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Abstract

Periodontitis (PD) is characterized by bacterial infection and inflammation of tooth-supporting 

structures and can lead to tooth loss. PD affects ~47% of the US population over age 30 

years and has a heritability of about 50%. Although the host immunoinflammatory response 

and genetic background play a role, little is known of the underlying genetic factors. We 

examined natural genetic variation in lipopolysaccharide (LPS)-induced PD across a panel of 

inbred mouse strains, the hybrid mouse diversity panel (HMDP). We observed a strain-dependent 

sixfold difference in LPS-induced bone loss across the HMDP with a heritability of 53%. 

We performed a genomewide association study (GWAS) using FAST-LMM, which corrects for 

population structure, and identified loci significantly associated with PD. We examined candidate 

genes at a locus on chromosome 5, which suggested a relationship between LPS-induced bone 

loss and, together with expression data, identified Cxcl family members as associated with PD. We 

observed an increase in Cxcl10 protein, as well as immune cells and pro-inflammatory cytokines 

in C57BL/6J (high bone loss strain) but not in A/J (low bone loss strain) after LPS injections. 

Genetic deletion of CXCR3 (Cxcl9 and10 receptor) demonstrated a 50% reduction in bone loss 

and reduced osteoclasts after LPS injections. Furthermore, WT mice treated with AMG-487 (a 

CXCR3 antagonist) showed a 45% reduction in bone loss and decreased osteoclasts after LPS 

injections. We conclude that CXCR3 is a strong candidate for modulating the host response in 

individuals susceptible to PD.
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Introduction

Periodontitis (PD) is characterized by a bacterial infection and inflammation that destroys 

the tissues that surround and support the teeth. If left untreated, PD can result in tooth 

loss.(1,2) PD affects 47.2% and 70.1% of the population over the ages of 30 and 65 years, 

respectively.(3) Microorganisms are central to PD pathogenesis, and P. gingivalis (P.g.) is 

significantly involved in PD infection. Moreover, P.g. is classified as a keystone species 

in PD disease progression and is consistently found around teeth with PD.(4) In addition 

to bacteria, environmental and genetic factors contribute to the risk of developing PD. A 

classic study on tea laborers, with no access to oral hygiene or dental care, highlighted that 

under similar environmental circumstances, there were wide variations of PD susceptibility, 

suggesting that PD has a significant genetic component.(5) Moreover, twin studies, after 

adjustment for environmental and external factors, concluded that approximately 50% 

of the variance observed in PD is attributed to genetics.(6,7) These studies emphasize 

that there are inherent host response differences in PD susceptibility and progression.
(6,7) When combining host response differences and environmental factors, PD presents 

as a complex (polygenic) disease.(8,9) Complex trait disorders generally involve many 

genetic and environmental factors, where each factor can play a small role in trait/disease 

presentation.(10) Unfortunately, the detailed genetic influences in the pathogenesis of PD are 

poorly understood.

Genomewide association studies (GWAS) have emerged as a powerful tool to investigate the 

genetic architecture of complex trait diseases. GWAS allow for the unbiased interrogation of 

the entire genome in order to identify single-nucleotide polymorphisms (SNPs) associated 

with disease. To complement human GWAS, animal models can be used and they offer 

several advantages. Mice specifically, share similar structural, functional, and genetic 

traits with humans.(11) Moreover, there are powerful molecular and genetic tools, as well 

as repositories of mouse phenotypic, genotypic, metabolomic, and proteomic databases 

available to characterize disease pathogenesis.(11–14) Additionally, a major advantage of 

mouse studies is the ability to dissect disease and signaling pathways through genetic 

manipulation, transgenic and knockout mice. Several mouse panels, including the hybrid 

mouse diversity panel (HMDP)(12) and the Collaborative Cross (CC),(15) have been designed 

to capture the genetic variation present in populations, as well as provide high statistical 

power and fine mapping of the genome. The HMDP is composed of classic inbred and 

recombinant inbred mice densely genotyped for SNPs, which provide fine genetic mapping 

resolution and statistical genotype to phenotype association.(16)

The complexity of PD, the heterogeneous genetic composition of patients, and the difficulty 

to control environmental parameters pose challenges to clinical genetic studies,(17,18) 

making animal models an attractive complement to human studies.(19) Indeed, mouse 

studies on experimental periodontitis induced by Porphyromonas gingivalis (P. gingivalis) 

colonization reveal a strong genetic component in periodontal disease resistance and 

susceptibility and demonstrate that genetic determinants affect bacterial colonization, as 

well as periodontal bone levels.(20,21) These studies provide valuable insight in the heritable 

aspects of periodontitis as a whole. However, PD is a multifactorial process that involves, 
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among others, bacterial colonization, biofilm organization and establishment, inflammatory 

host response, periodontal bone loss, and decreased tooth support.(22)

To begin dissecting the genetic influence in these pathogenetic disease processes 

individually, we explored the heritable nature of periodontal bone loss in response to 

a controlled inflammatory impact to identify genetic mediators of periodontitis and its 

potential implications in disease development(23) utilizing a well-characterized animal 

model that employs localized lipopolysaccharide (LPS) delivery to the periodontal tissues.
(24,25)

Materials and Methods

Mice

Seven-week-old male mice of 104 genetically different strains of the HMDP (n ≥ 6/per 

strain) (Supplemental Table S1) were used according to the guidelines of 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.(26) Mice were initially purchased from the Jackson Laboratory (Bar 

Harbor, ME, USA), bred and housed at UCLA for the duration of the study in a temperature- 

and light-controlled environment, and fed a standard chow. The number of animals for the 

GWAS were selected based on a paper that was published by our group.(23) Seven-week-old 

female B6.129P2-Cxcr3tm1Dgen/J homozygous chemokine receptor Cxcr3 knockout (KO) 

mice were bred and purchased from the Jackson Laboratory. Mice were maintained and 

utilized under the same guidelines and environment as described above.

Induction of periodontitis

Inflammatory induced bone loss was performed as previously described.(22) In brief, 

mice (n ≥ 3/strain) received 2 μL (20 μg) of P. gingivalis-lipopolysaccharide (P.g.-LPS) 

(ultrapure LPS, signals through TLR4, catalog #tlrl-ppglps, InvivoGen, San Diego, CA, 

USA) injections in between the first and second maxillary molars on both the right and left 

sides using a 10-μL Hamilton syringe with a 0.33-gauge needle (Hamilton Company, Reno, 

NV, USA). Mice received injections twice a week for 6 weeks. Control mice (n ≥ 3/strain) 

did not receive injections as previously described because there was no statistical difference 

in bone levels between noninjected and vehicle-injected groups.(22) During the course of 

injections, mice exhibited no overt clinical signs of soft tissue damage or inflammation. 

After 6 weeks of injections, mice were euthanized, maxillae were harvested, fixed in 10% 

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

The person performing the injections did not know the content of the syringe or the strain of 

the mouse.

Micro-computed tomography analysis

Maxillae were scanned using a μ-computed tomography (μ-CT) scanner (SkyScan 1172; 

SkyScan, Aartelaar, Belgium). Maxillae were scanned at 10-μm voxel size and imaged slices 

were converted to digital images and communication in medicine (DICOM) format. DICOM 

files were imported into Dolphin software (Dolphin Imaging, Chatsworth, CA, USA) for 
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linear bone loss measurements. In Dolphin, maxillae were oriented for each molar, first 

and second, individually. Molars were oriented with the cementoenamel junction (CEJ) 

perpendicular to the root in the coronal plane. The root was also aligned parallel in the 

coronal plane. Each molar was oriented in the area corresponding to the middle of the tooth, 

aligned by the three roots in the axial plane. The distance from the CEJ to the alveolar bone 

crest (ABC) was recorded for the first molar distal and second molar mesial. Additional 

measurements, 0.2 mm palatal, were recorded for the first molar distal and second molar 

mesial. Measurements were recorded for the right and left sides independently and averaged 

to create a mean value for each mouse. All mice utilized for the duration of this study were 

scanned, oriented, and analyzed using the same parameters. To quantify the amount of bone 

loss, the averaged CEJ to ABC distance in the control sites was subtracted from the averaged 

distances in the LPS-injected sites. The remaining value represented net bone loss.(22)

Factored spectrally transformed-linear mixed modeling

Statistical analysis for the GWAS on LPS-induced periodontal bone loss was performed 

following previous GWAS studies utilizing the HMDP.(27,28) Genotypes of ~500,000 SNPs 

were obtained from the mouse diversity array. Only SNPs that presented with a minor allele 

frequency of >5% and missing genotype frequencies <10% were considered in analysis. 

The following filtering criteria yielded a final set of ~200,000 SNPs that were considered 

for analysis. To perform association testing, factored spectrally transformed-linear mixed 

modeling (FaST-LMM)(29) was performed. FaST-LMM factors in underlying population 

structure into statistical analysis and has successfully been employed in other GWAS studies 

utilizing the HMDP.(30–33) FaST-LMM is a linear mixed model method that statistically 

accounts for population structure in a fast and reproducible manner. To improve power, the 

kinship matrix was constructed using the SNPs from all the other chromosomes when testing 

all the SNPs on a specific chromosome. Using these parameters, the SNP gets tested in 

the regression equation only once. The significance level for the GWAS threshold using the 

HMDP was determined by the familywise error rate (FWER), which is the probability of 

detecting one or more false positives across all SNPs/phenotype. These parameters were 

similar to previous studies utilizing the HMDP.(27,28)

Heritability calculation

Heritability is defined as the fraction of the variance in a trait that is due to genetic factors.
(34) To estimate heritability in our GWAS, we utilized the broad sense approach, which, 

estimates total heritability. To calculate broad sense heritability, an R statistical package was 

utilized and heritability was estimated based on the reproducibility of trait measurements in 

different animals of each strain.(35)

Macrophage genomewide expression analysis and correlation to LPS-induced bone loss

A GWAS, evaluating changes in macrophage gene expression in response to E. coli LPS 

utilizing the HMDP, was utilized to correlate SNPs to our LPS-induced PD model.(36) 

Ninety-two strains (all males) of the HMDP were obtained from the Jackson Laboratory 

and housed according to NIH guidelines. Primary macrophages were harvested, divided 

into two groups (control and LPS-stimulated), and gene expression (RNA) was profiled 

using Affymetrix HT MG-430A arrays for each group.(36) GWAS association mapping 
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for macrophage gene expression was performed using efficient mixed-model association 

(EMMA). Macrophage expression data were correlated with the LPS-induced bone loss 

data using the bicorAndPvalue function from the Weighted Gene Co-expression Network 

Analysis (WGCNA) R package. Correlations were filtered for p < 10−3.

RNA isolation

Seven-week-old A/J and C57BL/6J mice were injected with one P.g.-LPS injection (2 μL or 

20 μg of LPS) in between the first and second and second and third molars. Control mice 

were not injected. After 4 hours, mice were euthanized as previously described. Immediately 

after death, under the microscope (Leica Microsystems, Buffalo Grove, IL, USA), mice had 

approximately a 1.00 mm × 0.50 mm piece of maxillary gingival tissue excised in between 

the first and second and second and third molars corresponding to the area of LPS injections. 

Gingival tissues from the right and left sides of two mice were pooled for subsequent RNA 

isolation. RNA was isolated using a standard TRIzol (Thermo Fisher Scientific, Canoga 

Park, CA, USA) protocol and RNA quantity and purity was assessed using a NanoDrop 

2000 (Thermo Fisher Scientific).

Microarray

RNA samples were prepared for microarray analysis using standard protocols at the UCLA 

Clinical Genetics Microarray core using the MouseRef-8 v2.0 chip. Gene expression data 

were analyzed using dChip software (2010.1). Differential gene expression, genes induced 

by LPS in A/J or C57BL/6J, were filtered using a false discovery rate of 50 and p < 0.05.

Histology

Maxillae were decalcified in 15% ethylenediaminetetraacetic acid (EDTA) for 4 weeks 

(solution was changed 3×/week). After decalcification, maxillae were paraffin embedded 

and cut coronally to 5-μm-thick sections using a microtome (McBain Instruments, 

Chatsworth, CA, USA). Sections were stained with hematoxylin and eosin (H&E) using 

standard protocols.

To evaluate immune cell populations and cytokines, immunohistochemistry was performed 

using the following antibodies: anti-NIMP-R14 (neutrophils) (1:250, ab2557, Abcam, 

Cambridge, UK), anti-CD3 (T cells) (1:100, ab5690, Abcam), and anti-Cxcl10 (15 μg/mL, 

AF-466-NA, R&D Systems, Minneapolis, MN, USA). After standard deparaffinization 

protocols, for all antibodies, excluding anti-CD3 and anti-Cxcl10, antigen retrieval was 

performed using 0.05% trypsin at room temperature for 15 minutes. Primary antibodies 

were incubated overnight at 4°C in a humidified chamber. Secondary antibodies (1:200 for 

all primaries) were incubated for 2 hours at room temperature. The immunoreaction was 

observed using AEC+substrate +chromogen solution (Dako, Carpinteria, CA, USA). For 

anti-CD3 and anti-Cxcl10, antigen retrieval was performed using 10 mM sodium citrate pH 

6.0 overnight at 60°C. Primary and secondary antibodies were incubated as described above. 

The immunoreaction was observed using DAB peroxidase HRP (Vector Labs, Burlingame, 

CA, USA). For all stains, slides were digitally imaged using Aperio ImageScope model 

V11.1.2.752 (Vista, CA, USA). All histological sections used in this study were processed 

and stained utilizing the same parameters unless otherwise noted.
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Cxcr3 knockout

Cxcr3 KO (B6.129P2-Cxcr3tm1Dgen/J homozygous chemokine receptor Cxcr3 knockout) 

and matched wild-type (WT) mice were randomly divided into Cxcr3 KO control (no LPS), 

Cxcr3 KO LPS-treated, WT control (no LPS), and WT LPS-treated groups. Mice received 

2 LPS injections a week for 6 weeks, total of 12 injections. After LPS treatment, mice 

were euthanized and maxillae were harvested for further micro-CT and histological analysis. 

Quantification of linear bone loss was achieved using the same parameters as described 

above for the analysis of the HMDP.

Histology was performed in the maxilla of Cxcr3 KO and WT mice. Samples were 

embedded and processed as described above. Tissues were stained for tartrate-resistant acid 

phosphatase (TRAP, Sigma-Aldrich, St. Louis, MO, USA) to assess osteoclast (OC) counts, 

anti-Cox-2 (1:250, ab15191, Abcam) to assess general inflammation, and anti-Cxcl10 (15 

μg/mL AF-466-NA, R&D Systems). Cells that presented with ≥2 nuclei and were in contact 

with bone were considered OCs (CITE). Osteoclasts were counted on six tissue sections per 

mouse and all six slides were averaged to create a total OC value for each mouse (n = 3 

mice/group).

CXCR3 antagonist

Seven-week-old male C57BL/6J mice purchased from the Jackson Laboratory were utilized. 

(±)-AMG-487 (Tocris, R&D Systems), a Cxcr3 antagonist (a small molecular-weight 

peptide), was utilized to block Cxcr3 in vivo. Mice were divided into three groups: 

Control (local vehicle injection) + i.p. vehicle injection), LPS + vehicle injection, and 

LPS + AMG-487. AMG-487 was initially dissolved in a 50% hydroxypropyl-β-cyclodextrin 

(Sigma-Aldrich) in a sonicating water bath for 2 hours with occasional vortexing. After 

the AMG-487 powder had completely dissolved, distilled water was added to make a final 

concentration of 20% hyroxypropyl-β-cyclodextrin solution. Vehicle injections consisted 

of a 20% hyroxypropyl-β-cyclodextrin solution without AMG-487. At the start of LPS 

injections, mice received the first injection of AMG-487 at a concentration of 5 mg/g twice 

a day for the whole duration of the experiment.(37) P.g.-LPS injections were performed 

as described above. Mice were euthanized after a total of 12 LPS injections (6 weeks). 

Bone loss measurements, histology, and osteoclast counts (n = 5 slides per mouse, n ≥ 5 

mice/group) were performed as described above.

Statistics

All statistical analyses were performed using Prism 5 (GraphPad, La Jolla, CA, USA). 

For bone loss analysis, measurements were averaged per mouse and subsequently averaged 

per group (for all experiments, n ≥ 3) to create a mean bone loss value per group (mean 

± standard error of the mean). For quantification of TRAP staining, n ≥ 5 slides per 

mouse were stained and OC numbers were averaged per mouse. Again, each mouse was 

averaged to create a mean number of OCs per group (mean ± standard error of the mean). 

Significance levels were evaluated through either a Student’s t test or two-way analysis of 

variance (ANOVA) followed by a Bonferroni post hoc test with a confidence interval of 

95%. Significance levels were as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
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Results

LPS-induced strain-dependent bone loss across the HMDP

To assess differences in response to P.g. LPS in the HMDP, linear bone loss was quantitated 

at the injection site (between the first and second molars) after 6 weeks. Bone loss 

quantitation of 104 strains of the HMDP revealed a strain-dependent bone loss response 

to P.g. LPS (Fig. 1A). BXD24b/TyJ, a strain derived from a cross between C57BL/6J and 

DBA/2J, presented with the least amount of bone loss after LPS injections (0.071 ± 0.010). 

In contrast, BXD84/RwwJ, a strain derived from a cross between DBA/2J and C57BL/6J, 

presented with the highest amount of bone loss after LPS injections (0.468 ± 0.030) (Fig. 

1A, B). Radiographically, representative micro-CT images showed alveolar bone loss in 

between the first and second molars at the LPS injection site (Fig. 1B).

Genomewide association of SNPs to LPS-induced bone loss

We calculated the fraction of variance of the PD trait that is due to genetics by comparing 

the variation within strains (nongenetic) to the total variation across the strains.(35) The 

broad sense heritability was estimated at about 53%.

Using association analysis with correction for population structure, we mapped major loci 

contributing to LPS-induced bone loss in the HMDP. The regions identified as most likely 

to contain the causal gene(s) were those in strong linkage disequilibrium with the peak 

SNP (determined by calculated r2 SNP correlations greater than 0.8) and exceeding the 

FDR cut-off of 5%, corresponding to the association p value of 1.95e-4. A list of all 

significant associations for LPS-induced bone loss is provided in Supplemental Table S2 

and Fig. 2A. In addition, lead SNPs are present in Table 1. A lead SNP was considered the 

highest peak in a locus. Although many loci fell under statistically significant peaks along 

these chromosomes, we prioritized rs33249065 located (p value 1-e4) on chromosome 5. 

Around this SNP, there were several chemokine (C-X-C motif) ligands (CXCL), specifically, 

Cxcl9 and Cxcl10 (Fig. 2B), as being a suggestive causal gene based on gene and protein 

expression data described below.

Correlation of genomewide macrophage gene expression to candidate genes in LPS­
induced bone loss

It is well documented that macrophages are increased in patients with PD as part of the host 

immune response to periodontopathogens.(38–41) Therefore, we aimed to correlate our bone 

loss FaST-LMM association mapping to a previous GWAS utilizing the HMDP assessing 

macrophage gene expression in response to LPS treatment.(36) Several genes classified as 

immune response genes, including growth factor receptor bound protein 2-associated protein 

3 (Gab3), involved in cytokine signaling pathways and macrophage differentiation, and 

mitogenactivated protein kinase 7 (Map2k7), which mediates responses to proinflammatory 

cytokines, were correlated to both macrophage response to LPS and LPS-induced bone loss 

(Supplemental Table S3). Notably, Cxcl family members (Cxcl15 and Cxcl17) were also 

correlated (p < 0.05) to both macrophage response to LPS and LPS-induced bone loss (Table 

2).
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When assessing functional significance of genes correlated to macrophage response to 

LPS and LPS-induced bone loss through gene ontology (GO), many genes fell under the 

inflammatory response/cytokine pathway, including Ccr5 and Ccr8 (chemokine receptors), 

and immune system processes, including Gab3 as previously discussed. The complete list 

of genes correlated to both macrophage response to LPS and LPS-induced bone loss is in 

Supplemental Table S3.

Cxcl family members show increased gene expression in a high bone loss strain

To further evaluate differences in mRNA expression levels, in strains with high and low 

amount of bone loss after LPS injection, we performed microarray analysis utilizing the 

parental strain with the lowest (A/J) and the highest (C57BL/ 6J) amount of bone loss (Fig. 

1A).

Significant differences in mRNA expression were observed between A/J and C57BL/6J 4 

hours after LPS treatment (Table 3). Cxcl family members were among the statistically 

significant differentially expressed genes induced by LPS. The primary genes of interest 

were genes that were significantly induced in C57BL/6J LPS-treated mice but not induced 

in A/J LPS-treated mice. For instance, Cxcl9 induction was 38.87-fold difference and 

Cxcl10 was 19.23-fold difference (Table 3). Both Cxcl chemokines are involved in 

chemoattraction of immune cells, including monocytes/macrophages, T cells, natural killer 

cells, and dendritic cells.(42–44) Additionally, the chemokines Ccl4 (5.77-fold difference) and 

Ccl7 (3.55-fold difference), which are involved in macrophage inflammatory response and 

monocyte chemoattraction, respectively, were induced in C57BL/6J LPS-treated mice and 

not in A/J LPS-treated mice, highlighting that several host immune response pathways were 

significantly induced after LPS treatment in a high bone loss strain. Cxcr3, the receptor for 

Cxcl9 and Cxcl10, was not significantly induced in C57BL/6J LPS-treated mice and not in 

A/J LPS-treated mice. The complete list of genes induced by LPS in C57BL/6J but not in 

A/J can be found in Supplemental Table S4.

Immune and pro-inflammatory markers show increased expression in a high bone loss 
strain

To further characterize differences between A/J, a low bone loss strain, and C57BL/6J, a 

high bone loss strain, tissue specimens were analyzed for immune and pro-inflammatory 

cellular markers through immunohistochemistry (IHC) staining. Neutrophil and t cells were 

assessed in A/J and C57BL/6J mice after LPS treatment because neutrophils and t cells 

are known to infiltrate into periodontal lesions in response to infection and inflammation.
(45,46) When comparing control groups, there was no difference in immunostaining between 

C57BL/6J control and A/J control groups for both neutrophils and t cells. However, 

C57BL/6J LPS-treated groups presented with increased expression of neutrophils and 

t cells (Fig. 3A, B, black arrows) compared with A/J-LPS-treated mice. Furthermore, 

when staining for CXCL10 protein (chemokine responsible for a wide array of immune 

response cascades), which was highly associated in our GWAS and upregulated in our gene 

expression data (microarray), C57BL/6J LPS-treated specimens presented with increased 

protein expression of CXCL10 (Fig. 3C, black arrows) compared with A/J LPS treated mice. 
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Again, there was no basal difference in CXCL10 protein expression between C57BL/6J 

control and A/J control groups.

To evaluate pro-inflammatory mediators, protein levels of three pro-inflammatory markers, 

including NF-κB, cyclooxygenase-2 (COX-2), and tumor necrosis factor-alpha (TNF-a), 

which are known to have increased expression in patients with PD, were assessed.
(47–49) C57BL/6J LPS-treated animals showed increased protein expression of all three 

pro-inflammatory mediators as evident by the brown/red immunoreactivity/ staining 

(Supplemental Fig. S1A–C, black arrows) compared with A/J LPS-treated mice. For all 

three pro-inflammatory markers, there was no qualitative difference between C57BL/6J 

control mice and A/J control mice.

Degradation of the extracellular matrix, caused by the action of matrix metalloproteinase 

(MMP) enzymes, is a host-mediated response in periodontitis. Therefore, staining for 

MMP-8 and MMP-13, which are associated with periodontitis in patients,(50,51) was 

assessed in A/J and C57BL/6J mice. After LPS treatment, C57BL/6J mice presented with 

increased immunoreactivity and protein expression of both MMP-8 and MMP-13 shown by 

the brown/red stain (Supplemental Fig. S2A, B, black arrows). When comparing C57BL/6J 

control groups with A/J control groups, there was no qualitative difference in MMP-8 or 

MMP-13 protein expression.

Cxcr3 knockout mice present with reduced bone loss after LPS treatment

Based on the GWAS, gene expression, and IHC data, the Cxcl9 and Cxcl10 pathway 

was further investigated to better understand their involvement in LPS-induced periodontal 

bone loss. As stated previously, Cxcl9 and Cxcl10 are involved in an array of immune 

responses, including recruitment of monocytes/macrophages, t cells, natural killer cells, and 

dendritic cells.(42–44) Furthermore, all three chemokines propagate their responses through 

the C-X-C motif chemokine receptor 3 (CXCR3). Therefore, to inhibit the function of all 

three chemokines, we employed a Cxcr3 knockout (KO) mouse and our P.g. LPS-injection 

model.

After 12 LPS injections, Cxcr3 KO mice presented with statistically significant less bone 

loss compared with WT (Fig. 4). Radiographically, WT LPS-treated mice showed a clear 

reduction in alveolar bone in between the first and second molars compared with Cxcr3 KO 

mice (Fig. 4A, B).

To confirm that the differences observed were in fact due to LPS treatment and not due to 

inherent bone-quality differences between Cxcr3 KO and WT mice, we assessed initial bone 

volume/tissue volume (BV/TV) in Cxcr3 KO and WT control animals. For both the maxillae 

and mesial trabecular bone distal from the growth plate in the femur, there was no statistical 

difference between BV/TV between Cxcr3 KO and WT mice (Supplemental Fig. S3).

After radiographic assessment of bone loss, Cxcr3 KO and WT mice were further analyzed 

for histological changes. Through hematoxylin and eosin (H&E) staining, there was an 

increase in cellular infiltrates observed in the WT LPS-treated group compared with the 

Cxcr3 KO group (Fig. 4C, yellow arrow). Comparing WT control mice to Cxcr3 KO 
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control mice, there was no difference in cellular infiltrates (purple cells in the epithelial 

tissue). Further assessment of protein expression of proinflammatory marker COX-2 showed 

increased staining in WT LPS-treated groups compared with Cxcr3 KO LPS-treated 

animals. Again, when comparing WT control mice to Cxcr3 KO control mice, there was 

no overt difference in COX-2 expression. There was increased Cxcl10 expression in the 

Cxcxr3 KO LPS-treated mice compared with WT mice LPS-treated mice (Fig. 4E).

In addition to pro-inflammatory markers, osteoclast numbers were evaluated through 

TRAP staining after LPS injections between WT and Cxcr3 KO mice (Fig. 5). When 

comparing WT LPS-treated to Cxcr3 KO LPS-treated, WT mice presented with statistically 

significantly more TRAP+ cells compared with Cxcr3 KO mice (Fig. 5B). Focusing on 

control groups, WT control mice presented with significantly more osteoclasts compared 

with Cxcr3 KO control mice. Furthermore, when normalizing osteoclast numbers to alveolar 

bone length and surface area considered in analysis, WT LPS-treated mice presented with 

statistically significantly more osteoclasts per bone length and bone surface area compared 

with Cxcr3 KO LPS-treated mice (Fig. 5C, D). In addition, when utilizing a ligature-induced 

periodontitis model, a similar result was obtained (data not shown).

CXCR3 antagonist reduces bone loss in vivo

After LPS injections, Cxcr3 KO mice exhibited a reduction in bone loss and osteoclast 

numbers compared with WT mice. Therefore, when we chose to investigate if inhibition 

of Cxcr3 in vivo through a Cxcr3 antagonist would produce similar results, we utilized 

AMG-487. AMG-487 is a commercially available Cxcr3 antagonist that inhibits CXCR3­

cell migration mediated by the chemokines CXCL9 and CXCL10.

After 12 LPS injections, LPS-injected mice treated with AMG-487 showed a significant 

reduction in bone loss compared with LPS-treated vehicle-injected mice (Fig. 6A, B). 

Normalizing bone loss to control, LPS-injected mice treated with AMG-487 showed 

45% reduction in bone loss compared with LPS-injected vehicle-treated mice (Fig. 6C). 

Histologically, after LPS treatment, AMG-487 presented with a qualitative reduction in 

cellular infiltrates compared with LPS vehicle-treated animals (Fig. 6D). Further assessment 

of osteoclast numbers showed that after LPS treatment, AMG-487 statistically significantly 

reduced the total number of TRAP+ cells compared with LPS vehicle-treated mice (Fig. 7A, 

B). Normalizing osteoclast numbers to bone length showed similar results (Fig. 7C).

Discussion

PD, as mentioned previously, is a complex disease with genetic and environmental 

influences, which can be a challenge to dissect in a clinical setting. Through novel resources 

and technologies, the mouse has become an invaluable tool to interrogate complex trait 

diseases, including PD.(19,21) Herein, through GWAS, we mapped genetic loci in mice 

that are associated to PD, and one gene family, including the genes Cxcl9 and Cxcl10, 

were selected for validation by deleting the Cxcr3 receptor. Furthermore, utilizing Cxcr3 
knockout mice and competitive inhibition with a Cxcr3 antagonist, we demonstrated that 

approximately 50% of the PD phenotype could be rescued in vivo. These findings pave 

the way for blocking Cxcr3 as a potential therapeutic modality for patients presenting with 
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PD, and the GWAS approach allows for further mechanistic dissection of candidate genes 

associated to PD.

In an effort to better characterize and understand the genetic underpinning of PD 

pathogenesis, several groups have utilized a GWAS approach using patient cohorts.(52–55) 

These studies have highlighted that there is indeed a significant genetic component in 

PD; however, patient study designs have inherent challenges, including controlling for 

environmental factors, eg, oral hygiene habits, smoking status, and the presence of other 

systemic conditions including diabetes and heart disease, which can all have an effect on 

clinical and research outcomes. Additionally, identifying time of disease onset and standard 

disease classifications is hard to achieve in patient studies. Even so, patient studies have 

allowed us to begin to better understand PD pathogenesis. GWAS in humans have begun to 

lay the foundation for identifying genetic targets associated with disease and have been very 

effective. In our pool of significantly associated SNPs, several previously identified genes 

or gene families emerged, which again emphasizes the translational potential of mouse data 

to human studies, specifically, Toll-like receptor 9 (Tlr9), Toll-like receptor 4 (Tlr4), and 

several members of the tumor necrosis factor (Tnf) gene family (Tnfsf14 and Tnfsf8),(56–59) 

which suggests that animal studies can be designed with clinical translation in mind.

Two mouse panels are at the forefront of mouse GWAS studies: the Collaborative Cross 

and the hybrid mouse diversity panel.(16) Although there are differences in both the CC 

and the HMDP, both panels perform well for GWAS approaches. Indeed, several groups, 

including our own, have employed either the CC or the HMDP to further investigate the 

genetic contribution to PD. Using the CC and an oral infection model of PD, Shusterman 

and colleagues showed that BALB/cJ mice were highly susceptible and DBA/2J, C57BL/6J, 

and A/J mice were highly resistant to bacterial-induced PD.(60) Expanding on the CC and 

their previous study, Shusterman and colleagues observed that the Cxcl4/Cxcl7/Cxcl5 gene 

cluster was associated with aggressive PD in German and European American populations.
(61)

To finely isolate the host response and bypass any genetic influences in host bacterial 

colonization, we induced PD using P.g. LPS(22) in the HMDP. In our model, control 

animals were not injected because in our previous study, vehicle injections did not result 

in measurable bone loss compared with noninjected controls.(22) However, even if that 

were the case, our data would still be valid because they would reflect heritability to 

the combined infection/inflammatory/mechanical trauma stimulation.(62) Through our LPS­

injection model, we identified several loci with a significance value of 10−5 or higher as 

associated with our trait. Of all the genes upregulated in our GWAS, we elected to validate 

the Cxcl family, a suggested gene in the GWAS, because in addition to the significant 

association in the GWAS, we observed increased gene expression and protein expression 

(through IHC) in C57BL/6J (high bone loss strain) compared with A/J (low bone loss 

strain). Interestingly, we were also able to correlate our GWAS findings with a previously 

performed GWAS assessing macrophage gene expression changes in response to LPS in the 

HMDP. Through this, we identified several Cxcl family members as associated with both 

LPS-induced bone loss and macrophage response to LPS, suggesting common pathways 

involved in the host immunoinflammatory response to bacteria. Most important, we were 
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able to start dissecting the Cxcl pathway to identify a common receptor, CXCR3, and 

mechanistically interrogate how absence of Cxcr3 affects LPS-induced PD. We believe 

that the system is overactivated by the increased expression of the ligand and that the 

systemic administration of the Cxcr3 antagonist competes with the ligand activation of 

the receptor. For instance, Cxcl9 and Cxcl10 are involved in the development, function, 

and homeostasis of the immune system. Specifically, Cxcl10 acts as a chemoattractant for 

monocytes/macrophages, t cells, NK cells, and dendritic cells and promotes T-cell adhesion 

to endothelial cells.(42,43) The role of Cxrc3 and its ligands, Cxcl9 and Cxcl10, in other 

systemic diseases in both humans and animals, including diabetes(63–66) and cardiovascular 

disease,(66–70) have been investigated. For instance, Cxcr3 KO mice showed a delay in 

diabetes development compared with their WT counterparts. In humans, in a study assessing 

diabetes and periodontal disease, Cxcr3 gene expression was increased in sites with chronic 

PD in patients with diabetes and poor glycemic control.(71) Considering both diabetes and 

PD are characterized by a host immunoinflammatory response, it must be noted that there 

might be genetic overlap in the susceptibility of these conditions. This opens up an exciting 

avenue for future research where we might be able to translate clinical diagnostic markers 

across multiple conditions.

The potential use of peptides to locally modulate host response PD is very exciting, given 

that current clinical treatment protocols for PD rely primarily on the removal of dental 

plaque. Although specific bacterial species are known to be highly associated with PD, 

including P. gingivalis, the oral microbiome is a polymicrobial environment including not 

only pathogenic bacterial but also healthy microbial species.(72,73) Unfortunately, the current 

treatment of periodontitis does not take into consideration the host immunoinflammatory 

response to bacteria. Moreover, the standard treatment and periodontal maintenance 

protocols undertreats some patients(74–76) and may overtreat others. In the present study, 

our GWAS approach and candidate gene validation using animal models, here using a Cxcr3 
antagonist, allow for clinical translation and targeted treatment options.

In summary, we have identified Cxcl9 and Cxcl10 and their receptor, CXCR3, as associated 

with PD utilizing a GWAS with the HMDP and a highly reproducible murine model of PD. 

Furthermore, we have mechanistically interrogated CXCR3’s role in PD through the use of 

knockout mice, and we have begun to explore possible therapeutic modalities to treat PD by 

using a Cxcr3 antagonist (AMG-487) in vivo. Our results suggest that modulating the host 

immune response and specifically monitoring chemokine expression levels could aid in our 

understanding of PD pathogenesis as well as serve as the foundation for more personalized 

patient treatment.
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Fig. 1. 
Radiographic evaluation after 6 weeks of P.g.-LPS injections. (A) Graph representing bone 

loss in mm (LPS-ctrl) in 104 strains of the hybrid mouse diversity panel (HMDP), n ≥ 6 

mice/strain. Data are represented as mean ± standard error of the mean (SEM). The yellow 

bars represent the five parental strains of the HMDP. (B) Representative radiographic images 

of control and LPS-treated strains of the HMDP. BXD24b/TyJ lost the least amount of bone, 

whereas BXD84/RwwJ lost the most amount of bone.
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Fig. 2. 
Genomewide association for P.g.-LPS-induced bone loss. (A) Manhattan plot for P.g.-LPS­

induced bone loss. (B) High-resolution regional plot generated through LocusZoom. Zoom 

up on Chr 5. The blue horizontal bars denote a gene’s physical location. The linkage 

disequilibrium (LD) of the highlighted single-nucleotide polymorphism (SNP) at the locus 

is denoted by the color of the SNP. Highly correlated SNPs would be shown in red (in 

strong LD with each other), whereas weakly correlated SNPs are shown in navy (correlation 

represented by r2 color scale, inset).
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Fig. 3. 
Histological assessment of immune cells and cytokine protein expression. (A) Neutrophil 

immunostaining in A/J control, A/J LPS, C57BL6/J control, and C57BL6/J LPS-treated 

mice. Note the increased staining in C57BL6/J LPS compared with A/J LPS (black arrow). 

(B) CD3+ T-cell immunostaining in A/J control, A/J LPS, C57BL6/J control, and C57BL6/J 

LPS-treated mice. Note the increased staining in C57BL6/J LPS compared with A/J LPS 

(black arrow). (C) CXCL10 immunostaining in A/J control, A/J LPS, C57BL6/J control, and 

C57BL6/J LPS-treated mice. Note the increased staining in C57BL6/J LPS compared with 

A/J LPS (black arrow). All images are at 20×.
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Fig. 4. 
Deletion of Cxcr3 in vivo causes a reduction in bone loss. (A) Representative radiographic 

images of wild-type (WT) and Cxcr3 knockout (KO) control and LPS-treated mice. Note 

the increased bone loss in the WT LPS group compared with the KO LPS group. (B) Graph 

representing the bone loss (ctrl-LPS) of WT and KO mice. Significance was compared using 

a Student’s t test. n = 3 mice/group, p ≤ 0.05*, p ≤ 0.01**, p ≤ 0.001***. Data represented 

as mean standard error of the mean (SEM). (C) Hematoxylin and eosin (H&E)-stained tissue 

sections of WT and KO control and LPS-treated groups. Increased inflammatory infiltrates 
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in the WT LPS group are denoted by the yellow arrow. (D) COX-2 immunostaining in WT 

and KO control and LPS groups. Increased COX-2 expression (brown stain) is denoted by 

the black arrow in the WT LPS. (E) Cxcl-10 immunostaining in WT and KO control and 

LPS groups. Increased Cxcl10 expression in the Cxcxr3 KO LPS-treated mice compared 

with WT LPS-treated mice (brown stain).
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Fig. 5. 
Histological assessment of osteoclast numbers in WT and Cxcr3 KO mice. (A) Tartrate­

resistant acid phosphatase (TRAP+) staining for osteoclasts. Note the increase in TRAP+ 

cells in WT LPS-treated mice (black arrow) compared with KO LPS-treated mice. 20 

magnification. (B) Graph representing total number of averaged osteoclasts in WT and 

Cxcr3 KO control and LPS groups. (C) Graph representing osteoclast numbers divided by 

the length of alveolar bone measured. (D) Graph representing osteoclast numbers divided 

by the surface area (SA) of the alveolar bone considered in analysis. For all graphs (B–D), 
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significance was compared using a Student’s t test. n = 3 mice/group, p ≤ 0.05*, p ≤ 0.01**, 

p ≤ 0.001***. Data represented as mean ± standard error of the mean (SEM).
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Fig. 6. 
Systemic delivery of CXCR3 antagonist (AMG-487) reduces bone loss in vivo. (A) 

Representative radiographic images of control (ctrl), P.g.-LPS + veh injections and P.g.-LPS 

+ AMG-487. Note the reduction in alveolar bone (in between the first and second molars) 

in the P.g.-LPS + veh group. (B) Graph representing the averaged bone levels in control 

(Ctrl), P.g.-LPS + veh injections and P.g.-LPS + AMG-487 groups. (C) Graph representing 

normalized bone loss (control group subtracted) in P.g.-LPS + veh injections and P.g.-LPS 

+ AMG-487 groups. For both graphs (B, C), significance was compared using a Student’s 
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t test. n ≥ 5 mice/group, p ≤ 0.05*, p ≤ 0.01**, p ≤ 0.001***. Data represented as mean 

± standard error of the mean (SEM). (D) Hematoxylin and eosin (H&E)-stained slides 

of control (Ctrl), P.g.-LPS + veh injections and P.g.-LPS + AMG-487 groups. Note the 

increased cellular infiltrates in the P.g.-LPS + veh injection group (yellow arrow). 20× 

magnification.
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Fig. 7. 
Histological assessment of osteoclast numbers after AMG-487 treatment. (A) Tartrate­

resistant acid phosphatase (TRAP) staining of control (Ctrl), P.g.-LPS + veh injections 

and P.g.-LPS + AMG-487 groups. Note the increase in TRAP+ cells in the P.g.-LPS + veh 

injection group (black arrows). 20 magnification. (B) Graph representing the averaged total 

number of osteoclasts in control (Ctrl), P.g.-LPS + veh injections, and P.g.-LPS + AMG-487 

groups. (C) Graph representing the averaged osteoclast number divided by the alveolar bone 

length considered in analysis in control (Ctrl), P.g.LPS + veh injections and P.g.-LPS + 

AMG-487 groups. For both graphs (B, C), significance was compared using a Student’s t 
test. n ≥ 5 mice/group, p ≤ 0.05*, p ≤ 0.01**, p ≤ 0.001***. Data represented as mean ± 

standard error of the mean (SEM).
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Table 1.

Lead SNPs Obtained From the GWAS With Annotation of the Nearest Gene

SNP Chromosome BP p Value Beta Gene symbol (nearest gene)

rs38070275 1 162956639 6.340E-06 –3.69E-02 Fmo3

rs31367957 1 163274880 6.340E-06 −3.69E-02 Prrx1

rs50462242 1 164174083 9.150E-06 −3.74E-02 F5

rs31281184 1 164353299 1.160E-05 −3.67E-02 Nme7

rs31392814 1 165935900 1.160E-05 −3.67E-02 Pou2f1

rs31791005 1 164054146 1.160E-05 −3.67E-02 Sele

rs36242840 1 165186989 1.160E-05 −3.67E-02 Sft2d2

rs33754148 1 164933972 1.160E-05 −3.67E-02 Xcl1

rs31372731 1 166231877 1.940E-05 −3.81E-02 Mael

rs31399153 1 165794428 2.020E-05 −3.70E-02 Cd247

rs32256725 1 138570700 2.450E-05 −3.22E-02 Nek7

rs30759208 1 139058022 2.550E-05 −3.23E-02 Samsn1

rs33766243 1 164799184 2.760E-05 −3.54E-02 Dpt

rs31383004 1 166127042 2.760E-05 −3.54E-02 Dusp27

rs31406187 1 165564964 2.760E-05 −3.54E-02 Sacy

rs6245419 1 163795691 3.570E-05 −3.47E-02 Kifap3

rs36943249 1 165394763 3.840E-05 −3.74E-02 Iqwd1

rs32274763 1 146689005 6.120E-04 −3.14E-02 Brinp3

rs27313884 2 146951244 7.960E-04 2.96E-02 Gm114

rs27827801 4 45257015 7.590E-04 −3.62E-02 Frmpd1

rs31490744 5 67462351 7.460E-04 2.66E-02 NULL

rs31200478 7 12905344 7.500E-04 2.85E-02 Zscan22

rs32401360 7 12881485 7.680E-04 2.77E-02 Zfp128

rs31791117 7 12926316 8.000E-04 2.73E-02 Rps5

rs36682788 7 16503798 8.270E-04 2.68E-02 Grlf1

rs32388382 7 17010085 9.320E-04 2.79E-02 Ppp5c

rs33464795 9 120426474 8.040E-04 2.81E-02 Myrip

rs26830679 11 20213844 8.810E-04 −3.12E-02 Rab1

rs37086609 19 17748514 4.720E-05 2.92E-02 Pcsk5

rs38333681 19 17335478 1.120E-04 2.84E-02 Gcnt1

rs30511916 19 17024082 1.120E-04 2.84E-02 Prune2

rs37426581 19 18788643 3.050E-04 2.68E-02 Trpm6

rs30357164 19 16508059 6.030E-04 −2.81E-02 Gna14

rs36505593 19 18603958 8.920E-04 2.59E-02 Ostf1

rs29059597 20 57836749 9.900E-04 2.96E-02 Tnni1

SNP = single-nucleotide polymorphism; GWAS = genomewide association study; BP = base pair.
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Table 2.

Genes Induced by LPS in Macrophages and That Also Correlated to LPS-Induced Bone Loss

Probe Set ID Gene symbol Bicor p Value

1451610_at Cxcl17 −0.308918018 0.010371218

1421404_at Cxcl15 −0.285037736 0.018472638

LPS = lipopolysaccharide.
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Table 3.

Genes Induced by LPS in C57BL/6J Mice But Not in A/J Mice

Gene symbol A/J LPS C57BL/6J LPS Fold change (FC) Lower bound of FC Upper bound of FC t Statistic p Value

Ccl4 180.52 1042.14 5.77 5.06 6.71 35.385 0.0011

Ccl7 145.1 515.64 3.55 3.33 3.8 52.477 0.0006

Cxcl10 155.66 2993.66 19.23 17.09 21.93 49.5 0.0095

Cxcl9 221.42 8606.48 38.87 34.27 44.6 29.918 0.0208

LPS = lipopolysaccharide.
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