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We demonstrated previously that Actinobacillus actinomycetemcomitans leukotoxin (Ltx) is greatly able to
induce apoptotic signaling in cells that are positive for lymphocyte function-associated antigen 1 (LFA-1), a cell
receptor of Ltx. We investigated in this study whether inflammatory cytokines can regulate apoptosis of human
leukemic HL-60 cells induced by Ltx. Of the cytokines tested, tumor necrosis factor alpha (TNF-�) significantly
enhanced the Ltx-induced cell apoptosis. Northern and Western blotting analyses showed that TNF-� en-
hanced the expression of CD11a in the cells at both the mRNA and protein levels but did not do so for CD18
expression. TNF-� also enhanced the binding of Ltx to the cells. We also observed by measuring the mito-
chondrial transmembrane potential and the generation of superoxide anion that the cytokine enhanced
Ltx-induced apoptosis in HL-60 cells. In addition, interleukin-1� significantly enhanced Ltx-induced cell
apoptosis, although the enhancing activity was lower than that of TNF-�. These stimulatory effects of both
cytokines were also observed for human polymorphonuclear leukocytes. The ability of TNF-� to increase cell
susceptibility to Ltx could be inhibited by preincubation of the cells with a monoclonal antibody against TNF
receptor 1 but not by preincubation of the cells with a monoclonal antibody against anti-TNF receptor 2.
Furthermore, the results of an assay of caspase 3 intracellular activity (PhiPhiLuxG1D2) showed that Ltx-
induced caspase 3 activation was completely neutralized by CD18 antibody treatment, although significant
neutralization was also observed with anti-CD11a antibody. Taken together, the results of the present study
indicate that TNF-� acts as a potent stimulator of Ltx-induced HL-60 cell apoptosis via TNF receptor
1-mediated upregulation of LFA-1 expression.

Apoptosis plays an important role in the inflammatory re-
sponse, tumorigenesis, and embryonic development (10, 21). It
has been shown that several pathogenic bacteria act as pro-
moters or inhibitors of apoptosis of monocytes/macrophages
(6, 9, 22). These observations suggest that several cell compo-
nents and metabolic products of these bacteria are involved in
an important pathogenic mechanism promoting inflammatory
responses via apoptosis of monocytes/macrophages.

Actinobacillus actinomycetemcomitans is a gram-negative
bacterium that has been identified in several human infectious
diseases, such as endocarditis, meningitis, osteomyelitis (23),
and aggressive periodontitis (33). It has been demonstrated by
many studies that this organism produces a 116-kDa leuko-
toxin (Ltx) that destroys specific target cells via an apoptotic
effect (16, 29). Interestingly, we clearly identified lymphocyte
function-associated antigen 1 (LFA-1) as a �2 integrin, a cell
receptor for Ltx (17). Also, we showed that the Ltx-induced
apoptotic signal was initiated through LFA-1 binding of the

toxin. These observations suggest that elimination of LFA-1-
positive inflammatory cells such as monocytes/macrophages
and neutrophils by the apoptotic effect of the toxin may allow
A. actinomycetemcomitans to evade detection by the host im-
mune system. Importantly, several studies have shown that the
lipopolysaccharide of gram-negative bacteria is able to regu-
late the apoptosis of neutrophils and monocytes/macrophages
through the effect of endogenous cytokines (4, 5, 35). There-
fore, it was of interest to us to investigate the regulatory effect
of inflammatory cytokines on Ltx target cell apoptosis occur-
ring via the LFA-1-mediated signal because no such cytokine
effect had been previously demonstrated in detail.

For this purpose, we investigated the regulatory effect of
inflammatory cytokines in Ltx-induced HL-60 cell apoptosis
occurring via LFA-1. We show herein that tumor necrosis
factor alpha (TNF-�) and interleukin-1 (IL-1) enhanced the
signal of Ltx-induced cell apoptosis through the same mecha-
nism, by increasing LFA-1 expression, although no such stim-
ulatory effect of IL-4 or IL-6 was observed.

MATERIALS AND METHODS

Ltx purification. A. actinomycetemcomitans strain JP2 was grown in accor-
dance with standard methods, and Ltx was extracted and purified by a modifi-
cation (18) of a procedure described by Tsai et al. (27). The Limulus amebocyte

* Corresponding author. Mailing address: Department of Preventive
Dentistry, Kyushu University Faculty of Dental Science, 3-1-1 Mai-
dashi, Higashi-ku, Fukuoka 812-8582, Japan. Phone: 81-92-642-6423.
Fax: 81-92-642-6354. E-mail: nyama@dent.kyushu-u.ac.jp.

† Dedicated to the memory of Toshihiko Koga.
‡ Deceased.

269



lysate clotting activity (Toxicolor Test LS-6; Seikagaku Kogyo Co., Tokyo, Japan)
of purified Ltx was undetectable at the concentrations used in this study.

Cell culture. The Ltx-sensitive human promyelocytic leukemia cell line HL-60
(34) (RCB0041; Riken Gene Bank, Tsukuba, Japan) was used for experiments.
Cells were grown in RPMI 1640 medium (Invitrogen Corp., Carlsbad, Calif.)
supplemented with 10% fetal calf serum, 2 mM L-glutamine, and 50 �g of
gentamicin per ml. Cultures were maintained at 37°C under 5% CO2.

Preparation of human polymorphonuclear leukocytes (HPMNs). Heparinized
human peripheral blood cells were obtained from a healthy adult volunteer.
HPMNs were isolated by Mono-Poly Resolving Medium (ICN Biomedicals Ja-
pan Co., Tokyo, Japan), washed with phosphate-buffered saline (PBS; pH 7.3),
and suspended in RPMI 1640 medium.

Reagents. Human recombinant IL-1� (rIL-1�), human recombinant TNF-�,
human rIL-4, anti-human TNF receptor 1 (TNF-R1) monoclonal antibody
(MAb), anti-human TNF-R2 MAb, anti-human CD11a MAb, and anti-human
CD18 MAb were purchased from R&D Systems, Inc. (Minneapolis, Minn.).
Human rIL-1� was from Chemicon International Inc. (Temecula, Calif.), and
human rIL-6 was from BD Biosciences (San Jose, Calif.). Normal mouse immu-
noglobulin G (IgG) was obtained from Upstate Biotechnology Inc. (Lake Placid,
N.Y.). Sense and antisense primers for human CD11a, CD18, and glyceralde-
hydes-3-phosphate dehydrogenase (GAPDH) were synthesized on the basis of
published DNA sequences (17, 31).

cDNA probes. Human CD11a and CD18 cDNA plasmids were provided by
M. K. Robinson (Celltech R&D Ltd.). The human GAPDH cDNA plasmid used
was provided by S. Sakiyama (Chiba Cancer Center Research Institute and
Hospital, Chiba, Japan). Probes for Northern blot assay were labeled with digoxi-
genin (DIG) by PCR as described previously (31).

Northern blot assay. HL-60 cells were treated at a final concentration of 500
U of each cytokine per ml at 37°C for 30 min. Total RNA was then extracted
from these cells by using TRIzol reagent (Invitrogen). Extracted RNA samples
(20 �g) were electrophoresed on a 1.2% agarose gel containing 0.66 M formal-
dehyde and subsequently capillary blotted onto nylon membranes (Schleicher &
Schuell, Inc., Keene, N.H.). The RNA bound to the membrane was cross-linked
by exposure to UV light and then preincubated for 3 h at 50°C in a high-sodium
dodecyl sulfate (SDS) hybridization buffer (31). Hybridization was performed
with 100 ng of DIG-labeled PCR probes per ml in the high-SDS hybridization
buffer at 50°C for 16 h. The hybridized probes were detected with a DIG
luminescence detection kit (Roche Diagnostic Corp., Indianapolis, Ind.).

Western blotting. Expression of human CD11a and CD18 was detected by
immunoblotting (17, 30) with anti-human CD11a MAb (25.3.1.; Beckman
Coulter Inc., Miami, Fla.) or anti-human CD18 MAb (KIM185; a kind gift from
M. K. Robinson). Following incubation overnight at 4°C and washing, the blots
were incubated with horseradish peroxidase-conjugated goat anti-mouse IgG

FIG. 1. TNF-� enhances human LFA-1 (CD11a/CD18) mRNA expression in and protein production by HL-60 cells in a time- and dose-
dependent fashion. (A) TNF-� enhanced the human CD11a mRNA level in a time-dependent manner, but human CD18 mRNA was expressed
constitutively over the same time course. (B) HL-60 cells (106) were treated with TNF-� at concentrations ranging from 10 to 500 U/ml for 30 min
and lysed with detergent (1% Triton X-100 in 0.15 M NaCl), and the proteins from each cell lysate were electrophoresed on 7.5% SDS gels. Gels
were blotted onto nitrocellulose membranes, and fluorographs were developed after incubation (overnight at 4°C) with either anti-human CD11a
MAb or anti-human CD18 MAb. Relative band intensities were determined by using NIH Image version 1.62 software. The values below the bands
are the mean fold increases in the expression levels in HL-60 cells incubated with TNF-� compared with the expression by unstimulated HL-60
cells.

FIG. 2. Time course of binding of purified Ltx to HL-60 cells
treated with TNF-� (F) or �I TNF-� (E). HL-60 cells (106) were
incubated with TNF-� or �I TNF-� for 0, 15, 30, or 60 min at 37°C.
The cells were then incubated with 3 � 10�10 M biotinylated purified
Ltx for 10 min at 4°C. The cells were then washed with HBSS, stained
with streptavidin-phycoerythrin for 30 min at 4°C, and analyzed by flow
cytometry. Data are shown as the means � standard errors of the
means for five different experiments. Values significantly different
from the value for Ltx binding at each time point, as determined by
using Student’s t test (*, P 	 0.01; **, P 	 0.001), are indicated.
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(Zymed Laboratories Inc., San Francisco, Calif.) for 1 h at room temperature.
Proteins were detected by using ECL Western blotting detection reagents (Am-
ersham Biosciences Corp., Piscataway, N.J.).

Flow cytometric detection of CD11a. HPMNs (106) were incubated with var-
ious concentrations of TNF-� or IL-1� at 37°C for 30 min. The cells were then
washed with PBS and incubated at 4°C for 30 min with a fluorescein isothiocya-
nate-labeled anti-human CD11a MAb (25.3.1.; Beckman Coulter). The cells
were washed with PBS and resuspended in 0.5 ml of PBS. Cells were analyzed by
using an EPICS XL flow cytometer (Beckman Coulter) (5,000 cells were scored
for green fluorescence on a log scale).

Biotinylation and binding assay of Ltx. Biotinylated Ltx was prepared by a
modification of the procedure described by Brown et al. (3) and Gretch et al. (8).
Briefly, a mixture of NHS-LC-biotin (Pierce Chemical, Rockford, Ill.) and pu-
rified Ltx was incubated at room temperature for 1 h. Unbound biotin was then
removed by passage of the mixture through a NAP-10 column (Amersham
Biosciences) equilibrated with PBS (pH 7.2). The concentration of biotinylated
Ltx protein was measured by the method of Bradford (2). Leukotoxic activity was
assessed by incubating HL-60 cells for 1 h at 37°C with the biotinylated Ltx and
then performing a trypan blue exclusion test (13). We found that biotinylation
did not decrease the leukotoxic activity (3 � 10�10 M purified Ltx killed about
25% of 2 � 105 HL-60 cells in 1 h). Flow cytometric analysis of Ltx binding to
HL-60 cells was performed as described by Brown et al. (3). Briefly, HL-60 cells
(106) were preincubated for the desired periods at 37°C with 500 U of TNF-� per
ml or heat-inactivated (100°C for 10 min) TNF-� (�I TNF-�) and then incubated
for 10 min at 4°C with 3 � 10�10 M biotinylated purified Ltx. In addition, the
cells were treated for 30 min at 4°C with streptavidin-phycoerythrin (Beckman
Coulter) and then washed once with Ca2�- and Mg2�-free Hanks’ balanced salt
solution (HBSS) and resuspended in 0.5 ml of HBSS. The stained cells were
analyzed with an EPICS XL flow cytometer (Beckman Coulter).

Flow cytometry for apoptosis assays. Ltx-induced changes in mitochondrial
transmembrane potential (�
m) and generation of superoxide anion in HL-60
cells were analyzed by flow cytometry as described previously (14, 30). Caspase
3 activity was measured by using PhiPhiLuxG1D2 (Oncoimmunin Inc., Gaithers-
burg, Md.) with an EPICS XL flow cytometer as described earlier (14).

RESULTS

TNF-� enhances CD11a expression of HL-60 cells at both
the gene and protein levels. We demonstrated earlier that the
�2 integrin LFA-1 is a cell surface receptor that mediates the
toxicity of members of the RTX toxin family (17). Since CD11a
and CD18 are the two �2 integrin subunits, to investigate the
effect of TNF-� on Ltx-induced HL-60 apoptosis, we first ex-
amined the effect of TNF-� on the expression of the genes for
CD11a and CD18 by Northern blot assay. The cells were left
untreated or treated with TNF-� at 500 U/ml, and then their
gene expressions were analyzed at several times after treat-
ment initiation. As shown in Fig. 1A, TNF-� markedly en-
hanced the expression of the gene for CD11a in the cells at 15
and 30 min after the initiation of cytokine treatment. However,
no such stimulatory effect on the expression of the gene for
CD18 was observed.

Since Fig. 1A suggested the possibility that TNF-� may be
able to stimulate the production of LFA-1 by HL-60 cells, we
investigated the production of LFA-1 by TNF-�-treated cells
by Western blotting assay. The cells were incubated with or
without TNF-�, and then CD11a and CD18 production by the
cells was monitored by using each MAb at 30 min after the
initiation of cytokine treatment. We observed that the cytokine
stimulated CD11a production in a dose-dependent fashion but
did not affect CD18 production (Fig. 1B).

Taken together, these results clearly showed that TNF-� is

FIG. 3. TNF-� enhances Ltx-induced changes in �
m and super-
oxide anion generation. Ltx (3 � 10�10 M)-induced alterations in
DiOC6(3) and HE staining of HL-60 cells were evaluated for 1 h at
37°C (B). As a control, cells were incubated with �I Ltx (A) for 1 h.
Cells were pretreated with 500 U of TNF-� per ml for 30 min and then
incubated with �I Ltx (C) or 3 � 10�10 M Ltx (D) for 1 h. Subse-
quently, cells were stained with DiOC6(3) and HE and analyzed by
flow cytometry.

FIG. 4. TNF-� enhances Ltx-induced activation of caspase 3 in
HL-60 cells. A rhodamine-derivatized, cell-permeable, caspase 3-spe-
cific substrate (PhiPhiLuxG1D2) was used to evaluate whether acti-
vated caspase 3 was present in Ltx-treated cells. HL-60 cells were
incubated with �I Ltx (A) or 3 � 10�10 M Ltx (B) for 1 h and then
examined for cleavage of the substrate as determined by flow cytom-
etry. Other cells were pretreated with 500 U of TNF-� per ml for 30
min and incubated with �I Ltx (C) or 3 � 10�10 M Ltx (D) for 1 h.
These results are representative of three independent experiments; at
least 5,000 cells were analyzed per experiment.
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able to enhance the expression of LFA-1, an Ltx receptor, in
HL-60 cells.

TNF-� enhances Ltx binding to HL-60 cells. As described
above, since TNF-� was able to enhance the expression of
LFA-1 in HL-60 cells, we next examined whether the cytokine
could also enhance the binding of Ltx to HL-60 cells. We
treated HL-60 cells with TNF-� for various times at 37°C and
then incubated them for 10 min at 4°C with 3 � 10�10 M
biotinylated Ltx. Biotinylated, heat-inactivated (80°C for 30
min) Ltx (�I Ltx) did not bind the cells (data not shown). For
non-cytokine-treated cells, the Ltx binding activity was 23.1%
� 2.2%. TNF-� increased Ltx binding to the cells in a treat-
ment time-related manner when the cells were pretreated with
the cytokine at 500 U/ml (Fig. 2). On the other hand, pretreat-
ment with �I TNF-� did not enhance the binding of biotinyl-
ated Ltx to HL-60 cells over the same time course (Fig. 2).

TNF-� enhances Ltx-induced changes in ��m and genera-
tion of superoxide anion by HL-60 cells. Ltx-induced changes
in �
m and generation of superoxide anion by HL-60 cells
were measured by multiparameter fluorescence-activated cell
sorter analysis by using a lipophilic, cationic fluorescent dye,
3,3�-dihexyloxacarbocyanine iodide [DiOC6(3)], and blue-flu-
orescing dihydroethidium (HE), respectively, as described pre-
viously (15, 30). For control cells treated with �I Ltx, multipa-
rameter fluorescence-activated cell sorter analysis showed that
90.7% of the cells in the population exhibited relatively high
DiOC6(3) and low ethidium (Eth) fluorescence [DiOC6(3)bright/
Ethdim] (Fig. 3A). The percentage of this quadrant in un-

treated HL-60 cells was 94.8%. These phenotypes are charac-
teristic of viable cells. In contrast, DiOC6(3) fluorescence,
indicative of a reduction in �
m, was decreased in the Ltx-
treated cells (Fig. 3B). Pretreatment with TNF-� at 500 U/ml
for 30 min enhanced mitochondrial changes (�
m [34.4%
decrease relative to treatment with Ltx alone] and superoxide
anion production [33.3% increase relative to treatment with
Ltx alone]) in HL-60 cells (Fig. 3D). When the cells were
pretreated with TNF-� and then incubated with �I Ltx, there
was no �
m or change in superoxide anion production (Fig.
3C). These results show a stimulatory effect of TNF-� on
Ltx-induced HL-60 apoptosis.

TNF-� enhances Ltx-induced caspase 3 activation in HL-60
cells. To confirm the stimulatory effect of TNF-� on Ltx-in-
duced HL-60 apoptosis, we used a fluorogenic assay to mea-
sure the levels of active caspase 3 in cells exposed to Ltx (Fig.
4). HL-60 cells were incubated with a birhodamine-derivatized
peptide containing the caspase 3 recognition sequence DEVD.
Upon intracellular cleavage by activated caspase 3 or caspase
3-like enzymes, quenching of the rhodamine molecules is re-
leased and the resultant fluorescence can be detected by flow
cytometry. Whereas substrate cleavage of �I Ltx-treated cells
was only 1.4%, that of Ltx-treated cells was 19.2% (Fig. 4A and
B). When the cells were pretreated with TNF-� and incubated
with �I Ltx, there was no caspase 3 activation in them (Fig.
4C). Treatment of TNF-� alone did not affect caspase 3 acti-
vation of HL-60 cells (data not shown). On the other hand, the
substrate cleavage of Ltx-treated cells increased to 42.8% when

FIG. 5. Effect of �2 integrin antibodies on Ltx-induced caspase 3 activation in HL-60 cells. (A) HL-60 cells were incubated with (b, d, f) or
without (a, c, e) TNF-� (500 U/ml) for 30 min at 37°C and then pretreated with normal mouse IgG (10 �g/ml; a, b), anti-human CD11a antibody
(10 �g/ml; c, d), or anti-human CD18 antibody (10 �g/ml; e, f) for 30 min at 4°C. After having been washed with HBSS, the cells were stimulated
with 3 � 10�10 M Ltx for 1 h at 37°C. Caspase 3 activity was measured by using a PhiPhiLuxG1D2 kit and a flow cytometer and is expressed as
the percentage of rhodamine-stained cells. (B) The results are expressed as the mean � standard deviation percent inhibition of the value obtained
for cells in the presence of normal mouse IgG. An identical experiment performed independently gave similar results.
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the cells were treated for 30 min with TNF-� at 500 U/ml (Fig.
4D). These results suggest that TNF-� is a potent stimulator of
Ltx-induced HL-60 cell apoptosis, acting through multiple
members of the caspase family, including caspase 3.

The CD18 molecule plays a central role in signal transduc-
tion for Ltx-induced caspase 3 activation in HL-60 cells. Since
we showed previously (17) that RTX toxins bind to �2 integrin,
it was of interest to us to examine which subunit of �2 integrin
plays the central role in signal transduction for Ltx-induced
apoptosis in target cells. As shown in Fig. 5A and B, although
the Ltx-induced caspase 3 activation in HL-60 cells was signif-
icantly neutralized by CD11a antibody treatment, importantly,
CD18 antibody completely neutralized the Ltx-induced
caspase 3 activation. Even after TNF-� treatment, the inhibi-
tory activity of the CD18 antibody was stronger than that of the
CD11a antibody. A mouse IgG control did not inhibit Ltx-
induced caspase 3 activation (data not shown). Interestingly,
we also observed that Ltx-induced cell apoptosis was strongly
inhibited by treatment of cells with the CD18 antibody (data
not shown). These results strongly suggest an important role
for CD18 (� chain) in the signaling of Ltx-induced apoptosis,
although CD11a (� chain) may also be involved in part.

Stimulatory signal of TNF-� for Ltx-induced caspase 3 ac-
tivation in HL-60 cells is mediated via TNF-R1. It is well
known that TNF-� signal transduction operates via two distinct
receptor molecules for TNF, TNF-R1, and TNF-R2 (28).
Therefore, we explored which TNF-� receptor is involved in
the cytokine stimulation of Ltx-induced caspase 3 activation.
As shown in Fig. 6, anti-human TNF-R1 MAb significantly
inhibited the stimulatory effect of TNF-�. However, such
strong inhibitory activity was not observed with anti-human
TNF-R2 MAb, although the activity was significant. These
results suggest that TNF-R1-mediated signal transduction
plays a predominant role in TNF-� stimulation of Ltx-induced
HL-60 apoptosis.

IL-1 significantly enhances Ltx-induced HL-60 apoptosis.
Although we demonstrated as described above that TNF-� is a
powerful stimulator of Ltx-induced HL-60 cell apoptosis via
LFA-1, in addition, we examined the effects of several cyto-
kines on expression of the gene for CD11a, which is an impor-
tant molecule as a trigger of Ltx-induced HL-60 cell apoptosis.
As shown in Fig. 7A, IL-1� and IL-1� clearly increased ex-
pression of the gene for CD11a in the cells but not that of the
gene for CD18. For IL-4 and IL-6, no stimulatory effects on the
gene for either CD11a or CD18 were observed. These results
suggested to us that IL-1 also acts as a stimulator of Ltx-
induced HL-60 cell apoptosis via LFA-1. Therefore, by using
IL-1�, we investigated the effect of IL-1� on mitochondrial
changes and caspase 3 activation by using flow cytometry.
IL-1� enhanced the drop in DiOC6 (3) fluorescence to 39.5%
when the cells were pretreated for 30 min with the cytokine at
500 U/ml (Fig. 7B). Furthermore, the percentage of caspase
3-activated cells was clearly increased by IL-1� pretreatment
(Fig. 7C). In contrast, as expected, IL-4 and IL-6 were ineffec-
tive in causing the Ltx-induced mitochondrial changes and
caspase 3 activation (Fig. 7B and C).

TNF-� and IL-1� induce the upregulation of CD11a on and
stimulate Ltx-induced apoptosis of HPMNs. Finally, we inves-
tigated whether these stimulatory effects of TNF-� and IL-1�
can be observed in normal HPMNs. As expected, both cyto-
kines induced significant upregulation of CD11a in normal
HPMNs (Fig. 8A) and also markedly enhanced Ltx-induced
caspase 3 activation (Fig. 8B). Treatment with each cytokine
alone did not affect Ltx-induced caspase 3 activation (data not
shown). These results suggested that both TNF-� and IL-1�
act as potent stimulators of Ltx-induced PMN apoptosis in
vivo.

DISCUSSION

Many studies have shown that A. actinomycetemcomitans cell
components are able to induce production of inflammatory
cytokines (IL-6, TNF-�, IL-1, MIP-1, MCP-1, and others) by
several kinds of cells (1, 11, 31). On the basis of these obser-
vations, it was of interest to us to investigate whether these
cytokines regulate Ltx-induced apoptosis of LFA-1-positive
cells, which are sensitive to the cytotoxin. Therefore, in this
study we investigated the regulatory effect of inflammatory
cytokines on Ltx-induced apoptosis of cultured human HL-60
cells and demonstrated that TNF-� and IL-1 enhanced the
Ltx-induced HL-60 cell apoptotic signal by stimulating LFA-1
expression.

FIG. 6. Inhibitory effect of anti-human TNF-R1 MAb on Ltx-in-
duced activation of caspase 3 after treatment of HL-60 cells with
TNF-�. HL-60 cells (106) were pretreated with 10 �g of normal mouse
IgG per ml, 10 �g of anti-human TNF-R1 MAb per ml, 10 �g of
anti-human TNF-R2 MAb per ml, or 10 �g of anti-human TNF-R1
MAb per ml, and 10 �g of anti-human TNF-R2 MAb per ml for 1 h at
37°C and then incubated with 500 U of TNF-� per ml for 30 min. After
having been washed with HBSS, the cells were stimulated with 3 �
10�10 M Ltx for 1 h at 37°C. Caspase 3 activity was measured by using
a PhiPhiLuxG1D2 kit and a flow cytometer and was evaluated as the
percentage of rhodamine-stained cells. The percentage of inhibition of
caspase 3 activity was calculated by the following formula: percent
inhibition � 100 � (percentage of Ltx-treated cells rhodamine positive
after treatment with TNF-� � percentage of Ltx-treated cells rhoda-
mine positive after treatment with MAb and TNF-�)/(percentage of
Ltx-treated cells rhodamine positive after treatment with TNF-� �
percentage of cells rhodamine positive after treatment with Ltx only).
Data are shown as the means � standard errors of the means for three
experiments performed in duplicate.
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Since we indicated earlier that �2 integrin is an Ltx cell
receptor and that the toxin-induced cell apoptotic signal oper-
ates on cytotoxin-sensitive cells via this integrin, we first ex-
plored at both the gene and protein levels whether TNF-�
would be able to stimulate the expression of CD11a on HL-60
cells. Our Northern and Western blot assays clearly showed
that the cytokine stimulated CD11a expression by the cells at
both levels. These data suggested to us that binding of Ltx to
�2 integrin on the cells may be increased by TNF-� treatment.
Therefore, we investigated this point by using biotinylated Ltx.
Our flow cytometric analysis showed that the cytokine clearly
increased Ltx binding to HL-60 cells at 30 min after the initi-
ation of cytokine treatment.

The stimulatory effect of TNF-� on Ltx binding to HL-60
cells suggested to us the possibility that the cytokine enhances
the toxin-induced apoptotic signal of the cells via the �2 inte-
grin LFA-1. Perturbation of mitochondrial function is now
accepted as playing a key regulatory role in the progression of
apoptosis (14). Therefore, we tested this possibility by measur-
ing �
m and the generation of superoxide anion in HL-60
cells, because we had demonstrated earlier that Ltx induces
initiation of the apoptotic signal by the mitochondrion-depen-
dent pathway (30). Since we also observed previously that the
Ltx-induced decrease in �
m and hyperproduction of super-
oxide anion occurred concomitantly (30), reactive oxygen spe-
cies, including superoxide anion, may participate as effector
molecules in Ltx-induced HL60 cell apoptosis. As expected, we

observed that TNF-� elicited a marked decrease in �
m and
an increased the generation of superoxide anion in Ltx-treated
cells. These observations strongly suggest that the cytokine
enhances the initiation stage of the apoptotic signal induced by
the cytotoxin.

Caspase family members play an important role in the ini-
tiation and development of cell apoptosis. Of these, caspase 3
in particular is a key enzyme involved in the appearance of
apoptosis (7). Therefore, to confirm the enhancing effect of
TNF-� on Ltx-induced HL-60 cell apoptosis, it is very impor-
tant to demonstrate whether the cytokine is able to stimulate
Ltx-induced caspase 3 activation in these cells. We assessed
this possibility by using a PhiPhiLuxG1D2 kit. Importantly,
TNF-� clearly stimulated Ltx-induced activation of caspase 3
in these cells. These results strongly suggest that TNF-� en-
hances Ltx-induced apoptosis by stimulating caspase 3 activa-
tion and does so through the mitochondrion-dependent path-
way.

We previously showed that RTX toxins bind to �2 integrin
(CD11a/CD18) on target cells (17). Takeshita et al. (24) have
demonstrated that the � chain (CD18) of these molecules plays
an important role in signaling for the Porphyromonas gingivalis
fimbria-induced expression of IL-1� and TNF-� genes in
mouse peritoneal macrophages. In our present study, since
CD18 antibody completely inhibited Ltx-induced caspase 3
activation (Fig. 5), these observations suggest a functional role

FIG. 7. Effects of three other inflammatory cytokines on CD11a/CD18 mRNA expression, Ltx-induced alterations in �
m and superoxide
anion generation, and Ltx-induced caspase 3 activation of HL-60 cells. (A) The cells were incubated with medium alone, IL-1�, IL-1�, TNF-�,
IL-4, or IL-6 for 30 min, and total RNA was then analyzed by Northern blotting with DIG-labeled CD11a, CD18, and GAPDH PCR probes.
Relative band intensities were determined by using NIH Image version 1.62 software. The values below the bands are the mean fold increases in
the expression levels in HL-60 cells incubated with the cytokines compared with the expression by unstimulated HL-60 cells. (B) HL-60 cells were
pretreated with medium alone (a, b), IL-1� (c, d), IL-4 (e), or IL-6 (f) for 30 min and then incubated with �I Ltx (a, c) or 3 � 10�10 M Ltx (b,
d, e, f) for 1 h. Cells were stained with DiOC6(3) and HE to measure �
m and superoxide anion production, respectively, and analyzed by flow
cytometry. Data are plotted as DiOC6(3) fluorescence versus ethidium fluorescence. Bars indicate the setting for quadrant analysis; values
represent the percentage of cells in each quadrant. Results are representative of three experiments. (C) HL-60 cells were pretreated with medium
alone (a, b), IL-1� (c, d), IL-4 (e), or IL-6 (f) for 30 min and then incubated with �I Ltx (a, c) or 3 � 10�10 M Ltx (b, d, e, f) for 1 h. The cells
were then assessed for caspase 3 activation by using a PhiPhiLuxG1D2 kit. Stained cells were analyzed by flow cytometry. Bars indicate region of
positive fluorescence; the percentage of positive cells is presented in each panel. Results are representative of three experiments.
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of the � chain (CD18) in the initial stage of signaling in Ltx-
induced apoptosis of HL-60 cells.

It is well known that TNF-� exhibits multipotential biolog-
ical activities. Also, many studies (20, 26, 28) have shown that
two distinct receptor molecules, TNF-R1 and TNF-R2, medi-
ate the biological effects of TNF-�. Therefore, by using anti-
human TNF receptor antibodies, we explored which receptor
plays a central role in the potent effect of TNF-� on Ltx-
induced HL-60 cell apoptosis. We observed that anti-human
TNF-R1 antibody strongly inhibited Ltx-induced caspase 3 ac-
tivation. However, TNF-R2 antibody exhibited no such inhib-
itory effect. Although several earlier studies (25, 28, 32)
showed that the TNF-� signal for activation of JNK, p38, and
ERK is mediated by TNF-R1, our result shows that TNF-R1
can also act as the predominant receptor of TNF-� for the
signaling that enhances Ltx-induced HL-60 cell apoptosis.

Moreover, we were also interested in investigating whether
other inflammatory-response-regulating cytokines also act as
regulators of Ltx-induced apoptosis via stimulation of LFA-1
expression. We observed that IL-1� or -� exhibited the same
enhancing effect on CD11a expression in HL-60 cells as
TNF-�. However, no such enhancing effect of IL-4 or IL-6 was
observed. Since Leite et al. (19) showed that IL-1� enhanced
Mannheimia haemolytica Ltx-induced apoptosis of neutrophils
and also did so for LFA-1 expression, their observations may
support our conclusion that TNF-� and IL-1 enhanced Ltx-
induced HL-60 cell and HPMN apoptosis by stimulating
LFA-1 expression. We observed significant upregulation of
CD11a expression in the responses of HPMNs that were incu-
bated with each cytokine at concentrations of 100 to 1,000
U/ml. However, we cannot rule out the possibility that expo-

sure to different cytokine concentrations further alters the
PMN response to Ltx. Interestingly, Kesavalu et al. (12) inves-
tigated the effects of oral pathogens on the expression of
TNF-�, IL-1�, and IL-6 in the murine calvaria in situ and
consequently showed that A. actinomycetemcomitans and P.
gingivalis induced the expression of the gene for TNF-� at the
highest level (TNF-�  IL-1�  IL-6) in the calvaria. These
observations suggest that these cytokines play an important
role in pathogenesis in the periodontal bacterium-infected dis-
eases, because it is well documented that these cytokines are
potent factors in host inflammatory responses.

In conclusion, our present results demonstrate that TNF-�
enhanced Ltx-induced HL-60 cell apoptosis by causing upregu-
lation of LFA-1 through TNF-R1. This effect suggests that
TNF-�, in combination with Ltx, plays a functional role in a
novel pathogenic mechanism operating in A. actinomycetem-
comitans-associated infectious diseases.
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