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Abstract

Wear particles generated with use of total joint replacements incite a chronic macrophage-
mediated inflammatory reaction, which leads to implant failure. Macrophage activation may be
polarized into two states, with an M1 proinflammatory state dominating an alternatively activated
M2 anti-inflammatory state. We hypothesized that IL-4, an activator of M2 macrophages, could
modulate polyethylene (PE) particle-induced osteolysis in an experimental murine model. Four
animal groups included (a) calvarial saline injection with harvest at 14 days (b) single calvarial
injection of PE particles subcutaneously (SC) without IL-4 (c) PE particles placed as in (b), then
IL-4 given SC for 14 consecutive days and (d) PE particles as in (b) then IL-4 beginning 7 days
after particle injection for 7 days. The calvarial bone volume to total tissue volume was measured
using microCT and histomorphometry. Calvaria were cultured for 24 h to assess release of
RANKL, OPG, TNF-a, and IL-1ra and isolation and identification of M1 and M2 specific
proteins. MicroCT and histomorphometric analysis showed that bone loss was significantly
decreased following IL-4 administration to PE treated calvaria for both 7 and 14 days. Western
blot analysis showed an increased M1/M2 ratio in the PE treated calvaria, which decreased with
addition of IL-4. Cytokine analysis showed that the RANKL/OPG ratio and TNF-a/IL-1ra ratio
decreased in PE-treated calvaria following IL-4 addition for 14 days. IL-4 delivery mitigated PE
particle-induced osteolysis through macrophage polarization. Modulation of macrophage
polarization is a potential treatment strategy for wear particle induced periprosthetic osteolysis.
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INTRODUCTION

Total joint replacements (TJR) are very successful operations for treatment of patients with
disabling arthritis. However, with usage, the implant ultimately wears, creating particulate
debris from the articulating surfaces. The wear particles incite a chronic inflammatory
reaction, leading to periprosthetic bone loss, loosening of the implant, and ultimately
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failure.1=9 Up to 15% of the TJRs currently require a revision surgery, with potential severe
complications and disabling consequences for patients.2 The need for a nonsurgical
treatment or preventative therapy to interfere with the processes of particle-induced
inflammation would be of benefit in reducing the number of revision surgeries.

Particle-induced inflammation and subsequent osteolysis is one of the largest contributors to
joint replacement failure.10 Wear particles are phagocytosed by the monocyte/macrophage
lineage of cells, leading to their activation, proliferation, and differentiation.1 Macrophage
activation leads to the release of proinflammatory mediators and cytokines, such as
prostaglandin E2 (PGEy), tumor-necrosis factor-a (TNF-a), interleukin 1 beta (IL-1p), and
macrophage-colony stimulating factor (M-CSF), which are potent stimulators of
osteoclastogenesis.12 A key initiator of osteoclastogenesis is the interaction of receptor
activator of nuclear factor kappa-f3 ligand (RANKL), expressed on the surface of osteoblasts,
and receptor activator of nuclear factor kappa-p (RANK), expressed on osteoclast precursors
and mature osteoclasts. Following RANKL-RANK contact, signaling molecules including
nuclear factor kappa-p (NFxp) and nuclear factor of activated T-cells, cytoplasmic 1
(NFATcL) are activated. RANKL also activates bone resorptive functions and maintains the
survival of mature osteoclasts.}13-15 Osteoprotegerin (OPG), a soluble decoy receptor of
RANKL produced by bone marrow stromal cells and monocyte/macrophages, blocks the
RANKL-RANK interaction by competitively binding with RANK.16 The molecular ratio of
RANKL, RANK, and OPG expression can be used as a means of assessing bone
remodeling.

A current hypothesis suggests that the macrophage response in particle-induced osteolysis
may be polarized, with M1 proinflammatory macrophages activated in response to wear
debris production dominating the M2 anti-inflammatory response that normally promotes
bone healing, debris scavenging, wound healing, and angiogenesis.1217-21 M1
macrophages, producers of primarily proinflammatory mediators including TNF-a, IL-1,
IL-6, express inducible nitric oxide synthase (iNOS) and HLA-DR.22-24 |n contrast, M2
macrophages produce primarily anti-inflammatory mediators including IL-4, IL-10, and
IL-13 production, and express mammalian chitinase Ym1, Arginase 1, CD163, and
chitotriosidase.12:18.25.26 Thjs differential cytokine production and receptor expression can
be used to characterize which macrophages are present in a clinical situation. Previous work
has shown that polymethylmethacrylate (PMMA) particles polarize macrophages towards an
M1 proinflammatory response in vitro.2” However, the addition of inter-leukin-4 (1L-4) to
PMMA stimulated macrophages selectively polarized a subset of the macrophages towards
an M2 phenotype.2” Thus, IL-4 appears to be a key factor in promoting an anti-
inflammatory healing response by inducing macrophage polarization towards an M2
phenotype.

IL-4 is produced by activated T lymphocytes and mast cells, and is a differentiation factor
for cells in the hematopoietic lineage as well as stimulating B cell growth.28 |L-4 has been
shown to be an anti-osteolytic factor in response to parathyroid hormone (PTH), PTH-
related peptide (PTHrP), and I1L-1a..2% IL-4 acts to block bone resorption by inhibiting
osteoclast formation and survival by multiple mechanisms. IL-4 acts on osteoblasts to
suppress cyclooxygenase-2-dependent PGE, synthesis, enhance the production of
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osteoprotegerin (OPG), and to decrease the production of RANKL, all of which inhibit
osteoclast precursor differentiation and function.28-36 Additionally, IL-4 acts through the
transcription factor STAT6 and selectively blocks RANKL-induced action of NF«f and
mitogen-activated protein kinase (MAPK). In the short term, IL-4 blocks RANKL-induced
NFATc1, a master osteoclastogenic transcription factor.13 Early studies using inflammatory
tissues taken from rheumatoid arthritis patients have shown that IL-4 has anti-inflammatory
effects on monocyte/macrophages, endothelial cells, and fibroblasts. IL-4 also inhibited the
production of IL-6, TNF-a, LIF, and PGE,.28 IL-4 has also been shown to decrease
production of IL-1 and TNF, as well as bone resorption in a polyethylene wear debris-
induced osteolysis in a murine air pouch model.3”

The goal of this work is to delineate the effect of IL-4 and its effect on macrophage
polarization on polyethylene particle induced osteolysis in the murine calvarial model. Our
hypothesis is that IL-4 administration will decrease the inflammation induced bone
resorption associated with polyethylene particles.3” We administered IL-4 to polyethylene
particle treated calvaria for 14 consecutive days, and 7 days after particle implantation for 7
days. This model was used to mimic 2 clinical scenarios: the first simulates exposure to
wear debris from the time of prosthesis implantation (similar to the initial “bedding-in”
period of high particle production), and the second simulates a time period after the
inflammatory reaction has already been established. We used uCT analysis and
histomorphometric analysis to assess the bone volume differences, and tartrate resistant acid
phosphatase (TRAP) staining to assess osteoclast formation. We also cultured calvaria and
used enzyme linked immunosorbant assays (ELISAs) and Western blotting to examine
cytokine release and M1 and M2 protein specific expression.

MATERIALS AND METHODS

Animals and surgery

40 C57BL/6 male mice 8-10 weeks old (Jackson Laboratories) were housed and fed in our
Animal Facility. The experimental design was approved by the Institutional Administration
Panel for Laboratory Animal Care. We strictly followed university guidelines for care and
use of laboratory animals. Animals were anesthetized with 2-3% isoflurane in 100% oxygen
at a flow rate of 1 L/min and were operated on a warm small animal surgery station. An area
of skin overlying the skull was carefully shaved and sterilized with betadine scrub. Using
sterile technique, a 25-gauge needle was used to inject 100 pL of saline or polyethylene
particles resuspended in phosphate buffered saline (PBS) directly over the calvarial bone
and periosteum. Ten control mice received saline injections (Group 1, sham), and 10 control
animals received 4 x 108 particles resuspended in PBS (Group 2, UHMWPE only). Ten
animals received 4 x 108 particles as well as 1 pg of IL-4 at the time of operation and a 1 jg
injection of IL-4 every day for 14 days into the subcutaneous bursa overlying the calvarium
(Group 3, UHMWPE+IL-4 14 days). Ten different animals received 4 x 108 particles at day
0, and 7 days later began receiving injections of 1 pg of IL-4 for the remaining 7 days
(Group 4, UHMWPE+IL-4 7 days) (Table 1).38:3% Fourteen days postoperatively, the mice
were euthanized, and the calvaria harvested for micro-CT analysis, protein quantification,
and histology.
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We used conventional nonhighly cross-linked UHMWPE particles (a gift from Dr. Timothy
Wright, Hospital for Special Surgery, New York, NY) obtained from knee joint stimulator
tests and isolated according to an established protocol. The particles were isolated by density
gradient centrifugation and sterilized in 95% ethanol overnight. Frozen aliquots of the
particles containing serum were lyophilized for 4-7 days. The dried material was digested in
5M sodium hydroxide at 70°C for 2 h. The digested particle suspension was centrifuged
through a 5% sucrose gradient at 40 K rpm at 10°C for 3 h. The collected particles at the
surface of the sucrose solution were ultrasonicated and centrifuged again through an
isopropanol gradient (0.96 and 0.90 g/cm?3) at 40 K rpm at 10°C for 1 h. Particles were
resuspended in 95% ethanol, which was evaporated completely. Ultimately, UHMWPE
particles were washed in 70% ethanol and resuspended in phosphate buffered saline prior to
implantation. The particles tested negative for endotoxin using a Limulus Amebocyte Lysate
Kit (BioWhittaker, Walkersville, MD). The mean diameter of the particles was 1.0 £ 0.1 pum
(mean £ SE) measured by electron microscopy. The concentration of UHMWPE was 30
mg/mL, and using the density of 0.94 g/mL3, we calculated the appropriate volume to
administer 4 x 108 particles to the calvarium of each animal.

MicroCT imaging

The imaging was performed in the Small Animal Imaging Facility at Stanford University
(Clark Center). A uCT scan was performed for 10 animals per group in order to detect
changes in bone volume (BV). We used a phantom made of an epoxy-based resin, which
mimics hydroxyapaptite and contains water and air inclusion for calibration. Animals were
placed in the ventral position in the MicroCAT uCT scanner (Imtek, Knoxville, TN) with 40
um resolution during 35 min. After scanning, we used the MicroCAT software (Imtek, Inc)
for acquisition and COBRA Reconstruction interface software (Exxim computing
corporation, Pleasanton, CA) for reconstruction. For bone volume fraction (BVF)
assessment we used the MicroView software (GE Medical Systems) and a 3D region of
interest was created at the level of the parietal bones.4041

Histology and TRAP staining

Calvaria were harvested as one piece from five animals per group and fixed in 4%
paraformaldehyde (PFA) for 3 days, washed in PBS and decalcified in
ethylenediaminetetraacetic acid (EDTA) twice for 5 days. Calvaria were then embedded on
optimal cutting temperature (OCT) medium and stored at —80°C. Frozen sections of 7 pm
were cut using a cryostat (Cambridge Instruments, Buffalo, NY) to include the distal half of
the frontal bones and proximal half of the parietal bones, the site of particle injection. Slides
were fixed in acetone and stained used hematoxylin and eosin (H&E) (Vector Labs,
Burlingame, CA and Sigma, Steinheim, Germany) on the cut histological sections.
Histomorphometric analysis was performed by taking the most central section at the midline
of the parietal bones and two adjacent sections from each calvaria. Using 20x magnification,
the region of interest was defined as the area of soft tissue in continuity with the midline
suture. To determine bone thickness, the sections were divided at 1 cm steps from 2 cm to
the left and right of the sides of the midline suture using a digital ruler. The total tissue
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thickness (ThT) and the bone thickness (BT) were then manually measured at these 5 points.
The measurements were expressed as a mean ratio of BT/ThT. Osteoclast-like cells were
identified using a leukocyte acid phosphatase kit, TRAP (Sigma) as large multinucleated
cells located on the bone perimeter within a resorption lacuna.

Calvaria culture

The calvaria were removed as a whole under sterile conditions from five animals per group
randomly assigned for culture. Each calvaria was placed into one well of a 12-well plate and
cultured with 2 mL Dulbecco’s modified Eagle’s medium (DMEM) with glutamine (Gibco,
Grand Island, NY), and 1% Anti-mycotic/Anti-biotic (Gibco) and incubated for 24 h at 37°C
with 5% CO, 42 The culture medium was then collected and stored at —~80°C for assay of
TNF-a, IL-1ra, RANKL, and OPG secretion.

ELISA analysis of cultured calvaria

ELISA analysis for TNF-a, IL-1ra, RANKL, and OPG secretion from calvaria utilized
specific kits (R&D, Minneapolis, MN).

Western blotting

Total cellular protein was extracted using Tri-Reagent Trizol (Invitrogen, Carlsbad, CA) in
accordance with the manufacturer’s protocol. Following solubilization, proteins were
quantified using BCA protein quantification (Thermo Scientific, Rockford, IL). Totally, 50
ug of protein from each calvaria was loaded into each well and electrophoresed on a 4-20%
gradient SDS Tris-Glycine gel (Invitrogen) and transferred onto PVDF membranes
(Invitrogen). Primary antibodies directed against rabbit anti-mouse Ym21 monoclonal
antibodies (Stem Cell Biotechnologies, Vancouver, BC, Canada) 1:500, and rabbit anti-
mouse iNOS (Abcam, Cambridge, MA) 1:500 were used. Detection of GAPDH (Cell
Signaling, Danvers, MA) 1:800 was also done as a control. Detection of Ym1, iNOS, and
GAPDH were then performed and visualized using an ECL detection system and hyperfilm
chemiluminescence.3 Images were analyzed using Image J Software (National Institutes of
Health, USA) for densitometry analysis and presented as a percentage of the total size of all
the measured peaks.2’

Statistical analysis

RESULTS

Data used for statistical analysis were first assessed using a Kolmogorov-Smirnov test to
ensure normality and Gaussian distribution using Prism 4.1 (Graphpad Software, La Jolla,
CA). For all analyses, a one-way ANOVA was used with a post-hoc Neuman Keuls test to
compare each group. Data was reported as mean + standard error. A p < 0.05 was set as the
threshold of significance.

MicroCT analysis

We used UCT analysis to compare the bone volume to total volume fraction (BVF) in the
four experimental groups. The BVF for each animal in Groups 2, 3, and 4 was compared
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with the average BVF for animals from Group 1 for statistical analysis. For the polyethylene
only treated group, the BVF was 0.60 £ 0.02, compared with the BVF in the polyethylene
treated group with IL-4 for 14 days of 0.91 + 0.03, and the polyethylene group with I1L-4 for
7 days of 0.71 £ 0.05 [Fig. 1(a,b)]. The p value was less than 0.05 between all groups.

Histomorphometry and TRAP analysis

Histomorphometric analysis of the BT/ThT showed a significant difference (p < 0.05)
between all groups except between PE+IL4 for 7 days and saline [Fig. 2(a,b)]. The BT/ThT
for polyethylene only group was 0.45 + 0.02, which was significantly lower than saline
(0.56 £ 0.03), polyethylene with IL-4 for 14 days group (0.65 + 0.02), and polyethylene with
IL-4 for 7 days group (0.56 + 0.02) (p < 0.05). The BT/ThT was decreased for polyethylene
alone group compared with all other groups, and the BT/ThT was increased in the
polyethylene group with IL-4 for 14 days relative to the saline control, as well as all other
groups.

TRAP staining showed a significantly higher number of TRAP positive cells in the calvaria
of animals with implanted polyethylene particles alone (2.99 + 0.26) compared with the
saline (0.44 + 0.11), polyethylene with IL-4 for 14 days (0.54 £ 0.16), and polyethylene with
IL-4 for 7 days (0.60 £ 0.16) groups (p < 0.0001) (Fig. 3). There was no difference in TRAP
staining between the saline only group and the groups that received IL-4 with polyethylene
particles.

Western blot analysis

Western blot analysis of the M1/M2 ratio was done by comparing the ratio of iNOS/
GAPDH to Ym1/GAPDH. There was a significant difference in the M1/M2 ratio between
the four groups using the one-way ANOVA analysis. The average densitometry M1/M2
ratio for the polyethylene only group was 2.33 + 1.13 as compared with saline (0.89 = 0.20),
polyethylene with IL-4 for 14 days (0.80 £ 0.28), and polyethylene with IL-4 for 7 days
(2.03 £ 0.51) groups (Fig. 4). Although there was no significant difference between groups
by post-hoc Neuman Keuls analysis, there was a strong trend of a higher M1/M2 ratio in the
polyethylene only, and polyethylene with IL-4 for 7 days groups as compared with saline
and polyethylene with I1L-4 for 14 days.

ELISA analysis

Cell culture supernatants of cultured calvaria were analyzed for secretion of RANKL, OPG,
TNF-a, and IL-1ra 24 h after culture. There was a significantly higher release of RANKL
from the calvaria treated with polyethylene only (24.50 £ 3.00 pg/mL) compared with
polyethylene with IL-4 for 14 days (10.36 + 1.10 pg/mL) (p < 0.05). The RANKL secretion
from saline treatment was 16.86 + 2.50 pg/mL, and the RANKL secretion from polyethylene
with IL-4 for 7 days treated calvaria was 17.32 + 1.91 pg/mL [Fig. 5(a)]. There was no
significant difference between other groups as assessed by post-hoc Neuman Keuls.

Analysis of TNF-a release from the cultured calvaria showed a significantly higher release
from the polyethylene treated group (20.04 + 1.85 pg/mL) compared with saline (4.36 =
0.41 pg/mL), polyethylene with IL-4 for 14 days (5.97 £ 0.50 pg/mL), and polyethylene
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with 1L-4 for 7 days (6.46 + 1.28 pg/mL) groups (p < 0.001). There was no significant
difference between the other three groups [Fig. 5(b)].

Analysis of OPG secretion showed that there was a significantly decreased secretion in the
polyethylene with IL-4 for 7 days group (2160.98 + 201.20 pg/mL) compared with saline
only (3046.19 + 41.20 pg/mL), polyethylene only (2872.42 + 96.0 pg/mL), and polyethylene
with IL-4 for 14 days (2160.98 + 204.20 pg/mL) groups (p < 0.001). There was no
significant difference between the other three groups [Fig. 6(a)]. Analysis of the
RANKL/OPG ratio showed that both saline (0.0055 + 0.0008) and polyethylene with IL-4
for 14 days (0.0035 + 0.0004) were significantly decreased compared to polyethylene
(0.0085 + 0.001) and polyethylene with IL-4 for 7 days (0.008 £+ 0.0009) groups (p < 0.05)

[Fig. 6(b)]-

Analysis of the IL-1ra release showed a significant difference between all groups (p < 0.05)
except for polyethylene with IL-4 for 14 days compared to polyethylene alone. The IL-1ra
release from the saline group was 2117 + 351.6 pg/mL, from the polyethylene group 1349 +
109.7 pg/mL, from polyethylene with 1L-4 for 14 days group 1150 £ 92.95 pg/mL, and from
polyethylene with IL-4 for 7 days group 466.2 + 46.42 pg/mL [Fig. 7(a)]. Analysis of the
IL-1ra to TNF-a ratio showed a significant increase in the ratio in the polyethylene with
IL-4 for 14 days (178.68 + 18.01) group compared with polyethylene only (67.85 + 5.64)
and polyethylene with IL-4 for 7 days groups (74.84 £ 6.88) (p < 0.001) [Fig. 7(b)].

DISCUSSION

The purpose of this study was to determine the effect of IL-4 and macrophage polarization
on polyethylene-particle induced osteolysis using the murine calvarial model. Although not
a long bone, wear debris induced osteolysis on the calvaria allows for preclinical
preliminary studies of particle effects, and the assessment of potential treatments such as
IL-4.44-47 In addition, the model allowed for daily administration of IL-4, which can more
closely mimic the desired clinical administration such as with a scaffold, coating or other
drug delivery device. The model is only 2 weeks in time, whereas the typical clinical
situation of osteolysis following TJR may take place over years. Therefore, local I1L-4
delivery to patients with wear debris induced osteolysis may require a longer time course or
different onset of administration relative to this murine calvarial model.

Metal-on-UHWMPE implants account for at least 50-70% of the bearing surfaces used in
TJR in the USA.#849 Therefore, particle wear debris and their biological sequelae impact
implant survival, creating a need for modulation of the inflammatory process to improve
implant longevity.>0 This is even more important in clinical scenarios such as total knee
replacement in which the majority of implants consist of conventional polyethylene.

Our current study has demonstrated an increase in the BVF and BT/ThT in murine calvaria
treated with IL-4 following PE particle implantation, suggesting that addition of I1L-4
decreased bone resorption associated with PE particle-induced. This result was seen with
both 14 days of acute, continuous administration and 7 days of delayed IL-4 administration
after an inflammatory environment had already been established, suggesting that IL-4 can
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manipulate osteoclastogenesis and bone resorption in both a preventative and reparative
manner respectively. TRAP staining also found a decrease in the number of osteoclasts and
precursors in the calvaria of animals treated with IL-4, further suggesting that IL-4 was able
to decrease osteoclastogenesis. This may be through enhancement of OPG production, as
well as inhibition of RANKL production, which were shown by ELISAs after IL-4 treatment
for 14 days. As seen with Western blotting, IL-4 addition also decreased the M1/M2 ratio
compared to PE alone, suggesting that IL-4 may act through multiple mechanisms, including
inducing an M2 phenotype, to decrease osteoclastogenesis and inflammation. IL-4
administration also increased the IL-1ra to TNF-a ratio, suggesting an induced anti-
inflammatory state rather than the inflammatory state associated with PE-particle induced
osteolysis.

Previous studies have reported that there was a higher ratio of M1 to M2 macrophages in
retrieved periprosthetic tissues from failed implants.2” Furthermore, PMMA particles could
polarize macrophages towards an M1 response, which could be driven towards an M2
phenotype with the addition of I1L-4 in vitro.2” We found that polyethylene particles
preferentially polarize macrophages towards an M1 response, but that the addition of IL-4 in
both an acute and chronic model can polarize these M1 macrophages towards an M2
response, mitigating the polyethylene particle induced osteolysis. In total these 3 studies
show that polyethylene and PMMA particles in in vivo, in vitro, and clinical studies all
selectively activated M1 macrophages, inciting a proinflammatory response, mediated in
part through the release of IL-1 and TNF-a. However, the addition of IL-4 was able to
modulate this response both in vivo and in vitro, polarizing the M1 macrophages towards an
M2 anti-inflammatory response through the release of IL-10, 1L-13, and IL-4. This suggests
that macrophage polarization plays a significant role in particle-induced osteolysis, but that
this effect may be modulated through the addition of IL-4, an M2 promoter.

Our study has implications for the use of IL-4 as a biological agent to modulate the
inflammatory reaction that occurs in response to wear particle production. Preliminary trials
have been initiated to examine the effect of manipulating macrophage polarization on
disease states such as atherosclerosis, obesity, asthma, and chronic inflammation.2! Use of
an agent, such as a CD40 antagonist, under trial to inhibit M1 pathways in atherosclerosis, in
addition to IL-4 and PPARYy agonists to promote M2 pathways may be of interest in
controlling the macrophage response and subsequent inflammatory response to wear
debris.21:51-54 Additionally, work by Wang et al. found a decrease in bone resorption with
the addition of recombinant IL-4 together with OPG in polyethylene particle induced
osteolysis.3” Future work might examine the potential to create an IL-4 eluting scaffold or
drug delivery device to alter the macrophage response to wear debris towards an anti-
inflammatory, bone healing response.
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FIGURE 1.
Administration of IL-4 diminishes polyethylene particle induced osteolysis. (a) Polyethylene

particle induced osteolysis in C57B6 mice treated with saline, polyethylene particles,
polyethylene particles with IL-4 administered 7 days later for 7 days, and polyethylene with
IL-4 administered for 14 days was assessed within the volume of interest by longitudinal 3D
micro-computed tomography (UCT). The volume of interest is indicated by the yellow
shaded region as a 6 mm x 6 mm x 2 mm cylinder. (b) Graphical representation of pCT
quantifying the bone volume fraction (BVF) 14 days after PE particle implantation onto
calvarium relative to saline control. For the polyethylene only treated group, the BVF was
0.60 + 0.02, compared with the BVF in the polyethylene group with 1L-4 for 7 days of 0.71
+ 0.05, and the polyethylene treated group with IL-4 for 14 days of 0.91 + 0.03 (p < 0.05
between all groups). *p < 0.05, ***p < 0.001. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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(b) Histomorphometric Bone Analysis
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FIGURE 2.
Histomorphometric analysis was performed by assessing the bone thickness (BT) to total

tissue thickness (ThT) ratio. (a) Using 20x magnification, the region of interest was defined
as the area 2 cm to the left and right of the midline sagittal suture. The area of interest was
divided into five parts, and the ThT and BT were measured at these 5 points. Measurements
were expressed as a mean ratio of BT/ThT. Shown is a representative image from the
polyethylene with IL-4 for 14 days group. (b) The BT/ThT ratio showed a significant
difference (p < 0.05) between all groups except between polyethylene +IL4 for 7 days and
saline. The BT/ThT for PE only was 0.45 + 0.02, which was significantly lower than saline
(0.56 £ 0.03), polyethylene with IL-4 for 7 days (0.56 + 0.02), and polyethylene with IL-4
for 14 days (0.65 + 0.02) (p < 0.05). The BT/ThT was decreased for polyethylene compared
to all groups, and the BT/ThT was increased in PE with I1L-4 for 14 days relative to the
saline control, as well as all other groups. *p < 0.05, **p < 0.01, ***p < 0.001. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 3.

Osteoclast-like activity was identified using leukocyte acid phosphatase (TRAP) staining as
large multinucleated cells at the bone perimeter within resorption lacuna (images taken at
x20). TRAP analysis shows a predominance of osteoclast-like cells in calvaria treated with
polyethylene particles, and is decreased with the administration of IL-4. *** p < 0.001.
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Western Blot Analysis of M1 to M2
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FIGURE 4.
Total cellular protein in the calvarium of the four groups was used for Western blotting

staining for the M1 marker iNOS and the M2 marker, Ym1, using 50 pg of protein per well.
M1 and M2 ratios in the calvarium were calculated using densitometry analysis. The
average densitometry M1/M2 ratio for the polyethylene only group was 2.33 + 1.13 as
compared with saline (0.89 * 0.20), polyethylene with IL-4 for 7 days (2.03 + 0.51), and
polyethylene with 1L-4 for 14 days (0.80 + 0.28) groups. This suggests that there is a higher
M1/M2 ratio in the polyethylene only treated group, which decreases with the administration
of IL-4.
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FIGURE 5.
Cytokine release of RANKL and TNF-a showed a significantly higher release of the

proinflammatory cytokines following polyethylene particle placement, which was mitigated
by IL-4 administration. ELISA analysis was performed on cell culture supernatants of
cultured calvarium 24 h after culture (n = 5 per group). Analysis was performed for TNF-a,
IL-1ra, RANKL, and OPG. Results are presented as mean + standard error of the mean. (a)
ELISA analysis shows s a significantly higher release of RANKL from the calvaria treated
with polyethylene only (24.50 + 3.00 pg/mL) compared with polyethylene with IL-4 for 14
days (10.36 + 1.10 pg/mL) (p < 0.05). There was no significant difference between other
groups as assessed by post-hoc Neuman Keuls. (b) TNF-a release from the cultured calvaria
showed a significantly higher release from the polyethylene treated group (20.04 + 1.85
pg/mL) compared with saline (4.36 £ 0.41 pg/mL), polyethylene with IL-4 for 7 days (6.46
+ 1.28 pg/mL), and polyethylene with I1L-4 for 14 days (5.97 + 0.50 pg/mL) (p < 0.001). *p
< 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 6.
Cytokine release of OPG and the ratio of RANKL/OPG showed that IL-4 helped to decrease

the relative release of proinflammatory mediators. (a) ELISA OPG analysis showed a
decreased section in the polyethylene with IL-4 for 7 days group compared to all other
groups (p < 0.0001). (b) Analysis of the RANKL/OPG ratio showed that both saline (0.0055
+ 0.0008) and polyethylene with 1L-4 for 14 days (0.0035 + 0.0004) were significantly
decreased compared with polyethylene (0.0085 + 0.001) and polyethylene with IL-4 for 7
days (0.008 £ 0.0009) groups (p < 0.05). *p < 0.05, **p < 0.01, ***p < 0.001.
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FIGURE 7.
Cytokine release of I1L-1ra, a predominant M2 macrophage cytokine, and the ratio of IL-1ra/

TNF-a showed a significant increase in the relative amount of the anti-inflammatory
mediator after 14 days of IL-4 administration. (a) Analysis of the IL-1ra release showed a
significant difference between all groups (p < 0.05) except for PE with IL-4 for 14 days
compared to polyethylene alone. (b) Analysis of the IL-1ra to TNF-a ratio showed a
significant increase in the ratio in the polyethylene with IL-4 for 14 days (178.68 + 18.01)
compared with polyethylene only (67.85 + 5.64) and polyethylene with IL-4 for 7 days
(74.84 + 6.88) (p < 0.001). *p < 0.05, **p < 0.01, ***p < 0.001.
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Experimental Design and Group Designation for Polyethylene Particle Induced Osteolysis on the Murine
Calvarium with IL-4 Administration

Saline  Polyethylene Particles (2 Weeks) IL-4

Group 1 (n=10)
Group 2 (n=10)
Group 3 (n=10)
Group 4 (n=10)

X

X Beginning at day 0 for 14 consecutive days

X Beginning at day 7 for 7 consecutive days
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