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kines may induce COX-2 expression in JE cells
under normal conditicns. There is another possi-
bility that serum components may induce COX-2
expression in JE. Serum can cause PG productionin
several types of cells including fibroblasts, osteo-
blasts and epithelial cells.?®3' Noguchi et al.
reported that serum stimulated oral gingival
epithelial cells produced significant levels of
PGE; and that COX-2 protein and mRNA detected
in serum stimulated oral gingival epithelial cells.?®
The JE cells may play a role in the first defense
against continuously invading irritants from gingi-
val sulcus by their PGs production via COX-2.

Interestingly ostecblasts and cementoblasts
weakly expressed COX-2 under normal conditions.
It is known that mechanical stress stimulates PGE;
production in various cells such as fibroblasts,
osteoblasts and periodontal ligament cells.>~34
PGE; is considered one of the most important med-
jators transducing mechanical stimuli to biological
stimuli. Shimizu et al. demonstrated that cyclic
tension force induced COX-2 and the subsequent
significant PGE; production from human periodontal
ligament cells.** Periodontal ligament cells, espe-
cially cementoblasts on the tooth surface and
osteoblasts on the alveolar bone surface are
exposed to continuous cyclic tension force caused
by occlusal pressure. The PGs production depending
on COX-2 in ostecblasts and cementoblasts may be
involved in remodeling of bone and cementum
caused by occlusal pressure,

There are many studies have shown that COX-2
is the major inducible isoform responsible for PG
production in periodontal disease site. Zhang
et al.?% demonstrated that the amounts of COX-
2 mRNA and protein were elevated in gingival
tissue from subjects with chronic periodontitis
compared with those from healthy subjects. Cave-
naugh et al. demonstrated that COX-2 protein is
expressed in mononuclear inflammatory cells,
endothelial cells, gingival fibroblasts and epithe-
liat cells in inflamed human gingiva.3* Morton and
Dongari-Bagtzoglou also reported that COX-2
expression was detected in the gingival epithe-
lium, endothelial cells, and gingival fibroblasts
and that it was significantly higher in the tissues
with high levels of inflammatory infiltrates.'® In
the present study, LPS application induced COX-2
production with a peak at 1 to 2 days in JE cells.
Using this animal model, we revealed that induc-
tive proinflammatory cytokine expression in JE
cells at 3 h just before enhancement of COX-2
expression seen at 1-2 days after LPS applica-
tion.?? This suggests that COX-2 synthesis in JE
cells directly stimulated by LPS or indirectly sti-
mulated via pro-inflammatory cytokines produc-

tion by LPS-stimulation may be responsible for the
increased PGE; production and the excessive PGE,
produced from JE cells may play an important role
in the dilatation of blood vessels, edema and
activation of inflammatory cells seen in the gingi-
val connective tissue subjacent to JE.

At 2 days after LPS application, in addition to
osteoblasts and cementoblasts, some periodontal
ligament cells in the alveolar crestal area were
positively stained for COX-2 in the periodontal tis-
sue. The positive reaction in cementoblasts and
osteoblasts was restricted to the cytoplasm facing
the tooth surface and the bone surface, respec-
tively. Moreover, numerous osteoclasts were pre-
sent along the alveolar bone surface in this period.
Our previous study using this animal model dermon-
strated that the number of osteoclasts showed a
biphasic increase peaking at 3 h and 3 days after LPS
application.?' Furthermore pretreatment of indo-
methacin, aninhibitor of COX-1 and COX-2, reduced
the second peak of osteoclast increase at 3 days
after application of LPS (unpublished data). PGE; is
well known to mediate osteoclastic bone resorption
and connective tissue destruction via collagenase
production.'®3 In addition, it is reported that
increase of PGE; level in gingival crevicular fluid
is associated with attachment loss.''® Therefore
it is likely that LPS applied from gingival sulcus may
induce a large amount of PGE; synthesis associated
with COX-2 induction in bone surface and cementum
surface area and may be invotved in attachment loss
and osteoclastic bone resorption, characteristic
features of periodontitis.

NSAIDs such as indomethacin and flurbiprofen
have been found effective in the prevention of
periodontal destruction.!” However, because
NSAIDs inhibit not enly the inducible PGs by COX-
2 at periodontal disease site but also the cytopro-
tective PGs by COX-1, the long term administration
of NSAIDs for controlling periodontitis can cause
side effects such as gastric ulcer, bleeding and renal
dysfunction.?” Recently it has been reported that
selective inhibition of COX-2 inhibitors may be use-
ful for the prevention and treatment of chronic
arthritis® and periodontal disease'® with the advan-
tage of reduced toxicity,

In conclusion, (1) some JE cells constitutively
expressed both COX-1 and COX-2 proteins. There
is a possibility that the constitutive expression of
COX-2 in JE cells may associate with continuously
invading irritant such as normal oral microflora from
gingival sulcus. (2) After LPS application, JE cells
rapidly reacted with LPS stimulation and increased
expression of COX-2. This finding suggests that JE
cells may play a critical role in the first line of
defense against LPS challenge and that PGE, pro-
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duced by JE cells via COX-2 may be responsible
for the initiation of inflammation. (3) LPS applica-
tion caused a transient up-regulation of COX-2
expression in cementablasts, periodontal ligament
cells and osteoblasts. This suggests that PGE;
from these cells in periodontal tissue may be asso-
ciated with connective tissue destruction and bone
resorption,

Further studies will be required to clarify the
critical role of PGE, production via COX-2 in the
pathogenesis of periodontitis and the possibility of
establishment of new pericdontal therapy using
selective COX-2 inhibitors.
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Cytolethal distending toxin (CDT) from Actinobacillus actinomycetemcomitans is a Gu/M cell-cycle-specific
growth-inhibitory toxin that leads to target cell distension followed by cell death. To determine the mechanisms
by which A. actinemycetemcomitans CDT acts as an immunosuppressive factor, we examined the effects of highly
purified CDT holotoxin on human T lymphocytes, Purified CDT was cytolethal toward normal peripheral T
lymphocytes that were activated by in vitro stimulation with phytohemagglutinin, In addition, purified CDT
showed cytolethal activity against Jurkat and MOLT-4 cells, which are known to be sensitive and resistant,
respectively, to Fas-mediated apoptosis. Death in these cell lines was accompanied by the biochemical features
of apoptosis, including membrane conformational changes, intranucleosomal DNA cleavage, and an increase
in caspase activity in the cells. Pretreatment of Jurkat cells with the general caspase inhibitor z-VAD-fink
mostly suppressed CDT-induced apoptosis. Furthermore, specific inhibitors of caspase-2 and -7 showed
significant inhibitory effects on CDT-induced apoptosis in Jurkat cells, and these inhibitory effects were fully
associated with reduced activity of caspase-2 or -7 in the CDT-treated Jurkat cells. These results strongly suggest
that CDT possesses the ability to induce human T-cell apoptosis through activation of caspase-2 and -7.

Bacterial infections in mammals evoke a series of immune
reactions to bacterial antigens in the infected host, but immune
responses are occasionally suppressed or shut down by some
bacterial products, such as toxins, Suppression or inactivation
of the host immune response is considered to be a bacterial
strategy to evade host immune mechanisms. Actinobacillus ac-
tinomycetemcomitans is a gram-negative rod-shaped pathogen
implicated in the pathogenesis of juvenile and adult periodon-
titis (38). Previous studies demonstrated that 4. actinomyce-
temcomitans produces a factor(s) that is immunosuppressive
for human T and B cells (25). It was recently established that
A. actinomycetemcomitans produces a new member of the cy-
tolethal distending toxin (CDT) family which was previously
unrecognized as a virulence factor of A. actinomycetermncomi-
tans {(40). CDT belongs to the family of toxins with cell-cycle-
specific inhibitory activities which block the progression of cells
from G, to M phase (28). CDT-poisoned cells undergo cell
distension and nucleus swelling and eventually die. CDT was
found to form a complex of three subunits, CDTA, -B, and -C
(9, 14, 21, 24, 31, 40), and the subunits were determined to be
tandemly encoded by the cdid, cdtB, and cdtC genes at the
chromosomal edt loci. A. actinomycetemcomitans CDTA, -B,
and -C are translated as approximately 25-, 32-, and 21-kDa
proteins, respectively, and are secreted into the periplasm (40).
After cleavage of their 15- to 21-aminc-acid signal sequences
at the N terminus, they become 23-, 29-, and 19-kDa proteins,
respectively (31, 36, 40). CDTA goes through another process-
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ing step to become an 18- to 19-kDa form, designated CDTA/,
and forms a complex with CDTB and CDTC to become a
holotoxin (40).

In 1999, Shenker et al. purified the immunosuppressive fac-
tor of A. actinomycetemcomitans that could affect human T
cells and demonstrated that the factor was one of the subunit
proteins of CDT, CDTB (34, 36). Their group also demon-
strated that a crude CDT preparation of A. actinomycetem-
comitans induced cell cycle arrest at the G, phase in human
peripheral blood cells (37). Furthermore, the CDT preparation
was shown to induce apoptotic cell death in peripheral blood
lymphocytes along with activation of caspase-3, -8, and -9 (35).
Despite those findings, whether these caspases are really in-
volved in CDT-induced apoptosis remains virtually unknown.

For this study, we studied the immunosuppressive effect of
highly purified A. actinomycetemcomitans CDT on normal hu-
man T lymphocytes and made an in-depth characterization of
the cytolethal effect by using the T-cell leukemia cell lines
Jurkat and MOLT-4, which are sensitive and resistant, respec-
tively, to Fas-mediated apoptosis. We herein demonstrate that
CDT induces apoptosis in these cells and that caspase-2 and -7
play important roles in the signaling pathway of CDT-induced
cell death, which is distinct from Fas-mediated apoptosis.

MATERIALS AND METHODS

Purification of A. actinomycetemcomitans CDT. CDT holotoxin was prepared
by using the pQE 60 (C-terminal histidine tag) protein expression system in M15
Escherichia coli (Qiagen, Tokyo, Japan). Briefly, for construction of pQEcdt4BC,
the A. actinomyceterncomitans cdiABC gene was isolated from A. actinomycetem-
comitans genomic DNA by PCR amplification with specific primers that con-
tained several restriction enzyme sites for subcloning into vectors, as follows:
QIA-U, 5'-AGGTACCATGGAAAAGTTT-¥, which corresponds to the cdtd
starting site with an Ncol restriction enzyme site; QIC-L, 5'-AAAGATCTGCT
ACCCTGA-3, which corresponds to the end of the cdrC gene, with the stop
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codon replaced with a Bgfll site (restriction sites are shown in italics). The
amplified cdtABC gene was ligated into pQEG0 in frame at the Ncol and Bglll
sites, so that the C-terminat CDTC was tagged with six histidine residues. The
expression of the cdtABC gene was induced by adding isopropyl-g-p-1-thioga-
lactopyranoside (final concentration of 1 mM; Sigma) at an optical density at 660
nm of (.5 to 0.7. After induction for 4 h, the culture supernatant was harvested
by centrifugation at 5,000 X g for 5 min, and crude proteins were precipitated
with ammonium sulfate (final concentration, 80%) by gentle stirring for at least
4 h. The precipitates were recovered by centrifugation at 15,000 X g for 20 min,
dissolved in phosphate-buffered saline {(FBS) (137 mM NaC(l, 2.7 mM KCl, 8.1
mM NaHPO,, 1.5 mM KH,P(Qy,), and dialyzed overnight against PBS. Ni-
chelated agarose beads were added into the dialyzed solution and gently shaken
for at least 1 h, followed by column chromatography. The column was washed
with washing buffer (50 mM NaH,PO, [pH 8.0], 300 mM NaCl, 20 mM imida-
zole) and eluted with elution buffer (50 mM NaH,PO, [pH 8.0], 300 mM NaCl,
250 mM imidazole). The eluted CDT holotoxin was dialyzed against PBS and
concentrated with Centricon 10 concentrators (Millipore, Bedford, Mass.).

Preparation of cells and culture conditions, Periphera!l blood mononuclear
cells were obtained from healthy volunteers with their informed consent. Twenty
to forty milliliters of heparinized venous blood was diluted with an equal volume
of PBS with 1% heparin and layered over Ficoll-Hypaque lymphocyte separation
medium (ICN Biomedical Inc., Aurora, Chio). Density gradient centrifugation
was performed at 400 X g for 30 min, and mononuclear cells were harvested from
the plasma-lymphocyte separation medium interface. Collected cells were
washed twice with Earle’s balanced salt solution (Nissui, Tokyo, Japan) contain-
ing 2.5% fetal calf serum (FCS) (Intergen Co., Purchase, N.Y.). The number of
recovered cells was counted and diluted to 10° cells/ml jn RPMI 1640 containing
10% FCS, 100 U of penicillin G/ml, and 100 pg of streptomycin/ml. The isolated
lymphoacytes were incubated with CDT (100 ng/mf) and cultured at 37°C in 5%
CO,, with or without stimulation on day 1 by phytohemagglutinin (PHA) (Difco
Lab., Detroit, MI) diluted 1:1,600, and the cell population was monitored for
96 h. A thymic T-cell leukemia cell line, MOLT-4, and a peripheral T-cell
leukemia cell line, Jurkat, were maintained in RPMI 1640 containing 10% FCS
and 25 pg of kanamycin/ml at 37°C in 5% CO,. The cells (10° cells/ml) were left
untreated or were treated with CDT (100 ng/ml) and cultured under similar
conditions. In some experiments, Jurkat cells were similarly treated with 100 ng
of anti-CD95 (anti-Fas) monoclonal antibody {(Ab) CH11 (BD PharMingen, San
Diego, Calif.) per ml

Flow cytometry. Conformational changes of the membrane by phosphatidyl-
serine translocation and membrane hole formation were observed by counting
the percentages of cells that were stained with fluorescein isothiocyanate (FITC)-
labeled annexin V and propidium iodide (PI} in a FACScan flow cytometer (BD
Biosciences, $an Jose, Calif.). Briefly, CDT-treated cells (5 X 10° to 10 x 10F)
were collected by centrifugation at 350 X g for 2 min and were washed three
times with 500 pl of PBS with 1% FCS. The washed cells were resuspended in
180 pl of PBS with 1% FCS, and 0.5 pl of FITC-labeled annexin V and 1 pl of
PI, from the MEBCYTO apoptosis kit (MBL., Nagoya, Japan) were added to the
cell suspension, After the reaction for 5 min at room temperature, 10,000 cells
were analyzed in the FACScan instrument. The data obtained were processed by
quadrant population analysis, using CellQuest software (BD Biosciences). The
living cell population was determined by counting cells that were negative for
both annexin V and PI (distributed in the lower left of the quadrant).

Caspase assay, CDT-treated cells were harvested and washed with PBS. PBS-
washed cells were lysed with lysis buffer (10 mM Tris-Cl [pH 7.4], 25 mM NaCl,
0.25% Triton X-100, 1 mM EDTA) and centrifuged at 15,000 X g for 10 min. The
supemnatant was diluted with the lysis buffer and the protein concentration was
adjusted to 1 mg/ml. Ten micrograms of total protein was incubated in 200 pl of
caspase buffer (50 mM Tris-Cl [pH 7.2), 100 mM NaCl, 1 mM EDTA, 10%
sucrose, 0.1% CHAPS, and 5 mM dithiothreitel) with a 50 .M concentration
{each) of various fluorogenic substrate peptides. The peptides include Ac-
DEVD-T7-amino-4-methyl cumarine {AMC) for caspase-3, -7, and -8, Ac-DQTD-
AMC for caspase-7 and -3, Ac-IETD-AMC for caspase-8, -6, and granzyme,
Ac-LEHD-AMC for caspase-9, and Ac-VDVAD-AMC for caspase-2 (Peptide
Institute Inc., Osaka, Japan).

The reaction mixture was incubated at 37°C for 60 min, and the release of
7-amino4-methylcumarin  was measured by use of a spectrephotomeler
(Shimazu RF-540), with excitation at 380 nm and emission at 460 nm. One unit
(U) was defined as 5.2 pmol of substrate cleaved per min per mg of protein.

Various caspase inhibitors were used at a concentration of 100 uM, They were
Ac-VAD-fmk as a general caspase inhibitor, Ac-WEHD-CHO for caspase-1,
Ac-DEVD-CHO for caspase-3, -7, and -8, Ac-DMQD-CHO for caspase-3, Ac-
LEHD-CHO for caspase-9, Ac-IETD-CHO for caspase-8 and -6, Ac-DQTD-
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CHO for caspase-7 and -3, and Ac-VDVAD-CHO for caspase-2 (Peptide Insti-
tute Inc.).

Electron microscopy. Cells were fixed with 2.5% glutaraldehyde for 2 h and
rinsed in 0.1 M cacodylate buffer (pH 7.4) for 12 h, After postfixation with 1%
osmium tetroxide for 30 min, cells were stained with 2% uranyl acetate for 30
min and dehydrated in graded alcohol, which was then replaced by propylene
oxide. After these steps, the cell suspension was spun down at 8,000 X g for 5 min
and the supernatant was discarded. The cell pellets were embedded in epoxy
resin. Thin sections were stained in 2% uranyl acetate and lead citrate and were
observed in a Hitachi H500 electron microscope.

Preparation of cytosolic and mitochondrial fractions, CDT-treated cells were
washed twice with PBS and resuspended in isotonic buffer (10 mM HEPES [pH
7.3], 0.3 M mannitol, 0.1% bovine serum albumin). Digitonin was added to the
cell suspension at a concentration of 0.1 mM, and the cells were incubated for 5
min on ice. After the samples were centrifuged at 8,500 X g for 5 min at 4°C, the
supernatant was used as the cytosolic fraction. The pellet was resuspended in
sonication buffer (50 mM Tris-HCI [pH 7.4), 15¢ mM NaCl, 2 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, 0.5% Tween 20). The samples were sonicated
with an vltrasonic disrupter (UD200 TOMY) for 20 s at cutput level 4. After
centrifugation at 10,000 X g for 5 min at 4°C, the supernatant was collected and
used as the mitochondrial fractions.

Antibodies. Antibodies against CDTA, -B, and -C that were previously ob-
tained were used under conditions that were described elsewhere (40). Anti-
cytochrome ¢ Ab {BD PharMingen) was used according to the instructions
provided by the supplier.

RESULTS

Cytolethal effects of highly purified CDT on human periph-
eral lymphocytes. A. actinomycetemcomitans CDT was purified
from the culture supernatant of E. coli carrying the A. actino-
mycetemcomitans ¢cdtABC genes, The secreted CDT complex
was purified through a Ni chelation column, using the affinity
of six histidine (His) residues tagged to the C terminus of
CDTC (Fig. 1A). Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and immunoblotting detected CDTA’, CDTB,
and CDTC tagged with six histidine residues in the medium
fraction, and premature CDTA was also found in a small
amount, suggesting that most of the CDT complex consisted of
CDTA’, CDTB, and CDTC. Cell distension and the G,/M
blocking activity of purified CDT were confirmed in Hela
cells, and the purified CDT complex was used for experiments.

To address whether CDT can induce cell death of human
peripheral lymphocytes, we added purified CDT to peripheral
blood mononuclear cell cultures in the presence or absence of
PHA stimulation. Flow cytometry analysis with FITC-annexin
V and PI revealed that treatment of normal lymphocytes with
a combination of CDT and PHA increased the percentage of
dead cells (the sum of annexin V* PI* and annexin V* PI~
fractions) (Fig. 1B). It should be noted that CDT did not kill
lymphocytes very much unless they were activated with PHA.
This is in good agreement with the previously suggested activ-
ity of CDT, which is cell-cycle-dependent cytotoxicity against
Hela cells (1), and also suggests that CDT can act as an
immunosuppressive toxin by killing activated lymphocytes.

CDT induced apoptosis in Jurkat and MOLT-4 cells. In
order to obtain further insights into the cytolethal effect of
CDT in T lymphocytes, we used two cell lines, Jurkat and
MOLT-4, and monitored population changes in four panels
(upper left, upper right, lower left, and lower right [UL, UR,
LL, and LR, respectively]) after CDT treatment (Fig. 2). For
both cell lines, CDT treatment increased the percentage of
dead cells {Fig. 2A)}. Flow cytometry analysis revealed that the
percentage of annexin V* PI™ Jurkat cells (distributed in the



VoL. 72, 2004

wt

!

™

x*

P! s}aining ‘

" i .k‘. s
FITC-annexin V staining

FIG. 1. Cytolethal effect of A. actinomycetemcomitans CDT on hu-
man peripheral lymphocytes. {A) Purified CDTABC complex in the
medium fraction from E. coli M15 carrying A. actinomycetemcomitans
¢dtABC. Lane 1, Coomassie staining of CDTABC complex; lanes 2 to
4, immunoblots for the detection of each subunit by use of antiserum
against CDTA, CDTB, and CDTC, respectively. Arrowheads: A,
CDTA (premature form); A", CDTA’ (mature form of CDTA); B,
mature CDTB; C, mature CDTC tagged with six histidine residues,
{B) Flow cytometry analysis. Lymphocytes were stained with FITC-
labeled annexin V and P1 and analyzed in a FACScan flow cytometer.
Lymphocytes prepared from peripheral blood obtained from healthy
human volunteers were treated with several combinations of PHA
(1:1,600) and CDT (100 ng/m!). A representative result of the quad-
rant analysis of annexin V- and Pl-stained lymphocytes on day 2 is
shown.

LR panel) started to increase 8 h after CDT treatment and
continued to increase until 24 h after treatment (Fig. 2B).
MOLT-4 showed a somewhat different pattern from that of
Jurkat. The percentage of annexin V* PI” MOLT-4 cells (LR)
started to increase 4 h after CDT treatment and reached a
plateau 12 to 16 h after the treatment (Fig. 2B). After that, the
annexin V* PI™ population (LR) decreased after 16 h. Con-
comitantly with the increase and decrease of the annexin V*
PI~ population (LR), the annexin V* PI* population {(UR)
started to increase after 8 h and kept increasing until 24 h. In
both cell lines, the increase of the annexin V™ PI™ cell popu-
lation (LR) in the early stage after treatment strongly sug-
gested that CDT poisoning was able to induce apoptosis in
cells that are sensitive to Fas-mediated apoptosis as well as in

CASPASE-2 AND -7 ACTIVATION IN CDT-INDUCED APOPTOSIS 873

A Ju
Cont _
UL

L

AnnexinV

B
% of celis_Jurkat MOLT-4

Ze=UL
—a-UR
-l
w0 |l=x-LR

Time after treatment (h)

FIG. 2. Cytolethal kinetics on CDT-treated cell lines. T-cell leuke-
mia celt lines Jurkat and MOLT-4 were treated with CDT (100 ng/mt)
for various times. Cells stained with FITC-labeled annexin V and PI
were analyzed by flow cytometry. (A) Representative results for cells
with or without treatment of CDT at 16 h. Cont, control. (B) Kinetics
of cell death measured at indicated times after CDT treatment. The
percentages of cell populations in the UL quadrant (annexin V™~ PI™,
#), the UR quadrant (annexin V* PI*, ), the LL quadrant (annexin
V™ PI”, A), and the LR quadrant (annexin V™ PI7, X) are indicated.

those that are resistant to Fas-mediated apoptosis. We further
investigated the apoptotic characteristics of CDT-poisoned
cells, including chromosomal DNA fragmentation and chro-
matin condensation. As shown in Fig. 3A, electrophoretic anal-
ysis of the chromosomal DNA of Jurkat cells showed a typical
DNA ladder formation after 16 h of treatment with CDT,
which is similar to those observed after treatment with anti-Fas
Ab or irradiation. Electron microscopic observation of CDT-
poisoned Jurkat cells revealed chromatin condensation, which
is associated with cells undergoing apoptosis (Fig. 3B). Similar
apoptotic characteristics were also apparent for CDT-treated
MOLT-4 cells (data not shown). There was no necrotic change,
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FIG. 3. Apoptotic DNA fragmentation and morphological change
in CDT-treated lymphocytes. (A) DNA ladder formation in CDT-
treated cells, Jurkat cells were treated with anti-Fas Ab (100 ng/ml)
(lane 2), X-ray irradiation (10 Gy) (lane 3), or CDT (100 ng/ml) (lane
4) for 16 h, and chromosomal DNAs were prepared. The extracted
DNAs were separated by agarose gel electrophoresis and visualized by
staining with ethidium bromide. Lane 1, DNA from untreated Jurkat
cells. (B) Ultrastructure of CDT- or anti-Fas Ab-treated lymphocytes.
Jurkat cells were treated with CDT (100 ng/ml} for 16 h and subjected
to electron microscopic observation as described in Materials and
Methods. Cont, control,

such as swelling of the ce!l body and mitochondria or collapse
of the plasma and nuclear membranes, in these cell lines.

Intracellular caspase activities. Apoptosis generally involves
the activation of cysteine proteases, or caspases. The activity of
sets of the major caspases, caspase-3, -7, and -8, caspase-8 and
-6, and caspase-9, in Jurkat and MOLT-4 cells was monitored
after CDT treatment, In Jurkat cells, the activity of caspase-3,
-7, and -8 started to increase 8 h after treatment of the cells
with CDT and significantly increased until 16 to 24 h (Fig. 4).
On the other hand, the activity of the caspase-8 and -6 set and
caspase-2 slightly increased upon treatment with CDT. Inter-
estingly, caspase activity in MOLT-4 cells started to increase
earlier and occurred at a higher level than in Jurkat cells
between 4 and 16 h after treatment. After 12 to 16 h, caspase
activity in MOLT-4 cells went down in parallel with the ap-
pearance of the annexin V* PI™ cell population (Fig. 4, Fig.
2B).

Cells retained the phenotype of living cells (annexinV™
PI7) when the cells were pretreated with a general caspase
inhibitor, z-VAD-fmk (100 M), indicating that z-VAD-fmk
is able to nearly completely inhibit CDT-induced apoptosis
(Fig. 5A and B). It also turned out that the CDT-induced
elevation of caspase activity could be blocked by z-VAD-
fmk (Fig. 5C). These results indicated that CDT-induced
apoptotic cell death in Jurkat and MOLT-4 cells was mostly
dependent on the activation of a caspase(s) until at least
24 h after treatment.

Signaling pathway of caspases. Caspases can be classified
into two categories as follows: initiator caspases, including
caspase-2, -8, and -9, which are present upstream of the sig-
naling pathway of apoptosis, and effector caspases, which play
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FIG. 4. Caspase activity in CDT-treated lymphocytes. The total
protein (10 pg) was extracted from CDT-treated Jurkat or MOLT-4
cells at the indicated times. Caspase activity was measured by incuba-
tion of the extract with a fluorogenic substrate for caspase-3, -7, and -8
(left), caspase-8 and -6 (middle), or caspase-9 (right). After incubation,
the released 7-amino-4-methylcumarine was measured in spectropho-
tometer, with excitation at 380 nm and emission at 460 nm. 4, CDT-
treated Jurkat cells; [, PBS-treated Jurkat cells (control); A, CDT-
treated MOLT-4; X, PBS-treated MOLT-4 (control). The experiments
were repeated at least three times, and similar results were obtained.
Representative results are shown.

2 4 8 1216 24

roles in the cleavage of many regulatory proteins (3). In order
to determine the signaling pathway of the caspase(s) in CDT-
induced apoptosis, we added a variety of caspase inhibitors and
monitored their inhibitory effects on CDT cytotoxicity and
apoptotic features in Jurkat cells by using flow cytometry with
annexin V-PI double staining. For Fas-mediated apoptosis,
caspase-8 was confirmed to be a critical initiator caspase for
receptor-mediated apoptosis signaling in Jurkat cells, since the
addition of Ac-JETD-CHO, an inhibitor of caspase-& and -6,
significantly inhibited the death of Jurkat cells by an anti-Fas
Ab (Fig. 6A and C). On the other hand, inhibitors for
caspase-3 (Ac-DMQD-CHO), caspase-8 and -6 (Ac-IETD-
CHO), and caspase-9 (Ac-LEHD-CHO) failed to inhibit CDT-
induced apoptosis of Jurkat cells (Fig. 6B and C), suggesting
that CDT-induced apoptosis might use a different signaling
pathway from that of Fas-mediated apoptosis. To determine
which caspase(s) among those we tested is actually involved in
CDT-induced apoptosis, we analyzed the effects of inhibitors
of caspase-1 (Ac-WEHD-CHO), caspase-2 (Ac-VDVAD-
CHO), and caspase-3, -7, and -8 (Ac-DEVD-CHO) on CDT-
induced apoptosis. The inhibitor of caspase-1 (Ac-WEHD-
CHO) had no inhibitory effect on CDT-induced apoptosis of
Jurkat cells at concentrations up to 200 pM. On the other
hand, CDT-induced apoptosis was dose dependently inhibited
by the inhibitor of caspase-2 (VDVAD) or that of caspase-3,
-7, and -8 (DEVD) (Fig. 7A and B). However, the combination
of inhibitors of caspase-2 (VDVAD) and of caspase-3, -7, and
-8 (DEVD) did not show any multiplier effect (Fig. 7C). To-
gether with the fact that inhibitors of caspase-3 (Ac-DMQD-
CHQO) and caspase-8 and -6 (Ac-IETD-CHO) failed to prevent
CDT-induced apoptosis (Fig. 6), our results strongly suggested
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FIG. 5. Effect of general caspase inhibitor on CDT-induced apo-
ptosis. (A) Jurkat cells were preincubated with z-VAD-fmk (100 uM)
for 30 min and then were treated with CDT (1, 10, or 100 ng/ml) for
16 h, Cells were stained with FITC-annexin V and PI and analyzed by
flow cytometry. The flow cytometry pattern represents CDT (100 ng/
ml)-treated lymphocytes with (+) or without (—) z-VAD-fmk. Inhibi-
tion of apoptosis was calculated as the relative percentage of living
cells, or the population in the LL quadrant (annexin V™ PI” popula-
tion). (B) z-VAD-fimk inhibits apoptosis in the cells treated with var-
ious concentrations of CDT. (C) Effect of z-VAD-fmk on caspase-3, -7,
and -8, caspase-8 and -6, and caspase-9 activity induced by CDTB.
Jurkat cells were preincubated with z-VAD-fmk (100 uM) for 30 min
and then were treated with CDT (100 ng/ml). Caspase actwlly was
measured as described in Materials and Methods.
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that caspase-2 and -7 were mainly involved in the activation of
this caspase-dependent apoptotic cascade. We therefore mea-
sured the activities of caspase-2 and -7 afier CDT treatment for
16 h, To measure caspase-7 activity, we used Ac-DQTD-AMC
(substrate for caspase-3 and -7) as a substrate because no
caspase-7-specific substrate was available. As shown in Fig. 5A,
CDT significantly induced the activation of caspase-2. CDT
also induced caspase-3 and -7 activity, but the caspase-3-spe-
cific inhibitor Ac-DMQD-CHO did not inhibit the activity at
all (Fig. 8A). This clearly indicated that the CDT treatment
activated caspase-7. These data suggest that caspase-2 and
caspase-7 are really involved in the pathway of CDT-induced
apoptotic cell death. It is noteworthy that Ac-VDVAD-CHO
(caspase-2 inhibitor) showed an inhibitory effect on caspase-3
and -7 activity. Similarly, Ac-DQTD-CHO (the caspase-3 and
-7 inhibitor) clearly inhibited the effect on caspase-2. These
results suggest that the caspase-2 and -7 pathways of CDT-
induced apoptosis are tightly linked to each other, and they are
quite consistent with the results of the experiment on the
combination effect of inhibitors of caspase-2 and caspase-3, -7,
and -8 (Fig. 7C). The incomplete inhibition of caspase-2 activ-
ity by Ac-VDVAD-CHO (caspase-2 inhibitor) implies that an-
other molecule with proteolytic activity similar to that of
caspase-2 may be involved in CDT-induced cell death.

To determine whether the mitochondrial pathway is really
involved in CDT-induced apoptosis, we analyzed the release of
cytochrome ¢ from mitochondria in CDT-treated cells, As
shown in Fig. 8B, the immunobloiting assay revealed that cy-
tochrome ¢ was detectable in the cytosol at 8 h, and more
apparently so at 16 h, after CDT treatment of Jurkat cells. The
appearance of cytochrome ¢ accorded well with the time
course of caspase activation, suggesting that the mitochondrial
pathway is also involved in CDT-induced apoptosis.

DISCUSSION

In order to investigate CDT-induced apoptosis, we first at-
tempted to establish a cell line model of it. Cytological and
biological characterizations of CDT-treated Jurkat and
MOLT-4 cells satisfied the apoptosis criteria, such as an in-
crease in membrane conformational changes detected by an
increase in the annexin V-positive cell population, intranucleo-
somal DNA fragmentation, chromatin condensation, and an
increase in caspase activity (Fig. 1 to 4). It is noteworthy that
the elevation of caspase activity in Jurkat and MOLT-4 cells
showed some considerable differences in time course and in
activation pattern: the culmination of induced caspase activity
was higher in CDT-treated MOLT-4 cells than in similarly
treated Jurkat cells. This may suggest that Jurkat and MOLT-4
cells took different apoptotic pathways after exposure to CDT.
In this context, it should be noted that Jurkat, but not
MOLT-4, cells are deficient in p53 (10). p53 is implicated in
the G,/M block in CDT-treated keratinocytes and fibroblasts
(7). The phosphorylation of p53 and other phosphorylation
signals could play some role in CDT-induced apoptosis, and
the lack of p53 might alter the pathway of apoptosis of Jurkat
cells from that of MOLT-4 cells.

We tried to obtain further insights into the understanding of
the signaling pathway of CDT-induced apoptosis, especially
regarding the caspase cascade(s). Caspases are members of the
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FIG. 6. Effect of various caspase inhibitors on CDT-induced apoptosis. Jurkat cells were preincubated with the indicated inhibitors (100 M)
for 30 min and then were treated with anti-Fas Ab (100 ng/ml) (A) or CDT (100 ng/ml) (B). After 16 h, cells were stained with FITC-annexin V
and PI and analyzed by FACScan. The inhibitors used were VAD (general caspase inhibitor), DMQD (caspase-3 inhibitor), IETD {caspase-§ and
-6 inhibitor), and LEHD (caspase-9 inhibitor). (A and B) Representative flow cytometry patterns. (C) Effect of caspase inhibitors on apoptosis
induced by anti-Fas Ab (left) or CDT (right). Inhibition of apoptosis was defined as the relative percentage of normal living cells {(annexin V™ PI7).

aspartate-specific cysteine protease family which play a critical
role in apoptosis (6, 39). They are composed of two major
subfamilies, initiator caspases and effector caspases, based on
the presence or absence of a large prodomain in the amino-
terminal region (33}. Initiator caspases generally act upstream
of the proteolytic cascade, while effector caspases act down-
stream and are involved in the cleavage of specific cellular
substrate proteins (41). Once processed, the substrates induce
morphological changes characteristic of the apoptotic process
(8, 11). The long prodomains of the initiator caspases trigger
and/or facilitate the activation of proenzymes through interac-
tions with adaptor molecules (13). Caspase-2, -8, -9, and -10
generally act as initiator caspases upstream of the cascade of
effector caspases with small prodomains, such as caspase-3, -6,
and -7 (26). Among the caspases, caspase-8, -9, and -10 play a
fundamental role in transducing the specific apoptotic signal,
and they cleave and activate effector procaspase-3, -6, and -7
(4). Effector caspases, in turn, cleave various proteins, leading
to morphological and biochemical features characteristic of

apoptosis. Recently, it has become clear that caspase-9 is in-
volved in the apoptotic pathway that relys on mitochondrial
dysfunction (15). Caspase-8 and -10 are involved in the apo-
ptosis pathway mediated by death receptors (2).

Our results indicated that inhibitors of caspase-2 and -7
showed inhibitory effects on CDT-induced apoptosis. Several
bacterial toxins are known to induce apoptosis through
caspase-dependent pathways, although the exact molecular
mechanism of the signaling cascade has not been well charac-
terized. For instance, Shiga toxin and Shiga-like toxin have
been demonstrated to activate caspase-2, -3, -6, -8, and -9 (5,
17, 18). It was suggested that these toxins use the caspase
cascade involved in Fas-mediated apoptosis. Other toxins, such
as E. coll heat-labile enterotoxin (32), Clostridium difficile toxin
B (29}, diphtheria toxin (19), and Mannheimia haemolytica
leukotoxin (23), were shown to induce caspase-3. However, a
detailed caspase cascade induced by bacterial toxins has not
been well established. To our knowledge, this is the first report
that a bacterial toxin preferentially utilizes caspase-2 and -7 in
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FIG. 7. Dose-dependent inhibitory effects of caspase inhibitors on CDT-induced apoptosis. Jurkat cells were preincubated with various
concentrations of caspase inhibitors (25, 50, 100, and 200 p.M) for 30 min and then were treated with CDT (100 ng/ml). The inhibitors used were
WEHD (caspase-1 inhibitor), VDVAD (caspase-2 inhibitor), and DEVD (caspase-3, -7, and -8 inhibitor). After 16 h, cells were stained with
FITC-annexin V and PI and analyzed by flow cytometry. Panels show the relative inhibition of CDT-induced apoptosis with VDVAD (A), DEVD
(B), and VDVAD and DEVD (C}). Inhibition of apoptosis was defined as the relative percentage of living cells (annexin V™~ PI7), VAD (general
caspase inhibitor) and WEHD were used at concentrations of 100 and 200 wM, respectively.

the signaling pathway for apoptosis. In recent studies,
caspase-2 was implicated in the release of cytochrome ¢ from
mitochondria in stress-induced apoptotic pathways (16, 22, 27,
30). One such stress-inducing agent is a topoisomerase II poi-
son, etoposide, that induces double-stranded DNA breaks in
cells. Robertson et al. (30) demonstrated that etoposide-in-
duced DNA damage induces activation of caspase-2 and hence
results in cytochrome ¢ release from mitochondria and subse-
quent apoptosis. It is interesting that a possible mechanism by
which CDT can induce cytopathic effects involves DNA strand
breaks induced by its putative DNase activity (12, 20). Such
CDT-induced DNA damage may trigger the mitochondrial
cascade including caspase-2 and -7. A recent report has indi-
cated the requirement of caspase-2 for the initiation of stress-
induced apoptosis prior to mitochondrial permeabilization
(22). In our case, CDT-induced DNA damage may directly
activate caspase-2 and then induce the mitochondrial cascade,
probably followed by caspase-7 activation. Caspase-7 is a late
signal transducer and one of the members of the apoptosome
complex which is activated by mitochondria! stress (3). Both
caspase-2 and -7 are involved in stress-induced cascades, sug-
gesting that CDT-induced apoptosis is related to the mitochon-
drial pathway. Our present results indicate that CDT can in-
duce mitochondrial membrane permeabilization, resulting in
the release of cytochrome ¢, and that this mitochondrial path-

way is highly involved in CDT-induced apoptosis. This is quite
in agreement with an experiment showing that Bcl-2 overex-
pression reduces apoptosis in a CDT-treated human B lym-
phoblastoid cell line, JY (35).

Fas ligation on the cell surface induces apoptosis through
the receptor-mediated signaling pathway, which involves
caspase-8 as an initiation signal (2). The fact that caspase-8
inhibitor blocked Fas-mediated apoptosis in Jurkat cells (Fig.
6) indicated that the Fas-dependent apoptotic pathway was
active in this cell line. In contrast, no inhibitory effect of
caspase-8 inhibitor on CDT-induced apoptosis was observed in
Jurkat cells, suggesting that the cytotoxic effect of CDT does
not require the activation of death receptors on the cell sur-
face.

Since CDT is able to induce apoptosis of activated T cells,
this toxin may play an important role in that the bacteria evade
T-cell immune responses in the periodontal pocket. It is con-
ceivable that CDT produced by this pathogen exacerbates local
inflammation by inducing apoptotic cell death of T lympho-
cytes that are responsible for the clearance of bacteria from the
periodontal pocket. Further studies on the effect of CDT on
the caspase network should unveil the CDT-related signal
transduction pathway in T-lymphocyte apoptosis that may lead
to the suppression of immune responses to the pathogen.
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FIG. 8. Elevation of caspase-2 or -7 activity and cytochrome ¢ re-
lease by CDT treatment. (A) Jurkat cells were preincubated with the
indicated inhibitor (100 uwM) for 30 min and then were treated with
CDT (100 ng/ml) for 16 h. The inhibitors used were VAD (general
caspase inhibitor), VDVAD (caspase-2 inhibitor), DMQD (caspase-3
inhibitor), DQTD {(caspase-3 and -7 inhibitor), and DEVD {caspase-3,
-7, and -8 inhibitor). Caspase activity was measured as described in
Materials and Methods. (B} Cytosol and mitochondrial fractions were
extracted from Jurkat cells that were treated with CDT (100 ng/ml) for
0, 4, 8, and 16 h and were subsequently immunoblotted with an anti-
¢ytochrome ¢ Ab followed by a horseradish peroxidase-conjugated
secondary Ab. The bands of cytochrome ¢ were visualized by ECL.
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Abstract This study investigated the recruitment of poly-
morphonuclear leukocytes (PMNs) and the immunolo-
calization of CXC chemokines, including macrophage
inflammatory protein-2 (MIP-2) and cytokine-induced
neutrophil chemoattractant-2 (CINC-2) in rat periodontal
tissue after topical application of lipopolysaccharide
(LPS; 5 mg/ml) from Escherichia coli into the rat molar
gingival sulcus. In normal periodontal tissues, a small
number of MIP-2- and CINC-2-positive cells were seen in
junctional epithelium (JE), especially in its coronal half.
After topical application of LPS, a prominent increase of
MIP-2- and CINC-2-positive JE cells was observed. Al-
most all JE cells strongly expressed them at day 1 and
day 2, and then the number of chemokine-positive cells
returned to normal at day 7. Corresponding to these
chemokine expressions, LPS application induced a sig-
nificant increase in the number of PMNs in the sub-JE
area from 1 h to 2 days and a significant increase in JE
area from 3 h to 5 days, indicating a dynamic flow of
PMNs from the sub-JE area into JE. These findings in-
dicated that JE cells produced MIP-2 and CINC-2 in re-
sponse to LPS stimulation and suggested that MIP-2 and
CINC-2 may be responsible for PMN migration toward
the periodontal pathogen and may play an important role
in the initiation of inflammation and subsequent peri-
odontal tissue destruction.
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Introduction

Superficial periodontal tissues are constantly exposed to
plaque-associated bacteria and bacterial lipopolysaccha-
rides (LPS), which can induce an inflammatory reaction
and consequent tissue destruction (Socransky and Haffa-
jee 1992; Wilson et al. 1996), Inflammation is an essential
component of the host defense response to bacterial
challenge, and the migration of polymorphonuclear leu-
kocytes (PMNs) from blood vessel into gingival tissues is
a critical part of the initial inflammatory responses (Liu
2001). The gingival epithelium consists of three different
compartments, oral gingival epithelium (OGE), oral sul-
cular epithelium (OSE), and junctional epithelium (JE).
OGE and OSE are keratinized squamous epithelium and
are non-permeable. On the other hand, JE is non-kera-
tinized squamous epithelium, which provides the epithe-
lial attachment to tooth surface. It is quite permeable and
serves a pathway for transmigration of PMNs moving
toward the gingival sulcus. In fact, many PMNs are
present in diseased gingival connective tissue subjacent to
the JE and continuously migrate into the gingival sulcus
through the JE (Schroeder 1973; Wirthlin and Hussain
1992).

The recruitment of PMNs into the site of bacterial
infection results from many processes including activa-
tion of capillary loops, adhesion of PMNs to endothelial
cells, transendothelial migration, and migration toward
the infecting bacteria. Adhesion molecules and chemo-
kines are key mediators for these processes, Chemokines
are a family of over 40 small cytokines, which have been
isolated by their ability to induce chemotaxis of leuko-
cytes, Chemokines have been classified into four sub-
families depending on the number and spacing of the first
conserved cysteine residues in the NH, terminal region:
CXC, CC, XC, and CX3C. CXC chemokines are low
molecular weight proteins, which have been reported to
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be the most powerful mediator for selective PMN re-
cruitment and activation. It is well known that interleukin-
8 (IL-8) is the most potent human CXC chemokine. IL-8
can be produced by various cells including leukocytes,
fibroblasts, endothelial cells, and keratinocytes, in re-
sponse to both endogenous and exogenous stimuli
(Oppenheim et al. 1991; Bickel 1993). In particular, it is
upregulated by bacterial LPS and proinflammatory cy-
tokines such as interleukin-1 (IL-1) and tumor necrosis
factor-a (TNF-a; Zwahlen et al. 1993). Recent reports
had indicated that IL-8 protein and its mRNA were
present in human inflamed gingival tissues and that I1L.-8
protein levels in gingival crevicular fluid (Payme et al.
1993; Gamonal et al. 2000, 2001) and gingival tissue
significantly increased in diseased sites and were related
to the influx of PMNs (Tonetti et al. 1994, 1995, Tonetti
1957).

In previous studies, we have reported that initial pe-
riodontal tissue destruction is provoked by topical appli-
cation of 5 mg/ml LPS from Escherichia coli into the rat
gingival sulcus (Ijuhin 1988, Takata et al. 1997; Miyauchi
et al. 1998, 2001). In summary, infiltration of numerous
PMNs in the JE and sub-JE area (Tjuhin 1988), transient
accumulation of exudative macrophages (Miyauchi et al.
1998), vascular dilatation and inflammatory edema in the
sub-JE area, enhancement of proliferative activity of JE
cells (Takata et al. 1997), and stimulation of osteoclastic
bone resorption showing a biphasic response peaking at
3 h and 3 days after LPS treatment (Ijuhin 1988) were
observed. Furthermore, we reported transient overex-
pression of proinflammatory cytokines, namely TNF-a,
IL-1a, and TIL-15, in the JE cells with a peak at 3 h and
suggested that JE cells may play an important role in the
first line of defense against LPS challenge and the fol-
lowing tissue destruction {Miyauchi et al. 2001). Con-
sidering the inductive production of 1L-8 by these proin-
flammatory cytokines and a possible role as specific
mediator of PMN influx, it is interesting to investigate the
relation between the dynamic changes of IL-8 expression
in periodontal tissue and PMN migration during an LPS-
induced acute inflammatory episode using this animal
model. However, the murine counterpart of IL-8 has not
been identified yet. It is likely that IL-8 dose not exist in
rodents and that other murine CXC chemckines replace
IL-8.

In this study, to clarify the critical role of CXC che-
mokines in PMN recruitment into the periodontal disease
site, we investigated the immunolocalization of two im-
portant murine CXC chemokines including macrophage
inflammatory protein-2 (MIP-2) and cytokine-induced
neutrophil chemoattractant-2 (CINC-2) in periodontal tis-
sues after topical application of LPS using a rat animal
model and compared the immunolocalization of MIP-2
and CINC-2 with local infiltration of PMNs.

Materials and methods
Animal experiment

A total of 42, seven-week-old (about 190 g), male Wistar rats was
used in this study. They were divided into seven groups of six rats
each. Under intraperitoncal anesthesia of 20% cthy!l carbamate
(100 mg/100 g body weight), a rat was fixed on its back on an
experimental stand. A cotton roll (2 mm in diameter and 1 ¢m in
length) saturated with 5 mg/ml LPS from Escherichia coli (Sigma,
St. Louis, MO, USA) in sterile physiological saline (Otsuka, Tokyo,
Japan) was placed on the occlusal surface of the right and left upper
molar regions for 1 h. The cotton roll was changed every 20 min.
Rats were killed at 1 and 3 h, and 1, 2, 3, and 7 days after the LPS
treatment, six at each time, by an overdose of ethyl ether. The
remaining six rats were used as an untreated control group,

The experimental protocol was approved by the animal care
committee of Hiroshima University.

Tissue samples were resected en bloc from the right and left
upper molar regions and fixed for 8 h in a periodic-lysine para-
formaldehyde solution at 4°C. The samples were cut into two parts,
which included the first or second molar {about 2 mm thick), at the
buccopalatal plane parallel to each distopalatal root. They were
then decalcified in a 10% ethylenediaminctetraacetate (EDTA)
solution in phosphate-buffered saline (PBS; pH 7.4) for 5 days at
4°C. The decalcified tissue blocks were embedded in OCT com-
pound (Tissue Tec; Miles, Naperville, IL, USA). Serial frozen
sections (8 um thick) parallel to the long axis of the tooth, including
the root apex were cut and collected on glass slides.

Polyclonal antibodies

The CL95575AP polyclonal antibody (Cedarlane Laboratories,
Ontario, Canada) was employed to detect rat MIP-2. Rat CINC-2
was identified with the anti-rat GRO/CINC-2a, 28 rabbit IgG (IBL,
Fujioka, Japan), which was produced using highly purified re-
combinant peptide for the common N-terminal region of rat
GRO/CINC-2«, 28 and did not show crossreactivity with rat GRO/
CINC-1 and MIP-2.

Immunohistochemistry

The following immunostaining was carried out using a Dako-LSB2
kit (Dako, Carpinteria, CA, USA). After washing in PBS each
section was incubated with normal goat serum for 30 min at 4°C
and then incubated with polyclonal antibodies to CXC chemokines
for 24 h at 4°C in a humid atmosphere. Polyclonal antibodies to
MIP-2 and CINC-2 were diluted in 0.001 M PBS containing 5%
normal rat serum to 1:100 and 1:500, respectively. After being
rinsed with PBS the sections were incubated with biotinylated
rabbit anti-mouse IgG serum containing 5% normal rat serum for
30 min. The sections were rinsed in PBS and immersed in 0.3%
hydrogen peroxide in PBS to block the endogenous peroxidase
activity for 1 h. The sections were rinsed with PBS, incubated with
the peroxidase-conjugated streptavidin for 30 min and then rinsed
with PBS again. The color was developed with 0.025% 3,3'-di-
aminobenzidine tetrahydrochloride in TRIS-HCI buffer plus hy-
drogen peroxide (Kyowa Medics, Tokyo, Japan). The specimens
were counterstained with Mayer’s hematoxylin, dehydrated, and
then mounted.

Specificity was ascertained by substituting PBS and normal
rabbit serum for each antibody.

Histometric analysis of PMN infiltration

The number of PMNs infiltrated into the JE (JE arca) and gingival
connective tissue subjacent to the JE (sub-JE area) was statistically
analyzed. For the morphometric analysis, the number of PMNs in
the JE area and sub-JE area was counted using specimens stained



sub-JEarea
0.13 X 0.13mm?

Fig. t A diagram illustrating the two areas used for counting the
number of polymorphonuclear leukocytes (PMNs): (1) JE area all
PMNs in the JE were counted; (2) sub-JE area PMNs seen in a
0.13x0.13 mm? connective tissue arca subjacent to JE near the
contact point of JE and OSE at the basal cell layer. AB Alveolar
bone, € cementum. ES enamel space, OGE oral gingival epitheli-
um, OSE oral sulcular epithelium, JE junctional epithelium, D
dentin

with hematoxylin and eosin. The small round cells having a nucleus
with three to five lobes were judged as PMNs. On average, we
counted the number of PMNs at 20 different sites in cach experi-
mental and control group, The two counting areas are illustrated in
Fig. 1:

1. PMNs in JE area: the palatal gingival tissue of each selected
specimen was photographed under a magnification of x33. On
the color prints (enlarged to a final magnification of x180), the
number of PMNs seen in the JE area was counted. After tracing
the JE area on translucent paper using the same prints, the JE
area traced was measured by the LA 500 image analysis system

Fig. 2A-C Histological find-
ings in gingival tissues of un-
treated control animal (A), and
3 h (B) and 7 days (C) after k-
popolysaccharide (LPS) appli-
cation. A A small number of
PMNs was observed in junc-
tional epithelium (JE). B Nu-
merous PMNs migrated into the
elongated intercellular spaces of
JE cells. C The number of
PMNs was reduced to normal
level. Scale bars 0.1 mm {x150;
H&E stain}

293

(PIAS, Osaka. Japan). The number of PMNs in a unit area
(1 mm?) was calculated,

2. PMNs in sub-JE area: uging the same specimen, PMNs infil-
trated in a 0.13x0.13 mm~ connective tissue area subjacent to JE
were counted under a light microscope equipped with an ocular
micrometer, and the number of PMNs seen in a unit area
(! mm? was also calculated. The results were shown as
mean+SE. According to Fisher’s system, the mean valves ob-
tained were analyzed for statistical differences using Wilcox-
on’s test for non-paired examination.

Results

Histological findings

In the normal gingival tissue of untreated control rats, the
JE showed minimal migration of PMNs through inter-
cellular spaces. In the connective tissue area subjacent to
the JE, a small number of PMNs was seen but no obvious
inflammatory changes were observed (Fig. 2A). LPS ap-
plication caused edematous changes, dilatation of blood
capillaries, and infiltration of PMNs into the gingival
connective tissue subjacent to the JE. Numerous PMNs
migrated into the enlarged intercellular spaces of the JE
(Fig. 2B), especially at day ! and day 2. These findings
have appeared in 1-h specimens and persisted vntil 5 days
after LPS application. In the case with severe intra-JE
infiltration of PMNs, initial pocket formation was seen
associated with JE cell damage by PMNs. The inflam-
matory changes gradually decreased with time and dis-
appeared by day 7.

Neither lateral JE nor apical migration of the JE was
seen throughout the experimental periods.
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Fig. 3A-C Immunohistochem-
ical staining of macrophage in-
flammatory protein-2 (MIP-2)
in the gingival tissues of un-
treated control animal (A), and
1 day (B) and 3 days (C) after
LPS application. A Positive
staining is partially seen in the
JE cells. B Almost all JE cells
are strongly positive for MIP-2.
PMNs infiltrated into the gin-
gival pocket, JE, and gingival
connective tissue adjacent to JE
show weakly positive staining.
GP Gingival pocket. C Number
of MIP-2-positive cells are re-
markably decreased. Scale bars
0.1 mm (x150; SAB method)

Fig. 4A-C Immunohistochem-
ical staining of cytokine-in-
duced neutrophil chemoattrac-
tant-2 (CINC-2) in the gingival
tissues of untreated control an-
imal (A), and 1 day (B) and

3 days (C) after LPS applica-
tion. A JE cells in their coronal
parts were strongly positive for
CINC-2. Several CINC-2-posi-
tive basal cells are seen in the
OSE. Epithelial remnants of
Malassez show intense staining
of CINC-2 (inset). B JE cells in
their coronal parts are still
strongly positive for CINC-2.
Several JE cells in the apical
part and PMNs were also
weakly positive for CINC-2.
GP Gingival pocket. C Positive
reaction in gingival tissue is not
detected. Scale bars A-C

0.1 mm,; inset 0.02 mm (A-C
x150; inset x300; SAB method)

Localization of MIP-2-expressing cells

Although weakly positive reactions for MIP-2 were par-
tially seen in the JE of the normal gingival tissue
(Fig. 3A), OGE and OSE were negative. Various types of
cells seen in gingival connective tissue and periodontal
ligament did not express MIP-2.

At 3 h after topical application of LPS, the expression
of MIP-2 in JE was enhanced and the number of MIP-2-
positive JE cells was increased. The expression of MIP-2
gradualty enhanced over time. According to the overex-
pression of MIP-2 in the JE, the number of PMNs infil-
trated in the JE and sub-JE area increased. At 1 and 2 days
after LPS application, almost all cells in the JE were in-
tensively positive for MIP-2 (Fig. 3B). In this period,
numerous PMNs were seen in widely enlarged intercel-

lular spaces between MIP-2-positive JE cells. These
PMNs were also positive for MIP-2. Both the intensity of
MIP-2 expression and the number of MIP-2-positive cells
decreased at day 3 (Fig. 3C) and returned to normal range
by day 7. There was no MIP-2 expression in the gingival
connective tissue and periodontal ligament throughout the
experimental periods.

Localization of CINC-2a expression cells

Figure 4 illustrates the localization pattern of CINC-2a
protein in the dentogingival junction of control and ex-
perimental rats. Positive reactions for CINC-2a were seen
in a small number of JE cells in control rats. Especially
strong positivity was seen in the coronal half of the JE
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Fig. 5 Number of PMNs in the JE area and sub-JE area (cells/mm?)
after topical application of LPS. n=20 for each group. Asterisks
indicate a significant difference compared with the value in control
group. * P<0.05; ** P<(0.01

(Fig. 4A). Some basal cells in the oral sulcular epithelium
were positive for CINC-2. LPS application enhanced
CINC-2 expression in gingival tissue. CINC-2 expression
in the JE was enhanced and many epithelial cells were
positive for CINC-2 at 1 day after LPS application. In
addition to intensely positive stained cells of the JE in its
coronal half, several cells in its apical part and PMNs
were weakly positive for CINC-2 (Fig. 4B). At 3 days
after LPS application, CINC-2 expression was remarkably
reduced (Fig. 4C).

In addition, the epithelial remnants of Malassez show
the staining of CINC-2 (Fig. 4A inset). Positive staining
in the epithelial remnants of Malassez was constantly
observed through the experimental period.

Histometric findings

The temporal changes in the number of PMNs in sub-JE
and JE areas are demonstrated in Fig. 5. In the untreated
control group, the mean number of PMNs in sub-JE and
JE areas was 394.5+58.9 and 1,209.32106.2 cells/mm?,
respectively. In the sub-JE area, PMNs increase from 1 h
to 2 days after LPS treatment (P<0.0] at 1 and 3 h and
1 day; P<0.05 at 2 days) and then decreased. However, in
the JE area, the mean number of PMNs increased grad-
ually and reached a maximum (2,692.4+287.4 cells/mm?)
at 1 day and then gradually decreased. Significant dif-
ferences were detected from 3 h to 5 days (P<0.01 at 1
and 2 days; P<0.05 at 3 h and 3 and 5 days).

Discussion

The CXC chemokines are powerful mediators of PMN
recruitment. A representative member of the CXC che-
mokines is IL-8, which is a major chemoattractant for
PMNs in humans (Oppenheim et al. 1991; Wirthlin and
Hussain 1992). In rats, no homologue to IL-8 has been
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identified. So far, four CXC chemokines, including
CINC {(or CINC-1), CINC-2a, CINC-28, and MIP-2 (or
CINC-3), have been identified in rats (Nakagawa et al.
1994; Driscoll et al. 1995; Shibata et al. 1996). They are
structurally related to one another and share many func-
tions. It has been demonstrated that they have an ability to
attract PMNs and have effects on other PMN functions,
including adhesion molecule expression, intracellular
calcium influx, and phagocytosis (Nakagawa et al. 1994;
Shibata et al. 1995). It was also reported that CINC-2e and
MIP-2 were the major chemoattractants in conditioned
medium of the granulation tissue. The chemotactic po-
tency of CINC-2a and MIP-2 is higher than that of
CINC-1 at a concentration of 1-10 nM (Shibata et al.
1996). Takano and Nakagawa (2001) also reported that
CINC-2 and MIP-2 (CINC-3) play an important role in
PMN recruitment in the rat air pouch/LPS-induced in-
flammation. In the present study, therefore, we immuno-
histochemically examined the expression of MIP-2 and
CINC-2 (CINC-2a and CINC-28) in rat periodontal tis-
sues after LPS challenge.

In untreated control animals, we observed that JE cells,
especially in the coronal half of the JE, constitutively
expressed MIP-2 and CINC-2. In addition, a minimum
number of PMNs were also constantly seen in JE and sub-
JE areas. These CXC chemokines produced from JE cells
may be responsible for PMN recruitment in JE and sub-JE
areas under physiological conditions. Gamonal et al.
(2000) examined the levels of IL-1, IL-8, IL-10, and
RANTES in gingival crevicular fluid from clinically
healthy gingival site. They demonstrated that IL-8 was the
only cytokine detected in gingival crevicular fluid from
healthy sites and that their concentrations were relatively
lower than those in gingival crevicular fluid from in-
flamed sites. Tonetti et al. (1994, 1995) revealed that
focally distributed IL-8 mRNA positive cells were con-
stitutively detected in the JE and suggested that IL-8
expression in the JE may be important for the mainte-
nance of a host—parasite equilibrium in the gingival sul-
cus.

LPS application caused transient overexpression of
MIP-2 and CINC-2 in JE cells with a peak at 1 and 2 days,
Corresponding with this peak, a significant increase of
PMNs in JE and sub-JE areas was seen, Therefore, an
excessive production of MIP-2 and CINC-2a from JE
cells may be responsible for selective PMN recruitment
from bloed vessels and migration into the gingival sulcus
through the JE. A similar pattern of IL-8 production ac-
companied by PMN infiltration has been reported in
a variety of mucosal infections (Svanborg et al. 1999,
Suzuki et al. 2000). For example, colonic epithelial cells
continuously exposed to pathogenic bacteria produced
TNF-a in response to bacterial invasion, and TNF-a was
able to activate the inflammatory response in the intesti-
nal mucosa by secondarily upregulated IL-8 and MCP-1
production from the epithelial cells (Suzuki et al. 2000).

Several in vitro and in vivo studies showed that gin-
gival epithelial cells are a major source of various c¢y-
tokines and chemokines in response to periodontal pa-
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thogens. Sfakinanakis et al. (2001a, b) demonstrated that
Actinobacillus actinomycetemcomitans extracts induced
dose- and time- dependent expression of IL-la, IL-18,
and IL-8 in cultured gingival epithelial cells and that IL-1
inhibitors inhibited IL-8 induction by IL-1a and IL-18.
TNF-o and IL-1a also induced the dose-dependent ex-
pression of IL-8 in cultured gingival epithelial cells
(Bickel et al. 1996). Moreover, using in situ hybridization
methods, Tonneti et al. (1994) demonstrated that IL-8
mRNA positive cells were selectively located in the JE or
pocket epithelium in close spatial relationship with sub-
gingival plaque microorganisms. In our previous studies
with the present animal model, we reported that JE cells
revealed transient expression of IL-1¢, IL-18, and TNF-a
peaking at 3 h after LPS application (Miyauchi et al.
2001). The results support that JE cells recruit PMNs by
their CXC chemokine production induced via their own
proinflammatory cytokine secretion and indicate that
JE cells may be responsible for initiation of periodontal
inflammation and the acute transformation of periodontal
disease.

Another possible role of CXC chemokines produced
from JE cells may be the upregulation of the proliferative
activity of the JE cells themselves. It is reported that the
recombinant rat MIP-2 stimulated proliferation of alveo-
lar epithelial cells (Driscoll et al. 1995) and that cultured
gastric epithelial cells treated with GRO/CINC-1 showed
a significant increase in cell number and BrdU incorpo-
ration in a dose-dependent manner (Suzuki et al. 2600). In
addition, Jarnbring et al. (2000) immunohistochemically
demonstrated that IL-§ was expressed in PCNA-positive
proliferating keratinocytes in a periodontal patient group
and suggested that IL-8 may have a role in keratinocyte
proliferation. In this animal model, we previously re-
ported that number of PCNA-positive JE cells was sig-
nificantly increased by LPS application on day 2 (Takata
et al. 1997). Although in this animal model the lateral
proliferation or downgrowth of JE cells along the root
surface was not observed, MIP-2 and CINC-2 produced in
JE cells may also play an important role in upregulation
of the proliferative activity of the JE cells.

Interestingly, in both the untreated animals and the
LPS-treated animals, epithelial remnants of Malassez
showed constitutive expression of CINC-2. We also
demonstrated constitutive expression of IL-18 in the
epithelial remnants (Miyauchi et al. 2001). Therefore, IL-
18 constitutively produced by the epithelial remnant may
cause the following CINC-2 production and the inductive
CINC-2 may exert some critical effects in the functions of
this epithelium such as their survival in periodontal lig-
ament.

In summary, in gingival tissue after topical application
of LPS, IE cells are a major source of CXC chemokines
including MIP-2 and CINC-2. In the period associated
with the marked enhancement of CXC chemokine pro-
duction, a prominent increase of PMN infiltration in the
JE and sub-JE area was also detected. These findings
suggest that MIP-2 and CINC-2 may be responsible for
PMN migration toward the periodontal pathogen and may

play an important role in the initiation of inflammation
and subsequent periodeontal tissue destruction. Further
studies will be required to clarify the critical role of
JE cells in the pathogenesis of periodontitis and the
possibility of new cytokine therapy of periodontitis tar-
geting CXC chemokines.
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Background: The use of suitable cells transplanted into peri-
odontal osseous defects appears to be a powerful strategy to
promote periodontal tissue regeneration. Mesenchymal stemn cells
(MSCs) isolated from bone marrow have the potential for mul-
tilineage differentiation. The purpose of this study was to exam-
ine whether auto-transplantation of MSCs into periodontal osseous
defects would be useful for pericdontal tissue regeneration.

Methods: Bone marrow MSCs were isolated from beagle dogs
and expanded in vitro. The expanded MSCs were mixed with ate-
locollagen (2% type I collagen) at final concentrations of 2 x
105, 5 x 108, 1 x 107, or 2 x 107 cells/ml, and auto-transplanted
into experimental Class Ill defects. Atelocollagen alone was im-
planted into the defects as a control. Periodontal tissue healing
was evaluated by histological and morphometric analyses 1 month
after transplantation.

Results: The defects were regenerated with cementumn, peri-
odontal ligament, and alveolar bone in the MSC-atelocollagen
groups. Less periodontal tissue regeneration was observed in the
control group compared to the MSC-atelocollagen groups. Mor-
phometric analysis revealed that the percentage of new cemen-
tum length in the 5 x 10% and 2 x 107 cells/ml groups and the
percentage of new bone area in the 2 x 107 cells/m! group were
significantly higher than in the control group (P <0.01).

Conclusion: These findings suggest that auto-transplantation
of bone marrow mesenchymal stem cells is a novel option for
periodontal tissue regeneration. J Periodontol 2004;75:1281-1287.
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ventional regenerative therapies such

as guided tissue regeneration (GTR}),
topical application of enamel matrix deriv-
ative (EMD), or various polypeptide growth
factors can successfully regenerate peri-
odontal tissue.l-7 Since the strategy of
these treatments is to stimulate regenera-
tion from endogenous somatic stem cells,
the presence of resident tissue is the most
important factor for periodontal tissue
regeneration. Therefore, indications for
these treatments are limited to cases of 2-
or 3-wall bony defects or to Class Il furca-
tion lesions.

It is generally accepted that tissue regen-
eration can be accomplished by combin-
ing three key elements: cells, scaffolds,
and signaling molecules.? Scaffolds and
signaling molecules are already being used
clinically in regenerative therapies; how-
ever, the other key cells have not yet been
identified. In this context, the use of suit-
able cells seeded into periodontal defects
would appear to be a powerful strategy to
promote regeneration of periodontal tis-
sue.* The cells should be non-immuno-
genic, highly proliferative, and easy to
harvest, with the ability to differentiate into
various types of cells comprising periodon-
tal tissue.

In our research, we have focused on
bone marrow-derived mesenchymal stem
cells (MSCs). Bone marrow MSCs can
easily be obtained repeatedly and differ-
entiate into osteoblasts, chondrocytes,
tenocytes, adipocytes, muscle cells, or
nerve cells in vitro and in vivo.?-!® Thus,
transplantation of bone marrow MSCs

Previous studies have shown that con-
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