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Oral treponemes are considered to be important in the development and progression of periodontal diseases.
We investigated the mechanisms of recognition and activation of human gingival epithelial cells (HGEC) with
the oral treponemes Treponema denticola, Treponema vincentii, and Treponema medium and their outer mem-
brane extracts (OMEs). T. vincentii and T. medium but not T. denticola produced interleukin 8 (IL-8) in an
HGEC culture. Further, all three treponemes induced IL-8 mRNA expression and NF-�B activation in HGEC.
Among them, T. denticola especially exhibited trypsin- and chymotrypsin-like protease activities, and the
addition of chymostatin, a chymotrypsin protease inhibitor, resulted in detectable IL-8 production by HGEC
cultured with T. denticola. Additionally, IL-8 mRNA expression in HGEC cultured with the three treponemes
and their OMEs was definitely inhibited by the mouse anti-human Toll-like receptor 2 (TLR2) monoclonal
antibody TL2.1. These findings suggest that oral treponemes and their OMEs activate HGEC through TLR2.

Periodontal diseases are clinically defined as inflammation
of gingival tissues followed by destruction of periodontal liga-
ments and alveolar bone, processes which are the result of
augmentation of numerous bacterial species in subgingival
plaque. Among these bacteria, oral treponemes and gram-
negative, anaerobic, motile, and helical rods are generally iso-
lated from patients with periodontal diseases (15); in contrast,
no or only a few treponemes are found in healthy people (31).
These oral treponemes have been revealed to be closely asso-
ciated with various types of periodontal diseases (10, 13, 42).
Further, human immunodeficiency virus-positive people with
gingivitis or adult periodontitis have been shown to have in-
creased numbers of oral treponemes in subgingival plaque (41,
45). Among them, Treponema denticola and Treponema vincen-
tii have been observed to adhere to and invade connective
tissues as well as gingival epithelial cells (9, 27, 39, 54), and T.
denticola has also been shown to induce cytokine production
from human gingival fibroblasts (34). Further, Asai et al. re-
cently examined the frequency of occurrence of oral trepo-
nemes in subgingival plaque samples using real-time PCR as-
says and found that the numbers of T. denticola and T. medium
organisms were increased in plaque samples from deep peri-
odontal pockets, whereas T. vincentii was mainly found in shal-
low pockets (3).

Various cytokines have been shown to play important roles
in the pathogenesis of periodontal diseases (43, 58). Among
them, interleukin 8 (IL-8), a CXC chemokine produced by
gingival epithelial cells, is considered to be an important factor
that initiates inflammatory reactions in gingival tissues (24).
IL-8 has been detected in the gingival tissues of patients with

periodontal diseases, and the level of IL-8 mRNA has also
been demonstrated to correspond to the severity of periodon-
tal diseases (53).

Human gingival epithelial cells (HGEC) play an important
role as the first barrier against periodontopathic bacteria and
their metabolic products (25). Asai et al. previously established
immortalized epithelial cell lines, derived from human gingival
tissues, in order to study their interactions with periodonto-
pathic bacteria (4). The Toll-like receptor (TLR) family, a
large family with extracellular leucine-rich repeats and a cyto-
plasmic Toll–IL-1 receptor homology domain and for which 10
members (TLR1 to TLR10) have been reported, is known to
play an important role in the recognition of structurally con-
served pathogen-associated microbial products (4, 11, 12, 17,
36, 37, 44, 50, 57). In the present study, we attempted to
demonstrate the profiles of expression of all of the known
TLRs and their related molecules from HGEC as well as the
mechanisms of recognition and activation of these cells with
the oral treponemes T. denticola, T. vincentii, and T. medium
and their outer membrane extracts (OMEs).

MATERIALS AND METHODS

Bacterial cultures and preparation of OMEs. T. denticola ATCC 35404, T.
vincentii ATCC 35580, and T. medium ATCC 700293 were grown anaerobically
in Trypticase-yeast extract-gelatin-volatile fatty acids-serum (TYGVS) broth
containing 5% rabbit serum (Gibco Laboratories, Grand Island, N.Y.) at 37°C
for 72 h (55). Bacterial cell counts were estimated by using phase-contrast
microscopy and a Petroff-Hausser bacterial counter (Hausser and Son, Philadel-
phia, Pa.). For the analyses, the bacteria were centrifuged at 1,500 � g for 20 min
and then washed three times with phosphate-buffered saline (PBS; Sigma Chem-
ical Co., St. Louis, Mo.). The bacterial cells were resuspended and serially diluted
with pyrogen-free cell culture medium.

The oral treponeme OMEs were prepared as described previously (28).
Briefly, the bacterial cells were harvested during the late stationary phase,
washed, resuspended in PBS containing 10 mM MgCl2, and extracted in Triton
X-100. After repeated centrifugation, the supernatant was dialyzed for several
days until the outer membrane was precipitated, and then centrifugation at
25,000 � g was performed. The pellet was resuspended in distilled water and
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stored at �20°C until use. The dry weight of the extract was determined after
freeze-drying. For all experiments, the OMEs were dissolved in PBS and serially
diluted with pyrogen-free cell culture medium. Endotoxicity could not be de-
tected in these preparations by a colorimetric Limulus amoebocyte lysate assay
(Seikagaku Co., Tokyo, Japan).

Reagents. Mouse anti-human TLR2 monoclonal antibody TL2.1 was pur-
chased from Cascade Bioscience Inc. (Winchester, Miss.). Mouse immunoglob-
ulin G2a (IgG2a; Dako, Glostrup, Denmark) was used as an isotype control for
TL2.1. Phorbol 12-myristate 13-acetate (PMA) was obtained from Sigma. Chy-
mostatin (Roche, Indianapolis, Ind.) was dissolved at 1.5 mg/ml in dimethyl
sulfoxide and then serially diluted with pyrogen-free cell culture medium as
described below.

Cells. The generation of the human papillomavirus 16 E6- and E7-immortal-
ized HGEC lines HGEC-1 and HGEC-2 has been described elsewhere (4).
Other cell lines, HGEC-3 and HGEC-4, from normal human gingival tissues (ca.
500 mg) obtained from two patients who required tooth extraction for reasons
other than periodontal disease after receiving informed consent, were also es-
tablished. These cell lines were subsequently maintained in a long-term culture
with HuMedia-KG2 (Kurabo Biomedicals, Osaka, Japan) and used between
passages 50 and 60. Human intestinal epithelial cell line Caco-2 was obtained
from Dainippon Pharmaceutical (Osaka, Japan) and maintained in Eagle’s min-
imum essential medium (Sigma) supplemented with 10% fetal bovine serum
(Sigma) and 0.1 mM nonessential amino acids (Gibco). Heparinized venous
blood was drawn from healthy donors and subjected to fractionation with His-
topaque-1077 (Sigma) to obtain human peripheral blood mononuclear cells
(PBMC) (6).

RT-PCR. Total cellular RNAs were extracted from HGEC and PBMC with
RNAzolB (Tel-Test, Friendswood, Tex.) according to the manufacturer’s in-
structions and then treated with RNase-free DNase (Takara Biochemicals,

Shiga, Japan) as described previously (16). Reverse transcription (RT) and PCR
were conducted by using avian myeloblastosis virus reverse transcriptase
(TaKaRa Biochemicals) and Taq polymerase (TaKaRa), respectively. PCR as-
says were conducted for 30 cycles with a TaKaRa Thermal Cycler MP by using
the primer pairs and conditions described in Table 1. For the detection of IL-8
and IL-6 mRNAs in HGEC-1, total cellular RNAs were extracted after HGEC-1
were cultured with 5 � 107 cells of the oral treponemes or 1 �g of OMEs/ml for
2 h. In some experiments, HGEC-1 were incubated with or without 1 �g of TL2.1
or mouse IgG2a/ml for 30 min at room temperature before the addition of the
oral treponemes or their OMEs. As a negative control, non-reverse-transcribed
samples were amplified by PCR. Following PCR, 10 �l of the total amplified
product was electrophoresed on ethidium bromide-stained 1% agarose gels and
visualized under UV fluorescence.

Luciferase assay. HGEC were seeded in a 24-well flat-bottom microtiter plate
(Falcon 3047; Becton Dickinson and Co., Lincoln Park, N.J.) in a manner similar
to that described above. After incubation for 24 h at 37°C in humidified air
containing 5% (vol/vol) CO2, the monolayers were washed three times with PBS
and then transfected with 0.8 �g of plasmid pNF-�B-Luc (Stratagene Co., La
Jolla, Calif.) by using TransFast transfection reagent (Promega Co., Madison,
Wis.). Plasmid pFC-MEKK was used as a positive control plasmid in this assay.
After an initial incubation for 24 h, HGEC were incubated with 5 � 107 cells of
the oral treponemes in 500 �l of HuMedia-KG2 at 37°C for 4 h. After incubation,
luciferase activity was determined by using a luciferase assay substrate (Pro-
mega), and luminescence was quantified with a Luminometer (Promega).

Detection of IL-8 production. A single cell suspension (105 cells per well) was
seeded in a 24-well flat-bottom microtiter plate. After incubation for 16 h at 37°C
in humidified air containing 5% (vol/vol) CO2, the monolayers were washed
three times with PBS. The cells were incubated with various doses of the oral
treponemes and their OMEs for various times at 37°C in humidified air contain-

TABLE 1. PCR primer pairs used for amplification of human mRNA

Product Primer Orientation Annealing temp (°C) Product
size (bp)

GenBank
accession no.

TLR1 CACCAAGTTGTCAGCGATGT Forward 56 550 U88540
CCACATCCAGGAAGGTCAGT Reverse

TLR2 GCCAAAGTCTTGATTGATTGG Forward 53 349 U88878
TTGAAGTTCTCCAGCTCCTG Reverse

TLR3 AGTGCCCCCTTTGAACTCTT Forward 56 546 U88879
GCCAGTTCAAGATGCAGTGA Reverse

TLR4 GGTGGAAGTTGAACGAATGG Forward 56 598 U88880
CTGTCCTCCCACTCCAGGTA Reverse

TLR5 CCTTACAGCGAACCTCATCC Forward 56 602 AB060695
AAGAGGGAAACCCCAGAGAA Reverse

TLR6 GTGAGTGGTGCCATTACGAA Forward 56 551 AB020807
TTTGGGAAAGCAGAGTGGAG Reverse

TLR7 GGCTCTGTGGGAGTTCTGTC Forward 54 631 AF240467
TGCTGGGATTACAAGCATGA Reverse

TLR8 TCCTTCAGTCGTCAATGCTG Forward 56 662 AF246971
GTAGGGAGCTTGGCAGTTTG Reverse

TLR9 CAGCAGCTCTGCAGTACGTC Forward 58 555 AB045180
CCTCCAGCAGGAAGTCCATA Reverse

TLR10 GGATGCTAGGTCAATGCACA Forward 56 504 AF296673
ATAGCAGCTCGAAGGTTTGC Reverse

MyD88 TCTTTCACACCTCCCAGCTT Forward 56 582 U70451
GGTACATTGGGTCCTTTCCA Reverse

RP105 AATCAGTGCTGCCAATTTCC Forward 57 286 D83597
GTAAGCGGGTAAATGCCAAA Reverse

MD-1 TCCTATCCCATCTGTGAGGC Forward 57 382 AF057178
ATCTGTGGAGTCTGGGGATG Reverse

MD-2 AGGGGCACGAGGTAAATCTT Forward 56 526 AB018549
GGCTCCCAGAAATAGCTTCA Reverse

CD14 AGGACTTGCACTTTCCAGCTTG Forward 59 568 M86511
TCCCGTCCAGTGTCAGGTTATC Reverse

IL-8 ATGACTTCCAAGCTGGCCGTGGCT Forward 60 294 Y00787
TCTCAGCCCTCTTCAAAAACTTCTC Reverse

IL-6 TCTCAGCCCTGAGAAAGGAGAC Forward 60 438 M54894
GAAGAGCCCTCAGGCTGGACTG Reverse

�-Actin GTGGGCGCCCCAGGCACCA Forward 58 506 X00351
CTCCTTAATGTCACGCACGATTTC Reverse
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FIG. 1. Cytokine mRNA expression and NF-�B activation of HGEC after culturing with oral treponemes. (A) IL-8 and IL-6 mRNAs of
HGEC-1 cultured with 5 � 107 cells of oral treponemes for 2 h were analyzed by RT-PCR. �-Actin was assayed as a positive control. PCR products
of non-reverse-transcribed (non-RT) samples were examined as a negative control. Lane 1, medium alone; lane 2, T. denticola; lane 3, T. vincentii;
lane 4, T. medium; lane M, size marker. Experiments were done at least three times, and representative results are presented. (B) HGEC-1 were
transfected with 1 �g of plasmid pNF-�B-Luc and then cultured with the indicated cells of oral treponemes in HuMedia-KG2 at 37°C for 4 h. After
incubation, luciferase activity was estimated with a Luminometer. Experiments were done at least three times, and representative results are
presented. Each assay was done with triplicate wells, and the data are expressed as the means � SEM. Asterisks indicate significant differences
seen between groups with and without the oral treponemes (P � 0.01).

FIG. 2. IL-8 production by HGEC after culturing with oral treponemes. HGEC-1 were cultured with the indicated amounts of T. denticola, T.
vincentii, or T. medium in HuMedia-KG2 at 37°C for 6 and 12 h. After incubation, supernatants were collected, and IL-8 production was
determined by an ELISA. Experiments were done at least three times, and representative results are presented. Each assay was done with triplicate
wells, and the data are expressed as the means � SEM. Asterisks indicate significant differences seen between groups with and without oral
treponemes (P � 0.01).
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ing 5% (vol/vol) CO2; the mixtures then were centrifuged at 12,000 � g for 5 min.
In some experiments, HGEC were incubated with or without 1 �g of TL2.1 or
mouse IgG2a/ml for 30 min at room temperature before the addition of the test
specimens. The supernatants were stored at �80°C until assayed for cytokine
production. The production of IL-8 in the culture supernatants was determined
by an enzyme-linked immunosorbent assay (ELISA) performed according to the
manufacturer’s instructions (ELISA kit system; Genzyme-Techne, Minneapolis,
Minn.), and the results were analyzed by using a standard curve prepared for
each assay.

Analysis of enzymatic activity. The amounts of cell-associated enzymes in the
oral treponemes were determined from cells grown in TYGVS broth as de-
scribed above. These cells were centrifuged and then suspended in PBS for
enzyme analysis. An API ZYM chromogenic assay system (Biomerieux, Marcy-
l’Etoile, France) was used for the estimation of enzyme levels, and the intensity
of the color reaction was graded semiquantitatively by comparison to a standard
API ZYM color reaction chart. Three independent experiments with the differ-
ent treponemes were performed.

PMA-induced IL-8 degradation. HGEC were incubated with 10 ng of PMA/ml
for 24 h at 37°C in humidified air containing 5% (vol/vol) CO2, and supernatants
were collected by centrifugation at 12,000 � g for 5 min. The oral treponemes at
various doses were cultured in the same supernatant (1 ml/well) under the same
culture conditions. After incubation, IL-8 levels in the supernatants were mea-
sured by an ELISA.

Effect of chymostatin on IL-8 degradation. HGEC were seeded in a 24-well
plate in a manner similar to that described above. The oral treponemes were
washed three times with or without 30 �g of chymostatin/ml in PBS and then
suspended at a density of 107 cells/ml in HuMedia-KG2 with or without 30 �g of
chymostatin/ml. HGEC were cultured with 107 cells of the oral treponemes
treated or not treated with chymostatin at 37°C for 12 h. After incubation,
supernatants were collected, and IL-8 production was measured by an ELISA.

Statistics. Data were analyzed by a one-way analysis of variance (ANOVA)
with the Bonferroni or Dunn method, and the results are presented as the means
� standard errors of the means (SEM). When an individual result is presented,
it is representative of at least three independent experiments.

RESULTS

HGEC activation. During mucosal infection, gingival epithe-
lial cells are a major source of IL-8, which participates in local
inflammation and neutrophil chemotaxis (24). In the present
study, IL-8 mRNA expression and NF-�B activation in HGEC
cultured with oral treponemes were examined. T. denticola, T.
vincentii, and T. medium each clearly induced IL-8 and IL-6
mRNA expression in HGEC (Fig. 1A). These oral treponemes
also clearly induced NF-�B activation in a cell-dependent man-
ner (Fig. 1B). Further, we examined IL-8 production by HGEC
cultured with various doses of T. denticola, T. vincentii, and T.
medium. T. medium and T. vincentii induced significant IL-8
production by HGEC-1 in time- and cell-dependent manners,
whereas IL-8 was scarcely found after culturing with T. denti-
cola (Fig. 2). HGEC-2, HGEC-3, and HGEC-4, similar to
HGEC-1, were shown to have induced IL-8 and IL-6 mRNA
expression and IL-8 production (data not shown).

IL-8 degradation. To confirm whether the T. denticola cul-
ture was involved in the degradation of IL-8 produced by
HGEC, the effect of the oral treponeme culture on PMA
induction of IL-8 in HGEC was examined. PMA, an activator
of protein kinase C, has been shown to induce IL-8 production
in HGEC (46). T. denticola, but not T. vincentii or T. medium,
markedly reduced the amount of IL-8 produced by HGEC-1
stimulated with PMA in a cell-dependent manner (Fig. 3).

To determine the potential contribution of enzymatic activ-
ity of the oral treponemes to virulence expression, we exam-
ined the cell-associated enzyme profiles of T. denticola, T.
vincentii, and T. medium (Table 2). Notably, T. denticola ex-
hibited high levels of various enzymatic activities, including

trypsin-like and chymotrypsin-like protease activities, com-
pared with T. vincentii and T. medium. We consequently ex-
amined the inhibitory effect on IL-8 degradation by using chy-
mostatin, a chymotrypsin-like protease inhibitor, and found
that it inhibited the reduction by T. denticola of IL-8 expression
in HGEC-1 (Fig. 4).

mRNA expression profiles for TLRs and their related mol-
ecules in HGEC. The expression of mRNAs for all known
TLRs and their related molecules in HGEC was evaluated by

FIG. 3. Degradation of PMA-induced IL-8 in HGEC. HGEC-1
were incubated with 10 ng of PMA/ml for 24 h, and supernatants were
collected. The indicated doses of oral treponemes were cultured with
1 ml of these supernatants at 37°C for 24 h in humidified air containing
5% (vol/vol) CO2. After incubation, IL-8 production was determined
by an ELISA. Experiments were done at least three times, and repre-
sentative results are presented. Each assay was done with triplicate
wells, and the data are expressed as the means � SEM. Asterisks
indicate significant differences seen between groups with and without
oral treponemes (P � 0.01).

TABLE 2. Enzymatic activities of oral treponemesa

Enzyme

Enzyme concn (nmol/5 � 108 cells) for:

T. denticola
ATCC
35404

T. vincentii
ATCC
35580

T. medium
ATCC
700293

Alkaline phosphatase �40 0 0
Esterase lipase (C8) 7.5 0 0
Leucine aminopeptidase 30 7.5 5
Valine aminopeptidase 10 0 0
Trypsin �40 0 0
Chymotrypsin 30 0 0
Acid phosphatase �40 10 10
Phosphohydrolase 7.5 5 7.5
�-Galactosidase 10 �40 �40
	-Glucosidase 30 0 0
�-Glucosidase 5 0 0
N-Acetyl-�-glucosaminidase 0 30 0

a T. denticola, T. vincentii, and T. medium were grown as described in Materials
and Methods. All treponemes were centrifuged, and their concentrations were
adjusted to 1010 cells/ml. Then, a 65-�l sample containing 5 � 108 cells was
added to each cupule of the API ZYM strip. The resulting changes were eval-
uated in triplicate on different days, and the mean values are presented. The
tested treponemes were negative for lipase (C14), cysteine aminopeptidase,
	-galactosidase, �-glucuronidase, 	-mannosidase, and 	-fucosidase.
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RT-PCR. HGEC-1 expressed mRNAs for TLR1, TLR2,
TLR3, TLR6, and MyD88 (Fig. 5) (4); however, mRNAs for
TLR4, TLR5, TLR7, TLR8, TLR9, TLR10, RP105, MD-1,
MD-2, and CD14 were not detected. A similar pattern of
mRNA expression was shown for HGEC-2, HGEC-3, and
HGEC-4 (data not shown). Human PBMC, used as a control,
also expressed mRNAs for all of the TLRs. RT-PCR analysis
of �-actin expression confirmed the quality of all RNA prep-
arations, and no band was detected for the non-reverse-tran-
scribed sample by PCR.

Inhibitory effect of mouse monoclonal antibody to human
TLR2 on activation of HGEC cultured with oral treponemes.
To examine the recognition of HGEC in response to oral
treponemes, IL-8 mRNA expression in HGEC treated with a
mouse monoclonal antibody to human TLR2, TL2.1, or mouse
IgG2a as a control before the addition of oral treponemes was
examined. TL2.1 significantly inhibited IL-8 mRNA expression
induced by the three treponemes in HGEC-1 (Fig. 6). These
results indicated that the three treponemes activated HGEC
through TLR2.

Induction of IL-8 production by HGEC stimulated with
OMEs from oral treponemes. IL-8 production by HGEC stim-
ulated with the OMEs from T. denticola, T. vincentii, and T.
medium was examined. HGEC-1, HGEC-2, HGEC-3, and
HGEC-4 as well as human intestinal epithelial cell line Caco-2,
which is known to express TLR2 protein (8), clearly exhibited

IL-8 production stimulated with the OMEs in a dose-depen-
dent manner (Fig. 7A). Further, the IL-8-producing activities
of HGEC-1 were clearly inhibited by a mouse monoclonal
antibody to human TLR2, TL2.1 (Fig. 7B). These results indi-
cated that the OMEs from the three oral treponemes as well as
the bacterial cells activated HGEC through TLR2.

DISCUSSION

Periodontal tissue is a complex structure comprised of res-
ident cells, such as epithelial cells, fibroblasts, periodontal lig-
ament cells, osteoblasts, and osteoclasts, as well as various
types of inflammatory cells, which emigrate from the micro-
vasculature of the gingiva in response to dental plaque accu-
mulation (47). In periodontal diseases, these cells induce the
production of various pro- and anti-inflammatory factors in the
gingiva, as well as gingival crevicular fluid (5). Gingival epithe-
lial cells are the first to come into contact with various oral
bacteria. For this reason, it is considered that the induction of
gingival epithelial cell responses after stimulation with various
oral bacteria leads to the establishment of periodontal dis-
eases.

Asai et al. previously found that immortalized gingival epi-
thelial cell lines, HGEC-1 and HGEC-2, expressed TLR2 but
not CD14 or TLR4 on the cell surfaces and also responded to
S. aureus peptidoglycan and muramyl dipeptide, a common

FIG. 4. Effect of chymostatin on IL-8 production by HGEC after
culturing with T. denticola. Bacterial cells were washed three times
with or without 30 �g of chymostatin in PBS/ml and then suspended at
a density of 107 cells/ml in HuMedia-KG2 with or without 30 �g of
chymostatin/ml. HGEC-1 were cultured with 107 cells of T. denticola
treated or not treated with chymostatin at 37°C for 12 h. After incu-
bation, supernatants were collected, and IL-8 production was deter-
mined by an ELISA. Experiments were done at least three times, and
representative results are presented. Each assay was done with tripli-
cate wells, and the data are expressed as the means � SEM. Asterisks
indicate significant differences seen between groups with and without
T. denticola (P � 0.01).

FIG. 5. TLR mRNA expression of HGEC. The expression of hu-
man TLR mRNA was analyzed by RT-PCR as detailed in Materials
and Methods. Human PBMC were used as a positive source of TLR
mRNA expression to confirm the specificity of the primers and the
accuracy of the assay. The �-actin gene was assayed as a positive
control. PCR products of non-reverse-transcribed (non-RT) samples
were examined as a negative control. M, size marker. Experiments
were done at least three times, and representative results are pre-
sented.
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component of cell wall peptidoglycan, as TLR2 ligands but not
to Escherichia coli-type synthetic lipid A as a TLR4 ligand (4).
Porphyromonas gingivalis lipopolysaccharide (LPS) and its lipid
A fraction were recognized as utilizing TLR2 (33). Ogawa et
al. recently showed that further purified P. gingivalis lipid A
and its synthetic counterpart induced cell activation via a
TLR4/MD-2–MyD88-dependent pathway and that minor bac-

terial components separated from P. gingivalis lipid A fractions
activated cells utilizing TLR2 (36). HGEC did not respond to
further purified P. gingivalis 381 lipid A and its synthetic com-
pound (compound PG-381), which is similar to the results
obtained for compound 506 (unpublished observations).

It was also shown that epithelial cells from normal human
vagina, ectocervix, and endocervix tissues expressed mRNAs
for TLR1, TLR2, TLR3, TLR5, and TLR6. However, mRNA
for TLR4, which plays an important role as a receptor for
bacterial LPS and its active center, lipid A, and mRNA for
MD-2, a small secreted protein associated with TLR4 on the
surface of innate immune cells, were not expressed (18, 23, 40,
48). A TLR-related protein, RP105, has been identified in B
cells and shown to act as both an LPS sensor and a regulator
of B-cell proliferation (35). RP105, like TLR4, also requires an
MD-2-related protein, MD-1, for its surface expression (32).
Further, TLR2 is essential for the signaling of various bacterial
components, such as Staphylococcus aureus peptidoglycan (49)
and its bioactive muramyl dipeptide (4), bacterial lipoprotein
(2, 7), lipoteichoic acid (29), zymosan (56), and P. gingivalis
fimbriae (4, 37). In addition, TLR3, TLR5, TLR7, and TLR9
are known to recognize double-stranded viral RNA, bacterial
flagellin, imidazoquinoline compound imiquimod and R-848,
and bacterial CpG DNA, respectively (1, 20–22). In the present
study, the expression of mRNAs for the known TLRs, RP105,
and several other proteins in HGEC was examined, and the
cells failed to express mRNAs for TLR4, RP105, MD-1, MD-2,
or CD14 (Fig. 5) (4). These results indicate that HGEC-1 lack
known whole molecules for the recognition and activation of
bacterial LPS and its active center, lipid A.

In the present study, we observed IL-8 production in HGEC
cultured with T. vincentii and T. medium but not with T. den-
ticola (Fig. 2). It was previously shown that KB cells, a human
oral epithelial cell line, cultured with T. denticola expressed no
IL-8 production (14). On the other hand, T. denticola, T. vin-
centii, and T. medium each clearly induced IL-8 mRNA expres-
sion as well as NF-�B activation in HGEC in the present study
(Fig. 1). Further, the OMEs from these oral treponemes also
induced IL-8 production in HGEC (Fig. 7A).

In previous studies, P. gingivalis exhibited a high level of
protease activity, after which the protease seemed to reduce
IL-8 production by gingival epithelial cells (59), while T. den-
ticola showed highly proteolytic activities (19, 26) and its chy-
motrypsin-like proteases induced cytopathic activities, such as
loosening of cell contacts, collapse of intercellular spaces, and
an increase in the permeability of epithelial cells (54). Further,
stimulation of a dentilisin protease mutant of T. denticola re-
sulted in an increase in IL-8 production in KB cells (14). In the
present study, T. denticola exhibited a variety of protease ac-
tivities, compared with T. vincentii and T. medium (Table 2);

FIG. 6. Effect of a mouse anti-human TLR2 monoclonal antibody
on the induction of IL-8 mRNA expression in HGEC after stimulation
with oral treponemes. HGEC-1 were preincubated with or without a
mouse monoclonal antibody to human TLR2 (TL2.1) or mouse IgG2a
at 1 �g/ml for 30 min at room temperature and then cultured with 5 �
107 cells of T. denticola (A), T. vincentii (B), or T. medium (C) for 2 h.
�-Actin was assayed as a positive control. PCR products of non-
reverse-transcribed (non-RT) samples were examined as a negative
control. Experiments were done at least three times, and representa-
tive results are presented.

FIG. 7. Induction of IL-8 production by HGEC stimulated with OMEs from oral treponemes. (A) HGEC and Caco-2 cells were stimulated with
the indicated doses of the OMEs at 37°C for 12 h. After incubation, supernatants were collected, and IL-8 production was determined by an
ELISA. (B) HGEC-1 were incubated with or without a mouse monoclonal antibody to human TLR2 (TL2.1) or mouse IgG2a at 1 �g/ml for 30
min at room temperature and then stimulated with 1 �g of the OMEs/ml for 12 h. After incubation, supernatants were collected, and IL-8
production was determined by an ELISA. Experiments were done at least three times, and representative results are presented. Each assay was
done with triplicate wells, and the data are expressed as the means � SEM. Asterisks indicate significant differences seen between groups with and
without the test specimens (P � 0.01).
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these activities resulted in a decrease in IL-8 production in
HGEC induced by PMA (Fig. 3). Further, the increase in IL-8
production induced in HGEC by T. denticola was also seen
with additional chymostatin (Fig. 4). These results suggest that
a chymotrypsin-like protease from T. denticola degrades exog-
enous IL-8 production induced by HGEC, an activity which
may play an important role in the defense against host immune
defenses.

In the present study, we examined the activation of HGEC
against three oral treponemes. TLR2 has been shown to be a
signal transducer of lipoprotein and lipopeptide from Trepo-
nema pallidum, which is associated with syphilis (30). Further,
it has also been shown that the glycolipid from Treponema
maltophilum, associated with periodontitis in humans, and that
of Treponema brennaborense, found in bovine cattle, induce
NF-�B activation through TLR2 (38). In our study, a mouse
anti-human TLR2 monoclonal antibody, TL2.1, clearly inhib-
ited IL-8 mRNA expression and IL-8 production in HGEC
cultured with the three oral treponemes and their OMEs (Fig.
6 and 7B). Human intestinal epithelial cell lines Caco-2 and
T84 also have been demonstrated to express TLR2 (8); the
OMEs induced IL-8-producing activities in Caco-2 cells (Fig.
7A). These findings suggested that oral treponemes and their
OMEs activated other types of epithelial cells expressing
TLR2. TLR1 and TLR6 have been shown to associate with
TLR2 and to recognize mycoplasmal lipopeptide and myco-
bacterial lipoprotein along with TLR2, respectively (51, 52). As
HGEC expressed mRNAs for TLR1 and TLR6 (Fig. 1), TLR1
and TLR6 may be associated with the recognition of oral
treponemes and their OMEs by TLR2. Taken together, the
results show that the oral treponemes activate HGEC through
TLR2, followed by the induction of NF-�B activation, IL-8
mRNA expression, and IL-8 production. T. denticola, which
was distinct from T. vincentii and T. medium in the present
study, possesses highly proteolytic activities, which produce
enzymes that degrade the exogenous IL-8 produced by HGEC.
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