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Abstract

Periprosthetic osteolysis remains as a major complication of total joint replacement surgery. 

Modulation of macrophage polarization with interleukin-4 (IL-4) has emerged as an effective 

means to limit wear particle-induced osteolysis. The aim of this study was to evaluate the efficacy 

of local IL-4 delivery in treating preexisting particle-induced osteolysis. To this end, recently 

established 8 week modification of murine continuous femoral intramedullary particle infusion 

model was utilized. Subcutaneous infusion pumps were used to deliver polyethylene (PE) particles 

into mouse distal femur for 4 weeks to induce osteolysis. IL-4 was then added to the particle 

infusion for another 4 weeks. This delayed IL-4 treatment (IL-4 Del) was compared to IL-4 

delivered continuously (IL-4 Cont) with PE particles from the beginning and to the infusion of 

particles alone for 8 weeks. Both IL-4 treatments were highly effective in preventing and repairing 

preexisting particle-induced bone loss as assessed by μCT. Immunofluorescence indicated a 

significant reduction in the number of F4/80 + iNOS + M1 macrophages and increase in the 

number of F4/80 + CD206 + M2 macrophages with both IL-4 treatments. Reduction in the number 

of tartrate resistant acid phosphatase + osteoclasts and increase in the amount of alkaline 

phosphatase (ALP) + osteoblasts was also observed with both IL-4 treatments likely explaining the 

regeneration of bone in these samples. Interesting, slightly more bone formation and ALP + 

osteoblasts were seen in the IL-4 Del group than in the IL-4 Cont group although these differences 

were not statistically significant. The study is a proof of principle that osteolytic lesions can be 

repaired via modulation of macrophage polarization.
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1 | INTRODUCTION

Periprosthetic osteolysis and aseptic loosening remain as one of the leading causes for long-

term failures and revision surgery of total joint replacements.1 Periprosthetic osteolysis is 

mainly driven by ultra-high molecular weight polyethylene (UHMWPE) and other plastic 

and metal wear particles released from implant bearing surfaces and other implant 

interfaces.1,2 Wear particles are distributed to tissues surrounding the implant where they are 

phagocytosed by macrophages. Particle recognition and phagocytosis activate macrophages 

into an inflammatory phenotype leading to production of various chemokines and pro-

inflammatory cytokines.3,4 Together these mediators trigger a chronic inflammatory reaction 

characterized by continued macrophage recruitment, increased osteoclastogenesis, and 

suppression of osteoblast function, ultimately leading to periprosthetic osteolytic lesions.4,5 

Currently there are no means to mitigate the development of these lesions and the only 

treatment option available for advanced osteolysis is revision surgery. Since macrophages 

are the key cells mediating periprosthetic osteolysis, novel pharmacological treatment 

approaches targeting the particle-induced activation of macrophages has been a topic of 

intense research.

Macrophages are a dynamic population of cells that regulate both inflammation and tissue 

regeneration by sequentially assuming distinct functional phenotypes.6,7 The two polar 

extremes of this macrophage activation continuum are known as M1 and M2 macrophages: 

the former showing pro-inflammatory and antimicrobial characteristics and the latter having 

anti-inflammatory and tissue regenerative properties. Both macrophage phenotypes have 

been implicated in bone healing, with a brief period of M1 dominated inflammatory phase 

followed by an M2 tissue regenerative phase generally leading to optimal bone regeneration.
8,9

Biomaterial wear particles activate macrophages into an inflammatory, M1-like, phenotype 

characterized by continued production of pro-inflammatory cytokines and chemokines with 

detrimental effects on the surrounding bone.2–5 In contrast, induction of M2 macrophage 

polarization by interleukin-4 (IL-4) treatment mitigates wear particle-induced macrophage 

activation and inflammation in cell culture models.10–12 Corresponding results were 

obtained using a mouse calvarial model in which local IL-4 injections significantly reduced 

acute UHMWPE particle-induced inflammation and osteolysis.13 Recently, the effects of 

IL-4 on more longstanding and chronic particle-induced osteolysis were studied in an 

established murine continuous femoral intramedullary particle infusion model.14 In this 

model, a delivery system consisting of a small osmotic pump, tubing, and a hollow titanium 

rod is used to continuously infuse UHMWPE particles into mouse distal femur during a 

course of 4 weeks.14–16 Using this model, IL-4 delivery together with UHMWPE particles 

effectively prevented inflammation-associated bone-loss.

These studies have demonstrated the potential of IL-4 in preventing the progression of 

particle-induced inflammation and osteolysis. However, the efficacy of IL-4 in treating 

osteolytic lesions that have already developed remains unclear. Indeed, considering the role 

that M2 macrophages play in bone regeneration, we hypothesized that induction of M2 

polarization within the osteolytic lesions could be beneficial not only in preventing further 
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expansion of the lesion, but also to aid in its repair. Thus, the current study was designed to 

evaluate the efficacy of targeted IL-4 delivery in treating preexisting osteolytic lesions in a 

murine model that simulates the clinical scenario of developing peri-implant osteolysis. 

Using a recently established modification of a particle infusion model, local osteolysis was 

first introduced by delivering UHMWPE particles alone to the mouse distal femur 

continuously for 4 weeks.17 IL-4 was then added to the particle infusion by changing the 

subcutaneous pump in a minor surgery; the experiment was then continued for another 4 

weeks with local delivery of both UHMWPPE particles and IL-4 into the femur.17,18 This 

delayed IL-4 treatment (IL-4 Del) regimen was compared to IL-4 delivered continuously 

(IL-4 Cont) with polyethylene (PE) particles for 8 weeks and to infusion of particles alone. 

To assess the mechanisms of IL-4 action, the status of local macrophage polarization and 

cellular markers of bone turnover were studied. It was hypothesized that IL-4 delivery would 

modulate macrophage polarization toward M2 phenotype with potentially beneficial effects 

on bone regeneration.

2 | METHODS

2.1 | UHMWPE particles and osmotic pumps

Conventional UHMWPE particles were generated in total knee replacement simulator and 

isolated from the test supernatants following previously established protocol.16,17,19 

Particles were then washed twice in ethanol (96 and 70%), resuspended in phosphate 

buffered saline (PBS), and stored in −80°C until used. Electron microscopy showed that 

most of the particles were spherical with a mean diameter of 0.48 ± 0.10 μm (range 0.26–

0.81 μm). Particles did not contain a significant endotoxin contamination as tested with 

Limulus Amebocyte Lysate Kit (BioWhittaker, Walkersville, MD). Alzet osmotic pumps 

(Model 2006, Durect Corporation, Cupertino, CA) were loaded either with (a) carrier 

solution (1% BSA-PBS); (b) carrier solution with 15 mg/ml UHMWPE particles; or (c) 

carrier solution with UHMWPE particles and 10 μg/ml mouse recombinant IL-4 (R&D 

Systems, Minneapolis, MN). Six-centimeter long vinyl tubing (Durect Corporation) was 

prefilled with the appropriate solution, connected to the pumps, and subsequently used to 

connect the pumps to hollow A-40 titanium rods (6 mm long, 21 g, New England Small 

Tube, Litchfield, NH).

2.2 | Mouse model

The study was carried out in strict accordance to the National Academies’ Guide for the 

Care and Use of Laboratory Animals along with institutional approval from the 

Administrative Panel on Laboratory Animal Care (APLAC) at Stanford University. A 

murine model of progressive wear particle-induced osteolysis was established as previously 

described.17 Forty-eight male BALB/cByJ mice (The Jackson Laboratory, Bar Harbor, ME) 

aged 10–12 weeks were first placed under isoflurane anesthesia. Using aseptic surgical 

technique right distal femur was exposed via lateral parapatellar arthrotomy and medial 

dislocation of the patella. An axial drill channel, extending from the intercondylar notch to 

the medullary cavity of the metaphyseal region, was created with a series of hypodermic 

needles. The hollow titanium rod was then press fit to the channel to an approximate depth 

of 3 mm. Osmotic pumps were then implanted in the subcutaneous tissue on the left-dorsal 
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side of the mouse and a subcutaneous tunnel reaching the right knee was created to connect 

the tubing to the implanted rods. Skin incisions were closed with 5–0 Ethicon sutures. In 

strict adherence to the institutional guidelines, the postoperative recovery of the mice was 

closely monitored and buprenorphine (0.1 mg/kg, SC, twice a day) given for postoperative 

analgesia. Mice were individually housed at Stanford animal housing facilities in a 

temperature-controlled environment on a 12 hr light–dark cycle with food and water being 

provided ad libitum. After 4 weeks, the mice were placed under isoflurane anesthesia and 

the pumps changed in a minor operation as previously described in detail.17 The experiment 

was continued for another 4 weeks (thus totaling 8 weeks of particle infusion), after which 

the mice were euthanized with CO2 inhalation followed by cervical dislocation. Four 

experimental groups (n = 12 mice per group) were defined by the pump contents and the 

corresponding infusion as summarized in Table 1. The residual volume of both primary and 

secondary pumps was measured and compared to the theoretical infusion rate to confirm 

successful particle delivery.

2.3 | μCT imaging

At 8 weeks after the initial surgery, femurs were collected, titanium rods carefully removed, 

and all femurs (n = 12) imaged with an explore Locus RS150 MicroCT scanner (GE 

Healthcare, Fairfield, CT). Scans were performed with 70 kVp, two frames per view, 360° 

rotation, 2 x 2 binning, and 49 μm voxel size. Images were analyzed with GEMS MicroView 

software (GE Healthcare) with a 3 x 2.5 x 3 mm volume of interest drawn to the distal 

metaphyseal region using the epiphyseal plate as an anatomical landmark. Tissue mineral 

content (TMC) and bone volume fraction (BVF) were then determined using 700 HU as a 

threshold for bone tissue.

2.4 | Histological and immunohistochemical analyses

Following μCT imaging the femurs were dissected free of soft tissues. Femurs were fixed in 

4% paraformaldehyde for 1 day, decalcified in 0.5 M ethylenediaminetetraacetic acid 

(EDTA)-PBS for 2 weeks with decalcifying solution changed twice a week and embedded in 

OCT for sectioning. 8 μm thick transverse plane frozen sections were cut from the distal 

metaphyseal region representing the end of the rod channel and the immediate area of 

particle delivery. Four representative mice per group were selected for the detailed 

histological analysis (n = 4).

Routine hematoxylin and eosins (H&E) stained sections were prepared and evaluated for 

general bone tissue morphology under Axio Observer 3.1 (Zeiss, Oberkochen, Germany) 

microscope.

The amount of osteoblast covered bone surfaces was determined with alkaline phosphatase 

(ALP) immunostaining. First, the tissue sections were fixed in ice-cold acetone for 10 min, 

followed by washing in PBS and blocking of endogenous peroxidase by 10 min treatment in 

Bloxall solution (Vector Laboratories, Burlingame, CA). Next, sections were washed in PBS 

and further blocked with 10% rabbit normal serum in 0.1% BSA-PBS for 1 hr. Normal 

serum was then decanted and polyclonal goat anti-mouse ALP antibody (AF2910, R&D 

systems) or corresponding negative control antibody (Goat IgG, Santa Cruz Biotechnology, 
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Santa Cruz CA), diluted to a final concentration of 5 μg/ml in 0.1% BSA-PBS, applied to the 

sections. After an overnight incubation at +4°C, the sections were thoroughly washed in 

PBS and incubated in biotinylated rabbit anti-goat secondary antibody (Vector Laboratories) 

diluted 1/200 in 0.1% BSA-PBS for 1 hr at room temperature. Sites of the biotinylated 

secondary antibody binding were visualized with Vectastain ABC kit and ImmPACT 

NovaRED peroxidase substrate kit (Both from Vector Laboratories) following 

manufacturer’s instructions. Sections were counterstained with hematoxylin, dehydrated, 

and mounted with VectaMount (Vector Laboratories). Sections were imaged under Axio 

Observer 3.1. The percentage of bone surfaces covered either by cuboidal ALP + 

osteoblasts, flat ALP + bone lining cells or bone surface entirely devoid of ALP + cells was 

measured using ImageJ (National Institute of Health).

The number of osteoclasts was determined with tartrate resistant acid phosphatase (TRAP) 

histochemical staining kit (Sigma Aldrich, St. Louis, MO) following manufacturer’s 

instructions. Osteoclasts were defined as multinucleated TRAP + cells located within 

resorption lacunae either in endosteal or trabecular bone surfaces and their total number per 

section was counted visually.

Total amount of macrophages at distal femur was determined by F4/80 immunofluorescence 

staining and the status of macrophage polarization assessed by F4/80 iNOS (for M1) and 

F4/80 CD206 (for M2) double immunofluorescence stainings with both the iNOS and 

CD206 (mannose receptor) being well characterized markers of M1 and M2 phenotype 

respectively.6,7 First, the tissue sections were fixed in ice cold acetone for 10 min, followed 

by washing in PBS, and blocking with 1% BSA-PBS for 1 hr in room temperature. 

Following blocking, monoclonal anti-mouse F4/80 AlexaFluor 647 conjugated antibody 

(MCA497A647, BioRad, Hercules, CA) or corresponding isotype control (BD Biosciences, 

San Jose, CA) was diluted 1% BSA-PBS to reach final concentration of 2 μg/ml and applied 

to tissue sections. For double immunofluorescence staining either Fluorescein isothiocyanate 

(FITC) conjugated monoclonal anti-mouse iNOS (4 μg/ml, 610331, BD Biosciences, San 

Jose, CA); phycoerythrin (PE) conjugated monoclonal anti-mouse CD206 antibody (1 

μg/ml, 141706, Biolegend, San Diego, CA); or corresponding isotype controls were added to 

the F4/80 antibody dilutions at the indicated final concentrations and applied to the sections. 

After an overnight incubation in +4°C, sections were washed thoroughly in PBS, mounted 

with Pro-Long Gold with DAPI (Life Technologies) and imaged with Axio Observer 3.1. 

Total area of F4/80 positive cells, as well as the total area of F4/80 + iNOS+ and F4/80 + 

CD206+ double positive cells was quantified using ImageJ and normalized to the total area 

of cells observed in the image. The area quantification was done semi-automatically using 

standardized image thresholding, but each image was carefully assessed visually to ensure 

that the positive staining signal originated from the cells and not for example, from 

nonspecific background staining. If clearly nonspecific staining was observed, it was omitted 

from the quantification. A similar strategy was utilized to identify the double positive cells 

with only the double positive areas being included in the area quantification.
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2.5 | Statistical analyses

Statistical analyses were conducted using GraphPad Prism version 6.03 (GraphPad 

Software, La Jolla, CA). ANOVA followed by Tukey’s post-hoc tests was used for the 

statistical comparison of the experimental groups with p < .05 chosen as the threshold for 

significance. All values are presented as mean ± SEM.

3 | RESULTS

3.1 | IL-4 treatments prevented and repaired particle induced bone loss assessed with 
μCT

After 8 weeks of the implantation, a bony channel had formed around the titanium rods. This 

channel extended along the long axis of the femur, from the intercondylar notch to a 

metaphyseal region to a mean depth of 3 mm. In control samples, a dense network of 

metaphyseal trabecular bone surrounded the proximal end of the rod channel (Figure 1a). 

Continuous delivery of PE particles into the distal femur for 8 weeks resulted in local bone 

loss evident on μCT analysis as significant reduction of both TMC and BVF compared to 

controls (Figure 1b). Both continuous and IL-4 Del prevented this particle induced bone 

loss. IL-4 Del group had the most bone at 8 weeks with both the TMC and BVF being 

significantly higher than in PE group and TMC significantly higher than in the continuous 

IL-4 treatment group. In the IL-4 continuous group TMC was significantly higher than in PE 

sample but the BVF did not reach statistical significance (Figure 1b). Qualitatively, particle 

treated samples showed thinner cortices and, in particular, evident loss of metaphyseal 

trabecular bone while both IL-4 treated groups showed bone microstructure similar to the 

control samples (Figure 1a).

3.2 | IL-4 treatments prevented particle induced osteoclast formation and supported 
osteoblast activity in histopathological analysis

Histological sections were obtained from the proximal end of the rod channel from the 

metaphyseal area most impacted by the particle and IL-4 delivery. Corresponding to the μCT 

images, H&E stained samples showed formation of a bony interface around the end of the 

implant, surrounded by a network of trabecular bone and bone marrow. This architecture 

was particularly conspicuous in the control samples (Figure 2, panel 1a). In controls, 

endosteum and the surfaces of the bone trabecula were covered by cuboidal osteoblasts 

identified by ALP immunostaining, while osteoclasts identified with TRAP staining were 

scarce (Figure 2, panels 1b,c). In particle treated samples, a qualitative reduction in the 

amount of trabecular bone as well as a thinner bony interface around the implant was 

observed (Figure 2, panel 2a). This reduction in trabecular bone was accompanied by a 

significant reduction in the percentage of bone surface covered with either ALP + cuboidal 

osteoblasts or ALP + flat bone lining cells (Figure 2, panel 2b, left bar diagram). In contrast, 

the number of TRAP + osteoclasts per section was significantly increased by particle 

delivery, compared to the controls (Figure 2, panel 2c, right bar diagram). All of these 

adverse effects of the chronic particle exposure on bone were partially reversed by both IL-4 

treatments (Figure 2, panels 3a–c and 4a–c, and bar diagrams). Qualitatively, the structure of 

the trabecular bone and interface tissue appeared similar to controls and the percentage of 

bone surface covered by ALP + osteoblasts or bone lining cells was partially restored. 
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Similarly, the number of TRAP+ osteoclasts was reduced to the level of controls by both of 

the IL-4 treatments.

3.3 | IL-4 treatments prevented particle induced M1 macrophage polarization and induced 
M2 polarization

A relatively low number of F4/80 positive macrophages were seen scattered around the peri-

implant bone marrow in control samples (Figure 3, panel 1a). These macrophages were 

neither M1 nor M2 phenotype, as they did not express iNOS or CD206 after 

immunofluorescence double staining (Figure 3, panel 1b,c). With particle treatment, a 

significant increase in the number of F4/80 positive macrophages was observed in the bone 

marrow immediately adjacent to the rod and the rod outflow channel (Figure 3, panel 2a, left 

bar diagram). The vast majority of these cells were iNOS positive M1 macrophages, 

although also a statistically significant increase in CD206 positive M2 type macrophages 

was observed compared to the controls (Figure 3, panels 2b,c, middle and right bar 

diagram). Neither of the IL-4 treatments had an impact on the overall macrophage number 

that remained about the same as in the particle treated group (Figure 3, panels 3a, 4a, left bar 

diagram). However, the number of iNOS + M1 macrophages was significantly reduced by 

both of the IL-4 treatments (Figure 3 panels 3b, 4b, middle bar diagram). Most notably, a 

striking increase in the amount of CD206 macrophages was observed, with a large number 

of F4/80 + CD206+ double positive cells being scattered around the bone marrow in both of 

the IL-4 treated groups (Figure 3, panels 3c, 4c, right bar diagram).

4 | DISCUSSION

Modulation of macrophage polarization with IL-4 has emerged as a means to prevent wear 

particle induced inflammation and osteolysis.10–14 In this study, the efficacy of IL-4 

treatment in repairing osteolytic lesions was assessed in a novel modification of a murine 

continuous femoral intramedullary particle infusion model. It has been previously 

comprehensively shown that in this model system, the osteolysis is present after 4 weeks of 

particle infusion and that, without intervention, the osteolysis progresses with continued 

particle delivery.14–17 Thus, local osteolysis was first established by intramedullary particle 

infusion for 4 weeks followed by targeted IL-4 delivery with particles for another 4 weeks. 

The successful delivery of biologically active IL-4 by this delivery system was also 

comprehensively validated in a prior study.18

As expected, the continued particle delivery resulted in evident local bone loss at 8 weeks 

with striking increase in the number of iNOS positive M1 macrophages. Wear particles 

activate macrophages both by increasing activation and expression of pattern recognition 

receptors such as toll-like receptors (TLRs) and, after particle phagocytosis, by causing 

damage to endosomal membranes leading to activation of the NLRP3 inflammasome.20–24 

Activation of these danger-signaling pathways leads to production of various pro-

inflammatory cytokines and chemokines, as well as upregulation of iNOS via STAT1 

signing. Pro-inflammatory cytokines such as TNF-α and IL-1β directly stimulate osteoclasts 

and suppress osteoblasts thus linking the chronic inflammation to bone loss.3–5 The chronic 

inflammation also tilts the balance of RANKL/OPG production from local mesenchymal 
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cells to favor osteoclast formation.25,26 In addition, wear particles directly suppress 

Mesenchymal Stem Cell (MSC)-to-osteoblast differentiation as well as osteoblast function.
27 Indeed, in addition to the accumulation of M1 macrophages, increased numbers of 

osteoclasts and decreased number of osteoblasts were observed with continued particle 

delivery.

Both the continuous and IL-4 Dels were effective in not only preventing but also repairing 

particle induced bone loss. A reduction in the number of iNOS positive M1 macrophages 

and striking increase in the number of CD206 positive M2 macrophages was observed with 

both IL-4 treatment strategies. This change in the macrophage phenotype was accompanied 

by a reduction in the number of osteoclasts and restoration of osteoblast function. The main 

limitation of the study is that the exact molecular mechanisms by which IL-4 treatment 

resulted to these changes in the bone turnover were not investigated. The beneficial effects 

of IL-4 on repairing osteolysis could, however, have at least three potential explanations.

First, IL-4 has well documented anti-inflammatory and pro-regenerative effects on 

macrophages.6,7,28,29 By binding to its receptor on the cell membrane, IL-4 signals through 

the JAK-STAT6 pathway with many of the M2 polarization related genes such as CD206 

and Arginase 1 being directly regulated by the transcription factor STAT6.28,29 IL-4 receptor 

also activates other intracellular signaling pathways leading to activation of transcription 

factor peroxisome proliferator-activated receptor-γ (PPARγ). PPARγ directly inhibits the 

activation of pro-inflammatory transcription factors such as NF-κB that has been implicated 

in the macrophage’s response against wear particles.28–30 Indeed, it has been 

comprehensively shown in cell culture models that IL-4 treatment prevents macrophages 

inflammatory response against wear particles.10–12 The precise intracellular mechanisms of 

this IL-4 action are still to be elucidated but likely include suppression of pro-inflammatory 

signaling pathways and transcription factors. Of note, IL-4 also inhibits the activation of 

NLRP3 inflammasome and downregulates TLR expression potentially contributing to the 

suppression of wear particle induced inflammation.31–33 Taken together, one potential 

mechanism by which IL-4 prevents and repairs particle induced osteolysis is by suppressing 

the particle induced macrophage activation thus blocking the adverse effects of 

inflammation on bone turnover. Interestingly, however, although IL-4 had clear impact on 

macrophage polarization, IL-4 did not impact macrophage recruitment as macrophage 

numbers between the IL-4 treated and nontreated samples remained similar.

Second, IL-4 has direct effects on both osteoclasts and osteoblasts. It has been 

comprehensively shown by studies spanning over three decades that IL-4 directly prevents 

osteoclast formation and function via STAT6 and PPARγ mediated inhibition of NF-κB.
34–36 The effects of IL-4 on osteoblasts and MSC-to-osteoblast differentiation are less well 

understood. Cell culture studies on this matter are controversial as in some studies IL-4 

prevents and, in some studies, enhances osteoblast differentiation and osteoblast mediated 

bone formation.37–41 Furthermore, the effects of IL-4 on wear particle challenged MSCs or 

osteoblasts have not been studied to our knowledge. Direct in vivo evidence of IL-4 impact 

on bone formation is also scarce. IL-4 delivery has, however, been shown to enhance 

fracture repair and bone/implant integration thus providing indirect evidence of beneficial 

effect on bone formation in vivo.42,43 The current results provide further evidence that IL-4 
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treatment is indeed beneficial for osteoblast activity in vivo as clear restoration of osteoblast 

numbers and subsequent repair of osteolytic lesions was observed. Taken together, IL-4 has 

direct effects on both osteoclasts and osteoblasts that might partially explain the repair of the 

osteolytic lesions.

Last, an attractive possibility is that IL-4 enhances bone formation by favorably modulating 

the complex interactions between macrophages, osteoprogenitor cells, and osteoblasts. It is 

now increasingly understood that successful bone regeneration is based on the coordinated 

cross talk between these cell types.8,9,44 During fracture repair, macrophage-derived 

mediators such as Oncostatin M (OSM), Prostaglandin E2 (PGE-2), and Bone 

Morphogenetic Protein 2 (BMP-2) regulate the MSC-to-osteoblast differentiation with MSC 

reciprocally modulating macrophage activation.8,9,44 Evidence is emerging that timely 

modulation of macrophage polarization from M1 to M2 phenotype enhances bone formation 

by impacting the cross talk between these cell types.45,46 Indeed, in a wear particle 

challenged macrophage/MSC co-culture model, IL-4 enhanced bone formation and that this 

effect was associated to an increase in PGE-2 production.47 It is tempting to speculate that 

the restoration of osteoblast function by IL-4 treatment was partly due to favorable 

modulation of macrophage/MSC cross talk.

The IL-4 Del strategy resulted to more bone at 8 weeks than the continuous IL-4 delivery. 

One possible explanation for the phenomenon is that modulation of macrophage phenotype 

too early during the repair of the initial surgical trauma could compromise the subsequent 

bone regeneration. Indeed, a period of inflammation followed by a pro-regenerative phase 

has been suggested to result in optimal bone healing.8,9,44 Alternatively, complete blockade 

of osteoclast function and inhibition of bone remodeling with extended IL-4 exposure could 

partially explain the observation.

The results are in line with previous in vitro studies showing that IL-4 is effective in 

preventing particle induced inflammation and bone loss.10–14,47 In addition, the results are a 

proof of principle that not only can the progression of osteolytic lesions be stopped but also 

partially repaired. Although still far from clinical applications, the results suggest that 

periprosthetic osteolysis could indeed be eventually managed by conservative means. While 

not necessarily curative, there are significant numbers of patients with osteolysis who are not 

good candidates for revision surgery, but who could benefit from partially repairing or even 

just slowing down the osteolytic process via a minimally invasive approach. The local 

delivery of IL-4 or similarly acting pharmaceutical agent could be achieved CT targeted 

injection and could potentially be repeated as needed. Alternatively, more elaborate means 

of drug delivery could be utilized. Indeed, a novel IL-4 delivery strategy based on 

genetically modified MSCs has recently been developed.48,49 These cells can deliver IL-4 

either constitutively or in response to an inflammatory microenvironment allowing specific 

and on-demand IL-4 release. In cell culture model, these IL-4 releasing MSCs were effective 

in mitigating particle-induced inflammation and inducing bone formation.47,50 Although 

experimental, this approach is an example of an emerging, innovative strategy to limit 

particle-induced osteolysis by means of MSC cell therapy. The potential long-term effects of 

IL-4 are currently unknown and need to be thoroughly evaluated before clinical applications 
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as IL-4 has been suspected to contribute to the development of some tumors, although not to 

the extent that would currently prevent researching its therapeutic potential.51

In conclusion, both the continuous and IL-4 Dels were highly effective in preventing and 

even repairing preexisting particle induced inflammation and bone loss. Striking reduction in 

the number of M1 macrophages and increase in the number of M2 macrophages was 

observed with IL-4 treatment. We postulate that this switch in the macrophage phenotype 

with accompanied change in the cytokine microenvironment resulted in decreased osteoclast 

activity and increased osteoblast activity, ultimately resulting to the repair of bone in the 

IL-4 treated samples. The study is a proof of principle that osteolytic lesions can be repaired 

via modulation of macrophage polarization and suggest that periprosthetic osteolysis can 

eventually be managed by nonoperative means.
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FIGURE 1. 
The effects of IL-4 delivery on the particle-induced osteolysis as assessed by μCT. 

Polyethylene (PE) particles were delivered into the mouse distal femur for 8 weeks through 

hollow titanium rod. IL-4 was added to the particle infusion either from the beginning of the 

particle delivery (IL-4 continuous, IL-4 Cont) or after 4 weeks (IL-4 delayed, IL-4 Del). At 

8 weeks, the amount of bone at the distal femur was determined by μCT imaging. (a) 3D 

reconstructions of a sagittal segment of distal metaphyseal region of the femur. Note the loss 

of metaphyseal and peri-implant trabecular bone in the PE infused samples and the 
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restoration of bone in the IL-4 treated samples. In the 3D reconstruction of the whole femur 

(#) the location of the sagittal 3D reconstructions (blue box) is shown. Notice also the rod 

channel visible in the intercondylar region of the whole femur reconstruction. (b) Bar 

diagrams showing the tissue mineral content (TMC) and bone volume fraction (BVF) at the 

distal femur. n = 12 mice per group. * = p < .05, ** = p < .01 *** = p < .001. Main regions 

of metaphyseal trabecular bone are indicated with red. Scale bars 1,500 μm
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FIGURE 2. 
The effects of IL-4 delivery on the bone microstructure and the amount of osteoclasts and 

osteoblasts. Polyethylene (PE) particles were delivered into the mouse distal femur for 8 

weeks through hollow titanium rod. IL-4 was added to the particle infusion either from the 

beginning of the particle delivery (IL-4 continuous, IL-4 Cont) or after 4 weeks (IL-4 

delayed, IL-4 Del). At 8 weeks, the overall tissue morphology at the distal femur was 

evaluated from hematoxylin and eosins (H&E) stained transverse tissue sections (panels 1–

4a). In the control sample note the formation of a bony interface (arrowheads) around the 
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end of the implant channel (#), surrounded by a network of trabecular bone (arrows) and 

bone marrow (panel 1a). Note also the loss of bony interface (arrowheads) and the 

surrounding trabecular bone in the PE treated sample (panel 2a) and the marked restoration 

of these bone structures in the IL-4 infused samples (panels 3–4a, arrowheads and arrows). 

The amount of osteoblasts was determined by ALP immunostaining (Panels 1-4b the left bar 

diagram, * = p < .05, *** = p < .001). Note the large cuboidal osteoblasts (brown staining 

cells, arrowheads) covering the endosteal surfaces of the bone trabecula in the control and in 

the IL-4 treated samples. In contrast, in the PE sample endosteum was either devoid of ALP 

positive cells or covered by flat inactive appearing bone lining cells (arrows). The amount of 

osteoclasts was determined by TRAP histochemistry (panels 1–4c and right bar diagram, * = 

p < 0.05 PE vs. all other groups). Note the increase in the amount of osteoclasts and the 

marked erosion of the bone in the PE sample (purple staining cells, arrows) and the 

reduction of the osteoclast number by both of the IL-4 treatments. n = 4 mice per group. 

Scale bars in the panels 1–4a 100 μm; Panels 1–4b 20 μm; Panels 1–4c 50 μm. ALP, alkaline 

phosphatase; TRAP, tartrate resistant acid phosphatase
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FIGURE 3. 
The effects of IL-4 delivery on the macrophage polarization. Polyethylene (PE) particles 

were delivered into the mouse distal femur for 8 weeks through hollow titanium rod. IL-4 

was added to the particle infusion either from the beginning of the particle delivery (IL-4 

continuous, IL-4 Cont) or after 4 weeks (IL-4 delayed, IL-4 Del). At 8 weeks, the amount of 

macrophages at the distal femur was determined by F4/80 immunofluorescence staining 

(panels 1–4a, left bar diagram, * = p < .05 control vs. all other groups). Notice the increase 

in the amount of F4/80 positive macrophages in the metaphyseal bone marrow with the PE 
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treatment. The amount of M1 macrophages was determined by F4/80 iNOS 

immunofluorescence double staining (panels 1–4b, middle bar diagram, *** = p < .001 PE 

vs. all other groups). Notice the increase of F4/80 + iNOS double positive M1 macrophages 

in the PE sample and the reduction in the amount of M1 macrophages by both of the IL-4 

treatments. The amount of M2 macrophages was determined by F4/80 CD206 

immunofluorescence double staining (panels 1–4c, right bar diagram, ** = p < .01 *** = p 
< .001). Notice the increase of F4/80 + CD206 double positive M2 macrophages by both of 

the IL-4 treatments. A modest increase in the M2 macrophages was observed also in the PE 

samples. F4/80—red; iNOS—green; CD206—orange; DAPI—blue. The large green bodies 

visible in some of the pictures are polyethylene particle aggregates. n = 4 mice per group. 

Scale bars 50 μm
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TABLE 1

The experimental groups. A subcutaneously implanted infusion pump was used to deliver polyethylene (PE) 

particles into the mouse distal femur. After 4 weeks, the pump was changed in a minor surgery and the 

experiment continued for another 4 weeks. IL-4 was added to the particle infusion either from the beginning of 

the particle delivery (IL-4 continuous) or after 4 weeks (IL-4 delayed) at which point local osteolysis had 

already been established. Pump contents for each experimental group are shown for clarity

Group

Pump contents

Weeks 1–4 Weeks 5–8

Control Carrier Carrier

PE PE PE

IL-4 continuous PE + IL-4 PE + IL-4

IL-4 delayed PE PE + IL-4

Abbreviations: IL-4, interleukin-4; PE, polyethylene.
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