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Total joint replacement is a cost-effective surgical procedure for patients with end-stage arthritis. Wear
particle-induced chronic inflammation is associated with the development of periprosthetic osteolysis.
Modulation of NF-jB signaling in macrophages, osteoclasts, and mesenchymal stem cells could
potentially mitigate this disease. In the current study, we examined the effects of local delivery of decoy
NF-jB oligo-deoxynucleotide (ODN) on wear particle-induced bone loss in a murine continuous femoral
particle infusion model. Ultra-high molecular weight polyethylene particles (UHMWPE) with or without
lipopolysaccharide (LPS) were infused via osmotic pumps into hollow titanium rods placed in the distal
femur of mice for 4 weeks. Particle-induced bone loss was evaluated by lCT, and immunohistochemical
analysis of sections from the femur. Particle infusion alone resulted in reduced bone mineral density and
trabecular bone volume fraction in the distal femur. The decoy ODN reversed the particle-associated bone
volume fraction loss around the implant, irrespective of the presence of LPS. Particle-infusion with LPS
increased bone mineral density in the distal femur compared with particle-infusion alone. NF-jB decoy
ODN reversed or further increased the bone mineral density in the femur (3–6 mm from the distal end)
exposed to particles alone or particles plus LPS. NF-jB decoy ODN also inhibited macrophage infiltration
and osteoclast number, but had no significant effects on osteoblast numbers in femurs exposed to wear
particles and LPS. Our study suggests that targeting NF-jB activity via local delivery of decoy ODN has
great potential to mitigate wear particle-induced osteolysis.

Statement of Significance

Total joint replacement is a cost-effective surgical procedure for patients with end-stage arthritis. Chronic
inflammation is crucial for the development of wear particle-associated bone loss. Modulation of NF-jB
signaling in macrophages (pro-inflammatory cells), osteoclasts (bone-resorbing cells), and osteoblasts
(bone-forming cells) could potentially mitigate this disease. Here we demonstrated that local delivery
of decoy NF-jB oligo-deoxynucleotide (ODN) mitigated ultra-high molecular weight polyethylene
(UHMWPE) wear particle induced bone loss in a clinically relevant murine model. The protective effects
of decoy ODN was associated with reduced macrophage infiltration and osteoclast activation, but had no
significant effects on osteoblast numbers. Our study suggests that targeting NF-jB activity via local
delivery of decoy ODN has great potential to mitigate wear particle-induced bone loss.

� 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Total joint replacement (TJR) is a cost-effective surgical
procedure for end-stage arthritis. Wear particles generated from
implanted joint replacements are often associated with significant
bone loss (periprosthetic osteolysis), which may lead to revision
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surgery [1,2]. The revision procedure is technically difficult with
higher complication rates; furthermore the total number of cases
is increasing due to the aging society and the fact that TJR has been
extended to younger patients.

Macrophages recognize wear particles or adherent endo- or
exogenous danger signal molecules (such as endotoxin) via surface
receptors including toll-like receptors (TLR), and can phagocytose
smaller particles less than about 10 lm [3,4]. These processes lead
to the activation of multiple signaling pathways including NF-jB
[5]. The activated macrophages secrete many pro-inflammatory
cytokines and chemokines and attract the infiltration of more
immune cells and osteoclast progenitors [6,7]. Exposure of
mesenchymal stem cells (MSCs) to wear particles interferes with
cell viability and osteogenesis through an NF-jB dependent path-
way [8]. Together, this suggests the great potential of NF-jB as a
therapeutic target to mitigate wear particle-associated bone loss.

NF-jB is a master regulator of inflammation and bone remodel-
ing [9]. Modulation of NF-jB activity has been applied to immune-
related diseases in clinical trials [10]. Our recent studies have
demonstrated that application of NF-jB decoy oligodeoxynu-
cleotide (ODN), a synthesized duplex DNA that suppresses NF-jB
activity through competitive binding [11], has promising effects
to mitigate periprosthetic osteolysis using in vitro and in vivo
models [8,12,13]. In primary mouse macrophages and the human
macrophage cell line THP1, NF-jB decoy ODN simultaneously sup-
pressed the secretion of multiple pro-inflammatory cytokines
(TNF-a, IL-1b, and IL-6, etc.) and chemokines (MCP1, MIP1a, etc.)
when cells were exposed to ultra-high molecular weight polyethy-
lene (UHMWPE) particles [12]. In primary mouse and human mes-
enchymal stem cells (MSCs), NF-jB decoy ODN protected cell
viability and osteogenic differentiation ability when exposed to
UHMWPE particles [8]. In addition, the ratio of receptor activator
of NF-jB ligand (RANKL)/osteoprotegerin (OPG) secreted by MSCs
was also reduced by the decoy ODN, which may suppress
osteoclast activation through paracrine regulation [14].

NF-jB decoy ODN was also shown to increase bone mineral
density in mouse calvaria exposed to a single application of
UHMWPE particles [13]. Furthermore, macrophage infiltration
and osteoclast activation were decreased in the mice treated with
the decoy ODN. The mouse calvarial model is a valuable short-term
screening model that uses a single application of particles onto a
flat bone; however, this model may not fully reflect the clinical
timeline or biological processes of continuous particle delivery into
a long bone as it occurs in lower limb joint replacement.

For this reason,we examined the effects of NF-jB decoyODN in a
continuous murine femoral infusion model [15] using clinically
relevant UHMWPE particles. Endotoxin was also included in some
of the groups as a model of danger-signal molecules adhering to
the particles. The particles anddecoyODNwere slowly released into
the distal femur using implanted osmotic pumps, whichmimics the
continuous production of wear particles in TJR patients. Our results
indicate that local delivery of NF-jB decoy ODN can mitigate the
inflammatory response and bone loss in a clinical translational
model of wear particle-associated periprosthetic osteolysis.
2. Materials and methods

2.1. Decoy oligodeoxynucleotide

The NF-jB decoy ODN sequences used are 50-CCTTGAAGG
GATTTCCCTCC-30 and 30-GGAACTTCCCTAAAGGGAGG-50. Scrambled
ODN sequences are 50-TTGCCGTACCTGACTTAGCC-30 and 30-AACGG
CATGGACTGAATCGG-30 [16]. The ODNs were synthesized by
Integrated DNA Technologies (IDT, Coralville, IA, USA) in HPLC
grade.
2.2. Ultra-high molecular weight polyethylene particles

Conventional UHMWPE particles were a gift from Dr. Timothy
Wright (Hospital for Special Surgery, New York) and obtained from
knee joint simulator tests and isolated according to an established
protocol [17]. Frozen aliquots of the particles containing serum
were lyophilized for 4–7 days. The dried material was digested in
5 M sodium hydroxide at 60 �C for 1 h, and ultrasonicated for
10 min. 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 incubated at
80 �C for 1 h and centrifuged again through an isopropanol gradi-
ent (0.96 and 0.90 g/cm3) at 40 K rpm at 10 �C for 1 h. The purified
particles at the interface between the two layers of isopropanol
were harvested and the isopropanol was evaporated from the
particle mixture then lyophilized until dry. Particles were then
re-suspended in 95% ethanol, which was evaporated completely.
The particles tested negative for endotoxin using a Limulus
Amebocyte Lysate Kit (BioWhittaker, Walkersville, MD). The mean
diameter of the particles was 0.48 ± 0.10 lm (mean ± SE, averaged
from 125 scanned particles ranged from 0.26 lm to 0.81 lm)
measured by electron microscopy. The measurement was done
by Dr. Lydia-Marie Joubert in the Cell Science Image Facility at
Stanford University.

2.3. In vitro osmotic pump releasing model

The mouse macrophage cell line RAW 264.7 cells (Cat. TIB-71,
ATCC, Manassas, VA) stably expressing luciferase driven by NF-
jB response elements were generated as previously described
[12]. The cells were grown in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% Fetal Bovine Serum (FBS) and
an antibiotic/antimycotic solution (100 units of penicillin, 100 lg
of streptomycin, and 0.25 lg of Amphotericin B per ml; Hyclone,
Thermo Scientific). Eight Alzet mini-osmotic pumps (Model
2006) with a mean flow rate of 0.15 ll/hour were connected via
6 cm vinyl tubing (Durect Corporation) to a collection eppendorf
filled with 500 ll RAW 264.7 cell culture media as previously
described [18]. The pumps were filled with UHMWPE particles
(15 mg/ml), together with decoy or scrambled ODN (50 lM, 4
independent pump-set per group). The conditioned media were
collected weekly (week 1, 2, 3, and 4). The amounts of ODN were
quantified by Picogreen assay (ThermoFisher Scientific, Waltham,
MA). To confirm the sustained biological activity of the released
ODN, RAW 264.7 reporter cells were treated with collected media
supplemented with 1 lg/ml Lipopolysaccharide (LPS, purchased
from Sigma-Aldrich St. Louis, MO) for 24 h. The luciferase activity
was determined by using the luciferase assay system (Promega,
Madison, WI) and read by a Luminometer (Turner Biosystem,
Sunnyvale, CA) or IVIS-200 (Perkin Elmer, Santa Clara, CA). The
secretion of tumor necrosis factor-a (TNF-a) was quantified using
a mouse TNF-a colorimetric ELISA kit (R&D Systems).

2.4. Continuous femoral infusion murine model

Male athymic nude mice (Charles River), 10–15 weeks of age
were used for the experiments (9–11 mice per group). The animal
protocol was approved by the institutional ethics committee.
Institutional guidelines for the care and use of laboratory animals
were observed in all aspects of this project. Alzet mini-osmotic
pumps (Model 2006) were connected to vinyl tubing and a hollow
titanium rod placed in the distal femur through the intercondylar
region. The pumps were filled with various combinations of
UHMWPE particles (15 mg/ml), decoy ODN (50 lM), and/or LPS
(1 lg/ml) as: (1) untreated control, (2) particle infusion alone, (3)
particle infusion with decoy ODN, (4) particle infusion with
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scrambled ODN, (5) particle infusion with LPS, (6) particle infusion
with LPS and decoy ODN, and (7) particle infusion with LPS and
scrambled ODN.

2.5. Micro-computational tomography (lCT)

Themice underwentlCT scans at Day 0 (before surgery) andDay
28 (after sacrifice and removal of the titaniumrod)using aGEHClCT
scannerwith 49 lmresolution (GEHealthcare, Fairfield, CT). The 3D
re-constructed imageswere created fromthe regionof interest (ROI)
in the trabecular bone region (40 slices between 1 and 3 mm from
distal end of femur) generated by advanced 3D spline tool. Bone vol-
ume fraction (BVF, data presented as the ratio of bone volume/total
volume) in the trabecular bone region was determined in ROI near
the end of titanium rod (20 slices between 2 and 3 mm from distal
end of femur). The ROI (4 mm � 4 mm � 3 mm) at the metaphysis
site was created within the distal part of the femur which began
3 mm from the distal end of the femur and proceeded proximally.
The ROI at the diaphysis site (4 mm � 4 mm � 3 mm) was created
beginning from the end of the metaphysis and proceeding
proximally. The threshold bone mineral density (BMD, data
presented in unit of mg/ml) was quantified by GEMS MicroView
(threshold: 700 HU).

2.6. Tissue processing and histology

The femurs from operated and non-operated sites were excised
after lCT scanning. The rod was removed to allow for thin section-
ing and immunohistochemical analysis. Femurs were fixed in 4%
paraformaldehyde overnight, and decalcified in 0.5 M ethylenedi-
amine tetra acetic acid (EDTA, pH 7.9) for 2 weeks. The specimens
were embedded in optimal cutting temperature (OCT) compounds
and the ROI between 2 and 3 mm (Fig. 2b) from the distal end of
femur was cut into 10 lm transverse sections for subsequent
staining. Hematoxylin and Eosin (H&E) staining was performed
for histological analysis.

2.7. Immunohistochemistry and cell counting

Macrophages were detected by immunofluorescence staining
using PE-conjugated anti-CD11b antibody (BD, Franklin Lake, NJ).
Rat IgG2b-PE antibodies were used as isotype control. The slides
were mounted with ProLong Gold Antifade Mount with DAPI (Life
Technologies, Grand Island, NY). CD11b+ cells were manually
counted under a fluorescence microscope (Axio Observer 3.1, Zeiss,
Oberkochen, Germany) in 3 randomly selected fields of view. Osteo-
blasts andosteoclastsweredeterminedaspreviously described [13].
In brief, osteoblasts were identified by anti-alkaline phosphatase
(ALP) antibody (R&D, Minneapolis, MN) with the use of Avidin-
biotin complex (Vector Laboratories) immunohistochemistry. The
positively-stained cells were counted manually and normalized by
total lengths of periosteum and endosteum quantified by Image J
software. Osteoclast-like cells were determined by leukocyte tar-
trate resistant acid phosphatase (TRAP) staining kit (Sigma Aldrich)
withmulti-nucleated cells located on the bone perimeterwithin the
resorption lacunae. The stained-positive cells were counted
manually and normalized by total bone area quantified by Image J
(software, National Institutes of Health, USA).

2.8. Statistical analysis

Unpaired Student’s t tests were performed using the data of the
luciferase activity assay and ELISA assay for the in vitro studies.
Two-way ANOVA with Holm-Sidak multiple comparison test was
performed for the in vitro pump releasing experiments. One-way
ANOVA with Tukey’s post-hoc test was performed to quantify the
results of lCT scanning and immunohistochemistry staining. The
statistical analysis was conducted using Prism 5 (GraphPad Soft-
ware, San Diego, CA). Data were reported as mean ± standard error
of the mean. P < 0.05 was chosen as the threshold of significance.
3. Results

3.1. Functional assessment of NF-jB decoy ODN released by osmotic
pumps in an in vitro model

Although the in vitro effects of the decoy ODN on macrophages
were characterized in our previous study [12], an in vitro
experiment was carried out similar to one previously described
[18] to assess the stability of the NF-jB decoyODNduring long term
release from osmotic pumps (Fig. 1a). The amounts of NF-jB or
scrambled ODNs showed no significant difference among the
samples collected over the timespan of 4 weeks as quantified by
the PicoGreen assay (Fig. 1b). The NF-jB activity in RAW264.7
reporter cells was significantly suppressed by the NF-jB decoy
ODN collected at all the time points (Fig. 1c). Suppression of
NF-jB activities in collected decoy ODNs during the first week
translated to reduction of TNF-a secretion in LPS stimulated
RAW264.7 cells (Fig. 1d). We noticed that the level of reduced
TNF-a was not as clear as the reduced NF-jB activity. The results
were confirmed by using fresh decoy ODN with the same experi-
mental conditions. The concentration of the ODN (5 lM)was deter-
mined by estimating pump releasing rate. The results showed that
the inhibition of NF-jB activity and TNF-a secretion by the fresh
decoy ODN paralleled the results of the samples collected at week
1 (Fig. 1e). These results suggested the expression of TNF-a in
RAW264.7 exposed to the wear particles and LPS involved multiple
signaling pathways [19].
3.2. NF-jB decoy ODN mitigated UHMWPE wear particle-associated
trabecular bone loss in a murine femoral continuous particle infusion
model

The continuous particle infusion model was then used to
investigate the ability of NF-jB decoy ODN to mitigate wear
particle-associated osteolysis in vivo (Fig. 2a). The 3D images in
the trabecular bone region affected by UHMWPE wear particle
infusion (between 1 and 3 mm from distal end of femur) were
generated to evaluate the therapeutic potential of the decoy ODN
(Fig. 2b and c upper panel). Infusion of UHMWPE particles alone
or combined with LPS significantly reduced the amount of trabec-
ular bone around the end of the titanium rod where particles were
released (indicated by yellow lines). No statistical significant
difference was observed between the group of particle alone or
combined with LPS (p = 0.12). NF-jB decoy ODN, but not
scrambled ODN, mitigated the particle-associated bone loss. The
phenomenon was confirmed in 2D transverse images and histolog-
ical sections from the same area (Fig. 2b and c middle and bottom
panels). Quantification of BVF in the ROI1 (see Fig. 3a) in trabecular
bone (between 2 and 3 mm from distal end of femur) confirmed
that particle-infusion with or without LPS (0.23 ± 0.03 and
0.36 ± 0.02, respectively, compared with untreated control group
at 0.47 ± 0.03) induced significant trabecular bone loss, whereas
NF-jB decoy ODN mitigated these effects (0.49 ± 0.04 and
0.50 ± 0.05, respectively, Fig. 2d). Particle infusion with LPS showed
a tendency for reduction in BVF compared with particles alone
(p = 0.08), but the tendency was not observed in decoy or
scrambled ODN treated groups. Particle-infusion with LPS and
scrambled ODN increased the BVF to 0.34 ± 0.04 compared to the
control group without ODN, but it did not reach statistical
significance (p = 0.15).



Fig. 1. NF-jB decoy ODN released from osmotic pumps inhibited NF-jB activity induced by LPS in RAW264.7 reporter cells. (a) Illustration of in vitro osmotic pump releasing
model. The osmotic pumps were filled with UHMWPE particles (15 mg/ml) and NF-jB decoy ODN or scrambled ODN (50 lM) to mimic the in vivo murine model. The
released ODNs in culture media were collected weekly for 4 weeks, and the amounts of ODNs were quantified by Picogreen assay (b). RAW264.7 NF-jB reporter cells were
exposed to the conditioned media and LPS (1 lg/ml) for 24hrs. The cells were lysed for luciferase assay to quantify the NF-jB activities (c). Cellular supernatants were
collected to measure the secreted TNF-a by ELISA (d). The fresh decoy ODN (5 lM) was applied to quantify the inhibition effects of NF-jB activity and TNF-a secretion in
RAW264.7 reporter cells exposed to LPS and UHMWPE particles (e). S-ODN: scrambled ODN; PE: UHMWPE. ⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.005.
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3.3. NF-jB decoy ODN mitigated UHMWPE wear particle-associated
reduction of bone mineral density in the diaphyseal region

The particleswere released at the end ofmetaphyseal region, and
it was anticipated that the particles would further diffuse to the dia-
physis region through the bonemarrow cavity. ROI (4 � 4 � 3 mm3)
containingmetaphyseal (ROI2) or diaphyseal (ROI3, Fig. 3a) regions
were generated to analyze the effects on BMD by particle and decoy
ODN infusion. The alterations of BMD (aBMD) were normalized by
the values determined in the pre-operative scans as described in
Section 2. In the metaphyseal region (Fig. 3b), UHMWPE particle
infusion significantly reduced aBMD from 15.98 ± 6.82 mg/ml to
�32.34 ± 8.34 mg/ml, while the values for treatment with decoy
ODN and scrambled ODN in particle-infused mice were
�33.58 ± 6.36 and �60.76 ± 10.91 mg/ml, respectively. Infusion of
UHMWPE particles plus LPS significantly increased aBMD to
13.18 ± 8.65 mg/ml when compared with the particle alone group,
which could be correlatedwith increased trabecular bone in the dis-
tal end of the femur observed in the 3D images (Fig. 2c). When com-
bined treatment with decoy ODN was examined, aBMD was
significantly increased to 44.72 ± 8.63 mg/ml. In the diaphyseal
region (ROI3), particle infusion alone (32.41 ± 6.85 mg/ml)
significantly reduced aBMD when compared with the untreated
control (75.80 ± 9.69 mg/ml, Fig. 3d). Infusion of particles plus LPS
increased the value of BMD to 61.89 ± 10.18 mg/ml, which is similar
to the observation in the metaphyseal region. Decoy ODN
(69.36 ± 7.06 mg/ml), but not scrambled ODN (32.89 ± 9.60 mg/
ml), reversed the bone loss effect in theparticle alone group, and fur-
ther increased aBMD in the particles plus LPS treated group
(109.50 ± 11.87 mg/ml). Infusion of UHMWPE particles and LPS
showed similar effects on aBMD in the non-operated contralateral
femurs at both metaphysis and diaphysis regions (Fig. 3c and e),
which is consistent with our previous reports of systemic effects
[20]. The systemic effects of decoy ODN on contralateral femurs
did not reach to statistical significance (Fig. 3c and e).
3.4. NF-jB decoy ODN reduced macrophage infiltration induced by
UHMWPE wear particles with LPS

The number of macrophages in the transverse sections was
determined by CD11b immunofluorescence staining (Fig. 4).
CD11b+ cells were increased in the group with particle infusion
(12.56 ± 1.82 cells/view) or combined with LPS (31.37 ± 4.06
cells/view) compared to the untreated control group (1.44 ± 0.47
cells/view). Decoy ODN reduced CD11b + cell number in the
particle plus LPS group (17.63 ± 3.23 cells/view), and showed a ten-
dency for reduction in particle alone group (8.71 ± 1.63 cells/view,
p = 0.15). The CD11b + cell numbers in the scrambled ODN group
were comparable to the control groups with particle infusion alone
(12.38 ± 1.81 cells/view) or particle plus LPS (30.00 ± 3.24
cells/view), respectively.



Fig. 2. NF-jB decoy ODN mitigated bone loss in murine femurs during continuous UHMWPE wear particle infusion. (a) Illustration of in vivo murine model with continuous
femoral infusion. Mouse distal femur were exposed to saline control or UHMWPE particles together with 50 lM decoy ODN or scrambled ODN, with or without 1 lg/ml LPS
for 4 weeks. lCT scanning was performed 1 day before and 4 weeks after the operation. (b) Illustration of ROI used for image analysis. (c) Trabecular bone structures in the
distal femur were reconstructed into a 3D image. ROI was generated by selecting the region inside cortical bone on 2D image for every 10th slice for 5 sections (from 1 mm to
3 mm from the distal femur). Yellow lines indicate the major bone loss area induced by UHMWPE particles with/without LPS infusion (ROI1, see Fig. 3a for details). Green
dotted circle (in 3D and 2D image) indicated the inserted titanium rod channel from intercondylar region at distal femur. The 2D image (middle) and H&E histology staining
(bottom) around 2.5 mm from distal femur were consistent with the observation in 3D image (upper). (d) BVF (700–2000 HU) in the ROI1 including the major bone loss
observed in the 3D image (from 2 mm to 3 mm from the distal femur in trabecular bone region) were quantified by MicroView Software. PE: UHMWPE particles; UNT:
untreated control; S-ODN: scrambled ODN. ⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.005.
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Fig. 3. NF-jB decoy ODN increased BMD in the confined region of bone exposed to UHMWPE particles with/without LPS. (a) Illustration of ROI 1–3 around distal end of
femur. BMD in the ROI 2 & 3 (4 � 4 � 3 mm3) was normalized by the pre-operation scan. ROI containing metaphysis region (ROI2, b–c) or diaphysis region (ROI3, d–e) at
operated (b and d) or non-operated sites (c and e) were analyzed by MicroView Software. PE: UHMWPE particles; UNT: untreated control; S-ODN: scrambled ODN. ⁄p < 0.05,
⁄⁄p < 0.01, ⁄⁄⁄p < 0.005.
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3.5. NF-jB decoy ODN suppressed osteoclast numbers induced by
UHMWPE wear particle with LPS and had no significant effect on
osteoblast differentiation

The osteoclast number determined by TRAP staining
(Fig. 5a and b) was increased in the group with particle infusion
(8.53 ± 0.51 cells/0.01 mm2) or combined with LPS (10.93 ± 1.19
cells/0.01 mm2) compared to the untreated control group
(2.94 ± 0.65 cells/0.01 m2). Decoy ODN reduced TRAP+ cell number
inparticle alonegroup (5.60 ± 0.38 cells/0.01 mm2) andparticleplus
LPS group (6.37 ± 0.62 cells/0.01 mm2), but remained higher than
the untreated control (p = 0.02 and 0.04, respectively). The TRAP+
cell numbers in scrambled ODN were comparable to the control
groups with particle infusion alone (9.07 ± 0.71 cells/0.01 mm2) or
particle plus LPS (9.82 ± 0.63 cells/0.01 mm2), respectively. The
osteoblast number determined by ALP staining showed no signifi-
cant difference among the groups (Fig. 5a and c). Decoy ODN treat-
ment did not increase osteoblast numbers in the particle infusion
alone group (6.26 ± 0.57 cells/100 lm) when compared with the
untreated group (3.30 ± 0.34 cells/100 lm, p = 0.079).

4. Discussion

The current findings demonstrated that modulation of NF-jB
activity via decoy ODN mitigated wear particle-associated bone
loss in an in vivo clinically relevant murine continuous femoral
particle infusion model. The numbers of infiltrated macrophages
and activated osteoclasts were reduced by decoy ODN treatment,
but there were no significant effects on osteoblast differentiation.
Together with our previous in vitro and in vivo studies [8,12,13],
we demonstrated that NF-jB is a highly potential therapeutic
target for peri-prosthetic osteolysis.

Wear particle-induced inflammation and osteolysis around
implants can result in aseptic loosening [4], and consequently lead
to revision surgery in TJR patients. Our results demonstrated that
NF-jB decoy ODN significantly reversed particle-induced trabecu-
lar bone loss around the implants (Fig. 2). However, detailed infor-
mation of the bone-implant interface is limited in the current
model, due to rod removal first prior to histological andmechanistic
studies using frozen tissue sections. The strategic use of decoy ODN
is highly specific, and directly inhibits the binding of NF-jB to the
targeted genomic sequence. Also, local delivery of decoy ODN has
the advantage of avoiding systemic side effects. In potential clinical
application, NF-jB decoy ODN could be applied during the first sev-
eral months after TJR to mitigate particle-induced inflammation,
and possibly generate a more robust interface around the implants.
In addition, the decoy ODN could also be applied at a later time in
the early stages of periprosthetic osteolysis tomitigate the bone loss
when the wear process continues [21]. The decoy ODN treatment
reduced macrophage infiltration in the presence of LPS, which



Fig. 4. NF-jB decoy ODN treatment reduced macrophage infiltration in the distal femur in response to UHMWPE particles with LPS. (a) CD11b (PE) and Cellular nucleus
(DAPI) images were captured under fluorescence microscope. (b) CD11b positive cell numbers per image view were counted manually in 3 randomly selected views. PE:
UHMWPE particles; UNT: untreated control; S-ODN: scrambled ODN. ⁄p < 0.05, ⁄⁄p < 0.01, ⁄⁄⁄p < 0.005.
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may impair the local innate immune response to bacterial infection.
Therefore, combined treatment with antibiotic prophylaxis may be
considered during decoy ODN treatment. Also, it should be noted
that inflammation is an integral part of the healing process
[22–24]. Manipulation of the pro-inflammatory response without
interfering with the healing mechanisms is crucial for the osseoin-
tegration of implants.

Although the infusion of particles and LPS significantly
decreased BVF in the confined region around the implants
(Fig. 2), the BMD at the metaphyseal and diaphyseal regions were
increased (Fig. 3). Although the pro-inflammatory response to
particles and LPS can induce osteoclast activation, their effect on
osteogenesis seems paradoxical [25–31]. The varying results
reported in previous in vitro and in vivo studies could be the result
of the dose, exposure time, administration strategy, source of
endotoxin, and cell types. In our current findings, it is likely that
the primary effect of direct LPS exposure pushes the balance
between osteoblastic and osteoclastic activity towards bone loss.
The secondary pro-inflammatory mediators could potentially push
the balance toward bone formation in both operated and non-
operated sites (Fig. 3). Staphylococcus aureus and Staphylococcus
epidermidis and lipoteichoic acid (LTA) could also be relevant as
danger signal molecules adhering to the particles, as these bacteria
are common pathogens in orthopaedic implant infections [32].
Notably, previous reports indicated that LTA treatment showed
no effects on mesenchymal stem cells during osteogenesis
[25,28]. These pathogen-associated molecular patterns can be
recognized by cells through different TLRs. For example, LTA and



Fig. 5. NF-jB decoy ODN treatment reduced osteoclast activation, and has no significant effects on osteoblastic activity in the distal femur in response to UHMWPE particles
with or without LPS. (a) TRAP staining was used to determine active osteoclast number (upper panel), and alkaline phosphatase (ALP) was used to determine osteoblast
number (lower panel). The TRAP+ (b) and ALP+ (c) cell numbers were counted manually, and the numbers were normalized as described in Section 2. PE: UHMWPE particles;
UNT: untreated control; S-ODN: scrambled ODN. ⁄p < 0.05, ⁄⁄p < 0.01.
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LPS can be recognized by TLR2 and TLR4 respectively. Activation of
TLR2 or TLR4 signaling pathway may have distinct functions
during osteogenesis.

The stability of ODN is one of the most challenging issues when
applied to in vivo models, as the ODN could be degraded by
abundant nucleases in serum and interstitial fluid [33]. Our
in vitro pump-releasing model showed that the inhibition of
TNF-a secretion by decoy ODN in the immortalized mouse
monocyte/macrophage RAW264.7 cell line was not as clear as the
suppression of NF-jB activity. The results suggested that other
cellular signaling pathways might compensate for the induction of
TNF-a during decoy ODN treatment [34]. Also, the decoy ODN
remains functional for 4 weeks in a protected environment in the
pumps, but then maybe less effective probably due to degradation
of ODN into smaller molecules. Thus the development of advanced
technologies would be essential to administer the decoy ODN for a
longer period of time. Recent development of layer-by-layer coating
or hydrogel-based long-term releasing technologies allows efficient
loading and controlled release for the administration of protein or
ODN-based therapy. Coating on the surface of implanted devices
has been used to administer proteins, small molecules, decoy
ODN, or other potential therapeutic compounds [35–38].
Long-term release of drugs for up to 60 days can be achieved by con-
trolling the mesh size and degradation rate in a polyethylene glycol
(PEG) based hydrogel model [39]. These administration techniques
could potentially further enhance the therapeutic efficiency of the
decoy ODN in the clinical scenario.

We have previously demonstrated that naked decoy ODN was
able to suppress NF-jB activity in macrophages and mesenchymal
stem cells in vitro [8,12]. ODN could be taken up by the cells
through a receptor-mediated pathway, which is sensitive to the
sequence specificity [40]. This receptor-mediated mechanism
allows ODN to escape from the degradation in the endolysosomal
compartment and enter the cell nucleus. We noticed that the
scrambled ODN decreased bone mineral density at the metaphysis
in both operated and non-operated femurs (Fig. 3b and c). It is likely
that the sequence of scrambled ODNmay have lower affinity to cel-
lular receptors and therefore have a higher chance to activate TLR9
during the endocytosis process [41]. The resultant inflammation
may induce bone loss through paracrine effects at the metaphysis,
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and the effects could be masked in the presence of overwhelming
inflammatory stimuli such as LPS. In the tissue microenvironment
exposed to ODNs, macrophages could take up the ODN via Mac-1
(also known as CD11b, a macrophage specific cell surface receptor)
[42]. It remains unclear that if there is a potential cellular receptor
that could mediate ODN uptake by other cell types such as osteo-
blasts or osteoclasts. The strategic use of fluorescence dye labeled
ODN could potentially identify specific cellular targets of NF-jB
decoy ODN based therapy in future experiments [43].
5. Conclusion

Administration of NF-jB decoy ODN mitigated UHMWPE wear
particle and endotoxin-induced inflammatory bone loss in vivo.
Local delivery of NF-jB ODN could potentially reduce peri-
prosthetic osteolysis and the revision rate due to wear particles
from joint replacements.
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