
Periodontal disease is a specialized infec-
tious disease that involves inflammation of
the gums and periodontal bone resorption.
During the disease progression, the exten-
sive host immune response may contribute
to the subsequent tissue destruction (1). It
has been suggested that there is a local
immunoregulatory imbalance in periodon-

tal disease (2). The progressive lesion has
been associated with increased infiltration
of T and B lymphocytes (3, 4). The
functional potential of lymphocytes in this
segment of cellular influx suggests that
immune cells could be responsible for the
connective tissue destruction and bone
resorption in periodontal disease (1, 5–9).

Receptor activator of nuclear factor-jB
ligand (RANKL), its receptor RANK, and
a decoy receptor osteoprotegerin (OPG)
are key molecules in the regulation of
osteoclast differentiation, recruitment
and function (10–12). Although the inter-
play between the immune system (innate
and adaptive) and inflammatory bone
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Introduction: We investigated receptor activator of nuclear factor-jB ligand (RANKL)
expression by B lymphocytes during early and late aspects of the immune response
to Aggregatibacter actinomycetemcomitans, a gram-negative, anaerobic bacterium
associated with aggressive periodontal disease.
Methods: Expression of messenger RNA transcripts (tumor necrosis factor-a, Toll-like
receptors 4 and 9, interleukins 4 and 10, and RANKL) involved in early (1-day) and late
(10-day) responses in cultured rat splenocytes was examined by reverse transcription–
polymerase chain reaction (RT-PCR). The immune cell distribution (T, B, and natural
killer cells and macrophages) in cultured rat splenocytes and RANKL expression in B
cells were determined by flow cytometric analyses. B-cell capacity for induction of
osteoclast differentiation was evaluated by coculture with RAW 264.7 cells followed by a
tartrate-resistant acid phosphatase (TRAP) activity assay.
Results: The expression levels of interleukins 4 and 10 in cultured cells were not
changed in the presence of A. actinomycetemcomitans until cultured for 3 days, and
peaked after 7 days. After culture for 10 days, the percentages of B and T cells, the
overall RANKL messenger RNA transcripts, and the percentage of RANKL-expressing
immunoglobulin G-positive cells were significantly increased in the presence of
A. actinomycetemcomitans. These increases were considerably greater in cells
isolated from A. actinomycetemcomitans-immunized animals than from non-immunized
animals. RAW 264.7 cells demonstrated significantly increased TRAP activity when
cocultured with B cells from A. actinomycetemcomitans-immunized animals. The
addition of human osteoprotegerin-Fc to the culture significantly diminished such
increases.
Conclusion: This study suggests that B-lymphocyte involvement in the immune response
to A. actinomycetemcomitans through upregulation of RANKL expression potentially
contribute to bone resorption in periodontal disease.
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destruction remains unclear, the RANKL–
RANK–OPG axis has been recognized as
an important signaling system functioning
both in bone and immune cell communi-
cation (13–15). Recent findings demon-
strated that the innate immune response
promoted osteoclastogenic activity by acti-
vating RANKL via Toll-like receptor
(TLR) pathways (16). Others reported that
innate immune recognition through TLR
signaling is crucial for inflammatory bone
loss in response to infection by micro-
organisms associated with chronic perio-
dontal disease (17). Also, it has been
demonstrated that RANKL production by
activated T cells directly regulates osteo-
clastogenesis and bone resorption (18).
Our previous studies have demonstrated
that regulation of T-lymphocyte function
can effect periodontal bone resorption in
periodontal disease (19–21). In particular,
T lymphocytes specific to Aggregatibacter
actinomycetemcomitans, a gram-negative,
anaerobic bacterium associated with peri-
odontal disease, have been suggested to
modulate periodontal bone resorption in
A. actinomycetemcomitans-infected rats
through upregulation of RANKL produc-
tion (21–23). However, the role of B
lymphocytes in periodontal bone resorp-
tion during the immune response to spe-
cific periodontal pathogens has not yet
been fully understood. Since B lympho-
cytes are present in abundance in inflamed
periodontal lesions, we hypothesized that
B lymphocytes can play a role in bone
resorption during the immune response to
periodontal pathogens, by the upregulation
of RANKL expression. The purpose of
this study was to investigate RANKL
expression by B lymphocytes during early,
late, and primed aspects of the immune
response to A. actinomycetemcomitans.
Understanding the role of immune B cells
in bacterial antigen-induced bone resorp-
tion could potentially lead to new treat-
ments for periodontal bone loss (24).

Material and methods

Animals

All animals were inbred heterozygous nor-
mal Rowett rats (Rnu/+, male, 3–5 months
old) maintained under pathogen-free con-
ditions in laminar flow cabinets. Experi-
ments using these animals were approved
by the Forsyth Institute’s Internal Animal
Care and Use Committee (IACUC). For
some experiments, rats were immunized
intraperitoneally with 2 · 108 formalin-
killed A. actinomycetemcomitans (ATCC
43718) in phosphate-buffered saline (PBS)
as described previously (25). Ten days after

immunization rats were boosted intraperi-
toneally with the same bacteria (2 · 107).
Rats injected with PBS only were used as
control animals. Rats were sacrificed 4 days
after the booster injection.

Tissue extraction and cell culture

Rats were euthanized in a CO2 chamber
and the whole spleen was dissected to
prepare single-cell suspensions. Single-cell
suspensions were applied to Ficoll–Hyp-
aque solution (density 1.088; Sigma Diag-
nostics, St Louis, MO) and centrifuged
(2000 g for 20 min at 20�C) to remove
erythrocytes and dead cells. Isolated
splenocytes were added to six-well plates
(7.5 · 106 per well) in RPMI-1640 com-
plete medium containing 10% fetal calf
serum, 100 U/ml penicillin, 100 mg/ml
streptomycin, 2 mm l-glutamine, and
10 mm HEPES buffer. Cells were cultured
at 37�C in a humidified incubator with 5%
CO2, in the presence or absence of 2 · 107

formalin-fixed A. actinomycetemcomitans.
Cells were cultured for 1 day or for
10 days before collection for analysis.

RNA isolation and reverse transcription–

polymerase chain reaction (RT-PCR)

After the indicated times, cultured spleno-
cytes were lysed in RNA-BEE total RNA
isolation solution (Tel-Test, Friendswood,
TX) and the total cellular RNAs were
isolated according to the manufacturer’s
instructions. Isolated RNA (0.1 lg each)
was reverse transcribed with the Super-
Script synthesis system in the presence of
random primers (Invitrogen, Carlsbad,
CA). The subsequent complementary
DNA was amplified by PCR with Taq
DNA polymerase (Invitrogen) as described
by the manufacturer. The primer sequences
used for the amplification were as follows:
RANKL: 5¢-TCAGGTGGTCTGCAGCA-
TCGCTCTG-3¢ and 5¢-AACCCTTAGTT-
TTCCGTTGCTT-3¢ [450 base pairs (bp)];
TLR-4: 5¢-GGAATACCTGGACTTTCA-
GCAC-3¢ and 5¢-TGTTGCAGTATTCCT-
TTGGATG-3¢ (420 bp); TLR-9: 5¢-A
ACAAGCTGGACCTGTACCATT-3¢ and
5¢-GATGAATCAGGCTTCTCAGGTC-3¢
(300 bp); tumor necrosis factor-a (TNF-a):
5¢-GTAGCCCACGTCGTAGCAAA-3¢
and 5¢-CCCTTCTCCAGCTGGAAGAC-
3¢ (320 bp); interleukin-4 (IL-4): 5¢-AA-
CACCACGGAGAACGAGCTCATC-3¢
and 5¢-AGTGAGTTCAGACCGCTGAC-
ACCT-3¢ (150 bp); IL-10: 5¢-CACTGCT-
ATGTTGCCTGCTC-3¢ and 5¢-TTCATGG
CCTTGTAGACACC-3¢ (460 bp); glycer-
aldehyde 3-phosphate dehydrogenase

(GAPDH): 5¢-TCACTGCCACTCAGA-
AGACTGT-3¢ and 5¢-GGCCTCTCTC-
TTGCTCTCAGTA-3¢ (520 bp). PCR
conditions were 30–35 cycles of 94�C for
30 s; 45–60�C for 30 s; 72�C for 1 min.
Amplification of the GAPDH gene was
used as an internal control.

Flow cytometry

For cell type distribution, cells were stained
with the following monoclonal mouse anti-
rat primary antibodies (Serotec, Oxford,
UK) to different cell surface markers as
follows: OX33 (B cell), R73 (T cell), ED1
(macrophage), NK-RP1 [natural killer (NK)
cell]. After washing with PBS, the cells
were stained with fluorescein isothiocya-
nate (FITC) -conjugated rat anti-mouse
immunoglobulin (IgG; Jackson Immuno
Research, West Grove, PA). At least
20,000 cells were counted for each sample.
For the detection of IgG-positive cells,
cultured cells were stained with rabbit
anti-rat IgG (Sigma, St Louis, MO) fol-
lowed by phycoerythrin (PE) -conjugated
goat anti-rabbit IgG (Molecular Probes,
Eugene, OR). Cells stained only with PE-
conjugated goat anti-rabbit immunoglobu-
lin were used as negative controls. For the
detection of RANKL-expressing cells, cul-
tured cells were stained with human OPG-
Fc (a fusion protein kindly provided by Dr
Colin Dunstan from Amgen Inc., Thousand
Oaks, CA) or the irrelevant human fusion
protein L6-Fc (as negative control), fol-
lowed byFITC-conjugated goat anti-human
IgG (Sigma). At least 20,000 cells were
counted for each sample.

Cell viability by acridine orange/ethidium

bromide staining

Cell viability was determined morphologi-
cally by staining of unfixed, non-permea-
bilized cells with the DNA-intercalating
fluorescent dyes acridine orange and ethi-
dium bromide (26). Briefly, cultured cells
were harvested by centrifugation. Cells
were then exposed to 40 lg/ml acridine
orange (Sigma) and 100 lg/ml ethidium
bromide (Bio-Rad, Hercules, CA), and
visualized by fluorescence microscopy
using an inverted microscope (Leica, Ban-
nockburn, IL). Both the total numbers of
cells and the number of live cells were
determined on days 0, 1, 3, 7, and 10.

TRAP staining for evaluation of osteoclast

differentiation

Splenocytes from immunized animals
were cultured in the presence or absence
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of formalin-fixed A. actinomycetemcomi-
tans as described above. B cells were
isolated from cultured splenocytes by
fluorescence-activated cell sorting (FACS)
using mouse anti-rat antibodies to B-cell
surface markers (PanB/CD45RA, 1 : 1,
Serotec, Oxford, UK) followed by FITC-
conjugated rat anti-mouse IgG (Jackson
Immuno Research). To evaluate tartrate-
resistant acid phosphatase (TRAP) staining
for osteoclast differentiation, RAW 264.7
cells (ATCC Cat# TIB-71) were cocultured
with purified B cells (1.5 · 105 cells/well)
in 96-well plates for 3 days as previously
described (8). RAW cells cultured with
200 ng/ml murine soluble RANKL
(sRANKL, R&D Systems, Minneapolis,
MN) served as a positive control. In some
experiments, cocultures were performed in
the presence of human OPG-Fc at a
concentration of 1 lg/ml, to confirm that
the observed osteoclastogenesis of RAW
cells was mediated through RANKL–
RANK interactions. Addition of an
irrelevant fusion protein, L6-Fc, at a
concentration of 1 lg/ml was used as a
control for OPG-Fc. Cells were stained for
TRAP using a leukocyte acid phosphatase
kit (Sigma) according to the manufac-
turer’s instructions. TRAP-positive cells
with three or more nuclei were counted
microscopically and were considered as
osteoclasts.

Results

Expression of immune response markers

in cultured splenocytes from naı̈ve rats

A constitutive level of TNF-a, TLR-4, and
IL-4 expression was observed throughout
the culture period in the absence of
A. actinomycetemcomitans (Fig. 1A,B).
Expression of TLR-9 or IL-10 was not
detected in the cultured splenocytes in the
absence of A. actinomycetemcomitans.
However, the messenger RNA (mRNA)
transcripts of TNF-a and TLR-4 were
immediately increased after cells were cul-
tured with A. actinomycetemcomitans for
1 day. These increases were seen most
significantly in cells cultured for 7 days
(Fig. 1A,C). Expression of TLR-9 was not
detected in splenocytes throughout the
culture period in the presence or absence
of A. actinomycetemcomitans. The expres-
sion levels of IL-4 and IL-10 in the cells
were not changed in the presence of
A. actinomycetemcomitans until cultured
for 3 days or more, and a significant
increase of IL-4 and IL-10 expression was
observed in cells cultured for 7 days.
Furthermore, sustained high levels of
both TNF-a and IL-4 expression were

observed in cells cultured for 10 days
with A. actinomycetemcomitans stimula-
tion. These results suggest that TNF-a and
TLR-4 could be associated with the innate
aspect of immune response to A. actinomy-
cetemcomitans, while IL-4 and IL-10 are
involved in the adaptive immune responses
to the bacteria.

Overall RANKL expression by RT-PCR in

cultured splenocytes from naı̈ve rats

After culture for 1 day, RANKL tran-
scripts were not detectable in the absence
of A. actinomycetemcomitans and were
barely visible in splenocytes cultured in
the presence of A. actinomycetemcomitans
for 1 day. However, after culture for
10 days in the presence of A. actinomyce-
temcomitans, the RANKL transcripts were

significantly increased compared with
those without A. actinomycetemcomitans
stimulation (Fig. 2). These results indicate
that RANKL expression is upregulated in
B lymphocytes in the late aspect rather
than in the earlier aspect of immune
responses to A. actinomycetemcomitans
bacteria.

Cell type distribution of cultured

splenocytes

After culture for 1 day, the percentage of B
cells, T cells, macrophages, and NK cells
did not change in the presence or absence
of A. actinomycetemcomitans (Fig. 3A).
However, after culture for 10 days, the
percentages of B cells and T cells were
both significantly increased in the presence
of A. actinomycetemcomitans compared

A

B C

Fig. 1. Expression of molecular markers of innate and/or adaptive response in cultured splenocytes
from naı̈ve rats. Splenocytes from non-immunized rats were cultured for the times indicated and total
RNAwas extracted from cultured cells. Single-strand complementary DNA (cDNA) was synthesized
from 0.1 lg total RNA by reverse transcription, and the specific cDNAs for tumor necrosis factor-a
(TNF-a), Toll-like receptors 4 and 9 (TLR-4, TLR-9), interleukins 4 and 10 (IL-4, IL-10), and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were amplified by polymerase chain reaction
(PCR). (A) PCR fragments were resolved on a 1% agarose gel and stained with ethidium bromide.
(B, C). Signal intensity was quantified by densitometry and data are presented as mean ± SE of three
independent repeats and the respective transcript levels are expressed as ratios relative to GAPDH;
Aggregatibacter actinomycetemcomitans (Aa).

192 Han et al.



with those without A. actinomycetemcom-
itans stimulation (15.9% vs. 4.2% for B
cells; 57.5% vs. 28.2% for T cells, respec-
tively) (Fig. 3B). These data suggest that
B and T cells could be major cell popu-
lations that respond to A. actinomycetem-
comitans antigen challenge in vitro.

RANKL expression by naı̈ve B cells after

A. actinomycetemcomitans challenge

To study the level of RANKL expression
in B-cell populations, rat splenocytes were
cultured in the presence or absence of
A. actinomycetemcomitans for 1 day or
10 days, and RANKL-expressing IgG-
positive cells were detected by double
staining. Since our preliminary data indi-
cated that the majority of B cells in spleen
are IgG-positive (data not shown), we use
this subtype to represent the potentially
active B-cell population. As shown in
Fig. 4, after culture for 1 day the percent-
age of RANKL-expressing IgG-positive
cells demonstrated little change in the
absence (1.4%) or presence (1.7%) of
A. actinomycetemcomitans (Figs 4A,B).
However, the percentage of RANKL-
expressing IgG-positive cells were greatly
increased after culture for 10 days in the
presence of A. actinomycetemcomitans
(17.7%), compared with those without

A. actinomycetemcomitans stimulation
(4.8%) (Figs 4C,D). This suggests that
immune B cells (significant increase in
IgG intensity) express increased levels of
RANKL during late aspects of the
response in vitro in the presence of A. ac-
tinomycetemcomitans, compared with the
early aspect of response. This might be
attributed to the B-cell immune response
in vitro after stimulation by inflammatory
cytokines secreted by antigen-specific
T cells.

RANKL expression by primed B cells after

A. actinomycetemcomitans challenge

To further test this hypothesis, we evalu-
ated the number of RANKL-expressing,
IgG-positive cells in the A. actinomyce-
temcomitans-immunized vs. non-immu-
nized splenocytes (Fig. 5A). At day 1,
the overall RANKL expression was low in
all tested groups despite the immunization
and the presence or absence of A. actino-
mycetemcomitans in the culture. There
were no differences in RANKL-expressing
IgG-positive cells in the presence or
absence of A. actinomycetemcomitans,
and between the non-immunized and
immunized groups (Fig. 5A). However,
at day 10, the overall RANKL expression
in cultured cells was significantly
increased in the presence of A. actinomy-
cetemcomitans, as compared with cultured
cells in the absence of A. actinomycetem-
comitans (Fig. 5B). This increase was
observed both in the immunized group
(RANKL+ cells: 71% vs. 12%, P < 0.01),
and in the non-immunized group
(RANKL+ cells: 54% vs. 19%,
P < 0.01). More importantly, cells from
the immunized group showed significantly
increased levels of RANKL expression
compared with cells from the non-immu-
nized group (71% vs. 54%, P < 0.01)
when they were cultured in the presence
of A. actinomycetemcomitans (Fig. 5B).
Therefore, the adaptive response to immu-
nization and boost are involved in major
upregulation of RANKL expression. To
focus on B cells, we evaluated RANKL-
expressing IgG-positive cells. RANKL-
expressing IgG-positive cells were
significantly increased, more than fourfold,
in the immunized group (from 4% to 17%,
P < 0.01). Interestingly, the percentage of
IgG-positive cells was unchanged through-
out the different groups tested on either
day 1 or day 10, suggesting that the
significant increase of RANKL-expressing
B cells was a result of specific antigen-
driven RANKL expression by B cells, not
a relative increase of the B-cell percentage.

A

B

Fig. 2. Receptor activator of nuclear factor-jB ligand (RANKL) messenger RNA expression by
reverse transcription–polymerase chain reaction (RT-PCR) in cultured splenocytes from naı̈ve rats.
Splenocytes from non-immunized rats were cultured for 1 day or 10 days in the presence or absence
of Aggregatibacter actinomycetemcomitans (Aa). After indicated times cultured splenocytes were
collected and total RNAwas extracted. Single-strand complementary DNA (cDNA) was synthesized
from 0.1 lg total RNA by reverse transcription, and the specific cDNAs for RANKL and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were amplified by PCR. (A) PCR fragments
were resolved on a 1% agarose gel and stained with ethidium bromide. (B) Signal intensity was
quantified by densitometry and data are presented as mean ± SE of three independent duplicates and
the respective transcript levels are expressed as ratios relative to GAPDH.

A

B

Fig. 3. Cell type distribution of cultured
splenocytes from non-immunized rats. Non-
immune splenocytes were cultured for (A)
1 day or (B) 10 days in the presence or absence
of Aggregatibacter actinomycetemcomitans
(Aa). Cells were stained with the mouse anti-
rat antibodies against different surface makers:
OX33 for B cells, R73 for T cells, ED1 for
macrophages, and NK-RP1 for natural killer
cells. The cells were then stained with fluores-
cein isothiocyanate-conjugated rat anti-mouse
immunoglobulin G. The percentage of each cell
type in cultured splenocytes was determined by
flow cytometry. At least 20,000 cells were
counted for each sample (n = 4, mean ± SD,
*P < 0.05, t-test).
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Cell viability of cultured splenocytes in the

presence or absence of

A. actinomycetemcomitans

To determine the effect of A. actinomyce-
temcomitans on cell proliferation and sur-
vival, cultured cells were enumerated after
staining with the DNA-intercalating fluo-
rescent dyes acridine orange and ethidium
bromide (26). Total cell concentration (live
and dead) was gradually decreased in the
cultures in the absence of A. actinomyce-
temcomitans stimulation, indicating a
higher rate of cell death than cell pro-
liferation (Fig. 6A). In the presence of
A. actinomycetemcomitans, the cell con-
centration remained unchanged during the
first 3 days of culture, but was greatly
increased at day 7 (P < 0.01, compared
with day 0), indicating, transiently, an
augmented rate of cell proliferation as
opposed to cell death (Fig. 6A). Live cell
concentrations were also determined to
ascertain viability conditions in the pres-
ence or absence of A. actinomycetemcom-
itans. Although both conditions showed a
gradual decrease in concentration of live
cells, the number of cells cultured with
A. actinomycetemcomitans was signifi-
cantly higher compared with the number

of cells cultured without A. actinomyce-
temcomitans at each time-point, probably
because of the relatively greater level of
proliferation (Fig. 6B). Taken together
with the significant increase in RANKL
expression on A. actinomycetemcomitans-
cultured cells (Fig. 5B), these results sug-
gested that there is a greatly increased rate
of survival of B cells that are activated and
express more RANKL. This enhanced
viability/survival may lead to increased
RANKL+ cells that can participate in bone
resorption related to bacterial infection.

Induction of osteoclast differentiation by B

cells

The TRAP activity assay was performed to
test the FACS-purified B cells for the
ability to induce osteoclast differentiation.
Osteoclast precursor cells (RAW 264.7
cells) demonstrated significantly increased
TRAP+ multinucleated cells when cocul-
tured with purified B cells as compared
with medium-only controls (a,bP < 0.01,
Fig. 7). Cocultures of RAW cells with
purified B cells from splenocytes cultured
with A. actinomycetemcomitans exhibited
a significantly larger number of multinu-
cleated TRAP+ cell formation compared

with B cells not previously cultured with
A. actinomycetemcomitans (cP < 0.001,
Fig. 7). Addition of human OPG-Fc into
the culture significantly diminished such
increases (d,eP < 0.01, Fig. 7), suggesting
that the observed induction of osteoclas-
togenesis of RAW cells is RANKL-depen-
dent. No such inhibitory effect was
observed in RAW cells cocultured with
purified B cells in the presence of L6-Fc.

Discussion

It has been suggested that alveolar bone
resorption in periodontal disease is medi-
ated by enhanced immune-cell-induced
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Fig. 4. Receptor activator of nuclear factor-jB ligand (RANKL) expression in immunoglobulin
G-positive (IgG+) cells. Splenocytes from non-immunized rats were cultured for 1 day or 10 days in
the presence or absence of Aggregatibacter actinomycetemcomitans (Aa). Cells were stained with
rabbit anti-rat IgG followed by phycoerythrin-conjugated goat anti-rabbit IgG for the detection of
IgG+ cells. Cells were also stained with human osteoprotegerin (OPG) -Fc (a fusion protein kindly
provided by Dr Colin Dunstan from Amgen Inc., Thousand Oaks, CA) or the irrelavant human
peptide L6-Fc (as controls), followed by fluorescein isothiocyanate-conjugated goat anti-human IgG
for the detection of RANKL-expressing cells. At least 20,000 cells were counted for each sample.

A

B

Fig. 5. Receptor activator of nuclear factor-jB
ligand (RANKL) -expressing immunoglobulin
G-positive (IgG+) cells in immunized vs. non-
immunized animals. The same experiments as
described in Fig. 3 were repeated on animals
immunized intraperitoneally with Aggregatib-
acter actinomycetemcomitans (Aa) or with
phosphate-buffered saline (as non-immunized
controls). Splenocytes from these rats were
cultured for (A) 1 day or (B) 10 days in the
presence or absence of A. actinomycetemcomi-
tans. Cells were then double-stained for the
detection of RANKL-expressing IgG+ cells. At
least 20,000 cells were counted for each sample
(n = 4, mean ± SD, **P < 0.01, t-test).
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osteoclastogenesis (27). RANKL is in-
volved in both physiological osteoclasto-
genesis and pathological bone loss (28,
29). Recent findings indicated that B cells
are key participants in RANKL-mediated
bone resorption (8, 30). Our current results
show that the percentage of B cells and T
cells in cultured naı̈ve splenocytes are

significantly increased in the presence of
the antigen A. actinomycetemcomitans
(Fig. 3B). Meanwhile, the level of
RANKL mRNA was also upregulated in
the cultured splenocytes after A. actino-
mycetemcomitans antigenic stimulation.
These data suggest that B and T cells are
major cell populations that respond to

A. actinomycetemcomitans antigen chal-
lenge in vitro and that these cells have an
increased level of RANKL expression
after stimulation/restimulation with anti-
gen. Our previous studies have demon-
strated that T lymphocytes specific to
A. actinomycetemcomitans can modulate
periodontal bone resorption in A. actino-
mycetemcomitans-infected rats through
upregulation of RANKL production (21,
22). The present study and our more recent
data (8) support the previous observation
and further suggest that B cells can be
another abundant source of RANKL with
marked potential to induce bone resorption
during periodontal infection.
Our results indicated that the transcript

levels of TNF-a and TLR-4 (indicative of
an innate response) were significantly
upregulated within 1 day of the cells being
exposed to A. actinomycetemcomitans,
whereas the expression levels of IL-4 and
IL-10 in the cells were not increased in the
presence of A. actinomycetemcomitans un-
til after 3–7 days of culture (Fig. 1). These
observations confirmed that TNF-a and
TLR-4 could be actively involved in the
innate immune response to A. actinomyce-
temcomitans, while IL-4 and IL-10 cyto-
kines can be associated with adaptive
immunity. However, after culture for
1 day, there were no changes in the
percentage of RANKL-expressing IgG-
positive cells in cultured splenocytes.
Furthermore, the percentage of RANKL-
expressing IgG-positive cells in cultured
splenocytes was significantly increased
after culture for 10 days in the presence
of A. actinomycetemcomitans, and the
increase was much greater in the primed,
immunized animals than in the non-immu-
nized animals. These data suggest that
RANKL expression is upregulated in B
lymphocytes in the adaptive immune
response rather than in the innate immune
response to A. actinomycetemcomitans
bacteria, and preimmunization of animals
with A. actinomycetemcomitans leads to
an enhanced B-cell response including
increased RANKL expression. Previous
findings indicated that the in vitro innate
immune response itself is not sufficient to
markedly stimulate RANKL expression by
immune cells (31). However, it is very
clear that adaptive immune response give
rise to abundant RANKL expression and
potential for induction of bone resorption
(21–23). This suggests that B cells primed
by immunization could undergo apoptosis
during culture in the absence of antigen,
or be stimulated by specific antigen
(A. actinomycetemcomitans) whereupon
they manifest greatly enhanced RANKL

A 

B 

Fig. 6. Cell viability after exposure to Aggregatibacter actinomycetemcomitans. Splenocytes were
cultured for the indicated time in the presence or absence of A. actinomycetemcomitans (Aa).
Cultured cells were then harvested and stained with 40 lg/ml acridine orange and 100 lg/ml
ethidium bromide, and visualized by fluorescence microscopy using an inverted microscope. Each
experiment was performed in triplicates and the results were presented as mean ± SD (**P < 0.01,
t-test).

Fig. 7. Induction of osteoclast differentiation by purified B cells. Splenocytes from immunized
animals (n = 3) were cultured in the presence or absence of formalin-fixed Aggregatibacter
actinomycetemcomitans as described in the Materials and methods. B cells were purified from
cultured splenocytes by fluorescence-activated cell sorting (FACS). RAW 264.7 cells were
cocultured with purified B cells for 3 days. For some experiments, cocultures were performed in
the presence or absence of human osteoprotegerin (OPG)-Fc at a concentration of 1 lg/ml. An
irrelevant fusion protein, L6-Fc, was used as control. For tartrate-resistant acid phosphatase (TRAP)
staining, cells were stained using a Leukocyte Acid Phosphatase kit (Sigma) and multinucleated
TRAP-positive cells were counted. Each experiment was performed in triplicate and the results were
presented as mean ± SE (a,b,d,eP < 0.01, cP < 0.001, t-test).
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expression. We conclude that B lympho-
cytes have considerable potential to con-
tribute to increased periodontal bone
resorption during the adaptive immune
response to A. actinomycetemcomitans in
periodontal disease and that this effect
could be associated with the upregulation
of RANKL expression. This is particularly
significant in light of our recent findings
that more than 90% of B cells recovered
from human periodontal diseased tissues
express RANKL, as opposed to about 54%
of T cells (7). The combined effects of
A. actinomycetemcomitans activation to
enhance RANKL expression and cell
turnover therefore combine to increase
the potential for periodontal bone resorp-
tion. Further studies are warranted to
determine the nature of T-cell and B-cell
immune responses to oral bacteria and the
contributions of RANKL-expressing, anti-
gen-specific B lymphocytes to periodontal
bone resorption.
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