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Treponema denticola, a spirochete indigenous to the oral cavity, is associated with host inflammatory
responses to anaerobic polymicrobial infections of the root canal, periodontium, and alveolar bone. However,
the cellular mechanisms responsible for the recognition of 7. denticola by the innate immune system and the
underlying cell signaling pathways that regulate the inflammatory response to 7. denticola are currently
unresolved. In this study, we demonstrate that 7. denticola induces innate immune responses via the utilization
of Toll-like receptor 2 (TLR2) but not TLR4. Assessment of TLR2/1 and TLR2/6 heterodimers revealed that 7.
denticola predominantly utilizes TLR2/6 for the induction of cellular responses. Analysis of the mitogen-
activated protein kinase (MAPK) signaling pathway in 7. denticola-stimulated monocytes identified a pro-
longed up-regulation of the MAPK extracellular signal-related kinase 1/2 (ERK1/2) and p38, while no dis-
cernible increase in phospho-c-Jun N-terminal kinase 1/2 (JNK1/2) levels was observed. With the aid of
pharmacological inhibitors selectively targeting ERK1/2 via the mitogen-activated protein kinase/extracellular
signal-related kinase 1/2 kinase and p38, we further demonstrate that ERK1/2 and p38 play a major role in 7.
denticola-mediated pro- and anti-inflammatory cytokine production.

Treponema denticola’s increased presence within the peri-
odontium of the host is associated with localized inflammation
(8, 9, 10, 18, 22, 30). Moreover, T. denticola is part of the
microbial “BANA-positive red complex” (7. denticola, Tan-
nerella forsythia, and Porphyromonas gingivalis) associated with
advanced periodontal disease (19, 32). Dental implant failures
also have numerous spirochetes in the infected infrabony area
between the implant and the inflamed peri-implant tissue (17,
21, 27). Localized alveolar osteitis or “dry socket” is a painful
postextraction anaerobic infection where a blood clot fails to
form and increased numbers of 7. denticola cells have been
cultured from these extraction sites (23). Direct smears of
pericoronitis exudates indicate these acutely infected areas
have increased levels of treponemes (37). In addition, spiro-
chetes have been observed in endodontic infections and asso-
ciated apical regions of the tooth (4, 31, 33). Clearly, the oral
spirochetes are integral components of a polymicrobial anaer-
obic flora that infect and cause inflammatory diseases within
the oral cavity.

The host’s immune response to periodontium-associated
pathogens has been shown to be an important determinant in
the pathology of periodontal disease by regulating the produc-
tion of inflammatory cytokines involved in gingival inflamma-
tion and alveolar bone loss (7, 13, 14, 26). The ability of the
host to recognize and initially respond to microbes as well as
microbial components has been largely attributed to a family of
type I transmembrane Toll-like receptors (TLRs) (20, 34, 38).
Previous studies analyzing how T. denticola stimulates innate
immune responses have demonstrated that 7. denticola can
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stimulate human gingival epithelial cells (HGECs) through
TLR2 (3). However, the functional significance of other TLRs
involved in mediating cellular responses to 7. denticola and
how this recognition mediates qualitative and quantitative as-
pects of the host inflammatory response are currently not well
understood (29). The aim of the current study was to charac-
terize the TLRs involved in the ability of T. denticola to stim-
ulate innate immune cells and to identify the underlying cell
signaling pathways that regulate the inflammatory response to
T. denticola.

MATERIALS AND METHODS

Strains and culture conditions. 7. denticola strain ATCC 35405 was cultured
under anaerobic conditions using a Coy anaerobic chamber (Coy Laboratory
Products, Grass Lake, MI) at 35°C in an atmosphere of 80% nitrogen, 10%
hydrogen, and 10% carbon dioxide. The strain was grown in modified NOS
medium (brain heart infusion broth, 12.5 g/liter; trypticase, 10 g/liter; yeast
extract, 2.5 g/liter; sodium thioglycolate, 0.5 g/liter; L-cysteine, 1 g/liter; L-aspar-
agine, 0.25 g/liter; sodium bicarbonate, 0.2%; heat-inactivated rabbit serum,
10%; thiamine pyrophosphate, 0.0006%) (15) to late log phase (approximately
10° cells/ml), centrifuged at 4,420 X g, and washed three times in phosphate-
buffered saline without calcium or magnesium (PBS) (Cambrix Bio Science,
Walkersville, MD). Cells were brought to a final cell density of 10'° cells/ml in
PBS, utilizing dark-field microscopy and a Petroff-Hausser counting chamber
(Hausser Scientific, Horsham, PA).

Cell culture. Human peripheral blood mononuclear cells (PBMC) were ob-
tained from three to five healthy donors (University of Louisville, Institutional
Review Board, Human Subjects Protection Program, study number 503.05) and
isolated from citrated venous blood by collecting the buffy coat and eliminating
red blood cell contamination with Histopaque 1077 (Sigma-Aldrich, St. Louis,
MO) density gradients. Human monocytes were purified from PBMC samples by
negative selection with a monocyte isolation system (Miltenyi Biotec, Auburn,
CA). This procedure routinely resulted in samples that were more than 95% pure
CD14" cells, as shown by flow cytometry. C57BL/6 wild-type, TLR1/~,
TLR2™/~, TLR4™/~, and TLR6 ™/~ female mice, 6 to 8 weeks of age, were used
as the source of peritoneal macrophages. Mice were injected by the intraperito-
neal route with 3 ml of 3% thioglycolate broth. After 4 days, peritoneal cells were
harvested by flushing the peritoneal cavity with 10 ml of ice-cold PBS. After
being washed in PBS containing 1% fetal calf serum and 2 mM EDTA, cells were
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FIG. 1. T. denticola utilizes TLR2 and not TLR4 to activate NF-«B.
HEK?293 cells expressing TLR2 or TLR4 were stimulated with various
MOIs of T. denticola for 24 h and then analyzed for activation of
NF-«B by the secreted alkaline phosphatase assay. An asterisk indi-
cates statistical significance with a P value of <0.05 compared to
results for parental HEK293 cells. The data represent the arithmetic
means * standard deviations for five separate experiments.

resuspended at a concentration of 2.5 X 10° cells/ml in RPMI 1640 supple-
mented with 10% fetal bovine serum, 50 wM 2-mercaptoethanol, 1 mM sodium
pyruvate, 2 mM L-glutamine, 20 mM HEPES, 50 U of penicillin/ml, and 50 pg of
streptomycin/ml (RPMI 1640 complete medium). HEK293 (human embryonic
kidney) cell lines stably expressing TLR2 or TLR4 in conjunction with an
NF-kB-dependent secreted alkaline phosphatase were grown in RPMI 1640
complete medium according to the supplier’s protocol (Invivogen, San Diego,
CA). To assess the functional role of extracellular signal-related kinase 1/2
(ERK1/2) and p38 in T. denticola-induced cytokine production by PBMCs, cells
were pretreated for 2 h with the mitogen-activated protein kinase (MAPK)
kinase (MEK) inhibitor U0126 (50 wM), the p38 inhibitor SB203580 (10 uM), or
a dimethyl sulfoxide (DMSO) control (0.01%). After a 20-h stimulation in RPMI
1640 complete medium, cytokine levels in cell supernatants were measured by
enzyme-linked immunosorbent assay (ELISA) according to the protocol sug-
gested by the supplier (eBioscience; San Diego, CA).

Reagents. All cell culture reagents were purchased from Gibco Technologies
(Grand Island, NY). HEK293 cell lines stably expressing TLR2 or TLR4 along
with an NF-kB-dependent secreted alkaline phosphatase reporter gene were
purchased from Invivogen (San Diego, CA). TLR2-specific (FSL1) and TLR4-
specific (Escherichia coli lipopolysaccharide) agonists were used as appropriate
controls (Invivogen, San Diego, CA). Antibodies used for the detection of total
and phosphorylated, extracellular signal-regulated kinases (ERK1/2) and p38
MAPK were obtained from Cell Signaling (Beverly, MA). MAPK inhibitors
U0126 (MEK1/2 inhibitor) and SB203580 (p38) were obtained from Calbiochem
(San Diego, CA).

Western blot. Macrophages (5 X 10%ml; 1-ml volume) in 24-well plates were
pretreated with RPMI 1640 complete medium, U0126 (MEKI1/2 inhibitor;
MEK1/2 is the direct upstream kinase responsible for phosphorylating ERK1/2),
SB203580 (p38 inhibitor), or 0.01% DMSO for 2 h before the addition of T.
denticola. At various time points, cells were washed with ice-cold PBS and then
lysed on ice for 10 min in RIPA buffer (50 mM HEPES [pH 7.4], 150 mM NacCl,
1 mM EDTA, 1% Nonidet P-40, 0.1% sodium dodecyl sulfate, 0.5% sodium
deoxycholate, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 1 mM phenyl-
methylsulfonyl fluoride, and 1 mg/ml aprotonin). The resulting whole-cell lysates
were passed through a 20-gauge needle three times and then incubated on ice for
an additional 30 min. Cell debris were pelleted by centrifugation, and the super-
natants were collected and stored at —20°C until assayed. Twenty micrograms of
total cellular protein was suspended in lithium dodecyl sulfate buffer, heated for
10 min at 70°C, resolved by lithium dodecyl sulfate-polyacrylamide gel electro-
phoresis, and then transferred to polyvinylidene difluoride membranes using
Novex (Invitrogen, Carlsbad, CA). Probing and visualization of immunoreactive
bands were performed using ECL Plus (Amersham Pharmacia Biotech, Denver,
CO), following the supplier’s protocol. Levels of phosphorylated and total pro-
teins were determined using densitometer scans of the blots using a Kodak
Image Station 4000MM system (Eastman Kodak, New Haven, CT).

Statistics. The significance of differences between groups was evaluated by
analysis of variance and the Tukey multiple comparison test using the Instat
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FIG. 2. T. denticola requires TLR2 for the activation of innate
immune responses. Peritoneal macrophages obtained from wild-type
(wt), TLR2-deficient (TLR2-ko), or TLR4-deficient (TLR4-ko) mice
were stimulated with 7. denticola and assessed for TNF-a production
20 h poststimulation. The asterisk indicates statistical significance at P
values of <0.05 compared to results for wild-type cells. The data
represent the arithmetic means = standard deviations for three sepa-
rate experiments.

program (GraphPad, San Diego, CA). Differences between groups were consid-
ered significant if P values were <0.05.

RESULTS

T. denticola utilizes TLR2 and not TLR4. To initially identify
the role of TLR2 and TLR4 usage by 7. denticola, HEK293
cells expressing TLR2 or TLR4 were stimulated with 7. den-
ticola. Compared to either nonstimulated HEK293 cells ex-
pressing TLR2 or TLR4 or the parental line, HEK293 cells
expressing TLR2 showed a significant increase (P < 0.05) in
NF-«kB activation at all multiplicities of infection (MOIs)
tested when stimulated with T. denticola (Fig. 1). In sharp
contrast, HEK293 cells expressing TLR4 did not exhibit any
discernible (P > 0.05) increase in NF-«B activity above non-
stimulated levels when stimulated with T. denticola (Fig. 1).
These results demonstrate that T. denticola can stimulate
NF-kB activation via TLR2 but not TLR4.

T. denticola does not induce innate immune responses in the
absence of TLR2. Although the data shown in Fig. 1 demon-
strate that 7. denticola can utilize TLR2, they do not defini-
tively rule out the possibility that additional TLRs may be
involved in the ability of T. denticola to stimulate innate im-
mune responses. Therefore, we next employed the use of
TLR2 and TLR4 knockout mice in order to determine if 7.
denticola was capable of mediating cellular responses in the
absence of TLR2. Peritoneal macrophages obtained from wild-
type, TLR2-deficient, or TLR4-deficient mice were stimulated
with T. denticola and assessed for tumor necrosis factor alpha
(TNF-a) production. As shown in Fig. 2, no significant (P >
0.05) differences were observed in the levels of TNF-a between
wild-type and TLR4-deficient macrophages stimulated with 7.
denticola. These results are in agreement with those shown in
Fig. 1, demonstrating that TLR4-expressing HEK293 cells did
not exhibit activation of NF-kB when stimulated with 7. den-
ticola. However, in contrast to either wild-type or TLR4-defi-
cient cells, TLR2-deficient macrophages stimulated with T.
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FIG. 3. Assessment of which TLR2 (TLR2/1 or TLR2/6) corecep-
tor complex is utilized by 7. denticola demonstrates that TLR6 but not
TLRI1 is involved in mediating cellular responses. TLR6 knockout
macrophages produced significantly (P < 0.05) less TNF-a than wild-
type macrophages stimulated with 7. denticola. An asterisk indicates
statistical significance at P values of <0.05 compared to results for
wild-type cells. The data represent the arithmetic means * standard
deviations for three separate experiments.

denticola did not induce any significant increase in TNF-a
compared to levels for nonstimulated control (Fig. 2). Taken
together, these data demonstrate that 7. denticola requires
TLR?2 to stimulate innate immune responses.

TLR2 coreceptor utilization. TLR2 can heterodimerize with
TLR1 or TLR6, thus altering its interactions and ability to
respond to microbial ligands (25, 35, 36). Since our data ob-
tained with HEK293 cells transfected with TLR2 (TLR2 pos-
itive) as well as data obtained from TLR2-deficient macro-
phages demonstrated that cellular responses to T. denticola
were mediated by TLR2, we next employed the use of TLR1-
and TLR6-deficient macrophages in order to identify the role
of TLR2/1 and TLR2/6 in mediating innate immune responses
to T. denticola. Compared to wild-type cells, TLR6-deficient
macrophages stimulated with 7. denticola produced signifi-
cantly (P < 0.05) less TNF-a at all MOIs tested (Fig. 3).
Moreover, a direct comparison of the relative contributions
mediated by TLR1 and TLR6 indicated that TLR6-deficient
macrophages stimulated with 7. denticola produced signifi-
cantly less (P < 0.05) TNF-a than T. denticola-stimulated
TLRI1-deficient macrophages, whereas no significant differ-
ences were observed in the levels of TNF-a produced by wild-
type or TLR1-deficient macrophages (Fig. 3). These data show
that 7. denticola preferentially utilizes TLR2/6 complexes to
induce innate immune responses.

Activation of MAPKs in T. denticola-stimulated macro-
phages. The MAPKSs, including ERK1/2, c-Jun N-terminal ki-
nase 1/2 (JNK1/2), and p38, have been shown to play a major
role in regulating qualitative and quantitative effects on the
host inflammatory response (1, 6). Therefore, to initially in-
vestigate whether T. denticola could induce the activation of
ERK1/2, INK1/2, and p38, macrophages were stimulated with
T. denticola for 10 to 60 min and analyzed for MAPK activation
by Western blotting (Fig. 4). No significant differences in the
levels of phospho-JNK1/2 were observed between the non-
stimulated control (time = 0) and 7. denticola-stimulated cells
at 10 to 60 min poststimulation (Fig. 4A). In contrast, in-
creased levels of phospho-JNK1/2 could be detected in cells
stimulated with lipopolysaccharide (data not shown). Analysis
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FIG. 4. T. denticola-stimulated monocytes exhibit enhanced levels
of phospho-ERK1/2 and phospho-p38 levels. Monocytes were stimu-
lated with T. denticola (MOI = 10) for 0 to 60 min and assayed for
phosphorylated levels of JNK1/2 (A), ERK1/2 (B), and p38 (C) by
Western blotting using 20 pg of whole-cell lysates. Total levels of
ERKI1/2 and p38 were monitored to ensure equivalent loading.

of the levels of phospho-ERK1/2 and phospho-p38 in 7. den-
ticola-stimulated cells revealed increases in the levels of phos-
pho-ERK1/2 and phospho-p38 at 10 to 60 min poststimulation
compared to nonstimulated control levels (Fig. 4B and C).
Moreover, phospho-p38 and phospho-ERK1/2 levels remained
elevated and sustained at both the 30- and 60-min-poststimu-
lation time points (Fig. 4B and C).

Functional significance of MAPK activation in 7. denticola-
mediated cytokine production. In order to assess and compare
the functional role of 7. denticola-mediated activation of
ERKI1/2 and p38, cells were stimulated with 7. denticola in the
presence or absence of specific inhibitors for ERK1/2 (U0126;
MEKI1/2 inhibitor) or p38 (SB203580) and assayed for the
levels of interleukin 1 beta (IL-1B), IL-6, TNF-a, IL-10, and
IL-12 p40 by ELISA. As demonstrated in Fig. 5, T. denticola-
stimulated macrophages pretreated with the p38 inhibitor
(SB203580) exhibited a significant (P < 0.05) reduction in the
levels of IL-1B, TNF-a, and IL-10, whereas the levels of IL-6
and IL-12 p40 were not significantly different from those for
cells stimulated with T. denticola alone (Fig. 5). Furthermore,
T. denticola-stimulated macrophages pretreated with the
ERK1/2 inhibitor showed a significant reduction in all cyto-
kines analyzed compared to results for cells stimulated with 7.
denticola alone (Fig. 5). These data demonstrate that both p38
and ERK1/2 play a major role in regulating both pro- and
anti-inflammatory cytokine production by 7. denticola-stimu-
lated immune cells.

DISCUSSION

The host immune response to oral treponemes has been
shown to be a key determinant of periodontal inflammation by
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FIG. 5. Functional role of p38 and ERK1/2 in regulating IL-18 (A), IL-6 (B), TNF-a (C), IL-10 (D), and IL-12 p40 (E) production by T.
denticola-stimulated (MOI = 10) monocytes. Cells were pretreated for 2 h with the MAPK kinase (MEK) inhibitor U0126 (50 wM), the p38
inhibitor SB203580 (10 pM), or the DMSO control (0.01%). After a 20-h stimulation, cytokine levels in cell supernatants were measured by
ELISA. An asterisk indicates statistical significance at a P value of <0.05 compared to results for 7. denticola-stimulated cells. The data represent
the arithmetic means * standard deviations for five separate experiments.
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regulating the production of pro- and anti-inflammatory cyto-
kines that in turn modulate pathogenesis (5, 10, 11, 24, 29).
Previous studies by Asai et al. demonstrated that the ability of
T. denticola to stimulate IL-8 mRNA from HGECs involved
TLR2, since the use of an anti-TLR2 antibody suppressed T.
denticola-induced IL-8 production (3); however, the anti-TLR2
antibody used in these studies did not completely inhibit the
levels of IL-8 produced by T. denticola-stimulated HGEC.
Moreover, the possibility that 7. denticola utilized other TLRs
in conjunction with TLR2 was not addressed. In this regard,
the findings from the present study showed that 7. denticola
requires TLR2 to stimulate innate immune responses, since
TLR2-transfected but not TLR4-transfected HEK293 cells ex-
hibited increases in NF-kB activation. Furthermore, with the
aid of TLR2-deficient mouse macrophages, our findings defin-
itively demonstrated that TLR2 is the major TLR utilized by 7.
denticola for the induction of cellular responses. Moreover, the
lack of TNF-a production by 7. denticola-stimulated macro-
phages deficient in TLR2 further suggests that other TLRs
are not involved in mediating innate immune responses to 7.
denticola.

Past studies have shown that TLR2 can mediate cellular
immune responses via heterodimerization with TLR1 or TLR6
and that the TLR2/1 or TLR2/6 complex can impart differen-
tial recognition of microbial products (25, 35, 36). The current
data obtained from HEK293 cells transfected with TLR2
(TLR2 positive) as well as TLR2-deficient macrophages dem-
onstrated that cellular responses to T. denticola were mediated
by TLR2. Using TLR1- and TLR6-deficient mouse macro-
phages, we were able to directly assess the roles of TLR1 and
TLR6 in mediating innate immune responses to 7. denticola.
In this regard, the data obtained from the present study
showed that macrophages lacking TLR6 but not TLR1 exhib-
ited reduced cellular responses to T. denticola. Taken together,
our studies show that T. denticola requires both TLR2 and
TLR6 to induce innate immune responses.

TLR-initiated signaling activates a diverse array of down-
stream signal transduction pathways that can play critical roles
in regulating host inflammatory responses (1, 6). One of the
most highly conserved signaling cascades activated in both the
innate and adaptive immune systems involves a family of
MAPKSs including ERK1/2, p38, and JNK1/2. Studies examin-
ing the utilization of various MAPK pathways by 7. denticola
have shown that the MAPKs ERK1/2, JNK1/2, and p38 are
strongly but transiently activated in periodontal ligament epi-
thelial cells (16). Purified major surface protein from 7. den-
ticola also activated MAPK pathways in human fibroblasts;
upon incorporating the use of inhibitors against ERK 1/2 and
p38, the authors could inhibit 7. denticola-mediated cell pro-
liferation and an increase in cell numbers surviving apoptosis
(12). Our current findings demonstrated that 7. denticola stim-
ulates the prolonged activation of both ERK1/2 and p38 in
monocytes, whereas JNK1/2 activation was not observed. This
is in contrast to previous observations that T. denticola cells
activate JNK1/2 in periodontal ligament epithelial cells (16)
and T. denticola major surface protein activates JNK1/2 in
fibroblasts (12). Moreover, lipoteichoic acid from Treponema
spp., Treponema maltophilum and Treponema brennaborense,
phosphorylates JNK1/2 in myelomonocytic cell lines (28).

Using pharmacological inhibitors for ERK1/2 and p38, we
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were able to demonstrate that both of these MAPKs play
major roles in regulating both pro- and anti-inflammatory cy-
tokine production by T. denticola-stimulated monocytes. Thus,
our present findings in conjunction with those of Leung et al.
(16) and Jobin et al. (12) suggest that MAPKSs play critical
roles in regulating innate immune responses to 7. denticola.
Furthermore, it appears that the activation of different MAPK
members, their functional role in regulating innate immune
responses, and their kinetics of activation in 7. denticola-stim-
ulated cells will vary depending upon the cell type.

The elevated levels of proinflammatory cytokines, including
IL-1B, IL-6 and TNF-a, observed in T. denticola-stimulated
cultures have also been found in the gingival crevicular fluid
and periodontal tissues of patients with inflammatory peri-
odontal disease. Furthermore, IL-1B, IL-6, and TNF-a have
been shown to exhibit potent bone resorptive effects due to
their pro-osteoclastic properties (14). Clearly, T. denticola has
pathogen-associated molecular patterns that are capable of
stimulating proinflammatory cytokines essential for initiating
and maintaining periodontitis. However, 7. denticola-stimu-
lated cultures also exhibited significantly elevated levels of the
anti-inflammatory cytokine IL-10, which can potently attenu-
ate host inflammatory responses from both innate and adaptive
immune cells, as well as inhibiting osteoclastogenesis. Interest-
ingly, recent studies directly comparing the host-protective ef-
fects of IL-10 and IL-12, which are known to be antagonistic to
one another, demonstrated that IL-12 plays a more protective
role than IL-10 with a Porphyromonas gingivalis murine abscess
model (2). Thus, although the balance of pro- and anti-inflam-
matory cytokine production will likely contribute to the sever-
ity of disease under a chronic state of inflammation, other
factors, including cytokines that augment cell-mediated immu-
nity, also are likely to be critical for the control and clearance
of periodontal pathogens. In toto, net cytokine expression will
determine the level of symbiotic détente between the subgin-
gival microflora and the periodontium of the host (10, 13).

In summary, we demonstrate that 7. denticola induces innate
immune responses via the utilization of TLR2/6 and that the
MAPKs ERK1/2 and p38 play major roles in 7. denticola-
mediated pro- and anti-inflammatory cytokine production.
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