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1Department of Oral and Maxillofacial Surgery, Faculty of Dentistry, University of Chile,
Independencia, Santiago, Chile, 2Nantes Université, Centre National de Recherche Scientifique
(CNRS), UMR6286, US2B, Nantes, France, 3Institut de Cancérologie de l’Ouest, Tumor Heterogeneity
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Classically, particle-induced periprosthetic osteolysis at the implant–bone

interface has explained the aseptic loosening of joint replacement. This

response is preceded by triggering both the innate and acquired immune

response with subsequent activation of osteoclasts, the bone-resorbing cells.

Although particle-induced periprosthetic osteolysis has been considered a

foreign body chronic inflammation mediated by myelomonocytic-derived

cells, current reports describe wide heterogeneous inflammatory cells

infiltrating the periprosthetic tissues. This review aims to discuss the role of

those non-myelomonocytic cells in periprosthetic tissues exposed to wear

particles by showing original data. Specifically, we discuss the role of T cells

(CD3+, CD4+, and CD8+) and B cells (CD20+) coexisting with CD68+/TRAP−

multinucleated giant cells associated with both polyethylene and metallic

particles infiltrating retrieved periprosthetic membranes. This review

contributes valuable insight to support the complex cell and molecular

mechanisms behind the aseptic loosening theories of orthopedic implants.

KEYWORDS

total joint replacement, periprosthetic osteolysis, aseptic loosening, osteoimmunology,
macrophage, inflammation, osteoclast, innate immune system
1 Introduction

Osteoarthritis is an inflammatory disease contributing to the degenerative process of

the joint (1). As a treatment, total joint arthroplasty is widely used in orthopedics as a

solution due to its cost-effectiveness and success after osteoarthritis (2–4). However, it has

been shown that some biomaterials in orthopedic implants, such as polyethylene, metallic

alloys, and ceramics, produce wear debris over time by several abrasive and/or corrosive
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mechanisms (4–6), especially in younger patients (4). This wear

over time induces periprosthetic osteolysis, leading to aseptic

loosening of the implant (2, 4, 7–15). Newer materials are now

available that produce fewer wear particles (16), but this does not

eliminate the current clinical issue in which patients present aseptic

loosening of their implants.

Usually, following a total joint arthroplasty, a protective

homeostatic response is initiated in the surrounding tissues,

which eliminates damaged tissues and tries to eliminate foreign

non-biological materials to facilitate tissue adaptation (17). This

response starts with a first phase of inflammation (18) to achieve

scar tissue formation (19), where fibrin degradation fragments

enhance the release of transforming growth factor-beta (TGF-b),
stimulating the fibroblast migration to the injury site to deposit

extracellular matrix (ECM) and restore the initial tissue feature.

Meanwhile, macrophages release vascular endothelial cell growth

factor (VEGF), promoting new blood vessel formation (19).

Likewise, the implanted biomaterial can activate tissue

macrophages to release chemokines (20) and components of the

complement activation pathway, releasing chemotactic factors

attracting inflammatory cells into the implant site (21).

The initial process depends on the surgical approach, where a

quick resolution of the inflammatory phase is ideal for encouraging

the subsequent reparative phase of wound healing (18). This

inflammatory local environment drives macrophages to acquire a

pro-inflammatory phenotype (M1), causing acute inflammation (2,

4, 22). The resolution of this process leads to acquiring the anti-

inflammatory (M2) phenotype, which enhances wound healing

(23). Excessive levels of inflammation provoked by the surgery

can lead to tissue/biomaterial damage, maintenance of the M1

phenotype, excessive scar tissue, or fibrous encapsulation by

excessive fibroblast proliferation with collagen deposition (19, 23).

The latter tissue reaction, driven by several non-immune,

immune, and resident cells in the acute postoperative

inflammation phase, involves total joint arthroplasty ’s

encapsulation by a fibrous capsule membrane consisting of a

dense collagen network associated with fibroblasts (17, 24). The

wound healing process is coordinated in a spatial and kinetic

manner by the preoperative planning to achieve the optimal

implant position, avoiding chronic maladaptation by innate

immune cells (25), which can resolve most cases of postoperative

inflammation if the prosthesis is correctly implanted and infection

does not develop (4). Templating the shape, size, and correct

position of the implant achieves the best match for the patient

and could decrease the wear of the total joint arthroplasty

components (25). Thus, the correct orientation of the cross-linked

polyethylene liner acetabular cup decreases the risk of dislocation,

edge loading, and wearing (26).

The present manuscript aims to highlight the contribution of

immune cells in the aseptic loosening of the implant by periprosthetic

osteolysis. Illustrating the inflammatory cells is an exciting

opportunity to decipher the biological mechanisms associated with

prosthesis loosening and wear debris particles, identifying new

therapeutic targets for developing preventive therapies.
Frontiers in Immunology 02
2 Early rejection of total
joint arthroplasty

When complete osseous integration is achieved, it is observed at

magnetic resonance imaging (MRI) as direct contact between the

implant/cement and the surrounding trabecular bone (10).

However, the most common early failure mechanism in total

knee arthroplasty within 2 to 5 years is infection (27), followed by

aseptic loosening (28). Periprosthetic joint infection is a rare event

occurring in <1%–2% of primary arthroplasties (29). The early and

delayed infections, depending on the microbial virulence, are

usually acquired through intra-operative inoculation of

microorganisms. In contrast, late infections are predominantly

acquired by hematogenous seeding at least 3 months post-surgery

and during the entire lifetime of the implant (30, 31). This process is

enhanced with the presence of a foreign body, such as the implant,

which enhances the minimal infecting dose of Staphylococcus

aureus due to a locally acquired immune defect. Thus,

granulocytes show decreased phagocytic activity called “frustrated

phagocytosis”. In addition, activation of granulocytes on foreign

surfaces leads to the release of human neutrophil peptides defensins

that deactivate the granulocytes (30, 32).

However, the reports of early aseptic loosening of total knee

arthroplasty show a fixation failure at the cement–implant interface

with an intact cement–bone interface with no tibial implant

subsidence, probably due to cement–implant debonding and

techniques of implantation (33, 34). In some case reports, metal,

polymethyl methacrylate, and polyethylene debris were found at

revision time (34, 35). Thus, with the development of pulsed lavage

techniques and pressurization, the cement penetration into the

bone appears to have been improved (36). However, cases of

tibial aseptic loosening at the implant–cement interface have

shown typical radiographic patterns with debonding at the

cement–implant interface, where the bone cement seemed non-

adherent to the tibial tray during revision surgery (37).
3 Late rejection of total
joint arthroplasty

Considering that early implant loss is a rare adverse event, at

least 100,000 patients for each million total hip arthroplasty may

undergo prosthesis replacement surgery within the first 15 years of

service (38). Importantly, it has been observed that an increasing

number of younger patients receiving total joint arthroplasty show

higher failure rates as they are more active (39). The most common

cause of late revision of a total joint arthroplasty is the aseptic

loosening of the implant (28, 40–42), accompanied by

periprosthetic osteolysis (38). The mechanisms underlying the

two last processes are strongly evidenced by chronic low-grade

inflammation caused by the contact between wear debris and

immune cells (7–11, 13). When wear debris comes into contact

with innate immunity receptors of immune cells, it triggers an acute
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inflammatory response by activated macrophages, fibroblasts, and

multinucleated giant cells, increasing osteoclast activity (43–46).

Due to the large areas of chronic inflammation of metal

hypersensitivities, fibrosis, necrosis, pseudotumor formation,

degradation of bone, and aseptic lymphocyte-dominated

vasculitis-associated lesions caused by toxic byproducts on cells,

newer biomaterials are succeeding, such as highly cross-linked

polyethylene and ceramic materials, leaving behind the metal-on-

metal surfaces (4, 39, 47).

The intensity and the characteristics of the inflammatory

response depend on the material and size of the particles released

by the prosthesis materials (48). These implants wear debris from

polyethylene, metallic alloys, ceramics, and polymethyl

methacrylate cement (49) and are generated by abrasion,

adhesion, tribocorrosion, mechanically assisted crevice/fretting

corrosion, and pitting corrosion (50–52). The differences between

the shape, size, and chemical composition of the implant wear

debris observed in the histological examination of the capsular neo-

synovial membrane and the “synovial-like” membrane depend on

the intensity of the mechanical stress involved (2, 15, 24, 49). In

particular, their size and irregular surface lead to an increase in

macrophage activation in vitro (53). A unified range of measures of

polyethylene and metallic particle length only has been proposed,

which includes sizes between nanoparticles (1 to 100 nm),

submicron particles (>100 nm to <1 mm), microparticles (1 mm to

10 mm), macroparticles (>10 mm to 100 mm), and supra-

macroparticles (>100mm) in an attempt to predict their functional

biological activity (49). However, the metallic and polyethylene

wear particles are produced mainly in nanometric and submicron

sizes, which makes their analysis difficult under light microscopy.

The process of particle identification then remains challenging (49).
4 Mechano-biology of
periprosthetic osteolysis

Although the research on periprosthetic osteolysis has been

focused on wear debris disease and bone degradation by

inflammatory responses, the mechanical factors of the implant

designs have been associated with bone loss around the total joint

arthroplasty (54, 55).

The surgical procedure relies on stabilizing the implant

depending on the design, bone cement, and material (48, 56).

Thus, cementless prostheses rely on osseointegration between the

bone and the implant. Compared to cement components, this could

cause early migration at 1 year, even when stabilization reaches 6

months post-surgery (56). Likewise, implant micromotion might

increase wear at different rates according to the configuration and

materials of the implant. This micromotion of the implant is

essential in prosthesis failure due to their non-homogeneous force

distribution over the stem, resulting in abnormally high shear and

compressive stresses within the interface (48, 56, 57). However, the

mechanisms by which the mechanical forces contribute to

periprosthetic osteolysis have yet to be understood entirely.

The contribution of mechanical forces to periprosthetic

osteolysis has been suggested by in vivo and in vivo animal
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models through pressure-induced bone resorption, inflammatory

processes, and osteoclastogenesis modulation (58–61).

Interestingly, some researchers have questioned the role of wear

particles in the pathogenesis of periprosthetic osteolysis, being

secondary to the mechanical instability of poorly fixed implants.

The micromovements may increase fluid pressure at the bone–

implant interface (62, 63) based on specific animal models (64, 65),

and they could be initiated during or shortly after surgery due to

insufficient initial fixation (63). Animal models and computational

fluid dynamic simulation studies support that progressive implant

fixation loss is driven by increased fluid pressure into the bone–

implant interface, causing osteolysis development (Figure 1) (61, 66,

67) (68) (57). In human postmortem studies, cemented knee

arthroplasty retrievals show interlock loss between the cement

and bone under the tibial tray, being associated with increased

micromotion between the implant and bone through fluid-induced

trabecular lysis (Figure 1) (69, 70). The extent of pressure increase

from rest was correlated with capsular distension, which can

indirectly indicate the presence of synovitis in MRI (10, 68).

These suggestions are contradictory due to the vast existing

literature that validates the acute/chronic inflammation upon the

contact between macrophages and implant debris (71–76)

commonly presented as a late failure in hip arthroplasty (28, 40–

42). Undeniably, a clinically relevant association might exist

between the early migration of femoral stems and late revision for

aseptic loosening (77). However, the mechanism of how this fluid

would enter the bone–implant interface is still unknown, and these

preliminary results have not been tested in humans.

The development of a “synovial-like” membrane along the

bone–implant interface has been described (70), which may limit

osseointegration (78). The synovial-like membrane is assumed at

MRI by a smooth intermediate- to high-signal-intensity layer

interposed between the host bone and the implant/cement (10).

Thus, bone resorption may be identified by the thickness of the

hyperintense layer in which a 1–2-mm thickness represents fibrous

membrane formation, and more than a 2-mm thickness and

irregularity indicate bone resorption (10). The mechanical stress

may be responsible for the membrane formation, promoting

synoviocyte migration into the bone–implant and bone–cement

interfaces (79). However, the effect of fibrous membrane formation

on implant fixation is uncertain; it may or may not progress to

component loosening and may warrant closer imaging surveillance

(10). A study suggests that it might transmit pressurized fluid flow

with or without the presence of wear debris particles to the bone–

implant interface, leading to osteoclastogenesis by the expression of

pro-inflammatory genes in peri-implant bone loss (61). Despite the

above, mechanical loosening may be inferred by using MRI if

laboratory tests for infection are negative and the findings at MRI

examination are negative for wear-induced synovitis, which often

incites bulky osteolysis (10).

Despite the evidence presented, these studies still need to be

more credible due to the need for previous standardization of the

tissue samples regarding implant materials, cement, and techniques.

It is known that bone is a dynamic tissue responsive to mechanical

stimuli, so how accurate are these supraphysiological fluid pressure

resorptions on in vivo models within the human bone–implant
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interface, for which there is no clinical evidence of fluid infiltration?

(61, 66, 67) It is essential to highlight mechanical events in the

pathophysiology of aseptic loosening and to believe that these two

factors work in concert in a multifactorial disease (80). The

combined effect of wear and increased pressure may contribute to

the osteolytic process with a wide variability in the contribution of

biological and mechanical factors in aseptic loosening in each

patient (33, 34, 37, 80).

Consistently, due to the need for more human evidence, there is

no guideline for the ideal frequency and number of postoperative

control radiography (81). However, these implants must have long-

term surveillance due to the clinical undetectability of progressive

wear that can lead to substantial bone loss, resulting in prosthetic

interfacial micromovements and loosening or pathological fracture

(82). Follow-up of asymptomatic total knee arthroplasty patients by

annual radiographs is recommended to identify subtle interval

changes or postoperative complications as Aseptic Loosening

(AL) (81–83). In contrast, postoperative radiographs may be

unnecessary because they do not change clinical management,

only indiscriminately irradiating the patient and increasing

healthcare costs (84–86). Importantly, MRI with metal artifact

reduction sequence (MARS) has not been validated for use in the
Frontiers in Immunology 04
detection of aseptic loosening (81) but appears to be a reliable

method of distinguishing between aseptic complications and

infections (87), being able to visualize polyethylene wear-induced

periprosthetic synovitis (10, 11).

Adjustments to the composition of the implants, such as cross-

linking polyethylene and vitamin E enrichment to increase

oxidation resistance or replacement with novel polymers, aim to

improve patient outcomes by reducing the production of wear

debris particles. Nevertheless, no device on the market is free of

wear debris, and no Food and Drug Administration (FDA)-

approved non-surgical pharmacological intervention can arrest

particle-associated periprosthetic osteolysis. The challenges

associated with biological responses to wear debris are ongoing.
5 Immunological pathogenesis of
aseptic loosening and
periprosthetic osteolysis

In later stages of non-solved inflammation over the years in

total joint arthroplasty, wear debris particles activate the innate
FIGURE 1

Mechanical factors possibly involved in the aseptic loosening. The remaining gaps after surgery loaded with the mechanical forces and implant
migration before osseointegration time increase micromotion. If the initial phase appears unnoticed, the progressive release of wear debris is
associated with synovitis corresponding to an inflammatory environment created in the neo-synovium, which leads to an increase of synovial fluid.
This increased pressure could drain through the bursa or periprosthetic tissues or remain within the capsule and generate supraphysiological
pressures associated with osteolysis and/or flow of synovial fluid in the gaps. This stress maintained over time might increase the width of the gap.
Thus, the increase in the width of the gaps enhances the mechanical instability that together with the inflammatory microenvironment (due to the
debris particulate presence) would generate a favorable environment for bone resorption and consequently an aseptic loss of the implant. Some
authors believe that the width gap is filled with fibrous tissue without any clinical evidence of their hypotheses. The peri-implant bone to the gap
subjected to this mechanical instability and/or to the supraphysiological pressure of the synovial fluid increases osteoclastic activators such as HIF-
1a or IL-6, and osteocyte apoptosis enhances osteoclast precursor differentiation.
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immune response characterized by the foreign body chronic

inflammatory response (88). As a continuation, we will discuss

each cell population that participates in this response.
5.1 Macrophages and
periprosthetic osteolysis

The ancient dogma on the origin of macrophages, when

describing the mononuclear phagocyte system (MPS) theory (89),

concluded that monocytes develop as precursors in the adult bone

marrow and then enter into circulation to constantly replenish

macrophages in the tissues. However, the current paradigm with

newly published evidence of local proliferation (90) and the self-

renewal capacity of macrophages of different tissues (91, 92) holds

that most macrophages are tissue-resident macrophages developed

during embryogenesis and self-renew in most tissues without

inflammatory stimuli or severe depletion (93–95). This

mechanism of how tissue-resident macrophages are tissue

residents also might apply to the synovium.

In the periprosthetic environment, macrophages are monocyte-

derived macrophages recruited from the bloodstream and bone

marrow for being involved in immune surveillance such as type A

synovial lining cells, osteoclasts, and connective tissue histiocytes (4,

22, 23, 76, 96–98). After a total joint arthroplasty, particles are

continuously generated and dispersed in the periprosthetic tissues

due to ongoing wear between implant components. Consequently,

accumulating particle debris activates macrophages CD68+ (45, 88,

98–100). The activation of macrophages at the implant–tissue

interface can occur by “failed phagocytosis” of indigestible wear

particles to become foreign body giant cells (4, 24, 76, 98, 101) or by

cell contact through toll-like receptors (TLRs) 2 and 4, CD11b, and

CD14 (4, 22, 38, 102). In aseptic loosening, the immune reaction

was usually observed in synovial membrane-line interface tissues by

co-localizing polymeric particles and macrophages (97, 98, 103).

The macrophage activation results in the release of inflammatory

cytokines, chemokines, reactive oxygen species (ROS), tumor necrosis

factor-a (TNF-a), interleukin (IL)-1b, IL-6, IL-17, and interferon-g
(IFN-g), which are potent contributors to bone resorption (2, 4, 22,

102, 104–108). TLRs and nucleotide-binding oligomerization domain

(NOD)-like receptors (NLRs) can recognize exogenous pathogen-

associated molecular patterns (PAMPs) and endogenous molecules

created during inflammation and tissue remodeling. These events

increase local host response and maintain the chronic periprosthetic

inflammation (4). However, the exact mechanisms of how wear

particle-induced macrophage activation translates signals into a

biological response remain unclear. It has been reported that Cobalt

ions (Co) can activate TLR4-positive cells such as macrophages and

dendritic cells (109). Recently, studies suggested that metallic particles

can activate the inflammasome NLRP3, inducing the secretion of IL-

1b in vitro human macrophages with titanium (Ti), chromium (Cr),

and molybdenum (Mo) with the help of an additional priming signal

that could be TNF-a in replacement of lipopolysaccharide (LPS) in

the aseptic environment (110, 111).

In this inflammatory local environment, which drives

macrophages to acquire a pro-inflammatory phenotype (M1)
Frontiers in Immunology 05
(2, 4, 22), polyethyl methacrylate wear particles around the

prosthesis have been reported to enhance M1 macrophage

expression and lower expression of M2 anti-inflammatory

macrophages, increasing the local inflammation (23). Likewise, in

cemented prosthesis, macrophages were observed in an attempt to

phagocyte orthopedic cement particles (Figure 2) and stimulate

high-level TNF-a release, enhancing the pro-inflammatory

environment (45, 49, 75). In contrast, an in vitro study shows

that the expression of IL-4 in the presence of polyethyl methacrylate

M1-induced macrophage can polarize M2 (23).

The adverse local tissue reaction and adverse reaction to

metallic debris in aseptic loosening (112) are used as equivalents

for metal-on-metal implants and non-metal-on-metal prostheses

with metallic junctions, which by definition can produce only

metallic wear debris by corrosion (72).

The adverse local tissue reaction/adverse reaction to metallic

debris reactions can show different features. One of them is a

pseudotumor of periprosthetic soft tissue in metal-on-metal

implants characterized by a mass of variable size. This feature is a

reactive proliferation of the joint pseudo-capsule and neo-synovial

membrane with or without a tissue necrosis/infraction layer and

with a variable amount of synovial fluid (72, 113). The early onset of

adverse local tissue reaction/adverse reaction to metallic debris

pseudotumor is characterized by the presence of macrophage

infiltration with metallic particulate debris and requires the

presence of perivascular lymphocytic components. The

progression to an advanced stage of this type of pseudotumor

may show an adverse reaction with soft tissue necrosis (72, 112).

However, the late onset is characterized by a slow reactive

proliferation of the neo-synovium capsule with exclusive

macrophage infiltrate of the bone marrow and fibrovascular

stromal proliferation with a minimal lymphocyte infiltrate. This

late onset can lead to significant clinical particle-induced

periprosthetic osteolysis (72, 112). However, necrosis can be

observed in the case of adverse local tissue reaction/adverse

reaction to metallic debris (Figure 3), predominantly of

macrophages in the periprosthetic neo-synovium. Also, it can be

seen in polyethylene wear under polarized light (72).

Wear of polyethylene causes histiocyte-mediated synovitis

(114), which at MRI is characterized by an expansion of the hip

pseudo-capsule by thick synovitis of low intermediate signal

intensity (10). In metal implants articulating with polyethylene

capsules, the macrophages CD68+ are located beneath the

synovial cell lining or fibrin layer, which is adjacent to the surface

of the implants, meaning that polyethylene particles can migrate

into the surrounding soft tissues (97). In supra-macroparticles

(>100 mm) of polyethylene, the multinucleated giant cells

(Figure 2) are free in the stromal tissue or surrounded by

particles recognized as CD68+ and TRAP− (49) (Figure 2).

Thus, the pro-inflammatory cytokine and chemokine system

becomes upregulated, causing local tissue destruction and

encouraging the regional migration of other inflammatory cells to

the area. These events, together with the release of wear debris, are a

continuous process throughout the life span of implants, fueling a

persistent pro-inflammatory periprosthetic environment that

alternates between acute and anabolic responses. Subsequently,
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these alternations result in a cellular reaction that has variable

composition and degree, depending on the particulate wear debris,

host factor, and time of implantation (4, 96). Moreover,

periprosthetic stromal and bone tissues contribute to implant

loosening by secreting soluble factors (RANKL, IL-1b, and IL-6),

promoting the differentiation of myelomonocytic-derived cells into

bone-resorbing osteoclasts and their subsequent activation (14,

115). These secretions and consequent osteoclast activation can

cause periprosthetic osteolysis, ultimately leading to AL (15, 105).

Although pro-inflammatory cytokines usually allow mesenchymal

stem cells (MSCs) and vascular progenitors to initiate the reparative

process, the continued pro-inflammatory environment supersedes

these pro-reconstructive events for the lack of polarization of the

macrophages, as occurs in wound healing (4, 116, 117).
Frontiers in Immunology 06
5.2 Foreign body reaction: giant cells

Over time, chronic inflammation in the periprosthetic tissues

activates the innate immune system through the foreign body

granuloma response (38, 47, 75, 118). This reaction is driven mainly

by the foreign body multinucleated giant cells being the macrophage–

macrophage fusion in response to larger particles or when there is an

insufficient primary mechanism of material degradation with smaller

particles. They are associated with fibrous encapsulation and physical

walling around the implant, preventing the appropriate molecular

transport and vascularization andmaintaining an internal wound until

removed (119). Before the macrophage fusion, through exogenous

stimuli, the mechanical (120) and biomolecule signaling (121–123)

lead to an efficient fusion competency of macrophages by the
B C

D E

F G

A

FIGURE 2

Illustration of the periprosthetic neo-synovium membrane retrieved during the revision of total joint arthroplasty patient with clinic–radiographic and
microbiological evidence of aseptic loosening. (A) Presence of macrophages CD68+ (black arrow) surrounding cement particles. (B) Vacuole of
orthopedic cement dissolved (red arrow) due to tissue processing lined by multinucleate giant cells and CD68+ (black arrow). (C) Human T lymphocytes
detected by immunohistochemistry using primary anti-human CD3, (D) CD4, and (E) CD8 antibodies (yellow arrow) (Abcam, Cambridge, MA, USA) were
recognized in close contact with multinucleated giant cells (black arrow) but are not specific for this condition. (F, G) Hematoxylin–eosin saffron (HES)
staining of retrieved neo-synovium of 9.6 survival years of non-metal-on-metal implants. The metallic debris of high Ti content is secondary to a
massive bearing failure by impingement loading over time. (F) Multinucleated cells (black arrow) phagocytize supra-macroparticles probably produced
by delamination and (G) microparticles of polyethylene. The histological images of immunochemistry were acquired using the digital slide scanner
NanoZoomer 2.0-RS (Hamamatsu, Japan) and then exported as a ×10 field using viewing software NDP.view2 (Hamamatsu, Japan).
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expression of fusogens enhancing the cell–cell attraction (121, 124).

Thus, granulomatous inflammation is an adverse host tissue response

characterized by angiogenesis and connective tissue proliferation with

the presence of ischemia and necrosis in the deepest layers by the

excessive death of immune cells and the difficulty of their removal by

phagocytic cells (4). Over time, the insufficient removal of these

apoptotic cells results in secondary necrosis and the consequent

formation of necrotic tissue (Figure 4) (4, 125).

In the macrophage-dominant foreign body granuloma with

numerous giant cells, lymphocyte infiltration is occasionally

observed (4, 47). Instead, lymphocyte-dominant tissue reaction is

observed predominantly in metal-on-metal total joint

arthroplasties, particularly concerning hypersensitivity (38, 73).

Adjacent to the foreign body granuloma, osteoclastic bone

resorption is observed in the periprosthetic bone tissues through

the imbalance in favor of osteoclast number/activity, thanks to

maintaining this chronic inflammatory environment (38). Also, the

high concentrations of auto-activated cathepsin K, a matrix-

degrading enzyme found in peri-implant tissues and fluids,

enhance bone loss, resulting in prosthetic loosening (126, 127).
5.3 Role of T lymphocytes in particle-
induced periprosthetic osteolysis

Despite the critical role of the lymphocyte cells in sustaining the

adverse reactions in metal-on-metal implants (4, 72, 128–130), in
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several pathophysiological processes, the balance of the different

T-cell subsets influences the healing outcome. One subset is

regulatory T cells, a subset of CD4+ T lymphocytes that inhibit

osteoclast differentiation from peripheral blood mononuclear cells

by producing IL-4 cytokine (131). An impaired function or lack of

CD4+ T-cells leads to diminished wound repair. CD4+ Th1 cells,

through the production of IFN-g, promote the activation of

macrophages, create a “positive loop” in inflamed synovia, and

suppress RANKL expression in T cells in orthodontic animal

models (132). Also, metallic particles in metal-on-metal implants

act as antigens by T cells in a type IV delayed hypersensitivity

reaction, activating a local or systemic inflammatory reaction and

releasing osteoclastogenic cytokines (133, 134). However, in the

advanced stages of aseptic loosening, the evidence is controversial

due to the low number of lymphocyte T in the samples (135).

Evidence shows an increased T-cell number in osteoarthritis

with more CD4+ T cells than CD8+ T lymphocytes and changes at

inverse in patients with total joint arthroplasties for particle-

induced periprosthetic osteolysis. The apoptotic reaction of CD4+

T lymphocytes in the capsules and interface membranes is induced

by the increased expression of iNOS and ROS by macrophages (115,

118, 136), creating an imbalance in the CD4+/CD8+ ratio, which

suggests a correlation with the stage of osteolysis in aseptic

loosening. The increase in CD8+ cells affects mechanical strength,

and the apoptotic reactions in CD4+ T cells are harmful by

activating osteoclasts (118).

A variable presence of lymphocyte infiltrate (49, 72) in the

adverse local tissue reaction/adverse reaction to metallic debris in

aseptic loosening and a lymphocytic infiltrate does not mean direct

prosthetic joint infection (71). Indeed, the apoptosis of lymphocytes

may explain the increase of the osteoclast activity in the

periprosthetic bone due to the lack of releasing IL-4, a protector of

osteoclast activity (118). The central stroma of pseudomembranes

comprises highly vascularized and cell-infiltrated fibrous tissue.

Lymphoid cells were recognized in perivascular sites throughout

the pseudomembranes (47, 72, 137–139). Moreover, T lymphocytes

(CD3+, CD4+, and CD8+) are in close contact with the

multinucleated monocyte/macrophage cells (Figure 2) surrounding

large polyethylene particles. CD3+, CD4+, CD8+ T, and CD20+ B

lymphocytes were identified, forming a perivascular syncytium with

a majority of CD3+ foci compared to CD20+ areas (47, 112).

In particular cases of adverse local tissue reaction/adverse

reaction to metallic debris (112), polyethylene debris in total knee

arthroplasty implant with regional lymph node involvement (140),

and massive metallic wear debris with lung involvement (141)

patients, a distinctive type of foreign body reaction is observed

(112), characterized by a granulomatous reaction restricted to

sarcoid-like epithelioid cell granuloma with giant cells containing

or surrounding particulate material with or without the presence of

an incomplete/complete lymphocytic or lymphoplasmacytic cuffing

(72). It is essential to distinguish between infections and

rheumatoid nodules due to the possible misdiagnosis of

lymphoplasmacytic infiltrate and granulomas in non-metal-on-

metal total hip arthroplasty (71).

Recently, preliminary results of long non-coding RNAs

(lncRNAs), recognized as crucial regulatory molecules with
FIGURE 3

Typical necrotic pseudomembrane associated with pseudotumor in
metal-on-metal total hip arthroplasty with clinic–radiographic and
microbiological evidence of aseptic loosening. Sample from 83-
year-old male patient with eight survival years on metal-on-metal
implant. Hematoxylin–eosin saffron (HES) staining images were
acquired using the digital slide scanner NanoZoomer 2.0-RS
(Hamamatsu, Japan) and then exported as a ×10 field using viewing
software NDP.view2 (Hamamatsu, Japan). Soft tissue necrosis with a
band of dense connective tissue (red arrow) surrounded by wear
debris particles in necrotic foci (black arrow). This patient’s lack of
more histological samples did not allow for a diagnosis. However, it
appears that there was an advanced stage of adverse local tissue
reaction/adverse reaction to metallic debris with soft tissue necrosis.
This is not specific to metal-on-metal implants and metallic
corrosion particles; however, this necrosis can be present
in pseudotumors.
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diverse roles in gene expression, epigenetic modification, and

protein activity, were revealed to be involved in osteolysis. Even

two shared lncRNA–mRNA interaction pairs in osteoarthritis and

osteolysis (AC111000.4 and AC016831.6) may function in the

immune process of osteoarthritis and osteolysis by regulating

lymphocyte CD8A and CD8B, respectively. Two osteolysis-

specific interaction pairs (AC090607.4-FOXO3 and TAL1-

ABALON) may be essential in osteoclastogenesis. LncRNA TSIX

was involved in particle-induced osteolysis by regulating miR-30a-

5p to promote osteoblast apoptosis. LncRNA DANCR inhibits

osteoblast differentiation in osteolysis after total hip arthroplasty

through holding FOXO1, and lncRNA KCNQ1OT1 may improve

particle-induced osteolysis by inhibiting miR-21a-5p, inducing

macrophage polarization (142).
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5.4 Functional contribution of B
lymphocytes in particle-induced
periprosthetic osteolysis

Lymphoid CD20+ B cells have been seen in perivascular sites

through the pseudomembranes, forming perivascular syncytium in

a minor quantity of CD20+ compared to CD3+ cells, suggesting

activation of the acquired immune response (24, 47, 101, 112, 143).

However, B lymphocytes were predominantly seen in cases with

periprosthetic joint infection (144).

Several vascular changes have been described in the local

adverse tissue reaction (72, 101, 145), in which the onion

skinning pattern, the occlusion of the lumen, and capillary/venule

wall thickening can be observed in high endothelial venules but
FIGURE 4

The biological factors involved in aseptic loosening by particle-induced periprosthetic osteolysis. The wear debris produced by abrasion or corrosion
in the bone–implant interface activates resident macrophages (“synovial-like membrane”), fibroblasts, and multinucleated giant cells in the soft
tissues, releasing TNF-a, IL-1b, 6, 17, IFN-g, and M-CSF. The persistence of this inflammatory state activates the acquired immune response where
the recruitment of bone marrow macrophages and tissue-resident macrophage (TRM) synovial-like membrane macrophages produces reactive
oxygen species (ROS) and NO, contributing to osteoclast differentiation and inducing apoptosis in T CD4+ lymphocytes. The presence of
lymphocytes is due to metallic debris/ions in the periprosthetic soft tissue or recruited by the macrophages in a chronic inflammation that triggers
adaptive immunity. The presence of the granulomatous reaction is a specific response in presence of metallic debris observed in a small number of
patients where the pro-inflammatory mediators and proteases cause a macrophage-dominant foreign body granulomatous reaction. Ischemia and
necrosis are observed in the deeper layers of granulomas, whereas lymphocyte infiltration is occasionally observed with numerous giant cells. The
central necrosis may lead to release of damage-associated molecular patterns (DAMPs) to the inflammatory environment and trigger osteoclast
differentiation and bone loss in the periprosthetic bone tissues adjacent to foreign body granulomas. Osteoclasts are activated by RANKL. OPG acts
as an inhibitor of RANK–RANKL signaling, which is expressed by fibroblasts. However, in the periprosthetic environment, there is a downregulation
of OPG, and the local expression of RANKL and ROS upregulates the differentiation of osteoclasts and bone resorption. Osteoblasts regulate
osteoclasts by secreting RANKL and OPG. Wear debris activates the secretion of TNF-a, IL-1b, IL-6, and M-CSF, increasing osteoclast activity and
leading to bone loss, but their internalization leads to changes in osteoblast functions or autophagy, which promotes osteolysis. When osteocytes
undergo necrosis, they release DAMPs, triggering osteoclast differentiation and bone loss.
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non-specific of adverse local tissue reaction/adverse reaction to

metallic debris (72, 101). The relationship between laden

macrophages, wear debris, and the vascular changes with the

subsequent lymphocyte migration and trafficking should be

studied in depth to better understand the lymphocytic migration

and the role played by large-vessel involvement (72, 101).
5.5 CD117+ mast cells in response to
wear particles

Mast cells (MCs) are characterized by releasing IL-1, IL-6, and

TNF-a implicated in bone resorption. MCs had been concentrated

at the bone interface and appeared to be degranulated, indicating

high activity of MCs and release of tryptase at the regions of bone

destruction (146). A mixed macrophage and lymphocytic infiltrate

pattern has been described as generally associated with

hypersensitivity reactions, which advocated the inflammatory

response to wear particles (112, 128). This pattern is

characterized by the presence of a large number of CD117+ mast

cells in association with macrophages or perivascular cells (112,

147). Furthermore, the periprosthetic tissue of 31 patients with total

joint arthroplasty was examined, the increased density of mast and

dendritic cells was associated with polypously formed

pseudosynovium, and cement fixation prostheses may be due to

the reaction induced by cement particles (148). However, the

interaction between the mast cells and the wear particles is not

well elucidated.

Therefore, there could be an indirect potential involvement of

CD117+ mast cells in periprosthetic osteolysis by releasing

inflammatory factors that contribute to bone resorption under

wear debris.
5.6 Osteoclasts: the pivotal cells in charge
of bone resorption

There is strong evidence that osteoclasts play a significant role

in particle-induced periprosthetic osteolysis. Regardless of the

biological mechanisms leading to osteolysis, osteoclasts are the

central bone-resorbing cells (149), and the intensity depends on

the number, activity, and survival of osteoclasts (38, 102).

Osteoclasts are multinucleated cells from mononuclear/

macrophage progenitors. After macrophage recruitment began

with the release of M-CSF, the presence of RANKL promotes its

differentiation into osteoclasts (95, 102, 115). The RANK–RANKL–

OPG pathway explains these cells’ formation, activation, and

survival (102, 115). OPG acts as an inhibitor of RANK–RANKL

signaling and, in periprosthetic tissues, is expressed by vascular

endothelial cells and fibroblasts, inhibiting osteoclastic activation

(150). In aseptic loosening, there is an increase in the RANKL/OPG

ratio due to an increase of RANKL and a downregulation of OPG.

Although the cell source of RANKL is not fully verified, their

expression has been localized in fibroblast-marked cells (151).

Thus, the local expression of RANKL upregulates the

differentiation of osteoclasts and bone resorption (151, 152).
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Bone homeostasis is the result of the balance between bone

formation and resorption. Following the chronic inflammation

caused by wear debris could be an over-activation of osteoclasts

synthesizing cysteine proteinases (e.g., cathepsin K) and

metalloproteinases (MMPs) that cause bone resorption in cases

with clinical osteolysis (151). The imbalance between bone

metalloproteinases and their inhibitors is also a result of chronic

inflammation (38, 153). Specific matrix metalloproteinases, such as

MMPs 1, 2, 9, and 13, can be overexpressed at the bone–implant

interface, contributing to the growth of particle-induced

periprosthetic osteolysis in this way (38, 88). In addition, elevated

mitochondrial ROS levels are essential for hypoxic osteoclast

differentiation by the release of Ca2+ and induction of a RANKL-

independent activation of NFATc in osteoclasts, contributing to

particle-induced periprosthetic osteolysis and aseptic loosening (38,

64, 115) (Figure 4). Surprisingly, osteoclasts can also secrete

extracellular exosomes and microvesicles to regulate osteoblasts.

However, the role of these vesicles in the context of aseptic

loosening is still unknown (2).
6 Osteoblasts: a contributor to
bone resorption

In bone homeostasis, osteoblasts deposit bone through the

ossification process, regulated by the degradation of osteoclasts

for balance maintenance (2, 104, 115). Osteoblasts also participate

directly in bone resorption by secretions of pre-osteolytic mediators

and proteinases and indirectly by expressing specific chemokines or

changing cell viability (2, 115). They come from mesenchymal stem

cells, and their maturation from osteoblast progenitors is

characterized by an increase in the expression of osterix (OSX),

osteocalcin (BGP), bone sialoprotein I/II (BSP), and collagen type I

(2, 115). Differentiation of osteoblasts is driven by runt-related

transcription factor 2 (runx 2), WNT, and bone morphogenetic

protein (BMP) signaling pathways. It has several possible outcomes:

osteocyte differentiation, apoptosis, or inactivation into quiescent

bone-lining cells. Osteoblasts also regulate osteoclasts by secreting

RANKL and OPG (2, 115). Recent in vitro studies show that wear

debris can also inhibit osteoblast function and disfavor new bone

formation, playing a synergic role by coordinating with

macrophages and osteoclasts during osteolysis (2, 14).

Experimental studies in vitro in need of confirmation in human

tissue have demonstrated that osteoblasts internalize wear debris

within the cytoplasm through several pathways, such as contact,

endocytosis, and micropinocytosis (2, 13, 14). Once they are

engulfed in particles, osteoblasts exhibit structural changes in

their organelles, with an impact on osteoblastic functions such as

proliferation, adhesion, and migration, depending on the

composition of the particles, size, time, and doses (2, 14).

Autophagy is a catabolic and evolutionarily conserved process

in eukaryotes, which plays a role in the survival response to wear

debris particles. However, some studies suggest autophagy

modulates osteoblastic function; cell death occurs when the

protective effect is limited (154, 155). In an animal model, it has

been seen that autophagy-mediated osteoblast apoptosis promotes
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osteolysis in vitro and in vivo (2, 154, 156). Osteoblast exposure to

wear particles impairs mineralization by reducing the gene

expression of ALP, runx 2, osterix, and late osteogenic markers

such as osteocalcin (157) and impairs the capacity to synthesize type

I collagen, the particle-induced inhibition of osteogenic

differentiation by WNT/b-catenin and BMP/Smad signaling

pathways, and the imbalance between osteoblastic MMPs and

tissue inhibitors of metalloproteinases (TIMPs) (158). This

imbalance could result in limited osseointegration and

consequently the loosening of the implant (158).

However, osteoblasts contribute to peri-implant inflammation.

Wear debris in a time- and dose-dependent manner activates

osteoblasts to secrete inflammatory mediators such as TNFa, IL-
1b, IL-6, and M-CSF, increasing osteoclast activity and leading to

bone loss. Their importance in periprosthetic tissue relies on TNF-a
control of the release of IL-1b and IL-6; both TNFa and IL-1b alter

collagen matrix formation by osteoblasts (2, 14, 104). Likewise,

osteoblasts play a role in the local and systemic recruitment of

inflammatory cells through the production of chemokines, such as

monocyte chemoattractant protein-1 (MCP-1, also known as CCL2)

and IL-8 (also known as CXCL8) in responding to wear debris

particles (2). Macrophages can produce osteoblast activity factors

such as BMP-2 and TGF-b (2). During wear debris-induced

periprosthetic osteolysis, the macrophages are recruited to the local

site (13, 32, 44). In contrast, bone tissue-resident macrophages

(OsteoMacs), essential in directing osteoblast function/

mineralization, have not been studied during AL (2). Osteoblasts

also interact with osteoclasts by secreting RANKL and OPG to

maintain the balance and particle-induced mature osteoblastic

secreting inflammatory mediators, as mentioned above (2, 156, 159).

In vitro studies have demonstrated significantly elevated

RANKL gene expression and OPG gene suppression, producing

an imbalance in the RANKL/OPG ratio, which leads to particle-

induced periprosthetic osteolysis through a RANKL-dependent

pathway in particle-induced osteoblasts (2, 13, 159, 160). Also,

the increased expression of genes promoting osteoclast formation

and activity with RANKL, M-CSF, and IL-8 and the decreased

expression of OPG mRNA exacerbated osteoclastic bone resorption

(2, 159). Likewise, mature osteoblasts exposed to wear debris

showed apoptosis and increased mRNA expression of

inflammatory cytokines, E11, DMP1, and SOST in vitro (2).

Although wear particle internalization is vital for a cellular

reaction, more research is required on these cells and their role in

AL (Figure 4).
7 Osteocytes: modifiers of the
microenvironment and
bone resorption

Osteocytes are the most numerous cells in bone tissue

originating by their differentiation from osteoblasts embedded in

lacuna within the mineralized bone matrix (2, 64, 115). They are

described as both sclerostin-secreting cells that inhibit osteoblast

activity when osteon reaches a limiting size and RANKL-secreting
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cells, helping osteoclastogenesis (64, 115). Like osteoblasts,

osteocytes have been shown to respond to wear debris and

contribute to peri-lacunar remodeling, a particular type of bone

loss, by the expression of cathepsin K and tartrate-resistant acid

phosphatase (TRAP) in vitro. Although there are reports of a

significant increase in osteocyte lacunar size induced by wear

debris, it is suggested that osteocytic bone resorption may be

specific to female people (2).

Also, osteocytes undergo autophagy when there is excessive

damage, such as disruption of the canalicular flow and decreasing

oxygen and nutrients; osteocytes undergo cell death secondary to

necrosis in their lacunae in in vitro studies (2, 64), where

undergoing necrosis releases damage-associated molecular

patterns (DAMPs) into the environment and triggers osteoclast

differentiation and bone loss (64). DAMPs are recognized through

pattern recognition receptors (PRRs), mainly expressed in the

myelocytic cell lineage, especially by PRR macrophage inducible

C-type lectin (Mincle). Mincle on preosteoclasts senses small

nuclear ribonucleoprotein SAP-130, released explicitly by

osteocytes undergoing necrosis, and induces osteoclast activation

and bone loss. This activation occurs by inducing calcium signaling

and oxidative phosphorylation in osteoclasts, which provides a

RANKL-independent activation of NFATc1 and increased

metabolic activity on osteoclasts, respectively. In summary,

necrotic osteocytes enhance osteoclastogenesis and bone loss

(64) (Figure 4).
8 Conclusion

In total hip joint prosthetic devices, some variabilities in aseptic

loosening may be explained by inter-individual variability: first, the

cause of their correction (i.e., pseudotumor with associated fracture,

dislocation of the prosthetic femoral head, pain, or osteoarthritis);

second, mechanical stabilization through a cementing agent or by

osseointegration; finally, the wear debris particles’ morphological

heterogeneity (nature, size, and shape) due to their origin in the

prosthetic device.

Our review illustrates the cause-and-effect relationship between

the mechanical and biological factors in particle-induced

periprosthetic osteolysis. The new evidence of mechanical

instability, the release of wear particles from loosened orthopedic

implants, and the triggering of the cellular response in human

periprosthetic tissues contribute to particle-induced periprosthetic

osteolysis. Although new evidence shows an early role played by

mechanical instability in osteolysis activation, which may

contribute to aseptic loosening in particle-induced periprosthetic

osteolysis, further studies are required. We summarized the new

evidence of the biological factors related to these pathological

processes. The microenvironment of this chronic inflammation

triggered by wear debris directly depends on the prostheses

material where macrophages are the first-line cell effectors of

innate immunity, present in periprosthetic pseudomembranes

engulfing large and small particles of PE, metal, and ceramics (4,

23, 45, 49, 72). Despite the above, recent in vitro studies showed the
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role of osteoblasts in aseptic loosening (2), reminding us that the

microenvironment plays a fundamental role in cell fate (Figure 5).

However, further clinical studies in human patients are mandatory.

Evidence of close contact between CD68+ monocytes/

macrophages and T cells suggests crosstalk between the lineages

(115, 130, 136). However, the activation of lymphocytes occurs in

different degrees on particles of debris, and the exaggerated

response may increase the presence of necrosis and

pseudotumors. The reaction from aseptic loosening and allergic

reaction must be differentiated to avoid misdiagnosis (71).

It is worth noting the importance of the microenvironment prior

to total joint arthroplasty, which is generally in patients with

osteoarthritis. This environment difference with a health joint

shows different cellular features than the synovium retrieved from

osteoarthritic patients. The chronic inflammation present in

osteoarthritis may impact the slow healing of the postoperative

inflammation after an arthroplasty. Thus, maintaining the

inflammatory environment leads to aseptic loosening over the years.

Overall, this review highlights the role played by immune cells

in aseptic loosening. This contribution and the new evidence will

guide future research toward a better understanding of the complete

process for aseptic loosening. Furthermore, this review will make

possible a better understanding of the temporality of aseptic

loosening and the role played by particle-induced periprosthetic

osteolysis. Immune cells are not only responsible for fueling the

dysregulation of bone remodeling but should also be considered as

new biomarkers of AL and a source of new therapeutic options.
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FIGURE 5

Factors involved in aseptic loosening. There are mechanical and biological factors that enhance particle-induced periprosthetic osteolysis, resulting
in aseptic loosening.
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