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Abstract
The biological mechanisms leading to periprosthetic osteolysis involve both chemokines and the
monocyte/macrophage cell lineage. Whether MCP-1 plays a major role in macrophage recruitment
in the presence of wear particles is unknown. We tested two hypotheses: (1) that exogenous local
delivery of MCP-1 induces systematic macrophage recruitment and (2) that blockade of the
MCP-1 ligand-receptor axis decreases macrophage recruitment and osteolysis in the presence of
UHMWPE particles. Six groups of nude mice were used. We used non-invasive imaging to assay
macrophage recruitment and osteolysis. A murine macrophage cell line and primary wild type and
CCR2 knockout murine macrophages were used as the reporter cells. Particles were infused into
the femoral canal. Bioluminescence and immunohistochemical staining were used to confirm the
migration of reporter cells. Locally infused MCP-1 induced systemic macrophage trafficking to
bone. Injection of MCP-1 receptor antagonist significantly decreased reporter cell recruitment to
bone infused with UHMWPE particles and decreased osteolysis. Systemic migration of reporter
cells to infused particles was decreased when the reporter cells were deficient in the CCR2
receptor. Interruption of the MCP-1 ligand-receptor axis appears to be a viable strategy to mitigate
trafficking of macrophages and osteolysis due to UHMWPE particles.
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Introduction
Aseptic loosening remains one of the most common causes of failure of joint arthroplasties.
Sundfeldt et al.1 showed that this etiology accounts for up to two-thirds of hip revisions and
one half of knee revisions. The number of total hip arthroplasty (THA) and total knee
arthroplasty (TKA) revisions will increase 137% and 601%, respectively, over the next 25
years.2 Therefore, increasing the lifetime of joint replacements is a current challenge.
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Aseptic loosening has a multifactorial etiology including physical and biological factors.1
Macrophages are widely represented among cell populations found in retrieval studies3–6

and act as a key cell in the inflammatory response to wear particles. Wear particles can be
found in the joint, and along the interface between the prosthesis and bone.7 Given that most
particles are submicron in size8 and that macrophages can increase bone resorption activity
in the presence of wear debris, osteolysis is relevant to the survivorship of joint
replacements.9

Production of ultra high molecular weight polyethylene (UHMWPE) particles leads to a
non-specific macrophage-mediated foreign body immune reaction10 that can lead to high
local levels of pro-inflammatory cytokines and chemokines. Moreover, UHMWPE particles
induce systemic macrophage recruitment11–13 and pro-inflammatory cytokine release14

resulting in osteolysis.15,16 Once phagocytosis of UHMWPE particles occurs, macrophages
release pro-inflammatory cytokines through NF-κB activation via several intracellular signal
transduction pathways, inducing a series of biological events such as recruitment of more
macrophages and osteoclast precursors, their differentiation17, and further release of
cytokines and chemokines.18 Monocyte chemoattractant protein-1 (MCP-1/CCL2/MCAF/
TDCF) is one of the most abundantly released chemokines19 and is an immediate early
stress-responsive factor.20 MCP-1 acts through its receptor CCR2, which exists in two
isoforms (CCR2A and CCR2B). Deshamane et al. showed that the CCR2B isoform is
predominantly expressed by monocytes and activated NK cells.21 MCP-1 is also released by
fibroblasts and bone marrow derived primary osteoblasts in the presence of wear debris22

and requires G-protein activation.23 Previous studies demonstrated a relationship between
macrophage exposure to wear particles and MCP-1 expression,14,24–32 but the role of
MCP-1 in local and systemic trafficking of inflammatory cells in the presence of UHMWPE
particles remains unknown. We hypothesized that wear particle-induced macrophage
recruitment and bone loss can be mitigated by interruption of the MCP-1-CCR2 ligand-
receptor axis. In this study, we test this hypothesis using a murine model of continuous
intramedullary infusion of clinically relevant UHMWPE particles.

MATERIALS AND METHODS
Animals and experimental design

56 8 to 9 wk-old nude mice nu/nu (Charles River Laboratory Inc, Wilmington, MA) were
housed and fed in our Animal Facility. The experimental design was approved by the
Institutional Administration Panel for Laboratory Animal Care (APLAC number 9037).
Animals were divided into 6 groups (Table. 1). Group 1 had UHMWPE particles infused
into the distal femur via a minipump; animals were also injected intraperitoneally with 0.1
mL of RS102895 (a soluble competitive CCR2B receptor inhibitor, Sigma-Aldrich, St-
Louis, MO) twice a week at a concentration of 5mg/ml. Group 2 had infused UHMWPE
particles; the animals were also injected intraperitoneally twice a week with 0.1 mL of the
carrier solution: 40 µl DMSO (Sigma-Aldrich) in 960 µl PBS (Sigma-Aldrich). For Groups
1 and 2, the reporter cells injected via the tail vein were the macrophage cell line
RAW264.7. Groups 3 and 4 had infused particles and were injected via the tail vein with
either CCR2 −/− or wild type reporter macrophages. Group 5 had a single injection of
sterile saline solution into the femoral marrow space. Group 6 had a single injection of
MCP-1 into the marrow space to confirm localization of migrated reporter macrophages
induced by MCP-1. For Groups 5 and 6, tail vein injections were performed with the
macrophage cell line RAW264.7.

For Groups 1 and 2, RS102895 (an antagonist of CCR2B receptor) and the carrier solution
were injected during 5 wks (2 wks before surgery and 3 wks after). All groups were injected
intravenously with reporter cells (day 0) 1 wk after surgery, when wound healing was
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complete. Groups 1 and 2 underwent a microCT 1 day before surgery and at day 20 for bone
mineral density analysis. Bioluminescence (BLI) was performed at day 0, 2, 4, 6, 8, 10, 14,
and 19 for Groups 1 and 2 and at day 0, 2, 3, 4, 7, 9 for Groups 5 and 6. All animals were
euthanized after imaging, and their femurs were harvested for histomorphometry.

Surgery
Surgery was performed at day 7 (7 days before imaging began). All animals received an
injection of buprenorphine (0.1 mg/kg; Ben Venue Labs., Bedford, OH), subcutaneously
before the procedure. Animals were anesthetized with 3% isoflurane in 100% oxygen at a
flow rate of 1 L/min and were operated on a warm small animal surgery station. The left
patellar tendon was exposed through a 5 mm skin incision. Then the intercondylar notch of
the distal femur was exposed through a medial parapatellar arthrotomy. We used a series of
needles (25 to 21 gauge) to manually drill through the intercondylar notch. To implant the
osmotic pump subcutaneously, another incision was made posteriorly between the scapulae.
Then we filled the femoral shaft with UHWMPE particles and a 23 gauge hollow, 6-mm
long rod, connected to the pump via polyvinyl tubing was press fit into the distal femur
through the drill hole (Fig. 1A). After implant insertion, the quad-patellar complex was
closed by one 6.0 chromic-gut resorbable suture and the skin (knee and dorsal incisions) was
repaired with 5.0 vicryl sutures and biocompatible glue. Animals were checked each day
post-op for general health and activity.

Particles and pumps
We used conventional non-highly cross-linked UHMWPE particles (a gift from Dr. Timothy
Wright) obtained from knee joint simulator tests and isolated according to an established
protocol.33 The particles were isolated by density gradient centrifugation and sterilized by
incubating with 95% ethanol overnight. Then frozen aliquots of the particles containing
serum were lyophilized for 4 to 7 days. The dried material was digested in 5M sodium
hydroxide at 70°C for 2 hrs. The digested particle suspension was centrifuged through a 5%
sucrose gradient at 40 K rpm at 10°C for 3 hrs. 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/cm3) at 40 K rpm at 10°C for 1 hr. The purified particles at the interface
between the two layers of isopropanol were harvested and the isopropanol was evaporated
from the particle mixture until dry. Particles were then resuspended in 95% ethanol that was
evaporated completely. Ultimately, UHMWPE particles were washed in 70% ethanol and
resuspended in PBS prior to filling the micropumps. The particle concentration was 15mg/
mL. The particles tested negative for endotoxin using a Limulus Amebocyte Lysate Kit (Bio
Whittaker, Walkersville, MD). The mean particle diameter was 1.0 ± 0.1 µm (mean±SE)
measured by electron microscopy (Fig. 2). We used a Model 2006 Alzet osmotic pump
(DURECT Corp, Cupertino, CA) loaded with the particles connected to silicon tubing
overlying a 6 mm long hollow Ti rod. 100 µL of the pump contents could be pumped out
during 4 wks, which represents 3.0 × 109 particles infused into the femoral medullary canal.

Reporter cells: RAW cells, and primary wild type and CCR2—macrophages
We used the differentiated murine macrophage cell line RAW 264.734 (a gift from Dr
Gobalakrisman Sundaresan) transfected with the lentiviral vector to express the
bioluminescent optical reporter gene firefly luciferase (fluc) and a fluorescence reporter gene
green fluorescent protein (gfp). The cell line was grown in Dulbecco’s Modified Eagle
Medium 11995 (Gibco) + 10% fetal bovine serum. Each mouse received 0.5 × 106 cells
suspended in 0.1 mL Hank’s Balanced Salt Solution 14170 (Invitrogen, Carlsbad, CA)
through a lateral tail vein injection (Day 0).
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Macrophages were also harvested from femora of both CCR2-- and wild type C57BL mice.
Cells were grown in Roswell Park Memorial Institute media (Gibco) + 10% horse serum; 5
ng/mL of M-CSF was added on the first day to differentiate bone marrow cells into
macrophages. Then cells were transfected with the same lentiviral vector to express fluc and
gfp. 5 × 106 wild type macrophages and CCR2-- macrophages were injected through the tail
vein.

Imaging: microCT and bioluminescence (BLI)
A microCT scan was performed 1 day before surgery (day -8) and at day 20 for Groups 1
and 2 to detect changes in bone mineral density (BMD). At day 20, we euthanized the
animals, then removed the implanted titanium rod from the distal femur to avoid metal
artifact before microCT was performed. We used a phantom made of an epoxy-based resin
that mimics hydroxyapatite and contains water and air inclusion for calibration. Anesthesia
was maintained by mask inhalation of isoflurane, and animals were placed in the ventral
position in the device (eXplore RS microCT, GE Medical, Raleigh, NC) with 49 µm
resolution during 8 mins. Irradiation was 19.2 Rads per mouse and per microCT. Before the
procedure, scout images were made to confirm that both femurs were entirely scanned. After
scanning, we used the scanner software for acquisition and scanner interface software for
reconstruction. For BMD assessment we used MicroView software (GE Medical) and a 3D
region of interest was created (4 × 3 × 3 mm) at the distal femur for each left femur.

For bioluminescence, we used an in vivo imaging system (IVIS) employing a cooled device
camera (Caliper LifeScience, Hopkinton, MA). Animals were anesthetized with 3%
isoflurane during the process. Bioluminescence was performed with 3mg/mouse of
Luciferase substrate D-Luciferin (Biosynth Intl) administrated intraperitoneally. 5 mins
later, images were taken of the whole mouse. We drew uniformly sized regions of interest
(1.2 × 0.5 cm) at the level of the distal femur. Data were collected as to photon/sec/cm2/
steradian (p/s/cm2/sr).

Histology and immunohistochemistry
After imaging, all animals were euthanized using both CO2 inhalation and cervical
dislocation. Femora were collected and decalcified using paraformaldehyde during 3 days
and then ethylenediaminetetraacetic acid during 2 days twice. Frozen sections of 8 µm were
cut on a cryostat (Cambridge Instruments, Buffalo, NY) to include the distal third of the
femora, where particles were infused. The sections collected were used for immunostaining.
Rat anti-mouse macrophage/monocyte MOMA-2 (Abd Serotec, Raleigh, NC) was used to
detect total macrophages. The secondary antibody used for immunofluorescence was goat
anti-mouse/rabbit/rat IgG conjugated with Alexa Fluor 594 (Invitrogen, Carlsbad, CA).
Using 20× magnification, we quantified the percentage of migrated reporter cells in the
sections for Groups 1 and 2. 5 sections/group were randomly chosen for analysis. Within
each section, the total number of cells (using DAPI staining) and reporter cells were
counted, and the ratio expressed as a percentage. A reporter cell was defined as a cell having
nuclear staining with DAPI and strong cytoplasmic signal with gfp when the images were
overlaid. We also performed staining with hematoxylin and eosin (Sigma, Steinheim,
Germany) on cut histological sections. Osteoclasts were identified using a leukocyte acid
phosphatase kit, TRAP (Sigma).

Statistical analysis
Bioluminescence data (ratio of operated divided by non-operated femora), microCT data
(BMD) and the quantified positive cells were analyzed by nonparametric Mann-Whitney U
tests (two-tailed) between comparable paired groups (statistiXL software, Broadway-
Nedlands, Australia).
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RESULTS
Local injection of MCP-1 into the distal femoral canal induced systemic recruitment of
intravenously injected RAW cell macrophages to the femur. This chemotactic effect was
significantly higher than that seen with saline-injected controls on day 2 and day 4 (Fig. 3).

When RS102895, the CCR2B antagonist was injected, we observed a significant (p = 0.009)
decrease of systemic migration of macrophages from day 8 to day 19. On day 19, the
bioluminescence ratio was 0.91 ± 0.41 for Group 1 receiving the inhibitor and 3.58 ± 0.87
for Group 2 receiving control injections (Fig. 4). The same trends were observed using
primary cells. From day 6 to 14, macrophage recruitment was significantly lower when
CCR2-- reporter macrophages were infused compared to infusion of wild type reporter
macrophages (Fig. 5). The bioluminescence ratio was 0.99 ± 0.52 for group 3 (CCR2--
reporter cell infusion) versus 1.26 ± 0.54 for group 4 (p = 0.005).

Histology and immunohistochemistry confirmed migration of reporter cells within the
femoral shaft infused with particles (Fig. 6A–B). Osteoclast-like cells were more profuse for
Group 2 vs. Group 1 (Fig 6C–D). Immunohistochemistry confirmed the results obtained by
bioluminescence (Fig. 7): few reporter macrophages were found when MCP-1 receptor
antagonist was given (Fig 7A). 5.5 ± 2.2% vs. 19.8 ± 6.5% (p = 0.008) of cells were
migrated reporter cells for Groups 1 (with CCR2B inhibitor) and 2 (without inhibitor),
respectively. The total number of cells was comparable in each image with no significant
difference.

MicroCT analysis confirmed the protective effect of the MCP-1 receptor antagonist on
particle-induced bone loss (Fig. 8). Total BMD was significantly decreased for Group 2
(Fig. 9B) (receiving particles but no antagonist) compared to Group 1 (receiving particles
plus antagonist) at day 20 (Fig. 9A). After normalization (post minus pre values), BMD was
352.28 ± 36.65 for Group 1 versus 191.93 ± 41.34 for Group 2 (p = 0.015). BMD was
similarly affected on the operated and non-operated sides of both groups, confirming the
systemic effect of orthopaedic wear debris.

DISCUSSION
Given the fact that the most commonly used bearing surface for THA in the U.S. is metal-
on-UHMWPE,35 wear and the biological sequelae of wear debris are critical to implant
longevity. UHMWPE particles stimulate a foreign body and chronic inflammatory reaction
that can result in periprosthetic osteolysis, jeopardizing long-term implant stability.

Previously, it was assumed that the reaction to wear particles was a localized event.
However recent studies demonstrated that UHMWPE wear particles stimulate systemic
macrophage trafficking to the site of particle deposition. UHMWPE and metallic wear
particles increase MCP-1 production in vitro.36,37 Furthermore, UHMWPE particle infusion
stimulates macrophage recruitment in vivo and decreases BMD.32 However, the precise role
that MCP-1 plays in systemic migration of macrophages in the presence of continuous
particle infusion (similar to continuous particle production in humans) has not been
elucidated.

Our current study provides strong experimental evidence of a relationship between the
chemokine MCP-1 and systemic macrophage recruitment in the presence of UHWMPE
particles. When the MCP-1 ligand-CCR2 receptor axis was interrupted by two interventions,
macrophage trafficking was mitigated. Furthermore, disruption of the chemokine-receptor
axis was associated with a decrease in the particle-associated adverse effects on BMD. Thus,
modulation of this chemokine-receptor axis may provide a therapeutic strategy to diminish
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particle-associated osteolysis. Ren et al also showed that macrophage depletion will
ameliorate particle-associated osteolysis in a murine model.38 However, this systemic effect,
like systemic delivery of competitive inhibitors to MCP-1, compromises the important
systemic immunomodulatory role of macrophages. Thus, local delivery strategies for
decreasing particle-induced periprosthetic osteolysis seem more plausible.

Limitations to our study include the use of a murine model and the use of reporter RAW
264.7 cells that are an immortal macrophage cell line. These cells proliferate after migration
and could increase bioluminescence within the region of interest; thus, increased
bioluminescence reflects both systemic trafficking and proliferation of these cells at the
local site. Furthermore, after about 2 to 3 wks, RAW cells may proliferate to the extent that
they could induce cachexia of the mice. In consideration of these facts, we used primary
wild type reporter macrophages that are not immortal cells to confirm the results obtained
with RAW cells. Our results with primary cells confirm that the biological mechanisms
associated with wear particle deposition are a systemic rather than a local phenomenon. The
primary reporter cells were still able to migrate from the tail vein toward the site of particle
infusion resulting in osteolysis.

Another interesting finding was the effects of some of the treatments on the contralateral
femur. This phenomenon was seen in our previous study32 and has been noted with other
animal models and clinical conditions.39–42 The decrease of BMD of the non-operated
femora might reflect systemic signaling induced by chronic inflammation. We also observed
a similar effect of the MCP-1 antagonist for both operated and non-operated femur (Fig. 6)
suggesting a systemic effect. Indeed, Gong et al.43 showed a systemic effect of the MCP-1
antagonist, decreasing bone destruction in a mouse model of systemic arthritis.44 Binder et
al. also demonstrated this systemic effect on bone mass using CCR2 −/− and MCP-1
deficient mice. 45

Bar-Shira-Maymon et al. showed that BMD of mice increase up to 13.5 mos of age in
vertebra.46 Beamer et al. showed that adult peak BMD was typically achieved by 4 mos of
age for the mouse femur.47 Our mice were 3 mos of age prior to euthanasia. A similar study
as our current one using older mice would confirm the preventive role of a CCR2 receptor
antagonist in the physiological condition of osteopenia.

In conclusion, MCP-1 is a key chemokine that modulates macrophage recruitment. Using a
clinically relevant murine model of continuous local UHMWPE wear particle infusion, our
hypothesis was confirmed: we demonstrated that disruption of the MCP-1 ligand-CCR2
receptor axis can mitigate systemic macrophage recruitment and particle-associated bone
loss. Modulation of this chemokine-receptor axis may provide a therapeutic strategy to
diminish particle-associated periprosthetic osteolysis.
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Figure 1.
Image of the infusion pump set-up (A) and bioluminescence pictures of each condition at
critical time points: at day 10 for Groups 1 and 2, day 8 for Groups 3 and 4, day 4 for
Groups 5 and 6. Red rectangles indicate the region of interest for bioluminescence analysis.
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Figure 2.
SEM photomicrograph of UHMWPE particles.
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Figure 3.
Graph showing the effect of MCP-1 on systemic macrophage migration. At day 4, the ratio
of BLI (treatment side divided by the contralateral side) was 0.98 ± 0.10 for Group 5 (the
saline injected group) and 1.58 ± 0.31 in Group 6 receiving the MCP-1 injection.
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Figure 4.
Ratio of bioluminescence signal from operated (infusion of UHWMPE particles) femora
divided by the corresponding non-operated contralateral femora from Day 0 to 19 post
reporter cell injection using RAW cells. The ratio was significantly lower when the MCP-1
receptor antagonist (RS102895) was given.
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Figure 5.
Chemotaxis of primary murine macrophages in the presence of UHWMPE. Primary cells
were injected through the tail vein. Systemic migration macrophages weres significantly
lower when macrophages deficient in the CCR2 receptor were injected. CCR2-- =
macrophages deficient in the CCR2 receptor; WTΦ = wild type macrophages. * = p < 0.005.
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Figure 6.
Hematoxylin and eosin (A–B) and TRAP staining for osteoclast-like cells (C–D) from
Group 1(A–C) and Group 2 (B–D). Few osteoclasts (arrows) were observed for Group 1
(with particle infusion and inhibitor) versus Group 2 (with particle infusion only). (H&E
original magnification = 10×; TRAP, original magnification = 20×)
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Figure 7.
Immunohistochemistry for Group 1 (A) and Group 2 (B). Reporter macrophages containing
GFP (green), total macrophages stained with MOMA-2 (red), overlay of GFP and MOMA-2
images showing migrated reporter macrophages (yellow). Few reporter macrophages
(arrows) were observed when MCP-1 receptor antagonist was injected. Cb = cortical bone.
(original magnification = 20×).
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Figure 8.
Bone loss (decreased BMD) was significantly lower when mice were treated with MCP-1
receptor antagonist (MCP-1 Ra) compared to controls. TBMD = total bone mineral density.
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Figure 9.
MicroCT reconstruction images of operated femur from Group 1 (A) and Group 2 (B). The
footprint of the Ti rod is visible (white arrows). The cortical bone (red arrows) appears
thicker when the MCP-1 receptor antagonist (Group 1) was given.
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