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Periodontitis is an infectious disease

caused by periodontopathic bacteria.

Lipopolysaccharide (LPS), one of their

components, and immune cells, espe-

cially T cells, are believed to be key

factors in periodontitis and bone

resorption (1–11). T cell subpopula-

tions, T helper 1 (Th1) cells producing

interferon-c (IFN-c) and T helper 2

(Th2) cells producing interleukin-4 (IL-

4), also regulate immune reactions. We

previously reported that IFN-c-posi-
tive cells were more predominant than

IL-4-positive cells in severe perio-

dontitis lesions (12). Furthermore,

Teng et al. reported that CD4 T cells

producing IFN-c accelerate alveolar

bone resorption (13). These reports

suggest that T cells and their cytokines

have important roles in periodontitis

and bone resorption. However, the role

of T cells themselves in bone resorp-

tion has still not been clarified, because

T cells are activated by other cells,

such as macrophages, B cells and

fibroblasts, in inflamed lesions. B cells

regulate immune responses with T cells

and B cells also accelerate bone

resorption by themselves.

T cells and B cells have been

reported to produce receptor activator

of nuclear factor jB ligand (RANKL;

6–11,14), which is a member of the
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Background and Objective: T cells and their cytokines are believed to be key fac-

tors in periodontal disease and bone resorption. We previously showed that T cells

transferred to nude mice were related to inflammatory bone resorption in vivo.

However, it has not been clarified whether T cells can induce bone resorption in

the absence of B cells. In this study, we therefore investigated the ability of T cells

to induce bone resorption without B cells, using both T cell- and B cell-deficient

mice with severe combined immune deficiency (SCID).

Material and Methods: Escherichia coli lipopolysaccharide (LPS) was injected into

the gingivae of SCID mice reconstituted by T cells (SCID + T mice). Wild-type

C.B-17 mice and SCID mice were used as control animals. Alveolar bone resorp-

tion and production of cytokines in the gingivae were then compared histo-

pathologically and immunohistologically.

Results: The degree of bone resorption in SCID + T mice was significantly

greater than that in SCID mice but less than that in wild-type mice. The same

tendency was found for expression of receptor activator of nuclear factor jB
ligand. The number of interferon-c-positive cells in SCID + T mice was the

highest of the three groups. In contrast, interleukin-4-positive cells were detected

in wild-type mice but not in SCID + T and SCID mice.

Conclusion: The results suggest that T cells are able to promote LPS-induced bone

resorption in the absence of B cells. The expressions of cytokines in the presence of

B cells are quite different.

Yoshitaka Hara, Department of Periodontology,
Unit of Translational Medicine, Course of
Medical and Dental Sciences, Nagasaki
University Graduate School of Biomedical
Sciences, 1-7-1 Sakamoto, Nagasaki 852-8588,
Japan
Tel: +81 95 819 7683
Fax: +81 95 819 7684
e-mail: harasen@net.nagasaki-u.ac.jp

Key words: T cell; bone resorption; receptor
activator of nuclear factor jB ligand; lipopoly-
saccharide

Accepted for publication December 18, 2007

J Periodont Res 2008; 43: 549–555
All rights reserved

� 2008 The Authors.
Journal compilation � 2008 Blackwell Munksgaard

JOURNAL OF PERIODONTAL RESEARCH

doi:10.1111/j.1600-0765.2008.01083.x



tumor necrosis factor (TNF) super-

family. It activates osteoclast differen-

tiation, stimulates osteoclast activation

and increases osteoclast survival by

binding with receptor activator of nu-

clear factor jB (RANK) of osteoclast

precursors and mature osteoclasts (15–

20). We previously showed that B cells

promoted bone resorption when

B cells were transferred to mice with

severe combined immune deficiency

(SCID), which lack both T cells and

B cells (21). We also showed that

T cells promoted LPS-induced bone

resorption when T cells were trans-

ferred to nude mice congenitally lack-

ing T cells (22). However, it is still

unclear whether T cells by themselves

induce bone resorption without B cells,

since it is likely that T cells transferred

to nude mice co-operated with B cells

that existed congenitally. It is therefore

important to clarify the characteristics

of T cells and the role of T cells in

bone resorption in the absence of

B cells in vivo. Clarification of these

aspects of T cells will provide infor-

mation about the influence of T cells

on periodontitis.

We have already made a model of

LPS-induced bone resorption using

Escherichia coli (E. coli) LPS (21–24).

In the present study, we transferred

T cells to SCID mice and observed

bone resorption in the mice. Then we

investigated the role of T cells in LPS-

induced bone resorption in the absence

of B cells.

Material and methods

Mice

For the experiment, 15 male C.B-17

mice (C.B-17/Icr-+/+ Jcl) and 10 male

SCID mice (C.B-17/Icr-SCID Jcl),

6–8 weeks of age, were purchased from

Nihon Clear (Tokyo, Japan). They

were maintained under specific patho-

gen-free conditions in the Biomedical

Research Center, Center for Frontier

Life Sciences, Nagasaki University.

Animal care and experimental proce-

dures were in accordance with the

Guidelines for Animal Experimenta-

tion of Nagasaki University and

approved by the Institutional Animal

Care and Use Committee.

Isolation of spleen T cells and
adoptive transfer

Whole spleen cell suspensions were

prepared from C.B-17 mice by mincing

spleen tissue with scissors and teasing

the cells between two frosted micro-

scope slides. The T cells were purified

by standard negative selection using

the StemSep� (Stem Cell Technolo-

gies, Vancouver, British Columbia,

Canada) magnetic separation

technique in accordance with the man-

ufacturer�s instructions. Purity (90–

96%) was confirmed by flow cytometric

analysis using antibodies against CD3.

The T cell-enriched spleen cells were

injected intravenously into recipient

SCID mice at a concentration of

1 · 107 cells/mL.

Flow cytometric analysis

Flow cytometric analysis was carried

out to confirm the purity of separated

cells. Purity was confirmed by using

fluorescein isothiocyanate-conjugated

anti-mouse CD3 monoclonal antibody

to determine the presence of T cells.

Specific staining was compared to flu-

orescence using irrelevant isotype con-

trols. All antibodies were purchased

from PharMingen (San Diego, CA,

USA). Cells were stained according to

standard protocols and analyzed by

flow cytometry using a FACScan�

instrument with CellQuest� software

(Becton Dickinson, Mountain View,

CA, USA).

Injection of LPS

The SCID mice received T cells

(SCID + T mice) 1 week before LPS

injection. Wild-type C.B-17 mice and

SCID mice were used as control ani-

mals. Each group consisted of five mice,

and alveolar bone resorption was

induced as in previously described

models (21–24). Every mouse in each

group received 13 injections of 5 lg of

E. coli LPS (E. coliO111: B4; Sigma, St

Louis, MO, USA) in 3 ll of phosphate-
buffered saline (PBS) under ether anes-

thesia; each injection was delivered into

the mesial gingiva of the first molar of

the leftmandiblewith an interval of 48 h

between injections. In our previous

study using the same model (24,25),

bone resorption was shown to reach a

peak after the tenth injection ofLPS and

to plateau thereafter. In addition, 13

injections of PBS were given to wild-

typemice (PBS group).Mice were killed

by cervical dislocation 24 h after the

thirteenth injection, and the spleens and

left mandibles were removed.

Specimen preparation

The removed spleens and left mandibles

were fixed in 4% paraformaldehyde in

PBS at 4�C for 6 h. The left mandible

was decalcified with 10% ethylene-

diaminetetraacetic acid (EDTA) for

1 week. Tissue samples were embedded

in paraffin using the AMeX method

(acetone, methyl benzoate and xylene;

26). Serial sections (4 lm in thickness)

of the mesiodistal region of the left first

molar were prepared. Three groups

of serial sections, each containing

10 subsections, were obtained from

each specimen and were subjected to

hematoxylin and eosin (HE) staining,

tartrate-resistant acid phosphatase

(TRAP) staining and immunohistolog-

ical staining.

The first subsections from each group

of serial sections were stained with HE

for histopathological observation of the

surface of the alveolar bone.

The second subsections from each

group were stained with TRAP using

the procedure of Katayama et al. (27)

to examine the osteoclasts. Briefly,

a staining solution was made by mixing

0.5 mL of pararosanilin solution,

0.5 mL of 4% sodium nitrite solution,

10 mL of 0.1 M acetate buffer (pH 5.0),

10 mg of naphthol AS-BI phosphate

(Sigma), and 8 mL of distilled water.

The mixture was adjusted to pH 5.0

using concentrated NaOH and then

filtered. Then 150 mg of L(+)-tartaric

acid was added to a 10 mL aliquot of

the staining solution. After incubation

of the sections in the staining solution

for 30 min at 37�C, they were count-

erstained with hematoxylin. Osteo-

clasts were identified as TRAP-positive

multinucleated cells on the bone

surface.

The third to sixth subsections from

each group were used for immuno-

histological staining of CD3, RANKL,
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IFN-c and interleukin-4 (IL-4). The

spleen sections were used for immuno-

histological staining of CD3. As a

result, it was confirmed that T cell was

successfully transferred. Serial subsec-

tions were deparaffinized, and endo-

genous peroxidase activity was blocked

with 0.3% H2O2–methanol for 30 min.

These subsections were incubated with

normal serum for 30 min at room

temperature. Normal rabbit serum was

used for immunostaining of CD3,

RANKL and IL-4 and normal goat

serum was used for immunostaining of

IFN-c. The sections were then im-

mersed in primary antibody solution at

4�C overnight. The primary antibodies

used were goat anti-mouse CD3 poly-

clonal antibody (Santa Cruz Biotech-

nology, Santa Cruz, CA, USA), goat

anti-mouse RANKL antibody (N-19;

Santa Cruz Biotechnology), rabbit

anti-mouse IFN-c polyclonal antibody

(PBL Biomedical Laboratories Inc.,

Piscataway, NJ, USA), and anti-mouse

IL-4 monoclonal antibody (R&D Sys-

tems, Minneapolis, MN, USA). Then

the sections were incubated with a

secondary antibody for 30 minat room

temperature. As secondary antibody,

biotinylated rabbit anti-goat poly-

clonal antibody (Dako, Glostrup,

Denmark) was used for staining of

CD3 and RANKL. Biotinylated goat

anti-rabbit polyclonal antibody (Dako)

was used for staining of IFN-c, and

biotinylated rabbit anti-rat polyclonal

antibody (VECTOR Laboratories Inc.,

Burlingame, CA, USA) was used for

staining of IL-4. Finally, the sections

were incubated with peroxidase-conju-

gated streptavidin (Dako) for 30 min,

followed by incubation with diam-

inobenzidine tetraoxide solution, and

then counterstained with hematoxylin.

Bone histomorphometry

Owing to the difficulty of quantita-

tively evaluating total bone resorption,

the percentage of bone surface

(regardless of the presence or absence

of resorption lacunae) in intimate

contact with osteoclasts (active

resorption surface, ARS) was assessed

to quantitatively evaluate the progres-

sion of bone resorption (21–25). After

counting the number of points of

intersection of the bone surface with

the line of a micrometer (Olympus,

Tokyo, Japan) in 25 lm graduations at

·400 magnification, the ratio of ARS

to total points of intersection was

calculated (Fig. 1).

Immunohistological observation

Numbers of CD3-, RANKL-, IFN-c-
and IL-4-positive cells in four areas of

250 · 500 lm on the surface of the

alveolar bone were counted.

Statistical analysis

The significance of differences was

analyzed using the Mann–Whitney

U-test.

Results

Histopathological findings and ARS

There was a little inflammatory infil-

tration and no bone resorption in the

PBS group (Fig. 2A,B). In wild-type

mice, the alveolar bone surface was

irregular and many TRAP-positive

multinucleated cells were observed.

Many inflammatory cells, including

plasma cells, had infiltrated the con-

nective tissue (Fig. 2C,D). In SCID

mice, in contrast, irregularity of the

alveolar bone surface and infiltration

of inflammatory cells were rare and

there were no plasma cells (Fig. 2E,F).

The SCID + T mice showed an irreg-

ular alveolar bone surface and TRAP-

positive multinucleated cells as

observed inwild-typemice (Fig. 2G,H).

Plasma cells were not observed in SCID

and SCID + T mice.

N NN ARS ARS

25 µm

Fig. 1. Definition of active resorption. Bone

surfaces in contact with TRAP-positive

multinucleated cells were defined as sites of

active resorption surface (ARS); other sites

were classified as normal (N). The percent-

age of ARS was derived by dividing the

number of sites of ARS by the number of all

intersecting points between bone surfaces on

a 25 lm scale.

A B

a

PBS

G H

a

SCID + T cells

DC

WT

a

E F

SCID

a

Fig. 2. Histopathological findings in alveolar bone (a). A few inflammatory cells no and

bone resorption were observed in the PBS group (A and B). In wild-type mice, infiltration of

many inflammatory cells and formation of osteoclasts were observed (C and D). In SCID

mice, there were few inflammatory cells and almost no osteoclasts (E and F). In SCID + T

mice, many inflammatory cells and osteoclasts were observed, as in wild-type mice (G and

H). A, C, E, and G: HE staining. B, D, F, and H: TRAP staining. Scale bars represent

250 lm.
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Wild-type mice showed the highest

ARS (19.0 ± 2.62%). The ARS in

SCID + T mice (10.5 ± 1.77%) was

significantly higher than that in SCID

mice (1.3 ± 1.20%; Fig. 3).

Immunohistological findings and
histomorphometry

Diffuse infiltration ofCD3-positive cells

was observed in wild-type (16.12 ±

4.29 cells) and SCID + Tmice (8.16 ±

1.84 cells) following injection of E. coli

LPS. The number of CD3-positive cells

in wild-type mice was significantly

larger than that in SCID + T mice

(Fig. 4). A few CD3-positive cells were

observed in PBS-injected wild-type

mice (4.42 ± 1.13 cells).

Some RANKL-positive cells were

observed in all groups; RANKL-posi-

tive reactions were mainly observed in

fibroblastic and lymphoid cells in con-

nective tissue in all three groups.

Although we could not distinguish

fibloblasts from osteoblasts, almost no

RANKL-positive osteoblastic cells

were observed in all groups. The

number of RANKL-positive cells in

wild-type mice (38.08 ± 4.09 cells) was

significantly larger than the numbers in

the other three groups. The number in

SCID + T mice (24.43 ± 6.81 cells)

was significantly larger than that in

SCID mice (11.24 ± 3.06). There were

very few RANKL-positive cells in the

mice injected with PBS (1.19 ± 1.09

cells; Fig. 5).

An IFN-c-positive reaction was ob-

served in macrophage-like cells in

connective tissue in all groups. Lym-

phoid cells that had diffusely infiltrated

in wild-type (11.78 ± 2.70 cells) and

SCID + T mice (22.75 ± 5.75 cells)

also showed an IFN-c-positive reac-

tion. The number of IFN-c-positive
cells was largest in SCID + T mice.

The number in wild-type mice was

larger than that in SCID mice

(6.56 ± 0.61 cells) and in mice injected

with PBS (5.61 ± 0.80 cells; Fig. 6).

An IL-4-positive reaction was

observed mainly in lymphoid cells in

wild-type mice (40.17 ± 22.25 cells).

Very a few IL-4-positive cells were

observed in both SCID + T and

SCID mice. No IL-4-positive cells were

detected in in mice injected with PBS

(Fig. 7).

Discussion

In this study, bone resorption was

induced in wild-type and SCID + T

mice. The ARS was highest in wild-type

mice and that in SCID + T mice was

significantly higher than that in SCID

mice. These results are related to infil-

tration of CD3-positive cells in the area

of bone resorption. We previously

reported that T cells induced bone

resorption when they had been trans-

ferred to nudemice (22).However, there

is no report of T cells inducing bone

resorption in the absence of B cells. The

results of the present study strongly

suggest that T cells are involved in bone

resorption without B cells.

T cells produce RANKL and pro-

mote bone resorption. Activated

T cells are involved in bone resorption

through RANKL (7), and CD4-posi-

tive T cells induce osteoclastogenesis

by expressing RANKL (15). Weitz-

mann et al. (8) and Kotake et al. (9)

reported that human T cells cause

osteoclastogenesis via RANKL. More-

over, Brunetti et al. (11) and Kawai

et al. (14) reported that T cells caused

osteoclastogenesis by expressing

RANKL in periodontitis patients. In

the present study, the number of

RANKL-positive cells was largest in

wild-type mice and that in SCID + T

mice was significantly larger than that

in SCID mice. These findings are in
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Fig. 3. Percentage of ARS in each group. The percentage of ARS was highest in wild-type

mice, and higher in SCID + T mice than in SCID mice. Significant differences were found

between these three groups. Bars represent means + SD. WT, wild-type; ND, not detected;

*p < 0.05.

0

5

10

15

20

25

A B 

D 

E

C 

PBS WT SCID SCID + T cells

N
u

m
b

er
 o

f 
C

D
3-

p
o

si
ti

ve
ce

lls

*

*

*

ND

Fig. 4. Immunohistological findings and numbers of CD3-positive cells. A–D are represen-

tative immunostained sections. A, section from mouse injected with PBS; B, section from

wild-type mouse; C, section from SCID mouse; and D, section from SCID + T mouse.

E shows the number of CD3-positive cells. The number of CD3-positive cells was largest in

wild-type mice. In A–D, scale bars represent 60 lm. In E, bars represent means + SD. WT,

wild-type; ND, not detected; *p < 0.05.
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agreement with the results for ARS.

These results suggest that T cells pro-

mote bone resorption by producing

RANKL and/or inducing RANKL

production by other cells.

There was a large difference in IFN-c
production and IL-4 production in the

present study, although ARS and the

number of RANKL-positive cells were

correlated in wild-type mice and

SCID + T mice. The SCID + T mice

showed more IFN-c-positive cells and

less IL-4-positive cells than the wild-

type mice. These findings suggest that

Th1 cells are dominant in the absence of

B cells in vivo. Iinterferon-c directly

interrupts osteoclastogenesis induced

byRANKL in vitro (28). Resting T cells

control osteoclastogenesis via IFN-c
(29), and IFN-c is the main cause of the

inhibitory effect of activated T cells on

osteoclastogenesis (30). In contrast,

Takayanagi et al. (5) reported that

T cells regulate osteoclastogenesis by

signaling cross-talk between RANKL

and IFN-c. Moreover, Gao et al. (31)

reported that the balance of direct

anti-osteoclastogenetic and indirect

pro-osteoclastogenetic properties of

IFN-c influences bone resorption. In

the present study, many more IFN-c-
positive cells and more severe bone

resorption were observed in SCID + T

mice compared with SCID mice. These

results suggest that infiltrating IFN-

c-positive cells are involved in LPS-

induced bone resorption in vivo. The

reason why the number of IFN-c-posi-
tive cells was highest in SCID + Tmice

is uncertain. It is likely that T cells

differentiated into IFN-c-positive cells

because of the lack of B cells; however,

further investigation is necessary.

In the present study, many IL-4-

positive cells were observed in wild-

type mice, although there were few

IL-4-positive cells in SCID + T and

SCID mice. It is well known that

T cells and B cells mutually regulate

their differentiation and proliferation.

The B cells act as antigen-presenting

cells for T cells, and then T cells dif-

ferentiate into IL-4-producing T cells.

These facts explain the reason why few

IL-4-positive cells were observed in

SCID + T and SCID mice in the

present study. There have been many

reports on the inhibitory effects of IL-4

on osteoclastogenesis. Interleukin-4

was shown to inhibit osteoclastogene-

sis by interrupting the path of signal

transducer and activator of transcrip-

tion 6 (STAT6) dependence (32,33),

and IL-4 treatment decreased the

turnover of bone in ovariectomized

mice (34). In the present study, the

ARS was highest in wild-type mice,

although there were many IL-4-posi-

tive cells in wild-type mice. This

suggests that IL-4-producing Th2 cells

do not suppress osteoclastogenesis

in vivo. Further investigation into the

relationship between Th1 and Th2 cells

with bone resorption is necessary.
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Fig. 5. Immunohistological findings and numbers of RANKL-positive cells. A–D are rep-

resentative immunostained sections. A, section from mouse injected with PBS; B, section

from wild-type mouse; C, section from SCID mouse; and D, section from SCID + T mouse.

E shows the number of RANKL-positive cells. The number of RANKL-positive cells was

largest in wild-type mice. Significant differences were found between four groups. In A–D,

scale bars represent 60 lm. In E, bars represent means + SD; WT, wild-type; *p < 0.05.
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Fig. 6. Immunohistological findings and numbers of IFN-c-positive cells. A–D are repre-

sentative immunostained sections. A, section from mouse injected with PBS; B, section from

wild-type mouse; C, section from SCID mouse; and D, section from SCID + T mouse.

E shows the number of IFN-c-positive cells. The number of IFN-c-positive cells was largest
in SCID + T mice. A significant difference was found between four groups. In A–D, scale

bars represent 60 lm. In E, bars represent means + SD. WT, wild-type; *p < 0.05.
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In this study, we used a mouse

bone resorption model injected with

E. coli LPS. Although all types of

bone resorption in clinical perio-

dontitis are not shown in this model,

this is thought to be an adequate

model for examination of the mech-

anism of bone resorption because

bacterial LPS is one of the most

important factors for induction of

bone loss in periodontitis. In conclu-

sion, T cells solely promote LPS-

induced bone resorption and T cells

produce IFN-c but not IL-4 in the

absence of B cells. Furthermore, ARS

in the wild-type mice was higher than

that in the SCID + T mice, indicat-

ing that T cells and B cells co-operate

to exacerbate bone resorption. The

effect of interaction between T cells

and B cells should be studied in order

to clarify the mechanisms of inflam-

matory bone loss.

Acknowledgements

We express our gratitude to the staff of

the Biomedical Research Center, Cen-

ter for Frontier Life Sciences, Naga-

saki University, for maintenance of the

experimental animals. This research

was supported in part by a grant

(no. 16592072) for scientific research

from the Ministry of Education, Cul-

ture, Sports, Science and Technology

of Japan, and a grant for scientific

research from the Sumitomo

Foundation.

References

1. Mackler BF, Altman LC, Wahl S,

Rosenstreich DL, Oppenheim JJ, Mergen-

hagen SE. Blastogenesis and lymphokine

synthesis by T and B lymphocytes from

patients with periodontal disease. Infect

Immun 1974;10:844–850.

2. Seymour GJ, Powell RN, Davies WI.

Conversion of a stable T-cell lesion to a

progressive B-cell lesion in the pathogen-

esis of chronic inflammatory periodontal

disease: an hypothesis. J Clin Periodontol

1979;6:267–277.

3. Yamazaki K, Nakajima T, Aoyagi T,

Hara K. Immunohistological analysis of

memory T lymphocytes and activated

B lymphocytes in tissues with periodontal

disease. J Periodont Res 1993;28:324–334.

4. Alayan J, Ivanovski S, Farah CS. Alveolar

bone loss in T helper 1/T helper 2 cyto-

kine-deficient mice. J Periodont Res

2007;42:97–103.

5. Takayanagi H, Ogasawara K, Hida S

et al. T-cell-mediated regulation of osteo-

clastogenesis by signaling cross-talk be-

tween RANKL and IFN-c. Nature 2000;

408:600–605.

6. Teng YT, Nguyen H, Gao X et al. Func-

tional human T-cell immunity and osteo-

protegerin ligand control alveolar bone

destruction in periodontal infection. J Clin

Invest 2000;106:R59–R67.

7. Kong YY, Feige U, Sarosi I et al. Acti-

vated T cells regulate bone loss and joint

destruction in adjuvant arthritis through

osteoprotegerin ligand. Nature 1999;

402:304–309.

8. Weitzmann MN, Cenci S, Rifas L, Haug

J, Dipersio J, Pacifici R. T cell activation

induces human osteoclast formation via

receptor activator of nuclear factor jB
ligand-dependent and -independent mech-

anisms. J Bone Miner Res 2001;16:328–

337.

9. Kotake S, Udagawa N, Hakoda M et al.

Activated human T cells directly induce

osteoclastogenesis from human mono-

cytes: possible role of T cells in bone

destruction in rheumatoid arthritis

patients. Arthritis Rheum 2001;44:1003–

1012.

10. Kotake S, Nanke Y, Mogi M et al. IFN-c-
producing human T cells directly induce

osteoclastogenesis from human monocytes

via the expression of RANKL. Eur J

Immunol 2005;35:3353–3363.

11. Brunetti G, Colucci S, Pignataro P et al.

T cells support osteoclastogenesis in an in

vitro model derived from human perio-

dontitis patients. J Periodontol 2005;76:

1675–1680.

12. Ukai T, Mori Y, Onoyama M, Hara Y.

Immunohistological study of interferon-c-
and interleukin-4-bearing cells in human

periodontitis gingiva. Arch Oral Biol

2001;46:901–908.

13. Teng YT, Mahamed D, Singh B. Gamma

interferon positively modulates Actino-

bacillus actinomycetemcomitans-specific

RANKL+ CD4+ Th-cell-mediated alve-

olar bone destruction in vivo. Infect

Immun 2005;73:3453–3461.

14. Kawai T, Matsuyama T, Hosokawa Y

et al. B and T lymphocytes are the pri-

mary sources of RANKL in the bone

resorptive lesion of periodontal disease.

Am J Pathol 2006;169:987–998.

15. Aubin JE, Bonnelye E. Osteoprotegerin

and its ligand: a new paradigm for regu-

lation of osteoclastogenesis and bone

resorption. Osteoporos Int 2000;11:905–

913.

16. Fuller K, Wong B, Fox S, Choi Y,

Chambers TJ. TRANCE is necessary and

sufficient for osteoblast-mediated activa-

tion of bone resorption in osteoclasts.

J Exp Med 1998;188:997–1001.

17. Lacey DL, Timms E, Tan HL et al.

Osteoprotegerin ligand is a cytokine that

regulates osteoclast differentiation and

activation. Cell 1998;93:165–176.

*
*

ND

E 

0

10

20

30

40

50

60

70
N

u
m

b
er

 o
f 

IL
-4

-
p

o
si

ti
ve

 c
el

ls

PBS WT SCID SCID + T cells

A B 

D 

C

Fig. 7. Immunohistological findings and numbers of IL-4-positive cells. A–D are represen-

tative immunostained sections. A, section from mouse injected with PBS; B, section from

wild-type mouse; C, section from SCID mouse; and D, section from SCID + T mouse. E

shows the number of IL-4-positive cells. The number of IL-4-positive cells was largest in

wild-type mice. In SCID + T and SCID mice, few IL-4-positive cells were observed. No

IL-4-positive cells were detected in the mice injected with PBS. Significant differences were

found between PBS vs. WT and WT vs. SCID + T. In A–D, scale bars represent 60 lm. In

E, bars represent means + SD. WT, wild-type; ND, not detected; *p < 0.05.

554 Yamaguchi et al.



18. Yasuda H, Shima N, Nakagawa N et al.

Osteoclast differentiation factor is a ligand

for osteoprotegerin/osteoclastogenesis-

inhibitory factor and is identical to

TRANCE/RANKL. Proc Natl Acad Sci

USA 1998;95:3597–3602.

19. Hofbauer LC, Khosla S, Dunstan CR,

Lacey DL, Boyle WJ, Riggs BL. The roles

of osteoprotegerin and osteoprotegerin

ligand in the paracrine regulation of bone

resorption. J Bone Miner Res 2000;15:

2–12.

20. Jiang Y, Mehta CK, Hsu TY, Alsulaimani

FF. Bacteria induce osteoclastogenesis via

an osteoblast-independent pathway. Infect

Immun 2002;70:3143–3148.

21. Kozuka Y, Ozaki Y, Ukai T, Kaneko T,

Hara Y. B cells play an important role in

lipopolysaccharide-induced bone resorp-

tion. Calcif Tissue Int 2006;78:125–132.

22. Ukai T, Hara Y, Kato I. Effects of T cell

adoptive transfer into nude mice on alve-

olar bone resorption induced by endo-

toxin. J Periodont Res 1996;31:414–422.

23. Hara Y, Ukai T, Yoshimura A, Shiku H,

Kato I. Histopathological study of the

role of CD4- and CD8-positive T cells on

bone resorption induced by Escherichia

coli endotoxin. Calcif Tissue Int 1998;

63:63–66.

24. Moriyama H, Ukai T, Hara Y. Interferon-

c production changes in parallel with

bacterial lipopolysaccharide induced bone

resorption in mice: an immunohistomet-

rical study. Calcif Tissue Int 2002;71:53–

58.

25. Nishida E, Hara Y, Kaneko T, Ikeda Y,

Ukai T, Kato I. Bone resorption and local

interleukin-1a and interleukin-1b synthe-

sis induced by Actinobacillus actinomyce-

temcomitans and Porphyromonas gingivalis

lipopolysaccharide. J Periodont Res 2001;

36:1–8.

26. Sato Y, Mukai K, Watanabe S, Goto

M, Shimosato Y. The AMeX method.

A simplified technique of tissue process-

ing and paraffin embedding with

improved preservation of antigens for

immunostaining. Am J Pathol 1986;

125:431–435.

27. Katayama I, Li CY, Yam LT. Histo-

chemical study of acid phosphatase iso-

enzyme in leukemic reticuloendotheliosis.

Cancer 1972;29:157–164.

28. Fox SW, Chambers TJ. Interferon-c
directly inhibits TRANCE-induced osteo-

clastogenesis. Biochem Biophys Res

Commun 2000;276:868–872.

29. Shinoda K, Sugiyama E, Taki H et al.

Resting T cells negatively regulate osteo-

clast generation from peripheral blood

monocytes. Bone 2003;33:711–720.

30. Wyzga N, Varghese S, Wikel S, Canalis E,

Sylvester FA. Effects of activated T cells

on osteoclastogenesis depend on how they

are activated. Bone 2004;35:614–620.

31. Gao Y, Grassi F, Ryan MR et al. IFN-c
stimulates osteoclast formation and bone

loss in vivo via antigen-driven T cell acti-

vation. J Clin Invest 2007;117:122–132.

32. Abu-Amer Y. IL-4 abrogates osteoclas-

togenesis through STAT6-dependent

inhibition of NF-jB. J Cell Biochem

2001;107:1375–1385.

33. Wei S, Wang MW, Teitelbaum SL, Ross

FP. Interleukin-4 reversibly inhibits

osteoclastogenesis via inhibition of NF-jB
and mitogen-activated protein kinase sig-

naling. J Biol Chem 2002;277:6622–6630.

34. Okada Y, Morimoto I, Ura K et al. Short-

term treatment of recombinant murine

interleukin-4 rapidly inhibits bone forma-

tion in normal and ovariectomized mice.

Bone 1998;22:361–365.

T cells in lipopolysacchaaride-induced bone resorption 555




