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Abstract

IL-10-expressing regulatory B cells (B10) play an essential role in immune system balance by
suppressing excessive inflammatory responses. In this study, we investigated induction of B 10
cell’s IL-10 competency /n vitro and its effect on ligature-induced experimental periodontitis /in
vivo. Spleen B cells were isolated from C57BL/6J mice and cultured for 48 h under the following
conditions: control, CD40L, IL-21, anti-Tim1, CD40L +IL-21, CD40L +anti-Tim1, CD40L
+IL-21 +anti-Tim1. Silk ligatures were tied around both maxillary second molars of C57BL/6J
mice for two weeks. Optimized combination of CD40L, IL-21 and anti-Tim1 and vehicle were
injected into contralateral side of palatal gingiva on days 3, 6 and 9. The palatal gingival tissues
and maxillary bone were collected on day 14 to determine expressions of IL-10 and periodontal
bone resorption respectively. Our results demonstrated that IL-10 expressions of cultured spleen B
cells were significantly increased in the presence of CD40L, IL-21 and anti-Tim1 combination
when compared with control groups. Gingival IL-10 mRNA and protein expressions were
significantly increased after injection of CD40L, I1L-21 and anti-Tim1 combination, when
compared to the control side. The gingival RANKL expression and periodontal bone loss were
significantly decreased on the combination treatment side, as compared to the control side. These
results suggest that combination of 1L-21, anti-Tim1 and CD40L treatment induced B10 cell’s
IL-10 competency /in vitro and inhibited periodontal bone loss in ligature-induced experimental
periodontitis.
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1. Introduction

Periodontitis is a common complication of aging population and a leading cause of tooth
loss, jaw bone deterioration and risk of developing systemic diseases [1-3]. It is a prevalent
chronic inflammatory disease caused by host immune response to pathogenic
microorganisms [4,5]. B10 cells are a specific interleukin-10 (IL-10) competent regulatory B
cell subset which has been identified in both mice and humans recently [6,7]. B10 cell
down-regulates inflammation and immune responses through IL-10 expression [8,9]. The
therapeutic potential of secreted IL-10 has been demonstrated by many studies in various
autoimmune diseases [10], such as experimental autoimmune encephalomyelitis [11,12].
However, the effect of B10 induction on periodontitis has not been reported.

CDA40 is a membrane-associated protein and a member of the tumor necrosis factor (TNF)
receptor superfamily [13,14]. The activation of CD40 on B cells not only induces maturation
of B cells into antibody-producing B cells [15-17], but also is crucial for the activation of
regulatory B cells [18,19]. Interleukin 21 (IL-21) is a cytokine which has potential
regulatory effects on immune cells [20,21]. Recent studies showed that IL-21 promoted B 10
cell expansion and induces regulatory B cell differentiation and immunosuppressive effect
through cognate interaction with T cells [22]. T cell Ig and mucin-1 (Tim-1) is essential for
induction and maintenance of I1L-10 in regulatory B cells and their regulation of tissue
inflammation [23-25]. Anti-Tim-1 monoclonal antibody (mAb) treatments enhanced
activated B cells proliferation and surface marker expression [26,27]. We hypothesized that
combined treatment with co-stimulatory molecules (CD40L, IL-21 and anti-Tim-1 mAb)
would enhance IL-10 competency and inhibit periodontal inflammation and bone loss. The
purpose of the present study was to investigate induction of B10 function by CD40L, IL-21
and anti-Tim1 combination /n vitroand its effect on periodontal inflammation and bone loss
in ligature-induced experimental periodontitis /n vivo.

2. Materials and methods

2.1. Animal

C57BL/6J mice (Jackson Laboratory) at age of 8-10 weeks old were purchased from the
Jackson Laboratory (Bar Harbor, ME). The experimental protocols were approved by the
Institutional Animal Care and Use Committee of the Institute.

2.2. B cell isolation and culture

Mice were euthanized in CO, chamber and spleens were harvested. B cells were separated
from single splenic cells by Pan B cell isolation kit (Miltenyi Biotec). Purified B cells (>
95%, 1 x 106 cells/well) were cultured in IMDM + GlutaMAX™ (Life Technologies)
complete medium in 96-well plates under the following conditions: CD40L (eBioscience) (1
pg/ml), IL-21 (R & D Systems) (25 ng/ml, 50 ng/ml, 100 ng/ml and 1 pg/ml), anti-Tim1
(Abcam) (2.5 pg/ml, 5 pg/ml, 10 pg/ml and 20 ug/ml), CD40L (1 ug/ml) + 1L-21(25 ng/ml,
50 ng/ml, 100 ng/ml and 1 pg/ml), CD40L (1 pg/ml) +anti-Tim1 (0.2 pg/ml, 1 pg/ml, 5
ug/ml and 10 pg/ml), CD40L (1 pg/ml) +IL-21 (100 ng/ml, 1 pg/ml)+ anti-Tim1 (5 pg/ml).
Cells were cultured in a humidified incubator at 37 °C with 5% CO», for 48 h to determine
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CD1d"9"CD5* B cell percentages and mRNA expression levels. The culture supernatant
was used for the measurement of secreted IL-10 levels. Each /n vitro experiment was
repeated three times with duplication of each sample.

2.3. Flow cytometry analysis

B cells were staixned and counted by Flow cytometers (BD Biosciences) as described [28].
In addition, the cultured B cells stimulated with CD40L (1 pg/ml) + IL-21 (1 pg/ml) + anti-
Tim1 (5 pg/ml) for 48 h were sorted into CD1d'"CD5-, CD1d"9"CD5-, CD1d"9NCD5*,
CD1d!oWCD5* subsets by FACSAria 111 (BD Biosciences).

2.4. ELISA assay

The secreted IL-10 levels in the cultured supernatant were measured by Mouse IL-10 ELISA
MAX Standard Kit (BioLegend) following the manufacturer’s manual and the detection
limit is 15.6 pg/ml.

2.5. Real-time PCR

The total MRNA of total B cells, B cell subsets or gingival tissue was isolated by PureLink
RNA Mini Kit (Life technologies) following the manufacturer’s instructions. The real-time
quantitative PCR was carried out as described [28]. Briefly, the mRNA expression of IL-10,
RANKL and ICAM-1 of sample was detected by real-time gPCR using Light-Cycler®
SYBR Green | master and Light-Cycler® 480 Instrument system (Roche). The sequences of
primers were used as described at Table 1. GAPDH gene was used as an internal control.

2.6. Experimental periodontitis

To induce experimental periodontitis in mice, a ligature-induced experimental periodontitis
model was used as previously described with slight modification [29]. Briefly, silk ligatures
(7-0, Fisher Scientific) were tied around both maxillary second molars on day 0 and
remained for 14 days. The combination of CD40L (1 pg/ml) +IL-21 (1 pg/ml) + anti-Tim1
(5 pg/ml) in PBS (1 pl) was injected into palatal interdental papilla on the left side and PBS
(1 ul) was injected into palatal interdental papilla on the right side. Injections were
performed on days 3, 6 and 9. All the mice were euthanized by CO, inhalation on day 14.
This experiment was repeated three times with five mice at each time.

2.7. Gingival tissue collection and preparation

Animals were euthanized by CO, inhalation and the maxilla was removed from each mouse.
Gingival tissues at the palatal side were collected under a surgical microscope from maxilla
for homogenate preparation. For each gingival tissue, half of the collected gingival tissues
were subject to RNA isolation to determine cytokine expressions by real-time PCR. Another
half of the gingival tissues were used to measure the IL-10 production by ELISA.

2.8. Bone morphometric analysis

The maxillae were removed and defleshed by a dermestid beetles colony. After bleaching
with 3% hydrogen Peroxide, the bone was stained with 1% toluidine blue. Bone resorption
measurements were assessed under a Nikon microscope (Nikon SMZ745T, Nikon

Biochim Biophys Acta. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hu et al.

Page 4

Instruments Inc., Japan). The polygonal area was measured using Image J (NIH) on buccal
and palatal surfaces for each segment and a standard calibrator was used for calibration at
the same magnification. The bone resorption area was enclosed coronally by the CEJ of the
molars, laterally by the exposed distal root of the first molar and the exposed mesial root of
the third molar, and apically by the alveolar crest.

2.9. Tartrate-resistant acid phosphatase (TRAP) staining

Collected maxillae were fixed in 4% formaldehyde overnight followed by decalcification in
10% EDTA for 2 weeks at 4 °C with agitation. Frozen specimens were cut in 8 um along the
long axis of the molars. Tissue sections were stained using acid phosphatase kit (378A,
Sigma) following the manufacturer’s instructions. After counterstain with hematoxylin,
images of gingival areas mesial and distal to the second molars from each section were
acquired under light microscope at total magnification 400x. The number of multi-nucleated
TRAP positive cells along alveolar bone surface was counted. For each side of oral cavity
per mouse, we had 10-15 consecutive cuts counted.

2.10. Statistical analysis

3. Results

All of quantitative data were expressed as means = SD. The samples number n of each group
indicates quantity of mice. SD stands for standard deviation of samples from different mice.
Paired Student’s #test was used to analyze differences between two groups. One-way
ANOVA was used to analyze differences among groups. Results with probability values p <
0.05 are considered statistically significant.

3.1. Effect of IL-21 treatment on CD1d"9"CD5* B cells population and IL-10 protein and
MRNA expressions of total splenic B cells

B cells separated from C57/BL6J mice splenocytes were cultured for 48 h under multiple
conditions including untreated control, 1L-21 treatment at dosages 25 ng/ml, 50 ng/ml, 100
ng/ml and 1 pg/ml. The percentage of CD1d"M9"CD5* B cells were measured and quantified
by flow cytometry for each group (Fig. 1A). Compared to non-treatment control group, all
doses of IL-21 treatment significantly reduced percentages (Fig. 1B) and quantities (Fig. 1C)
of CD1d"9NCD5* B cells subset; however, the IL-10 mRNA levels (Fig. 1D) and secreted
IL-10 (Fig. 1E) were significantly increased by all doses of IL-21 treatment and dosage of 1
pg/ml showed the highest induction effect. Taken together, 1L-21 treatments (25 ng/ml, 50
ng/ml, 100 ng/ml and 1 pg/ml) alone significantly increased I1L-10 protein and mRNA
expression in total splenic B cells with a significant decrease of percentage and quantity of
CD1d"9hCD5* B cells subset.

3.2. Effect of anti-Tim1 treatment on CD1d"9hCD5* B cells population and IL-10 protein
and mRNA expressions of total splenic B cells

B cells separated from C57/BL6J mice splenocytes were cultured for 48 h under multiple
conditions including untreated control, anti-Tim1 treatment at dosages 2.5 pg/ml, 5 ug/ml,
10 pg/ml and 20 pg/ml. The percentage of CD1d"9"CD5* B cells were measured and
quantified by flow cytometry for each group (Fig. 2A). Compared to non-treatment control
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group, all doses of anti-Tim1 treatment significantly reduced percentages (Fig. 2B) and
quantities (Fig. 2C) of CD1dMI"CD5* B cells subset; however, the IL-10 mRNA levels (Fig.
2D) and secreted 1L-10 (Fig. 2E) showed no significant changes at all doses of anti-Tim1
treatment. These results suggested that anti-Tim1 treatments (2.5 pg/ml, 5 pg/ml, 10 pg/ml
and 20 pg/ml) alone significantly decreased percentage and quantity of CD1d"9"CD5* B
cells subset but had no effect on IL-10 protein and mRNA expression in total splenic B cells.

3.3. Effect of CD40L plus IL-21 treatment on CD1d"9hCD5* B cells population and IL-10
protein and mRNA expressions of total splenic B cells

B cells separated from C57/BL6J mice splenocytes were cultured for 48 h under multiple
conditions including untreated control, CD40L (1 pg/ml) alone, CD40L (1 pg/ml) +IL-21(25
ng/ml, 50 ng/ml, 100 ng/ml and 1 pg/ml). The percentage of CD1d"9"CD5* B cells were
measured and quantified by flow cytometry for each group (Fig. 3A). Compared to non-
treatment control group, all doses of CD40L + IL-21 treatments significantly reduced
percentages (Fig. 3B) and quantities (Fig. 3C) of CD1d"NI"CD5* B cells subset; Also, only
CDA40L + IL-21 (1 pg/ml) group significantly increased IL-10 mRNA levels compared with
control group (Fig. 3D). However, the secreted 1L-10 expression were significantly increased
by all doses of CD40L +IL-21 treatments and CD40L alone treatment showed the highest
induction of effect (Fig. 3E). Taken together, CD40L alone and CD40L plus all doses of
IL-21 treatments (25 ng/ml, 50 ng/ml, 100 ng/ml and 1 pg/ml) significantly increased IL-10
protein expressions and only CD40L + IL-21 (1 pug/ml) group induced IL-10 mMRNA
expression in total splenic B cells; consistently with 1L-21 alone treatments results above, all
dosage of 1L-21 treatments plus CD40L also significantly reduced percentage and quantity
of CD1d"9"CD5* B cells subset.

3.4. Effect of CD40L plus anti-Tim1 treatment on CD1d"9"CD5* B cells population and
IL-10 protein and mRNA expressions of total splenic B cells

B cells separated from C57/BL6J mice splenocytes were cultured for 48 h under multiple
conditions including untreated control, CD40L (1 pg/ml) alone, CD40L (1 pg/ml) + anti-
Tim1 (0.2 pug/ml, 1 ug/ml, 5 pg/ml and 10 pg/ml). The percentage of CD1d"INCD5* B cells
were measured and quantified by flow cytometry for each group (Fig. 4A). Compared to
non-treatment control group, CD40L + anti-Tim1 at dosage 0.2 pg/ml and 10 pg/ml groups
showed significant increase of percentages (Fig. 4B) and quantities (Fig. 4C) of
CD1d"9hCD5* B cells subset, and CD40L +anti-Tim1 at dosage 1 pg/ml and 5 pg/ml
groups showed no changes; however, CD40L + anti-Tim1 at all doses significantly
decreased IL-10 mRNA levels (Fig. 4D) and the secreted IL-10 expression showed no
significant changes in these groups (Fig. 4E). These data suggested that CD40L plus anti-
Tim1 at dosage 0.2 pg/ml and 10 pg/ml significantly induced CD1d"9"CD5* B cells subset
expansion but all combination treatment of CD40L + anti-Tim1 had no effects on IL-10
protein expression and significantly decreased the 11-10 mRNA levels.

3.5. Effect of CD40L, IL-21 and anti-Tim1 combination treatment on CD1d"9"CD5* B cells
population and IL-10 protein and mMRNA expressions of total splenic B cells

Based on all the data above (Figs. 1-4), to achieve most B10 cell activation (increasing
IL-10 mRNA/protein) and maintain B10 cell population at same time, we selected the
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optimal concentrations of IL-21 (100 ng/ml and 1 pg/ml) and anti-Tim1 (5 pg/ml) together
with CD40L (1 pg/ml) to stimulate splenic B cells. B cells separated from C57/BL6J mice
splenocytes were cultured in 6 different groups including (1) untreated control, (2) CD40L
(1 pg/ml) alone, (3) 48 h of combination CD40L (1 pg/ml) +IL-21 (100 ng/ml) + anti-Tim1
(5 pg/ml), (4) 48 h of combination CD40L (1 pg/ml) + 1L-21 (1 pg/ml) + anti-Tim1 (5 pg/
ml), (5) 24 h of combination 1L-21 (100 ng/ml) + anti-Tim1 (5 pg/ml) plus 48 h of CD40L
(1 pug/ml), and (6) 24 h of combination IL-21 (1 pg/ml) + anti-Tim1 (5 ug/ml) plus 48 h of
CD40L (1 pg/ml). The percentage of CD1dMI"CD5* B cells were measured and quantified
by flow cytometry for each group (Fig. 5A). Compared to non-treatment control group, all
combination of CD40L, IL-21 and anti-Tim1 treatment groups ((3)-(6)) didn’t show
significant changes of percentages (Fig. 5B) and quantities (Fig. 5C) of CD1d"9"CD5* B
cells subset; Also, group (4) and (6), 48 and 24 h of anti-Tim1 (5 pg/ml) + IL-21 (1 pg/ml)
plus 48 h CD40L treatment significantly increased IL-10 mRNA levels (Fig. 5D). However,
all combination of CD40L, IL-21 and anti-Tim1 treatment groups significantly increased the
secreted 1L-10 expression and group 48 h of CD40L (1 pg/ml) +anti-Tim1 (5 pg/ml) + IL-21
(1 pg/ml) treatment had the highest induction (Fig. 5E). Taken together, the optimal
combination of CD40L (1 pg/ml) + IL-21 (1 pg/ml) +anti-Tim1 (5 ug/ml) 48 h treatment
showed the best induction of IL-10 protein and mRNA expressions with no significant
changes of percentage and quantity of CD1d"9"CD5* B cells subset.

3.6. Effect of CD40L, IL-21 and anti-Tim1 combination treatment on mRNA levels of
RANKL, TNFa and ICAM-1 of splenic B cells, and IL-10 mRNA levels in B cell subsets

To confirm the effects on bone resorption and inflammatory cytokines of optimal
combination dose above, B cells separated from C57/BL6J mice splenocytes were cultured
without treatment (control) and with combination treatment (CD40L (1 pg/ml) + IL-21 (1
pg/ml) + anti-Tim1 (5 pg/ml)) for 48 h. The mRNA levels of bone resorption cytokine
RANKL, proinflammatory cytokines TNFa and proinflammatory membrane protein
ICAM-1 were measured by realtime PCR. Compared to control group, combination
treatment significantly reduced mRNA levels of RANKL (Fig. 5F), TNFa (Fig. 5G) and
ICAM-1 (Fig. 5H). To further investigate which B cell subsets was responsible for the IL-10
mRNA induction by the combination treatment (Fig. 51), IL-10 mMRNA were detected and
compared between control and combination treatment in sorted CD1dM9"CD5,
cD1d"ghCcD5*, CD1dOWCD5™ and CD1d!oWCd5* B cell subsets. The data showed that
combination treatment significantly increased IL-10 mRNA levels in all four subsets and the
increased folder of CD1dM9I"CD5* B cells was the highest. Taken together, combination of
CD40L (1 ug/mh)+ IL-21 (1 pg/ml) + anti-Tim1 (5 pg/ml) 48 h treatment reduced mRNA
levels of bone resorption and inflammation in treated total splenic B cells. Moreover, the up-
regulation of IL-10 mRNA expression was mainly derived from the induction of
CD1d"9hCD5* B cells subset compared with other three cell subsets. Since CD1dMdhCD5*
B cells subset is predominantly enriched in B10 cells [12], this data indicated that B10 cells
were activated by the combination treatment.
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3.7. CD40L, IL-21 and anti-Tim1 combination treatment reduced bone loss in ligature-
induced experimental periodontitis mouse model

In order to investigate whether the CD40L, IL-21 and anti-Tim1 combination treatment has
the similar induction of 1L-10 competency /n vivo, the ligature-induced experimental
periodontitis mouse model was performed and combination treatment of CD40L (1 ug/ml)
+IL-21 (1 pg/ml) + anti-Tim1 (5 pg/ml) and vehicle control were injected into gingival
tissues at days 3, 6 and 9 in the total 14 days ligation period. The areas of bone loss around
maxillary second molars were measured and quantified in lingual and buccal side in control
and treatment teeth (Fig. 6A). As expected, the resorption area on the treatment side was
significantly smaller than the control side in both lingual and buccal sides, indicating that
CDA40L, IL-21 and anti-Tim1 combination treatment significantly decreased periodontal
bone loss (Fig. 6C). Moreover, to confirm that, TRAP staining was performed to evaluate the
osteoclasogenic activities within periodontal tissues in control and treatment group (Fig.
6B). The quantitative data showed that the number of multinucleated TRAP-positive cells
along the alveolar bone surface was decreased significantly after injection of CD40L, IL-21
and anti-Tim1 combination (Fig. 6D). Mice gingival tissues at the palatal side were collected
under a surgical microscope from maxilla and homogenized for mMRNA and protein
expression measurements. Compared to the control group, gingival IL-10 protein expression
(Fig. 6E) and mRNA levels (Fig. 6F) were significantly increased after combination
treatment, whereas gingival RANKL mRNA levels was significantly decreased in treatment
group (Fig. 6G). These data indicated that CD40L, IL-21 and anti-Tim1 combination
treatment also induced IL-10 expression and reduced RANKL expression in gingival tissues
of ligature-induced experimental periodontitis mouse model, leading to reduction of
periodontal bone resorption. Consistent with /n7 vitro studies above, CD40L, IL-21 and anti-
Tim1 combination had the induction effect of IL-10 competency in local gingival tissues and
resulted the inhibition of bone loss in experimental periodontitis.

4. Discussion

IL-10 producing B cells negatively regulate inflammations in immune disease in both mice
and humans [6,9,28,30]. Recent studies showed that IL-21, Tim1 and CDA40 signals were
involved in functional maturation of B10 cells [27,28,31,32]. However, little is known about
the effects of co-stimulation by I1L-21, anti-Tim1 and CD40 activator on IL-10 competency
in vitroand in vivo. In the present study, we investigated the changes of CD1d"9"CD5* B
cells population and IL-10 expression by treatment of IL-21 alone, anti-Tim1 alone, CD40L
plus IL-21, CD40L plus anti-Tim1 and combination of IL-21, anti-Tim1 and CD40L. The
results showed combination of I1L-21, anti-Tim1 and CD40L treatment significantly
increased IL-10 secretion and mRNA levels without reducing frequency of CD1d"9"CD5* B
cells in splenic B cells; also, combination treatment induced IL-10 competency in gingival
tissues and significantly reduce bone loss in experimental periodontitis model /n vivo.

Recent study showed that IL-21 promoted B10 cell population expansion using a specific ex
vivo culture method, which involved the culture of B cell with IL-4 and NIH-3T3 fibroblast
expressing CD40 ligand and B lymphocyte stimulator (BLYS) for 4 days and then IL-21 for
5 days [22]. However, our present data showed that treatments of IL-21 alone at dosage 25
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ng/ml, 50 ng/ml, 100 ng/ml and 1 pg/ml for 48 h significantly reduced the population of
CD1dN9hCD5* B cells but increased IL-10 expression both in protein and mRNA levels.
There are many possible reasons to explain this confliction. Firstly, IL-21 may only have
proliferative effect on stimulated mature B10 cells after costimulation of 1L-4, CD40L and
BLYS [22] and may not induce cell number increase on un-stimulated primary splenic B
cells. Secondly, IL-21 alone significantly increased IL-10 expression, suggesting 1L-21
treatment may induce IL-10 competency of mature B10 cells instead of increasing overall
B10 populations. Also, the combination of 1L-21, anti-Tim1 and CD40L treatment failed to
expand B10 cells /n vitro probably due to the lack of cognate interaction with T cells [22].
These possible explanations need to be investigated in the future work. Moreover, the effect
of treatments of 1L-21 alone showed no dose dependent effect on reduce of CD1d"9"CD5*
B cells population and increase of IL-10 expression (Fig. 1B-E). The possible causes may
be due to limited quantity of IL-21 receptors on splenic B cells or the initial dose of IL-21
(25 ng/ml) was too high for these effects, which needs further investigations.

Tim-1 is essential for induction and maintenance of IL-10 in regulatory B cells and for their
regulatory function on inflammations [27,33]. In recent study, Tim-1 identified over 70% of
IL-10-producing B cells irrespective of other markers, and alloantigen plus anti-Tim-1
increased B cell TIM-1, IL-10 and IL-4 expression [34]. However, in our present data, anti-
Tim1 alone treatment had no effect on IL-10 induction in primary splenic B cells and
reduced CD1d"9"CD5* B cells population, whereas CD40L + anti-Tim1 increased
CD1dN9hcD5* B cells population but had no effects on IL-10 expression. Only anti-Tim1
combined with CD40L and 1L-21 showed induction of IL-10 expression without significant
changes in CD1d"9"CD5* B cells population, suggesting the induction effect of B10 by
anti-Tim1 treatment needs costimulators. Thus, the detail characterization of Tim1* B10
cells needs further studies.

In our present study, it is the first time to choose combination of costimulatory molecules
IL-21, anti-Tim1 and CD40L to stimulate IL-10 competency both /n vitroand in vivo. With
IL-21 and CD40L stimulation, the I1L-10 expression level was significantly increased only at
dosage 1 pg/ml 1L-21 but the B10 population was significantly decreased at same time (Fig.
3). Moreover, under anti-Tim1 and CD40L stimulation, the B10 population was significantly
increased but I1L-10 expression was not significantly different (Fig. 4). Thus, in order to
achieve both B10 cells expansion and I1L-10 competency, our optimized combination of
IL-21, anti-Tim1 and CD40L increased IL-10 expression significantly and didn’t reduced
B10 population (Fig. 5), which was more proficient than any single (Figs. 1, 2)/double (Figs.
3, 4) treatment of 1L-21, anti-Tim1 and CD40L. This may elute a new insight into the basic
biology of B10 cells as well as how to manipulate them for therapeutic purposes.

Based on our results, the combination of IL-21, anti-Tim1 and CD40L significantly induced
IL-10 competency from B10 cells /n vitro. However, it is not clear whether the induction of
gingival IL-10 expression in ligature-induced experimental periodontitis was mainly or
partly from B10 activation in the gingival tissue under the combination treatment. Recent
studies indicated that IL-10 was secreted not only form B cell s but also from other types of
immune cells such as regulator T cells [35,36], dendritic cells [37,38], macrophages [39,40].
Thus, the increase of gingival 1L-10 expression may be caused by stimulation on other type
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of cells as well, suggesting further studies are needed for IL-21, anti-Tim1 and CD40L
combination effects on other types of immune cells. Moreover, the changes of IL-10 mMRNA
levels showed different trend compared with the changes of 1L-10 protein expression in our
study (Figs. 2-5). It may be caused by post-translational regulation (RNA processing, RNA
stability), translation regulation, protein stability and protein post-translation modifications
of IL-10 [41].

We used ligature-induced periodontitis mouse model to evaluate the efficacy of combination
treatment of I1L-21, anti-Tim1 and CD40L in present study. However, there are certain
limitations to use this animal model to mimic the natural occurring chronic periodontitis in
human. Firstly, ligature-induced periodontitis mouse model only comprises several from
hundreds of microbes that form dental plague biofilms are often needed to induce
periodontitis in human [42]. Also, the ligature-induced periodontitis mouse model has a
much less period (several weeks) which cannot completely mimic the chronic periodontitis
conditions in human patients. Additionally, the mouse has different dental anatomical
structure from human. Taken together, it is very useful to use ligature-induced periodontitis
mouse model to investigate host-microbe interactions and inflammation in periodontitis, but
there are certain limitations to mimic human chronic periodontitis.

In summary, IL-21, anti-Tim1 and CD40L combination induced B10 cell’s IL-10
competency /n7 vitro and inhibited periodontal bone loss in ligature-induced experimental
periodontitis /n vivo.
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Fig. 1.
Effects of different doses of 1L-21 treatment on CD1dM9"CD5* B cells frequency, IL-10

protein expression and mRNA level. Splenocyte B cells were separated from C57/BL6J mice
and cultured 48 h with 1L-21 at dosages 25 ng/ml, 50 ng/ml, 100 ng/ml and 1 ug/ml.
CD1d"9hCD5* B cells were detected using flow cytometry in control and IL-21 treatment
groups (A) (X-axis: CD5 PE staining; Y-axis: CD1d APC staining). The percentage (B) and
quantity (C) of CD1dN9"CD5* B cells were quantified and analyzed by FlowJo software
(mean = SD, n =4 mice per group, compared with control group, *p < 0.05, **p< 0.01).
IL-10 mRNA levels in total cell lysis were determined by real-time PCR in control and
IL-21 treatment groups (D) (mean + SD, n =4 mice per group, compared with control group,
*p<0.05, **p < 0.01). Medium supernatants were collected and secreted IL-10 protein
levels were measured by ELISA in control and IL-21 treatment groups (E) (mean £ SD, n =
4 mice per group, compared with control group, **p < 0.01; compared with 1 pug/ml

group, #p < 0.05, #p< 0.01).
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Fig. 2.
Effects of different doses of anti-Tim1 treatment on CD1d"9"CD5* B cells frequency, IL-10

protein expression and mRNA level. Splenocyte B cells were separated from C57/BL6J mice
and cultured 48 h with anti-Tim1 at dosages 2.5 pg/ml, 5 pg/ml, 10 pg/ml and 20 pg/ml.
CD1d"9hCD5* B cells were detected using flow cytometry in control and anti-Tim1
treatment groups (A) (X-axis: CD5 PE staining; Y-axis: CD1d APC staining). The
percentage (B) and quantity (C) of CD1d"9"CD5* B cells were quantified and analyzed by
FlowJo software (mean £ SD, n= 4 mice per group, compared with control group, **p <
0.01). IL-10 mRNA levels in total cell lysis were determined by real-time PCR in control
and anti-Tim1 treatment groups (D) (mean + SD, n =4 mice per group, compared with
control group no significant differences). Medium supernatants were collected and secreted
IL-10 protein levels were measured by ELISA in control and anti-Tim1 treatment groups (E)
(mean = SD, n = 4 mice per group, compared with control group no significant differences).
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Fig. 3.

Efgfects of CD40L plus different doses of IL-21 on CD1d"9"CD5* B cells frequency, IL-10
protein expression and mRNA level. Splenocyte B cells were separated from C57/BL6J mice
and cultured 48 h under multiple conditions including untreated control, CD40L (1 pg/ml)
alone, CD40L (1 ug/ml) +1L-21(25 ng/ml, 50 ng/ml, 100 ng/ml and 1 pg/ml) (A).
CD1dN9"hCD5* B cells were detected using flow cytometry in control and CD40L +1L-21
treatment groups (X-axis: CD5 PE staining; Y-axis: CD1d APC staining). The percentage
(B) and quantity (C) of CD1d"9"CD5* B cells were quantified and analyzed by FlowJo
software (mean + SD, n = 4 mice per group, compared with control group, *p < 0.05, **p <
0.01). IL-10 mRNA levels in total cell lysis were determined by real-time PCR in control
and CD40L + IL-21 treatment groups (D) (mean + SD, n = 4 mice per group, compared with
control group, **p < 0.01). Medium supernatants were collected and secreted IL-10 protein
levels were measured by ELISA in control and CD40L + I1L-21 treatment groups (E) (mean
+ SD, n = 4 mice per group, compared with control group, **p < 0.01).
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Efgfects of different doses of CD40L plus different doses of anti-Tim1 treatment on
CD1dN9hcD5* B cells frequency, 1L-10 protein expression and mRNA level. Splenocyte B
cells were separated from C57/BL6J mice and cultured 48 h under multiple conditions
including untreated control, CD40L (1 pg/ml) alone, CD40L (1 ug/ml) +anti-Tim1 (0.2
pg/ml, 1 pg/ml, 5 ug/ml and 10 pg/ml). CD1dMINCD5* B cells were detected using flow
cytometry in control and CD40L + anti-Tim1 treatment groups (A) (X-axis: CD5 PE
staining; Y-axis: CD1d APC staining). The percentage (B) and quantity (C) of
CD1dN9hCD5* B cells were quantified and analyzed by FlowJo software (mean + SD, n = 4
mice per group, compared with control group, *p < 0.05, **p < 0.01). Medium supernatants
were collected and secreted IL-10 protein levels were measured by ELISA in control and
CDA40L + anti-Tim1 treatment groups (D) (mean = SD, n= 4 mice per group, compared with
control group no significant differences). IL-10 mRNA levels in total cell lysis were
determined by real-time PCR in control and CD40L +anti-Tim1 treatment groups (E) (mean
+ SD, n =4 mice per group, compared with control group, **p < 0.01).
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Fig. 5.

Effects of combination of IL-21, anti-Tim1 and Cd40L treatment on CD1d"9"CD5* B cells
frequency, IL-10 protein expression, and I1L-10, RANKL and other cytokines mRNA levels.
Splenocyte B cells were separated from C57/BL6J mice and cultured under multiple
conditions including untreated control, CD40L (1 pg/ml) alone, CD40L (1 pg/ml) + 1L-21
(100 ng/ml) +anti-Tim1 (5 pg/ml) and CD40L (1 pg/ml) +1L-21 (1 ug/ml)+ anti-Tim1 (5
pg/ml) for 48 h, and CD40L (1 ug/ml) 48 h with IL-21 (100 ng/ml) + anti-Tim1 (5 pg/ml) or
IL-21 (1 pg/ml) + anti-Tim1 (5 ug/ml) for 24 h. CD1d"9"CD5* B cells were detected using
flow cytometry in control and CD40L + IL-21+ anti-Tim1 combination treatment groups (A)
(Xaxis: CD5 PE staining; Y-axis: CD1d APC staining). The percentage (B) and quantity (C)
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of CD1d"9"CD5* B cells were quantified and analyzed by FlowJo software (mean + SD, n
=4 mice per group, compared with control group no significant differences). IL-10 mRNA
levels in total cell lysis were determined by real-time PCR in control and CD40L +1L-21
+anti-Tim1 combination treatment groups (D) (mean £ SD, n = 4 mice per group, compared
with control group, *p < 0.05, **p < 0.01). Medium supernatants were collected and
secreted IL-10 protein levels were measured by ELISA in control and CD40L + IL-21 +anti-
Tim1 combination treatment groups (E) (mean = SD, n = 4 mice per group, compared with
control group, *p < 0.05, **p < 0.01). Splenocyte B cells were separated from C57/BL6J
mice and cultured in two groups including untreated control and CD40L (1 pg/ml) +1L-21 (1
pg/ml) + anti-Tim1 (5 ug/ml) for 48 h. RANKL (F), TNFa (G) and ICAM-1 (H) mRNA
levels in total cell lysis were determined by real-time PCR in control and CD40L + IL-21+
anti-Tim1 combination treatment group (mean + SD, n = 4 mice per group, compared with
control group, *p < 0.05). CD1d!"CD5", CD1d"ghcD5-, cD1d"9hCD5*, CD1d'°“CD5* B
cell subsets were sorted from control and CD40L +1L-21 +anti-Tim1 combination treatment
groups respectively. IL-10 mRNA levels of each subsets were determined by real-time PCR
in control and CD40L + IL-21+ anti-Tim1 combination treatment group (1) (mean £ SD, n
=4 mice per group, compared with control group, *p < 0.05).
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Fig. 6.

Control Treatment

Combination treatment of CD40L, IL-21 and anti-Tim1 reduced bone loss and increased

gingival IL-10 expression and mRNA level and decreased RANKL mRNA level in mo
experimental periodontitis. Silk ligatures were tied around maxillary secondary molars

use
of

both sides in C57/BL6 mice on day 0 and CD40L (1 pg/ml)+ IL-21 (1 pg/ml)+ anti-Tim1 (5
ug/ml) combination or PBS was injected on days 3, 6 and 9. Maxilla were collected on day
14 and the lingual and buccal sides alveolar bone resorption areas were pictured (A) and

analyzed as bone resorption area/mm? at the magnification of 30x (C) (means + SD, n

=5

mice per group, *p < 0.05, **p < 0.01). TRAP staining was performed on tissue sections and
images of periodontal tissues were analyzed at the magnification of 200x (B). The number
of multinucleated TRAP+ cells along the alveolar bone surface were counted and compared
between control group and CD40L +IL-21 + anti-Tim1 combination treatment group (D)
(means + SD, n =5 mice per group, **p < 0.01). Gingival I1L-10 protein expression were
measured by ELISA in control and CD40L + IL-21+ anti-Tim1 combination treatment group

(E) (mean + SD, n =5 mice per group, *p < 0.05). Gingival 1L-10 (F) and RANKL (G)
MRNA levels were determined by real-time PCR in control and CD40L + IL-21+ anti-

Timl

combination treatment group respectively (mean £ SD, n =5 mice per group, *p < 0.05).
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Table 1

Primers and sequences used for PCR.

Primers  Sequences

TNF-a Forward: 5"-CAACGCCCTCCTGGCCAACG-3’
Reverse: 5"-TCGGGGCAGCCTTGTCCCTT-3

IL-10 Forward: 5"-GACCAGCTGGACAACATACTGCTAA-3’
Reverse: 5 -GATAAGGCTTGGCAACCCAAGTAA-3’

RANKL  Forward: 5'-CAT GTG CCA CTG AGA ACC TTG AA-3’
Reverse: 5'-CAG GTC CCA GCG CAA TGT AAC-3’

ICAM-1  Forward: 5'-TCGGGAAGGGAGCCAAGTAACT-3’
Reverse: 5'-GATCCTCCGAGCTGGCATT-3’

GAPDH  Forward: 5"-CCCCAGCAAGGACACTGAGCAA-3’

Reverse: 5'-GTGGGTGCAGCGAACTTTATTGATG-3’
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