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Human �-defensins (hBDs) are small, cationic antimicrobial
peptides, secreted by mucosal epithelial cells that regulate
adaptive immune functions. We previously reported that Fuso-
bacteriumnucleatum, a ubiquitousGram-negative bacteriumof
the human oral cavity, induces human �-defensin 2 (hBD2)
upon contact with primary oral epithelial cells. We now report
the isolation and characterization of an F. nucleatum (ATCC
25586)-associated defensin inducer (FAD-I). Biochemical ap-
proaches revealed a cell wall fraction containing four proteins
that stimulated the production of hBD2 in humanoral epithelial
cells (HOECs). Cross-referencing of the N-terminal sequences
of these proteins with the F. nucleatum genome revealed that
the genes encoding the proteins were FadA, FN1527, FN1529,
and FN1792. Quantitative PCR of HOEC monolayers chal-
lengedwithEscherichia coli clones expressing the respective cell
wall proteins revealed that FN1527wasmost active in the induc-
tion of hBD2 and hence was termed FAD-I. We tagged FN1527
with a c-myc epitope on the C-terminal end to identify and
purify it from the E. coli clone. Purified FN1527 (FAD-I)
induced hBD2 mRNA and protein expression in HOEC mono-
layers. F. nucleatum cell wall and FAD-I induced hBD2 via
TLR2.Porphorymonas gingivalis, an oral pathogen that does not
induce hBD2 inHOECs, was able to significantly induce expres-
sion of hBD2 in HOECs only when transformed to express
FAD-I. FAD-I or its derivates offer a potentially new paradigm
in immunoregulatory therapeutics because theymay one day be
used to bolster the innate defenses of vulnerable mucosae.

Oral mucosal epithelium represents the first line of defense
against invading microbes. This tissue expresses antimicrobial
peptides, including human �-defensins (hBDs),2 that play an
important role in immune defense against invading pathogens.
Recent studies have shown that in addition to their antibacte-
rial, antifungal, and antiviral properties (1–8), hBDs also con-
tribute to immunoregulatory functions of mucosal barriers.
hBDs engage the CCR6 receptor on selected immune effector
cells, such as immature dendritic cells and T cells, and evoke a

chemokine response, thereby recruiting these cells to the site of
interest (9). In addition, mouse �-defensin 2 has been shown to
induce dendritic cell maturation (10) through TLR4 (Toll-like
receptor 4), and mouse �-defensin 2-based vaccines elicit
potent cell-mediated responses and antitumor immunity (11,
12). Our group’s recent discoveries demonstrate that hBD3
inducesmaturation of immature dendritic cells andmonocytes
through interaction with TLR1/2 (13) and interacts with the
HIV co-receptor CXCR4, promoting receptor internalization
and antagonism (14). Recently, we discovered that hBD3 dem-
onstrates an affinity for CCR2 and can chemoattract mono-
cytes/macrophages into the oral mucosae (15). Interestingly,
hBD2 can also chemoattract myeloid cells via CCR2 (16).
We previously showed that the cell wall of Fusobacterium

nucleatum, an indigenous Gram-negative bacterium of the
human oral cavity present in periodontal health and disease,
can induce hBD2 mRNA expression in normal human oral
epithelial cells (HOECs) (17). Herein, we present novel infor-
mation regarding the isolation and characterization of a Fuso-
bacterium-associated defensin inducer (FAD-I). A systematic
biochemical fractionation of the F. nucleatum cell wall (ATCC
25586), followed by isoelectric focusing, led to an active fraction
containing four candidate proteins, whose genes were identi-
fied using the F. nucleatum genome (18). Expressing each of the
candidate proteins in Escherichia coli and challenging HOECs
with them demonstrated their respective capacity to induce
hBD2. FN1527 (annotation based on a gene from the F. nuclea-
tum genome (18)) consistently induced hBD2 to the highest
levels. Finally, by expressing FN1527 in Porphyromonas gingi-
valis, an opportunistic Gram-negative bacterium strongly
implicated in periodontal disease and an organism that does
not induce appreciable levels of hBD mRNA in HOECs when
comparedwith F. nucleatum (17), wewere able to show that the
transformed bacterium could induce hBD2 significantly more
than the parent strain. FAD-I or its derivates offer a potentially
new paradigm in immunoregulatory therapeutics because they
may one day be used as novel agents to bolster the innate
defenses of vulnerable mucosae.

EXPERIMENTAL PROCEDURES

Oral Epithelial Cell Culture—Our studies were performed
according to the policies of the Institutional Review Board at
Case Western Reserve University. After obtaining informed
consent, healthy oral tissue overlying impacted third molars of
normal adults were extracted and used to isolate HOECs, as
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described previously (19). Cells were cultured in EpiLife
growth medium (Cascade Biologists, Portland, OR) and
maintained at 37 °C in 5% CO2. Primary cells were grown in
serum-free conditions as a monolayer (19). At confluence,
cells from at least three donors were trypsinized, detached,
pooled, and reseeded at 4 � 104 cells/well in 6-well culture
dishes in EpiLife medium. The cells were cultured until they
were �80% confluent (�3 � 105 cells/well) prior to chal-
lenge with different E. coli constructs.
Preparation of F. nucleatumCellWall—Cell wall from F. nu-

cleatum was prepared as described previously (20). Briefly,
F. nucleatum (ATCC 25586) was grown anaerobically in
Columbia broth (BD Biosciences) overnight. Crude cell wall
preparations were prepared by French pressure cell disruption
of freshly harvested whole cells (7.1 g wet biomass) in 15 ml of
phosphate-buffered saline PBS (pH 7.2) at 15,000 pounds/
inch2. The cell walls were recovered after low speed centrifuga-
tion (1,000 � g, 15 min), followed by high speed centrifugation
(138,000 � g, 30 min) of the supernatant (20). The cell wall
pellet obtained from the high speed centrifugation was lyophi-
lized and subjected to purificationmethods to isolate the active
fraction as described below.
Isolation of the “Active Fraction”—Isoelectric focusing was

performedwith a Rotofor cell (Bio-Rad) with ampholytes in the
pH range of 3–10 for 3–4 h. Fractions were collected, and
ampholytes were removed by Centricon Plus filters (3000
molecular weight cut-off membranes; Amicon (Bedford, MA)).
HPLC was performed on a BREEZE chromatography system
(Waters, Milford, MA) using a Symmetry C4, 5-�m, 4.6 �
150-mm column with an acetonitrile gradient. Fractions col-
lected in the pI range of 4–5were found to induce hBD2mRNA
in HOECs. These fractions were charged onto a C4 HPLC col-
umn and eluted at various time points in an acetonitrile gradi-
ent (Fig. 2C, blue line). Candidate peaks from 30–40 min elu-
tions were found to induce hBD2. These were collected into a
fraction that was subsequently termed the “active fraction.”
Identification of the Components from the hBD2-inducing

Active Fraction by MALDI-MS—SDS-PAGE analysis of the
active fraction was performed with gradient gels (4–20%) and
stained with Coomassie Blue. The only protein band observed
in the active fraction near 12–14 kDa (Fig. 3A) was excised for
trypsin digest and amino acid sequencing (Mass Spectrometry
Laboratory for Protein sequencing, Lerner Research Institute,
Cleveland Clinic Foundation). To perform MALDI-MS analy-
sis on the active fraction, the solvent used was a 1:1 mixture of
acetonitrile and water with 0.1% TFA. The sample was mixed
1:1 with the matrix sinapinic acid, and 1 �l was spotted onto
the target. The samples were run on a Bucher Reflex II

MALDI TOF instrument operating in linear and positive ion
modes. The data were analyzed by using collision-induced
dissociation spectra to search the NCBI non-redundant data
base, including the entire genome sequence of F. nucleatum
25586 (18), with the search program TurboSEQUEST�
(Thermo Electron Corp.).
Preparation of Genomic DNA of F. nucleatum—Genomic

DNA was isolated from F. nucleatum (ATCC 25586). Briefly,
the cell pellet was resuspended in buffer containing 10mMTris,
pH 8.0, and 1mMEDTA. 0.5% SDS, and 200�g/ml proteinaseK
were added to the cell suspension. The mix was then incubated
at 55 °C for 1 h and extracted twice with phenol/chloroform/
isoamyl alcohol (25:24:1) mix, followed by precipitation of the
DNA with ethanol at �20 °C for 2 h. The DNA pellet was col-
lected by centrifugation; the supernatant was discarded; and
the pellet was washed with 70% ethanol, dried at room temper-
ature for 10 min, and resuspended in nuclease-free water.
Cloning andExpression of the Recombinant Peptides—Except

for FN0264 (FadA), which was kindly provided by Dr. Y. W.
Han (Department of Periodontics, Case Western Reserve Uni-
versity School of Dental Medicine), DNAs encoding the other
three candidate peptides (Table 1) were amplified by PCR using
specific primers from genomic DNA of F. nucleatum and
inserted in pET17b vector (EMD Biosciences, San Diego, CA)
under the T7 promoter for expression in E. coli. E. coli BL21
DE3 (Invitrogen) transformedwith the pET17b vector contain-
ing the DNAs encoding the peptides was cultured at 37 °C to
A600 of 0.6–1, treated with 0.1 mM IPTG, and cultured for an
additional 3 h. Organisms from the respective E. coli clones
were harvested by centrifugation, the cell pellets were washed
with PBS, and extracts were made, which were used first to
determine hBD2 induction in HOECs, and subsequently the
clone expressing FN1527 with the c-myc tag was used for iso-
lating the inducing protein.
Isolation and Purification of FN1527 from E. coli—To facili-

tate identification and purification of FN1527, a c-Myc epitope
(EQKLISEEDL) was introduced at its C terminus using stan-
dard recombinant DNA techniques. The cell pellet from a
250-ml culture of the E. coli expressing FN1527 was resus-
pended in 15ml of PBS containing 1%TritonX-100. The resus-
pended pellet was sonicated and centrifuged, after which the
pellet containing the cell debris was discarded, and recombi-
nant FN1527 was enriched from the supernatant using the
c-Myc tag for immunoprecipitation. Briefly, 5 �g of polyclonal
c-Myc antibody (GenScript, Piscataway, NJ) was added to the
supernatant and incubated with rotary shaking at 4 °C for 1 h.
100 �l of Protein A/G-Sepharose (GE Healthcare) was added,
and the lysate was incubated at 4 °C for 2 h with rotary shaking.

TABLE 1
Proteins identified from the active fraction
NA, not available; OM, outer membrane; PP, periplasmic protein; CM, cytoplasmic membrane proteins.

Gene name
Preprotein Mature

Function Identity Location
Mass pI Mass pI

kDa kDa %
FN0264 14.5 4.8 12.6 4.6 FadA 75 OM-PP
FN1529 14.2 5.4 12.2 5.1 Hypothetical 67 CM
FN1792 NA NA 12.5 4.3 Hypothetical 65 and 38 Cytoplasm
FN1527 14.8 NA 13.1 4.8 Hypothetical 33 OM-CM
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The beads were precipitated by low speed centrifugation, and
the supernatant was discarded. The beads were washed three
times with PBS containing 1% Triton X-100.
Western Blot Analysis—Western blot analysis was used to

identify c-Myc-tagged FN1527 using standard procedures and
c-Myc monoclonal antibody 9E-10 (Covance, Harrisburg, PA).
Additionally, a polyclonal antibody to FN1527 was generated
(GenScript) for experiments involving the identification of
FN1527 in F. nucleatum and P. gingivalis.
Insertion of c-Myc-tagged FN1527 Gene in the Genome of

P. gingivalis—To facilitate expression in P. gingivalis, the
FN1527 gene was fused to the promoter region of the P. gingi-
valis fimA gene (21) by fusion PCR (22). Briefly, FN1527 was
amplified by PCR from plasmid (pET17b with FN1527) using
primers BB28 and BB11 (Table 2), and the promoter-contain-
ing region upstream of the P. gingivalis fimA was amplified
from P. gingivalis genomic DNAusing primers BB25 and BB27.
The primers were designed to generate products that have 30
base pairs of overlap to allow fusion in the next reaction. Puri-
fied products were combined and cycled for 30 s at 95 °C, 30 s at
58 °C, and 2 min at 68 °C for 30 cycles. The resulting product
was then used as a template for amplification of the fused prod-
uct using primers BB11 and BB26. These primers included
additional sequence to add BamHI and SphI sites as well as a
c-Myc epitope on the C terminus. The fusion product was gel-
purified, digested with SphI and BamHI, ligated into similarly
digested pT-COWplasmid (23), and cloned into TOP10F com-
petent E. coli (Invitrogen). Plasmid was electroporated into
P. gingivalis strain 33277 as described previously by Smith (24),
and transformants were selected by plating on blood agar plates
containing 1 �g/ml tetracycline.
Treatment of HOEC Monolayers with Transformed E. coli,

P. gingivalis Recombinant Proteins, and Specific Antibodies—
HOEC monolayers (70–85% confluent) were incubated with
respective recombinant peptide expressing E. coli cell extract
(100 �g/ml); 10 �g/ml (unless otherwise mentioned) purified
FN1527 c-Myc protein; or 10 �g/ml cell wall preparations of
the parent P. gingivalis strain, the P. gingivalis vector control
strain, and/or the transformed FN1527-expressing strain,
respectively. After an 18-h incubation at 37 °C, 5%CO2,HOECs
were lysed for RNA isolation. Negative (unchallenged cells) and
positive (10 �g/ml of F. nucleatum cell wall preparation) con-
trols were included in each study. For blocking experiments,

anti-TLR2 antibody (eBioscience, San Diego, CA) or isotype
control (Invitrogen) was added at 5 �g/ml and incubated for 30
min prior to treatment with F. nucleatum cell wall or FN1527
c-Myc protein.
RNA Preparation and Analysis—Cells were lysed using

TRIzol reagent (Invitrogen), and total RNA was isolated in
accordance with the manufacturer’s instruction. RNA concen-
tration was measured by UV absorbance at 260/280 nm using a
Nanodrop 1000 (Thermo Fisher Scientific, Wilmington, DE).
RT-PCR of the samples was done using the procedure we
described previously (25). Real-time PCR was done using the
Bio-RadMyIQ systemwith the iScript cDNA Synthesis Kit and
iQ SYBRGreen Supermix according to themanufacturer’s pro-
tocol. The sequences of the specific primers used are found in
Table 2.
Detection of hBD2 in Medium Supernatants—Detection of

hBD2 in medium supernatant was done using an enzyme-
linked immunosorbent assay (ELISA)method as described pre-
viously (26, 27).

RESULTS

Isolation of a Cell Wall Fraction of F. nucleatum Responsible
for Defensin Production in HOECs and Identification of Its
Components—The cell wall preparation of F. nucleatum that
induces hBD2mRNA in HOECs (Fig. 1A) (17) was subjected to
isoelectric focusing (pI�3–10), and fractionswere analyzed for
their ability to induce hBD2mRNA. pI fractions ranging from 4
to 6 were found to induce hBD2 mRNA production in HOECs
(Fig. 1B), whereas pI fractions above 6 did not induce hBD2.
The pooled active fractions were then subjected to HPLC using
a C4 column (Fig. 1C), and fractions eluting at different times
(0–10 min, 10–20 min, 20–30 min, and 30–40 min) were
tested for hBD2 induction. Fig. 2D shows that fraction 4 (elu-
tion time 30–40 min at 52–66% acetonitrile concentration)
induced the highest level of hBD2 mRNA expression and was
thus termed the “active fraction.” This fraction was subse-
quently run on PAGE to identify its component proteins. The
resulting fraction revealed a single 12–14 kDa protein band
(Fig. 2A, a representative SDS-PAGE of multiple runs), which
was excised for amino acid sequencing and MALDI-MS analy-
sis (Fig. 2B). By associating fragments of sequences with genes
from the F. nucleatum genome data base (18), we were able to
identify four candidate proteins (Table 1). One of the four pro-

TABLE 2
List of primers

Primer name Primer sequence

HBD-2 5�-ATC AGC CAT GAG GGT CTT GT
3�-GAG ACC ACA GGT GCC AAT TT

HK-5 5�-GTC CTC TCC ATG GAC AAC AAC
3�-TGT CAA TCT CGG CTC TCA GCC

FN1527 5�-CTA GTC TAG AAT GAA AAA AAT ATT ATT ACT A
3�-CGC GGA TCC TTA TTT TAT TCC TGC ATT ATT

FN1527 reverse c myc 3�-CGC GGA TCC TTA CAG ATC TTC TTC AGA AAT AAG TTT TTG TTC TTT TAT TCC TGC ATT ATT TAA
FN1792 5�-CTA GTC TAG AAT GAG TTT ATT CTT AGT AGC T

3�-CGC GGA TCC CTA TTT AGC TTC AAC AGT TAC
FN1529 5�-CTA GTC TAG AAT GAA AAA AGT TAT TTT AAC A

3�-CGC GGA TCC CTA TCT TAT TTT TTG AAT TTT
BB25 5�-CTC GTC TGA GTC TGG CAG AGG TTT
BB27 3�-ACT TTG TTT TTT TCA TCT CGT TTT
BB11 5�-CGC GGA TCC TTA CAG ATC TTC TTC AGA AAT AAG TTT TTG TTC TTT TAT TCC TGC ATT ATT TAA
BB26 3�-ACA TGA GCA TGC GGG AGC CAC GAA CGC TAC GAA ACG
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teins identified was FN0264, which had been previously identi-
fied as an F. nucleatum adhesin (FadA; 12.6 kDa, pI 4.6) (28).
Recombinant FadA did not stimulate hBD2mRNA production
by HOECs (data not shown). The other three (hypothetical)
proteins identifiedwere FN1527 (covering 33%of the sequence,
13.1 kDa, pI 4.8), FN1529 (covering 67% of the protein
sequence; 12.2 kDa, pI 5.1), and FN1792 (covering 33% of the
sequence; 12.5 kDa and pI 4.8). The molecular mass of these
three hypothetical proteins corresponded well with the major
protein peaks found by MS analysis (Fig. 2B).
FN1527 Induces hBD2 mRNA in HOECs—E. coli BL21 DE3

was transformed to express recombinant forms of the FN1527,
FN1529, and FN1792 proteins, respectively. Cell lysate pre-
pared from E. coli expressing the recombinant proteins was
applied to HOECmonolayers. Fig. 3A shows that HOECs chal-
lenged with cell lysate from FN1527-expressing E. coli induced
the highest level of hBD2 mRNA (�30-fold above base line),
followed by FN1792-expressing E. coli (15 fold above base line),

with FN1529-expressing E. coli in-
ducing the lowest amount (5-fold
above base line). The parent E. coli
cell lysate did not induce hBD2
mRNA synthesis to any significant
degree.
Expression and Purification of

c-Myc FN1527 from E. coli—The
c-Myc-tagged FN1527 was ex-
pressed in E. coli as described under
“Experimental Procedures,” and the
recombinant protein was purified
by immunoprecipitation using an
antibody to c-Myc. The protein was
separated by SDS-PAGE followed
by either Coomassie staining (Fig.
3B) or Western blot using anti-c-
Myc antibody (Fig. 3C). The major
protein band on the gel migrating at
12 kDa that reacts with the c-Myc
antibody on the Western blot is
FN1527. A minor band of higher
molecular weight that appears in
both Western blot and Coomassie-
stained gel may represent the
unprocessed preprotein because a
signal peptide sequence at theN ter-
minus of FN1527 is predicted by the
PROSITE program (available on the
World Wide Web).
Recombinant FN1527 Induces

hBD2 Transcript and Protein in
HOEC—Affinity-purified recombi-
nant FN1527 was applied to HOEC
monolayers to assay for induction of
hBD2 mRNA and secreted protein.
Fig. 3D shows that purified FN1527
induced hBD2 message comparably
with that determined for the F. nu-
cleatum cell wall. hBD2 protein

expression in the supernatant was also assessed from chal-
lenged HOECmonolayers. Fig. 3E shows that FN1527 induced
hBD2 peptide �13-fold above base line, comparable to induc-
tion by F. nucleatum cell wall.
FN1527 Induces hBD2 in HOECs through TLR2—It was pre-

viously reported (29, 30) that F. nucleatum induces hBD2 via
TLR2 (29). To determine if FN1527 also stimulates hBD2
induction in HOECs through TLR2, we treated the cells with
anti-TLR2 antibody for 30 min before the addition of FN1527.
As shown in Fig. 4, treatment with anti-TLR2 antibody signifi-
cantly inhibits hBD2 induction inHOECs both by F. nucleatum
cell wall (Fig. 4A) and FN1527 (Fig. 4B).
Confirmation of FN1527 as FAD-I Using a P. gingivalis

Expression System—We previously published (17) and contin-
uously observed that, when compared with F. nucleatum,
P. gingivalis does not induce hBD2 expression in HOECs. We
therefore expressed FN1527 in P. gingivalis 33277 (see “Exper-
imental Procedures” for details) and determined if the trans-

FIGURE 1. RT-PCR analysis of hBD2 mRNA induction in HOECs at different steps of purification. A, RT-PCR
analysis was performed with RNA from HOEC monolayers treated with phorbol 12-myristate 13-acetate (PMA)
as positive control (lane 2) or 10 �g of F. nucleatum cell wall preparation (lane 3). Lane 1 shows untreated cells.
B, RT-PCR analysis of RNA prepared from HOECs treated with isoelectric focusing-isolated fractions of mean pI
3.7 (lane 1), pI 4.0 (lane 2), pI 4.1 (lane 3), pI 4.5 (lane 4), pI 5.0 (lane 5), or pI 5.8 (lane 6). RT-PCR of RNA from
untreated cells and cells treated with 10 �g of F. nucleatum cell wall are also shown. The bottom panel shows
RT-PCR for HK-5 in the above samples. Fractions used in lanes 2–5 were pooled and used for HPLC separation
using a C4 column. C, isoelectric focusing fraction of pI 4 –5 was charged onto a C4 HPLC column and eluted at
various time points in an acetonitrile gradient (blue line). Fractions were assayed for their ability to induce hBD2.
D, HPLC fractions were incubated with HOEC monolayers, and RT-PCR analysis was performed. Lane 1, HPLC
fraction at 0 –10 min of elution (fraction 1 in C); lane 2, HPLC fraction at 10 –20 min of elution (fraction 2 in C); lane
3, HPLC fraction at 20 –30 min of elution (fraction 3 in C); lane 4, HPLC fraction at 30 – 40 min of elution (fraction
4 in C). Lane 4 represents the active fraction and was analyzed further by MALDI-MS.
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formed strain could induce hBD2 transcript and protein in
HOECs. Fig. 5A is representative of numerous Western blots
showing that the antibody to FN1527 exposed a 12 kDa band
appearing in the lanes run with cell wall fractions from the
Pg1527-transformed strain, cell wall fractions from F. nuclea-
tum (Fn), and the recombinant 1527 against which the antibody
was made but not in cell walls from wild type P. gingivalis (Pg)
or from the P. gingivalis plus vector (Pg�vector) control lanes.
Moreover, Pg1527 cell wall fractions induced the hBD2 tran-
script inHOECs to levels comparable with that seenwith F. nu-
cleatum cell wall (Fig. 5B).
Pg1527 Induces hBD2 Peptide Production/Release by HOECs—

Earlier reports indicated that P. gingivalis-associated proteases
can degrade hBD2 produced byHOECs (31).We therefore pre-
treated respective fractions with a mixture of protease inhi-
bitors (Halt protease inhibitor mixture (Thermo Fisher Scien-
tific) and protease inhibitor mixture (Sigma)) before applying
them to HOEC monolayers. Because we did not detect any
hBD2 in the cell supernatants (Fig. 6), although Pg1527 induced
hBD2 transcript significantly above base line (Fig. 5B), we spec-
ulated that P. gingivalis-related proteases were still active.
Because we knew that the F. nucleatum cell wall-associated
FAD-I was heat-stable (see “Discussion”), we boiled cell wall
preparations of Pg, Pg� vector, and Pg1527, respectively, for 10
min before applying them to HOEC monolayers. Fig. 6 shows
that, after boiling, onlyPg1527was able to induce hBD2 peptide
release/production by HOECs.

DISCUSSION

Using a combination of biochemical and molecular biologi-
cal techniques, wewere able to identify and isolate an F. nuclea-

tum cell wall-associated peptide that induced hBD2. We iden-
tified this agent as FN1527. It is worth mentioning that in
addition to inducing hBD2, FN1527 also induces hBD3 in
HOECs, albeit to a lesser degree than hBD2 (data not shown).
Interestingly, the chemokine IL-8 was not induced by FAD-I in
these cells (data not shown), contrary to what we and others
have reported for F. nucleatum whole bacteria and its cell wall
fraction (17, 29, 30, 32–34).
It has been reported that F. nucleatum induces hBD2 via

Toll-like receptor 2 (TLR2) (29, 30), andwe have confirmed this
finding, both for cell wall of F. nucleatum and recombinant
FN1527 (Fig. 4). The fact that recombinant FN1527 promotes
innate response activation via TLR2 is not unusual because
other pure proteins, such as heat shock proteins and hBD3,
have been reported to interact with TLR2 (13, 35–37). Because
it is known that certain bacterial lipopeptides interact with
TLR2 via either heterodimerizationwith TLR1 (Pam3-Cys-Ser-
Lys4) or TLR6 (macrophage-activating lipopeptide-2 (MALP-
2)) (38–41), our ongoing studies are focused on determining if
native FN1527 is also a lipopeptide and whether TLR1 or TLR6
is involved together with TLR2 in hBD2 induction by native
FN1527 (see further discussion below related to a post-transla-
tional modification in FN1527). However, the fact that IL-8 is
not induced by recombinant FN1527, whereas hBD2 is, may
suggest that the recombinant version of FN1527 (i.e. not ex-
pressing a post-translational lipid moiety) may promote the
expression of certain innate response elements but not others.
Moreover, the role of the canonical versus the noncanonical
NF-�B-dependent pathways (42–45) as well as the role of co-
receptors in TLR2 activation processes (46–48) may add fur-

FIGURE 2. SDS-PAGE and MALDI-MS analysis of the active fraction. A, SDS-PAGE of active fraction obtained from HPLC purification in Fig. 1. The only band
found in the active fraction near 12–14 kDa was excised for trypsin digest and amino acid sequencing. B, MALDI-MS was performed in a solvent of 1:1 mixture
of acetonitrile and water with 0.1% TFA. The sample was mixed 1:1 with the matrix sinapinic acid, and 1 �l was spotted onto the target. The samples were run
on a Bucher Reflex II MALDI-TOF instrument operating in linear and positive ion modes. The candidate peaks are indicated with a circle.
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ther complexity. These signaling pathway related issues are
currently under active investigation by our group.
Due to the fact that we tested three different sources for

FAD-I activity; 1) native components in the active fraction, 2)
the E. coli clones expressing FAD-I candidates, and 3) the
recombinant FN1527) and that the outcomes were determined
using different donor HOECs, with inherent interpersonal var-
iability, we could not establish the specific activity of FAD-I, as
would be expected when purifying an active biological agent.
Instead, we resorted to expressing the functionality of FN1527
as inducing relative -fold changes of hBD2 transcript and pep-
tide by HOECs above base line.
During our study, we repeatedly noted that the active frac-

tion was a better inducer of hBD2 than the recombinant
FN1527. The answer may lie in there being more than one cell
wall-associated inducer acting additively or synergistically to
induce hBD2, and/or there may be a post-translational modifi-
cation in FN1527 that is absent in the recombinant generated in
E. coli that contributes to enhanced induction of hBD2. Based
on our initial observations, the cell wall-associated FAD-I and
the active fraction are heat-stable (i.e. retain their ability to
induce hBD2 following boiling), whereas the recombinant
FN1527 is heat-labile, suggesting a post-translational lipidmoi-
ety bound to the protein backbone of FAD-I. This observation

is not unique to F. nucleatum
because it has been shown that the
hBD2-inducing factors from Salmo-
nella enteritidis and E. coli Nissle
1917 are also heat-resistant (49, 50).
By searching for prokaryotic mem-
brane lipoprotein lipid attachment
site profiles using PROSITE (avail-
able on the World Wide Web), we
found a potential diacylglycerol
moiety bound to cysteine at position
16 in the FN1527 molecule. Addi-
tionally, when a model for FN1527
was built using I-TASSER (51–53),
cysteine at position 16 was found to
be one of the potential binding sites.
The fact that Pg1527 cell wall
induced hBD2 in HOECs to levels
achieved with F. nucleatum cell wall
suggests to us that a post-transla-
tional modification may have
occurred in P. gingivalis (which is
lacking in recombinant FN1527)
(i.e. mimicking what occurs in the
wild type F. nucleatum strain).
What is the function of FN1527 in

F. nucleatum, and is it the only
source of hBD2 induction by this
organism? Clearly, deleting this
gene from F. nucleatum could be
very informative. The transforma-
tion of F. nucleatum is strain-spe-
cific, due to the existence of native
restriction-modification systems

(54). Because we conducted the present studies in F. nucleatum
25586, a strain that to date has proved intractable to molecular
manipulation, we will need to identify a potentially useful alter-
native strain that is readily transformable and useful in system-
atic approaches to mutagenesis.
Our strategy to decisively demonstrate that FN1527 has the

capacity to induce hBD2 in HOECs was to introduce the
recombinantDNAencoding FN1527 intoP. gingivalis, an orga-
nism that we previously showed does not induce hBD2 to any
appreciable degree (17). Upon introduction of FN1527 into the
genome of P. gingivalis, Western blot analysis confirmed that
the transformed strain (Pg1527) expressed FN1527 and that
Pg1527 induced hBD2 not only to a much higher level than the
original parent strain of P. gingivalis but to levels comparable to
those induced by cell wall preparations from F. nucleatum.
Although reporter enzymes such as lacZ (55) have been ex-
pressed inP. gingivalis, this represents the first time that a func-
tional cell wall protein of a heterologous oral organismhas been
expressed in the membrane of P. gingivalis.
Interestingly, although we noticed induction of hBD2 tran-

script by Pg1527, we were unable to detect the production of
hBD2peptide (Fig. 6). This result is not surprising becausemass
spectrometry has shown that hBD peptides are degraded in the
presence of P. gingivalis (31). It has also been shown that P. gin-

FIGURE 3. HOEC expression of hBD2 following challenge by cell extracts from E. coli expressing different
F. nucleatum recombinant proteins and induction of hBD2 by affinity-purified FN1527 c-Myc. A, HOECs
were treated with extracts (100 �g/ml total protein) of lysed E. coli expressing protein FN1527, FN1529, or
FN1792. Total RNA was extracted, followed by real-time PCR using primers specific for hBD2 (Table 2). -Fold
change in mRNA levels represents mean � S.D. (error bars) of triplicate experiments. p values were calculated
by Student’s t test (*, p � 0.05). B, analysis of affinity-purified recombinant FN1527 c-Myc by Coomassie staining
of an SDS-polyacrylamide gel. C, Western blot of affinity-purified recombinant FN1527 c-Myc using c-Myc
antibody. D, HOECs were stimulated with either 10 �g/ml F. nucleatum cell wall (Fn-CW) or 10 �g/ml of 1527
c-Myc for 18 h. Total RNA extracted from cells of experimental and control cultures were screened by real-time
PCR for hBD2 mRNA using specific primers. -Fold change in mRNA levels represents mean � S.D. of triplicate
experiments. p values were calculated by Student’s t test (*, p � 0.05). E, HOECs were stimulated with either 10
�g/ml F. nucleatum cell wall or 10 �g/ml 1527 c-Myc for 18 h. Cell-free supernatants from experimental and
control cultures were screened by ELISA for hBD2 peptide. -Fold increase represents mean � S.D. of triplicate
experiments. p values were calculated by Student’s t test. *, p � 0.05. C, HOECs were challenged with heat-
treated (100 °C, 10 min) F. nucleatum cell wall, FN1527. After 18 h, cell supernatants were collected and assayed
for hBD2 by ELISA. -Fold increase represents mean � S.D. of triplicate experiments. p values were calculated by
Student’s t test. *, p � 0.05.
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givalis antagonizes F. nucleatum-induced epithelial cell secre-
tion of IL-8 (33, 56–58). Moreover, it has been reported that
P. gingivalis induces IL-8mRNAbut not the peptide inHUVEC
cells (58). These reports are in agreement with findings demon-
strating that by boiling the Pg1527 cell wall, we were able to
neutralize the associated proteases and detect hBD2 peptide
release/production in HOECs by ELISA (Fig. 6).
Although others have reported hBD2 mRNA induction by

P. gingivalis-challenged HOECs (59), this pales in comparison
to that elicited by F. nucleatum (i.e. about 8–10-fold for P. gin-
givalis (60) versus 30- to �300-fold for F. nucleatum), probably
due to interpersonal variability in HOECs. In addition, our
ELISA data suggest that hBD2 is degraded upon release by
P. gingivalis-associated proteases, whereas it is produced signif-
icantly above base line by F. nucleatum. Dommisch et al. (60)
indicated that the low level induction of hBD2 mRNA is due to
P. gingivalis activation of protease-activated receptor 2 (PAR-
2). Interestingly, PAR-2 was recently shown to activate stress-
activated protein kinase (61), suggesting that severe stress may
be related to the low level induction of hBD2 by P. gingivalis.
The authors observed extensiveHOEC lysis at highP. gingivalis
multiplicities of infection, something that we never observed
with comparable multiplicities of infection of F. nucleatum.
The possibility that HOECs are stressed after P. gingivalis chal-
lenge, with appreciably lower total RNA yields when compared
withF. nucleatum-challenged cells, and that themechanism for
hBD2 activation by P. gingivalis is NF-�B-dependent (59),
although independent with F. nucleatum (62), indicates to us a
basic difference between an opportunistic organism that may
have evolved to evade innate immune effector activity, such as
hBDs (56, 63), and a potentially beneficial oral commensal bac-
terium that promotes the active expression of these agents.
A notable difference between normal oral and most other

normal epithelia is the expression of hBD2. This defensin is

FIGURE 4. F. nucleatum cell wall and FAD-I induce hBD2 via TLR2. HOECs
were treated with 5 �g/ml anti-TLR2 antibody or isotype control for 30 min
and then stimulated with either 10 �g/ml F. nucleatum cell wall (Fn-CW) (A) or
10 �g/ml 1527 c-Myc for 18 h (B). Total RNA extracted from cells of experi-
mental and control cultures were screened by real time PCR for hBD2 mRNA
using specific primers. -Fold change in mRNA levels represents mean � S.D.
(error bars) of triplicate experiments. p values were calculated by Student’s t
test (*, p � 0.05).

FIGURE 5. Induction of hBD2 mRNA and protein by Pg1527. A, Western blot
analysis of cell wall preparations from P. gingivalis transformed with FN1527
(Pg � 1527), P. gingivalis transformed with vector only (Pg � vector), F. nucleatum
25586 cell wall (Fn), or P. gingivalis 33277 cell wall (Pg) using anti-FN1527 anti-
body (GenScript). A representative image of numerous repeated experiments is
shown. B, HOECs were treated with 10 �g/ml P. gingivalis 33277 cell wall, P. gin-
givalis transformed with vector only, P. gingivalis transformed with FN1527, or
F. nucleatum cell wall (Fn-CW) for 18 h. Total RNA extracted from cells of experi-
mental and control cultures were screened by real-time PCR for hBD2 mRNA
using specific primers. -Fold change in mRNA levels represents mean�S.D. (error
bars) of triplicate experiments (*, p � 0.05).

FIGURE 6. Pg1527 induces release of hBD2 by HOECs. HOECs were chal-
lenged with cell wall preparations of P. gingivalis 33277 (Pg), P. gingivalis
transformed with vector only (Pg�V), or P. gingivalis transformed with
FN1527 (Pg � 1527) and with PI 1-treated (Halt protease inhibitor mixture,
Thermo Fisher Scientific), PI 2-treated (protease inhibitor mixture, Sigma), or
boiled (10 min) cell wall preparations of P. gingivalis 33277, P. gingivalis trans-
formed with vector only, or P. gingivalis transformed with FN1527. After 18 h,
cell supernatants were collected and assayed for hBD2 by ELISA. The results
represent means of three independent experiments. -Fold change in peptide
levels represents mean � S.D. (error bars) of triplicate experiments. p values
were calculated by Student’s t test. *, p � 0.05.
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induced only in the presence of infection or inflammation in
most tissues, including skin (64, 65), trachea (66), and gut epi-
thelium (67, 68). However, it is expressed in normal uninflamed
oral tissue (69–72). Our hypothesis is that this base-line level of
hBD2 expression is in part due to the exposure of the tissue to
specific oral commensal bacteria, such asF. nucleatum express-
ing FN1527. In contrast, opportunistic bacteria strongly impli-
cated in the etiology of periodontal disease, such asP. gingivalis,
display stealthlike qualitieswhen in contactwith the epithelium
(73, 74), including the lack of induction of �-defensins, as dem-
onstrated herein and reported previously (17).
By better understanding possible inherent strategies of sym-

biosis between certain commensal bacteria and humans, we
may be able to exploit these strategies and apply them as pro-
phylactic agents to prevent unwanted opportunistic biofilms
from forming in vulnerable mucosal sites of the body. FAD-I or
its derivatesmay one day offer a newparadigm in immunoregu-
latory therapeutics by bolstering expression of innate response
elements with both antimicrobial and adjuvant capabilities.
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