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Objective: Periodontitis, one of the most prevalent chronic oral infectious diseases in 
humans, is induced by the breakdown in the balance between the biofilm and host immune 
system. Previous studies have shown the presence of large numbers of B cells in periodontitis 
lesions, implicating that B lymphocytes play a predominant role during the pathogenesis of 
periodontitis. This study aimed to investigate the role of all B cells in the initiation of 
periodontitis.
Methods: Experimental periodontitis was induced in B cell-deficient (CD19Cre) mice and 
wild-type (WT) control mice by 5-0 silk ligation around the maxillary second molar. Four 
weeks after ligation, alveolar bone loss was determined by micro-computed tomography. The 
levels of inflammatory cytokines and receptor activator of NF-κB ligand (RANKL)/osteo
protegerin in periodontal lesions were analyzed using real-time quantitative polymerase 
chain reaction, enzyme-linked immunosorbent assay, and immunohistochemistry. 
Lymphocyte populations in the cervical lymph nodes and spleen and among the peripheral 
blood mononuclear cells were detected by flow cytometry.
Results: B-cell deficiency resulted in increased severity of alveolar bone loss in mouse 
experimental periodontitis, which was associated with increased osteoclast activity and 
upregulated RANKL expression in the periodontal lesions. In addition, gingiva cytokine 
expression profiles were shifted to T helper type 1 (Th1) and Th17 in the CD19Cre mice with 
ligature-induced periodontitis compared with WT mice. In addition, a reduced CD4+/CD8+ 

T cell ratio was observed in the CD19Cre mice.
Conclusion: B-cell deficiency exacerbates the inflammation and alveolar bone loss in 
ligature-induced experimental periodontitis in mice, implicating that B cells may overall 
play a protective role in the initiation of periodontitis.
Keywords: periodontitis, experimental periodontitis, alveolar bone loss, B lymphocytes

Introduction
Periodontitis is a chronic inflammatory disease, mediated by a complex interplay 
between a dysbiotic microbiota and the host immune-inflammatory response, which 
may result in destruction of the tooth-supporting structures (gingiva, alveolar bone, 
periodontal ligament, and cementum), and even tooth loss.1 The hallmark of 
established and advanced lesions in periodontitis is the large number of B cells in 
these lesions. In periodontitis lesions, plasma cells are the prevailing cell type and 
represent approximately 50% of all the infiltrated leukocytes, while B cells com
prise approximately 18%.2
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B cells perform a variety of immune functions, including 
antibody secretion, antigen presentation, cytokine production, 
and regulation of T effector cell differentiation.3 Abnormalities 
of these B-cell functions could contribute to periodontitis 
induction or development. Accumulating evidence suggests 
that B cells play multiple critical roles in the immune patho
genesis of periodontitis. Researchers reported that anti-B lym
phocyte therapy (rituximab) improved periodontitis in 
rheumatoid arthritis patients, suggesting a destructive role of 
B cells in this disease.4 B cells could destroy the periodontal 
soft and hard tissues by secreting pro-inflammatory cytokines, 
receptor activator of NF-κB ligand (RANKL), secreted osteo
clastogenic factor of activated T cells, matrix metalloprotei
nases, and auto-antibodies (Abs).5–7 By contrast, recent studies 
have confirmed a newly identified subset of B cells known as 
regulatory B (Breg) cells, which mediate negative regulation of 
immunity through the expression of the anti-inflammatory 
cytokine interleukin-10 (IL-10), transforming growth factor-β 
(TGF-β), and IL-35.8,9 Previous research has indicated that 
Breg cells have protective and potentially therapeutic effects 
on allergic and autoimmune diseases, cancer, infection, and 
transplant rejection.9–13 Similarly, recent studies have shown 
that Breg cells could inhibit periodontal inflammation and 
bone loss in murine experimental periodontitis.14–19

It was demonstrated that B-cell deficiency increased 
the severity of multiple diseases, including experimental 
autoimmune encephalomyelitis, contact hypersensitivity, 
chronic intestinal inflammation, and arthritis.20–22 

Regarding periodontitis, few studies have investigated the 
role of B cells and the results were inconsistent. Anti-μ 
treatment aggravated the periodontal resorption in rats.23 

However, μMT mice were protected from Porphyromonas 
gingivalis-induced alveolar bone loss in another study.24 

B cells are a functionally heterogeneous population; thus, 
the overall role of B cells and furthermore of the different 
B-cell subsets in periodontitis need to be clarified.

Materials and Methods
Animals
Healthy 6–10-week-old male C57BL/6J (Wild-Type [WT]) 
mice were purchased from the Charles River Laboratory 
(Beijing, China). B6.129P2(C)-Cd19 tm1(cre)Cgn/J (CD19Cre) 
mice were purchased from the Jackson Laboratory (Bar 
Harbor, ME, USA). All the mice used in this study were 
maintained under pathogen-free conditions in laminar flow 
cabinets. The experimental protocols were approved by the 
Animal Welfare Ethics of Peking University Biomedical 

Ethics Committee (LA201406) and followed the US 
National Institutes of Health Guidelines for the Care and Use 
of Laboratory Animals.

Mouse Model of Experimental 
Periodontitis
To induce experimental periodontitis in mice, a ligature- 
induced experimental periodontitis model was used as 
previously described.25 Mice were randomly assigned to 
the following four groups (n = 10 animals/group): (i) 
Wild-Type ligation group (WT ligation); (ii) Wild-Type 
non-ligation group (WT control); (iii) CD19Cre ligation 
group (CD19Cre ligation); (iv) CD19Cre non-ligation 
group (CD19Cre control). At 6 weeks of age, the mice 
were anesthetized with sodium pentobarbital (6 mg/100 g, 
intraperitoneal injection), and for the ligation groups, 5-0 
silk ligatures were tied gently around the maxillary second 
molars on day 0 and retained in place for 4 weeks.

Tissue Collection and Preparation
Four weeks after ligation, 800–1000 µL blood was collected 
from each animal under general anesthesia by heart punctures 
in 1.5 mL EP tubes with 100 μL 1% heparin sodium saline. 
Subsequently, the animal was euthanized by anesthesia over
dose. The spleen and cervical lymph nodes (LN) were har
vested and placed in ice-cold Roswell Park Memorial 
Institute (RPMI) 1640. The maxilla was removed from each 
mouse. Gingival tissues surrounding the left maxillary molars 
were dissected from the left-side maxilla as previously 
described.26 Subsequently, the collected gingival tissue was 
homogenized in 1 mL phosphate-buffered saline (PBS) using 
a tissue homogenizer (Qiagen, Hilden, Germany) at 30 m/s 
for 3 min. Half of the homogenized gingival tissue was 
subjected to RNA isolation to determine the mRNA expres
sion of cytokines by real-time quantitative polymerase chain 
reaction (RT-qPCR). The other half was used in enzyme- 
linked immunosorbent assay (ELISA). Both the left and 
right maxillae were fixed in paraformaldehyde for 24 h.

Alveolar Bone Loss Assessment by 
Micro-Computed Tomography 
(Micro-CT) Analysis
The paraformaldehyde-fixed left maxilla was scanned 
using a high-resolution Micro-CT system (Siemens 
Medical Solutions USA, Inc., Malvern, PA, USA) at 8.89 
μm voxel resolution using a source voltage of 60 kV and 
a current of 220 μA. The obtained images of teeth were 
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rotated 360° along their long axes and one absorption 
image was recorded every 1° of rotation. Following scan
ning, the raw images were reconstructed into a three- 
dimensional (3D) image and the teeth were aligned and 
measured in 3D using the Inveon Research Workshop 
software (Siemens Medical Solutions USA, Inc.).

Linear measurement— Alveolar bone height loss as 
measured (in mm) from the alveolar bone crest (ABC) of 
the jaw to the cementoenamel junction (CEJ) on the tooth 
were obtained at six different sites (mesio-buccal, buccal, 
disto-buccal, mesio-palatal, palatal, and disto-palatal) of 
each molar by an independent, blinded investigator as 
previously described.27 The measurements were repeated 
three times per site and the mean values were obtained.

Volumetric measurement—Volumetric measurements 
followed the procedure reported by Park et al and Liu 
et al.28,29 Two-dimensional (2D) contours were drawn 
along the roots of the second molar using the landmarks 
of the most distal root of M1 (d-M1) and the most medial 
root of M3 (m-M3) from the roof of the furcation to the 
root apex at regular intervals (every five data planes), 
Subsequently, a 3D region of interest (ROI) was generated 
by the software based on the resultant 2D contours. The 
bone volume fraction (BVF) in the selected ROI images 
was assessed. The BVF value indicates the ratio of the 
residual bone volume to total volume. One independent, 
blinded observer analyzed all images three times, and then 
mean values were averaged.

RT-qPCR
Total RNA was extracted from homogenized gingival tis
sues using a TaKaRa Mini BEST Universal RNA 
Extraction Kit (TaKaRa, Kusatsu, Shiga, Japan) according 
to the manufacturer’s instructions. Isolated mRNA (0.5 μg 
each) was reverse transcribed into cDNA using the Prime 
Script™ RT Master Mix (TaKaRa, Kusatsu, Shiga, Japan). 
RT-qPCR was performed with a 10-μL reaction mixture 
using Power SYBR Green PCR Master Mix (Roche, 
Indianapolis, IN, USA) with a 7500 Real-Time PCR 
Detection System (Applied Biosystems, Foster City, CA, 
USA). The amplification conditions were as follows: 95°C 
for 10 min, followed by 40 cycles of 95°C for 15 s, 60°C 
for 60 s, and 72°C for 30 s. The primers are listed in 
Table 1. Results were assessed using the comparative 
2ΔΔCt method and presented as fold changes relative to 
the value for the glyceraldehyde-3-phosphate dehydrogen
ase (GAPDH) reference.

ELISA
The homogenized gingival tissues were centrifuged at 
12,000 rpm and 4°C for 30 min to eliminate unground 
gingiva fragments. The supernatants were retrieved and 
kept at −80°C for subsequent ELISA analysis. The total 
protein level in the supernatants was determined using 
a BCA Protein Assay Kit (Thermo Fisher Scientific, 
Rockford, IL Campus, USA). The IL-1β, IL-10, tumor 
necrosis factor-α (TNF-α), osteoprotegerin (OPG), and 
RANKL protein concentrations in the supernatants were 
determined by ELISA following the methods as described 
in the ELISA kit (Beijing Qisong Biotech Company, 
Beijing, China) protocol. Results were standardized to 
the total amount of protein in the supernatant, and pre
sented as the amount of cytokine per mg of total protein in 
the supernatant.

Tissue Histological Analysis
For each animal, the paraformaldehyde-fixed right maxilla 
was decalcified in 10% ethylenediaminetetraacetic acid 
(pH 7.4) for 1 month at 37°C with agitation. Specimens 
were embedded in paraffin and 4 μm sections were cut 
along the long axis of the molars. Sections were deparaf
finized and rehydrated before staining.

Immunohistochemistry
Sections were incubated with 3% hydrogen peroxide for 20 
min at room temperature to inactivate endogenous peroxidase, 
followed by heat-induced antigen retrieval in 10 mM sodium 
citrate buffer (pH 6.0) for 15 min at 62°C. The samples were 
blocked with 5% bovine serum albumin (BSA) for 30 min at 
room temperature, incubated with rabbit anti-mouse Abs 
against IL-1β, RANKL, or TNF-α overnight at 4°C, and 
were washed three times with PBS. All the Abs were from 
Abcam (Cambridge, England). A rabbit-specific immunohis
tochemistry kit (Zhong shan Golden Bridge Biotechnology, 
Beijing, China) and a DAB detection kit (Zhong shan Golden 
Bridge Biotechnology) were used to visualize the antigen 
location.

Tartrate-Resistant Acid Phosphatase (TRAP) Staining
Sections were stained using an acid phosphatase kit 
(Sigma-Aldrich, St Louis, MO, USA) according to the 
manufacturer’s instruction.

Images were captured on a light microscope (Olympus, 
Tokyo, Japan). A 4×3 mm2 area including the periodontal 
soft and hard tissues between the first and second molars was 
selected as the ROI. The number of cells positive for 
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multinucleated TRAP along the alveolar bone surface and for 
RANKL, IL-1β or TNF-α in the ROI from each section was 
counted at ×200 magnification.

Flow Cytometry Analysis
Peripheral blood mononuclear cells (PBMC) were purified 
with Mouse Lymphocyte Separation Medium (Solarbio, 
Beijing, China), counted, and re-suspended in RPMI1640.

Spleen and cervical LN cells were collected by 
mashing the samples through a 70-µm cell strainer 
using the thumb-piece of a plunger removed from 
a 1-mL syringe. Red blood cells were lysed with 3 mL 
1× Red Blood Cell Lysis Buffer (Biolegend, San Diego, 
CA, USA), incubated for 2 min at room temperature, 
and washed with PBS+2% fetal calf serum. Cells were 

filtered through another 70-µm cell strainer, counted, 
and re-suspended in RPMI1640.

For flow cytometry, 1×106 cells from each sample were 
stained with combinations of fluorescence-conjugated mono
clonal Abs, including APC/Cyanine7 anti-mouse CD3, 
PerCP/Cyanine5.5 anti-mouse CD4, FITC anti-mouse 
CD8a, and APC anti-mouse CD19. All the Abs were from 
Biolegend. Samples were subjected to flow cytometry ana
lysis using Beckman Coulter Gallios flow cytometer 
(Beckman Coulter, Inc., USA) and data were analyzed 
using FLOWJO (Tree Star, Inc., San Carlos, CA, USA).

Statistical Analysis
All data are presented as the mean and standard error of 
the mean (mean ± SEM). Statistical analyses were 

Table 1 Primers and Sequences Used for Real-Time qPCR

Target Orientation Sequence

GAPDH Forward 5ʹ-CCCCAGCAAGGACACTGAGCAA-3’
Reverse 5ʹ-GTGGGTGCAGCGAACTTTATTGATG-3’

IL-1β Forward 5ʹ-CCAGCTTCAAATCTCACAGCAG-3’
Reverse 5ʹ-CTTCTTTGGGTATTGCTTGGGATC-3’

IL-4 Forward 5ʹ-TTGTCATCCTGCTCTTCTTTCTCG-3’

Reverse 5ʹ-TCTCTGTGGTGTTCTTCGTTG-3’

IL-6 Forward 5ʹ-TCCAGTTGCCTTCTTGGGAC-3’

Reverse 5ʹ-GTACTCCAGAAGACCAGAGG-3’

IL-8 Forward 5ʹ-CAGCTGCCTTAACCCCATCA-3’

Reverse 5ʹ-CTTGAGAAGTCCATGGCGAAA-3’

IL-10 Forward 5ʹ-GACCAGCTGGACAACATACTGCTAA-3’

Reverse 5ʹ-GATAAGGCTTGGCAACCCAAGTAA-3’

IL-12 Forward 5ʹ-AGCACCAGCTTCTTCATCAGG-3’

Reverse 5ʹ-GCGCTGGATTCGAACAAAG-3’

IL-17 Forward 5ʹ-GAGAAGATGCTGGTGGGT-3’

Reverse 5ʹ-TTTGCTGAGAAACGTGGG-3’

TNF-α Forward 5ʹ-CAACGCCCTCCTGGCCAACG-3’

Reverse 5ʹ-TCGGGGCAGCCTTGTCCCTT-3’

RANKL Forward 5ʹ-CATGTGCCACTGAGAACCTTGAA-3’

Reverse 5ʹ-CAGGTCCCAGCGCAATGTAAC-3’

OPG Forward 5ʹ-AGCAGGAGTGCAACCGCACC-3’

Reverse 5ʹ-TTCCAGCTTGCACCACGCCG-3’

IFN-γ Forward 5ʹ-ACTGGCAAAAGGATGGTGAC-3’

Reverse 5ʹ-TGAGCTCATTGAATGCTTGG-3’

TGF-β Forward 5ʹ-GTGTGGAGCAACATGTGGAACTCTA-3’

Reverse 5ʹ-CGCTGAATCGAAAGCCCTGTA-3’
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performed using one-way analysis of variance (ANOVA) 
and Turkey’s tests with GraphPad Prism 8 software (La 
Jolla, CA, USA). A value of P < 0.05 was considered to be 
statistically significant.

Results
B-Cell Deficiency Exacerbated Alveolar 
Bone Loss in Mice with Ligature-Induced 
Periodontitis
Experimental periodontitis was established successfully 4 
weeks after ligation, as indicated by the ligature-induced alveo
lar bone loss around the maxillary molars (Figure 1A). In the 
non-ligation groups, the ABC-CEJ distances and the BVF 
between d-M1 and m-M3 were comparable in the CD19Cre 
and WT groups (P > 0.05; Figure 1B), indicating that B-cell 
deficiency alone did not induce alveolar bone loss. In the 
ligation groups, varying degrees of alveolar bone loss around 
the three molars are induced four weeks after ligation of 
the second molar. For M2, the ABC-CEJ distances were sig
nificantly increased in the CD19Cre mice compared with the 
WT mice (3.00 ± 0.10 mm vs 2.56 ± 0.09 mm, respectively, P < 
0.01). For M1 and M3, the ABC-CEJ distances were increased 
slightly in CD19Cre mice compared with the WT mice (2.12 ± 
0.06 mm vs 1.99 ± 0.05 mm, P = 0.39; 1.48 ± 0.10 mm vs 1.24 
± 0.04 mm, P = 0.06; respectively). Additionally, the BVF was 
significantly smaller for the ligation group than for the non- 
ligation group (P < 0.01). And about 14.39% of the decrease in 
the BVF was observed in CD19Cre ligation group compared 
with that in the WT ligation group (31.98 ± 1.64% vs 46.37 ± 
6.60%, P < 0.0001, Figure 1C).

B-Cell Deficiency Promoted mRNA 
Expression of Th1 and Th17 Cytokines 
and RANKL in the Gingiva of 
Periodontitis Mice
RANKL and OPG, as well as inflammatory cytokines in 
gingiva were examined by RT-qPCR (Figure 2). In the 
non-ligation groups, the mRNA expression of the inflam
matory cytokines IL-1β, IL-6, IL-8, IL-10, IL-12, IL-17, 
TNF-α, and gamma interferon (IFN-γ) were comparable, 
although the mean values were slightly higher in the 
CD19Cre group (P > 0.05). In the ligation groups, the 
mRNA expression of RANKL, OPG, and inflammatory 
cytokines increased significantly in the gingiva (P < 
0.05). Notably, in the CD19Cre ligation group, IL-1β, 
IL-12, TNF-α, IFN-γ, and IL-17 mRNA expressions 

were significantly higher than in WT mice (1.48, 1.4, 
1.38, 1.67, and 1.52-fold, respectively). However, no 
differences were observed in IL-4, IL-6, IL-10, IL-8, or 
TGF-β expression between the CD19Cre and WT groups 
(P > 0.05). Taken together, IL-1β, TNF-α, T helper type 
1 (Th1) and Th17 cytokine mRNA expressions were 
selectively upregulated in the CD19Cre mice with peri
odontitis. Additionally, RANKL mRNA expression was 
significantly elevated in the CD19Cre ligation group 
compared with WT ligation control, whereas the OPG 
expression was decreased (P < 0.0001). This led to an 
increased RANKL/OPG mRNA ratio in the CD19Cre 
mice with ligature-induced periodontitis, which was 
nearly 2.32-fold higher than that in the WT periodontitis 
mice (P < 0.0001).

B-Cell Deficiency Elevated Th1 Cytokine 
and RANKL Levels in Gingiva in 
Periodontitis
IL-1β, TNF-α, IL-10, RANKL, and OPG quantification in 
the gingiva was performed using ELISA (Figure 3). Similar 
to the mRNA levels, for the non-ligation groups, inflamma
tory cytokine IL-1β and TNF-α levels were comparable. In 
the two ligation groups, IL-1β, TNF-α, IL-10, and RANKL 
were upregulated (P < 0.05). Notably, IL-1β, TNF-α, and 
RANKL were significantly increased and OPG decreased in 
the CD19Cre ligation group compared with WT ligation 
control (P < 0.05). There was no significant difference in 
the IL-10 level between the two ligation groups.

B-Cell Deficiency Increased TRAP (+), 
RANKL (+), IL-1β (+) and TNF-α (+) 
Cells in Periodontal Tissues in 
Periodontitis
In the non-ligation groups, TRAP-positive cells and 
RANKL-positive cells were rare. Few TRAP-positive 
cells were detected along the alveolar bone surface and 
RANKL-positive cells were scattered within periodontal 
tissues (Figure 4A and D). There were no significant 
differences in the numbers of such positive cells between 
the two non-ligation groups (P > 0.05). In the ligation 
groups, increased TRAP-positive cells could be identi
fied in the bone resorption areas and a large number of 
RANKL-positive cells were located close to the bone 
and distributed in the inflammatory cell-infiltrated con
nective tissues. The numbers of TRAP-positive cells and 
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Figure 1 Alveolar bone loss induced by ligation. (A) Representative three-dimensional (3D) views of the maxillae in the different groups. Ligature-induced alveolar bone loss 
can be seen around the maxillary molars in both ligation groups. (a), (c), (e), and (g) show the buccal side, while (b), (d), (f), and (h) display the palatal side. Scale bar: 500 μm. 
(B) Comparison of the height of alveolar bone loss. The ABC-CEJ distances (in millimeters) from the alveolar bone crest to cementoenamel junction (ABC-CEJ) was 
recorded as the sum of the ABC-CEJ distances at 6 sites (mesio-buccal, buccal, disto-buccal, mesio-palatal, palatal, and disto-palata of each molar, indicated by red lines) on 
the 3D imaging of the three molars. M1: the first maxillary molar. M2: the second maxillary molar. M3: the third maxillary molar. (C) Comparison of the bone volume 
fraction (BVF) between the WT and CD19Cre group with or without ligature-induced periodontitis. Data are shown as the mean ± standard error of the mean (n = 6 per 
group). **P < 0.01, ***P < 0.001, ****P < 0.0001, ns no significance (one-way ANOVA).
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RANKL-positive cells in the CD19Cre group were sig
nificantly higher than that in the WT group (7.50 ± 1.07 
vs 4.38 ± 0.18, 55.88 ± 2.85 vs 42.38 ± 2.35, respec
tively, P < 0.01) (Figure 4E and H).

Similarly, in the non-ligation groups, few IL-1β- 
positive cells and TNF-α-positive cells were observed 
and the numbers of positive cells were comparable 

between the two non-ligation groups. The amounts of IL- 
1β positive cell and TNF-α positive cell significantly 
increased in the inflammatory connective tissue in the 
ligation groups, while they were detected more in the 
CD19Cre group than in the WT group (17.38 ± 1.13 vs 
12.75 ± 0.59, P < 0.05; 128.4 ± 13.15 vs 80.5 ± 12.4, P < 
0.01; respectively) (Figure 4B, C, F, and G).

Figure 2 Gingival mRNA expression of inflammatory cytokines IL-1β (A), TNF-α (B), IFN-γ (C), IL-12 (D), IL-17 (E), IL-4 (F), IL-6 (G), IL-8 (H), IL-10 (I), and TGF-β (J), 
RANKL (K) and OPG (L), and the ratio of RANKL and OPG (M). Data are represented as mRNA fold change relative to the WT control group and shown as the mean ± 
standard error of the mean (n = 8 per group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns no significance (one-way ANOVA).
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Decreased CD4+/CD8+ T-Cell Ratio Was 
Observed in the Cervical LN and Spleen 
and Among PBMC from CD19Cre Mice 
with Ligature-Induced Periodontitis
The percentage of CD3+ cells was increased in the cervical 
LN of the CD19Cre strain independent of whether the 
mice were ligated, whereas there were no significant 
changes of that in the spleen or among PBMC. In the 
cervical LN and spleen and among PBMC, the frequency 
of CD4+ T cells was lower and the frequency of CD8+ 

T cells higher in CD19Cre mice than in WT mice, which 
resulted in a lower CD4+/CD8+ T cell ratio in CD19Cre 
mice than that found in WT mice (P < 0.05). In WT mice, 
ligature-induced periodontitis did not change the frequen
cies of CD4+ T cells or CD8+ T cells in all the three types 

of samples. By contrast, in CD19Cre mice, ligation led to 
a significant reduction in the frequency of CD4+T cells and 
a significant increase in the frequency of CD8+T cells in 
the cervical LN but not in the spleen or among PBMC 
(Figure 5). Percentages of CD19+ B cells is reduced sig
nificantly in the cervical LN, spleen and among PBMC of 
the CD19Cre mice (less than 0.03%) compared with that 
in WT mice (Figure S1).

Discussion
The role of B cells in experimental periodontitis has been 
reported in several studies, although there were some 
contradictions. Klausen et al established a B cell- 
deficient rat model by anti-μ treatment administered by i. 
p. injections. They indicated that anti-μ-treated rats dis
played significantly less periodontal bone support than 

Figure 3 Gingival protein expression of inflammatory cytokines IL-1β (A), TNF-α (B), and IL-10 (C), and RANKL (D) and OPG (E). Data are represented as pg/mg total 
protein and shown as the mean ± standard error of the mean (n = 6 per group). **P < 0.01, ***P < 0.001, ****P < 0.0001, ns no significance (one-way ANOVA).
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Figure 4 Histological analysis of periodontal supportive tissue. A 4×3 mm2 area (indicated by black box) including the periodontal soft and hard tissues between the first 
and second molars was selected as the region of interest (ROI). The number of cells positive for multinucleated TRAP along the alveolar bone surface, and for RANKL, IL- 
1β, or TNF-α in the ROI from each section were counted. (A–D) Representative tartrate-resistant acid phosphatase (TRAP)-, IL-1β-, TNF-α-, and RANKL-stained sections 
of periodontal tissues harvested from WT and CD19Cre mice with or without ligature-induced periodontitis (×100 magnification, scale bar: 500 μm). (E–H) Quantification 
of TRAP-, IL-1β-, TNF-α-, and RANKL-positive cells between the first and second molars. Results are represented as the number of positive cells in the ROI and shown as 
the mean ± standard error of the mean (n = 8 per group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns no significance (one-way ANOVA).
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normal rats after inoculation with Actinomyces viscosus, 
Bacteroides gingivalis, and a strain of oral spirochetes, 
suggesting that B cells may play a protective role in the 
induction of periodontitis. However, this was a temporary 
B lymphocyte-deficient model. At the termination of the 
anti-μ treatment, a significant reduction was observed in 
B cell numbers in the spleen and inguinal LN of the anti-μ- 
treated rats, while 3 months later, no difference was found 
between the anti-μ-treated and control rats.23 While the 

B cell numbers and functions recovered with time, the 
degree thereof was indeterminable, which might affect 
the development of experimental periodontitis. In contrast, 
another study demonstrated that μMT mice were protected 
from P. gingivalis-induced alveolar bone loss.24 However, 
it should be noted that non-inoculated μMT mice already 
displayed obvious bone loss in the study, which was 
greater than that in the inoculated WT control.24 This 
restricted the comparability in the bone resorption between 

Figure 5 CD4+/CD8+T cell detection within the cervical lymph nodes and spleen and among PBMC. (A) Flow cytometry analysis demonstrating the presence of CD4+/ 
CD8+T cells. (B) Percentages of CD4+/CD8+T cells within the cervical lymph nodes (a–c) and spleen (d–f) and among PBMC (g–i). Results are presented as the percentages 
and the ratio of CD4+/CD8+ T cells and shown as the mean ± standard error of the mean (n = 8 per group). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns no 
significance (one-way ANOVA).
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the μMT and WT mice. Moreover, local inoculation of 
human putative periodontal pathogen was selected to 
induce experimental periodontitis in the two aforemen
tioned studies. Although this method could be employed 
effectively in exploring the role of human periodontitis- 
specific pathogens in the pathogenesis of periodontitis, it 
may be limited in several aspects, including: (1) the puta
tive periodontal pathogen in humans and in mice are not 
identical; (2) the severity of periodontitis induced by dif
ferent bacteria is different; (3) this model lacks the early 
stage of periodontitis (transformation of the microbiota); 
(4) bacteria-induced infection lacks chronicity and persis
tence, which is inconsistent with periodontitis character
ized by chronic and persistent infection; (5) bacteria 
inoculated in the oral cavity may enter and affect the 
microbiota of the gastrointestinal tract to cause changes 
in the systemic immune status.30–32

In this study, we assessed the role of B cells in ligature- 
induced periodontitis using CD19Cre mice, a frequently used 
B cell-deficient transgenic mouse strain. CD19Cre mice have 
a deficiency in the B-1 subset together with a concomitant 
reduction in serum IgM. Their ability to respond to T-cell- 
dependent antigens was severely impaired, and they failed to 
form splenic germinal centers.33–35 Instead of bacteria smear
ing, as applied in previous studies, ligation was chosen to 
induce periodontitis in the present study. Placement of 
a ligature leads to the imbalance of the periodontal ecosystem, 
followed by dysbacteriosis and microulceration of the sulcular 
epithelium, which, in turn, facilitate the invasion of period
ontal pathogens into connective tissue.30 This method is con
venient and suitable for observing the disease progression of 
periodontitis for an extended time period. In the present study, 
ligature-induced periodontitis manifested significant and per
sistent inflammation for 4 weeks (till the end of the study). 
Furthermore, micro-CT scanning was applied in the present 
study for bone level assessment, which could overcome the 
limitations of the linear data provided by traditional 2D radio
graphic images and histomorphometry.28 Micro-CT is also 
superior in recognizing the subtle variations in bone loss 
(0.043 mm between the two periodontitis groups in the present 
study, and approximately 0.02 mm in a previous study24). Our 
results showed that the alveolar bone was stable in CD19Cre 
mice at baseline, and B-cell deficiency exacerbated alveolar 
bone loss in ligature-induced periodontitis mice (Figure 1).

To investigate the effects of B cells on adaptive immunity 
in periodontitis, Baker et al examined the alveolar bone loss of 
IgD-deficient mice with P. gingivalis-induced periodontitis 
and proved that IgD deficiency could protect mice from 

bone resorption.36 Because the binding of B cell membrane 
IgD to IgD receptors on CD4+ T cells facilitates B cell antigen 
presentation to CD4+ T cells, leading to coactivation of both 
B and T cells of the immune system,37,38 the results implied 
a destructive role of B cell-mediated adaptive immunity in 
periodontitis. In contrast, in our study, exacerbation of alveolar 
bone loss was observed in CD19Cre mice with periodontitis. 
Considering the fact that CD19 deficiency results in both 
compromised B cell-mediated innate and adaptive immune 
responses, it is speculated that B cell-mediated innate immune 
responses may play immune protective functions in the occur
rence of experimental periodontitis.

It is widely accepted that the RANK/RANKL/OPG axis 
plays important roles in the regulation of the bone loss and 
remodeling. Evidence from clinical and preclinical studies of 
periodontitis indicate a high RANKL/OPG ratio as the pri
mary determinant of osteolytic activity, whereas a low 
RANKL/OPG ratio is frequently observed in inactive 
lesions.39 Collectively, in this context, RANKL and OPG 
mRNA and protein expression were significantly higher, 
while RANKL/OPG ratio was lower after ligature place
ment. Similarly, histology showed upregulated RANKL 
level in mice with periodontitis. These findings closely 
resemble the observations made by previous studies.40–42 

An upregulated mRNA level and protein levels of RANKL 
and downregulated levels of OPG were detected in CD19Cre 
ligation mice than in WT ligation mice. IHC also showed that 
B cell-deficiency enhanced RANKL-immunopositive stain
ing in periodontal lesions. These changes led to higher 
RANKL/OPG ratio, subsequent increased osteoclast number 
and greater bone loss in CD19Cre ligation mice, which might 
be associated with the upregulated proinflammatory cyto
kines in the periodontal lesions.

IL-1β and TNF-α contribute substantially to the patholo
gical periodontal alveolar bone resorption and collagen tissue 
destructions by affecting the activities of leukocytes, osteo
clasts and collagenolytic enzyme MMPs.43–45 Consistent 
with previous studies,40,42 both IL-1β and TNF-α expressions 
were significantly higher after ligation. B cell-deficiency 
further upregulated the mRNA and protein expressions of 
IL-1β and TNF-α in gingiva, as well as immunopositive cells 
in periodontal lesions. Osteoclastogenesis and bone resorp
tion could be promoted through up-regulations of RANK and 
RANKL as a consequence.

Proinflammatory cytokines secreted by Th1 and Th17 cells 
directly modulate RANKL/OPG expression, together with 
providing pro-osteoclastogenic support. Conversely, the coop
erative action between Th2 and regulatory T (Treg) cells 
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subsets creates an anti-inflammatory and preparative milieu 
associated with lesion stability.39,40 In our study, higher INF-γ, 
IL-12, and IL-17 levels and a lower IL-4 mRNA levels in the 
gingiva of CD19Cre periodontitis mice indicated the cytokine 
expression profiles of Th1 and Th17 responses. Through 
CD40-CD40L interaction, the antigen-activated B cells prefer
entially induce IL-4 synthesis, which favors the differentiation 
of naive CD4+ T cells into Th2 effector cells.46 Thus, B-cell 
deficiency in CD19Cre mice could impair the Th2 response.

One possible reason for the elevated proinflammatory 
cytokines and enhanced Th1 and Th17 responses might be 
the deficiency of protective B cell-subgroups in CD19Cre 
mice. Innate response activator (IRA)-B cells could recog
nize and clear bacterial infection in innate immunity 
depending on pattern recognition receptors and GM-CSF. 
Specific block of IRA-B cell activity impairs bacterial 
clearance and elicits a cytokine storm.47 Recently, regula
tory B cells have been found to inhibit the differentiation 
of inflammatory Th1, Th17 and NKT cells and suppress 
immune-mediated inflammatory responses and through the 
production of different cytokines such as IL-10 and IL-35, 
TGF-β and through the cell contact-dependent suppressive 
mechanisms.9,16,48

Additionally, B-cell deficiency did not increase the 
RANKL level at baseline, even though the expression of 
proinflammatory cytokines in gingiva was upregulated 
slightly. This could be explained by the natural low-affi
nity IgM and IgA antibodies in CD19Cre mice,33,34 which 
could prevent commensal flora from causing tissue 
destruction. Therefore, the CD19Cre mouse appears to be 
a suitable strain for investigating the contribution of 
B cells in experimental periodontitis.

Consistent with previous reports, CD19Cre mice dis
played a decreased CD4+/CD8+ T cell ratio in the cervical 
LN and spleen and among the PBMC in the present study 
(Figure 5).24,36 This could be explained by the lack of B cell 
antigen-presentation and co-stimulation of CD4+ T cells. 
Compared to other antigen-presenting cells (eg, Langerhans 
cells, macrophages, and dendritic cells), antigen presentation 
by B cells is specific and effective. They can recognize 
T cells in secondary lymphoid organs shortly after antigen 
entrance. B cell receptor (BCR)-mediated endocytosis allows 
them to concentrate small amounts of specific antigen.49

Conclusions
The present study demonstrated that B-cell deficiency 
exacerbated inflammation and alveolar bone loss in liga
ture-induced periodontitis in mice, indicating an overall 

protective role for B cells in the initiation of periodontitis. 
Our results will provide a better understanding of the 
immune pathogenesis mechanism of periodontitis and 
a foundation for future investigations of B cell-targeted 
therapies in periodontitis.
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