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Human gingival epithelial cells (HGE) express two antimicrobial peptides of the b-defensin family, human
b-defensin 1 (hBD-1) and hBD-2, as well as cytokines and chemokines that contribute to innate immunity. In
the present study, the expression and transcriptional regulation of hBD-2 was examined. HBD-2 mRNA was
induced by cell wall extract of Fusobacterium nucleatum, an oral commensal microorganism, but not by that of
Porphyromonas gingivalis, a periodontal pathogen. HBD-2 mRNA was also induced by the proinflammatory
cytokine tumor necrosis factor alpha (TNF-a) and phorbol myristate acetate (PMA), an epithelial cell acti-
vator. HBD-2 mRNA was also expressed in 14 of 15 noninflamed gingival tissue samples. HBD-2 peptide was
detected by immunofluorescence in HGE stimulated with F. nucleatum cell wall, consistent with induction of the
mRNA by this stimulant. Kinetic analysis indicates involvement of multiple distinct signaling pathways in the
regulation of hBD-2 mRNA; TNF-a and F. nucleatum cell wall induced hBD-2 mRNA rapidly (2 to 4 h), while
PMA stimulation was slower (;10 h). In contrast, each stimulant induced interleukin 8 (IL-8) within 1 h. The
role of TNF-a as an intermediary in F. nucleatum signaling was ruled out by addition of anti-TNF-a that did
not inhibit hBD-2 induction. However, inhibitor studies show that F. nucleatum stimulation of hBD-2 mRNA
requires both new gene transcription and new protein synthesis. Bacterial lipopolysaccharides isolated from
Escherichia coli and F. nucleatum were poor stimulants of hBD-2, although they up-regulated IL-8 mRNA.
Collectively, our findings show inducible expression of hBD-2 mRNA via multiple pathways in HGE in a
pattern that is distinct from that of IL-8 expression. We suggest that different aspects of innate immune
responses are differentially regulated and that commensal organisms have a role in stimulating mucosal
epithelial cells in maintaining the barrier that contributes to homeostasis and host defense.

Mucosal epithelial cells play an integral role in innate im-
mune defense by sensing signals from the external environ-
ment, generating various molecules to affect growth, develop-
ment, and function of other cells, and maintaining the balance
between health and disease (23). Mucosal epithelial cells ex-
press antimicrobial peptides, including the b-defensins human
b-defensin 1 (hBD-1) and hBD-2, as well as chemokines that
attract monocytes and neutrophils and cytokines that activate
the adaptive immune system (23). It is now recognized that the
antimicrobial peptide hBD-2 also stimulates antigen-present-
ing dendritic cells that signal the adaptive immune system (51),
in addition to its antimicrobial activity. Therefore, character-
ization of b-defensin regulation is essential for understanding
the role of these peptides in protecting the host by activating
both innate and adaptive immune systems and in contributing
to the epithelial barrier to inflammatory disease processes.

It is now widely recognized that epithelial cells participate in
innate immune responses, yet the bacterial pattern recognition
molecules and signaling pathways are not clear and do not
necessarily correspond to those of monocytes, macrophages,

and endothelial cells (31). Gingival epithelium is a stratified
squamous epithelium surrounding the tooth and forming an
attachment to the tooth surface. It functions as a protective
barrier against pathogenic microorganisms in dental plaque.
The oral mucosa of the gingiva is a useful model for studies of
innate immune defenses because it is constantly exposed to
microorganisms yet generally maintains a homeostasis and bal-
ance that is associated with oral health.

The defensin family of antimicrobial peptides is an evolu-
tionarily conserved group (reviewed in reference 47). In mam-
mals, epithelial defensins include a-defensins of the intestinal
epithelium and b-defensins of skin and mucosal epithelia. The
b-defensins are small cationic peptides, 36 to 42 amino acids in
length (4, 14, 40; J. Harder, J. Bartels, E. Christophers, and
J. M. Schröder, Letter, Nature 387:861, 1997), with a structure
that is stabilized by three disulfide bonds (reviewed in refer-
ences 12 and 22). Tracheal antimicrobial peptide (TAP) was
the first member of the epithelial b-defensin family character-
ized (14). Up-regulation of TAP mRNA was shown to occur
via the CD14-mediated signal transduction pathway in bovine
airway epithelial cells challenged with bacterial lipopolysaccha-
ride (LPS) (13) and with tumor necrosis factor alpha (TNF-a)
and interleukin 1b (IL-1b) (5, 38). The related lingual antimi-
crobial peptide (LAP) was shown to be up-regulated in vivo
under conditions of infection and inflammation (39).
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In humans, two b-defensins, hBD-1 and hBD-2, have been
identified exclusively in epithelial tissues. hBD-1 is constitu-
tively expressed in the kidney, pancreas, urinary and respira-
tory tracts, and oral epithelia (4, 17, 26, 29, 30, 41, 45, 54).
hBD-2 was originally isolated from psoriatic-scale keratino-
cytes (Harder et al., 1997). hBD-2 is poorly expressed in nor-
mal epidermal keratinocytes but is induced when keratinocytes
are stimulated with gram-negative or gram-positive bacteria,
Candida albicans, or TNF-a (Harder et al., 1997), and is up-
regulated in inflamed epithelial tissues (27). hBD-2 demon-
strates in vitro antimicrobial activities against yeast and both
gram-negative and gram-positive bacteria (3, 45; Harder et al.,
1997).

We previously reported the constitutive expression of hBD-1
mRNA in gingival epithelial cells (26) and the inducible ex-
pression of hBD-2 mRNA in cultured gingival epithelial cells
(47). In other studies, the expression of hBD-2 mRNA has also
been reported to be induced by IL-1b, TNF-a, and specific
microorganisms (29; Harder et al., 1997). In this study, we have
established that hBD-2 mRNA is expressed in gingival epithe-
lial cells and tissue and that several natural stimuli induce its
expression, but expression is regulated differently from that of
IL-8, another aspect of innate host defense. We show evidence
for the involvement of multiple pathways of regulation and
find differences in the abilities of cell wall extracts of two
gram-negative periodontal bacteria, Fusobacterium nucleatum,
present in both healthy and diseased sites (18), and Porphy-
romonas gingivalis, a periodontal pathogen (19, 42), to induce
hBD-2 mRNA. Finally, we have detected hBD-2 peptide in
stimulated gingival epithelial cells. Our findings suggest that
hBD-2 mRNA is regulated at the transcriptional level via sev-
eral signaling pathways and that its regulation differs from that
of IL-8.

MATERIALS AND METHODS

Reagents. Human serum, Escherichia coli (strain 055:B5) LPS, phorbol myris-
tate acetate (PMA), actinomycin D, and cycloheximide were obtained from
Sigma Co. (St. Louis, Mo.). E. coli LPS was diluted in keratinocyte growth
medium (KGM); PMA, actinomycin D, and cycloheximide were dissolved in
dimethyl sulfoxide (DMSO) (Sigma). In all studies, the concentration of DMSO
was always less than 0.1% (vol/vol). TNF-a, anti-human TNF-a monoclonal
antibody, and normal mouse immunoglobulin G1 (IgG1) were purchased from
R&D Systems Inc. (Minneapolis, Minn.). Lyophilized powder of TNF-a was
reconstituted to the stock concentration of 10 mg/ml with sterile phosphate-
buffered saline (GIBCO BRL) containing at least 0.1% bovine serum albumin.

Cell culture. Normal gingival biopsy specimens were surgically removed from
young patients who underwent third-molar extraction at the Department of Oral
Surgery, School of Dentistry, University of Washington (UW). Primary human
gingival epithelial cells (HGE) were isolated from these biopsy specimens and
grown in a serum-free KGM (Clonetics, Walkersville, Md.) as previously de-
scribed (26). Primary human gingival fibroblasts (HGF) were isolated from the
biopsy specimens after the epithelium was removed and grown in Dulbecco’s
modified Eagle’s medium (GIBCO BRL) supplemented with 10% fetal calf
serum (Gemini, Calabasas, Calif.) and 1% penicillin-streptomycin (GIBCO
BRL). Second-passage cultures of both cell types were used for experimental
studies after they reached approximately 80% confluence. Cultures of HGF or
HGE were stimulated for 24 h unless otherwise indicated.

Preparation of bacterial crude cell wall extract and LPS. Anaerobic cultures
of F. nucleatum ATCC 25586 and P. gingivalis ATCC 33277 were grown, and
their crude cell wall extract was prepared using a French pressure cell at 15,000
lb/in2 and differential centrifugation as previously described (26). Purified LPS
fraction of F. nucleatum ATCC 25586, grown in mycoplasma broth supplemented
with hemin and menadione, was prepared by the cold magnesium-ethanol pre-
cipitation technique (11) followed by lipid extraction (16) and conversion to
sodium salts (34). The LPS preparations were subjected to gas chromatography
for analysis of carbohydrates (8) and fatty acids (43) and were found to have
compositions consistent with a previous report (33) and to be devoid of phos-
pholipids and procedure-related detergent. The A280 and A260 indicated the LPS
preparation was free of detectable levels of protein and nucleic acid contamina-
tion.

RNA extraction and analysis. After stimulation, cells were lysed directly with
300 ml of lysis buffer using an RNAqueous kit (Ambion Inc., Austin, Tex.). Total
RNA was extracted according to the manufacturer’s protocols and then precip-

itated with LiCl. The RNA pellet was resuspended in 40 ml of RNA storage
buffer (Ambion). One-tenth of the total volume was used to determine optical
density values. Reverse transcriptase (RT) PCR was conducted to semiquanti-
tatively analyze mRNA for hBD-2, IL-8, TNF-a, monocyte chemoattractant
protein 1 (MCP-1), ribosomal phosphoprotein (RPO) gene (housekeeping
gene), and keratin 5 (control for epithelial contribution in tissue) using previ-
ously described protocols (26). The specific sequences and annealing tempera-
tures of the oligonucleotide primers are summarized in Table 1. The denaturing
and polymerizing temperatures were 95 and 72°C, respectively. Amplification
was conducted for 25 cycles (except in the experiment where amplification was
conducted for 35 cycles to detect any small amount of hBD-2 expression in HGF)
as a means to interpret the differences between the relative amounts of amplified
products obtained under different conditions. The identities of purified PCR
products of hBD-2 from samples stimulated with F. nucleatum cell wall, PMA,
and TNF-a were confirmed by direct sequencing using PCR primers at the DNA
Sequencing Facility, Department of Biochemistry, UW. In some experiments
where more-quantitative analysis of mRNA targets was required, a ribonuclease
protection assay (RPA) was conducted. Total RNA (20 mg) from each sample
was probed with biotin-labeled RNA specific for hBD-2, IL-8, and human glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) overnight at 42°C using an
RPA III kit (Ambion). Digestion of nonhybridized RNA with RNase T (1:100)
was performed at 37°C for 30 min. Protected RNA fragments were resolved on
a 5% denaturing polyacrylamide gel and detected by a nonisotopic detection kit,
BrightStar Biodetect, on a BrightStar-Plus positively charged nylon membrane
(Ambion). The time of exposure to the X-ray film varied depending on the
abundance of the messages, i.e., GAPDH required much less exposure time than
the other two messages. The sizes of protected fragments for GAPDH, hBD-2,
and IL-8 are 316, 195, and 619 bp, respectively. The intensities of bands were
analyzed by densitometry using Kodak 1D analysis software. The relative ratios
of the net intensities (after the background intensity was subtracted) of either
hBD-2 or IL-8 and GAPDH from each sample were determined and compared
for different experimental conditions.

Preparation of biotin-labeled RNA probes. DNA templates for hBD-2 and
IL-8 RNA probes were prepared by using a PCR strategy to append a T7 phage
promoter sequence at the 59 end of a downstream primer. The sequence of an
upstream primer for hBD-2 was CCT CTT CCA GGT GTT TTT GGT G, and
that of an upstream primer for IL-8 was GAG TGA TTG AGA GTG GAC CAC
ACT G. The sequence of a downstream primer for hBD-2 was TAA TAC GAC
TCA CTA TAG GGA GCC CTT TCT GAA TCC GCA TC, and that of a
downstream primer for IL-8 was TAA TAC GAC TCA CTA TAG GCA GAC TAG
GGT TGC CAG ATT TAA C. The nucleotides in boldface are a consensus
sequence for T7 RNA polymerase. Five separate PCRs (50 ml each) were con-
ducted for 30 cycles with 2.5 U of Pfu DNA polymerase enzyme (Stratagene, La
Jolla, Calif.), combined to increase the amount of DNA template, and precipi-
tated with 0.1 M NaCl and 2.5 volumes of cold ethanol at 280°C for 1 h. The
DNA pellet was washed with 70% ethanol and resuspended in 20 ml of Tris-
EDTA, pH 8.0. The DNA templates were purified by gel electrophoresis and
extracted with a QIAquick gel extraction kit (Qiagen Inc., Santa Clarita, Calif.).
The sequence of the DNA templates with the appended T7 promoter was
confirmed by direct sequencing using an upstream PCR primer. A linearized
plasmid of GAPDH template (in pTRIPLEscript vector) was purchased from
Ambion. Antisense RNA transcripts of hBD-2, IL-8, and GAPDH were tran-
scribed from 1 mg of the respective DNA templates using an in vitro transcription
kit (MAXIscript; Ambion). Full-length RNA transcripts were purified by gel
electrophoresis with 5% acrylamide–8 M urea denaturing gel, cut, and eluted in
350 ml of probe elution buffer (Ambion) containing 0.5 M NH4OAC, 1 mM
EDTA, and 0.1% sodium dodecyl sulfate overnight at 37°C. The RNA probes
were further purified with 1 ml of acid phenol-chloroform (pH 4.5) (Ambion) to
remove any contaminating protein. The aqueous phase containing RNA probes
was transferred to a new tube and precipitated with 2.5 volumes of cold ethanol.

TABLE 1. Primer sequences and annealing temperatures

Primer Sequence Annealing
temp (°C)

hBD-2 (59) CCA GCC ATC AGC CAT GAG GGT 65
hBD-2 (39) GGA GCC CTT TCT GAA TCC GCA
IL-8 (59) TTT CTG ATG GAA GAG AGC TCT GTC TGG 60
IL-8 (39) AGT GGA ACA AGG ACT TGT GAA TCC TGG
TNF-a (59) TTC TGC CTG CTG CAC TTT GGA CTC AT 60
TNF-a (39) TTG ATG GCA GAG AGG AGG TTG ACC TT
MCP-1 (59) CTG CTC ATA GCA GCC ACC TTC ATT 54
MCP-1 (39) GCA CAG ATC TCC TTG GCC ACA ATG
RPO (59) AGC AGG TGT TCG ACA ATG GCA 50
RPO (39) ACT CTT CTT TGG CTT CAA CC
Keratin (59) GTC CTC TCC ATG GAC AAC AAC 49
Keratin (39) TGT CAA TCT CGG CTC TCA GCC
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The RNA pellet was resuspended in 20 ml of Tris-EDTA. Five microliters (25%)
was used to determine optical density values. The RNA probe (50 ng/ml) was
labeled with a nonisotopic labeling kit (BrightStar Psolaren-Biotin; Ambion).
The biotin-labeled RNA probes were stored in 5-ml aliquots at 280°C. The
amounts of biotinylated probes used in RPA were about 400 pg for GAPDH and
less than 100 pg for hBD-2 and IL-8 for 20 mg of total RNA in each sample.

Immunocytochemistry. Gingival epithelial cells were seeded on coverslips (9
by 9 mm) (Bellco Glass Inc., Vineland, N.J.) at 2,000/cm2 in a 24-well tissue
culture plate (Corning Costar Corporation, Cambridge, Mass.) with 1 ml of
KGM per well. The cells were grown for 4 to 5 days prior to challenge with F.
nucleatum cell wall for 24 h. Cells on the coverslips were washed with phosphate-
buffered saline twice, fixed in 4% paraformaldehyde in Sorensen’s buffer for 5
min, and permeabilized with cold acetone on ice for 5 min. The cells were then
blocked with 3% normal serum in 0.05% Tween in Tris-buffered saline (TBS) for
20 min and incubated with polyclonal antibody against hBD-2, kindly provided by
Tomas Ganz, University of California—Los Angeles, at 1:500 dilution in Tween-
TBS overnight at 4°C. On the following day, the cells were rinsed with Tween-
TBS twice and TBS once and reacted with fluorescein isothiocyanate-conjugated
secondary antibody (Vector Laboratories Inc.) at 1:200 dilution in TBS for 30
min. The cells were rinsed in TBS twice, reacted with DAPI (49,69-diamidino-2-
phenylindole) for 5 min, and rinsed in TBS twice and distilled water once. The
coverslips were air dried for 10 min and mounted on slides with mounting
medium (Molecular Probes, Eugene, Oreg.). Immunofluorescence images were
captured by a Photometrics Sensys camera attached to a Nikon microphot-SA
epifluorescence microscope. Image capturing was performed with an IP Lab
Spectrum program version 3.12. All computer-generated pictures were organized
by Adobe Photoshop version 5.0 software using a PowerPC computer.

Analysis of hBD-2 mRNA in gingival-tissue samples. Clinically normal gingi-
val-tissue samples were obtained from tissue overlying impacted third molars
from 15 different patients (age range, 17 to 30 years). Total RNA was immedi-
ately harvested by homogenizing fresh tissue samples, and expression of hBD-2,
IL-8, and human keratin 5 mRNAs was analyzed as previously described (26).

RESULTS

Expression of hBD-2 mRNA is variable in gingival-tissue
samples. To determine expression of hBD-2 in gingival tissue
in vivo, total RNA was extracted from clinically normal tissue
freshly obtained from 15 individuals undergoing third-molar
extraction. RT-PCR was performed for 25 and 28 cycles to
semiquantitatively analyze hBD-2 mRNA. HBD-2 mRNA was
expressed in 14 of 15 samples tested, and the level of hBD-2
expression varied between subjects (Fig. 1). For comparisons
of tissue samples, an epithelium-specific protein, keratin 5, was
used to evaluate the relative contribution of the epithelial
compartment in each sample. IL-8 mRNA expression was
readily detected in a subset of the normal gingival samples
(n 5 10) (Fig. 1), suggesting tissue activation even though
inflammation was not clinically evident in these tissue samples.
No correlation between expression of hBD-2 and IL-8 mRNA

was found in the samples. For example, there was no hBD-2
expression but there was IL-8 expression in tissue from subject
2, and there was no IL-8 expression but there was hBD-2
expression in tissue from subjects 1, 6, 8, 11, and 12 (Fig. 1).

Stimulated HGE express hBD-2 mRNA and exhibit differ-
ential regulation by various stimulants. To examine expres-
sion of hBD-2 mRNA in vitro, HGE were isolated from gin-
gival biopsy specimens overlying impacted third molars and
cultured for a few passages. The HGE were challenged with
cell wall extract of two gram-negative periodontal bacteria, F.
nucleatum and P. gingivalis, and two potent activators for epi-
thelial cells, TNF-a and PMA, for 24 h. Total RNA was har-
vested and analyzed by RT-PCR and RPA. HBD-2 mRNA was
significantly up-regulated by F. nucleatum cell wall (Fig. 2) and

FIG. 1. RT-PCR analysis of hBD-2 mRNA expression in normal gingival-tissue samples. Specific primer pairs (Table 1) were used for an amplification of RNA from
multiple noninflamed gingival-tissue samples: hBD-2, 255-bp product; IL-8, 598-bp product; and human keratin 5 (HK-5), 235-bp product. All products were amplified
for 25 and 28 cycles. Note that HBD-2 mRNA is expressed in 14 of 15 tissue samples tested, and the level of expression varies between individuals. 2RT and H2O
samples serve as negative controls.

FIG. 2. HGE express hBD-2 mRNA and exhibit differential regulation by
various stimulants. HGE were stimulated with various doses of different stimuli
for 24 h. Total RNA was extracted and analyzed by RT-PCR using 3 mg of total
RNA as described in Materials and Methods. The sizes of the amplified products
for hBD-2, IL-8, TNF-a, and RPO are indicated and were as predicted. The
hBD-2 products were sequenced and confirmed to be identical to the predicted
sequence. C, unstimulated control cells; P, PMA stimulation (10 ng/ml); D,
DMSO, the solvent control for PMA. Other stimulants include crude cell wall
extracts of F. nucleatum (F.n.) and P. gingivalis (P.g.) at 1, 10, and 100 mg/ml;
minus-RT control (2RT) is shown. RPO, a housekeeping gene control, was
uniformly expressed. The data shown are representative of three independent
experiments.
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TNF-a (see Fig. 4) in a dose-dependent fashion, as well as by
10 ng of PMA/ml (Fig. 2). The finding of hBD-2 induction by
TNF-a is in agreement with a previous study (Harder et al.,
1997). In contrast, P. gingivalis cell wall at all doses tested failed
to induce hBD-2 mRNA (Fig. 2). Induction of IL-8 and TNF-a
mRNAs was also determined as an indication of the state of
cell activation. Both cytokines were induced by F. nucleatum
cell wall and TNF-a (Fig. 2; see also Fig. 4) but not by P.
gingivalis cell wall and PMA (Fig. 2). P. gingivalis cell wall at the
maximum dose (100 mg/ml) suppressed the expression of both
cytokines (Fig. 2), consistent with a previous study (10). The
viability of HGE and the yield of total RNA were checked
during each experiment, and no differences were found be-
tween untreated and treated cells. The sizes of amplified prod-
ucts were as predicted. The RPO gene is a housekeeping gene
control included to show equivalent loading of samples under
all conditions. The sequence of amplified products of hBD-2
was confirmed to be identical to the cDNA sequence of hBD-2
(GenBank accession no. Z71389). Control unstimulated gingi-
val epithelial cells (Fig. 2, lane C) did not express hBD-2
mRNA. Consistent with the findings from RT-PCR shown in
Fig. 2, we demonstrated the inducible expression of hBD-2
mRNA by PMA and the dose-dependent response by F. nu-
cleatum cell wall with a quantitative RPA analysis (Fig. 3A).
The sizes of protected fragments of hBD-2, IL-8, and GAPDH
were as predicted based on RNA standards (BrightStar Bio-
tinylated RNA Century-Plus size markers; Ambion). A sample
containing yeast RNA hybridized with all three probes served
as a control for RNase T treatment and showed no protected
fragments (data not shown). GAPDH, a housekeeping gene
marker, was approximately equal in all samples (Fig. 3A). The
results shown in Fig. 3A as well as those from two separate
experiments were analyzed by densitometry relative to
GAPDH (Fig. 3B). The expression of hBD-2 relative to that of
GAPDH was 0.043 6 0.017, 0.093 6 0.034, and 0.174 6 0.051
for 1, 10, and 100 mg of F. nucleatum cell wall per ml, respec-
tively, and 0.058 6 0.030 for 10 ng of PMA/ml (n 5 3). While
the ratio of hBD-2 to GAPDH (Fig. 3B) increased with higher
doses of F. nucleatum cell wall, the ratio of IL-8 to GAPDH
showed no response (Fig. 3B), suggesting that it was maximally
stimulated at the lowest dose used in the study.

Bacterial LPS is a poor stimulant for the induction of hBD-2
mRNA in HGE. E. coli LPS is a known stimulant for bovine

tracheal antimicrobial peptide (13). To determine if LPS is the
active component in F. nucleatum cell wall extract, purified
LPS fraction of F. nucleatum and E. coli LPS were tested for
the ability to up-regulate hBD-2 mRNA. HGE were stimulated
with various doses of E. coli LPS in comparison with TNF-a
(Fig. 4) and various doses of F. nucleatum LPS in comparison
with F. nucleatum cell wall (Fig. 5). Total RNA was harvested
and analyzed by RT-PCR (Fig. 4 and 5A) and RPA (Fig. 5B).
In contrast to significant hBD-2 induction by F. nucleatum cell
wall (Fig. 2 and 5A) and TNF-a (Fig. 4), both E. coli and F.
nucleatum LPSs poorly induced hBD-2 mRNA (Fig. 4 and 5A).
A slight hBD-2 induction was seen in HGE stimulated with the
maximum dose (104 ng/ml) of E. coli and F. nucleatum LPSs
used in this study (Fig. 4 and 5A). Interestingly, the slight
induction observed by RT-PCR (Fig. 5A) was not detected by
RPA (Fig. 5B), indicating differences in the sensitivities of the
assays. When the mRNA expression for IL-8 was examined, we
found doses of 103 ng of E. coli LPS/ml and 102 ng of F.
nucleatum LPS/ml or greater induced IL-8 mRNA (Fig. 4 and

FIG. 3. HBD-2 up-regulation assessed by RPA. (A) RPA analysis. Total RNA (20 mg) was probed with three different biotin-labeled RNA probes: IL-8, hBD-2,
and GAPDH, a housekeeping gene control. RPA was conducted as described in Materials and Methods. The abbreviations are the same as in Fig. 2. The data shown
are representative of three separate experiments. (B) Densitometric analysis of RPA. The relative ratios of hBD-2 and IL-8 to GAPDH were determined as described
in Materials and Methods. The y axis represents the ratios; the x axis represents a control sample and samples treated with various doses of different stimulants as shown
in panel A. The results are represented as means plus standard deviations of three separate experiments. F.n., F. nucleatum; P.g., P. gingivalis.

FIG. 4. Comparison of hBD-2 induction by E. coli LPS and TNF-a. HGE
were stimulated with various doses of E. coli LPS or TNF-a in the absence (2)
or presence (1) of 1% human serum for 24 h. Total RNA (3 mg) of each sample
was used for RT-PCR analysis for hBD-2, IL-8, TNF-a and RPO. The results
shown are representative of three independent experiments. Note that there was
no additional effect on hBD-2 induction with the presence of human serum.
2RT, minus-RT control.
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5A). Furthermore, doses of 102 ng of F. nucleatum LPS/ml or
greater induced TNF-a mRNA (Fig. 5A). Surprisingly, addi-
tion of human serum appeared to inhibit up-regulation of IL-8
and TNF-a mRNAs by both bacterial LPSs compared with
HGE stimulated with the same dose of LPS in the absence of
serum (Fig. 4 and 5A). However, serum did not affect expres-
sion of hBD-2 mRNA in any dose of either bacterial LPS (Fig.
4 and 5A) or F. nucleatum cell wall (data not shown).

HGF do not express hBD-2 mRNA. HGF were stimulated
for 24 h with different stimulants known to up-regulate hBD-2
in HGE. All stimulants failed to induce hBD-2 expression in
HGF either in the absence (Fig. 6) or presence (data not
shown) of human serum compared with hBD-2 expression
induced in HGE by three activators identified in this study, F.
nucleatum cell wall (10 mg/ml), PMA (10 ng/ml), and TNF-a
(10 ng/ml) (Fig. 6). This indicates that hBD-2 is derived from
epithelial tissue, consistent with other reports showing the ex-
pression of hBD-2 in the epithelial lining of several organs as
well as epidermis. The mRNAs for IL-8, a marker for cell
activation, and for MCP-1, a chemokine known to be expressed
in fibroblasts, mononuclear phagocytes, and endothelial cells
(20, 53), were induced in HGF stimulated with all of the
stimulants used (Fig. 6). In contrast to HGF, HGE did not
express MCP-1 under any conditions known to induce hBD-2
and IL-8 (Fig. 6). Interestingly, the P. gingivalis cell wall was
effective in up-regulating IL-8 and MCP-1 mRNAs in HGF
(Fig. 6) but not hBD-2 and IL-8 mRNAs in HGE (Fig. 2 and
3A), indicating the efficacy of this extract.

Kinetics of hBD-2 mRNA up-regulation. To study the kinet-
ics of hBD-2 up-regulation in HGE, mRNAs for hBD-2 as well
as for IL-8 and TNF-a were analyzed by RT-PCR at different
times after HGE were challenged with either 10 mg of F.
nucleatum cell wall/ml, 10 ng of PMA/ml, or 80 ng of TNF-a/
ml. The results (Fig. 7) show that hBD-2 was up-regulated by
at least two different signaling pathways. While hBD-2 induc-
tion by F. nucleatum cell wall and TNF-a was rapid (2 to 4 h),
that by PMA was not seen until 10 h after stimulation. The
induction by these three stimulants continuously increased up
to 24 h, the maximum period of incubation in the study (Fig. 7).
Interestingly, the kinetics of IL-8 and TNF-a mRNA expres-
sion were different from each other and from that of hBD-2.

IL-8 was rapidly up-regulated at 1 h and peaked a short time
later with stimulation by all three stimulants (Fig. 7). IL-8
induction by PMA declined to the baseline level at 24 h (Fig.
7). This was consistent with the absence of IL-8 induction in
HGE by PMA at 24 h in other experiments (Fig. 2, 3A, and 6).
In contrast, TNF-a mRNA was transiently induced during the
first few hours with all three stimulants (Fig. 7). The strong and
transient induction of TNF-a prior to hBD-2 induction sug-
gests a possible functional role of TNF-a as an intermediary
molecule in hBD-2 regulation.

FIG. 5. Comparison of hBD-2 induction by F. nucleatum LPS and cell wall. (A) RT-PCR analysis. HGE were stimulated with various doses of F. nucleatum (F.n.)
LPS or cell wall in the absence (2) or presence (1) of human serum for 24 h. Total RNA (3 mg) of each sample was used for RT-PCR analysis for hBD-2, IL-8, TNF-a,
and RPO. The results shown are representative of three independent experiments. Note that there was slight hBD-2 induction by F. nucleatum LPS at 104 ng/ml, but
the degree of hBD-2 induction by F. nucleatum LPS was still less than that by 104 ng of F. nucleatum cell wall/ml. Note the dose-dependent response for IL-8 and TNF-a
by F. nucleatum LPS and an inhibitory effect of serum on up-regulation of these two cytokines. 2RT, minus-RT control. (B) RPA analysis of some RNA samples in
panel A. Note the dose-dependent induction of hBD-2 by F. nucleatum cell wall; however, the slight increase in hBD-2 expression by F. nucleatum LPS (104 ng/ml)
observed by RT-PCR was not detected by RPA. The data shown are representative of three independent experiments.

FIG. 6. HGF do not express hBD-2 mRNA. Primary HGF were stimulated
with different stimulants for 24 h. RT-PCR analysis was performed using total
RNA (3 mg) from each sample. Amplification was conducted for 25 cycles for
IL-8, MCP-1, and RPO primers and 35 cycles for the hBD-2 primer pair to detect
any small amount of expression. Stimulants included 10 mg of F. nucleatum cell
wall/ml (F); 10 ng of PMA/ml (P); 10 ng of TNF-a/ml (T); and 1, 10, and 100 mg
of P. gingivalis cell wall/ml (P.g.). C, unstimulated HGF. RPO was uniformly
expressed. As a positive control, HGE were stimulated with 10 mg of F. nuclea-
tum cell wall/ml (F), 10 ng of PMA/ml (P), and 10 ng of TNF-a/ml (T). The data
shown are representative of two independent experiments. 2RT, minus-RT
control.
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Anti-TNF-a does not inhibit hBD-2 induction by F. nuclea-
tum cell wall. To determine whether TNF-a functions as an
intermediary molecule in hBD-2 regulation, various doses of
antibody directed to TNF-a were preincubated with either 10
mg of F. nucleatum cell wall/ml or 10 ng of TNF-a (a positive
control for inhibition)/ml for 30 min before HGE were chal-
lenged for 10 h. Total RNA was harvested and analyzed by
RT-PCR (Fig. 8). Anti-TNF-a at 10 mg/ml completely neutral-
ized the effect of TNF-a on hBD-2 induction compared with
no inhibitory effect on hBD-2 induction by IgG1, an isotype
antibody control. However, anti-TNF-a had no effect at all on
hBD-2 induction by F. nucleatum cell wall. Similarly, anti-
TNF-a had an inhibitory effect on IL-8 induction by TNF-a but
not by F. nucleatum cell wall. Anti-TNF-a alone at 10 mg/ml
(Fig. 8, lanes A) had no effect on either hBD-2 or IL-8 expres-
sion.

hBD-2 induction requires new protein synthesis and new
gene transcription. To examine the mechanism(s) for induc-

ible expression of hBD-2 in response to F. nucleatum cell wall,
HGE were pretreated with either 10 mg of cycloheximide (an
inhibitor of protein synthesis) per ml, 1 mg of actinomycin D
(an inhibitor of RNA transcription) per ml, or DMSO (vehicle
control) 1 h before exposure to F. nucleatum cell wall for an
additional 6 h. The viability of HGE and total RNA yield were
checked after each treatment, and no differences were found
between experimental and control untreated cells. Because
stimulation was short (only 6 h), the level of hBD-2 mRNA
expression was low. Nevertheless, both cycloheximide and ac-
tinomycin D completely blocked the up-regulation of hBD-2
mRNA in response to F. nucleatum cell wall stimulation, sug-
gesting that both new protein synthesis and new gene tran-
scription are required for F. nucleatum-induced hBD-2 mRNA
expression (Fig. 9). Pretreatment with vehicle alone showed no
difference in hBD-2 mRNA induction. Similar to induction of
hBD-2 mRNA, induction of IL-8 mRNA also required new
gene transcription because pretreatment with actinomycin D
could completely inhibit F. nucleatum-induced IL-8 expression
(Fig. 9). Interestingly, in contrast to the inhibition of hBD-2
induction by pretreatment with cycloheximide, IL-8 mRNA
was induced in the presence of cycloheximide regardless of
stimulation with F. nucleatum cell wall.

hBD-2 peptide is detected in HGE by immunofluorescence.
To investigate expression of hBD-2 peptide in HGE, cells were
cultured on coverslips, exposed to F. nucleatum cell wall for
24 h, and then reacted with polyclonal antibody against hBD-2.
Using immunofluorescence, hBD-2 peptide was detected in
the cytoplasm of HGE stimulated with F. nucleatum cell wall
but not in unstimulated HGE (Fig. 10), consistent with induc-
ible expression of hBD-2 mRNA. The staining revealed a
punctate distribution with concentration of the reaction adja-
cent to the nucleus (Fig. 10). hBD-2 peptide is not detected in
every cell, possibly because of variation in staining of individual
cells or because hBD-2 peptide is synthesized in a subpopula-
tion of the epithelial cells.

DISCUSSION

Our studies of b-defensin expression in oral gingival epithe-
lia show several new characteristics of the innate immune re-
sponse. First, hBD-2 expression is seen in clinically nonin-
flamed gingival tissue. Second, inducible expression of hBD-2

FIG. 7. Kinetics of hBD-2 mRNA up-regulation. HGE were stimulated with three activators identified in this study, 10 mg of F. nucleatum (F.n.) cell wall/ml, 10
ng of PMA/ml, and 80 ng of TNF-a/ml for hBD-2 induction for the indicated times. RT-PCR analysis for 25 cycles was performed using total RNA (3 mg). The results
show an early hBD-2 induction by F. nucleatum cell wall and TNF-a but a much later induction by PMA. Note that TNF-a mRNA was transiently induced before hBD-2
induction by all three stimulants. The results shown are representative of two independent experiments. 2RT, minus-RT control.

FIG. 8. Anti-TNF-a does not inhibit hBD-2 induction by F. nucleatum cell
wall. Various doses of antibody directed to TNF-a (0.01, 0.1, 1, or 10 mg/ml) were
preincubated with either 10 mg of F. nucleatum (F.n.) cell wall/ml or 10 ng of
TNF-a/ml for 30 min before they were added to stimulate HGE for 10 h. IgG1
was used as an isotype control antibody for anti-TNF-a. C, unstimulated HGE;
A, HGE incubated with anti-TNF-a alone for the same period of time. Total
RNA (3 mg) of each sample was analyzed by RT-PCR for 25 cycles. Note that
increasing concentrations of the anti-TNF-a antibody result in decreased induc-
tion of hBD-2 and IL-8 mRNA by TNF-a; however, the anti-TNF-a antibody has
no effect on hBD-2 and IL-8 induction by F. nucleatum cell wall. The results
shown are representative of two independent experiments. 2RT, minus-RT
control.
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mRNA occurs in cells via multiple pathways. Third, hBD-2
mRNA is induced by TNF-a and cell wall extract of a repre-
sentative commensal (F. nucleatum), but not a pathogenic (P.
gingivalis) oral microorganism. Fourth, hBD-2 peptide is de-
tected in cultured epithelial cells challenged with F. nucleatum
cell wall extract. Taken together, these findings suggest that
oral mucosal cells are in an activated state with respect to
expression of hBD-2 and that this state is part of the normal
barrier function of oral epithelium. We also show that only
minimal up-regulation of hBD-2 occurs in response to F. nu-
cleatum or E. coli LPS. Our analyses show consistent differ-

ences between hBD-2 and IL-8 regulation (another marker of
innate immune response) in response to LPS, in the kinetic
analysis, in the requirement for protein synthesis, and in the in
vivo tissue analysis. These differences offer evidence that in-
nate immune responses of HGE are differentially regulated
and suggest that multiple complex interactions occur between
microbial stimulants and host cells.

Gingival epithelium is a useful model for these studies be-
cause we can investigate expression of hBD-2 mRNA in gin-
gival tissue as well as its regulation in cultured gingival epithe-
lial cells challenged with natural stimuli found in the oral
cavity. We found a dramatic difference in the regulation of
hBD-2 by cell wall extracts of F. nucleatum and P. gingivalis. F.
nucleatum is a gram-negative anaerobic bacterium which is
commonly found in healthy and diseased sites of periodontal
tissue (6, 18). Although F. nucleatum is commonly associated
with clinical infections of other body sites, this microorganism
is not considered causative in periodontal disease. Rather, it is
viewed as a “bridge” between early colonizers of the tooth
pellicle and the subsequent adherence of pathogenic microor-
ganisms, such as P. gingivalis. F. nucleatum cell wall was found
to up-regulate hBD-2 mRNA, as well as IL-8 and TNF-a
mRNAs, while P. gingivalis cell wall did not. It has been shown
previously that P. gingivalis inhibits the activation of IL-8 by
commensal bacteria, including F. nucleatum (10, 28). The ab-
sence of hBD-2 mRNA induction by the P. gingivalis cell wall
is therefore consistent with the ability of this organism to evade
stimulation of host defense mechanisms, while F. nucleatum
may help keep gingival epithelial cells in a stimulated state for
effective and continuous host defense. Consistent with these in
vitro findings, hBD-2 was detected in clinically noninflamed
gingival tissue of 14 of 15 subjects in our study, as well as in
recent work by Mathews and coworkers (29). Thus, in contrast
to the epidermis, in which hBD-2 mRNA is seen primarily in
association with inflammation or disease (27; Harder et al.,
1997), our results show that clinically noninflamed oral epithe-
lium is in a partially stimulated state and suggest that this may
be due to its exposure to oral commensal microorganisms. It
will be important to determine if the difference between com-
mensal and pathogenic microorganisms in regulation of b-de-
fensins is seen in other mucosal epithelia that have region-
specific ecologies with response to the balance of commensal
and pathogenic microorganisms.

FIG. 9. Complete inhibition of hBD-2 induction by pretreatment of HGE
with cycloheximide and actinomycin D. (A) RT-PCR analysis. HGE were pre-
treated with 10 mg of cycloheximide/ml (1CHX), 1 mg of actinomycin D/ml
(1ACT D), or DMSO solvent (1DMSO) for these two reagents for 1 h, and
some samples were then challenged with 10 mg of F. nucleatum cell wall ex-
tract/ml (1F.n.) for 6 h. The 6-h time point was chosen because overnight
incubation of HGE with cycloheximide and actinomycin D was toxic. At 6 h,
there was no significant difference in viability between control and treated cells
as assessed by staining with trypan blue. Furthermore, the yields of total RNA
from the samples were compared and showed no difference. Total RNA was
extracted and analyzed by RT-PCR. Note that in this experiment, PCR for
hBD-2 was performed for 28 cycles, which resulted in an increased background
of hBD-2 expression in the unstimulated (control) sample and the samples
treated with CHX or ACT D in the presence or absence of F. nucleatum cell wall.
The data shown are representative of three independent experiments. 2RT,
minus-RT control. (B) RPA analysis. Total RNA (20 mg) from the samples in
panel A was analyzed by RPA as described in Materials and Methods. GAPDH
hybridization is shown as a normalization control. Note that hBD-2 mRNA
induction is inhibited with both CHX and ACT D, while IL-8 mRNA expression
is inhibited only with ACT D. Also note the superinduction of IL-8 mRNA in the
sample treated with both CHX and F. nucleatum cell wall and that the degree of
hBD-2 expression was lower than that in Fig. 3A due to a shorter time of
stimulation (6 h). The arrow indicates a protected fragment of hBD-2 in the
samples treated with F. nucleatum and F. nucleatum cell wall plus DMSO.

FIG. 10. Localization of hBD-2 peptide in F. nucleatum cell wall-stimulated
cultured epithelial cells. HGE grown on coverslips were stimulated with 10 mg of
F. nucleatum cell wall/ml for 24 h (Stim.) or left unstimulated (Unstim.) for the
same time. The cells were fixed and reacted with polyclonal antibody against
hBD-2, fluorescein isothiocyanate-conjugated secondary antibody (green), and,
briefly, DAPI (blue) as described in Materials and Methods. Note the punctate
localization of the signal, which is concentrated adjacent to the nucleus (arrow).
The arrowhead indicates no immunoreactivity with polyclonal antibody against
hBD-2 in another cell. Magnification, 375. The data shown are representative of
three independent experiments. F. nucleatum-stimulated HGE incubated with
normal rabbit serum as a negative control showed no reactivity (data not shown).
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Cellular innate immune responses are postulated to be ini-
tiated by microbial components via pattern recognition recep-
tors (31). Recent discoveries have shown expression of Toll-
like receptors (TLR) on human cells (9, 32, 37) that serve this
function. TLR4 is implicated in LPS responses in mice (35, 36,
44). TLR2 mediates the response to bacterial LPS-CD14 sig-
naling in transfected kidney epithelial cell lines (25, 52) and to
bacterial lipoprotein (2, 7). It is speculated that there may be
one or more TLR expressed in other cell types that mediate
recognition of microbial components to signal the human in-
nate immune response. Thus, a logical active bacterial compo-
nent for hBD-2 regulation in the F. nucleatum cell wall extract
is LPS, a major fraction of the crude cell wall extract. In
addition, mRNA expression for the bovine b-defensins, TAP
and LAP, was previously shown to be mediated via bacterial
LPS and a CD14-dependent signaling pathway (13, 38). In
contrast to the bovine system, our findings in human gingival
epithelial cells show induction of IL-8 mRNA by both E. coli
LPS and F. nucleatum LPS and induction of TNF-a mRNA by
F. nucleatum LPS but a poor response for hBD-2 mRNA to
LPSs of both bacteria compared to the F. nucleatum cell wall.
This suggests that another cell wall component(s) stimulates
hBD-2 mRNA induction. Up-regulation of hBD-2 mRNA in
gingival epithelial cells in response to E. coli LPS was previ-
ously shown by Mathews and coworkers (29); however, the
stimulation in their study was also low compared to the effect
of the proinflammatory cytokine IL-1b. Addition of serum as a
source of soluble CD14 and LPS-binding protein (LBP) (24)
does not activate or inhibit hBD-2 induction in gingival epi-
thelial cells stimulated by bacterial LPS. The addition of serum
inhibited induction of IL-8 and TNF-a, possibly because serum
proteins, such as LBP and others, enable binding and neutral-
ization of LPS (48, 49, 50). Finally, hBD-2 induction by F.
nucleatum cell wall was not inhibited by pretreatment of the
cell wall extract with polymyxin B sulfate, an inhibitor of LPS
signaling (data not shown). These findings indicate that, unlike
induction of cytokines, hBD-2 up-regulation in gingival epithe-
lium is poorly responsive to bacterial LPS; they also support a
CD14-independent pathway and suggest multiple cellular re-
sponses for eliciting various aspects of innate immune defenses
in epithelial cells. Our results are in agreement with findings
for human uroepithelial cells that respond poorly to E. coli
LPS but effectively to P-fimbriated E. coli cell wall extracts (21)
and with other examples of human epithelial cell signaling of
innate immune responses that differ from those of monocytes,
macrophages, etc. (15, 24).

Kinetic analysis of hBD-2 mRNA induction indicates in-
volvement of multiple signaling pathways and further supports
the distinction between hBD-2 and IL-8 regulation. HBD-2
mRNA is rapidly induced by F. nucleatum cell wall and TNF-a
and accumulates during the 24-h period of study, as would be
expected for an innate immune defense response to microbial
and inflammatory stimuli. In contrast to the profile of hBD-2
induction, induction of TNF-a is rapid and transient, while that
of IL-8 is rapid but with longer duration. We thought that the
transient induction of TNF-a might indicate its role as an
intermediary molecule involved in hBD-2 up-regulation by all
three stimulants. This hypothesis was disproved (Fig. 8) by
using a specific antibody to neutralize both exogenously added
and endogenously synthesized TNF-a.

The accumulation of hBD-2 mRNA may be due to new gene
transcription, altered mRNA stability, or both, since inhibitors
of both transcription and translation block hBD-2 mRNA ex-
pression. The inhibitory effect of actinomycin D on hBD-2 and
IL-8 mRNA induction implies that both genes are regulated at
the transcriptional level. The inhibition of hBD-2 induction by

cycloheximide implicates the requirement for new protein syn-
thesis for hBD-2 induction by F. nucleatum cell wall; these
proteins may include cell receptors, intermediary proteins in
signaling pathways, transcription factors, or proteins that alter
mRNA stability. Elevated levels of IL-8 mRNA following in-
hibition of protein synthesis can be most readily explained by
loss of rapidly turned-over proteins necessary for RNA degra-
dation. This is very likely the case for cytokine genes such as
IL-8, whose transcripts contain an AU-rich element, a specific
binding site for labile proteins, in the 39 untranslated region (1,
46).

Immunofluorescence detection of hBD-2 peptide within the
cytoplasm of stimulated gingival epithelial cells is consistent
with the inducible expression of hBD-2 mRNA. The punctate
perinuclear immunostaining is suggestive of endoplasmic re-
ticulum and Golgi apparatus localization, typical of a secreted
product with a signal peptide, such as is found in both hBD-1
and hBD-2 mRNAs (17, 41, 45; Harder et al., 1997).

In conclusion, our results indicate that gingival epithelial
cells and tissue express messages for hBD-2 and produce
hBD-2 peptide in response to inflammatory mediators and to
continuous challenges from the cell walls of commensal bac-
teria which are naturally present in the oral cavity. Interest-
ingly, the cell wall of a periopathogenic bacterium, P. gingivalis,
does not induce hBD-2 mRNA and therefore appears to have
a strategy of evading this aspect of the host innate immune
response, in addition to others shown previously (10, 28). The
difference in stimulation by commensal and pathogenic bacte-
ria may be important in understanding the molecular aspects
of host-bacterial interaction as well as for potential new pre-
ventive therapies for mucosal infection. The production of
hBD-2 as part of the epithelial barrier may be especially im-
portant in innate host defense at confrontational mucosal sites
in the gingival sulcus and therefore may contribute to overall
oral health and disease susceptibility.
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