 
universal or personalized approach.     
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Does the individual host immune response relate to prosthesis migration?

Cellular responses to wear debris particles play a key role in the progression of osteolysis 
around aseptic loosened prostheses. Phagocytosis of wear debris particles triggers the 
release of (pro-)inflammatory cytokines, activating pathways which lead to bone resorption. 
The extent of osteolysis may vary between patients due to, amongst others, differences in 
individual host-immune responses to wear debris, which can be related to an individual 
genotype.[58-60] Therefore, evaluation of differences in host-immune responses between 
patients could possibly help to predict the risk of aseptic loosening of the prosthesis. 
Currently, loosening can be detected by measuring sub millimetre migration of the 
prosthesis relative to the host bone using simultaneous two standard radiographs with 
radiostereophotogrammatric analysis (RSA).[61-64] However, RSA measurements require 
the insertion of 1 mm tantalum beads in the patient’s bone, thus (early) assessment of 
loosening using RSA can only be used in patients that have been included in clinical RSA 
studies. Because of the genetic nature of host-immune responses it might be possible to 
detect the risk of loosening early, even before the patient needs joint replacement surgery. 
Therefore, in Chapter 6, the relation between innate immune responses and implant 
migration, using RSA, was investigated. For this purpose, whole-blood of TKA patients, with 
different designs of knee prostheses, was stimulated with a peptide inducing the Toll-like 
receptor 2 (TLR2) immune response. As a result, a variety of cytokines was produced, which 
were shown to cluster in two components. The component containing (primarily) pro-
inflammatory cytokines correlated inversely with migration. Further analysis showed IFNγ 
to have the highest contribution to this association. The latter was only observed in those 
patients who had a prosthesis other than the Nexgen knee prosthesis, for which we have no 
explanation yet. In conclusion, this study shows that patients with high levels of IFNγ upon 
stimulation of TLR2 are at lower risk of early migration of their knee prosthesis.
	 Several studies have shown that progressive early migration, as measured with RSA, is 
associated with an increased risk at revision of knee and hip prostheses at the long term.[64, 
65] Therefore, the observed association between specific cytokines and early migration of 
knee prostheses (Chapter 6), indicates that the host-immune responses might potentially be 
used as predictor for implant loosening. Since IFNγ showed the highest contribution to the 
observed association, this might be a potential “loosening” biomarker. Some studies [66-71] 
have reported on the role of IFNγ in bone remodelling, a continuous dynamic process, which 
is present around implants, leading to either implant fixation or loosening. Nevertheless, the 
exact role of IFNγ in these responses has not yet been fully established, since both in vitro 
studies investigating the effect of IFNγ on osteoblastogenesis or osteoclastogenesis and 
in vivo studies on IFNγ and bone remodelling have reported inconclusive results.[66-71] 
For that matter, biomarker panels instead of single biomarkers, are likely to have far greater 
potential to predict, diagnose and monitor the progression of peri-prosthetic osteolysis 
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which ultimately results in aseptic implant loosening.[72] Future studies using biomarker 
panels might be able to identify patients with a specific cytokine profile upon stimulation 
of their innate immune system, which could potentially predict a patient’s susceptibility 
to aseptic loosening. Eventually, identification of patients’ specific host-immune responses 
to implant material could help to develop a preoperative prediction model for implant 
failure. This may also guide patient’s follow-up moments (i.e. more frequent if at risk in order 
to prevent gross bone loss and subsequent peri-prosthetic fracture) as well as patient’s 
assessment preoperatively, taking patients’ specific host-immune responses into the shared 
decision making process for choosing for joint replacement surgery or a more conservative 
approach in osteoarthritis patients.  
	 As the study in Chapter 6 was the first study to investigate the relation between an 
individual innate immune response and early migration of knee prostheses, future studies 
have to confirm our found association. In the current study, the host-immune response was 
determined using stimulation of TLR2, which has been shown to be easily reproducible and 
not to suffer from possible contamination of endotoxins on wear debris particles.[73, 74] 
However, particle size or type of material influences the secreted inflammatory cytokine 
profile [58] and as such stimulation with wear debris particles would provide a more 
realistic approach investigating the association of host-immune responses and prosthesis 
migration. Therefore, future studies using wear debris particles should be conducted. Due 
to heterogeneity in patient- and prosthesis characteristics within our study, pin-pointing 
possible confounders in the observed association was impossible. Nevertheless, the 
absence of the association between IFNγ and early migration in patients receiving the 
Nexgen type of knee prosthesis is an indication that prosthesis characteristics might be 
important in the observed association. Previous studies already showed that type of fixation 
or prosthesis design are of influence on migration and failure rate of prostheses.[62, 75] 
Future association studies, with more homogenous patient and prosthesis characteristics, 
are therefore essential to clarify the link between individual host immune responses and 
prosthesis migration and ultimate implant failure due to loosening.

General conclusions and future perspectives
The findings in this thesis support the significant role of macrophages in the aseptic 
loosening process of orthopaedic implants. Variation regarding the presence of M1- and 
M2-macrophages within the peri-prosthetic interface tissue implies a potentially important 
contribution of macrophage polarization in the loosening process. Nevertheless, besides 
macrophages, the role of fibroblasts and osteoblasts in the mechanism of loosening should 
not be underestimated and warrants further investigation. Furthermore, the demonstrated 
osteogenic potential of peri-prosthetic interface tissue cells accentuates the regenerative 
capacity of this tissue, which provides a (new) opportunity to interfere with the altered 
balance (i.e. imbalance) in bone remodelling in aseptic loosening. 
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	 The large inter-tissue differences observed at all levels in all studies within this thesis, 
as well as described in other studies investigating the loosening process, clearly show the 
complexity of the loosening process. Nevertheless, this thesis provides clues for alternative 
therapeutic strategies to interfere with the loosening process as such and shows the potential 
for the use of specific host-immune responses for (early) detection and possibly prediction 
of loosened implants. However, further research into these directions is warranted. 
	 General recommendations for future research are to mimic as much as possible in vivo 
like experimental settings, for that matter the use of the complete peri-prosthetic interface 
tissue, for example in organ cultures, in combination with the presence of wear particles, 
inflammatory cells and resorptive cells might be an option to be explored. Moreover, a 
sufficient sample size and detailed information on patient- and prosthesis characteristics 
are needed to improve the generalizability of the results.
	 Identification of the specific cell type(s) which possess(es) osteogenic capacity within 
the peri-prosthetic interface tissue might help to more specific stimulate osteogenesis. 
In addition, pro-osteogenic compounds other than BMP and/or GIN, like compounds 
influencing the Hedgehog or IGF signalling, might induce a more potent stimulation of 
osteogenesis of the peri-prosthetic interface tissue. Ultimately one universal osteogenic 
stimulus could be found, although it is more likely, to find different patient more specific 
osteogenic stimuli in a personalized medicine approach.
	 The effect of modulation of macrophage subtypes should be delineated into more 
detail. Converting pro-inflammatory M1-macrophages to an anti-inflammatory pro-tissue 
healing M2 phenotype [22, 76] might reduce the inflammatory response to wear debris 
particles and is thus a possible target for an early intervention in the loosening process. In 
this respect, specialized pro-resolving lipid mediators (SPMs)[77, 78] could be interesting 
to investigate, as SPMs are able to modulate the inflammatory response to biomaterials 
through M2 macrophage polarization.[79]
	 Early intervention can only be realized when loosening is detected at an early stage. 
With this respect, the use of biomarker panels to predict a patient’s susceptibility to aseptic 
loosening should be studied. In addition, large prospective association studies are needed 
to further elucidate the link between individual host immune responses and the failure, due 
to aseptic loosening, of implants.[59, 80, 81]
	 Continuing research on the biological responses around aseptic loosened prostheses 
will provide a rationale for better understanding aseptic loosening of orthopaedic implants. 
Ultimately this knowledge provides the basis for the development of therapeutic strategies 
for the treatment of loosened prostheses at an earlier stage, before gross loosening due 
to severe osteolysis is present. In the end, this will hopefully result in the redundancy of 
extensive revision surgery, with high risk of morbidity to the patient might be prevented.
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