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Abstract

Bone destruction in inflammatory osteolytic diseases including periodontitis is related to excessive 

activity of osteoclasts (OC), which originate from precursor cells of the myeloid lineage, termed 

osteoclast precursors (OCP). In contrast to ample knowledge that we currently have on mature OC, 

little is known about OCP and their regulation during bacterial infection. Therefore, this study 

aimed to identify and characterize OCP following chronic infection with a periodontal bacteria 

Porphyromonas gingivalis (Pg). We used a micro-osmotic pump to continually release Pg 
subcutaneously in a murine model. Two weeks after Pg infection, the frequency of CD11b+c-fms
+Ly6Chi population is significantly elevated within the bone marrow, spleen and peripheral blood. 

In vitro and in vivo studies identified these cells as the OCP-containing population and Pg 
infection significantly enhanced the osteoclastogenic activity of these cells. Furthermore, mRNA 

sequencing analysis indicated a unique gene and pathway profile in CD11b+c-fms+Ly6Chi 

population following Pg infection, with changes in genes and pathways related to OC 

differentiation, cell proliferation and apoptosis, inflammatory response, phagocytosis and 

immunity, as well as antigen processing and presentation. Moreover, using IL-6 knockout mice, 

we found that IL-6 is important for Pg-induced accumulation of CD11b+c-fms+Ly6Chi population 

from the bone marrow and periphery. Our results provide new insights into the characterization 

and regulation of OCP following a chronic bacterial infection. This knowledge is relevant to the 
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understanding of the pathogenesis of bacteria-induced bone loss, and to the identification of 

potential therapeutic targets of bone loss diseases.

Graphical Abstract

Summary sentence:

Chronic Porphyromonas gingivalis infection promotes CD11b+c-fms+Ly6Chi OCP accumulation 

in BM and periphery through elevated serum IL-6 and enhances their osteoclastogenic potential 

through changed gene signatures
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1. INTRODUCTION

Excessive frequency and activity of osteoclasts (OC), the body’s exclusive bone resorbing 

cells, is a characteristic feature of pathological bone loss diseases such as periodontitis, 

rheumatoid arthritis (RA) and osteoporosis [1, 2]. OC are large, multinucleated cells 

differentiated from the myeloid/monocyte/macrophage lineage of the hematopoietic stem 

cells (HSC), the common precursors for macrophages and dendritic cells, following 

stimulation with the key factors, macrophage colony-stimulating factor (M-CSF) and 

receptor activator of NF-κB ligand (RANKL) [3]. M-CSF and RANKL exert their effect by 

binding to c-fms (also known as CD115) and RANK, respectively, expressed on osteoclast 

precursors (OCP). In contrast to OC, which are tightly attached to bone matrix, OCP are 

present in bone marrow (BM) and periphery. And OC can be induced in vitro from BM, 

spleen (SPL) and peripheral blood (PB) cells in the presence of M-CSF and RANKL. It’s 

believed that the life span of individual HSC-derived OC is as short as a few weeks, and that 

a perpetual supply of OCP is required for the frequent renewal of OC for optimal postnatal 

maintenance and function [4, 5]. While it has been well known about osteoclasts, the 

identity of the osteoclast precursor population is still poorly defined, especially in bacterial 

infection.
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OCP are identified by their expression markers. Regardless of many attempts to determine a 

specific precursor population for OC, it has been shown that multiple myeloid populations 

contain the potential of generating OC in vitro [6–10]. In physiological murine BM, OCP 

are identified as expressing B220−CD3−CD11b−/loCD115+ and either CD117hi, CD117int or 

CD117low, while in SPL and PB, OCP shared the same phenotype: 

B220−CD3−NK1.1−CD11b+Ly6Chi CD115+CCR2hiC×3CR1+ [11, 12]. In arthritis disease 

model, OCP are reported as CD11b–/loLy6Chi population, CD11b+CD115+Ly6Chi 

population or CD11b+CD115+Ly6C− population by different groups [9, 10, 13]. Overall, 

there are still controversial results about the cell surface markers of OCP, which mainly 

differ in the expression or lack of expression of CD11b and Ly6C, and if OCP markers are 

location-specific and/or disease-specific.

Under physiological conditions, only a small population of cells in BM, SPL or PB are able 

to differentiate into OC. However, given their precursor nature and wide distribution, OCP 

are highly plastic and dynamic, and are sensitive to environmental changes. Thus, it has been 

shown that inflammatory arthritis increases the number and function of circulating OCP 

[14], and that the number of OCP correlates with disease severity, as well as with the 

efficacy of therapies in arthritis [15, 16]. In addition, a significant upregulation in the 

frequency and osteoclastogenic activity of circulating OCP was also observed in patients 

with late-stage chronic kidney disease and on hemodialysis [17]. However, the nature and 

regulation of OCP during a chronic bacterial infection remain unclear.

Periodontitis is a dysbiotic inflammatory disease characterized by periodontal inflammation 

and alveolar bone loss, and is the leading cause of tooth loss in adults [18–20]. In addition, 

substantial epidemiological evidence suggest the association of periodontitis with systemic 

diseases/conditions, including rheumatoid arthritis (RA), osteoporosis, diabetes, preterm 

births, cardiovascular diseases, and Alzheimer’s disease [19, 21]. It is generally accepted 

that Porphyromonas gingivalis (Pg) is the keystone pathogen of periodontitis [22–24]. 

Importantly, animal and human studies have shown that Pg can disseminate from local 

infection sites to distal sites via the circulatory system and cause bacteremia [25–30]. Our 

previous in vitro studies have shown that Pg can inhibit OC differentiation from non-

committed OCP, while enhancing the osteoclastogenesis of RANKL-committed OCP [31]. 

Recently, using an in vivo mouse calvarial infection model, our results showed that short 

term and localized Pg infection can upregulate the number and the osteoclastogenic activity 

CD11b+c-fms+ OCP population of BM and SPL [32]. Yet, the role of CD11b and Ly6C on 

Pg-induced OCP, their gene signature changes and their regulation remain to be established, 

especially in a chronic inflammation model.

In the present study, we sought to further address the effect of Pg on the regulation of the 

frequency and function of OCP in chronic infection, using an osmotic pump releasing 

system. We identified that the CD11b+c-fms+Ly6Chi population is increased in BM and 

periphery following Pg infection, and that this population is able to differentiate into OC in 
vitro as well as in vivo. In addition, Pg infection enhanced the osteoclastogenic activity of 

CD11b+c-fms+Ly6Chi populations from BM and periphery. Furthermore, analysis of mRNA 

sequencing of CD11b+c-fms+ Ly6Chi populations in control and Pg-infected mice 

demonstrated that these cells have unique genes and pathway characteristics after Pg 
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infection, with changes in genes and pathways related to OC differentiation, cell 

proliferation and apoptosis, inflammation, phagocytosis and immunity, as well as antigen 

processing and presentation. Moreover, we found that IL-6 participates in the regulation of 

Pg-mediated accumulation of CD11b+c-fms+Ly6Chi population of BM and SPL in our 

model system. Our results provide new insight into the characterization and regulation of 

OCP following a chronic bacterial infection, which will be relevant for our understanding of 

the pathogenesis of bacteria-induced bone loss, as well as for the identification of 

therapeutic targets of bone loss diseases.

2. MATERIALS AND METHODS

2.1 Mice

C57BL/6 wild type (WT) and B6.129-IL6tm1kopf/J (IL-6−/−) mice were originally obtained 

from Jackson Laboratories. mT/mG;c-fms-Cre mice on a C57BL/g background were 

generated by crossing c-fms-Cre mice with a global-fluorescence Cre reported mouse line 

termed mT/mG mice[33, 34]. All mice were bred and maintained in an environmentally 

controlled, pathogen-free animal facility at the University of Alabama at Birmingham 

(UAB). All animal procedures were performed according to the National Institute of Health 

(NIH) guidelines, and protocols were approved by the UAB Institutional Animal Care and 

Use Committee.

2.2 Bacteria culture

Pg ATCC 33277 was cultured and maintained on enriched trypticase soy agar plates 

containing 1% yeast extract, 5% defibrinated sheep blood, 5 μg/ml hemin, and 1 μg/ml 

menadione, at 37°C in an anaerobic atmosphere of 10% H2, 5% CO2, and 85% N2 [32]. To 

prepare Pg for infection, the bacteria were grown in trypsin soy broth (BD Biosciences) 

containing 1% yeast extract, 5 μg/ml heme and 2.5 μg/ml menadione. The bacteria were 

collected by centrifugation and washed in PBS, and the number of bacteria (colony-forming 

units/ml) was determined by measuring the optical density at 600 nm and extrapolating 

using a standard curve, with a culture of OD600 of 1 equals 109 CFU/ml [32].

2.3 Infection model

Mice (8–10 weeks of age) were anesthetized and prepared for the dorsolumbar implantation 

of the micro-osmotic pumps (model 1002, Alzet Osmotic Pumps) as previously described 

[35]. This pump system has a reservoir volume of 100 μl and allows for the continuous 

delivery of capsule solutions for 14 days without the need for external connections or 

frequent handling of animals. Pg infected mice were implanted with pumps (one pump/

mouse) containing a single dose of 100 μl of bacteria (2×1010 CFU/ml). Control mice were 

implanted with pumps containing PBS. Mice were sacrificed at day14.

2.4 FACS analysis and cell sorting

Single-cell suspensions were prepared from BM, SPL or PB, as previously described [31, 

32, 35, 36]. Briefly, femur and tibiae were isolated and both ends of the bones were cut off 

and bone marrow was flushed with PBS using a 25-gauge needle. Bone marrow was then 

mechanically dispersed through a 100-μm cell strainer to prepare single-cell suspensions. 
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Erythrocytes were removed using BD Pharm Lyse™ lysis buffer (BD biosciences) [31]. To 

harvest the SPL cells, spleens were isolated and minced through a 100-μm cell strainer in 

PBS and removed of erythrocytes with lysis buffer [35]. For the PB cells, blood (~500 μl) 

was collected via retro-orbital bleeding, followed by lysis of erythrocytes [36]. 

Subsequently, cells were suspended in FACS buffer (PBS containing 5% bovine serum 

albumin) and stained with CD11b (M1/70)-FITC (11-0112-82), CD115 (c-fms) (AFS98)-

APC (17-1152-82) and Ly-6C (HK1.4)-PE-Cyanine7 (25-5932-82) (eBioscience). FACS 

analysis was done with a LSR II flow cytometer (Becton Dickinson), followed by data 

analysis with FlowJo (Tree Star). Cell sorting was done on a FACSAria II system (BD).

2.5 In vitro osteoclastogenesis assays

To induce OC differentiation, BM, SPL and PB cells were cultured in 24-well plates at a 

density of 1×105 cells/well (BM) or 2×105 cells/well (SPL and PB) in osteoclastogenic 

medium (α-MEM supplemented with 10% FBS, 5% M-CSF, and 100 ng/ml RANKL) for 5–

7 days. Sorted cells from BM or SPL were cultured in 96-well plates (104 cells/well) for 4–6 

days. Cells were stained for tartrate-resistant acid phosphatase (TRAP) activity using a 

leukocyte acid phosphatase kit (Sigma). TRAP+ multinucleated cells (MNCs, ≥ 3 nuclei) 

were considered as OC [32]. To evaluate F-actin ring formation of OC, differentiated cells 

were fixed, permeabilized, and stained with Rhodamine Phalloidin (Invitrogen) [32]. For in 
vitro bone resorption assay, OC differentiation was induced in 48-well plates (2 × 104 cells/

well) containing bovine cortical bone slices. Bone slices (thickness: 0.25–0.5 mm) were 

prepared from bovine long bones as previously described [37, 38]. Bone slices were 

harvested on day 7 or day 9, and cells were removed by sonication in PBS, and then washed 

with 0.3% H2O2 for 30 min. Resorption pits were visualized by staining with wheat germ 

agglutinin (WGA) (Sigma) and 3,3′-diaminobenzidine (DAB) (Vector laboratories), and 

analyzed by Image J software (NIH).

2.6 Adoptive cell transfer

Micro-osmotic pumps loaded with Pg as described above were implanted in mT/mG;c-fms-

Cre mice. These mice express membrane-targeted tandem dimer Tomato (mT) prior to Cre-

mediated excision and green fluorescence protein (GFP) after Cre excision [33]. Fourteen 

days later, CD11b+c-fms+Ly6Chi population was sorted from the SPL of these Cre mice by 

flow cytometry, and suspended in PBS at a concentration of 5×106 cells/ml as the donor 

cells. Recipient C57BL/6 WT mice were first injected with Pg (1×108 CFU in 20 μl of PBS) 

into their cranial suture on day 0 to initiate osteoclastogenesis [9]. On day 1 and day 4, 100 

μl of purified donor cells (5×105 cells) or PBS were transferred to the recipient mice via tail 

vein injection. Calvariae of the recipient mice were harvested on day 7 for histological 

analysis.

2.7 Histology and Immunofluorescent staining

Calvariae were decalcified with 10% EDTA and tissue sections (5 μm) were prepared as 

previously described [32]. Sections were incubated with the primary mouse anti-mouse GFP 

antibody (Abcam, ab1218), followed by secondary Alexa Fluor 488 goat anti-mouse IgG 

(Life Technologies, A-10680). Nuclei were labeled by DAPI (Sigma), and the fluorescence 
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staining was observed under a fluorescent microscope (Olympus 1000, Nikon). OC 

differentiation was examined by TRAP staining as described above.

2.8 Cytokine analysis

Blood was collected at 0 h, 6 h and day 14 after the implantation of the pump. Serum was 

obtained and analyzed for the levels of IL-6 by ELISA (eBioscience) according to the 

manufacturer’s instructions.

2.9 Quantitative PCR (qPCR) analysis

For analysis of OC-related genes, FACS-sorted cells from BM or SPL were cultured in 24-

well plates (105 cells/well) in osteoclastogenic medium for 48 h. For validation of RNA-seq, 

FACS-sorted cells from SPL were directly used for RNA extraction. Total RNA was 

extracted using a miRNeasy Mini kit (QIAGEN), and reversed transcribed to cDNA with a 

SuperScript™ III First-Strand Synthesis System (Invitrogen). qPCR was done with TB 

Green™ Advantage® qPCR Premix (Clontech) on a Roche Real-Time PCR System. 

Relative expression of OC-related genes was normalized to β-actin gene. Primers used are 

listed in Supplementary Table 1 [39–41].

2.10 RNA-seq and data analysis

Total RNAs were isolated from SPL CD11b+c-fms+Ly6Chi population of control and Pg-

infected mice, and were sent to the GENEWIZ company (South Plainfield, NJ) for 

sequencing and bioinformatics analysis. Heatmap was generated from significantly regulated 

genes using R (v3.1.1). For downstream statistical analysis, differentially expressed genes 

(DEGs) were used, with an average mRNA expressions above 50 and a fold change greater 

than 1.5 [42]. Gene Set Enrichment Analysis (GSEA) was performed according to the 

instructions from the Broad Institute.

2.11 Statistical analysis

All results are expressed as mean ± SD. Statistical significance was determined by a two-

tailed Student’s t-test or ANOVA analysis using GraphPad Prism 8 (San Diego, CA). A P 
value less than 0.05 was considered significant.

3. RESULTS

3.1 Osteoclastogenic activity of BM and peripheral cells is enhanced following Pg 
infection

In this study, we established a chronic infection in mice, using a subcutaneous osmotic pump 

system that continually released Pg for 14 days [35]. The in vitro osteoclastogenic potential 

of BM, SPL and PB cells following Pg infection was determined by the induction of TRAP+ 

multinuclear cell (MNC) formation in the presence of RANKL and M-CSF. Our results 

showed that RANKL induced a significantly higher number of OC formation in BM cell 

cultures from Pg-infected mice, compared with non-infected control mice (Fig. 1A,B). 

Similarly, OC formation from SPL and PB cells were also significantly increased following 

Pg infection (Fig. 1A,C and D). These results demonstrate that the osteoclastogenic potential 
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of BM and peripheral cells is enhanced following chronic subcutaneous infection of mice 

with Pg.

3.2 CD11b+c-fms+Ly6Chi population accumulates in BM and periphery following Pg 
infection

An enhancement in the osteoclastogenic activity of BM and peripheral cells following Pg 
infection could result from an increased OCP pool in BM and periphery, or from an 

augmented ability of OCP to differentiate into OC. To determine if there is an increase in the 

OCP pool in BM and periphery following Pg infection, we analyzed the percentage of 

potential OCP populations in BM, SPL and PB by flow cytometry with antibodies to 

CD11b, c-fms and Ly6C. Mice infected with Pg showed a significant increase in the 

frequencies of CD11b+, c-fms+, and CD11b+c-fms+ cells in BM compared with control 

mice, while the frequency of the CD11b−c-fms+ population was significantly decreased 

within BM after Pg infection (Fig. 2A). Further characterization of the percentage 

distribution of Ly6C− and Ly6C+ populations within the CD11b+c-fms+ population showed 

that the frequency of CD11b +c-fms + Ly6Chi population in BM was significantly elevated 

after Pg infection, while there was no significant difference in the frequency of CD11b+c-

fms+Ly6C− population. (Fig. 2A). Moreover, the frequency of CD11b+c-fms+Ly6Chi 

population was over 20 fold higher than that of CD11b+c-fms+Ly6C− population in BM 

after Pg infection. No significant difference was observed in the total numbers of BM cells 

between Pg-infected mice and non-infected controls (Fig. 2B).

In SPL, Pg infection led to a significant increase in the frequencies of CD11b+, c-fms+, 

CD11b+c-fms+ populations, as well as CD11b−c-fms+ population (Fig. 2C). However, the 

CD11b−c-fms+ population only represented less than 0.5% of the total SPL cell population, 

and were approximately 20-fold fewer than CD11b+c-fms+ population in SPL after Pg 
infection. Further analysis of the Ly6C expression on CD11b+cfms+ population showed that 

both CD11b+c-fms+Ly6Chi and CD11b+c-fms+Ly6C− populations were significantly 

elevated within Pg-infected mice. However, the frequency of CD11b+c-fms+Ly6Chi 

population was significantly higher than that of CD11b+c-fms+Ly6C− population in SPL 

after Pg infection (Fig. 2C). Furthermore, the number of total SPL cells increased 

significantly following Pg infection (Fig. 2D). Similar results were detected within PB cells 

following Pg infection (Fig. 2E,F). These results indicate that CD11b+c-fms+Ly6Chi 

population is the major monocytic population that increases in the BM and periphery 

following Pg infection.

3.3 Osteoclastogenic ability of CD11b+c-fms+Ly6Chi population is enhanced after Pg 
infection

Next, we assessed the ability of CD11b+c-fms+Ly6Chi population to differentiate into OC. 

CD11b+c-fms+Ly6Chi and CD11b+c-fms+Ly6C− populations were sorted from BM and 

SPL, then RANKL-induced OC formation was evaluated. We found that CD11b+c-fms
+Ly6Chi population is able to generate significantly more OC than CD11b+c-fms+Ly6C− 

population (Fig. 3A,C). Moreover, Pg infection significantly promoted OC formation from 

CD11b+c-fms+Ly6Chi population. To examine the function of OC generated from CD11b+c-

fms+Ly6Chi population, RANKL-induced F-actin ring formation and bone resorption 
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activity were determined. F-actin ring formation was observed in CD11b+c-fms+Ly6Chi 

population within BM and SPL of control and Pg-infected mice (Fig. 3B,D). Notably, 

increased F-actin ring+ cells and bigger F-actin ring were observed in CD11b+c-fms+Ly6Chi 

population in Pg-infected mice. WGA staining of bone slices cultured with CD11b+c-fms
+Ly6Chi population further confirmed an enhanced bone resorption activity of OC derived 

from CD11b+c-fms+Ly6Chi population of Pg-infected mice, relative to those of control mice 

(Fig. 3C,F). This demonstrates that the frequency of CD11b+c-fms+Ly6Chi population 

increased in BM and periphery, as well as their osteoclastogenic ability was enhanced after 

Pg infection.

3.4 CD11b+c-fms+Ly6Chi population is able to differentiate into OC in vivo

Next, we tracked the ability of CD11b+c-fms+Ly6Chi population to differentiate into mature 

OC in vivo. CD11b+c-fms+Ly6Chi population was sorted from the BM of Pg-infected mT/

mG;c-fms-Cre mice as donor cells. Subsequently, sorted cells were injected intravenously 

into recipient C57BL/6 WT mice, in which calvarial inflammatory osteolysis had been 

initiated a day earlier. Six days after adoptive cell transfer, we were able to observe donor-

derived GFP+/c-fms+ cells which are also TRAP+ and multinucleated, in the calvaria of 

recipient mice (Fig. 4). However, in the control recipient mice receiving PBS intravenously, 

only host-derived TRAP+ OC without GFP signal were detected (Fig. 4). This demonstrates 

that CD11b+c-fms+Ly6Chi population is capable of differentiating into OC in vivo.

3.5 CD11b+c-fms+Ly6Chi population in Pg-infected mice have increased sensitivity to 
RANKL-induced OC gene expression

RANKL stimulates osteoclastogenesis through inducing the expression of numerous genes, 

such as Ctsk (Cathepsin K), MMP9 (Matrix metallopeptidase 9), OC-associated receptor 

(Oscar), OC stimulatory transmembrane protein (OCstamp) and Atp6v0d2 [43]. To address 

the molecular basis of the increased osteoclastogenic activity of CD11b+c-fms+Ly6Chi OCP 

in Pg-infected mice, we examined the expression of Ctsk, MMP9, Oscar, OCstamp and 

Atp6v0d2 mRNA in these cells from BM and SPL of the control and Pg-infected mice. 

Comparable levels of OC gene expression were seen between BM and SPL CD11b+c-fms
+Ly6Chi population obtained in control and Pg-infected mice (data not shown). Significantly 

higher levels of OC gene expression were observed in the BM and SPL cells from Pg-

infected mice relative to control mice following 48 h RANKL stimulation (Fig. 5A,B). 

These results indicate that the sensitivity of CD11b+c-fms+Ly6Chi OCP to RANKL-induced 

OC gene expression is increased after Pg infection.

3.6 Pg infection induces a unique gene expression profile in CD11b+c-fms+Ly6Chi OCP

To further understand the possible mechanisms underlying the increased osteoclastogenic 

potential of OCP following Pg infection, RNA-Seq analysis was done with CD11b+c-fms
+Ly6Chi population sorted from SPL of control and Pg-infected mice. Lots of gene 

expression in CD11b+c-fms+Ly6Chi population was affected by Pg infection, with a total of 

1076 genes being upregulated and a total of 963 genes being downregulated (Fig. 6A). 

Importantly, gene expression of Irf8, Mafb, NR4A1 and ApoE, which have been shown to 

negatively regulate OC differentiation [40, 44], were significantly downregulated in CD11b
+c-fms+Ly6Chi population following Pg infection (Fig. 6B). Moreover, gene expressions of 
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S100A8 and S100A9, which are calcium-binding proteins known to promote OC 

differentiation [45, 46], were significantly increased in CD11b+c-fms+Ly6Chi population in 

Pg-infected mice (Fig. 6B). We also observed a significant upregulation of Foxm1 gene in 

CD11b+c-fms+Ly6Chi population of Pg-infected mice, which was recently reported as a 

critical regulator of the osteoclastogenic potential of OCP in the arthritic joints of mice, and 

contributes to arthritis-induced bone destruction [41]. The differential regulation of these 

genes in OCP following Pg infection was confirmed by qPCR (Fig. 6C).

Furthermore, GSEA showed that multiple signaling pathways related to cell proliferation 

were notably enhanced in CD11b+c-fms+Ly6Chi population from Pg-infected mice (Fig. 

6D). Consistently, the apoptosis pathway was decreased in CD11b+c-fms+Ly6Chi population 

after Pg infection, which may explain the accumulation of this cell population in Pg-infected 

mice. GSEA also showed downregulation of pathways related to inflammation, phagocytosis 

and immunity, as well as antigen processing and presentation, in CD11b+c-fms+Ly6Chi 

population in Pg-infected mice. Noteworthy, the main downregulation involved interferon 

responses (IFN-γ and IFN-α) (Fig. 6D, E). Genes such as Ifit3, Irf1, Irf8, Ifna1, Ifngr1, 

Ifngr2 and Ifnar2 were dramatically downregulated in CD11b+c-fms+Ly6Chi population in 

Pg-infected mice compared with controls (Fig. 6F). Taken together, the data indicate that Pg 
infection promote the osteoclastogenic activity of BM and peripheral cells by priming 

CD11b+c-fms+Ly6Chi OCP toward OC lineage rather than inflammatory monocytes or 

macrophages.

3.7 IL-6 deficiency impairs Pg-induced accumulation of CD11b+c-fms+Ly6Chi OCP within 
BM and SPL

IL-6 is known to be induced by Pg, regulate bone homeostasis and inhibition of IL-6 is 

beneficial for the treatment of bone destruction in RA [47]. To determine if IL-6 participate 

in Pg-induced regulation of CD11b+c-fms+Ly6Chi OCP, we first analyzed the serum IL-6 

response following Pg infection. Significantly increased serum IL-6 levels were observed at 

6 h and 14 days after Pg infection in WT mice compared to control mice (Fig. 7A). We next 

investigated if Pg infection could induce the accumulation of CD11b+c-fms+Ly6Chi OCP of 

BM and SPL of IL-6 KO mice. Compared to IL-6 KO mice, the percentage of CD11b+c-fms
+Ly6Chi population of BM (Fig. 7B) and SPL (Fig. 7D) of WT mice showed no significant 

difference. However, unlike WT mice, Pg infection of IL-6 KO mice was unable to induce a 

significant augmentation in the frequency of CD11b+c-fms+Ly6Chi population of BM and 

SPL. In addition, no significant difference in the number of total BM and SPL cells was 

observed in IL-6 KO mice following Pg infection (Fig. 7C,E). These results indicate that 

IL-6 participates in accumulation of CD11b+c-fms+Ly6Chi OCP in BM and SPL mediated 

by Pg.

We further tested the osteoclastogenic ability of BM and SPL cells from IL-6 KO mice after 

Pg infection. Results showed that basal levels of OC formation were comparable between 

WT and IL-6 KO mice; however, Pg infection failed to enhance the osteoclastogenic ability 

of BM and SPL cells from IL-6 KO mice, as seen in WT mice (Fig. 7F). These results 

suggest that although IL-6 participates in Pg-induced accumulation of CD11b+c-fms+Ly6Chi 

OCP, endogenous IL-6 does not affect RANKL-induced OC differentiation of these cells.
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4 DISCUSSION

Periodontitis is a chronic infectious disease induced by the key pathogen Pg, and 

characterized by irreversible bone loss. Elucidating the mechanisms leading to Pg-induced 

bone loss is of great importance for us understanding the pathogenesis of the disease and 

developing more effective treatments. In recent years, the focus of numerous investigations 

has been on the importance of OCP in autoimmune/autoinflammatory diseases of bone 

disorders; however, there is still limited knowledge on the role of OCP in bacterial 

infections. Furthermore, the identification of OCP in different tissues and in different disease 

conditions is a controversial issue. In this study, using a mouse model of chronic infection, 

we show that the Pg significantly enhances the osteoclastogenic activity of BM, SPL and PB 

cells, which is predominantly mediated by the increased frequency and osteoclastogenic 

activity of CD11b+c-fms+Ly6Chi population.

The current identification of cell surface markers of OCP are remarkably varied. Positive 

expression of c-fms is well established in OCP from the BM, SPL and PB under 

physiological and arthritic conditions [10, 11]. CD11b is another important marker used for 

the identification of OCP. While BM CD11b−/low cells in mice were reported as OCP under 

physiological condition and in an inflammatory arthritis model [9, 11], other studies 

identified positive expression of CD11b as an important marker of OCP in SPL and PB 

under physiological conditions and in the BM and PB of the hTNF-α–Tg arthritis model [4, 

11, 13]. In the current study, we observed that both CD11b−c-fms+ and CD11b+c-fms+ 

populations were able to differentiate into OC in vitro in the presence of RANKL (data not 

shown). However, a significantly higher percentage of CD11b+c-fms+ population, as 

compared to CD11b−c-fms+ population, was found within the BM, SPL and PB. 

Furthermore, Pg chronic infection significantly increased the frequency of CD11b+c-fms+ 

population in BM, SPL and PB. Although controversial, Ly6C has been used as an important 

marker for the identification of OCP [9, 10, 41, 48]. In the present study, the frequency of 

CD11b+c-fms+Ly6Chi population increased significantly within the BM, SPL and PB after 

Pg infection. Furthermore, a stronger osteoclastogenic activity than that seen within CD11b
+c-fms+Ly6C− cells was shown in vitro, and the ability of CD11b+c-fms+Ly6Chi population 

to differentiate into OC in vivo was confirmed. Along these lines, studies have demonstrated 

that CD11b+c-fms+Ly6Chi population is critical for bone erosion in arthritis [8, 13]. 

However, current research on OCP markers is somewhat perplexing. It’s well known that 

OC are derived from HSC and during this process, CD11b and c-fms expression changes 

from negative to positive [6, 49]. On the other hand, it has been reported that Ly6C− cells are 

converted from Ly6Chi cells [50]. Hence, it is reasonable to suggest that OCP express 

different markers under different circumstances and disease conditions. This might explain 

the various findings by different investigators [8–10, 13].

It has been shown that RANKL-induced osteoclastogenesis from OCP requires the 

activation of a subset of genes, such as Ctsk, Mmp9, Oscar, Ocstamp, and Atp6v0d2 [43]. 

Our results demonstrated a significant increase in these OC-related gene expression in 

CD11b+c-fms+Ly6Chi population of Pg-infected mice following RANKL stimulation. This 

observation supports the notion that OC derived from these cells exhibited an increase in 

size, bigger F-actin rings, and an increase in bone resorptive function. However, no 
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significant difference was observed in the basal expression level of these OC genes in 

CD11b+c-fms+Ly6Chi population of control and Pg-infected mice in the absence of RANKL 

stimulation, suggesting that although CD11b+c-fms+Ly6Chi population of Pg-infected mice 

have enhanced osteoclastogenic potential, they are not set to the OC lineage. Therefore, 

these cells should still be able to differentiate into macrophages and dendritic cells under 

certain circumstances, as OCP are highly plastic [9, 11, 12].

Our RNA-seq data revealed comparable expression of OC-specific genes, e.g., Ctsk and 

MMP9, in CD11b+c-fms+Ly6Chi population of Pg-infected and non-infected mice (data not 

shown). However, a unique gene profile was identified in CD11b+c-fms+Ly6Chi population 

after Pg infection. Genes reported as positive regulators of OC differentiation, such as 

S100A8, S100A9, and Foxm1 [41, 45, 46], were significantly upregulated in CD11b+c-fms
+Ly6Chi population of Pg-infected mice, whereas genes known as negative regulators of OC 

differentiation, like Irf8, Mafb, NR4A1 and ApoE [40, 44, 51, 52], were significantly 

downregulated in these cells. This outcome may account for the increased osteoclastogenic 

potential of these cells following Pg infection. Furthermore, GSEA results showed that the 

IFN pathway was the most downregulated signaling pathway, and that numerous genes 

associated with the IFN pathway were also downregulated in CD11b+c-fms+Ly6Chi OCP 

obtained from Pg-infected mice. It has been reported previously that Pg can negatively 

regulate the IFN signaling pathway in gingival epithelial cells [53]. Moreover, the IFN 

signaling pathway was shown to be involved in the inhibition of osteoclastogenesis [54–56], 

and IFN-γR−/− mice showed an exacerbated OC activity in endotoxin-induced bone 

resorption [57]. Thus, the decreased response to the IFN signal, could also be responsible for 

the enhanced osteoclastogenic activity of CD11b+c-fms+Ly6Chi population following Pg 
infection. Our RNA-Seq data also demonstrated an upregulation in cell division and 

differentiation pathways, as well as a downregulation in inflammatory, cytokine and antigen 

presenting pathways in CD11b+c-fms+Ly6Chi population, following Pg infection. These 

results further suggest that Pg infection skews CD11b+c-fms+Ly6Chi population toward OC 

and not to macrophage and dendritic cell differentiation. Overall, the RNA-seq data provides 

insight into potential downstream signaling pathways implicated in the enhanced 

osteoclastogenic activity of CD11b+c-fms+Ly6Chi population following Pg infection. 

However, elucidation of these pathways will be an important task of future investigations.

IL-6 is a pleiotropic cytokine that is critical in the pathogenesis of various bone diseases, 

including RA, osteoporosis, and bone-metastatic cancers [58–60]. Considerable evidence 

has accumulated indicating that serum IL-6 levels can predict postmenopausal bone loss 

[61]. Studies have also shown that IL-6 concentrations in the synovial fluid correlate with 

the severity of joint damage and the number of erosions in RA patients [62]. Blockade of 

IL-6 has been shown to mediate protection against joint destruction and to suppress disease 

activity in RA patients [47]. In the present study, we found that Pg infection resulted in a 

significant increase in serum IL-6 levels in WT mice, and that IL-6 deficiency impairs Pg-

induced accumulation of CD11b+c-fms+Ly6Chi OCP within the BM and SPL. Elevated IL-6 

concentrations were noted in salivary and periodontal tissues of periodontitis patients [63, 

64]. In addition, lower numbers of OC and decreased bone lesions were found in a 

periodontitis model using IL-6 deficient mice [65]. Furthermore, it has been shown that IL-6 

can regulate RANKL-induced OC differentiation and function, although both positive and 
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negative effects have been reported [66–68]. Our study further showed that BM and SPL 

cells obtained from WT and IL-6 KO mice have comparable osteoclastogenic potential in 

response to RANKL, indicating that endogenous IL-6 is not required for RANKL-induced 

OC differentiation. Therefore, it is possible that IL-6 regulates pathological bone loss by 

regulating the expansion of the OCP cell pool. Understanding the molecular mechanisms 

that regulate Pg-induced OCP expansion is most relevant to the development of potential 

therapeutic targets aimed at reducing the number of OCP cells and controlling Pg-induced 

bone destruction.

There is growing evidence indicating that periodontal infection increases the risk of systemic 

diseases including RA, osteoporosis, diabetes, preterm births, cardiovascular diseases, and 

Alzheimer’s disease [19, 21]. It is believed that periodontitis can induce a systemic 

inflammatory state through mechanisms that include dissemination of inflammatory 

mediators, periodontal bacteria and/or their products [19, 69]. Periodontitis-associated 

bacteremias have been demonstrated in animal and human studies [26, 28–30]. In addition, 

studies have shown that Pg in the bloodstream can translocate into various tissues such as 

coronary arteries, placenta, and brain [25–27, 70]. Our results that regulation of precursor 

populations in BM and periphery following systemic Pg infection may provide new evidence 

underlying the linkage between periodontitis and systemic diseases. Indeed, consistent with 

our finding that Pg infection increases the number and osteoclastogenic function of OCP in 

BM and periphery, it has been shown that patients with periodontitis have increased 

osteoclastogenic function in peripheral blood mononuclear phagocytes [71]. In addition, a 

recent study using TNFtg mice as the chronic peripheral inflammation model, showed that 

the peripheral inflammation could cause a region-specific myeloid response in the central 

nervous system[72]. It is possible that such an increase of OCP will also contribute to bone 

loss in sites other than the alveolar bone in case of the presence of osteoclastogenic and 

inflammatory mediators at the remote sites. On the other hand, a marked increase in OCP 

frequency in the circulation was observed in psoriatic arthritis patients [73]. It is also 

possible that these OCP may reach the inflamed periodontal tissues, hence promoting 

alveolar bone loss.

Overall, the current study demonstrated that in a mouse model infected with the periodontal 

pathogen Pg, BM and peripheral CD11b+c-fms+Ly6Chi monocytic cells constitute an OCP 

population characterized by increased cell numbers and osteoclastogenic function. 

Moreover, our findings indicate that IL-6 is important for regulating the accumulation of 

these OCP. We further showed that following Pg infection there is a distinct transcriptional 

profile of genes related to OC differentiation and inflammatory signaling pathways that are 

not seen in the absence of infection. This is most relevant as specific transcriptional 

signatures induced by Pg infection can be associated with the resulting increase in OCP and 

their distinct profiles may provide new insights for effective treatment of infection/

inflammation-mediated bone destruction.
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ABBREVIATIONS

BM bone marrow

HSC hematopoietic stem cells

M-CSF macrophage colony-stimulating factor

OC osteoclasts

OCP osteoclast precursors

PB peripheral blood

Pg Porphyromonas gingivalis

RANKL receptor activator of NF-κB ligand

RA rheumatoid arthritis

SPL spleen

TRAP tartrate-resistant acid phosphatase
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FIGURE 1. Osteoclastogenic potential of BM, SPL and PB cells is enhanced following Pg 
infection.
(A) Representative TRAP staining of BM, SPL and PB cells of control (Ctrl) and Pg-

infected mice after 5 days (BM), 6 days (SPL) and 7 days (PB) in the presence of M-CSF 

and RANKL. Scale bar, 200 μm. (B) Numbers of TRAP+ multinucleated cells (MNC) from 

BM cell cultures (n=6). (C) Numbers of TRAP+ MNC from SPL cell cultures (n=8). (D) 

Numbers of TRAP+ MNC from PB cell cultures (n=6). Data are expressed as mean ± SD. 

***P < 0.001.
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FIGURE 2. CD11b+c-fms+Ly6Chi population accumulate in BM, SPL and PB following Pg 
infection.
(A) Representative flow cytometry plots and percentage of myeloid cell population in BM of 

Ctrl and Pg-infected mice. (B) Total cell numbers in BM of Ctrl and Pg-infected mice (n=9 

for Ctrl group and n=8 for Pg-infected group in A and B). (C) Representative flow 

cytometry plots and percentage of myeloid cell populations in SPL of Ctrl and Pg-infected 

mice. (D) Total cell numbers in SPL of Ctrl and Pg-infected mice (n=8 for Ctrl group and 

n=7 for Pg-infected group in C and D). (E) Representative flow cytometry plots and 

percentage of myeloid cell populations in PB of Ctrl and Pg-infected mice. (F) Total cell 

numbers in PB of Ctrl and Pg-infected mice (n=8 for Ctrl group and n=6 for Pg-infected 

group in E and F). Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.

Zhao et al. Page 19

J Leukoc Biol. Author manuscript; available in PMC 2021 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. Osteoclastogenic potential of CD11b+c-fms+Ly6Chi population in BM and SPL is 
enhanced following Pg infection.
(A) TRAP+ MNC in the cultures of BM CD11b+ c-fms+Ly6C− and CD11b+c-fms+Ly6Chi 

populations in Ctrl and Pg-infected mice (n=6). (B) F-actin ring formation in the cultures of 

BM CD11b+c-fms+Ly6Chi populations of Ctrl and Pg-infected mice (n=6). (C) Bone 

resorption area by WGA staining in the cultures of BM CD11b+c-fms+Ly6Chi in Ctrl and 

Pg-infected mice (n=4). (D) TRAP+ MNC in the cultures of SPL CD11b+c-fms+Ly6C− and 

CD11b+c-fms+Ly6Chi populations of Ctrl and Pg-infected mice (n=6). (E) F-actin ring 

formation in the cultures of SPL CD11b+c-fms+Ly6Chi of Ctrl and Pg-infected mice (n=6). 

(F) Bone resorption area by WGA staining in the cultures of SPL CD11b+c-fms+Ly6Chi of 

Ctrl and Pg-infected mice (n=4). Data are expressed as mean ± SD. Scale bar, 100 μm. *P < 

0.05, **P < 0.01, ***P < 0.001.
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FIGURE 4. CD11b+c-fms+Ly6Chi population is able to differentiate into OC in vivo.
Pg was injected into the calvaria of C57BL/6 WT mice on day 0. Mice were then injected 

intravenously with PBS or with CD11b+c-fms+Ly6Chi population of Pg-infected mT/mG;c-

fms-Cre mice on day 1 and on day 4. Calvarial sections were prepared on day 7 and stained 

for GFP, TRAP and DAPI. Images are representative of three independent experiments with 

similar results. Scale bar, 100 μm.
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FIGURE 5. CD11b+c-fms+Ly6Chi population of Pg-infected mice have increased sensitivity to 
RANKL-induced OC gene expression.
(A) mRNA levels of OC genes in BM CD11b+c-fms+Ly6Chi population of Ctrl and Pg-
infected mice treated with RANKL for 48 h (n=6). (B) mRNA levels of OC genes in SPL 

CD11b+c-fms+Ly6Chi population of Ctrl and Pg-infected mice treated with RANKL for 48 h 

(n=6). Data are expressed as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 6. A unique gene expression profile in CD11b+c-fms+Ly6Chi population is induced by 
Pg infection.
Cell sorting was followed by mRNA extraction and RNA-Seq (n=2). (A) Volcano plot 

showing upregulated (red) and downregulated genes (blue) in CD11b+c-fms+Ly6Chi 

population of Pg-infected mice relative to control ones. (B) Changed genes related with OC 

differentiation in CD11b+c-fms+Ly6Chi population of Pg-infected mice relative to control 

ones. (C) mRNA levels of indicated genes in CD11b+c-fms+Ly6Chi population of Ctrl and 

Pg-infected mice (n=6). (D) GSEA of upregulated and downregulated pathways in CD11b
+c-fms+Ly6Chi population of Pg-infected mice relative to control ones ranked by normalized 

enrichment score (NES). (E) The GSEA enrichment plot of the genes related with IFN-α 
and IFN-r and response. (F) Heatmap of differentially expressed genes (DEGs) related with 

IFN-α and IFN-r pathway. Data are expressed as mean ± SD. **P < 0.01, ***P < 0.001.
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Figure 7. IL-6 deficiency impairs Pg-mediated accumulation of CD11b+c-fms+Ly6Chi population 
in BM and SPL.
(A) Serum IL-6 level at 0 h, 6 h and day 14 after Pg infection (n=10). (B) Percentage of 

myeloid cells subpopulations in BM of Ctrl and Pg-infected WT and IL-6 KO mice. (C) 

Total cell numbers in the BM of Ctrl and Pg-infected groups of WT and IL-6 KO mice (n=4 

for WT and IL-6 KO control mice and n=6 for WT and IL-6 KO Pg-infected mice in B and 

C). (D) Percentage of myeloid cells subpopulations in SPL of Ctrl and Pg-infected groups of 

WT and IL-6 KO mice. (E) Total cell numbers in SPL of Ctrl and Pg-infected groups of WT 

and IL-6 KO mice (n=8 for WT control mice, n=6 for IL-6 KO control mice, n=7 for WT 

Pg-infected control mice and n=6 for IL-6 KO Pg-infected mice in D and E). (F) 

Multinucleated TRAP+ OC formation in the cultures of BM and SPL cells from WT and 

IL-6 KO mice with or without Pg infection (n=4 for WT and IL-6 KO control mice and n=6 

for WT and IL-6 KO Pg-infected mice of BM; and n=5 for WT and IL-6 KO control mice 

and n=6 for WT and IL-6 KO Pg-infected mice of SPL). Data are expressed as mean ± SD. 

Scale bar, 200 μm. *P < 0.05, **P < 0.01, ***P < 0.001.
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