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We previously reported that infection by Fusobacterium nucleatum strongly induced the expression of both
human beta-defensin 2 (HBD-2) and HBD-3 by gingival epithelial cells. The aim of this study was to charac-
terize the pattern recognition receptors (PRRs) and regulatory mechanisms involved in the induction of HBD-2
and -3 expression by F. nucleatum in gingival epithelial cells. Immortalized human gingival epithelial HOK-16B
cells were infected with live or heat-killed F. nucleatum, and the expression of HBDs and interleukin-8 (IL-8)
was examined by real-time reverse transcription-PCR and enzyme-linked immunosorbent assay, respectively.
Live, but not heat-killed, F. nucleatum invaded HOK-16B cells, as seen by confocal microscopy and flow
cytometry. Live F. nucleatum induced both HBD-2 and -3 efficiently, whereas heat-killed bacteria induced only
HBD-3 at a reduced level. Knockdown of NACHT-LRR- and pyrin domain-containing protein 2 (NALP2), the
most abundant intracellular PRR in HOK-16B cells, by RNA interference (RNAi) significantly reduced the
induction of HBD-3 but not HBD-2 and IL-8. In addition, knockdown of Toll-like receptor 2 (TLR2) by RNAi
reduced the upregulation of HBD-2 and -3 but not IL-8. Heat-killed F. nucleatum was hindered in its ability to
activate TLR2 and JNK signaling pathways. Theses data show that TLR2 and NALP2 mediate the induction
of HBDs by F. nucleatum in gingival epithelial cells, but thresholds for the two HBD genes are different.

Gingival epithelium is the first line of defense against sub-
gingival plaque-associated bacteria and provides not only a
physical but also a chemical barrier against bacterial infection.
The barrier function of the epithelium is attributed to its
unique architectural integrity and the production of antimicro-
bial peptides, such as human beta-defensins (HBDs) (5). The
epithelia of most body sites express HBD-1 constitutively, but
HBD-2 and -3 are expressed only during infection or inflam-
mation (32). However, gingival epithelium expresses HBD-2 in
the absence of inflammation, presumably due to the constant
exposure to oral bacteria (6, 32). The influence of oral bacteria
on the expression of HBDs by gingival epithelial cells has been
studied extensively in vitro. Components from several species
of oral bacteria, including Streptococcus gordonii, Fusobacte-
rium nucleatum, and Porphyromonas gingivalis, have been
shown to induce HBD-2 expression (2, 20, 28, 31); in addition,
infection of oral epithelial cells with live Aggregatibacter acti-
nomycetemcomitans induces HBD-3 (9). Previously, we re-
ported that infection by F. nucleatum or Prevotella intermedia
strongly induced the expression of both HBD-2 and -3 by
gingival epithelial cells (13).

Signaling pathways involved in the expression of HBDs also
have been studied. The promoter region of HBD-2 contains
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numerous regulatory elements, including the binding sites for
NF-kB, AP-1, AP-2, and NF-IL-6, whereas the promoter of
HBD-3 contains no discernible NF-kB binding elements (14).
Chung and Dale reported that various species of bacteria uti-
lized different signaling pathways in the induction of HBD-2.
In contrast to S. gordonii that used JNK and p38 mitogen-
activated protein kinases (MAPKSs) but not NF-kB to induce
HBD-2 from gingival epithelial cells, A. actinomycetemcomi-
tans and P. gingivalis used both MAPKSs and NF-kB (2). HBD-3
induction by Staphylococcus aureus in skin keratinocytes was
shown to involve p38 and AP-1 (21).

The regulation of HBD expression by bacteria, which is a
part of the innate immune response, must be initiated by the
recognition of unique microbial molecular patterns by pattern
recognition receptors (PRRs). An array of PRRs is distributed
at the surface, cytoplasm, and endosomal compartments of
host cells. Toll-like receptors (TLRs) are expressed either on
the cell surface (TLRI1, -2, -4, -5, -6, and -10) or on the endo-
somal compartments (TLR3, -7, -8, and -9) (17). In contrast, a
new family of PRRs, the nucleotide-binding oligomerization
domain (NOD)-like receptors (NLRs), has been characterized
as the cytoplasmic sensors of microbes (33). Ligands for human
TLRs are known except TLR10, and each TLR recognizes a
specific microbial component, such as lipoproteins, lipopoly-
saccharide (LPS), flagellin, single-stranded RNA, and CpG
DNA (17). NOD1 and NOD?2 recognize peptidoglycan. Neu-
ronal apoptosis inhibitory protein 5 is activated by flagellin,
and NACHT-LRR- and pyrin domain-containing protein 3
(NALP3) is also known to be activated by bacterial pore-
forming toxins, bacterial mRNA, and gout-associated crystals
(33). However, ligands for many other NLRs are not known.
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Although it has been established that P. gingivalis uses, in part,
protease-activated receptor 2 during HBD-2 induction, which
PRRs mediate HBD induction by other oral bacteria in gingi-
val epithelial cells is not known (3).

F. nucleatum is a gram-negative, anaerobic, non-spore-form-
ing, spindle-shaped or fusiform rod. F. nucleatum is considered
an important bridging organism between early and late colo-
nizers of plaque biofilm and is carried by 80% of adults re-
gardless of periodontal health (24, 26). Although F. nucleatum
can contribute to the growth of plaque biofilm and the devel-
opment of periodontitis, its role in periodontal health and
disease is controversial (8). The purpose of the present study
was to characterize the PRRs and regulatory mechanisms in-
volved in F. nucleatum-induced expression of HBD-2 and -3 by
gingival epithelial cells.

MATERIALS AND METHODS

Human materials. The use of human materials was approved by Institutional
Review Board at Seoul National University Dental Hospital. Normal human
gingival tissue specimens were obtained from healthy volunteers (age range, 20
to 30 years) undergoing oral surgery under the informed consent, and peripheral
blood mononuclear cells (PBMC) were isolated from peripheral blood provided
by the Red Cross (Seoul, South Korea).

Bacteria culture. Culture, counting, and staining of F. nucleatum ATCC 25586
(American Type Culture Collection, Bethesda, MD) was cultured in brain heart
infusion (BHI) broth (Difco) supplemented with 5 pg of hemin (Sigma, St.
Louis, MO)/ml plus 10 pg of vitamin K under an anaerobic atmosphere (5% H,,
10% CO,, and 85% N,)/ml. The bacteria were enumerated by flow cytometry
and sometimes stained with 5 WM 5 (and 6-)-carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE; Molecular Probes, Eugene, OR) before use. Heat-killed
bacteria were prepared by heating the bacteria at 95°C for 1 h.

Cell culture. Normal human gingival epithelial cells were isolated from excised
retromolar gingival tissue and primary cultures were established in keratinocyte
growth medium containing 0.15 mM calcium and a supplementary growth-factor
bullet kit (KGM; Clonetics, San Diego, CA) as previously reported (23). Cells
were subcultured at every 70% confluence, and the second passage cells were
used for experiments. HOK-16B, kindly provided by N.-H. Park (University of
California at Los Angeles) is an immortalized cell line established by the trans-
fection of human papillomavirus type 16 DNA into primary human oral kerati-
nocytes cultured from excised gingival tissue (27). HOK-16B cells were main-
tained in KGM with supplements. The reporter CHO cell line that expresses a
human CD14 and a human TLR2 and drives the expression of surface CD25 as
a result of TLR2-mediated NF-kB translocation was kindly provided by D.
Golenbock (University of Massachusetts Medical School, Worcester, MA). The
CHO/CD14/TLR2 cells were maintained in Ham F-12 medium (Gibco, Carls-
bad, CA) supplemented with 10% heat-inactivated fetal bovine serum (Gibco),
1 mg of G418 (Invitrogen, Carlsbad, CA)/ml, 400 U of hygromycin (Amresco,
San Francisco, CA)/ml, and 1X penicillin-streptomycin (Gibco).

Infection of epithelial cells with bacteria. HOK-16B cells were plated at 6 X
10* cells/S00 wl/well in triplicate into 24-well plates 1 day before infection. At
80% confluence, cells were infected with live or heat-killed bacteria at the
multiplicities of infection (MOI) of 1,000 in KGM containing 2% heat-inacti-
vated human sera (Sigma) and cultured at 37°C in a water-saturated atmosphere
of 95% air and 5% CO, for 24 h. The antibiotics in KGM were removed to
prolong the survival of bacteria. In this culture condition, F. nucleatum, an
absolute anaerobe did not outgrow but survived long enough to invade into cells.
In addition, the viability of HOK-16B cells was not affected. Sometimes, HOK-
16B cells were stimulated with 10 pg of Pam;CSK, (InvivoGen, San Diego,
CA)/ml for 24 h. The culture supernatant collected from each well was saved at
-80°C for enzyme-linked immunosorbent assay (ELISA), and the total RNA was
extracted from combined cells of triplicate wells by using TRIzol (Invitrogen).
Experiments were repeated three times.

Examination of bacterial invasion into HOK-16B cells. After infection with
CFSE-labeled F. nucleatum, HOK-16B cells were stained with rhodamine-phal-
loidin (Sigma) and Hoechst 33342 (Molecular Probes) and then analyzed by
confocal microscopy, as described previously (13).

Alternatively, bacterial invasion was examined by modified flow cytometric
phagocytosis assay described previously (12). Briefly, HOK-16B cells were in-
fected with CFSE-labeled bacteria at an MOI of 1,000 for 24 h and detached with
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TABLE 1. Primer sequences used for real-time PCR

Primer Orientation Sequence (5'-3")
GAPDH Forward CAGCCTCAAGATCATCAGCA
Reverse CCATCCACAGTCTTCTGGGT
HBD-2 Forward ATCAGCCATGAGGGTCTTGT
Reverse GGATCGCCTATACCACCAAA
HBD-3 Forward TGTTTGCTTTGCTCTTCCTG
Reverse CTTTCTTCGGCAGCATTTC
TLR2 Forward ATTGTGCCCATTGCTCTTTC
Reverse ACCCACACCATCCACAAAGT
TLR3 Forward CGACGAAATGTCTGGATTTG
Reverse GATGCACACAGCATCCCA
TLR4 Forward AACCAAGAACCTGGACCTGA
Reverse GAGAGGTGGCTTAGGCTCTG
TLR7 Forward TGCTCTGCTCTCTTCAACCA
Reverse CCAAGGAGTTTGGAAATTAGGA
TLRS Forward TGCTGCAAGTTACGGAATGA
Reverse CGCATAACTCACAGGAACCA
TLRY Forward TCCTTCCCTGTAGCTGCTGT
Reverse GTAGGAAGGCAGGCAAGGTA
NOD1 Forward TGGTGGCCAAGTGATTGTAA
Reverse CAATCTCCACCTCTTGCCAT
NOD2 Forward GGT GTCTGCAAGGCTCTGTA
Reverse TCAATGCCAAGAAGTTCTGC
NALP2 Forward GAAATGTCATCTGCCTGGGT
Reverse ATCTCCCGGAACTTCGTCTT
NALP3 Forward TGAAGAGGAGTGGATGGGTT
Reverse TTCAATGCACTGGAATCTGC
NALP6 Forward GCGCAGGAGAAGAAGAAGAA
Reverse CACAGTGGGTCAGTCATTGC
IPAF Forward CAGAACCCTGCTGACTGAGA
Reverse CCAAATGGAAAGGTCAAAGG

trypsin-EDTA (Gibco). After quenching the fluorescence of the bacteria bound
on the surface with 500 pl of trypan blue (400 mg/ml prepared in 0.85% saline
solution), cells were analyzed by flow cytometry. To examine bacterial adhesion,
HOK-16B cells were incubated with CFSE-labeled bacteria by centrifugation at
900 X g for 10 min and analyzed by flow cytometry without quenching.

Real-time reverse transcription PCR (RT-PCR). Total RNA (2 pg) from
HOK-16B, normal gingival epithelial cells, or PBMC was subjected to reverse
transcription with (dT),s and Superscript IT enzyme (Invitrogen) in a 25-pl
reaction mix at 42°C for 1 h. Real time-PCR was performed in a 20-pl reaction
mix containing 1 pl of template cDNA, SYBR Premix Ex Tag, ROX Reference
Dye (Takara Bio, Otsu, Japan), and each primer (0.2 pM). Primer sequences
used are listed in Table 1. All primers were designed to amplify at least two exons
in order to prevent the amplification of contaminating gDNA. Amplification was
performed in a fluorescence thermocycler (7500 real-time PCR; Applied Bio-
systems, Foster City, CA) under the following conditions: initial denaturation at
94°C for 1 min, followed by 40 cycles of denaturation at 95°C for 15 s, annealing
at 60°C for 15 s, and elongation at 72°C for 33 s. The specificity of the PCR
product was verified by melting curve analysis and examination on a 3% agarose
gel. The housekeeping gene GAPDH (glyceraldehyde-3-phosphate dehydroge-
nase) was amplified in parallel with the gene of interest. Relative copy numbers
compared to GAPDH were calculated by using 2-C;. Real-time PCR was
performed in triplicate for each RNA sample.

ELISA. The amounts of interleukin-8 (IL-8) secreted into medium during
coculture with bacteria were measured by using ELISA kits (R&D Systems,
Minneapolis, MN), according to the manufacturer’s instructions. Fresh KGM
was used as a negative control, and a recombinant IL-8 provided within the kit
was used as a positive control.

RNA interference (RNAi) in HOK-16B cells and bacterial infection. Stealth
small interfering RNA (siRNA) duplex oligoribonucleotides against Homo sa-
piens TLR2 (GenBank no. NM_003264) and Homo sapiens NALP2 (GenBank
no. NM_017852) were designed by using the BLOCK-iT RNAi Designer pro-
gram (https://rnaidesigner.invitrogen.com/rnaiexpress/) and synthesized by In-
vitrogen. The oligonucleotide sequences used are as follow: sense (5'-UGAAG
CAUCAAUCUCAAGUUCCUCA-3') and antisense (5'-UGAGGAACUUGA
GAUUGAUGCUUCA-3') for TLR2 and sense (5'-UGCUCUCUCAGACAG
AUCCAUUCGG-3") and antisense (5'-CCGAAUGGAUCUGUCUGAGAGA
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FIG. 2. PRRs expressed in HOK-16B cells. Expression of TLR2, TLR3, TLR4, TLR7, TLRS, TLRY9, NOD1, NOD2, IPAF, NALP2, NALP3,
and NALP6 in HOK-16B cells was evaluated by real-time RT-PCR. (A) The levels of gene expression were presented as relative copy numbers
compared to GAPDH expression. (B) PCR products of the genes for which expression was not detected were visualized on agarose gels. PCR
products using RNA from PBMC served positive controls. (C) HOK-16B cells were cultured in the absence or presence of 5 puM CpG DNA for
24 h, and the expression of TLRY was examined by RT-PCR.

GCA-3") for NALP2. The BLOIT-iT (Invitrogen) fluorescent oligonucleotide
that is not homologous to any known genes was used as transfection efficiency
detector and a negative control. HOK-16B or normal gingival epithelial cells
were plated at 4 X 10* cells/well into a 24-well plate. After overnight incubation,
cells were transfected with siRNAs by using a BLOIT-IT transfection kit (In-
vitrogen). After culture for 24 h, the cells were infected with live F. nucleatum at
MOI of 1,000 for 24 h. In case of TLR2, cells were retransfected with siRNA
upon infection with F. nucleatum to prevent rebound of TLR2 transcription.
Experiments were repeated two to four times. The F. nucleatum-induced up-
regulation of HBDs were calculated by subtracting the expression levels in
uninfected from those in infected cells.

Western blot. HOK-16B cells were lysed with radioimmunoprecipitation assay
buffer (50 nM Tris-HCl, 1% NP-40, 150 nM NaCl, 1 mM EDTA, 1 mM phen-
ylmethylsulfonyl fluoride, 1 mM NaF, 1 mM Na;VO,, and protease inhibitors).
Proteins (30 pg/lane) were separated through an 8% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gel, transferred to a polyvinylidene difluoride
membrane, and probed with anti-human NALP2 polyclonal antibody (Abcam,
Cambridge, MA).

Flow cytometry. HOK-16B cells were stained with fluorescein isothiocyanate
(FITC)-conjugated mouse anti-human TLR2 monoclonal antibody clone TL2.1
(Imgenex, San Diego, CA) and analyzed with FACSCalibur (BD Biosciences).

The CHO cells were plated at 2 X 10° cells/well into a 24-well plate. After
overnight incubation, cells were stimulated with live or heat-killed F. nucleatum,
Pam;CSK,, or heat-treated (1 h at 95°C) Pam;CSK, for 16 h. After being stained
with FITC-conjugated mouse anti-human CD25 MADb, clone 2A3 (BD Bio-

sciences, San Diego, CA), cells were analyzed with FACSCalibur (BD Bio-
sciences).

E ination of signaling pathways. HOK-16B cells (1.2 X 10°) plated in a
100-mm dish were stimulated with live or heat-killed F. nucleatum at MOI of
1,000 for 15 min. After a wash with phosphate-buffered saline, protein lysates
were prepared with lysis buffer included in a PathScan Inflammation Multi-
Target ELISA kit (Cell Signaling, Danvers, MA) and subjected to ELISA anal-
yses of NF-kB p65 and phosphorylated forms of NF-«kB p65, IkB, p38, JNK, and
STAT3 in duplicates, using the kit. Experiments were repeated twice.

Statistics. The differences between the two groups were analyzed with the
two-tailed nonpaired Student ¢ test. The data were considered statistically sig-
nificant at a P value of <0.05.

RESULTS

Invasion of F. nucleatum and induction of HBDs. We previ-
ously examined that F. nucleatum is highly invasive (13), sug-
gesting that this bacterium might stimulate intracellular PRRs.
Since invasion by F. nucleatum requires bacterial protein syn-
thesis (10), we studied the role of bacterial invasion in inducing
HBD expression in gingival epithelial cells using heat-killed F.
nucleatum. Immortalized human gingival epithelial (HOK-

FIG. 1. Bacterial invasion and the induction of HBDs by F. nucleatum in HOK-16B cells. (A) HOK-16B cells were cocultured with live
CFSE-labeled F. nucleatum at an MOI of 1,000 for 24 h. After fixation and permeabilization, cells were stained with rhodamine-phalloidin and then
examined under a confocal microscope with serial z-section. (B) HOK-16B cells cocultured with heat-killed CFSE-labeled F. nucleatum at an MOI
of 1,000 for 24 h were stained for actin (red) and nuclei (blue) and examined under a confocal microscope. (C) The morphology of live and
heat-killed bacteria was examined under a confocal microscope. (D) Adhesion and invasion of live or heat-killed CFSE-labeled F. nucleatum to
HOK-16B cells were analyzed by flow cytometry as described in Materials and Methods. The thin empty line represents live HOK-16B cells alone,
the thick empty line represents live HOK-16B cells with the bacteria, and the shaded curve represents fixed HOK-16B with the bacteria.
(E) HOK-16B cells were cocultured with live or heat-killed F. nucleatum at an MOI of 1,000 for 24 h. Expression of HBD-2 and -3 was evaluated
by real-time RT-PCR. The means * the standard errors of the mean (SEM) of the relative copy numbers were expressed as the fold induction
compared to those of the control culture without bacteria. *, P < 0.05, and **, P < 0.005 versus control; +, P < 0.05 versus live F. nucleatum.
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FIG. 3. Role of NALP2 in induction of HBD-2, HBD-3, and IL-8 by F. nucleatum in HOK-16B cells. HOK-16B cells were transfected with
control nonsilencing or NALP2-specific siRNA. After 24 h of incubation, cells were infected with live F. nucleatum at MOI 1000 for 24 h.
(A) Gene-silencing was assessed by real-time RT-PCR and Western blotting 24 h after transfection. (B) The expression of HBDs and secretion
of IL-8 by F. nucleatum was evaluated by real-time RT-PCR and ELISA, respectively. The mean = the SEM values of the relative copy numbers
from nine real-time RT-PCR assays were expressed as relative expression compared to that of control cultures without any treatment. *, P < 0.05;
and **, P < 0.001 versus no infection. P values indicate differences in the F. nucleatum-induced upregulation of HBDs between control and

NALP2-specific RNAI.

16B) cells were cocultured with live or heat-killed F. nucleatum
at an MOI of 1,000 in 95% air and 5% CO, for 24 h. Upon
infection with live F. nucleatum, internalized bacteria were
observed in the cytoplasm around nucleus, infecting most cells
(Fig. 1A), whereas heat-killed bacteria hardly adhered to and
invaded the cells, despite the intact morphology of bacteria
(Fig. 1B to D). In contrast to live F. nucleatum that upregu-
lated both HBD-2 and -3, heat-killed bacteria upregulated only
HBD-3 at a reduced level (Fig. 1E). Collectively, these results
indicate that bacterial adhesion and/or invasion might be im-
portant for the induction of HBD-2 and -3 expression in gin-
gival epithelial cells.

PRRs expressed by HOK-16B cells. In order to determine
which PRRs might mediate the induction of HBDs by F. nu-
cleatum, the expression of various PRRs in HOK-16B cells was
examined by real-time RT-PCR. Among the genes for which
expression was detected, NALP2 and TLR3 showed the high-
est and lowest levels, respectively (Fig. 2A). TLR7, TLRS,
TLROY, IPAF, and NALPG6 transcripts were not detected (Fig.
2B). PBMC expressed all of these receptors at high levels,
confirming the validity of primers used (Fig. 2B). In addition,
real-time RT-PCR using RNA from primary cells confirmed
the absence of TLR7, TLRS, TLRY, IPAF, and NALPG6 tran-
scripts in gingival epithelial cells. Stimulation of HOK-16B
cells with CpG DNA, a synthetic ligand to TLRY, induced its
expression at low level (Fig. 2C). These results indicate that

unstimulated gingival epithelial cells express a limited reper-
toire of PRRs compared to PBMC.

Role of NALP2 and TLR2 in the induction of HBDs by F.
nucleatum. Although the ultimate destiny of internalized F.
nucleatum is not known, some bacterial components may be
delivered to the cytosol. Hence, the role of NALP2, the most
abundant intracellular PRR in HOK-16B cells, in the induc-
tion of HBDs by F. nucleatum was evaluated by using RNAI.
As shown in Fig. 3A, NALP2-specific siRNA suppressed the
expression of its mRNA and protein but not that of NALP3
transcripts. In addition, transfection with control or NALP2
siRNA had no significant effects upon the basal levels of HBD
expression or IL-8 secretion. The knockdown of NALP2 sig-
nificantly reduced the F. nucleatum-induced upregulation of
HBD-3 by ca. 78% (P = 0.0015). The upregulation of HBD-2
also showed tendency to decrease by ca. 46% (P = 0.099), but
the induction of IL-8 was not affected (P = 0.54) (Fig. 3B).

We investigated whether other PRRs expressed on the cell
surface contributed to HBD induction. Like other gingival
epithelial cells, HOK-16B cells expressed TLR2 and TLR4 on
the cell surface (29). LPS from F. nucleatum, a ligand to TLR4,
is known as a poor inducer of HBD-2 from cultured human
oral keratinocytes, even in the presence of human serum as a
source of LPS binding protein or soluble CD14 (20). There-
fore, we studied the role of TLR2 in inducing HBDs by RNAi
assay. Transfection with TLR2-specific siRNA decreased the
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P values indicate differences in the F. nucleatum-induced upregulation of HBDs between control and TLR2-specific RNAI.

level of TLR2 transcripts and proteins but had no effect on
TLR4 expression (Fig. 4A). Knockdown of TLR2 RNA did not
affect the basal levels of HBDs and reduced the F. nucleatum-
induced upregulation of HBD-2 and -3 by ca. 93 and 96%,
respectively (P = 0.027 and P = 0.009). The induction of IL-8
was not affected (P = 0.54) (Fig. 4B). The role of TLR2 in
inducing HBDs and IL-8 was confirmed using a synthetic li-
gand to TLR2, Pam;CSK,. Stimulation of HOK-16B cells with
10 pg of Pam;CSK,/ml upregulated HBD-2 and -3 but not IL-8
(Fig. 5), a finding consistent with the RNAI assay results.

The role of NALP2 and TLR2 in the induction of HBDs by
F. nucleatum was further addressed in normal gingival epithe-
lial cells. Similar reduction in the level of NALP2 and TLR2
transcripts was observed by NALP2- and TLR2-specific RNAI,
respectively (Fig. 6A). However, unlike the situation observed
in HOK-16B cells, transfection with TLR2 siRNA significantly
upregulated the basal levels of HBD-2 and -3 in normal gin-
gival epithelial cells. NALP2-specific and TLR2-specific RNAi
reduced the F. nucleatum-induced upregulation of HBD-3 by
ca. 52 and 85%, respectively, compared to the control RNAIi
experiment (P < 0.0001 and P = 0.02). Similarly, the upregu-
lated level of HBD-2 by F. nucleatum infection was reduced by
ca. 84 and 71%, respectively, although significance was not
achieved (P = 0.05 and P = 0.24). In contrast, upregulation of
IL-8 was not reduced at all (Fig. 6B). These results indicate
that NALP2 and TLR2 have roles in the induction of HBDs by
F. nucleatum in gingival epithelial cells.

Impaired activation of TLR2 and signaling pathways by
heat-killed F. nucleatum. Because TLR2 was found to be in-
volved in inducing both HBD-2 and -3 in HOK-16B cells, we
wondered why heat-killed F. nucleatum induced expression of

HBD-2 HBD-3 1L-8
400
£ 5 =
2 2 E 300f
2 & )
g g >
s e % 200 b
% = 100 |
& &
5 5 0 5
& ) & D < )
o & o & & N
Q \BQ?O é \Q Q‘% $ QQQ%
N N
5(’%* 506& '5(’%('
g‘b& Q"& Qtp&

FIG. 5. TLR2-mediated induction of HBD-2 and -3 in HOK-16B
cells. HOK-16B cells were stimulated with a synthetic TLR2 ligand,
Pam;CSK, (10 pg/ml), for 24 h. The expression of HBDs and the
secretion of IL-8 were evaluated by real-time RT-PCR and ELISA.
The mean * the SEM values of the relative copy numbers from six
real-time RT-PCR assays were expressed as a ratio compared to that
of control cultures. *, P < 0.01.
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FIG. 6. Role of NALP2 and TLR2 in the induction of HBD-2, HBD-3, and IL-8 by F. nucleatum in normal gingival epithelial cells. Normal gingival
epithelial cells were transfected with control nonsilencing, NALP2-specific, or TLR2-specific siRNA. After 24 h of incubation, cells were infected with
live F. nucleatum at an MOI of 1,000 for 24 h. (A) Gene silencing was assessed by real-time RT-PCR. **, P < 0.01; and ##*%, P < 0.0001 versus control
RNAI. (B) The expression of HBDs and secretion of IL-8 by F. nucleatum were evaluated by real-time RT-PCR and ELISA, respectively. The mean =+
the SEM values of the relative copy numbers from six real-time RT-PCR assays were expressed as relative expression compared to that of control cultures
without any treatment. *, P < 0.05; **, P < 0.01; and *#%*, P < 0.0001 versus no infection. f, P < 0.05 versus control RNAI. P values indicate difference
in the F. nucleatum-induced upregulation of HBDs between control and NALP2- or TLR2-specific RNAI.

HBD-3 but not HBD-2. The ability of live and heat-killed F.
nucleatum to activate TLR2 was examined using a CHO re-
porter cell line (CHO/CD14/TLR2) that expresses functional
TLR2 and surface CD25 in an NF-kB-dependent manner (34).
Heat-killed F. nucleatum slightly decreased the TLR2-medi-
ated expression of CD25. The ability of heat-treated
Pam;CSK, to activate TLR2 was similarly reduced (Fig. 7A).

Next, we examined the activation of signaling pathways in-
volved in inflammation. In preliminary Western blotting anal-
ysis, the maximum level of p38 and ERK activation by F.
nucleatum was observed 15 min after infection. Live F. nuclea-
tum significantly increased the phosphorylated forms of NF-
kBp65, IkBa, JNK, and p38 but not of phosphorylated STAT3
or nonphosphorylated NF-kBp65; moreover, a significant re-
duction in JNK activation was observed when heat-killed F.
nucleatum were used (Fig. 7B). These results indicate that
activation of TLR2 and downstream signaling pathways is im-
paired when heat-killed F. nucleatum were used for induction.

DISCUSSION

We investigated the molecular mechanisms involved in the
induction of HBDs in gingival epithelial cells by F. nucleatum
and showed that NALP2 and TLR2 mediate the induction of
HBDs, especially HBD-3.

Since NALP2 is known as a negative regulator of NF-kB (1),

we initially hypothesized that gingival epithelial cells might
express enough NALP2 to cope with the persistent stimuli of
commensal bacteria. However, knockdown of NALP2 RNA in
HOK-16B or normal gingival epithelial cells did not increase
the basal levels of HBD-2, HBD-3, or IL-8, but rather signif-
icantly decreased F. nucleatum-induced expression of HBD-3
(Fig. 3B and 6B). Although significance was not achieved, F.
nucleatum-induced expression of HBD-2 was also reduced.
Complete knockout of NALP2 may be helpful for clear con-
clusion. The role of NALP2 as a negative regulator of NF-«kB
has been shown by overexpressing NALP2 in HEK293T cells
or by knocking down endogenous NALP2 in THP-1 cells; how-
ever, the function of NALP2 in other cell types is not known.
Whether NALP2 has unique physiologic functions in nonhe-
matopoietic and hematopoietic cells warrants further investi-
gation.

Through interaction with adaptor molecules MAL and
MyD88, TLR2 induces activation of NF-kB, JNK, and p38, the
signaling pathways required for the expression of HBD-2 and
-3 (25). Knockdown of TLR2 by RNAIi suppressed the F.
nucleatum-induced upregulation of HBD-2 and -3 in HOK-
16B cells but HBD-3 alone in normal gingival epithelial cells
(Fig. 4B and 6B). The discrepancy may be attributed to inter-
individual variation of normal gingival epithelial cells used.
Furthermore, TLR2 RNAI significantly increased the basal
levels of HBDs in normal gingival epithelial cells (Fig. 6A), the
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FIG. 7. Impaired activation of TLR2 and signaling pathways. (A) After coculture of the CHO/CD14/TLR2 cells with live F. nucleatum at an
MOTI of 2.5 (thick line at left panel) or 10 g of Pam;CSK,/ml (thick line at right panel) for 16 h, the cells were stained for surface CD25 expression
and analyzed by flow cytometry. The expression of CD25 by coculture of the CHO/CD14/TLR2 cells with heat-treated F. nucleatum or Pam;CSK,
was overlaid in thin line. Cells cultured in medium alone served a negative control (filled). The change of mean fluorescence intensity by heat
treatment is shown in the upper right corner. The data shown are representative of three similar results. (B) HOK-16B cells plated in a 100-mm
dish were stimulated with live or heat-killed F. nucleatum at an MOI of 1,000 for 15 min. After being washed with phosphate-buffered saline,
protein lysates were prepared and subjected to ELISA analyses of NF-«B p65 and phosphorylated forms of NF-«kB p65, IkB, p38, INK, and STAT3.
The mean = the SEM values of optical density from four assays were expressed as the relative activation compared to control cultures without
bacteria. *, P < 0.05; and **, P < 0.01 versus no infection. 1, P < 0.05 live versus heated.

reason for which is not clear at this moment. However,
Pam;CSK,, a synthetic ligand to TLR2 upregulated HBD-2
and -3 in both cell types (Fig. 5 and data not shown), corrob-
orating that TLR2 indeed mediates the induction of HBD-2
and -3 by F. nucleatum.

The fact that heat-killed F. nucleatum induced HBD-3 to
some degree but not HBD-2 suggests divergent regulation for
HBD-2 and -3 expression (Fig. 1E). Although heat-killed bac-
teria activated both NF-kB and MAPKSs, the activation of INK
was significantly reduced compared to live bacteria (Fig. 7B). It
has been reported that p38 and JNK, but not NF-«kB, are
involved in the induction of HBD-2 by F. nucleatum (19).
Therefore, reduced JNK activation may be responsible for the
inability of heat-killed F. nucleatum to induce HBD-2, suggest-
ing a higher threshold of JNK activation for HBD-2 induction
than for HBD-3. Accordingly, in our previous study only two
out of eight bacterial species induced HBD-2, whereas five
species induced HBD-3 (13).

The inability of heat-killed F. nucleatum to induce HBD-2
might be attributed to its reduced ability to activate TLR2.
TLR2, in complex with TLR1 or TLR6, recognizes diverse
structures, including lipopeptides, lipoteichoic acid, lipoarabi-
nomannan, zymosan, and porin (17). Although heat-killed F.
nucleatum hardly adhered to the CHO/CD14/TLR2 cells (data
not shown), its ability to activate TLR2 was just slightly de-

creased compared to live bacteria (Fig. 7A). Thus, the rela-
tionship between bacterial adhesion and TLR2 activation is
not clear. A similar reduction in TLR2 activation was observed
when heat-treated Pam;CSK,, a typical lipopeptide, was used
as a ligand (Fig. 7A), probably due to the altered structure of
cysteine and serine residues that fit tightly into the ligand-
binding site of TLR2 (15). In addition, heat-labile ligands
might also contribute to the expression of HBD-2 through
other PRR(s) such as protease-activated receptor 2 (3).

The reduced HBD-3 expression by heat-killed F. nucleatum
might be explained in two ways: the reduced TLR2 activation
and inaccessibility to NALP2. Unlike live bacteria, heat-killed
F. nucleatum hardly invades epithelial cells (Fig. 1B and D).
According to the current model, bacterial ligands are delivered
to the cytosol via type III or IV secretion systems, pore-form-
ing toxins, or host cell channels present at either cytoplasmic or
phagosomal/endosomal membranes, such as the pannexin 1
pore (16). F. nucleatum does not contain the genes to encode
pore-forming toxins or type III or IV secretion systems (7, 18);
thus, its ligands may be delivered to the cytosol through a
channel located in endosomes. Alternatively, internalized F.
nucleatum may escape the endosomes into cytosol, similarly to
A. actinomycetemcomitans (22). In any case, bacterial invasion
may play a role in access to cytoplasmic PRRs and heat-killed
F. nucleatum does not seem to activate NALP2.
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Although expression of IL-8 is also known to be regulated by
NF-kB, JNK, and p38 (11), knockdown of NALP2 or TLR2 did
not affect the expression of IL-8, suggesting distinct regulatory
mechanisms for HBDs and IL-8. How the same signaling path-
ways that are activated by different receptors get sorted to
different target genes is unclear. It is interesting that TLR2,
which often mediates inflammatory responses in macrophages
(4, 30), did not mediate IL-8 induction in gingival epithelial
cells. Uehara et al. also reported no induction of IL-8, MCP-1,
or IL-6 but efficient induction of HBD-2 by a synthetic ligand
to TLR2 in two oral epithelial cell lines (29). In their work,
tongue, salivary gland, pharyngeal, esophageal, intestinal, cer-
vical, breast, and lung epithelial cells showed similar responses
to TLR2 stimulation; only colon adenocarcinoma cell lines
induced the inflammatory chemokines and cytokine. Divergent
responses of cells from different tissue or body sites to TLR2
stimulation might be dependent on the characteristics of com-
mensal bacteria to which the cells are constantly exposed.

In conclusion, TLR2 and NALP2 mediate the induction of
HBD(s), but not IL-8, by F. nucleatum in gingival epithelial
cells and HBD-2 and -3 are divergently regulated.
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