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Abstract

Objectives—This experimental study was carried out to investigate the effects of locally
delivered nanoparticles (AMG-487 NP) containing a CXCR3 antagonist in inhibiting the
progression of LPS-induced inflammation, osteoclastic activity, and bone resorption on a murine
model.

Materials and methods—Thirty, seven-week-old C57BL/6J male mice were used.
Inflammatory bone loss was induced by Pgingivalis-lipopolysaccharide (Pg.-LPS) injections
between the first and second maxillary molars, bilaterally, twice a week for six weeks (n=20).
AMG-487 NP were incorporated into a liposome carrier and locally delivered on sites where
Pg.-LPS was injected. Control mice (n=10) were injected with vehicle only. Experimental groups
included: 1) Control, 2) LPS and 3) LPS+NP. At the end of 1- and 6-weeks mice were euthanized,
maxillae harvested, fixed and stored for further analysis.

Results—Volumetric bone loss analysis revealed, at one week, an increase in bone loss in the
LPS group (47.9%) compared to control (27.4%) and LPS+NP (27.8%) groups. H&E staining
demonstrated reduced inflammatory infiltrate in the LPS+NP group compared to LPS group. At
six weeks, volumetric bone loss increased in all groups, however, treatment with the CXCR3
antagonist (LPS+NP) significantly reduced bone loss compared to the LPS group. CXCR3
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antagonist treatment significantly reduced osteoclast numbers when compared to LPS group at

1 and 6 weeks.

Conclusions—This study showed that local delivery of a CXCR-antagonist, via hanoparticles,

in a bone resorption model, induced by LPS injection, was effective in reducing inflammation,

osteoclast numbers, and bone loss.

Keywords

Clinical relevance—CXCR3 blockade can be regarded as a novel target for therapeutic
intervention of bone loss. It can be a safe and convenient method for periodontitis treatment
or prevention applicable in clinical practice.

AMG-487 nanoparticles; CXCR3 antagonist; Bone resorption; Inflammatory infiltrate; Osteoclast

INTRODUCTION

Periodontitis (PD) is a “chronic inflammatory disease associated with dysbiotic plaque
biofilms and characterized by progressive destruction of the tooth-supporting apparatus
[12].” PD affects 42.2% of the population over the age of 30 and 59.8% over the age of

65 [3]. According to the World Health Organization, PD is the major cause of tooth loss in
adults [4], with Porphyromonas gingivalis (P. gingivalis) being one of the main pathogenic
bacteria responsible for triggering a host immune response. [>-8]. PD pathogenesis consists
of complex interactions between the biofilm bacteria, host’s genetic factors, and acquired
environmental stressors such as smoking, poor oral hygiene, and systemic diseases like
diabetes mellitus [*-12].

Despite being a multifactorial disease, and strongly associated with periodontopathogenic
bacteria, it is approximately 50% heritable[13]. Our laboratory performed Genome-Wide
Association Studies (GWAS) in LPS-induced periodontitis (Porphyromonas gingivalis
lipopolysaccharide) with the Hybrid Mouse Diversity Panel (HMDP) and identified genes
in the CXC chemokine family (CXCL9 and CXCL10) as highly associated with the
periodontal bone loss phenotype. Moreover, CXCL9 and CXCL10 mRNA and protein
levels were upregulated following 2. gingivalis LPS-induced-periodontal inflammation [14].
Genetic deletion of the CXCR3 receptor (the main CXCL9 and 10 receptors [1516]) in mice,
demonstrated a ~50% reduction in bone loss compared to wildtype-LPS treated mice [14].
CXCL family members CXCL9 (monokine-induced gamma interferon, MIG) and CXCL10
(interferon gamma-induced protein 10, IP-10) are pro-inflammatory cytokines secreted by
many cell types, including monocytes, endothelial cells, and fibroblasts [1/]. CXCL9 and 10
are important for cell migration, differentiation, and adhesion. However, their main role is
believed to be the propagation of inflammation [18-22].

The most common mechanism of action for CXCL9 and 10 is through the CXCR3 receptor
[18]. In the periodontium, increased CXCL9 and 10 expression levels correlate with PD.
Moreover, CXCL9 and 10 expression levels are not only higher in periodontally diseased
tissues, but also in the serum of these patients [2324-27]. A recent publication identified
CXCL10 among the top 200 most expressed genes in PD; furthermore, the same study
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identified CXCL10 as having one of the highest degrees of interaction in a protein-protein
network [28]. We have also demonstrated that blocking the CXCR3 receptor by systemic
administration of a CXCR3 antagonist, AMG487, significantly reduced LPS-induced bone
loss [14:29] pointing to CXCL9 and 10 as strong candidates for modulating the host
response to PD. An innovative possibility is the delivery of CXCR3 in nanoparticles that
present, among other advantages, high stability, better access to deep periodontal pockets,
carrying capacity and differential drug incorporation [#243]. The nanoparticulate systems
used for local drug delivery include polymeric nanoparticles, nanofibers, and liposomes,
all showing different properties when targeting specific bacteria and host cells [*1]. In our
current study we propose to evaluate the effect of a locally delivered CXCR3 antagonist
on inflammation, osteoclastic activity, and bone loss in a murine model of LPS-induced
periodontitis [30:31.32.33],

MATERIALS AND METHODS

Mice

Thirty, seven-week old, C57BL/6J male mice were used according to the Chancellor’s
Animal Research Committee of the University of California, Los Angeles, and the Animal
Research: Reporting In Vivo Experiments (ARRIVE) protocols for the submission of animal
studies were followed [34]. Mice were purchased from Jackson Laboratory (Bar Harbor,
ME, USA) and maintained at UCLA for the duration of the study in a temperature- and
light-controlled environment, and fed a standard chow (Bio Serve, Frenchtown, NJ, USA).

Model of bone resorption induced by LPS injection.

Inflammatory bone loss was performed as previously described [3°]. In brief, mice received
2uL (10ug/mL) of Porphyromonas gingivalis-lipopolysaccharide (Pg.-LPS) (# tirl-ppglps,
InvivoGen, San Diego, CA, USA) injections in the interdental papilla between the first and
second maxillary molars on both the right and left sides using a 10uL Hamilton syringe
with a 0.33-gauge needle (Hamilton Company, Reno, NV, USA). Mice received injections
twice a week for 6 weeks. Control mice did not receive Pg.-LPS injections as previously
described once there was no statistical difference in bone levels between noninjected and
vehicle-injected groups [3%]. While treatment mice did not exhibit signs of overt soft tissue
damage or inflammation.

CXCR3 antagonist nanoparticle treatment

Nanoparticles of CXCR3 antagonist named AMG-487 NP (Tocris, R&D Systems, MN,
USA) were used to block CXCR3 in vivo. AMG-487 NP was incorporated into a liposome
carrier. The liposome nanoparticles were created via self-assembly of palmitic acid and
cholesterol, as previously described3®. The nanoparticles were locally delivered with a
Hamilton syringe (33-gauge needle) at a concentration of 0.5 UM in the site where LPS-
induced bone resorption was developed. Mice received the injection twice a week for 6
weeks. The injections were performed one day before LPS treatment. Mice were divided in
three groups: 1) Control group: local Tris-phosphate buffer injection; 2) LPS group: local
Tris-phosphate buffer injection + Pg-LPS and 3) LPS+NP group: Pg-LPS + AMG-487 NP.
The person performing the injections was blinded for the treatment. At the end of one
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and six weeks, mice were euthanized, maxillae harvested, fixed for 48h in 10% buffered

formalin for 48 hours, and subsequently stored in 70% EtOH for further analysis.

Micro-computed tomography analysis

Histology

Statistics

Micro-computed scanning and analysis was performed as previously published [1437]. In
brief, maxillae were scanned using a p-computed tomography (u-CT) scanner (SkyScan
1172; SkyScan, Aartelaar, Belgium) at 10 um voxel size. To assess volumetric bone levels,
samples were oriented using DataViewer (V.1.5.2 Bruker, Billerica, MA). The long axis

of the tooth was parallel to the sagittal and coronal axes and perpendicular to the axial

axis. The CEJ of the second molar was parallel in the sagittal and coronal planes. For all
teeth, circumferential volumetric bone levels were assessed in the axial plane. Using CTAn
(V.1.16 Bruker, Billerica, MA), volumetric measurements started 20 slices below the CEJ
going towards the teeth apices, which represented healthy bone level distances. Volumetric
measurements were taken until the alveolar bone crest was first identified. A single blinded
examiner oriented the images and performed volumetric analysis. Data from each group was
averaged to determine the amount of circumferential bone loss per group.

Maxillae were decalcified in 15% EDTA for 4 weeks. Following decalcification, 5um thick
sections were cut in the coronal plane using a microtome (McBain Instruments, Chatsworth,
CA, USA). Sections were stained with hematoxylin and eosin (H&E) using standard
protocols. For osteoclast analysis, tartrate-resistant acid phosphatase (TRAP) staining was
performed using a leukocyte acid phosphatase system (Sigma-Aldrich, MO, USA) according
to manufacturer’s protocol [38]. TRAP+ multinucleated cells (osteoclasts), in contact with
the bone surface, were considered as osteoclasts (OC) [3%]. OCs were counted along the
buccal and palatal alveolar bone on the distal root of 15t molar and mesial root of 2"

molar and then averaged from a total of 5 sections per animal. Averaged OC numbers were
normalized to the respective controls as well as bone length. Bone length represented the
average of the distance between the most coronal portion of the alveolar bone to the apex of
the distal root on the 15t molar and mesial root of 24 molar. Slices were digitally imaged
using Aperio ImageScope model V11.1.2.752 (Leica Biosystems, Vista, CA, USA).

All statistical analyses were performed using Prism5 (GraphPad, La Jolla, CA, USA). For
bone loss analysis, measurements were averaged per animal and subsequently averaged per
group to create a mean bone loss value per group (mean + standard error of mean). For
quantification of TRAP staining, 5 sections per animal were stained and OC numbers were
averaged per animal, subsequently mean OC per animal, per group was averaged to create a
mean number of OC per group (mean + standard error of the mean). Statistical significance
between groups was assessed using one-way ANOVA, and Student #tests. Significance
levels were as follows: p< 0.01; p<0.001; p<0.0001.
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CXCR3 antagonist reduces periodontal bone loss

Previous studies have demonstrated that CXCR3 knockout mice treated with LPS injections
exhibited reduced bone loss and osteoclast numbers compared to wild-type mice. In
addition, systemic administration of a CXCR3 antagonist demonstrated reduction in bone
loss and number of osteoclasts [14]. We and others have not observed any complications with
the CXCR3 antagonist locally and systemically14:40-42,

Therefore, to investigate if local delivery of an antagonist could reduce bone loss induced by
Pg.-LPS we employed the delivery of the CXCR3 antagonist via nanoparticles.

Following radiographic assessment of bone loss through unidimensional and 3D images, it
was revealed that the LPS+NP group had reduced bone loss when compared to the LPS
groups at 6 weeks (Fig. 1). These changes were observed as early as 1-week (Fig.2a),
where the LPS group (47.9%) presented a 1.7-fold increase on bone loss compared to
control (27.4%) and LPS+NP (27.8%) groups (p<0.001). At six weeks (Fig. 2b), volumetric
bone loss increased in all groups, however, treatment with CXCR3 antagonist (LPS+NP)
significantly reduced this bone loss compared to LPS only group (p=0.01). The percentage
of bone loss on the LPS+NP group was comparable to the control group (ns).

CXCR3 antagonist inhibits osteoclast induction

Specimens were further analyzed for histological features. At 1 week, H&E staining
demonstrated mild infiltration of inflammatory cells into the connective tissues consistent
with LPS treatment when compared to control group. At 6 weeks, LPS treatment led to
an increase in inflammatory infiltrate, whereas treatment with CXCR3 antagonist visibly
reduced the inflammatory response. (Fig 3).

Osteoclast numbers were evaluated through tartrate resistant acid phosphatase (TRAP)
staining (Fig. 4a). Treatment with LPS led to a statistically significant increase in osteoclast
numbers on weeks 1 and 6. Moreover, local delivery of the CXCR3 antagonist resulted in

a reduction in the numbers of osteoclasts when compared to LPS alone at 1 and 6 weeks
(p=0.001). These levels were comparable to those observed in control mice (ns) (Fig. 4b).

DISCUSSION

Studies have shown different and important roles for chemokine receptors and some
selective CXCR3 antagonists, such as AMG487, in face of inflammatory conditions. In
addition, the progression of these conditions seems to be influenced by blocking these
receptors [2343]. Given that our laboratory demonstrated that by deleting the CXCL9 and
10 receptor (CXCR3) or by blocking CXCR3 receptor with systemic administration of a
CXCR3 antagonist led to a considerable decrease in LPS-induced periodontal bone loss
in this study, we sought to determine if sustained-release of the local administration of a
CXCR3-antagonist, AMG487, would also lead to a decrease in LPS-induced bone loss.
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As noted in previous GWAS, CXC chemokine family genes CXCL9 and CXCL10 have been
associated with periodontal bone loss phenotype in LPS-induced periodontitis. Besides that,
systemic administration of a CXCR3 receptor antagonist demonstrated a beneficial effect on
reduction of bone loss (~46%) and number of osteoclasts through systemic administration
of AMG487 [*4]. In our present study, the local administration of this antagonist showed a
significant reduction (approx. 50%) in bone loss in the LPS+NP group compared to the LPS
group. Furthermore, we observed significantly less osteoclasts in LPS+NP groups compared
to LPS group, histologically. According to the radiographic and number of osteoclasts
changes, the local administration of CXCR3 antagonist via nanoparticles showed similar
efficacy as compared to CXCR3-antagonist systemic administration to mice [14], suggesting
that local administration of a CXCR3-antagonist could be potentially utilized as a treatment
for bone resorption.

CXCR3 plays an important role during leukocyte recruitment in the early host response.
Under normal circumstances, low levels of the chemokine ligands for CXCR3 (such

as CXCL9 and CXCL10) are expressed in the epithelium. However, the expression of
CXCL10, an IFN-y inducible chemokine, increases markedly in inflammatory processes. In
addition, CXCR3 is expressed at high levels on tissue-infiltrating, activated T cells in several
inflammatory systemic disorders [44, 45].

The CXCR3 antagonist utilized in this study was delivered in nanoparticles. The
nanoparticle used in herein varied in size from 1nm-100nm [3°]. This new small molecule
nanoparticle may be the ideal method for effectively delivering treatment. Some of

the various nanoparticulate systems available for local drug delivery include polymeric
nanoparticles, nanofibers and liposomes, each playing a key role in achieving special
properties to target bacteria and specific host cells [#4]. Nanoparticles differ from traditional
delivery systems not only by size, but also by their pharmacodynamic and pharmacokinetic
properties. As drug carriers, nanoparticles must have conditions such as high stability,

high carrier capacity, and incorporation of both hydrophilic and hydrophobic drugs, various
routes of administration, controlled release or sustained release of the drug over time [45:46].

An advantage of utilizing nanoparticles is that nanoparticles could also access sites that

are unreachable by other devices, such as deep periodontal pockets or furcation areas.
Moreover, due to the small size of nanoparticles, their intracellular uptake efficiency is
higher compared to microparticles, which improves and maintains the drug concentration for
a prolonged period in the periodontal tissues. Through the local delivery of nanoparticles
containing a CXCRS3 antagonist, a decrease in the inflammatory infiltrate, bone loss and
number of osteoclasts were observed in our study. These results suggest that CXCR3

small molecule antagonists may be an effective option for the therapeutic treatment of
LPS-induced bone loss.

In this study, we assessed the effects of CXCR3 antagonist nanoparticles at two time points
of disease induction (1 week and 6 weeks). Although similar changes were observed in both
time points, there was a tendency to be more prominent in the 6-week group. In our previous
study, we provided an observation period of 6 weeks after the systemic administration

of CXCR3 antagonist nanoparticles. As a result, a reduction in bone loss and number of
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osteoclasts was observed [14]. In the present study, equivalent results were obtained not only
at 6 weeks, but also at the 1-week time point. Therefore, we can infer that such nanoparticles
have a preventive effect on acute inflammation model even if they are administered in a
relatively short period of time.

There have been no reports regarding the decrease in progression of bone resorption induced
by LPS injection using CXCR3 antagonist nanoparticles. Given our positive results, it is
important to determine the most effective CXCR3 antagonist dose as well as how long

the antagonist is present and active in the area. Taken together, our results suggest that
regulating the host immune response, and specially monitoring chemokine expression levels,
could aid in our understanding of the pathogenesis of bone resorption, as well as serve as the
foundation for more personalized patient treatment. Therefore, it is suggested that CXCR3
blockade can be regarded as a novel target for therapeutic intervention of bone loss and that
it can be a safe and convenient method of periodontitis treatment or prevention applicable in
general clinical practice.

This work was supported by NIH/NIDCR DE023901-01 and the UCLA Faculty Development grant.
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Fig. 1.

CXCR3 treatment reduced bone loss at 6 weeks. Representative sagittal radiographic images
and 3D images of control (ctrl), LPS and LPS+NP groups. Note the reduction in alveolar
bone (between the first and second molars) in the LPS group
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Fig. 2.

Graphs representing the averaged bone levels in control (Ctrl), LPS and LPS+NP groups at
1 (A) and 6 weeks (B) in volumetric bone loss. For both graphs significance was compared
using a Tukey HSD test. n=5 mice/group, p=0.01*; p<0.001***. Data represented as mean *
standard error of the mean (SEM)
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Fig. 3.

Hi%tological assessment of hematoxylin and eosin (H&E) staining. Representative coronal
images of control (Ctrl), LPS and LPS+NP group. Note the increased inflammatory infiltrate
in LPS groups at 1 and 6 weeks. On the other hand, LPS+NP group presented a mild
inflammatory infiltrate at both 1 and 6 weeks. 20X magnification
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Fig. 4.

¥
LPs LPS+NP

Histological assessment of osteoclast numbers. Representative coronal Tartrate Resistant
Acid Phosphatase (TRAP) staining images of control (Ctrl), LPS and LPS+NP group (A).
Note the increased number of osteoclasts in the LPS group. However, osteoclasts tended to
be less in LPS+NP groups at both 1 week and 6 weeks groups. 20X magnification. Graph
representing the averaged osteoclast number divided by the alveolar bone length considered
in analysis control (Ctrl), LPS and LPS+NP groups (B). Significance was compared using a
Tukey HSD test. n=5 mice/group, p=0.001**. Data represented as mean + standard error of

the mean (SEM)
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