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Abstract

Host cell invasion is important for periodontal pathogens in evading host
defenses and spreading into deeper areas of the periodontal tissue. Treponema
denticola has been implicated in a number of potentially pathogenic processes,
including periodontal tissue penetration. Here we tested the ability of 7.
denticola strains to invade human gingival epithelial cells (HGEC). After 2 h
infection, intracellular location of 7. denticola cells was confirmed by confocal
laser scanning microscopy (CLSM). Results from an antibiotic protection assay
following [*H]uridine labeling indicated that invasion efficiency reached a
maximum at 2 h after infection. Internalized 7. denticola cells were still
observed in HGEC at 24 h by CLSM. A dentilisin deficient mutant exhibited
significantly decreased invasion (p < 0.05) compared with the wild-type strain.
In inhibition assays, phenylmethylsulfonyl fluoride and metabolic inhibitors
such as methyl-B-cyclodextrin and staurosporine significantly reduced 7.
denticola invasion. Under CLSM, T. denticola colocalized with GM-1
ganglioside-containing membrane microdomains in a cholesterol-dependent
manner. These results indicated that 7. denticola has the ability to invade into
and survive within HGECs. Dentilisin activity of 7. denticola and lipid rafts on

HGEC appear to play important roles in this process.
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1. Introduction

Periodontitis, one of the most common infectious diseases that afflict humans, is
characterized by gingival inflammation, as well as loss of connective tissue and
bone surrounding teeth, which eventually leads to tooth exfoliation [1]. A major
etiological factor of this disease is infection by gram negative anaerobic rods
such as Porphyromonas gingivalis and spirochetes represented by Treponema
denticola [2]. T denticola is frequently isolated from human periodontal lesions
and its involvement in the pathogenesis and progression of periodontitis has
been reported [3]. P gingivalis, Tannerella forsythia and T. denticola were
categorized as the “red complex” because these species have been frequently co-

isolated together from lesions of chronic periodontitis [4].

So far, several virulence effects of 7. denticola on host tissue or cells have
been characterized [5]. The major outer sheath protein (Msp) induces innate
immune responses through TLR2-MyDS88 [6], affects the migration of
neutrophils during chemotaxis [7] and also acts as a pore-forming cytotoxin [8].
Activation of the complement component C3 by the 7. denticola surface
protease dentilisin and inactivation of C3b by dentilisin and FhbB have been
reported previously [9, 10]. Dentilisin was also reported to exhibit cytotoxity [8]
and be involved in the migration of 7. denticola into a basement membrane gel,
Matrigel, obtained from an Engelbreth-Holm-Swarm transplantable mouse

tumor [11].

Interactions between bacteria and their surrounding epithelia are critical
factors in bacterial infections [12, 13]. Invasion allows the bacteria not only to

evade host immune surveillance but also to spread into deeper tissues. The



invasion of periodontal tissues by oral bacteria is important in establishing a
niche and exerting pathogenic effects on periodontal tissue [14, 15]. Cellular
invasion by periodontal pathogens such as P. gingivalis has been implicated in
the pathogenesis of periodontitis [16]. Invasion by P. gingivalis causes
degradation of the integrin-related signaling molecules, paxillin and focal

adhesion kinase, which disables cellular migration and proliferation [17].

Previous studies showed that spirochetes penetrate into periodontal tissue
[18-22] T. denticola was shown to penetrate into epithelial cell monolayers [23],
and dentilisin plays a critical role in this process by altering cellular tight
junctions [24, 25]. In addition, detection of 7. denticola in gingival crevicular
epithelial cells from chronic periodontitis lesions was reported [22, 26]. T.
denticola was detected in the gingival epithelial cells at 24 h after infection [27].
These reports suggested that 7. denticola has the ability to penetrate to and
invade into epithelial cells. However, little is known about the mechanism or
factor involved in invasion of gingival epithelial cells by 7. denticola. To better
define the interaction between 7. denticola and host cells, we investigated

intracellular invasion of human gingival epithelial cells (HGEC) by T. denticola.

2. Materials and Methods
2.1 Bacterial strains and culture conditions

T. denticola ATCC 35405 [28], dentilisin deficient mutant K1 [29] and Msp
deficient mutant DMSP3 [30] were grown in TYGVS medium under anaerobic

conditions (10% CO,, 10% H,, 80% N) as described previously [31]. The



mutants constructed by allelic exchange mutagenesis were grown in the same
medium containing 40 pg ml"' erythromycin. Escherichia coli ATCC 11775 was
grown in LB medium under anaerobic conditions and used as a control for

antibiotic protection assays.

2.2 Gingival epithelial cell cultures

An established immortalized human gingival epithelial cell (HGEC) line, Ca9-
22, was purchased from the Health Science Research Resources Bank (Osaka,
Japan). Ca9-22 has been used in previous studies as a cultured model of HGECs
[32, 33, 34]. Ca9-22 cells were maintained in Eagle’s minimal essential medium
(MEM) supplemented with glutamine (0.6 mg ml"), heat-inactivated 10 % fetal
calf serum, and gentamicin (10 pg ml™") / amphotericin B (0.25 pg ml™)
(Cascade Biologics, Portland, OR) at 37 °C in 5 % CO; humidified air. Cells
were grown to near-confluence (95%) for the assays. For investigation of the
invasion by 7. denticola, these cells were cultured in the medium without

gentamicin and amphotericin B.
2.3 Antibiotic protection assays

Invasion by 7. denticola was quantitated by a standard antibiotic protection
assay [35] with modifications for 7. denticola. T denticola ATCC35405, K1,
DMSP3 and E. coli ATCC 11775 were labeled following incubation in medium
containing 10 pCi ml™ [*H]uridine for 5 days. The multiplicity of infection
(MOI) was calculated based on the number of cells per well at confluence. In

our preliminary experiment, Ca9-22 cells were damaged at MOI 100 and the



invasion efficiency was very low at MOI 10. We used MOI of 100 in all
subsequent experiments. Labeled bacteria (1 x 10”) were added to the Ca9-22
monolayers (1 x 10°) grown in the medium described above without antibiotics
and incubated for 2 h (unless otherwise noted) under 5% CO, at 37°C.
Following incubation, monolayers were washed twice with sterile PBS, and
fresh medium containing gentamicin (300 pg ml™'; Sigma-Aldrich, St. Louis,
MO) and metronidazole (200 ug ml™'; Sigma-Aldrich) was added for an
additional 1 h to kill extracellular treponemes. The concentration the
antibacterial agent was based on our previous experiment for P. gingivalis
invasion [36] and before the quantitative assay, we confirmed by control
experiments that the treatment was sufficient to kill external bacteria. Adherent
cells were then washed with PBS before being lysed with sterile water.
Internalized bacteria were counted using a liquid scintillation counter. Before
the quantitative assay, we confirmed by control experiments that the treatment
was sufficient to kill all external bacteria. As in our preliminary results, the
doubling time for 7. denticola in TYGVS medium was 24 h and multiplication
of the bacteria in the tissue culture medium during the assay period was at most
once. The level of invasion was expressed as the percentage of bacteria
retrieved following cell lysis relative to the total number of bacteria initially
added. The rate of survival of 7. denticola in Ca9-22 was calculated as follows:
Survival rate = (intracellular 7. denticola at indicated time) / (7. denticola
immediately after infection) x 100. All experiments were performed in duplicate

or triplicate and repeated at least three times.



2.4 Confocal laser scanning microscopy (CLSM)

To observe both intracellular and extracellular 7. denticola cells, a double-
fluorescence technique was performed as described previously [37]. Briefly,
mid-log phase cells of 7. denticola were harvested and enumerated by optical
density measurements at 660 nm. Ca9-22 cells were grown on coverslips in six-
well tissue culture plates in the medium described above without antibiotics and
infected with 7. denticola cultivated under the conditions described above. The
multiplicity of infection (m.o.1.) was calculated based on the number of cells per
well at confluence. We used a m.o.i. of 100 in all subsequent experiments. Cells
on overslips were fixed in 4% paraformaldehyde (Wako, Osaka, Japan) for 10
min, washed in phosphate buffered saline (PBS, pH 7.4), and then incubated
with a rabbit anti-7. denticola serum [29] diluted 1:500 in PBS-0.5% bovine
serum albumin (BSA) for 60 min. Following incubation, coverslips were washed
three times with PBS and incubated with Alexa Fluor 488 (green fluorescent
dye)-conjugated goat anti-rabbit immunoglobulin (Ig) G (Molecular Probes,
Eugene, OR) diluted 1:500 for 30 min to visualize attached bacteria. Internalized
bacteria were then stained by first permeabilizing Ca9-22 cells by dipping
coverslips in 0.4% Triton X-100 solution for 5 min and then staining with the
rabbit anti-7. denticola serum followed by Alexa Fluor 568 (red fluorescent
dye)-conjugated with goat anti-rabbit IgG (Molecular Probes) diluted 1:500 as
described above. Actin filaments were stained with Alexa Fluor 647 (blue
fluorescent dye) conjugated to phalloidin (Molecular Probes) for 30 min
according to the supplier’s recommendations to visualize the cellular

cytoskeleton. Coverslips mounted in a mounting medium were examined using



a laser scanning confocal microscope (model LSM510; Carl Zeiss
Microlmaging, Gottingen, Germany). A series of 20-30 Z-stack images was
scanned in increments using excitation wavelengths of 488, 561 and 633 nm.
Images were analyzed using ZEN 2008 software (Carl Zeiss). Where
appropriate, Z stacks of the X-Y sections of CLSM were processed to render a
three-dimensional (3D) image using the ‘Iso Surface’ function of Imaris 7.0.0

software (Bitplane AG; Zurich, Switzerland).

CLSM was also used to assess colocalization of 7. denticola with a lipid raft
marker, GM1 ganglioside. In this case, Ca9-22 cells grown in the medium
described above without antibiotics were exposed to 7. denticola at m.o.i. 100 as
described above for 30 min at 37°C. Unattached bacteria were then removed by
washing with PBS. After fixation, 7. denticola attached on the epithelial cells
was stained with rabbit anti-7. denticola serum followed by Alexa Fluor 488
(green fluorescent dye)-conjugated with goat anti-rabbit IgG (Molecular Probes)
as described above, and the cell surface ganglioside GM1 was labeled with
Alexa Fluor 568 (green fluorescent dye)-conjugated CTB (Molecular Probes; 1
pg ml”, 60 min). The cells were imaged as above and colocalization of bacteria

with GM-1 was assessed.

2.5 Scanning electron microscopy (SEM)

Ca9-22 cells seeded on 12-mm-diameter glass coverslips for 24 - 48 h were
infected with 7. denticola in MEM without FCS and antibiotics for 30 to 60 min.

After the preset time, cells were fixed in ice-cold 1.5% glutaraldehyde in 0.1M



sodium cacodylate buffer (pH 7.4) for 1 h and post-fixed with 1% osmium. The
specimens were dehydrated with graded alcohols, critical-point-dried and
subsequently sputter-coated with gold palladium. Ca9-22 cells infected with 7.

denticola were visualized by JOEL7400 SEM (Joel, Tokyo, Japan).
2.6 Inhibitors of bacterial and epithelial cell functions

To dissect the biochemical pathways involved in treponeme invasion, the effects
of eucaryotic cell function inhibitors and protease inhibitors on 7. denticola
invasion were investigated. Inhibition experiments were performed as described
previously [38, 39] with minor modifications. All chemicals were obtained from
Sigma-Aldrich. To disorganize cytoskeletal architecture, cytochalasin D (1 pg
ml™") and nocodazole (10 pM) were used. Methyl-p-cyclodextrin (MBCD;10
mM, cholesterol depletion drug) and wortmannin (100 nM, PI3K inhibitor) ,
cycloheximide (100pg ml™, inhibitor of protein biosynthesis in eukaryotes),
staurosporine (1 uM, protein kinase inhibitor) and monodansylcadaverine (50
uM, inhibitor for receptor mediated endocytosis) were also used. To analyze the
role of dentilisin in bacterial entry, the serine proteinase inhibitor
phenylmethylsulfonyl fluoride (PMSF) was used. Cytochalasin D and
staurosporine were preincubated with Ca9-22 cells for 30 min prior to addition
of the bacteria and remained present throughout the invasion assay. Nocodazole
was preincubated with the monolayers for 1 h on ice and then at 37°C for 30 min
prior to bacterial infection. Cycloheximide was preincubated with the
monolayers for 4 h before bacterial infection and the drug was present during the

invasion assay. Protease inhibitors were preincubated with the bacteria for 30



10

min prior to the assay. All potential inhibitors were tested at the concentrations
used for possible adverse effects on the epithelial cells by examining the

morphology of the cells and the confluency of the monolayers.

2.7 In vitro wound healing assay

The effects of invasion on cell migration were also investigated according to the
method of Inaba et al. [40]. Briefly, Ca9-22 cells were cultured until confluent.
The cell layers were then scratched using a plastic tip and washed three times
with MEM. The cells were then incubated with 7. denticola for 2 h in MEM
containing 10% serum in 5% CO, as described previously. External
nonadherent cells were removed by washing the cells three times with MEM
supplemented with glutamine (0.6 mg ml™"), heat-inactivated 10 % fetal calf
serum, and gentamicin (10 pg ml™) / amphotericin B (0.25 pg ml™") and
incubated with the medium for 5 h. The closure rate for each scratched area was

determined using Image J software (US National Institute of Health) (n = 9-10).

2.8 Statisitical analysis

Differences in invasion efficiency among strains of 7. denticola and the effects
of metabolic inhibitors were subjected to one way analysis of variance
(ANOVA) and Tukey’s multiple comparison test at a 5% level of significance

using Prism 5.0 (GraphPad Software, La Jolla, CA).



11

3. Results

3.1 Demonstration of cellular invasion by T. denticola and the role of surface

proteins

In the antibiotic protection assay, the invasion level of 7. denticola ATCC35405
was 3% while that of E. coli was 0.01 (Table 1). CLSM following dual labeling
of extracellular and intracellular bacteria was performed to verify the invasion of
bacteria into HGEC. The invasion was confirmed by Z stack images in
orthogonal views and 3D rendered images. When infected with the wild-type
strain, invasion of Ca9-22 cells by 7. denticola was observed (Fig. 1A) and cells
containing multiple 7° denticola cells were frequently observed in the composite
images converted with IMARIS software (Fig. 1B). These data revealed that 7.
denticola ATCC35405 has the ability to invade into the cytoplasm of Ca9-22

cells.

Bacterial interaction with the cell surface of Ca9-22 was investigated by SEM.
In Ca9-22 cells exposed for 1 hto 7. denticola, we observed a number of
treponeme-like structures on the cell surface and a portion of the spirochete cells

appear to have invaded Ca9-22 cells in a polar manner (Fig. 1C).

3.2 Effects of incubation time on invasion and viability of T. denticola after

invasion

To investigate survival of intracellular 7. denticola ATCC35405 cells after
infection, additional experiments were conducted to address the viability of 7.
denticola after invasion. Ca9-22 cells were incubated with T. denticola

ATCC35405 for 120 min and the extracellular bacteria were killed with
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antibiotics. After washing to remove the antibiotics and extracellular bacteria,
the cells were maintained further for 24 h. Antibiotics were added again to kill
any released extracellular bacteria. Following epithelial cell lysis, approximately
half of the levels of [*H]uridine were detected compared with 2 h infection (Fig.
2A). In addition, intact intracellular 7. denticola cells were observed after 24 h
by CLSM (Fig. 2B). In our preliminary results using a double-fluorescence
technique with CLSM, T. denticola shaped cells in Ca9-22 (per 100 cells) were
observed with similar levels within 2 days, however, it was reduced to less than
30% on day 3 (data not shown). The result suggests that internalized T. denticola
were finally killed by endolysosomal degradation after couple of days.
Collectively, these results suggested that 7. denticola appears to be capable of

remaining within HGEC for at least 24 hours.
3.3 Involvement of surface components for invasion by T. denticola

Major pathogenic factors on the surface of 7. denticola such as Msp and
dentilisin have the potential for involvement in invasion. In the Msp mutant,
intracellular bacteria were detected (Fig. 1D); however, the numbers were
similar level compared with the wild-type strain (Fig. 1A). In contrast, when
infected with the dentilisin deficient mutant, adherent/internalized T. denticola
were also observed (Fig. 1C), however the number of internalized treponema
were very low (Fig. 1E). In the antibiotic protection assay, no difference was
noted between the invasion efficiency of the msp-deficient mutant and the wild-
type strain (Table 1). In contrast, the invasion level of the dentilisin deficient

mutant as well as the wild type treated with PMSF was significantly lower than
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that of the wild-type strain in the antibiotic protection assay (P < 0.05) (Table 1).
For the dentilisin deficient mutant K1, only the adherent treponema were

frequently observed on the surface of cell by CLSM (Fig. 1D).

These data revealed that dentilisin appears to be required for the invasion.

3.4 Metabolic requirements for invasion

To dissect the host biochemical pathways involved in 7. denticola invasion, a
group of host cell metabolic inhibitors were also utilized (Table 2). MBCD and
staurosporine produced the most significant reductions in invasion, suggesting
the involvement of plasma membrane cholesterol and activation of host tyrosine
or threonine/serine kinases in the invasion process. Also, other mechanisms
including actin rearrangement and receptor-mediated uptake are likely to be
involved because wortmannin, cytochalasin D and monodansylcadaverine
induced approximately 50% inhibition. Nocodazole and cycloheximide

produced only slight inhibitions of invasion.

3.5 Cholesterol-dependent colocalization of T. denticola with lipid rafts

Since results from the inhibition assays suggested involvement of membrane
cholesterol in host cell invasion by T denticola, we sought to investigate the
interaction between 7. denticola and lipid rafts by staining with a raft marker,
GM1 ganglioside. CSLM confirmed that 7. denticola bacteria attached to or
entered Ca9-22 cells, and revealed evident colocalization with GM1-containing

membrane microdomains (Fig. 3A). In contrast, 7. denticola did not colocalize
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with GM1 in cholesterol-depleted cells (Fig. 3B).
3.6 In vitro wound healing assays

After Ca9-22 cells were scratched, cells migrated to cover the scratched area.
Covered areas following migration of 7 denticola ATCC35404 infected cells
were significantly less compared with cells without infection, cells infected with,
T. denticola K1 or T. denticola DMSP3 (Fig. 4). T. denticola DMSP3 infected
cells also showed lower migration activity compared with cells without

infection.

4. Discussion

In the present study, we demonstrated the invasion of HGEC by T. denticola.
The results of protection assays and CSLM analyses clearly revealed
internalization of 7. denticola ATCC 35405 within the Ca9-22 cells. The
internalization process was also observed by SEM. T denticola has been
reported to penetrate epithelial tissue monolayers via tight junctions [23, 24].
Our observations correlate with the detection of 7. denticola in HGECs from
patients with periodontitis [22, 41]. T denticola was detected in the human
periodontium by the PAS stain and its dentilisin activity could be detected in
diseased human periodontium [42]. In our preliminary experiments, 7. denticola
could invade human umbilical vein endothelial cells and KB cells as well
(unpublished observations). The invasion of gingiva by 7. denticola in mice
model also reported [43]. Recently, localization of 7. denticola in human

gingival epithelial cells at 24 h after infection were reported [27]. Therefore, it
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appears that cellular invasion by 7. denticola is not specific to Ca9-22 cells. T
denticola bacteria were observed in the cells at 24 h after infection. In the
present study, adherent cell was not completely ruled our because we evaluated
the invasion by measuring [*H]uridine. However, in CSLM analysis the invasion
level of wild type was frequent and the frequency of invasion was significantly
reduced by staurosporin or MBCD. These results indicate that the results
evaluated by [*H]uridine reflect invasion of 7! denticola although it has

limitation because of measuring method.

In our preliminary kinetic assays, the entrance of 7. denticola into gingival
epithelial cells started soon after bacterial exposure and increased thereafter up
to 2 h, suggesting that approximately 2 h is required to complete the invasion
process. An additional 22 h of incubation (after killing of extracellular bacteria)
resulted in about 56.1% retention of intracellular 7° denticola estimated by
[*H]uridine levels (Fig. 3A). T. denticola cells were still found within the host
cell 24 h after infection (Fig. 3B). We extended our CSLM observation further,
but 7. denticola-shaped cells did not show significant reduction for 2 days (data
not shown). As for the intracellular fate, T denticola was reported not to survive
inside fibroblasts beyond 24h [44]. Previous report showed the resistance of 7.
denticola to endolysosomal degradation [27]. In T. denticola infected cells, the
overall mean fluorescence intensity of the total 7. denticola was not changed
while that of Fusobacterium nucleatum was lost by 90% after 24h in F.
nucleatum infetcted cells. T. denticola was suggested to limit fusion of
lysosomes to phagosomes in human neutrophils [45]. It is possible that the 7.

denticola cells detected after day 1 were not viable but the limitation in the
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fusion of lysozomes into phagosomes also results in the presence of 7. denticola
cells in the epithelial cells. Further analysis is required to confirm the viability

and intracellular fate of T denticola.

In our experiments, the serine protease inhibitor PMSF inhibited invasion by
T’ denticola and a low level of invasion was observed in a dentilisin-deficient
mutant. These results suggest that dentilisin is involved in invasion by 7.
denticola. In these experiments, we used [PH]uridine to evaluate the numbers of
T’ denticola because it is virtually impossible to evaluate colony forming unit of
relatively low numbers of 7. denticola. The CLSM observation was supported
by the results with the antibiotic protection assay. The invasion levels of the
dentilisin deficient mutant and wild type cells were significantly different. With
regard to the mechanism(s) by which dentilisin is involved in this cellular
invasion process, dentilisin may contribute to the invasion process by facilitating
adherence or stimulation of HGEC. Dentilisin has been reported to be involved
in adherence to glutaraldehyde-fixed periodontal ligament epithelial cells [8]. It
is possible that the reduction of adherence activity by deletion of dentilisin
affected invasion, although further studies including the potential activation of

lipid rafts by dentilisin are required.

Msp produces several effects on host cells, such as pore forming activity in
host cell membranes, induction of acute Ca2+ transients and the disassembly of
ventral actin in fibroblasts [46-48]. Thus, we speculated that Msp might also be
involved in host cell invasion. However, our observation that the Msp deficient

mutant exhibited similar invasive ability as the wild-type strain suggested that
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Msp does not play key role in invasion.

Metabolic inhibition assays showed that invasion by 7. denticola might
require the participation of cholesterol and protein kinases (Table 2). Recently,
accumulating evidence has suggested that lipid rafts serve as entry sites into host
cells for some bacteria [49, 50]. To examine the possible involvement of lipid
rafts in invasion by 7. denticola, we perturbed raft formation by treating Ca9-22
cells with the lipid raft disrupting reagent, MBCD. T. denticola colocalization
with lipid rafts was observed in untreated HGEC while colocalization was not
observed in the MBCD treated cells (Fig. 3). However, adherence of 7. denticola
was not affected by MBCD treatment. Depletion of cellular cholesterol using
MIBCD also resulted in significant inhibition of 7. denticola invasion as assessed
by the protection assay (Table 2). These data implicate a significant role of lipid
rafts in host cell invasion by 7. denticola. Lipid rafts are reportedly involved in
cholesterol homeostasis, endocytosis, and cell signalling [49, 51]. It was
reported that uptake of P. gingivalis membrane vesicle coated beads by CHO
cell requires lipid raft components for actin organization, with Rho GTPase
Rac1[50, 52]. In our previous report, we indicated that lipid raft-mediated
process was reported to be at least one of the potential mechanisms involved in
fusobacterium-modulated host cell invasion by P. gingivalis[53]. Treponema
lecithinolyticum induced IFN-R expression and subsequent up-regulation of IP-
10 and RANTES via TBK1/IRF-3/STAT-1 signaling secondary to lipid raft
activation [54]. These reports suggest that component of lipid raft is involved in
signal for internalization of P. gingivalis or cytokine production by oral

pathogen. Inactivation of surface protease of T. denticola affected the rate of
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invasion. In T. denticola, dentilisin and Msp were associated with surface
structure [29]. It is possible that signal induction by activation of lipid rafts
components by T. denticola surface component may be involved in invasion of

HGEC. Possible activation of lipid rafts by dentilisin remains to be investigated.

Our results indicating that MBCD and staurosporine did not completely inhibit
T. denticola invasion suggest that HGEC-T. denticola interactions may also
involve non-raft membrane regions. Adherence of 7. denticola to HGEC was
also observed in MBCD treated cells. Our experiments using metabolic
inhibitors further suggested the involvement of actin rearrangement in invasion
but its contribution is relatively small. Further analysis of signal transduction in
the infected cells is required in order to clarify the mechanism of invasion by

this microorganism.

In the wound healing assay, the cells infected with 7. denticola ATCC35405
attenuated the migration of the infected Ca9-22 cells compared to non-infected,
msp deficient mutant and dentilisin deficient mutant infected cells. Proteolytic
activity of P. gingivalis affects the migration of the epithelial cells after invasion
of'the cells [17]. Msp was reported to affect actin remodeling and reorganization
in fibroblasts or neutrophils and is involved in the chemotaxis of neutrophils [7,
48]. These results indicated that dentilisin and Msp are involved in impairment
of the migration of gingival epithelial cells. Msp and dentilisin were reported to
organize into an oligomeric protein complex [8] and inactivation of dentilisin
impaired oligomeric protein formation [29]. The migration inhibition was

dramatically decreased in the presence of the Msp deficient mutant although the
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spirochete invasion efficiency was similar. These results suggest that the

migration inhibitory effect also requires Msp-dentilisin complex.

In summary, 7. denticola invades HGEC and dentilisin is significantly involved
in this process. Utilization of lipid rafts in HGEC and subsequent signal
transduction are suggested to be involved in invasion. The ability of
intracellular invasion by 7. denticola to delay wound healing may also be an
important virulence factor in the initiation and development of periodontal

disease.
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Figure legends
Figure 1.

Invasion of T. denticola into HGEC visualized by CLSM following dual labeling
and SEM images of 7. denticola entering HGEC. Z stack of T. denticola
invasion images in an orthogonal view by CLSM following dual labeling 7.
denticola ATCC35405 (A), T. denticola K1 (D) and T. denticola DMSP3 (E)
invading Ca9-22 cells were stained red, while external bacteria were detected as
green-yellow. The Ca9-22 cytoskeleton stained with phalloidin appeared blue.

T. denticola ATCC35405 invasion composite images converted with “Iso
surface” functions of the “Surpass” option on IMARIS software (B). SEM
image of 7. denticola penetrating into Ca9-22 cells from its ends (arrows) after

30-minutes exposure (C). Bar = 1um.

Figure 2.

A: Kinetic parameters of 7. denticola ATCC35405 invasion of HGEC. Percent
invasion was calculated from the levels of bacteria recovered intracellularly after
different incubation times. Error bars represent standard deviations (n=3).
Bacteria were incubated with the epithelial cells for 2 h and the extracellular
bacteria were killed with antibiotics. After washing to remove the antibiotics and
extracellular bacteria, the cells were maintained for O h, 2 h, 10 h and 22 h.
Survival rate was calculated as follows: Survavalrate = (live intracellular Td at

indicated time) / (live Td at immediately after infection) x 100

B: Merged Z-plane image of 7. denticola invading into HGEC 24 h after
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infection. Ca9-22 cells were infected with 7. denticola for 2 h, treated with

antibiotics and incubated for 22 h.

Figure 3.
T’ denticola colocalizes with lipid rafts in a cholesterol-dependent manner.

HGEC cultured on glass coverslips, were pretreated for 30 min at 37°C with
medium only (A) or with 10 mM MBCD (B) to deplete cholesterol. Both groups
were subsequently exposed to 7. denticola (MOI=100:1). Infection was
allowed to proceed for 30 min, unattached bacteria removed by washing,
followed by cell fixation and staining for GM1 (lipid raft marker) with Alexa

Fluor 594-labelled CTB. The cells were then examined by CLSM.

Figure 4. Influence of infection by 7. denticola on migration and proliferation of
epithelial cells. Confluent layers of Ca9-22 cells were scratched with plastic
tips and infected with 7. denticola at m.0.1.100 for 2 h in MEM containing 10%
serum. External nonadherent 7. denticola were removed by washing the cells
three times with MEM supplemented with antibiotics and epithelial cells were
allowed to proliferate in the medium for 3 h. Values (wound closure rate) are

shown as the means + standard deviations (n =9).

* P <0.05 compared with cells without infection, ¥ P < 0.05 compared with cells
infected with 7. denticola K1, § P <0.05 compared with cells infected with 7.

denticola DMSP3
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Table 1. T. denticola invasion of HGEC and the role of 7. denticola surface

proteins
Strain Invasion level (%)
T’ denticola ATCC 35405 3.00 £ 0.84
T. denticola ATCC 35405 with PMSF 1.14 £ 0.29*
T’ denticola K1 1.31 £ 0.39%
T’ denticola DMSP3 2.36 £ 0.25
E. coli ATCC 11775 0.01 £ 0.00*

The invasion level was expressed as the percentage of bacteria retrieved
following antibiotic killing of external bacteria and HGEC lysis relative to the
total number of input bacteria. Results reported as invasion levels (means +
standard errors) are representative of three independent experiments. *, P < 0.05
for comparison with 7. denticola ATCC35405 invasion. E. coli ATCC 11775 was

used as negative control.
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Table 2. Effects of metabolic inhibitors on invasion by 7. denticola 35405.

Inhibitor Concentration  Target Invasion (%)
Cytochalasin D 2 pg/ml Actin polymerization 64.1 + 2.9%
Cycloheximide 200 pg/ml de novo protein 74.5 + 3.7*
synthesis

Staurosporine S5uM Protein kinase 40.6 + 0.4*
Nocodazole 10 uM Microtuble formation 80.1 =+ 5.5%
Monodansylcadaverine 50 uM Receptor binding 604 =+ 14*
Wortmannin 10 uM PI3Kinase 548 + 2.3*
MBCD 10 mM Cholesterol 33.8 £+ 5.7%
w/o Inhibitor 100.0

Expressed as the percentage of the control level without any inhibitor (mean +

standard deviation). * P < 0.05 for comparison with 7. denticola ATCC35405

invasion without inhibitor



