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Antimicrobial peptides, human �-defensin (hBD), and the 18-kDa cationic antimicrobial protein (CAP18)
are components of innate immunity. These peptides have antimicrobial activity against bacteria, fungi, and
viruses. Actinobacillus actinomycetemcomitans is a gram-negative facultative anaerobe implicated in the initia-
tion of periodontitis. The innate immunity peptides have antibacterial activity against A. actinomycetemcomi-
tans. We investigated the molecular mechanism of human gingival epithelial cells (HGEC) responding to
exposure to A. actinomycetemcomitans. HGEC constitutively express hBD1 and inducibly express hBD2, hBD3,
and CAP18 on exposure to A. actinomycetemcomitans. The level of expression varies among clinical isolates. In
the signaling pathway for hBD2 induction by the bacterial contact, we demonstrate that the mitogen-activated
protein (MAP) kinase and not the NF-�B transcription factor pathway is used. We found the outer membrane
protein 100 (Omp100; identified by molecular mass) is the component inducing the hBD2 response. Omp100
binds to fibronectin, an extracellular matrix inducing hBD2 via the MAP kinase pathway. Anti-integrin �5�1,
antifibronectin, genistein, and PP2 suppress the Omp100-induced expression of hBD2, suggesting that Src
kinase is involved through integrin �5�1. The inflammatory cytokines, tumor necrosis factor � (TNF-�),
interleukin-1� (IL-1�), IL-6 and IL-8, produced by HGEC on contact with A. actinomycetemcomitans also
stimulate expression of hBD2. Further, neutralizing antibody against TNF-� or IL-8 partially inhibits the
induction of hBD2 on bacterial contact. Therefore, we found that the induction of the antimicrobial peptides
is mediated by a direct response principally through an Omp100-fibronectin interaction, and using secondary
stimulation by inflammatory cytokines induced by the bacterial exposure.

Periodontitis is an infectious disease which develops from
the interaction of the host and the bacteria in the gingival
sulcus (37, 51, 66). Gingival epithelial cells can resist oral
pathogenic bacteria as a physical barrier and also produce
antimicrobial innate immunity peptides (6). Eukaryotic cells
are known to produce many antimicrobial peptides (4, 13). The
antimicrobial peptides are defined as containing fewer than
100 amino acids having a broad spectrum of activity against
both gram-negative and gram-positive bacteria as well as fungi
and viruses (13, 28, 48, 67). Human epithelium produces two
major groups of antimicrobial peptides, the �-defensins and
the cathelicidin family, including the 18-kDa cationic antimi-
crobial protein (CAP18, or LL37) (4, 13, 28, 63). The �-de-
fensins are small cysteine-rich cationic antimicrobial peptides
(4, 17). They are found in tracheal epithelial cells and in many
types of human epithelial cells, including the kidney, urinary
tract, oral mucosa, and skin (4, 32, 34, 57). Human �-defensin

1 (hBD1) is constitutively expressed in epithelial cells, whereas
hBD2 and hBD3 are inducibly expressed by bacteria, Candida
albicans, and inflammatory cytokines (16, 26, 29, 45). These
peptides also demonstrate antibacterial activity against the
periodontal pathogenic bacteria, Staphylococcus aureus includ-
ing methicillin-resistant S. aureus and Pseudomonas aeruginosa,
although hBD1 and hBD2 have less activity against the gram-
positive bacteria (16, 34, 42). hBD1 and hBD2 are salt sensitive
whereas hBD3 is not (16). Recently, hBD4 was identified as
another salt-sensitive antimicrobial peptide inducibly ex-
pressed on bacterial contact (14). CAP18 is a member of the
cathelicidin family and is produced in the epithelium and neu-
trophils (12, 28, 61). CAP18 is salt insensitive and shows a
broad spectrum of activity against microorganisms. hBD and
CAP18 attract and stimulate immature dendritic cells via the
chemokine receptor CCR6 (62, 64).

Actinobacillus actinomycetemcomitans is one of the peri-
odontal pathogenic bacteria implicated in aggressive periodon-
titis and chronic periodontitis (3, 33, 65). Several virulence
factors are identified including lipopolysaccharide (LPS), leu-
kotoxin, cytolethal distending toxin, collagenase, and outer
membrane protein (OMP) (2, 9, 22, 27, 44, 52, 53). Studies
concerning the interaction between A. actinomycetemcomitans
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and host cells, especially human gingival epithelial cells
(HGEC), are mainly focused on adhesion, invasion by the
bacteria, and expression of antimicrobial peptides and inflam-
matory cytokines in HGEC when cells are exposed to A. acti-
nomycetemcomitans (2, 10, 33, 39, 58). However, there are no
reports concerning the bacterial component of A. actinomyce-
temcomitans that induces antimicrobial peptides. Several
groups previously demonstrated that antimicrobial peptides
have bactericidal activity against oral bacteria including A.
actinomycetemcomitans (21, 31, 36, 42). This suggests that an-
timicrobial peptides play a role as an immune system against
oral bacteria. Therefore, we investigated the expression of
antimicrobial peptides in HGEC in response to bacterial con-
tact. We identified the induction molecules on A. actinomyce-
temcomitans considered to be important for the host-parasite
interaction at the molecular level. FliC in Salmonella enterica
serovar Enteritidis, protease in Porphyromonas gingivalis, and
LPS (Escherichia coli and P. aeruginosa) are the bacterial com-
ponents presently implicated to induce expression of antimi-
crobial peptides (8, 30, 40, 59). We studied the A. actinomyce-
temcomitans cell surface molecules such as LPS or OMPs that
may be responsible for induction of antimicrobial peptides. A.
actinomycetemcomitans has six major OMPs (identified by
their molecular masses), Omp16/18, Omp29, Omp39, Omp64,
and Omp100 (23), that may be involved in a variety of factors
for virulence including adhesion and invasion into HGEC,
serum resistance, and cytokine induction (2). LPS of A. acti-
nomycetemcomitans is one of the major pathogenic factors in
periodontal disease. It induces secretion of proinflammatory
cytokines and is involved in alveolar bone destruction (19, 60).

Here, we investigate the molecular mechanism that induces
antimicrobial peptides after contact with the pathogen, the
bacterial surface proteins, or inflammatory cytokines to iden-
tify the signaling pathway for hBD2 induction.

MATERIALS AND METHODS

Bacterial strains. Bacterial strains used in this study are listed in Table 1. A.
actinomycetemcomitans was cultured in Trypticase soy broth supplemented with
1% (wt/vol) yeast extract in a 5% CO2 atmosphere using the Anaeropack system
(Mitsubishi Gas Chemical, Tokyo, Japan). When necessary, kanamycin (25 �g/
ml) or spectinomycin (50 �g/ml) was added to the medium.

Cell culture. HGEC were prepared from healthy gingival tissues using a
method described previously (56) and grown in MCDB153 (pH 7.4) medium
(Sigma Aldrich, Tokyo, Japan) containing 50 �g/ml bovine pituitary extract, 10
�g/ml insulin, 5 �g/ml transferrin, 10 �M 2-mercaptoethanol, 10 �M 2-amino-
methanol, 100 units/ml penicillin, 10 nM sodium selenite, 100 �g/ml streptomy-
cin, and 50 ng/ml amphotericin B at 37°C in a 5% CO2 atmosphere.

Preparation of bacterial cells and purification of Omp100. Exponentially
grown A. actinomycetemcomitans strains were harvested and washed with phos-
phate-buffered saline (PBS) twice. The bacteria were killed by heating cultures at
68°C for 30 min (34). The heat-inactivated bacterial cells were treated with
trypsin (10 �g/ml) at 37°C for 30 min and washed with PBS five times. Omp100
was prepared using a method described elsewhere (2, 23).

Coculture of HGEC with bacteria, Omp100, and cytokine. At 12 h prior to
bacterial contact, confluent HGEC in MCDB medium with supplements was
replaced with MCDB without supplements. Either the heat-killed bacteria (final
concentration, 108 cells/ml), Omp100 (final concentration, 10 ng/ml to 10 �g/ml),
or the inflammatory cytokines (interleukin-1� [IL-1�], IL-6, IL-8, and tumor
necrosis factor � [TNF-�]; at 1 or 10 ng/ml) (R&D Systems, Inc., Minnesota)
were added to the medium. The culture was incubated for no longer than 24 h.
This experiment was carried out three times. Reverse transcriptase PCR (RT-
PCR) and real-time PCR experiments were performed.

RNA extraction and RT-PCR. After exposure to bacterial cells, Omp100, or
inflammatory cytokines, the total RNA was extracted from the HGEC using

ISOGEN (Nippon Gene, Tokyo, Japan) according to the manufacturer’s proto-
col. RT-PCR was performed as described previously (34). One microgram of the
total RNA was subject to cDNA synthesis using a first-strand cDNA synthesis kit
(Roche, Tokyo, Japan) with a final volume of 20 �l. The cDNA was used as the
template DNA for the subsequent PCR. Sense and antisense primer sets for
�-defensins, CAP18, and cytokines were described previously (34). The house-
keeping gene GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was ampli-
fied as a control. The template volumes of the cDNA solutions were 5 �l for
hBD1, 20 �l for hBD2, 5 �l for hBD3, 25 �l for CAP18, 2 �l for IL-1�, 10 �l for
IL-6, 10 �l for IL-8, 25 �l for TNF-�, and 2 �l for GAPDH.

Quantitative (real-time) RT-PCR. Quantitative RT-PCR was performed using
the ABI 7700 system (Applied Biosystems, Tokyo, Japan) with a Core Reagent
kit (Applied Biosystems). The TaqMan probe, sense primers, and antisense
primers used in this study were previously described (34).

Inhibition of the signaling pathway of hBD2 induction. To examine the sig-
naling pathway for hBD2 induction, HGEC were pretreated with NF-�B inhib-
itor (2 to 50 �M pyrrolidine dithiocarbamate [PDTC]; Sigma Aldrich), mitogen-
activated protein (MAP) kinase inhibitors (0.2 to 5 �M SB203580, an inhibitor
of p38 MAP kinase; 2 to 50 �M tyrphostin AG126, an inhibitor of tyrosine
phosphorylation of Jun N-terminal kinase [JNK]; 0.4 to 10 �M PD98059; and
two selective inhibitors of MAP/extracellular signal-regulated kinase [ERK] ki-
nase 1/2 in the p44/42 MAP kinase; Calbiochem, Schwalbach, Germany), anti-
human fibronectin antibody (100 ng/ml, Sigma Aldrich), anti-integrin antibody
(1:200 dilution; Funakoshi, Tokyo, Japan), PP2 (selective Src tyrosine kinase
inhibitor; 0.1 to 1 �M; Sigma Aldrich), PP3 (negative control for the Src tyrosine
kinase inhibitor; 0.1 to 1 �M; Sigma Aldrich), and genistein (protein tyrosine
kinases inhibitor; 0.1 to 1 �M; Sigma Aldrich). The inhibitors were added 30 min
before stimulator contact (bacteria, OMP, or cytokine). Then the HGEC were
incubated with each stimulator for 12 h. The inhibitors were present during the
experiment.

Fibronectin binding assay. To identify the Omp100 binding substrate, we
performed a binding assay using a flat-bottom plate coated with candidate sub-
strate. Substrates, either fibronectin (Chemicon International, Inc., California),
fibrinogen (Chemicon), or bovine serum albumin (BSA; Wako Pure Chemical
Industries, Osaka, Japan), were added to 50 mM carbonate buffer (15 mM
Na2CO3, 15 mM NaHCO3, 5 mM NaN3) at a final concentration of 1 or 5 �g/ml.
One hundred microliters of the substrates was added to 96-well flat plates and
incubated for 12 h at 4°C. Then, the plate was washed with wash buffer (150 mM
NaCl–0.05% Tween 20) four times and blocked with PBS containing 1% BSA
and 0.05% Tween 20 for 1 h at 37°C. The plate was washed once more. A.
actinomycetemcomitans cells were pelleted by centrifugation (3,000 � g for 10
min). The pellet was washed and suspended in buffer. The bacterial cell suspen-
sion was adjusted to 108 bacterial cells/ml, and 100 �l of the suspension (107

cells) was applied to the wells. After 3 h of bacterial contact, the wells were
washed four times with wash buffer, and 10% trypsin was added to remove the
adherent bacteria from the plastic dish. After the addition of 100 �l of PBS, the
bacterial suspension was diluted appropriately and plated on Trypticase soy
broth-yeast extract agar. The plates were incubated for 2 days at 37°C, and the
colonies were counted as the adhesive cell number.

TABLE 1. Strains used in this study

A. actinomycetemcomitans
strain Relevant characteristica Source or

reference

Y4 Standard strain (serotype b) 51
99 Clinical isolate This study
108 Clinical isolate This study
126 Clinical isolate This study
129 Clinical isolate This study
2232 Clinical isolate This study
2267 Clinical isolate This study
2339 Clinical isolate This study
IDH781 Standard strain (serotype d) 3
KO-76 (RA135) Spcr omp100 knockout 2
ATCC 29523 Standard strain (serotype a) ATCC
KO-77 Kmr spa knockout 53
SUNYaB75 Standard strain (serotype a) SUNYaB
KO-78 (SN-T1) Kmr spa knockout 53

a Spc, spectinomycin; Km, kanamycin.
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Neutralization of the inflammatory cytokine. Some cytokines have been
implicated in antimicrobial peptide production (12, 16, 32, 45). Inflammatory
cytokines are expressed in HGEC by bacterial contact (55, 56). To determine
the effect of inflammatory cytokines produced by HGEC on the induction of
hBD2, HGEC were pretreated for 30 min with monoclonal anti-human IL-8
antibody and/or monoclonal anti-human TNF-� antibody (final concen-
tration, 100 ng/ml; TECHNE Corp., Minnesota) prior to the bacterial
contact.

RESULTS

Expression of antimicrobial peptides and cytokines in
HGEC stimulated with A. actinomycetemcomitans. To show the
expression of antimicrobial peptides, RT-PCR was performed
using the total RNA extracted from the HGEC. The primers
specific for hBD1, hBD2, hBD3, and CAP18 were used, and

FIG. 1. Expression of �-defensins, CAP18, and cytokine mRNA in HGEC stimulated with heat-inactivated A. actinomycetemcomitans Y4 cells.
The total RNA was extracted from cells after exposure to A. actinomycetemcomitans at various times and then used for real-time PCR (A) and
RT-PCR (B) performed as described in Materials and Methods. The results of the real-time PCR are expressed as a ratio comparing the value
at time zero to the value at the data time point. The values represent the means � standard deviations of triplicate experiments.
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the PCR products of the expected sizes in each reaction mix-
ture were isolated (data not shown). As a negative control, we
found no PCR products (no RT reaction) when the total RNA
was used as the template (data not shown). We cloned the
products in the pGEM-T Easy vector (Promega, Tokyo, Ja-
pan), a PCR cloning vector, and determined the DNA se-
quences that exhibit perfect matches with sequences reported
in the database including the sequences for CAP18 (accession
no. U19970), hBD1 (U73945), hBD2 (NM_004942), and hBD3
(NM_018661).

We investigated the mRNA expression of antimicrobial pep-
tides in HGEC stimulated with heat-killed A. actinomycetem-
comitans using a time course experiment (Fig. 1A and B). The
concentration of hBD1 mRNA was relatively high compared to
the mRNA of other antimicrobial peptides without bacterial
contact, and hBD2 mRNA was not found in HGEC without
bacterial contact, indicating that it is inducible. The concen-
tration of hBD2 mRNA gradually increased in HGEC during
the first 4 h following exposure to A. actinomycetemcomitans
Y4 (fivefold greater). After 8 h, the quantity of hBD2 mRNA
was 15-fold greater than at 0 h, and the expression further
increased until 24 h. The concentration of hBD3 mRNA did
not alter for 12 h, and then increased to 2.6-fold after 24 h. The
peak concentration of CAP18 mRNA was at 8 h (twofold
greater) after bacterial contact and then gradually decreased,
whereas the concentration of hBD1 mRNA was not affected by
exposure to A. actinomycetemcomitans cells. We also investi-

gated the expression of the cytokines IL-1�, IL-6, IL-8, and
TNF-� in HGEC exposed to A. actinomycetemcomitans cells
(Fig. 1B). IL-1� mRNA gradually increased at 8 h after the
initial bacterial contact and then gradually decreased. IL-6,
IL-8, and TNF-� mRNA were found 4 h after bacterial con-
tact, and each mRNA decreased after 8 h.

Expression of antimicrobial peptides using stimulation with
A. actinomycetemcomitans clinical isolates. We investigated the
expression of four antimicrobial peptides in HGEC stimulated
with seven clinical isolates and compared the levels in HGEC
without bacterial contact. We found that there was a difference
among the strains with regard to the amount of expression of
induced antimicrobial peptide mRNAs. Inducible hBD2
mRNA was observed (4- to 25-fold) in all strains tested, while
hBD3 or CAP18 mRNA was observed in some strains (hBD3,
1.5- to 6-fold; CAP18, 1- to 2-fold) at 12 h (Fig. 2). hBD1
mRNA concentration was not affected by bacterial exposure.
There was no correlation in the inducibility of hBD2, hBD3, or
CAP18 mRNA of each strain; A. actinomycetemcomitans 2339
induced hBD2 mRNA strongly but did not induce hBD3 or
CAP18, while A. actinomycetemcomitans 99 induced hBD2
weakly but induced hBD3 strongly.

Inflammatory cytokines induce expression of antimicrobial
peptides in HGEC. We determined the effect of inflammatory
cytokines (IL-1�, IL-6, IL-8, and TNF-�) on the expression of
antimicrobial peptides (Fig. 3). Expression of hBD1 mRNA
was not affected by the cytokines, but hBD2 mRNA was greatly

FIG. 2. Expression of hBD1, hBD2, hBD3, and CAP18 mRNA in HGEC stimulated with heat-inactivated clinically isolated A. actinomyce-
temcomitans cells. The total RNA was extracted from cells after exposure to A. actinomycetemcomitans for 12 h and used for real-time PCR
performed as described in Materials and Methods. The results of the real-time PCR are expressed as a ratio comparing the value at time zero to
the value at the data time point. The values represent the means � standard deviations of triplicate experiments.
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induced by IL-1�, IL-8, and TNF-� (4- to 60-fold). Expression
of hBD3 mRNA was also induced by all cytokines (two- to
ninefold). And CAP18 mRNA was increased by IL-1� and
IL-8 (1.5- to 4-fold). The expression of hBD2 and CAP18
induced with IL-1� shows that the concentration of mRNA
increased to a higher concentration with 1 ng/ml IL-1� than
with 10 ng/ml. This was because the 10 ng/ml IL-1� induced a
faster response, and expression was in decline by the next
sampling point.

Identification of A. actinomycetemcomitans induction mole-
cules leading to hBD2 expression. A. actinomycetemcomitans
whole cells induce expression of hBD2 mRNA, indicating that
a bacterial surface factor(s) may be associated with hBD2
induction. We compared the expression of hBD2 mRNA in
HGEC stimulated with live A. actinomycetemcomitans, heat-
killed cells, and trypsin-treated cells (data not shown). The
concentration of hBD2 mRNA stimulated by heat-killed cells
and by trypsin-treated cells was 27% and 75%, respectively,
lower than the mRNA stimulated by living cells.

Two major cell surface components, serotype-specific poly-
saccharide antigen (SPA) and Omp100, are reported to induce
some inflammatory cytokines and activate the immune re-
sponse (2, 22, 60). Therefore, we investigated the induction of
hBD2 mRNA in HGEC by A. actinomycetemcomitans mutants
lacking SPA or Omp100 (Fig. 4). The induction by the Omp100
mutant was suppressed by 50% compared to the wild type (A.
actinomycetemcomitans IDH781), whereas there was no differ-
ence in the induction level of hBD2 between the wild type

(A. actinomycetemcomitans ATCC 29523 and SUNYaB75) and
the SPA mutant.

Because the Omp100 deletion decreased hBD2 induction,
we investigated the expression of hBD2 in HGEC using puri-
fied Omp100 (Fig. 5). The purified Omp100 induced hBD2
mRNA in a dose-dependent manner (1 ng/ml to 1,000 ng/ml).

Signaling pathway for hBD2 expression in HGEC. To inves-
tigate whether hBD2 is induced through the NF-�B or the
MAP kinase pathway, HGEC were pretreated with various
doses of PDTC, SB203580, AG126, or PD98059 and then stim-
ulated with A. actinomycetemcomitans Y4 for 12 h. hBD2 in-
duction was not inhibited by PDTC, whereas the MAP kinase
inhibitor SB203580, AG126, and PD98059 inhibited hBD2 in-
duction in a dose-dependent manner (Fig. 6). SB203580 com-
pletely inhibited the induction of hBD2.

Previous studies showed that A. actinomycetemcomitans cells
adhere and invade HGEC (2), and we found that Omp100 was
the major adhesin to HGEC. The YadA protein of Yersinia
enterocolitica, a homologue of Omp100, binds to fibronectin
and activates tyrosine kinase (46, 54). To find the target mol-
ecule for Omp100, we performed a binding assay of A. actino-
mycetemcomitans and its Omp100 mutant to fibronectin, fibrin-
ogen, and BSA. A. actinomycetemcomitans IDH781 (wild type)
selectively bound fibronectin, whereas the Omp100 knockout
mutant did not bind to this matrix (Fig. 7). To investigate the
Omp100 signaling pathway, we studied hBD2 mRNA expres-
sion by Omp100 using MAP or NF-�B inhibitors. We found
that hBD2 expression induced by Omp100 was inhibited with

FIG. 3. Expression of hBD1, hBD2, hBD3, and CAP18 mRNA in HGEC stimulated with IL-1�, IL-6, IL-8, and TNF-�. The total RNA was
extracted from the cells after the addition of several cytokines for 12 h and then used for real-time PCR performed as described in Materials and
Methods. Black bars, 1 ng/ml; gray bars, 10 ng/ml. The results of the real-time PCR are expressed as a ratio comparing the value at time zero to
the value at the data time point. The values represent the means � standard deviations of triplicate experiments.
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MAP kinase inhibitors but not with NF-�B inhibitor. Previ-
ously, the staphylococcal fibronectin binding protein was
shown to be a transducing signal to the cell via the integrin
�5�1 and to activate focal adhesion kinase (FAK) (1, 50). We
looked at integrin �5�1-FAK to determine if it was involved in
the signaling pathway of Omp100-dependent hBD2 expres-

sion. We used anti-human fibronectin antibody, anti-human
integrin �5�1 antibody, PP2 (selective Src tyrosine kinase in-
hibitor), and genistein (protein tyrosine kinases inhibitor) to
determine if there was an inhibitory effect on Omp100 induc-
tion. Figure 8 shows that hBD2 RNA expression was inhibited
by the antibodies and by genistein and PP2. This suggests that
Omp100 activates tyrosine kinase FAK through the fibronec-
tin-integrin �5�1 pathway.

Effect of anticytokine antibody on hBD2 expression in
HGEC after 12 h of bacterial contact. A. actinomycetemcomi-
tans exposure induces the expression of inflammatory cyto-
kines (IL-1�, IL-6, IL-8, and TNF-�) after 1 to 4 h (Fig. 1).
Among these inflammatory cytokines, IL-1�, IL-8, and TNF-�
induce hBD2 mRNA 8 to 24 h after addition (Fig. 3). There-
fore, we investigated whether cytokines induced by A. actino-
mycetemcomitans contact affect the hBD2 expression as auto-
crine (Fig. 9). We used neutralizing antibody against IL-8 or
TNF-�. Anti-TNF-� antibody or anti-IL-8 antibody decreased
the expression of hBD2 to approximately 52% to 64% after
12 h of bacterial exposure. Using anti-TNF-� antibody and
anti-IL-8 antibody together, the expression of hBD2 mRNA
was further decreased (75% inhibition).

DISCUSSION

hBD1 is reported to be constitutively expressed in some
primary cultured cells, and this expression is not affected by
bacterial contact and thus is constitutive (6, 26, 34). In contrast,
the expression of hBD2, hBD3, and CAP18 is induced in ep-

FIG. 4. Effect of Omp100 and SPA on the expression of hDB2. Heat-inactivated A. actinomycetemcomitans strains were added to HGEC and
incubated for 12 h. The total RNA was extracted from cells after contact with bacteria for 12 h and used for real-time PCR. The results of the
real-time PCR are expressed as a ratio comparing the value at time zero to the value at the data time point. The values represent the means and
� standard deviations of triplicate experiments.

FIG. 5. Effect of purified A. actinomycetemcomitans Y4 Omp100 on
the expression of hDB2 in HGEC. Purified Omp100 was incubated
with HGEC at various concentrations for 12 h. After the total RNA
extraction, real-time PCR was performed. The results of the real-time
PCR are expressed as a ratio comparing the value at time zero to the
value at the data time point. The values represent the means � stan-
dard deviations of triplicate experiments.
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ithelial, skin, gingival, and intestinal tract cells by bacterial
components or by cytokines (5, 16, 34, 41, 59). Our results
using HGEC are consistent with these findings (Fig. 1). The
signal for hBD2 expression using bacterial stimuli is reported
by two different pathways, NF-�B and MAP kinase, in different
cell lines (18, 25, 40). In human gingival epithelial cells, a cell
wall extract from Fusobacterium nucleatum induced hBD2 ex-
pression via MAP kinase (25), while S. enterica serovar Enter-
itidis FliC (flagella filament protein) and P. aeruginosa induced
the expression via NF-�B pathway in Caco-2 human carcinoma
cells and in human respiratory epithelium, respectively (18,
40). Here, we demonstrate that A. actinomycetemcomitans and

Omp100 induce hBD2 expression in HGEC not via the NF-�B
pathway but via the MAP kinase pathway (Fig. 6 and 8).

We found that Omp100 is a major component of A. actino-
mycetemcomitans in inducing the expression of hBD2. Omp100
is one of six major OMPs of A. actinomycetemcomitans that
show a variety of virulence, adhesion, invasion, serum resis-
tance, and cytokine induction functions (2). We demonstrate
that Omp100 binds fibronectin and that this triggers hBD2
expression (Fig. 4 and 7). Fibronectin-binding proteins are
found in many bacterial species including S. aureus, Strepto-
coccus pyogenes, and Y. enterocolitica (1, 24, 50, 54). The pro-
teins mediate adhesion to host cells or to substrate materials or
invasion into the host cell to establish colonization (11). Fi-
bronectin is an adhesive glycoprotein that binds to �5�1 inte-
grin through the RGD binding domain (38, 50). The �5�1

integrin signal induces activation of FAK and MAP kinase.
FAK in association with Src activates downstream effector
molecules either directly or through activation of phosphati-
dylinositol 3 kinase (7, 15, 35, 49). Our inhibition assay suggests
that Omp100 activates fibronectin-integrin �5�1 and is possibly
associated with FAK and Src, which are involved in activation
of MAP kinase (Fig. 8). Pattern recognition receptors, such as
Toll-like receptors and nucleotide-binding oligomerization do-
mains, are considered to play an important role in the response
against microorganisms (20, 43). It was reported that LPS from
P. aeruginosa is recognized by Toll-like receptor 4 following
activation of the NF-�B pathway and induction of hBD2 in the
human lung epithelial cell line A549 (30). Our preliminary
investigations indicate that low concentrations of LPS (�100
ng/ml) did not increase hBD2 expression in HGEC (data not
shown), and as shown in Fig. 4, SPA deletion mutants still

FIG. 6. Effect of inhibitors on hBD2 mRNA induction by A. actinomycetemcomitans cells. HGEC were pretreated with PDTC (NF-�B inhibitor;
2 to 50 �M), SB203580 (p38 inhibitor; 0.2 to 5 �M), AG126 (JNK inhibitor, 2 to 50 �M), or PD98059 (ERK inhibitor; 0.4 to 10 �M) for 1 h and
then stimulated with heat-inactivated A. actinomycetemcomitans Y4 for 12 h. The total RNA was extracted and analyzed using real-time PCR. Gray
bar, without bacterial contact; black bar, with bacterial contact. The results of the real-time PCR are expressed as a ratio in comparison to the value
at time zero, and the values represent the means � standard deviations of triplicate cultures. �, differs significantly (P � 0.01) from cells stimulated
with A. actinomycetemcomitans Y4 alone.

FIG. 7. Binding assay of A. actinomycetemcomitans strains express-
ing Omp100 and knockout mutant. The binding assay was performed
as described in Materials and Methods. Gray bar, wild type; black bar,
Omp100 knockout mutant. Values represent the means � standard
deviations of triplicate wells.
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induced some amount of hBD2 mRNA expression with the
wild type. These differences might be due to the differences in
species specificity of LPS. hBD2 expression induced by whole
cells of A. actinomycetemcomitans was inhibited by MAP ki-
nase inhibitor but not by NF-�B inhibitor. Therefore, these
results suggest that hBD2 expression induced by whole A.
actinomycetemcomitans cell exposure in HGEC is mainly me-
diated by Omp100 activating the MAP kinase pathway, but not
NF-�B pathway, through the �5�1 integrin signal.

All A. actinomycetemcomitans clinical isolates tested in this
study induced hBD2 expression; however, the concentration of
mRNA produced varied among strains (Fig. 2). Because we
demonstrated that Omp100 is a major component of the bac-
teria in inducing hBD2 expression, we determined the concen-
tration of Omp100 protein in each strain by immunoblotting
and found no differences among strains (data not shown).
Also, deletion of Omp100 did not result in complete inhibition
of hBD2 expression (Fig. 4). These results suggest that other
factors of the bacterial cell surface component are involved in
hBD2 expression. Also, other OMPs other than Omp100 may

be involved in hBD2 induction. Further study is necessary to
determine the various modes of hBD2 induction with different
clinical isolates.

Cytokines have been implicated in the induction of antimi-
crobial peptides including TNF-� for hBD3 production, IL-1�
and TNF-� for hBD2, and IL-6 for CAP18 (12, 16, 32, 45). In
HGEC, we had the same findings (Fig. 3). In addition, we
found that IL-1�, IL-8, IL-6, and 	NF-� were induced in
HGEC by exposure to A. actinomycetemcomitans (Fig. 1). As
shown in Fig. 9, cytokines as autocrine signals are associated to
induce hBD2 production. We found hBD2 expression after 8 h
of the addition of cytokines (data not shown), while hBD2
expression by A. actinomycetemcomitans whole cells or by
Omp100 was seen after 4 h. Therefore, we concluded that the
induction of hBD2 expression occurs by direct bacterial con-
tact to HGEC and later by inflammatory cytokine in an auto-
crine response. But the induction is not completely inhibited by
these neutralization antibodies, so there might be other factors
such as IL-1� or IL-6 that may induce expression of hBD2. It
is reported that IL-8/CXCL8 works as the chemokine for mi-

FIG. 8. Effect of inhibitors on hBD2 mRNA expression by Omp100. HGEC were pretreated with PDTC (NF-�B inhibitor; 2 �M), SB203580
(p38 inhibitor; 0.2 �M), AG126 (JNK inhibitor; 2 �M), PD98059 (ERK inhibitor; 0.4 �M), anti-human fibronectin affinity-isolated antibody,
anti-integrin affinity-isolated antibody, PP2 (selective Src tyrosine kinase inhibitor), PP3 (negative control for the Src tyrosine kinase inhibitor), and
genistein (protein tyrosine kinases inhibitor) with each concentration for 1 h and then stimulated with purified Omp100 (100 ng/ml) for 12 h. The
total RNA was extracted and analyzed using real-time PCR. The results of the real-time PCR are expressed as a ratio comparing the value at time
zero to the value at the data time point. The values represent the means and � standard deviations of triplicate experiments. *, differs significantly
(P � 0.01) from cells stimulated with Omp100 alone.
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gration of polymorphonuclear leukocytes into tissues (47). So
not only activation of innate immunity but also induction of
adaptive immunity are found by A. actinomycetemcomitans
contacts.

Omp100 has many complex functions; as a fibronectin bind-
ing protein, it is believed to be a major virulence factor to
adhere and/or to invade into host cells (2), and it may also
induce antimicrobial peptides, factors in innate immunity. This
single molecule plays an important role in the balance of the
host/parasite relationship, having two conflicting effects on
host cells. In these two aspects, we think that the advantage of
binding to the cells for the bacteria is to colonize and/or escape
from the host immune system by invading host cells, while the
disadvantage is to induce several chemical factors involved in
the immune system. We previously demonstrated that the sus-
ceptibilities to antimicrobial peptides are different among A.
actinomycetemcomitans strains (42). Here, we show that the
induction level of hBD2 expression varies among strains. The
balance between resistance of A. actinomycetemcomitans to
antimicrobial peptides and its potential to induce the peptides
may influence the infectivity of the bacteria. Further study will
be needed to determine if the degree of response by antimi-
crobial peptide induction against A. actinomycetemcomitans
contributes to its infection in the host cell as well as to deter-
mine all of the effects of the molecule Omp100 during infection.
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