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Abstract

Our previous study demonstrated that IL-10 secreting B (B10) cells alleviate inflammation and 

bone loss in experimental periodontitis. The purpose of this study is to determine whether antigen-

specificity is required for the local infiltration of B10 cells. Experimental periodontitis was 

induced in the recipient mice by placement of silk ligature with or without the presence of live 

Porphyromonas gingivalis (P. gingivalis). Donor mice were pre-immunized by intraperitoneal (IP) 

injection of formalin-fixed P. gingivalis, or PBS as non-immunized control. Spleen B cells were 
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purified and treated with LPS and CpG for 48 hours to expand the B10 population in vitro. 

Fluorescence-labeled B10 cells were transferred into the recipient mice by tail vein injection and 

were tracked on day 0, 3, 5 and 10 using IVIS Spectrum in vivo imaging system. The number of 

B10 cells and P. gingivalis-binding B cells were significantly increased after in vitro treatment of 

LPS and CpG. On day 5, the fluorescence intensity in gingival tissues was the highest in mice 

transferred with B10 cells from pre-immunized donor mice. Gingival expression of IL-6, TNF-α, 

RANKL/OPG ratio and periodontal bone loss in recipient mice were significantly reduced, and the 

expression of IL-10 and the number of CD19+ B cells were significantly increased after pre-

immunized B10 cell transfer in the presence of antigen, compared to those with non-immunized 

B10 cell transfer or no antigen presence. This study suggests that antigen specificity dictate the 

local infiltration of B10 cells into periodontal tissue and these antigen-specific B10 cells promote 

anti-inflammatory responses.
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Introduction

IL-10-producing B (B10) cells have been the most studied regulatory B cell subset [1–3]. It 

has been shown to balance immune response during inflammation, autoimmunity and cancer 

[4, 5]. Inflammation and host immune response to periodontal microbiota are major 

characteristic changes elicited in periodontitis [6, 7]. Our recent studies indicated that 

adoptive transfer of B10 cells alleviate experimental periodontal bone loss in vivo [8]. In 

addition, local induction of B10 cells by Porphyromonas gingivalis (P. gingivalis) 

lipopolysaccharide (LPS) and cytosine-phospho-guanine (CpG) oligodeoxynucleotides can 

alleviate inflammation and bone loss in ligature-induced experimental periodontitis mouse 

model [9], indicating that local activation of B10 cells in gingival tissue can increase 

immune regulatory competence and suppress inflammatory response and related bone loss. 

Moreover, in vitro B10 cell activation by P. gingivalis LPS and CpG showed differences in 

expression of IL-10 in P. gingivalis-immunized vs. non-immunized mice B cells [10], 

suggesting that antigen priming may play an important role in B10 cell competence during 

the host immune response.

Although it was unequivocally demonstrated from our previous studies that adoptively 

transferred B10 cells can alleviate periodontal inflammation and bone loss [8], and B10 cell 

function can be induced locally in gingival tissues [9, 11], we have yet to demonstrate the 

direct evidence of local infiltration of B10 cells due to the difficulty of tracking adoptively 

transferred B cells and distinguishing endogenous vs. exogenous B cells. It is still unclear 

about the fate of those adoptively transferred B cells, and their dynamic trafficking from 

circulation into local gingival tissues. Therefore the question remains on how systemically 

originated B10 cells are recruited and directed into gingival tissues. Answering this question 

is important to clarify the mechanism by which activated B10 cells achieve local infiltration 

and is valuable for the design of future targeted therapeutic strategies.
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In the recent years, in vivo optical imaging approach using fluorescence and 

bioluminescence has shown promise for improved rapid analysis and imaging of cancer 

biology [12, 13], infectious diseases [14], and immune system functions [15]. It represents a 

new technology for comprehensively studying living organisms in a less invasive way [16–

18]. While these techniques have been frequently employed to assessing cell trafficking in 

experimental tumor immunology [19], it has not been successfully applied to immune cell 

trafficking in periodontal disease, largely due to the limited accessibility and the complex 

anatomy of periodontium. New methods are needed to successfully visualize and quantify 

targeted cells with fluorescence or bioluminescence imaging over an extended period of 

time, in order to evaluate the process of dynamic immune cell migration and infiltration in 

periodontal tissue without euthanizing the experimental animals.

Additionally, our previous data showing that the local gingival induction of B10 cells with 

LPS and CpG may also involve activation of other type of immune cells in the gingival 

tissue such as T cells, macrophages, which secret IL-10 as well [9]. To clarify the role of 

B10 cells, we expanded the B10 cells with LPS and CpG in vitro and then adoptively 

transferred these cells through tail vein to recipient mice with experimental periodontitis. 

The data showed that transferring B10 cells from P. gingivalis-immunized mice can 

significantly reduce periodontal bone loss of recipient mice as compared to those recipient 

mice transferred with non-B10 cells [8]. However, the mechanism of the systemically-

derived B10 cells function remains unclear. It is critical to understand whether the antigen 

specificity plays a key role in the local infiltration of activated B10 cells. Thus, the purpose 

of present study is to determine whether the antigen specificity is required to direct local 

infiltration of B10 cells using our newly established in vivo imaging system.

Material and Methods

Animal

Wild-type (WT) C57BL/6J mice of 8 weeks from Jackson laboratories were used. All mice 

were housed in specific pathogen-free units. All the experimental procedures were approved 

by the Institutional Animal Care and Use Committee of The Forsyth Institute.

Bacterial culture

The P. gingivalis (Strain ATCC 33277) were maintained on supplemented sterile blood agar 

containing 3.7% brain heart infusion agar (Sigma), 2% gelose, 0.001% menadione, 0.005% 

hemin, 0.05% cysteine, 5%–7% defibrinated sheep blood for 4–5 days and then transferred 

into complement brain-heart infusion medium containing 3.7% brain heart infusion agar, 

0.001% menadione, 0.005% hemin, 0.05% cysteine for 48 h before use. Bacteria were 

grown in an anaerobic chamber (N2 : CO2 : H2, 85 : 10 : 5) at 37°C.

Immunization of donor mice

Donor mice were initially pre-immunized with fixed P. gingivalis in PBS (5×108/mL, 200 

μL) by intraperitoneal (IP) injection. Seven days later, the donors were further IP boosted 

with 107 fixed P. gingivalis for another 4 days before spleen B cell isolation. Non-
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immunized donors were treated with IP injection of sterilized PBS (200 μL) at the same time 

points.

Establishment of experimental periodontitis in recipient mice

WT recipient mice of 8 weeks old were fed with drinking water containing antibiotics 

(sulfamethoxazole and trimethoprim, 850μg/170μg per ml) for 3 days and then antibiotics-

free water for 4 days. Meanwhile, these mice were also fed with fluorescence-free solid 

food. They were anesthetized on day 8 by IP injection of anesthetics. Sterilized silk ligature 

(size 6–0) with or without live P. gingivalis was placed subgingivally around the maxillary 

right second molar 3 days before B cell transfer. Un-ligatured left second molar was used as 

control. To better provide the antigen around periodontal lesion, 1×108 of live P. gingivalis in 

1% carboxymethylcellulose (CMC) gel was inoculated daily around the maxillary right 

second molar for 3 days before B cell transfer. Fluorescence-free powder food was given 

after ligation till the end of the experiment.

Isolation and treatment of B cells

The donor mice were euthanized with carbon dioxide in a chamber. The spleens were 

extracted immediately and were grinded on a metal mesh to acquire single-cell suspension. 

The red blood cells were then lysed with Ammonium-Chloride-Potassium Lysing Buffer 

(Gibco). The splenocytes were then labelled with biotin-conjugated antibodies against CD4, 

CD11c, CD49b, CD90.2, Gr-1, and Ter-119 (Pan B isolation kit, Miltenyi Biotec). After 

incubation with anti-biotin antibody coupled magnetic beads, B cells were isolated without 

activation or stimulation by depleting the labelled cells (>98.5% purity). Isolated B cells 

were re-suspended to a concentration of 1×107 cells/mL, and were cultured in 6-well plates 

(2 mL/well) for 48 hours before transfer. B cells from pre-immunized donors were treated 

with cytosine-phospho-guanine (CpG, 1μM/mL) plus P. gingivalis lipopolysaccharide (P. 
gingivalis LPS, 1μg/mL) to expand the B10 population. B cells from non-immunized donors 

were cultured under same conditions without CpG and P. gingivalis LPS treatment. The 

cultured B cells from pre-immunized and non-immunized mice were stained with APC-

labeled anti-mouse CD19 monoclonal antibody (Biolegend) and PE-Cy7-labeled anti-mouse 

IL-10 monoclonal antibody (Biolegend) for identification of the B10 population 

(CD19+IL-10+) by flow cytometry. Five hours before adoptive transfer, 50 ng/mL PMA 

(Sigma), 500 ng/mL ionomycin (Sigma), and 2 μM monensin (Biolegend) were added into 

the cell culture as previously described [8] to stop the cells from releasing the synthesized 

IL-10 proteins. For identifying the antigen specific B cell population (represented as the P. 
gingivalis-binding B cells), the cultured B cells were labelled with anti-CD19 antibody, and 

then were mixed (ratio 1:10) with propidium iodide (PI)-labelled fixed P. gingivalis on ice 

for 30 minutes. The P. gingivalis-binding B cells was recognized as CD19+PIlo/int by flow 

cytometry.

Labelling and transfer of B cells

The cultured B cells were labelled with VivoTrack 680 (Perkin Elmer), a near-infrared 

water-soluble fluorescent agent for in vivo imaging. The cells were mixed with labelling 

agent (volume ratio 1:1) at room temperature and then were washed 3 times with complete 

IMDM medium. The cells were re-suspended in PBS and were protected from light before 
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transfer. The B cell transfer was performed immediately after labelling. The recipient mice 

were prepared on a heating pad so that the tail vein could be enlarged and more visible. A 

plastic restraint was used to hold the mice, and 1×106 of labelled B cells in 100 μL of PBS 

was transferred by tail vein injection.

In vivo imaging

After B cell transfer, the recipient mice were stabilized facing up on a restrain plate with 

help of magnetic columns. Mouth opener device was used to keep the palatal area 

completely exposed to the detecting lens of the IVIS system. Masking material was placed 

around the lips and teeth to avoid the light reflection disturbance. The excitation wavelength 

was set at 480 nm while the emission wavelength was set at 680 nm. The exposure time was 

set to 0.5 second. After signal acquisition, the average fluorescence intensity was calculated. 

The time points of detection were day 0 (before transfer), day 3 (after transfer), day 5 and 

day 10.

Tissue histological analysis

Collected maxillae were fixed in 4% formaldehyde overnight followed by decalcification in 

10% EDTA for 2 weeks at 4 °C with agitation. Paraffin-embedded specimens were cut in 5 

μm thickness along the long axis of the molars. For immunohistochemistry staining, sections 

were de-paraffinized, rehydrated and incubated with 3% hydrogen peroxide for 10 min 

followed by heat induced antigen retrieval in 10 mM sodium citrate buffer at pH 6.0. After 

blocking with 1% BSA for 30 min at RT, tissue sections were incubated with rabbit anti-

mouse IL-10 Ab (1:50, Abcam) or rabbit anti-mouse CD19 Ab (1:100, Abcam) for 1h at RT 

and were washed with TBST for three times. The alkaline phosphatase (AP) conjugated anti-

rabbit IgG secondary antibody (ImmPRESS AP polymer detection kit, Vector) was used to 

visualize the positive staining according to the manufacturer’s instruction. Images of nine 

randomly chosen fields from gingiva papilla to root apex between the second molar and 

adjacent molars were obtained and the number of positive cells was calculated.

Quantitative real-time PCR (qRT-PCR)

Total RNA from gingival tissue was extracted by using a PureLink RNA minikit (Life 

Technologies, Carlsbad, CA) according to the manufacturer’s instructions. Isolated mRNA 

(0.1 μg each) was reverse transcribed into cDNA by using the SuperScript II reverse 

transcription system in the presence of random primers (Invitrogen). Real-time PCR was 

then carried out with a 20μl reaction mix by using a SuperScript II Platinum SYBR green 

two-step reverse transcription-quantitative PCR (RT-qPCR) kit (Life Technology) with a 

Roche LightCycler 480 instrument (Roche Diagnostics). The following primers were used: 

TNF-α forward 5’-CACAGAAAGCATGATCCGCGACGT-3’; TNF-α reverse 5’-

CGGCAGAGAGGAGGTTGACTTTCT-3’; IL-1β forward 5’-

CCAGCTTCAAATCTCACAGCAG-3’; IL-1β reverse 5’-

CTTCTTTGGGTATTGCTTGGGATC-3’; IL-10 forward 5’-

CTTCTTTGGGTATTGCTTGGGATC-3’; IL-10 reverse 5’-

CAGCAGACTCAATACACACT-3’; RANKL forward 5’-GGGTGTGTACAAGACCC-3’; 

RANKL reverse 5’-CATGTGCCACTGAGAACCTTGAA-3’’; OPG forward 5’-

AGCAGGAGTGCAACCGCACC-3’; OPG reverse 5’-TTCCAGCTTGCACCACGCCG-3’; 
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IL-6 forward 5’-TCCAGTTGCCTTCTTGGGAC-3’; IL-6 reverse 5’-

GTACTCCAGAAGACCAGAGG-3’; GAPDH forward 

AGCAGTCCCGTACACTGGCAAAC; GAPDH reverse 

TCTGTGGTGATGTAAATGTCCTCT.

Bone morphometric analysis

The maxillae were harvested and defleshed by a dermestid beetles colony. The maxillae was 

bleached with 3% hydrogen Peroxide then stained with 1% toluidine blue. Bone resorption 

measurements were used a Nikon microscope (Nikon SMZ745T, Nikon Instruments Inc, 

Janpan). Images of palatal surfaces of maxillae were pictured and bone loss polygonal area 

were examined using Image J software (NIH). The area was formed by longitudinally from 

the cementoenamel junction (CEJ) to the alveolar bone crest (ABC), transversely from the 

distal of the first maxillary molar to the mesial of the third maxillary molar. All the area 

results were presented in mm2.

Statistical analysis

The intensity of in vivo fluorescence was calculated by the imaging software of the system. 

An average intensity was calculated and analyzed with a non-parametric test (Mann-

Whitney test). Unpaired-T-test was used to evaluate the difference among two groups. Data 

analysis was processed using GraphPad Prism (version 8). P < 0.05 was considered 

statistically significant.

Results:

The populations of B10 cells and antigen-specific B cells were increased after treatment 
with LPS and CpG in vitro.

In the flow cytometry analysis, B10 cells were gated as CD19+IL-10+ cells, while the 

antigen-specific (P. gingivalis binding) B cells were gated as CD19hiPIlo/int cells. After 48h 

in vitro treatment of CpG (1μM/mL) plus P. gingivalis-LPS (1μg/mL), the population of B10 

cells increased significantly in the treated group compared with untreated group, from 2.95%

±0.61% to 9.92%±1.90% (Fig. 1A, 1B). Meanwhile, the percentage of antigen-specific P. 
gingivalis binding B cells was initially less than 1% (0.23%±0.05%) and was increased to 

8.12%±0.50% after treatment (Fig.1C, 1D). Taken together, B cells from P. gingivalis-

immunized mice showed high antigen-specificity and IL-10 production capacity after CpG + 

P. gingivalis-LPS stimulation.

Fluorescence signal from labelled cells was detectable and stable in vitro and in vivo.

The labelled cells were cultured in vitro to determine the duration and intensity of the 

fluorescence signal. The unlabeled cells showed no fluorescence at the preset excitation 

wavelength. However, the fluorescence signal was detectable for about 10 days and faded 

gradually in labelled cells (Fig. 2A). The intensity of fluorescence was positively correlated 

with the number of cells, while it was inversely related to the culture time in vitro. The 

positioning of the animal and the focusing of image acquisition on oral cavity of the animal 

in IVIS Spectrum in vivo imaging system were shown in Figure. 2B. The fluorescence 

signal was detected in gingival tissue after the sub-gingival injection of labelled B cells (Fig. 
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2C) and was analyzed quantitatively (Fig. 2D). It showed that the fluorescence signal could 

be readily detected for more than 10 days. According to the timeline, day 3 and day 5 after 

transfer could be the best time points to visualize the presence of labelled cells (Fig. 2D). 

These results strongly substantiated the feasibility of the present study, demonstrating the 

detectability of transferred cells in periodontal area in vivo, and the duration sufficient for 

longitudinal observation.

Antigen-specific B cells infiltrated into inflamed gingival tissue more effectively and lasted 
longer than non-specific B cells.

The recipient mice were divided into 4 groups. Group A was ligated with the silk ligature 

without live P. gingivalis and transferred with non-immunized B cells (ligation + non-

immunized B cells). Group B was ligated with silk ligature without live P. gingivalis and 

transferred with pre-immunized B cells (ligation + pre-immunized B cells); Group C was 

ligated with silk ligature with live P. gingivalis and transferred with non-immunized B cells 

(P. gingivalis ligation + non-immunized B cells); Group D was ligated with the silk ligature 

with live P. gingivalis and transferred with pre-immunized B cells (P. gingivalis ligation + 

pre-immunized B cells); Each group included 5 recipients and received 1×106 of labelled B 

cells by tail vein injection, respectively. The fluorescence signal was measured before B cell 

transfer, day 3 after transfer, day 5 and day 10 accordingly.

On day 3 (Fig. 3C, 3D), the intensity of fluorescence in group D (3.36×107 ± 0.29×106 

[p/s/cm2sr] / [μW/cm2]) was significantly higher than that in Group A (2.66×107 ± 

0.18×106, p<0.01). It’s indicated that the transferred antigen-specific B cells could be 

recruited more efficiently when antigen is present. It is noted that there is an increased 

infiltration by pre-immunized/activated B cells in the inflamed periodontium; which is 

observed on Day 3 both in “P. gingivalis.-enhanced” (group D) and “ligatures only” (group 

B) experimental periodontitis. Moreover, the imaging results showed that the fluorescence 

intensity in group D on day 5 was the highest among all the 4 groups, suggesting that the 

transferred antigen-specific B cells could last longer in gingival tissues (Fig. 3C). The 

average intensity of group D (5.36×107 ± 0.84×106 [p/s/cm2sr] / [μW/cm2]) was higher than 

that of the same group on day 3 (Fig. 3C, 3D). It could lead to a reasonable speculation that 

the transferred antigen-specific B cells could be efficiently recruited into the inflammation 

sites in the presence of antigen. Although there is a significant difference in fluorescence 

intensity on day 5 among different groups, the intensity of fluorescence on day 10 in each 

group could be barely detected and was almost as low as those on day 0. No statistical 

difference was found among the 4 groups at day 10 (Fig. 3C, 3D), indicating that all the 

transferred B cells, whether from pre-immunized or non-immunized animals, were 

exhausted in gingival tissue on day 10 (Fig. 3C, 3D).

The number of gingival IL-10-expressing cells and CD19+ B cells was significantly higher 
in P. gingivalis ligation + pre-immunized B cells group than all other groups.

To determine the level of gingival IL-10 expression and CD19+ B cell infiltration in situ, 

immunohistochemical (IHC) staining was performed to locate the B cells and evaluate 

cytokine production in gingival tissues of all 4 groups of animals (Fig. 4A). The number of 

IL-10-expressing cells was significantly increased in P. gingivalis ligation + pre-immunized 
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B cells group (group D) compared with ligation + non-immunized B cells group (group A), 

ligation + pre-immunized B cells group (group B) and P. gingivalis ligation + non-

immunized B cells group (group C) (Fig. 4B), indicating that IL-10 expression was 

significantly increased by transfer of antigen-specific B cells. Moreover, gingival CD19 

positive B cells were determined in all 4 groups (Fig. 4C). The data showed that the number 

of CD19 positive B cells was significantly increased in P. gingivalis ligation + pre-

immunized B cells group (group D) compared with ligation + non-immunized B cells group 

(group A), ligation + pre-immunized B cells group (group B) and P. gingivalis ligation + 

non-immunized B cells group (group C) (Fig.4D).

Gingival IL-10 mRNA expression was significantly increased while TNF-α, IL-6, 
RANKL/OPG mRNA expressions were decreased in P. gingivalis ligation + pre-immunized 
B cells group compared with P. gingivalis ligation + non-immunized B cells group.

The gene expressions of pro-inflammatory cytokines (TNF-α , IL-1β, IL-6), anti-

inflammatory cytokine (IL-10) and bone metabolism factor (RANKL, OPG) were detected 

using RT-qPCR. Gingival expressions of TNF-α (Fig. 5A) , IL-1β (Fig. 5B), IL-10 (Fig.5C), 

RANKL/OPG (Fig. 5D) and IL-6 (Fig. 5E) showed no significant differences when 

comparing ligation + non-immunized B cells group (group A) with ligation + pre-

immunized B cells group (group B), suggesting that without the presence of antigen in 

gingival tissues there were no difference in inflammation and osteoclastogenesis effect after 

transfer of non-immunized or pre-immunized B cells. However, gingival expressions of 

TNF-α (Fig. 5A) , IL-1β (Fig. 5B), RANKL/OPG ratio (Fig. 5D) and IL-6 (Fig. 5E) were 

significantly decreased in P. gingivalis ligation + pre-immunized B cells group (group D) 

when compared with P. gingivalis ligation + non-immunized B cells group (group C). Also, 

IL-10 expression was significantly increased in group D compared with group C (Fig. 5C), 

which is consistant with the IHC result of IL-10 staining (Fig. 4A, 4B). Taken together, the 

transfer of pre-immunized B cells significantly increased IL-10 expression and reduced pro-

inflammatory cytokine expression in gingival tissues compared with transfer of non-

immunized B cells under same conditions, indicating that antigen-specific B cell transfer 

(with enriched B10 population) can effectively suppress experimental periodontitis 

inflammation.

Bone loss was significantly decreased in P. gingivalis ligation + pre-immunized B cells 
group compared with ligation only + pre-immunized B cells group and P. gingivalis ligation 
+ non-immunized B cells group.

Fourteen days after different treatments, the maxillae were harvested and bone loss was 

examined as decribed in methods. The bone loss area was significantly decreased in P. 
gingivalis ligation + pre-immunized B cells group (group D) when compared to ligation + 

pre-immunized B cells group (group B) or P. gingivalis ligation + non-immunized B cells 

group (group C) (Fig. 5F), suggesting that in the presence of antigen in gingival tissues the 

transfer of pre-immunized B cells (with enriched B10 population) suppressed experimental 

periodontitis bone loss.
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Discussion

In vivo tracking of cells is a cutting edge technology to develop and optimize cell therapy for 

treatment or replacement of diseased tissues via transplanted cells [20–22]. IVIS system 

combines 2D optical and 3D optical tomography in one platform and is widely used in 

inflammation, autoimmunity and cancer research [13, 17, 23, 24]. However, it has been a 

challenge to track adoptively transferred cells in live mice oral cavity in longitudinal studies 

due to the limitation of accessibility, sensitivity and specificity of signal detection. Our 

present study is the first time using IVIS on mouse oral disease for in vivo tracking of cells 

in gingival tissues. To trace the signal inside oral cavity, it is critical to put the animal in a 

proper stabilized position and reduce peripheral background signals (Fig. 2B, 2C). In this 

study, cells were labelled with VivoTrack 680, a near-infrared fluorescent agent instead of 

bioluminescence. The VivoTrack 680 signal was confirmed to be detectable at least 10 days 

after transfer (Fig. 2D, 3C) and allowed us to track the signal through the period of 

experimental periodontitis. However, it still needs to be addressed in the future study on how 

to make more specific, stronger and long-lasting bioluminescence or fluorescence signal in 

the oral cavity of mice for in vivo tracking of rare population of cells and the determination 

of their long term effect.

IL-10 is widely studied as an anti-inflammation cytokine of balancing the inflammation, 

autoimmunity and cancer researches [25–28]. However, as a rare population of B cells, it 

was questioned on how B10 cells act to suppress host immune response in oral inflammatory 

disease such as periodontitis. Our previous study indicated that “primed” by LPS and CpG, 

B10 cells significantly reduced inflammation and bone loss in experimental periodontitis 

with increased IL-10 expression in gingival tissues [9]. However, it is unclear whether the 

increased IL-10 secretion was directly derived from local infiltration of transferred B10 cells 

or indirectly by the systemic anti-inflammatory effect of B10 transfer. This question has yet 

to be answered due to the difficulty of monitoring the B cell trafficking. In our present study, 

data from fluorescently-labelled B10 cells transfer in experimental periodontitis indicated 

that IL-10 expression was increased by transferred B10 cells infiltrated to the diseased site 

and such migration was directed by antigen specificity. Specifically, compared with control 

group without P. gingivalis ligation or non-immunized B cell transfer, the transfer of pre-

immunized antigen-specific B10 cells can secret much higher level of IL-10 and suppress 

inflammatory cytokine production at local site (Figs. 4 and 5). It is recognized that the 

contribution of endogenous IL-10 expression by recipient immune system was not excluded 

in this study. To further verify our findings, IL-10 knock-out mice could be used as recipient 

mice in B10 cell transfer experiment in the future studies. Moreover, the previous study has 

indicated the cognate interaction between B10 and Th2 cells can enhance IL-10 expression 

by B10 cells and promote anti-inflammatory response [29]. Our recent study also confirmed 

that IL-21 co-stimulation can boost IL-10 potency of B10 cells in vitro and inhibit 

periodontal inflammation in vivo [11]. Furthermore, it is recognized that the increased 

expression of IL-10 cannot be ascribed specifically to infiltrating B cells, based on the 

experimental approach, since other type of cells such as T cells and resolving macrophages 

(M1) cells can also produce IL-10. The potential interaction between B cells and 

macrophages in the regulation of inflammatory responses has been suggested [30]. In our 
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opinion, the immune inflammation vs. resolution is controlled by the complex immune 

regulatory network involving multiple cellular components and their contributions are 

probably determined by the tissue specificity and the stage of inflammatory process.

It may be considered ideal to use B cell-deficient (μMT) mice for such B cell adoptive 

transfer study in order to determine the exogenous B cell function. However, μMT mice 

showed complete absence of Ab responses and impaired cell-mediated immune responses 

[31]. These mice also demonstrated alterations in the cytokine microenvironment and defect 

in immune tolerance [32]. It is our opinion that the adoptive transfer of B10 cells into 

immune competent mice represents a better model to assess the function of the transferred 

cells than into the immune compromised animals. With the appropriate labelling techniques 

and immunohistochemical detection of the transferred cells we could track and identify 

these B cells in vivo during the experimental periodontitis, which allowed us to evaluate the 

B10 cell function under physiological conditions.

Furthermore, at the termination of the experiments P. gingivalis were detected in the gingival 

tissues of both P. gingivalis–associated ligature-induced periodontitis group C and Group D 

confirming the P. gingivalis colonization in the periodontal tissue (Supplemental Figure. S1). 

Thus, antigen priming enhanced the antigen-directed infiltration of B cells when P. 
gingivalis is present in the gingival tissues in group C and group D (Figure 3B). Although it 

is speculated that the transferred antigen-specific B10 cells could be more efficiently 

recruited into the inflammation sites and they might exert a better anti-bacterial function in-

situ, our data indicated that the number of P. gingivalis in the periodontal tissues is not 

changed in animals transferred with pre-immunized or non-immunized B cells 

(Supplemental Figure. S1), which may indicate that the predominant function of B10 cells 

are not anti-microbial but immune regulation, leading to the reduced inflammation and bone 

loss. This may produce additional benefit to the host, as it ameliorates sustained overly 

aggressive inflammatory responses to bacterial infection and immune-mediated bone 

resorption. While not affecting a specific bacterium, it is yet to be determined whether such 

B10-mediated regulation of inflammation has any impact on overall periodontal microbiota 

and dysbiosis.

Additionally, we have compared B cells treated with CpG and P. gingivalis LPS with 

untreated B cells, both from non-immunized donor mice, for their trafficking and local 

infiltration after transferring these cells into P. gingivalis–associated ligature-induced 

periodontitis recipient mice. The fluorescence signal was measured using IVIS system 

before B cell transfer, day 3, day 5 and day 10 after transfer accordingly. The results clearly 

indicated that recipient mice transferred with the non-treated or in vitro CpG + LPS 

activated B cells from non-immunized donor mice maintained comparable low level of B 

cell local infiltration (Fig. S2). This results further suggested that the observed local B10 cell 

infiltration in P. gingivalis-associated ligature-induced experimental periodontitis requires 

specific antigen priming, and non-specific in vitro activation and expansion of B10 cells 

alone is not sufficient to achieve such local migration.

Our interpretation of enhanced antigen-directed B cell infiltration is based on our data 

showing the increased percentage of P. gingivalis-binding B cells and elevated IL-10 
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expression from P. gingivalis immunized B cell populations. However, due to the limitation 

of the number of experimental groups, we cannot rule out the additional contributory factors 

of enhanced migratory capacity of B cells after P. gingivalis immunization, such as increased 

response to chemokines such as CXCL13 as a result of the immunization with P. gingivalis, 

and/or of the in vitro activation of B cells leading to the upregulation of CXCR5 expression 

on B cells before the transfer [33]. Future studies are warranted to determine if the enhanced 

B cell infiltration is also facilitated by the response to specific cytokines and chemokines.

In summary, the present study provided a novel model strategy to study function of immune 

cells in periodontitis through in vivo tracking of labeled cells in periodontium. The data 

indicated that antigen specificity dictate the local infiltration of B10 cells into periodontal 

tissue and promote anti-inflammatory responses and amelioration of periodontal bone 

resorption.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Populations of B10 cells and P. gingivalis-binding B cells increased after treatment with 
LPS and CpG in-vitro.
A. B10 cells were identified as CD19+IL-10+ in control (untreated group) and LPS + CpG 

treated group with flow cytometry analysis. B. The percentage of B10 cells were quantified 

(Mean ± SEM, n=3). C. P. gingivalis was labelled with the propidium iodide (PI) dye and 

antigen-specific (P. gingivalis binding) B cells were identified as CD19hiPIlo/int in both 

groups with flow cytometry analysis (Mean ± SEM, n=3, *p < 0.05, **p < 0.01). D. The 

percentage of P. gingivalis binding B cells were quantified. (Mean ± SEM, n=3).
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Figure 2. Fluorescence signal from labeled B cells could be detected and stable for 10 days both 
in vitro and in vivo.
A. The labelled cells were suspended in 100 μL of PBS on a 96-well plate, and were diluted 

with VivoTrack 680 solution in 1:2 ratio sequentially. B. The recipient mice (n=3 in each 

group) were used to receive the labelled or un-labelled B cells (10M in 100 μL of PBS) 

through tail vein injection. The fluorescence signal from the transferred cells in circulation 

could be detected for more than 20 days in vivo. C. Fluorescence signal of the labelled cells 

injected subgingivally in the palate could be detected for more than 10 days. The amount of 

injected cells was 1 M in 10 μL of PBS (right palate) or 0.1 M in 10 μL of PBS (left palate), 

respectively. The injection areas were indicated by the highlighted circles.
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Figure 3. In-vivo imaging revealed antigen-directed gingival B10 infiltration in experimental 
periodontitis.
A. Silk ligature was placed around the right second maxillary molar and mice were 

positioned in acquisition platform in IVIS Spectrum in vivo imaging system. B. In vivo 
fluorescence showed that the antigen-specific B cells could be recruited more efficiently on 

day 3 in group B and D, comparing with that in group A and C, which were transferred with 

non-specific B cells. C. The level of fluorescence intensity showed a significant peak on day 

5 in group D, comparing with the other 3 groups. D. On day 3, the fluorescence of group D 

was significantly higher than that of group A and B. While on day 5, the fluorescence of 

group D was significantly higher than those of the other 3 groups. (Mean ± SEM, n=5, *p < 

0.05, **p < 0.01)
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Figure 4. Gingival IL-10 expression levels in all experimental periodontitis groups.
A. Immunohistochemistry staining of IL-10 in the gingival tissue around ligation site were 

performed in Group A (ligation + non-immunized B cells), Group B (ligation + pre-

immunized B cells), Group C (P. gingivalis ligation + non-immunized B cells) and Group D 

(P. gingivalis ligation + pre-immunized B cells) (Scale bar, 100 μm). B, the IL-10 positive 

cell numbers per field was analyzed and compared between groups. (Mean ± SEM, n=5, *p 
< 0.05, **p < 0.01). C. Immunohistochemistry staining of CD19 positive cells in the 

gingival tissue around ligation site were performed in Group A, B, C, and D. (Scale bar, 200 

μm). D, The CD19 positive cell numbers per field was analyzed and compared between 

groups. (Mean ± SEM, n=5, **p < 0.01).
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Figure 5. Gingival pro-inflammatory and anti-inflammatory cytokines mRNA expression 
changes and bone loss in all experimental periodontitis groups.
Gingival tissues around ligatured site were excised and processed for RT-qPCR analyses to 

determine mRNA level of A.TNF-α, B. IL-1β, C. IL-10, D. RANKL/OPG ratio, and E. IL-6 

(Mean ± SEM, n = 5, *p < 0.05, **p < 0.01). F. Bone morphology was analyzed and 

quantified by Image J software using the pictures taken from maxilla bone 14 days after 

treatment in different groups. Data were presented as bone loss area in mm2. (Mean ± SEM, 

n = 6, **p < 0.01)
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