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Cytolethal distending toxin (CDT) from Actinobacillus actinomycetemcomitans is a G2/M cell-cycle-specific
growth-inhibitory toxin that leads to target cell distension followed by cell death. To determine the mechanisms
by which A. actinomycetemcomitans 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-fmk
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 A. 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. actinomycetemcomi-
tans (40). CDT belongs to the family of toxins with cell-cycle-
specific inhibitory activities which block the progression of cells
from G2 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 cdtA, cdtB, and cdtC genes at the
chromosomal cdt 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-amino-acid signal sequences
at the N terminus, they become 23-, 29-, and 19-kDa proteins,
respectively (31, 36, 40). CDTA goes through another process-

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 G2 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 pQEcdtABC,
the A. actinomycetemcomitans cdtABC 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-3�, which corresponds to the cdtA
starting site with an NcoI restriction enzyme site; QIC-L, 5�-AAAGATCTGCT
ACCCTGA-3�, which corresponds to the end of the cdtC gene, with the stop
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codon replaced with a BglII site (restriction sites are shown in italics). The
amplified cdtABC gene was ligated into pQE60 in frame at the NcoI and BglII
sites, so that the C-terminal CDTC was tagged with six histidine residues. The
expression of the cdtABC gene was induced by adding isopropyl-�-D-1-thioga-
lactopyranoside (final concentration of 1 mM; Sigma) at an optical density at 660
nm of 0.5 to 0.7. After induction for 4 h, the culture supernatant was harvested
by centrifugation at 5,000 � 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 � g for 20 min,
dissolved in phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl, 8.1
mM Na2HPO4, 1.5 mM KH2PO4), 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 NaH2PO4 [pH 8.0], 300 mM NaCl, 20 mM imida-
zole) and eluted with elution buffer (50 mM NaH2PO4 [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. Peripheral 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, Ohio). Density gradient centrifugation
was performed at 400 � 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 106 cells/ml in RPMI 1640 containing
10% FCS, 100 U of penicillin G/ml, and 100 �g of streptomycin/ml. The isolated
lymphocytes were incubated with CDT (100 ng/ml) and cultured at 37°C in 5%
CO2, 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 �g of kanamycin/ml at 37°C in 5% CO2. The cells (106 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, San Jose, Calif.). Briefly, CDT-treated cells (5 � 105 to 10 � 105)
were collected by centrifugation at 350 � g for 2 min and were washed three
times with 500 �l of PBS with 1% FCS. The washed cells were resuspended in
180 �l of PBS with 1% FCS, and 0.5 �l of FITC-labeled annexin V and 1 �l 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 � g for 10 min. The
supernatant 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 �l of
caspase buffer (50 mM Tris-Cl [pH 7.2], 100 mM NaCl, 1 mM EDTA, 10%
sucrose, 0.1% CHAPS, and 5 mM dithiothreitol) with a 50 �M concentration
(each) of various fluorogenic substrate peptides. The peptides include Ac-
DEVD-7-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-amino-4-methylcumarin was measured by use of a spectrophotometer
(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 �M. 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-

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 � 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 � 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-HCl [pH 7.4], 150 mM NaCl, 2 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, 0.5% Tween 20). The samples were sonicated
with an ultrasonic disrupter (UD200 TOMY) for 20 s at output level 4. After
centrifugation at 10,000 � 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 c 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 G2/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
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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

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,

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
cdtABC. 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 PI 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/ml). A representative result of the quad-
rant analysis of annexin V- and PI-stained lymphocytes on day 2 is
shown.

FIG. 2. Cytolethal kinetics on CDT-treated cell lines. T-cell leuke-
mia cell lines Jurkat and MOLT-4 were treated with CDT (100 ng/ml)
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�, ‚), and the LR quadrant (annexin V� PI�, �) are indicated.
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such as swelling of the cell 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-9 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�

PI�) 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

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-IETD-CHO, an inhibitor of caspase-8 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 �M. 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-
CHO) and caspase-8 and -6 (Ac-IETD-CHO) failed to prevent
CDT-induced apoptosis (Fig. 6), our results strongly suggested

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.

FIG. 4. Caspase activity in CDT-treated lymphocytes. The total
protein (10 �g) 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. �, CDT-
treated Jurkat cells; �, PBS-treated Jurkat cells (control); ‚, CDT-
treated MOLT-4; �, PBS-treated MOLT-4 (control). The experiments
were repeated at least three times, and similar results were obtained.
Representative results are shown.
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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 after 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. 8A,
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 c from mitochondria in CDT-treated cells. As
shown in Fig. 8B, the immunoblotting assay revealed that cy-
tochrome c 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 c 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 G2/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

FIG. 5. Effect of general caspase inhibitor on CDT-induced apo-
ptosis. (A) Jurkat cells were preincubated with z-VAD-fmk (100 �M)
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-fmk 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 �M) for 30 min
and then were treated with CDT (100 ng/ml). Caspase activity was
measured as described in Materials and Methods.
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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. coli 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

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-8 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� PI�).
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the signaling pathway for apoptosis. In recent studies,
caspase-2 was implicated in the release of cytochrome c 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 c 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 mitochondrial 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 c, 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.

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 �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� PI�). VAD (general
caspase inhibitor) and WEHD were used at concentrations of 100 and 200 �M, respectively.
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