
Aggregatibacter actinomycetemcomitans,
a gram-negative, capnophilic coccobacil-
lus, is a major pathogen in the initiation
and progression of periodontitis (1, 3, 17,
23); however, it has also been sporadically
isolated in non-oral infections, including
endocarditis, pneumonia, and septicemia
(6, 7, 18, 21, 29). A. actinomycetemcom-
itans is classified into six distinct serotypes
(a to f) based on the polysaccharides
present on the surface of the organism,
which function as immunodominant anti-
gens. Of the six known serotypes, a, b, and
c are the most prevalent in the oral cavity
(1, 12, 15, 19, 28). Serotype b is more
frequently observed in patients with
aggressive periodontitis than in healthy
individuals (1, 2, 10, 22, 27, 28). The
predominance of serotype b in subjects

with periodontitis suggests a greater peri-
odontopathic potential, but the exact
mechanism of pathogenicity is unclear.
Epithelial cells function as a mechan-

ically protective barrier against invasion
by pathogenic organisms. Moreover,
increasing evidence indicates that gingi-
val epithelial cells play a role in local
innate immune responses (16, 24, 25).
Epithelial cells express chemokines that
attract and activate leukocytes, and they
express adhesion molecules that mediate
leukocyte migration. The expression of
these molecules plays an important role
in the initial stages of inflammation.
Interleukin-8 (IL-8), a neutrophil chemo-
attractant and activator, is induced in
gingival epithelial cells by several peri-
odontopathic bacteria (4), while intercel-

lular adhesion molecule 1 (ICAM-1) is
the ligand for lymphocyte function-asso-
ciated antigen-1 expression in leukocytes
(9). In human gingival epithelium, as
these molecules are expressed, a gradient
is formed with the highest level on the
epithelial cells facing the tooth surface.
These gradients play an essential role in
directing the migration and activation of
leukocytes (8). Previous studies have
shown that IL-8 and ICAM-1 are
upregulated in gingival epithelial cells
following challenge with A. actinomyce-
temcomitans (13, 14). The present study
was undertaken to investigate the growth
inhibition and the regulation of IL-8 and
ICAM-1 in gingival epithelial cells in
response to challenge with three sero-
types of A. actinomycetemcomitans.
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Introduction: We investigated gingival epithelial cell proliferation and expression of
interleukin-8 (IL-8) and intercellular adhesion molecule 1 (ICAM-1) in response to
Aggregatibacter actinomycetemcomitans serotypes a, b, and c.
Methods: Human gingival cells (Ca9-22) were cultured in bacterial extracts prepared
from five strains of A. actinomycetemcomitans: ATCC 43717 (serotype a); ATCC 29524,
ATCC 29522, and ATCC 43718 (all serotype b); and ATCC 43719 (serotype c).
Results: In bacterial extracts of ATCC 29522, cell growth was significantly impaired,
while the expression of IL-8 and ICAM-1 was significantly increased. The level of
induction in response to the other strains was minimal.
Conclusion: Our results indicate that the five strains of A. actinomycetemcomitans have
distinct effects on the abilities of human gingival epithelial cells to proliferate and to
produce proinflammatory factors.
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Materials and methods

Cell culture

The human gingival carcinoma cell line
Ca9-22 was obtained from the Health
Science Research Resources Bank (Osaka,
Japan) and cultured in minimum essential
medium (Asahi Technoglass, Tokyo,
Japan) containing 10% fetal bovine serum
(Asahi Technoglass) and 1% penicillin–
streptomycin. The cultures were incubated
at 37�C in a humidified atmosphere of 5%
CO2.

Bacterial extracts

A. actinomycetemcomitans strains ATCC
43717 (serotype a); ATCC 29524, ATCC
29522, ATCC 43718 (all serotype b); and
ATCC 43719 (serotype c) were grown in
trypticase soy broth agar with 0.6% yeast
extract at 37�C in an anaerobic chamber
(80% N2, 10% H2, and 10% CO2) until an
optical density of about 1.0 at 550 nm
was reached. The cells were then har-
vested by centrifugation at 10,000 g for
15 min at 4�C. Bacterial extracts were
prepared by sonication at 20 W for 5 min;
the insoluble debris was subsequently
removed by centrifugation at 10,000 g
for 30 min at 4�C. The supernatant was
then filter-sterilized and stored at )80�C
until use. The protein concentration of
each extract was determined using the
Bradford protein assay (Bio-Rad, Hercu-
les, CA).

Heat inactivation of the bacterial extracts

The extracts were kept at temperatures
ranging from 60 to 90�C for 30 min before
being added to the cell cultures.

Enzyme-linked immunosorbent assay

(ELISA)

The concentration of IL-8 in each culture
supernatant was determined by ELISA
using commercially available ELISA kits
(R&D Systems, Minneapolis, MN) as per
the manufacturer’s instructions.

Cell proliferation

Cell suspensions, quantified using a hemo-
cytometer, were seeded at 1.0 · 105 cells/
well into six-well plates (Iwaki, Tokyo,
Japan) and cultured with bacterial extracts
of different serotypes of A. actinomyce-
temcomitans at 37�C in a humidified
environment of 5% CO2. The data are
expressed as the mean ± standard devia-
tion (SD) of five independent experiments.

Each experiment was performed in tripli-
cate.

Real-time polymerase chain reaction (PCR)

Cells were seeded at 1.0 · 105 cells/well
in six-well plates. After 96 h of incubation,
the medium was replaced with either fresh
medium containing bacterial extract or
fresh medium alone (control) and the cells
were grown for an additional 6 h at 37�C
in a humidified atmosphere of 5% CO2.
After treatment, the cells were harvested
using 0.25% trypsin/ethylenediaminetetra-
acetic acid (EDTA) and resuspended in
phosphate-buffered saline (PBS).
Total RNA was extracted from the cells

using an RNeasy Mini Kit (Qiagen, Valen-
cia, CA). Complementary DNA was syn-
thesized using a Ready-To-Go T-Primed
First-Strand Kit (Amersham Biosciences,
Piscataway, NJ). The primer and probe sets
for ICAM-1 and IL-8 were obtained from
Applied Biosystems (Tokyo, Japan). Real-
time PCR was performed on an ABI
PRISM 7700 Sequence Detector (Applied
Biosystems) using the following parame-
ters: 50�C for 2 min, 95�C for 10 min,
followed by 40 cycles of denaturation at
95�C for 15 s and primer extension at
60�C for 1 min. The expression level of
each gene was first normalized to that of
glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) in the same sample, and
the relative differences between the control
and treatment groups were calculated and
expressed as relative increases, with the
control set at 100%. The data are shown as
the mean ± SD of six independent exper-
iments. Each experiment was run in
duplicate.

Flow cytometry

Cells were seeded at 1.0 · 105 cells/well
in six-well plates as described above. After
96 h of incubation, the medium was
replaced with either fresh medium con-
taining bacterial extract or fresh medium
alone (control) and the cells were incu-
bated for an additional 24 h at 37�C in a
humidified atmosphere of 5% CO2. After
treatment, the cells were harvested
using 0.25% trypsin/EDTA and resus-
pended in PBS (pH 7.4). The cells were
then incubated with antihuman ICAM-1
monoclonal antibody (fluorescein isothio-
cyanate-conjugated CD54; Beckman Coul-
ter, Fullerton, CA) at 20 ll of antibody/106

cells. The suspension was incubated with
gentle shaking for 30 min at 4�C in the
dark. After each step, the cells were
washed and resuspended in PBS. Flow

cytometry was performed using EXPO32
(Beckman Coulter). The data shown are
representative of three independent exper-
iments.

Statistical analysis

Data were analyzed for significance using
a one-way analysis of variance with Bon-
ferroni post-test correction for multiple
comparisons. Student’s t-test was used to
determine the statistical significance of
differences between control and test group.

Results

The effect of A. actinomycetemcomitans
on proliferation of Ca9-22 cells was
investigated by culturing the cells in
bacterial extracts prepared from five dif-
ferent strains. Following cultivation in the
extracts of four strains, the cells’ growth in
each culture was reduced in comparison to
the control (Fig. 1A). In contrast, no
significant reduction was observed for
Ca9-22 cells grown with ATCC 43717.
Cell growth was significantly impaired in
bacterial extracts of ATCC 29522 at 6 h
(Fig. 1B).

Fig. 1. Effects of the bacterial extracts on cell
proliferation. Ca9-22 cells (1.0 · 105 cells/well)
were cultured in 2-ml aliquots of medium that
contained different serotypes of bacterial ex-
tracts (3 lg/ml) at 37�C in a humidified atmo-
sphere of 5% CO2. Cell numbers were assessed
at 24 h (A) The data are expressed as the
mean ± standard deviation (SD) of five inde-
pendent experiments. Each experiment was
performed in triplicate. **P < 0.01. (B) Cell
numbers were also assessed using ATCC 29522
at each time-points; ## P < 0.01.
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The induction of IL-8 in Ca9-22
cells exposed to five different strains of
A. actinomycetemcomitans was examined
by real-time PCR. Significant induction
was observed 6 h postinfection with four
of the strains (Fig. 2). ATCC 29522
induced a significantly higher level of
IL-8 expression than the control at 3, 6,
and 12 h poststimulation, whereas the
level of IL-8 expression by cells cultured
in ATCC 43719 was not significant. IL-8
secretion significantly increased following
stimulation with the ATCC 29522 extract.
In contrast, only minimal IL-8 secretion
was observed in response to the other four
strains (Fig. 3).
We next investigated the effect of the

bacterial extracts on adhesion molecule

expression in Ca9-22 cells by real-time
PCR. ICAM-1 expression was signifi-
cantly increased 12 h poststimulation by
all of the strains except ATCC 29524
(Fig. 4). As shown by flow cytometry
(Fig. 5A,B), ICAM-1 expression increased
significantly following stimulation with
the ATCC 29522 extract; however, mini-
mal induction of ICAM-1 was observed in
response to the other four strains.
Additional experiments performed with

heat-modified sonicates of A. actinomy-
cetemcomitans indicated that the stimu-
lating factor in the bacterium was a
protein. For example, the effects of the
sonicates were considerably reduced with
increasing temperature (Fig. 6A–C). Sim-
ilar results were obtained in other strains
(data not shown).

Discussion

A. actinomycetemcomitans serotype b
produces cytotoxic membrane microvesi-
cles (16), whereas the other known sero-
types do not, which may account for the
association between serotype b and aggres-
sive periodontitis. Serotype b is the major
serotype in patients with aggressive peri-
odontitis (1), while several studies have
shown that no obvious difference exists in
the distribution of serotypes a, b, and c.
These observations suggest that the path-
ogenic properties of A. actinomycetem-
comitans serotype b strains may differ.
Therefore, we compared the epithelial cell
response to challenge with three A. actino-

mycetemcomitans serotype b strains. Sig-
nificant inhibition of cell growth and
enhancement of IL-8 and ICAM-1 expres-
sion in response to ATCC 29522 extracts
was observed, which suggests that consid-
erable variation exists among these sero-
type b strains.
Our data also indicate that the compo-

nents responsible for the inhibition of cell
growth and enhanced expression of IL-8
and ICAM-1 are heat-sensitive mole-
cules. Previous studies have shown that
A. actinomycetemcomitans is able to
degrade host tissue proteins (11, 25), and
this activity has been identified for both
bacterial cellular material and the culture
medium (20). Furthermore, protease from
A. actinomycetemcomitans inhibited the
proliferation of human gingival epithelial
cells, and the heat-inactivated protease was
similar to that in the control. Protease is
secreted in vivo by A. actinomycetemcom-
itans in the plaque of periodontal pockets,
and also during the invasion of periodontal
tissues by A. actinomycetemcomitans (5).
It may function as a major virulence factor
in the development of periodontal dis-
ease. However, the mechanisms by which

Fig. 2. Effects of the bacterial extracts on
interleukin-8 (IL-8) messenger RNA (mRNA)
expression. Ca9-22 cells were incubated with
medium that contained bacterial extracts (3 lg/
ml) for 1, 3, 6, 12, and 24 h. Real-time
polymerase chain reaction was used to monitor
the levels of IL-8 mRNA which were normal-
ized to that of GAPDH; the relative differences
between the control and experimental groups are
expressed as relative increases, with the control
set at 100%. The data are shown as the
mean ± SD of six independent experiments.
Each experiment was run in duplicate.
**P < 0.01.

Fig. 3. Effects of the bacterial extracts on
interleukin-8 (IL-8) secretion. Cells were incu-
bated with medium that contained bacterial
extracts (3 lg/ml) for 24 h. Culture supernatants
were assayed for IL-8 using enzyme-linked
immunosorbent assay kits. The data are shown
as the mean ± SD of six independent experi-
ments. Each experiment was run in duplicate.
*P < 0.05.

Fig. 4. Effects of the bacterial extracts on
intercellular adhesion molecule 1 (ICAM-1)
messenger RNA (mRNA) expression. Ca9-22
cells were incubated with medium that con-
tained bacterial extracts (3 lg/ml) for 1, 3, 6, 12,
and 24 h. Real-time polymerase chain reaction
was used to monitor the levels of ICAM-1
mRNA which were normalized to that of
GAPDH; the relative differences between the
control and experimental groups are expressed
as relative increases, with the control set at
100%. The data are shown as the mean ± SD of
six independent experiments. Each experiment
was run in duplicate. **P < 0.01; *P < 0.05.

Fig. 5. Effects of the bacterial extracts on the
levels of intercellular adhesion molecule 1
(ICAM-1). Cells were incubated with medium
that contained bacterial extracts (3 lg/ml) for
24 h. Flow cytometry was used to monitor the
levels of ICAM-1 (A) The solid line and dotted
line indicate the bacterial extract of Aggregatib-
acter actinomycetemcomitans ATCC 29522 and
the control, respectively. (B) Mean fluorescence
intensities (MFI) of ICAM-1 expression were
assessed by flow cytometry. The data are shown
as the mean ± SD of three independent exper-
iments. Each experiment was run in duplicate.
*P < 0.05.
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A. actinomycetemcomitans extracts affect
gingival epithelial cells require further
investigation.
In conclusion, the present study de-

scribes the distinct effects of three A.
actinomycetemcomitans serotype b strains
on human gingival epithelial cell prolifer-
ation and proinflammatory cytokine pro-
duction. These effects may produce
different host responses that would subse-
quently influence the development of
periodontal lesions. Further study is nec-
essary to clarify the functional differences
among the strain variants of A. actinomy-
cetemcomitans.
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10. Doğan B, Saarela MH, Jousimies-Somer H,
Alaluusua S, Asikainen S. Actinobacillus
actinomycetemcomitans serotype e-bio-
types, genetic diversity and distribution in
relation to periodontal status. Oral Micro-
biol Immunol 1999: 14: 98–103.

11. Eley BM, Cox SW. Proteolytic and hydro-
lytic enzymes from putative periodontal
pathogens: characterization, molecular
genetics, effects on host defenses and
tissues and detection in gingival crevice
fluid. Periodontol 2000 2003: 31: 105–124.

12. Gmür R, McNabb H, van Steenbergen TJ,
Baehni P, Mombelli A, van Winkelhoff AJ.
Seroclassification of hitherto nontypeable
Actinobacillus actinomycetemcomitans
strains: evidence for a new serotype e. Oral
Microbiol Immunol 1993: 8: 116–120.

13. Huang GT, Haake SK, Kim JW, Park NH.
Differential expression of interleukin-8 and
intercellular adhesion molecule-1 by human
gingival epithelial cells in response to
Actinobacillus actinomycetemcomitans or
Porphyromonas gingivalis infection. Oral
Microbiol Immunol 1998: 13: 301–309.

14. Huang GT, Haake SK, Park NH. Gingival
epithelial cells increase interleukin-8 secre-
tion in response to Actinobacillus actino-
mycetemcomitans challenge. J Periodontol
1998: 69: 1105–1110.

15. Kaplan JB, Perry MB, MacLean LL, Fur-
gang D, Wilson ME, Fine DH. Structural

and genetic analyses of O polysaccharide
from Actinobacillus actinomycetemcomi-
tans serotype f. Infect Immun 2001: 69:
5375–5384.

16. Lai CH, Listgarten MA, Hammond BF.
Comparative ultrastructure of leukotoxic
and non-leukotoxic strains of Actinobacillus
actinomycetemcomitans. J Periodontal Res
1981: 16: 379–389.

17. Meyer DH, Fives-Taylor PM. The role of
Actinobacillus actinomycetemcomitans in
the pathogenesis of periodontal disease.
Trends Microbiol 1997: 5: 224–228.

18. Page MI, King EO. Infection due to Acti-
nobacillus actinomycetemcomitans and
Haemophilus aphrophilus. N Engl J Med
1966: 28: 181–188.

19. Poulsen K, Theilade E, Lally ET, Demuth
DR, Kilian M. Population structure of
Actinobacillus actinomycetemcomitans: a
framework for studies of disease-associated
properties. Microbiology 1994: 140: 2049–
2060.

20. Robertson PB, Lantz M, Marucha PT,
Kornman KS, Trummel CL, Holt SC.
Collagenolytic activity associated with Bac-
teroides species and Actinobacillus actino-
mycetemcomitans. J Periodontal Res 1982:
17: 275–283.

21. Scannapieco FA. Role of oral bacteria in
respiratory infection. J Periodontol 1999:
70: 793–802.

22. Slots J, Reynolds HS, Genco RJ. Actino-
bacillus actinomycetemcomitans in human
periodontal disease: a cross-sectional micro-
biological investigation. Infect Immun
1980: 29: 1013–1020.

23. Slots J, Ting M. Actinobacillus actinomy-
cetemcomitans and Porphyromonas gingi-
valis in human periodontal disease:
occurrence and treatment. Periodontol
2000: 1999: 20: 82–121.

24. Tonetti MS. Molecular factors associated
with compartmentalization of gingival
immune responses and transepithelial
neutrophil migration. J Periodontal Res
1997: 32: 104–109.

25. Tonetti MS, Imboden MA, Lang NP. Neu-
trophil migration into the gingival sulcus is
associated with transepithelial gradients of
interleukin-8 and ICAM-1. J Periodontol
1998: 69: 1139–1147.

26. Wang PL, Azuma Y, Shinohara M, Ohura
K. Effect of Actinobacillus actinomycetem-
comitans protease on the proliferation of
gingival epithelial cells. Oral Dis 2001: 7:
233–237.

27. Yang HW, Huang YF, Chan Y, Chou MY.
Relationship of Actinobacillus actinomyce-
temcomitans serotypes to periodontal con-
dition: prevalence and proportions in
subgingival plaque. Eur J Oral Sci 2005:
113: 28–33.

28. Zambon JJ, Slots J, Genco RJ. Serology of
oral Actinobacillus actinomycetemcomitans
and serotype distribution in human peri-
odontal disease. Infect Immun 1983: 41:
19–27.

29. Zambon JJ. Actinobacillus actinomycetem-
comitans in human periodontal disease.
J Clin Periodontol 1985: 12: 1–20.

Fig. 6. Heat inactivation of the bacterial ex-
tracts. The bacterial extracts were kept at
temperatures ranging from 60 to 90�C for
30 min before being added to the cell cultures.
(A) Effects of heat-treated Actinobacillus
actinomycetemcomitans ATCC 29522 bacterial
extracts (3 lg/ml) on cell proliferation at 24 h
and (B) interleukin-8 messenger RNA (IL-8
mRNA) expression at 6 h were assessed. (C)
Intercellular adhesion molecule 1 (ICAM-1)
mRNA expression at 12 h was assessed. The
data are shown as the mean ± SD of five
independent experiments. Each experiment was
run in duplicate. **P < 0.01 vs. control;
§§P < 0.01 vs. untreated.
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