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Abstract: Wear particles generated from total joint replacements can stimulate macrophages to release chemokines,
such as monocyte chemoattractant protein 1 (MCP-1), which
is the most important chemokine regulating systemic and
local cell trafficking and infiltration of monocyte/macrophages in chronic inflammation. One possible strategy to curtail the adverse events associated with wear particles is to
mitigate migration and activation of monocyte/macrophages.
The purpose of this study is to modulate the adverse effects
of particulate biomaterials and inflammatory stimuli such as
endotoxin by interfering with the biological effects of the chemokine MCP-1. In the current study, the function of MCP-1
was inhibited by the mutant MCP-1 protein called 7ND, which
blocks its receptor, the C–C chemokine receptor type 2
(CCR2) on macrophages. Addition of 7ND decreased MCP-1induced migration of THP-1 cells in cell migration experiments in a dose-dependent manner. Conditioned media from
murine macrophages exposed to clinically relevant polyme-

thylmethacrylate (PMMA) particles with/without endotoxin
[lipopolysaccharide (LPS)] had a chemotactic effect on human
macrophages, which was decreased dramatically by 7ND.
7ND demonstrated no adverse effects on the viability of macrophages, and the capability of mesenchymal stem cells
(MSCs) to form bone at the doses tested. Finally, proinflammatory cytokine production was mitigated when macrophages were exposed to PMMA particles with/without LPS in
the presence of 7ND. Our studies confirm that the MCP-1
mutant protein 7ND can decrease macrophage migration and
inflammatory cytokine release without adverse effects at the
doses tested. Local delivery of 7ND at the implant site may
provide a therapeutic strategy to diminish particle-associated
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INTRODUCTION

Total joint replacement (TJR) is a highly successful surgical
procedure for end-stage arthritis. However, wear particles
are inevitable byproducts of all joint replacements.1 Wear
begins during the initial “bedding in” phase and continues
during use of the TJR. Wear particles stimulate chronic
inﬂammation that delays osseointegration, and leads to periprosthetic bone loss (osteolysis) and implant loosening.
Cells of the monocyte/macrophage lineage (macrophages, foreign body giant cells, and osteoclasts) are among
the key cells that perpetuate the inﬂammatory reaction to
orthopedic wear particles generated from TJRs. Wear particles stimulate macrophages to release chemokines, such as

monocyte chemoattractant protein 1 (MCP-1), which is the
most important chemokine regulating systemic and local
cell trafﬁcking and inﬁltration of monocyte/macrophages in
chronic inﬂammation.2,3 In vitro, in vivo, and tissue retrieval
studies by our group and others have demonstrated a critical role for MCP-1 in particle-induced inﬂammation.4–9
Thus, one possible strategy to curtail the adverse events
associated with wear particles is to mitigate systemic and
local migration and activation of monocyte/macrophages to
the location of particle generation. The purpose of this
study is to modulate the adverse effects of polymer particles
and inﬂammatory stimuli such as endotoxin by interfering
with the biological effects of the chemokine MCP-1. This
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was accomplished by the use of a mutant MCP-1 protein
called 7ND in which the 2–8 N-terminal amino acids of
MCP-1 are deleted. Functionally deﬁcient 7ND competes
with MCP-1 to attach to its receptor, the C–C chemokine
receptor type 2 (CCR2) on macrophages.
In the current study, we examine the migration of macrophages to MCP-1, and to conditioned media from macrophages challenged with polymethylmethacrylate (PMMA)
particles with/without endotoxin. We then blocked the
CCR2 receptors on the macrophages by adding 7ND and
examined any changes in macrophage migration. Cytokine
production by macrophages exposed to PMMA particles
with/without lipopolysaccharide (LPS) in the presence or
absence of 7ND was also evaluated. Finally, to determine
whether 7ND treatment had any adverse effects on the ability of mesenchymal stem cells (MSCs) to form bone, we
determined the production of bone nodules (using Von
Kossa staining) in the presence/absence of 7ND. We
hypothesized that the mutant MCP-1 protein 7ND would
mitigate cytokine production by LPS and particle-exposed
macrophages, decrease macrophage chemotaxis, yet have no
effect on the ability of MSCs to form bone.
MATERIALS AND METHODS

Mutant MCP-1 protein (7ND)
7ND recombinant protein is a mutant MCP-1 protein which
lacks the N-terminal amino acids 2 through 8, and has been
shown to function as a dominant negative inhibitor of MCP1.10–12 The 7ND in the current study was supplied by
Dr. Egashira in Kyushu University (Japan).
Preparation of PMMA particles
We used phagocytosable PMMA particles as the challenging
agent because these particles are relatively uniform in size
and shape, relatively cheap, and have been used extensively
by our group and others for in vitro and in vivo studies of
particle-induced inﬂammation.13–20 PMMA particles (Polysciences, Warrington, PA) 1–10 lm in diameter, were
washed with 70% ethanol and incubated overnight with
shaking at 4 C. The particles were then washed extensively
with phosphate-buffered saline (PBS) and resuspended to
obtain a concentrated 5% (v/v) stock solution. The particles
were shown to be free of endotoxin according to the Limulus Amebocyte Lysate Assay (BioWhittaker) which is sensitive to 1.0–0.1 EU/mL.
Migration conditioned media
RAW 264.7 cells (Cat #: TIB-71; ATCC, Manassas, VA), a
mouse macrophage cell line, were used for the production
of inﬂammatory cytokines through stimulation with endotoxin and/or PMMA particles. RAW cells were grown in Dulbecco’s modiﬁed eagle medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. RAW cells were seeded at a density of 0.1 3 106 cells/
well in 24-well plates in the presence of PMMA particles
(0.05%, vol/vol) in serum-free DMEM or LPS (1 mg/mL).
Cell-seeded culture plates without particles or LPS were
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used as a negative control. The cell culture supernatants
were collected after 48 h and used for the chemotaxis assay.
Chemotaxis assay
The methodology for the chemotaxis experiments reported
herein were originally developed and reported by Huang
et al14 from our laboratory. In the migration experiments,
human macrophages were used as the migrating cells due
to their high sensitivity to chemotactic cytokines.14 THP-1
cells (Cat#: TIB-202; ATCC), a human macrophage cell line
were suspended in ATCC-formulated RPMI-1640 medium
with 10% FBS and 50 nM 2-mercaptoethanol (2-ME) at a
concentration of 1.1 3 106 cells/mL. 7ND (0–500 ng/mL)
was added to the cells 1 h before beginning the chemotaxis
assay. For studies using conditioned media from RAW cell
culture, THP-1 cells were preincubated with 1000 ng/mL
7ND. Chemotaxis assays were performed using a ChemoTxV
Disposable Chemotaxis System (NeuroProbe, Gaithersburg,
MD) containing 8 mm pores.14 MCP-1 of 29 mL (10 ng/mL)
or conditioned media from RAW cell culture was placed in
the bottom chamber and 6 3 104 THP-1 cells were placed
in the upper chamber of the chemotaxis system. After a 2-h
incubation period, cells in the upper chamber were removed
by aspiration and the porous membrane was removed. Cells
in the bottom chamber were transferred to a 96-well plate.
The bottom chamber was washed with 30 mL of H2O which
was also transferred to the 96-well plate (total volume 59
mL). The plate was transferred to 280 C freezer for 1 h and
returned to room temperature until fully thawed. The
freeze–thaw cycle was repeated two more times. To quantify
the number of migrated cells, 100 mL of Picogreen dye (Life
Technologies, Grand Island, NY) was added to each well and
ﬂuorescence was read at 480/520 nm using a plate reader
(Spectramax M2e; Molecular Devices, Sunnyvale, CA). A linear dilution of THP-1 cells served as a reference to quantify
cell number.
R

THP-1 cell viability
To determine whether 7ND affects the viability of THP-1
cells, a CellTiter 96V AQueous One Solution Cell Proliferation Assay (Promega, Madison, WI) was performed. THP-1
cells were suspended in complete RPMI 1640 medium with
2-ME at a concentration of 1.1 3 106 cells/mL. THP-1 cells
(100 mL) were incubated in the presence of 7ND (0–500
ng/mL) for 3 h, which equals the time course of the chemotaxis assay. After 3 h, 20 mL of CellTiter 96V AQueous One
Solution was added to each well containing THP-1 cells. The
plate was returned to the incubator for a 1 h. Color change
was detected by measuring absorbance at 490 nm using a
plate reader (Spectramax M2e).
R

R

Inﬂammatory cytokine analysis
Different doses of 7ND (1, 10, 25, 50, and 100 ng/mL) were
added into RAW cell-seeded cultures (0.1 3 106 cells/well)
with PMMA particles (0.05%, vol/vol) and LPS (1 mg/mL).
The supernatants were collected after 24 h and the concentration of tumor necrosis factor a (TNF-a) in the supernatant was assayed by enzyme-linked immunosorbent assay
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(ELISA; R&D Systems, Minneapolis, MN). In addition, RAW
264.7 cells were exposed to PMMA particles for 24 h with/
without 7ND, and the production of inﬂammatory cytokines
including interleukin (IL) 1b (IL-1b), IL-10, granulocytemacrophage colony stimulating factor (GM-CSF), interferon
g (IFN-g), IL-4, and IL-6 was determined by Luminex multiplex array (Life Technologies) following the manufacturer’s
recommended protocol. Supernatants from particlechallenged cell cultures were collected at 24 h. All collected
supernatants were frozen at 280 C and stored. All Luminex
assays were analyzed in triplicate using the manufacturer’s
provided buffers and protocols. Data were acquired on a
Luminex 200 instrument and analyzed using the resident
software (xPONENT 3.1; Luminex).
Osteogenic differentiation of MSCs and von Kossa
staining
Murine MSCs harvested from long bones were cocultured
with 7ND (250 ng/mL) in osteogenic medium, as described
by Zhu et al.21 After 28 days differentiation in osteogenic
medium, cells were stained by von Kossa staining. Brieﬂy,
cell cultures were washed with PBS and incubated in 10%
buffered formaldehyde solution for 30 min. Cell cultures
were then washed 3 3 5 min with distilled water and incubated in 5% silver nitrate (Cat. No. 209139; Sigma) solution
under ultraviolet light for 1 h. The stained cultures were
imaged by light microscopy (1003 magniﬁcation) and mineralized nodules and matrix were quantiﬁed using NIH ImageJ
software (ver. 1.46r). Thresholds settings were adjusted to
make all stained areas in the image black and all unstained
areas white. The total area of positive stains corresponding
to the black areas was measured using NIH ImageJ and
expressed as a percentage of the culture well area.
Statistical analyses
Numerical data were analyzed using Graphpad Prism 5.0
software (San Diego, CA). The results are presented as
mean and standard deviation. Statistical signiﬁcance was
tested by one-way ANOVA, followed by post hoc testing
using Tukey’s multiple comparison test. The level of signiﬁcance was set to p < 0.05.

FIGURE 1. THP-1 cell migration is inhibited by preincubation with
7ND. THP-1 cells were preincubated with increasing concentrations of
7ND (0–500 ng/mL) for 1 h then placed in the upper well of a migration chamber. MCP-1 (10 ng/mL) was placed in the lower chamber
and migration proceeded for 2 h. The ratio of migrated cells relative
to no pretreatment are shown. Data are presented as mean 6 standard deviation.

chemotaxis assay system. As shown in Figure 2, this supernatant caused increased migration of THP-1 macrophages;
preincubation of the THP-1 cells with 7ND dramatically
decreased cell migration to a level comparable to the migration toward the nonstimulated RAW cells. A high level of
migration was observed in the untreated groups as RAW
cells produce a basal level of the cytokines MCP-1 and MIP1a.14 The presence of 7ND however mitigated the increased
migration induced by stimulated cells, decreasing migration
by 30–40% in all groups (p < 0.01; Fig. 2).

7ND does not affect cell viability of macrophages
The viability of THP-1 cells was quantiﬁed after 3 h of exposure to 7ND (0–500 ng/mL). There was no statistical difference in the viability of cells among all groups (Fig. 3). This

RESULTS

Mutant MCP-1 protein (7ND) inhibited macrophage
migration
The 7ND protein blocked the CCR2 receptors, mitigating
macrophage recruitment, even in the presence of exogenously added MCP-1. 7ND inhibited macrophage migration
in a dose-dependent manner. The inhibition of cell migration
showed statistical signiﬁcance at a concentration of 500 ng/mL
of 7ND group (p < 0.01; Fig. 1). At a concentration of
500 ng/mL of 7ND, more than 30% decrease in cell migration
was observed (p < 0.01), which was below that observed when
no 7ND (0 ng/mL) was added to the cultures.
The conditioned medium produced by RAW cells stimulated with PMMA particles only or PMMA particles plus LPS
(which acted as an inﬂammatory and chemotactic stimulus
for THP-1 cells) was placed in the bottom chamber of the

FIGURE 2. Migration of THP-1 cell pretreated with 7ND (1000 ng/mL)
toward RAW cell supernatant. RAW cell supernatant was collected 48
h after stimulation with PMMA particles, LPS or a combination of
both. Data are presented as mean 6 standard deviation. *p < 0.01
and **p < 0.001.
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FIGURE 3. Viability of THP-1 cells treated with 7ND. THP-1 cells were
incubated with increasing concentrations of 7ND (0–500 ng/mL) for
3 h. A CellTiter assay was then performed to determine cell viability.
Data are presented as viability relative to untreated cells (0 ng/mL
7ND) and displayed as mean 6 standard deviation.

indicated that 7ND was not cytotoxic at the concentrations
tested; therefore, any decrease in THP-1 cell migration could
not be attributed to cell death. In addition, the viability
assay was repeated after 24 h of 7ND exposure without
effect (data not shown).
7ND mitigates inﬂammatory cytokine release from
macrophages upon stimulation of PMMA particles or
LPS in vitro
Exposure of RAW cells to PMMA particles and LPS simulates
wear particle-induced inﬂammation. When RAW cells were
stimulated with LPS in vitro, an increased production of the
inﬂammatory cytokine TNF-a was observed. The addition of
7ND decreased the secretion of TNF-a signiﬁcantly at the
doses of 25, 50, and 100 ng/mL (p < 0.05). Even at lower
doses, such as 1 and 10 ng/mL, the presence of 7ND demonstrated a trend to decrease TNF-a release (Fig. 4).
The production of important inﬂammatory cytokines by
macrophages was determined using a Luminex assay after
24 h exposure to PMMA particles and LPS (a more clinically
relevant scenario), with/without addition of 100 ng/mL
7ND. Particles and LPS together induced a signiﬁcantly
increased expression of TNF-a, IL-1b, GM-CSF, and IFN-g
(Figs. 4 and 5). For TNF-a and IL-1b, these values reached
3174.2 6 18.1 and 45.2 6 3.0 pg/mL, respectively (Figs. 4
and 5). All inﬂammatory cytokines were below the detectable limit in untreated controls. The addition of 7ND signiﬁcantly decreased inﬂammatory cytokine production. For
TNF-a and IL-1b, the inﬂammatory values were decreased
by 31% and 30%, compared to their respective untreated
controls (p < 0.01). GM-CSF production was also inhibited
by 20% by 7ND, although this did not reach statistical signiﬁcance. IFN-g level was increased after particle plus LPS
exposure, and was inhibited by 7ND by 20% (p < 0.05).
Interestingly, no signiﬁcant difference in IL-6 production
could be shown in the 7ND treated group after particle
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FIGURE 4. Inhibitory effects of 7ND on tumor necrosis factor-alpha
release. Different dose of 7ND (1, 10, 25, 50, and 100 ng/mL) were
added into RAW cell-seeded cultures containing LPS (10 mg/mL). The
supernatants were collected after 24 h and analyzed by ELISA (R&D).
Each datum plot represents the mean result of two separate cell preparations in which each experimental condition was tested in triplicate.
*p < 0.05 versus control (0 ng/mL).

exposure (665.1 6 51 vs. 650 6 43 pg/mL, p > 0.05). The
expression of IL-10 and IL-4, which are anti-inﬂammatory
cytokines, were reduced 15–20% by 7ND (p < 0.05).
7ND does not adversely affect the production of bone
nodules by MSCS
To test whether 7ND had adverse effects on MSCs, we cultured mouse MSCs with 7ND in osteogenic medium. Osteogenic differentiation potential was evaluated by von Kossa
staining after 28 days (Fig. 6A, 6B). MSCs with 7ND showed
no difference in bone nodule formation compared to the
group without 7ND.

FIGURE 5. Inhibitory effects of 7ND on inflammatory cytokine release.
7ND (100 ng/mL) was added into RAW cell-seeded cultures containing
LPS(1 lg/mL). The supernatants were collected after 24 h and analyzed by Luminex Assay (Invitrogen). Each datum plot represents the
mean result of two separate cell preparations in which each experimental condition was tested in triplicate. *p < 0.05 and **p < 0.01.
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FIGURE 6. Effects of 7ND on the differentiation potential of primary murine MSCs. A, shows mineralization using Von Kossa staining, reflecting
osteogenic differentiation potential and B, shows the quantification of mineralization graphically. Original magnification: 3100. MSCs cultured
for 28 days in osteogenic medium exhibit a high degree of calcification; adding 7ND (250 ng/mL) to the culture does not affect osteogenesis.
The control has virtually no calcification.

DISCUSSION

Currently, there are no clinically successful nonsurgical
treatments for wear particle-induced periprosthetic osteolysis. Several unsuccessful treatments were far downstream in
the inﬂammatory cascade, and directed toward a speciﬁc
molecule or pathway, such as inhibition of prostaglandins or
TNF, or osteoclast function.22 These treatments were not
clinically effective because there is much redundancy in the
inﬂammatory cascade, and both bone resorption and formation are affected by wear particles.
The in vivo response to wear particles is complex,
involving a range of cell types and cytokines including ﬁbroblasts, osteoclast precursor cells, monocytes/macrophages,
proinﬂammatory cytokines, chemokines, prostanoids, reactive oxygen intermediates, and other factors released locally
into the synovial ﬂuid and interfacial tissues. We recognize
that the in vitro experiments described herein are a simpliﬁcation of these complex cellular processes. Monocyte/macrophages and their derivatives (foreign body giant cells and
osteoclasts) however are among the key cells that perpetuate the chronic inﬂammatory reaction to wear debris from
TJRs. These cells migrate systemically to the area of particle
generation and mediate bone destruction and adversely
modulate bone formation by paracrine processes. MCP-1 is
the primary chemotactic factor for monocytes/macrophages
and has an important role in the pathogenesis of chronic
inﬂammatory disorders.23,24 MCP-1 is the most important
chemokine that regulates migration and inﬁltration of
monocytes/macrophages. Emerging evidence suggests that
MCP-1-mediated inﬂammation is involved in wear particle-

induced disorders.4,6,8,25 Using a murine model, we showed
that the majority of macrophages surrounding wear
particles are of systemic rather than local origin and that
MCP-1 plays a critical role in particle-induced chemotaxis
and inﬂammation.26 Furthermore, systemic interference
with the MCP-1-CCR-2 ligand–receptor axis can decrease
trafﬁcking of exogenously injected macrophages and osteolysis associated with local polyethylene particle infusion.26
The purpose of this study was to develop a local intervention to downregulate the numerous proinﬂammatory
and osteoclastogenic pathways in the inﬂammatory cascade
which result in particle-induced osteolysis. It is anticipated
that local delivery of 7ND will mitigate particle-induced
inﬂammation during the “bedding-in” period after implantation of a joint replacement, and promote rapid osseointegration. Early osseointegration provides a protective seal
around the implant thus mitigating the ingress of wear particles in the peri-implant space. In the current study, the
addition of a mutant MCP-1 protein (7ND) which functions
as a dominant negative inhibitor of MCP-1, decreased the
migration of macrophages toward a chemotactic stimulus
(exogenous MCP-1) in a dose-dependent manner. Similar
inhibitory effects of 7ND were observed when conditioned
medium from culture of macrophages exposed to clinically
relevant PMMA particle with/without endotoxin. There was
no difference in the viability of cells exposed to a wide
range of doses of 7ND similar to those used in the migration assay. This conﬁrmed that 7ND was not cytotoxic at the
concentrations tested; therefore, any decreases in macrophages migration cannot be attributed to cell death.
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Since MCP-1 plays a critical role in particle-related
inﬂammatory pathways,4,6,8,25 we further tested whether
7ND could inhibit the release of inﬂammatory cytokines.
Addition of 7ND signiﬁcantly decreased the release of
inﬂammatory cytokines by particle and LPS exposure,
including TNFa and IL-1b. To our knowledge, this ﬁnding
has not been previously reported. When MCP-1 attaches to
its receptor during inﬂammation and subsequent cell activation, this results in upregulation of many proinﬂammatory
cytokines and chemokines. 7ND competes with MCP-1 for
attachment to the same receptors but does not result in cell
activation. This would result in a decrease in cytokine
release in the presence of 7ND. Other important proinﬂammatory cytokines released by macrophages such as GM-CSF
were similarly inhibited by 7ND. GM-CSF can amplify the
inﬂammatory response by increasing the production of IL-1
and TNF by macrophages.27 GM-CSF also produces other
cytokines, such as IL-8 and MCP-1.28 Although in the current study, the GM-CSF release in the presence or absence
of 7ND did not reach statistical signiﬁcance, we did observe
a 20% suppression of GM-CSF by 7ND which suggests
another potential control mechanism in the mitigation of
the inﬂammatory cascade. IFN-g can amplify the inﬂammatory response by increasing the production of IL-1 and TNF
by macrophages. In our studies, we found that addition of
7ND also reduced the production of IFN-g. Therefore, the
addition of 7ND in vitro inhibited the production of important proinﬂammatory cytokines.
Interestingly, IL-6 was not affected by 7ND. The mechanism for this is unclear; however, IL-6 is not traditionally
viewed as solely a proinﬂammatory cytokine in all biological
environments and it can act as both a proinﬂammatory and
anti-inﬂammatory cytokine.29–31
The levels of IL-10 and IL-4, two well-known antiinﬂammatory cytokines, were signiﬁcantly increased by
PMMA particles exposed to macrophages. However, 7ND
also attenuated the levels of both cytokines similar to that
of the proinﬂammatory cytokines. The former ﬁnding may
reﬂect a correcting mechanism to re-establish homeostasis
in the face of an adverse stimulus.32
Although the 7ND data are promising with respect to
inhibition of both migration of inﬂammatory macrophages
and the subsequent release of proinﬂammatory factors, it is
very important to establish a toxicity proﬁle for adverse
effects on other cell types, especially MSCs. Blocking antibody or reagents could unfavorably affect osseointegration
by downregulating cells of the osteoblastic lineage. We
found no adverse effects of 7ND on bone nodule formation
at the same doses that inhibited inﬂammation. This is a key
ﬁnding which adds to the safety proﬁle of 7ND.
CONCLUSIONS

In vitro studies have conﬁrmed that the MCP-1 mutant protein 7ND can decrease macrophage migration and inﬂammatory cytokine release without adverse effects at the doses
tested. Local addition of 7ND may provide a therapeutic
strategy to diminish particle-associated periprosthetic
inﬂammation and osteolysis.
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