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Infection by the chronic periodontitis-associated pathogen Porphyromonas gingivalis activates a Toll-like receptor 2 (TLR2) re-
sponse that triggers inflammation in the host but also promotes bacterial persistence. Our aim was to define ligands on the sur-
faces of intact P. gingivalis cells that determine its ability to activate TLR2. Molecules previously reported as TLR2 agonists in-
clude lipopolysaccharide (LPS), fimbriae, the lipoprotein PG1828, and phosphoceramides. We demonstrate that these molecules
do not comprise the major factors responsible for stimulating TLR2 by whole bacterial cells. First, P. gingivalis mutants devoid
of the reported protein agonists, PG1828 and fimbriae, activate TLR2 as strongly as the wild type. Second, two-phase extraction
of whole bacteria resulted in a preponderance of TLR2 agonist activity partitioning to the hydrophilic phase, demonstrating that
phosphoceramides are not a major TLR2 ligand. Third, analysis of LPS revealed that TLR2 activation is independent of lipid A
structural variants. Instead, activation of TLR2 and TLR2/TLR1 by LPS is in large part due to copurifying molecules that are sen-
sitive to the action of the enzyme lipoprotein lipase. Strikingly, intact P. gingivalis bacterial cells treated with lipoprotein lipase
were attenuated in their ability to activate TLR2. We propose that a novel class of molecules comprised by lipoproteins consti-
tutes the major determinants that confer to P. gingivalis the ability to stimulate TLR2 signaling.

Porphyromonas gingivalis is a Gram-negative anaerobic bacte-
rium associated with chronic periodontitis, an inflammatory

disease that results in tooth loss (1). P. gingivalis is typically found
in diseased subgingival sites (2). Mouse models of P. gingivalis
infection have demonstrated its capacity to elicit periodontitis, as
measured by bone loss (3–5). A recent study revealed a key role
played by P. gingivalis infection in altering the composition, and
increasing the abundance, of oral commensal bacteria in conven-
tionally grown mice (4). The interaction between an increasing
bacterial load and the host innate immune system triggers a pro-
inflammatory response, which is considered a major factor in
causing periodontitis.

The Toll-like receptor (TLR) family of innate immune recep-
tors plays a pivotal role in host surveillance and in initiating an
immediate immune response that is designed to neutralize micro-
bial threats to the host (6). P. gingivalis infection triggers activa-
tion of TLR2, which leads to production of proinflammatory cy-
tokines. One impact of these cytokines is a damaging effect on
alveolar bone, resulting in bone loss, as demonstrated by studies
using TLR2�/� mice (3, 7). Paradoxically, the robust TLR2 pro-
inflammatory response does not clear P. gingivalis infection in
wild-type mice. Instead, the infection is cleared more efficiently in
TLR2�/� mice and by macrophages from TLR2�/� mice (3, 5, 7),
indicating that TLR2 stimulation confers enhanced persistence to
this chronic pathogen. A lack of bacterial clearance illustrates sub-
version of the host TLR2 response by P. gingivalis. Hence, activa-
tion of TLR2 is modulated by P. gingivalis to its benefit. Recently
identified mechanisms by which TLR2 stimulation results in sup-
pression of a bactericidal response, but not in suppression of in-
flammation, include cross talk between TLR2 and other receptors,
including CXCR4 (8), CR3 (9) and C5aR (7). TLR2 has also been
shown, by structural and functional studies, to heterodimerize
with either TLR1 or TLR6 (10, 11). These heterodimers engage
distinct ligands, as observed with TLR2/TLR1 responding to tri-
acylated lipoproteins, a structure that typifies Gram-negative bac-

terial lipoproteins, and TLR2/TLR6 engaging diacylated lipopro-
teins such as those found in Gram-positive bacteria (12–14).

In contrast to the TLR2 response to P. gingivalis, it is well es-
tablished that the TLR4 response mounted by the host to counter
P. gingivalis infection is strikingly low (15–18). On a molecular
level, this is due to the structure of the P. gingivalis TLR4 agonist,
lipid A, a moiety of the lipopolysaccharide (LPS) macromolecule.
P. gingivalis synthesizes a heterogeneous population of structur-
ally distinct lipid A molecules, which range in function from inert
agonists to mild agonists to antagonists of TLR4 stimulation (19–
21). The chronic disease-associated bacterium P. gingivalis, there-
fore, potentially uses its unusual lipid A repertoire to modulate
activation of TLR4, hence promoting survival of both P. gingivalis
and other bacteria in the milieu.

P. gingivalis molecules reported to date that stimulate TLR2 are
LPS, fimbriae, the lipoprotein PG1828, and phosphoceramides.
LPS preparations from P. gingivalis stimulate TLR2 potently, as
shown by us previously (22) and by other laboratories (23–26). In
contrast to Escherichia coli LPS, whose capacity to stimulate TLR2
was eliminated by repurification of LPS using phenol extraction
(27), a similarly repurified preparation of P. gingivalis LPS re-
tained its capacity for TLR2 stimulation (22, 24). This led us to
speculate that TLR2 activation by LPS could be triggered by spe-
cific P. gingivalis lipid A structures (22). However, an evaluation of
a range of synthetic molecules modeled upon distinct P. gingivalis
lipid A structures has shown that they act through TLR4 and not
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TLR2 (28–31), raising the possibility that TLR2 stimulation by
LPS is due to tightly bound copurifying molecules. Adding weight
to this hypothesis, and similar to observations made with E. coli
LPS preparations (32, 33), a lipoprotein with TLR2 agonist activ-
ity was identified from P. gingivalis LPS preparations (34). A mu-
tant lacking this lipoprotein, PG1828, rendered its LPS attenuated
for TLR2 activation (35).

In this study, we addressed the contributions made by reported
P. gingivalis agonists in triggering TLR2 and TLR2/TLR1 activa-
tion by intact bacterial cells. We show that in contrast to LPS
derived from �1828 mutants, whole bacterial P. gingivalis �1828
mutants are not attenuated for TLR2 or TLR2/TLR1 activation.
Additionally, mutants with deletions in both PG1828 and fimA,
the gene encoding the major subunit in fimbriae, activate TLR2
and TLR2/TLR1 as potently as wild-type P. gingivalis. A closer
examination of LPS preparations revealed a class of TLR2/TLR1
activating hydrophilic molecules that exhibit sensitivity to the en-
zyme lipoprotein lipase. In short, it is demonstrated that the four
reported P. gingivalis TLR2 agonists do not account for the major-
ity of TLR2 stimulation triggered by viable bacteria. Instead, a
novel class of agonists, likely comprised by lipoproteins, deter-
mines TLR2 stimulation by both P. gingivalis LPS preparations
and intact bacteria.

MATERIALS AND METHODS
Bacterial strains and growth conditions. P. gingivalis 33277, Bacteroides
thetaiotaomicron VPI5482, and E. coli DH10b and JM83 strains were ob-
tained from our culture collection. P. gingivalis A7436 and 381 were ob-
tained from Caroline Genco’s laboratory (36), and P. gingivalis W50 was
obtained from Michael Curtis’ laboratory (37). Prevotella intermedia
ATCC 5611 and Fusobacterium nucleatum ATCC 51656 were obtained
from the American Type Culture Collection (ATCC). P. gingivalis and P.
intermedia strains were grown on blood agar plates containing 5% sheep’s
blood and in TYHK broth (30 g/liter Trypticase soy broth, 5 g/liter yeast
extract, and 1 mg/liter vitamin K3). Following sterilization by autoclaving,
filter-sterilized hemin was added to TYHK broth, just prior to inocula-
tion, to a final concentration of 1 �g/ml. TYHK agar plates were also used
for growth of P. gingivalis on solid medium. Hemin (1 �g/ml) and anti-
biotics were added following sterilization. Antibiotics were added to the
following concentrations: erythromycin, 5 �g/ml; tetracycline, 1 �g/ml.
E. coli strains were grown in L broth (10 g/liter tryptone, 5 g/liter yeast
extract, 5 g/liter NaCl), and 100 �g/ml ampicillin was added when re-
quired for selection. B. thetaiotaomicron was grown on TYHK agar plates
and TYHK broth containing 1 �g/ml hemin, and F. nucleatum was grown
in the same medium but without hemin. Anaerobic strains, which in-
cluded all those mentioned above except for E. coli, were grown in an
anaerobic growth chamber (5% H2, 5% CO2, 90% N2) at 37°C.

Construction of P. gingivalis mutants. The genome sequences of P.
gingivalis strains W83 and 33277 were obtained from the NCBI (National
Center for Biotechnology Information) and KEGG (Kyoto Encyclopedia
of Genes and Genomes) databases. Genes from W83 have a PG designa-
tion, and genes from 33277 have a PGN designation. We use the PG
nomenclature for describing genes but used the PGN sequence informa-
tion for designing gene manipulations, conducted primarily in 33277. P.
gingivalis single mutants with deletions in fimA (PG2132 in W83,
PGN_0180 in 33277) and the gene encoding PG1828 lipoprotein (PG1828
in W83, PGN_1739 in 33277) were constructed by allelic exchange. Genes
deleted were replaced with either the erythromycin resistance-encoding
ermF-AM (38) cassette or the tetracycline resistance-encoding tetQ cas-
sette (39). DNA fragments �700 to 1,000 bp up- and downstream of the
targeted gene were amplified by PCR from 33277 genomic DNA. The
flanking fragments were coligated, with the antibiotic resistance cassette
between them, into pGem-TEz (Promega, Madison, WI). Primers used
for construction of fimA and PG1828 deletion plasmids are listed in
Table 1. tetQ was amplified from pYT646b (39), and ermF-AM was ob-
tained as a BamHI fragment from prtT::erm (40). The gene disruption
plasmids pfimA 5=flank:tetQ:3=flank and p1828 5=flank:ermF-AM:3=flank
were electroporated into 33277 in a GenePulser Xcell (Bio-Rad, Hercules,
CA). Mutant colonies arising due to homologous recombination between
the flanking segments on the plasmid and chromosome were selected for
by plating on TYHK agar plates containing the appropriate antibiotic.
They took 4 to 5 days to appear and were confirmed for deletion of the
targeted gene by PCR analysis. PG1828 and fimA mutants were similarly
constructed in P. gingivalis strains A7436, W83, and 381. The PG1828
fimA double mutant was constructed by electroporating pfimA 5=flank:
tetQ:3=flank into 33277�PG1828::erm, followed by selection for both tet-
racycline and erythromycin resistance. 33277�fimA mutants were con-
firmed to lack FimA protein, as assessed by immunoblotting with anti-
FimA antibodies (41, 42).

Preparation of bacterial hydrophobic and hydrophilic extracts. We
used a protocol similar to the initial steps used for extraction of phospho-
ceramides (43). Specifically, 150 ml P. gingivalis 33277 culture grown for
48 h (�2 � 109 bacteria/ml) was centrifuged and lyophilized, yielding an
�100-mg dried pellet. The pellet was dissolved in 1 ml water, followed by
addition of 4 ml 2:1 methanol-chloroform and mixed by vortexing. After
6 h, 750 �l of 2 N KCl plus 0.5 M K2HPO4 solution and 750 �l chloroform
were added, vortexed, and spun at low speed to facilitate clear separation
of the lower hydrophobic chloroform phase from the upper hydrophilic
aqueous phase. The lower phase was pipetted out and 750 �l chloroform
was added to the hydrophilic phase. Following vortexing and a spin, the
hydrophobic phases were pooled. The aqueous hydrophilic phase was
frozen, lyophilized, weighed, and resuspended in water. The hydrophobic
phase was dried in a fume hood, weighed, and resuspended in 70% etha-
nol. The weights of dried hydrophilic and hydrophobic fractions were
�25 to 50 mg and �15 to 30 mg, respectively.

TABLE 1 Primers used for construction of mutants

Gene Orientation Sequencea

fimA, up-flank Forward AGATCAGCATGCGATGGTAAAGCGTCGCAAC
fimA, up-flank Reverse CATCACCTCGAGTTAGAGATTGTCTTGCATATAGC
fimA, down-flank Forward AGATCTAAGCTTAGGCTGCTACTTGGTAATCGAC
fimA, down-flank Reverse ACTCACGCTAGCTGTCGGATTAGTATTCTGC
tetQ Forward AGATCACTCGAGCAACGAATTATCTCCTTAACG
tetQ Reverse ACTCACAAGCTTCCAACTGTATTGCCTTATAG
PG1828, up-flank Forward TCATTTGTCATCATGGTGCCTC
PG1828, up-flank Reverse TCGAGGATCCAGTGTAATTAATGTTCTATAACG
PG1828, down-flank Forward TCGAGGATCCAAGTCTGACTTCAAAAGAGTCG
PG1828, down-flank Reverse AGCATATAATACAGAGTCAGCAC
a Restriction sites used for constructing the deletion plasmids are underlined.
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Preparation of LPS and isolation of lipid A. P. gingivalis bacteria were
grown for 48 h in TYHK broth containing 1 �g/ml hemin. LPS was iso-
lated from 150 to 200 ml culture using the Tri-reagent protocol, as previ-
ously described (36). Following precipitation of lyophilized LPS (the last
step of Tri-reagent procedure) with 0.375 M magnesium chloride, the
pellet was washed twice with cold 95% ethanol and once with cold 100%
ethanol. Phospholipids were removed by adding 400 �l monophasic 2:1
chloroform-methanol solution, centrifuging, and discarding the superna-
tant. The pellet, which contains LPS, was lyophilized, weighed, and resus-
pended in water.

Lipid A was isolated from LPS as described previously (20). The ratio-
nale for using the final chloroform-methanol-water (1:1:0.9, vol/vol/vol)
extraction step was to separate lipid A from residual carbohydrate con-
taminants. The chloroform phase, containing lipid A, was dried, weighed,
and resuspended in 0.1% triethylamine. The aqueous layer was frozen,
lyophilized, weighed, and resuspended in water for further analysis.

HEK293 TLR activation assays. The assays were performed as previ-
ously described (20). Briefly, HEK293 cells were plated in 96-well plates
and transfected the following day with plasmids encoding NF-�B-depen-
dent firefly luciferase reporter, �-actin promoter-dependent Renilla lucif-
erase reporter, and human TLRs. In the case of human TLR2, TLR2/TLR1,
or TLR1 alone, 0.001 �g plasmid encoding the indicated TLR was cotrans-
fected with 0.002 �g plasmid encoding human mCD14. In the case of
human TLR4, 0.002 �g plasmid encoding human TLR4 was cotransfected
with 0.0025 �g plasmid encoding human MD-2. At 18 to 20 h posttrans-
fection, test wells were stimulated in triplicate for 4 h at 37°C with various
doses of sample, which were suspended in Dulbecco’s modified Eagle
medium (DMEM) containing 10% human serum. For stimulation with
intact bacteria, 1-ml cultures of the indicated strains were first washed
with TYHK, and their concentration estimated by measuring the optical
density at 600 nm. Luciferase activity was assayed using a dual luciferase
assay reporter system (Promega, Madison, WI). NF-�B activity was mea-
sured as the ratio of NF-�B-dependent firefly luciferase activity to �-actin
promoter-dependent Renilla luciferase activity, which served as an inter-
nal standard. The data were plotted as the fold difference of NF-�B activity
of the sample over unstimulated control. The carrier solvents (water, 70%
ethanol, 0.1% triethylamine, and TYHK) were not included in the un-
stimulated control. However, each solvent individually was shown not to
contribute toward stimulation of any of the TLRs tested.

Lipoprotein lipase treatment. The synthetic lipoprotein PAM3CSK4
was purchased from InvivoGen (San Diego, CA). Lipoprotein lipase from
a Burkholderia sp. was purchased from Sigma-Aldrich (St. Louis, MO).
The amount of lipoprotein lipase added to LPS preparations and the sub-
sequent aqueous and chloroform fractions, as well as to whole bacteria, is
indicated in the figure legends. The enzyme and substrate were incubated
at 37°C overnight in the case of LPS or fractions derived from LPS and for
2 h in the case of whole bacteria.

Statistical analysis. The significance of all described comparisons was
established using two-tailed unpaired t tests on triplicate samples with a
significance level of 0.05, unless otherwise stated.

RESULTS
P. gingivalis stimulates TLR2/TLR1 more potently than TLR2
alone. TLR2-ligand functional studies in P. gingivalis have largely
involved examining purified ligands in TLR2�/� mice or macro-
phages/monocytes from TLR2�/� mice. These assay systems ex-
press a wide range of innate immune receptors besides TLR2. In
order to assess the function of individual TLRs in mounting an
innate immune response, we and other groups have utilized non-
immune human embryonic kidney (HEK) 293 cells transfected
with a plasmid encoding the TLR of interest and measured its
activity by cotransfecting an NF-�B-responsive reporter (44).
TLR2-expressing or TLR4-expressing HEK293 cells were stimu-
lated with whole live bacteria, instead of individual agonists, to

determine the collective activation by all ligands present on the
surfaces of P. gingivalis cells. Consistent with previous observa-
tions, use of this system demonstrated potent TLR2, but not
TLR4, activation by P. gingivalis (Fig. 1). Since lipoproteins from
Gram-negative bacteria are typically triacylated, and given the
functional and structural evidence demonstrating the important
role TLR1 plays as a coreceptor in initiating a response to these
triacylated ligands (10, 13, 14), we tested cells transfected with
both TLR2 and TLR1. Figure 1 demonstrates an increased signal-
ing potency of TLR2/TLR1 compared to that of TLR2 alone. These
data suggest that lipoproteins contribute to TLR2 activation by P.
gingivalis whole cells.

PG1828 and FimA are not the major ligands contributing to
TLR2 and TLR2/TLR1 activation. The two P. gingivalis proteins
known to activate TLR2 are fimbriae (23, 26, 45, 46) and the lipo-
protein PG1828 (34, 47). We determined whether these ligands
contribute significantly to TLR2 and TLR2/TLR1 activation by
whole bacterial cells by testing P. gingivalis mutants that are defi-
cient for either FimA, the major fimbrial subunit, or PG1828.
Previous studies have demonstrated that recombinant FimA stim-
ulates TLR2 to an extent similar to that of fimbriae (23). Single
�fimA::tetQ and �1828::ermF-AM mutants were constructed in
the commonly studied P. gingivalis strains 33277, A7436, 381, and
W50. Figure 2A to D demonstrate no decrease in the magnitude of
TLR2/TLR1 stimulation by the single mutant strains relative to
the wild type. We next tested a P. gingivalis 33277 double mutant
with both PG1828 and fimA deleted. Intact double-mutant bacte-
ria were also not attenuated for TLR2 and TLR2/TLR1 stimulation
(Fig. 2E). Interestingly, the �1828 mutation conferred a higher
stimulating capacity in strains 33277 and 381 for reasons that are
not understood. We conclude that FimA and PG1828 do not sig-
nificantly contribute to TLR2 and TLR2/TLR1 activation by whole
cells. These data indicate the presence of additional ligands on the
bacterial surface that activate TLR2.

Hydrophilic molecules mediate TLR2 and TLR2/TLR1 acti-
vation by P. gingivalis. P. gingivalis LPS and phosphoceramides
are two other ligands known to stimulate TLR2. These molecules

FIG 1 P. gingivalis whole bacteria stimulate TLRs as follows: TLR2/TLR1 �
TLR2 � TLR4. HEK293 cells were transfected with human TLR4 and MD-2,
with human TLR2 and CD14, or with human TLR2, TLR1, and CD14, fol-
lowed by infection with 104, 105, 106, or 107 intact 33277 bacteria, as indicated
on the x axis. The fold NF-�B stimulation of infected cells relative to unstimu-
lated controls is plotted on the y axis. The results are means 	 standard devi-
ations (SD) for triplicate samples from one of three independent experiments.
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can be separated by a biphasic water-methanol-chloroform ex-
traction to obtain a hydrophobic fraction containing phospholip-
ids such as phosphoceramides (43) and a hydrophilic fraction
containing LPS and other water-soluble compounds. Intact P. gin-
givalis were subjected to this extraction procedure, and activation
of TLR2 and TLR2/TLR1 was examined (Fig. 3). It was found that
the hydrophilic fraction was a significantly more potent stimula-
tor of TLR2 and TLR2/TLR1 signaling than the hydrophobic frac-
tion. Hence, agonists that partition to the hydrophilic phase con-
tribute substantially to TLR2 and TLR2/TLR1 activation.

TLR2 and TLR2/TLR1 stimulation by P. gingivalis LPS is in-
dependent of lipid A structure. LPS macromolecules partition to
the hydrophilic phase of the biphasic extraction described above,
of which the lipid A moiety has been proposed to activate TLR2
(22, 24). Since P. gingivalis synthesizes multiple lipid A subtypes
that differ in number of acyl chains and phosphate groups, we
evaluated whether LPSs possessing distinct lipid A structures dif-

fer in their capacity to activate TLR2. We tested LPSs containing
two different lipid A populations that exhibit wide differences in
structure, with a concomitant difference in their abilities to acti-
vate the lipid A receptor TLR4. The first population is mostly
comprised by lipid A that is tetra-acylated and nonphosphory-
lated, a weak TLR4 agonist. It is the major lipid A structure syn-
thesized by wild-type P. gingivalis grown under restricted-hemin
conditions (20). The second lipid A structure, penta-acylated and
diphosphorylated, synthesized by a P. gingivalis mutant bearing
deletions in the two lipid A phosphatases, PG1773 and PG1587
(20), is a relatively potent TLR4 activator. Figure 4 recapitulates
the difference in TLR4 activation by the two lipid A species. Im-
portantly, however, they activate TLR2 and TLR2/TLR1 to similar
extents. TLR1 alone was not activated by P. gingivalis LPS prepa-
rations. The synthetic triacylated lipopeptide PAM3CSK4 served
as a positive control for TLR2 and TLR2/TLR1 activation (10) and
was shown to not activate either TLR4 or TLR1 alone. These data

FIG 2 P. gingivalis �PG1828 and �fimA mutants are not attenuated for TLR2/TLR1 activation. (A to D) HEK293 cells expressing human TLR2/TLR1/CD14 were
stimulated with wild-type bacterial cells or the isogenic �PG1828 or �fimA single-mutant cells of strains 33277 (A), 381 (B), A7436 (C), and W50 (D). (E)
HEK293 cells expressing human TLR2/CD14 or human TLR2/TLR1/CD14 were infected with 33277 or 33277�1828�fimA double-mutant cells. Asterisks denote
significant differences in stimulation potency between 33277 and �1828�fimA (P 
 0.05). Fold NF-�B stimulation of infected cells relative to unstimulated
controls is plotted on the y axis. The results are means 	 SD for triplicate samples from one of two independent experiments.
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indicate that activation of TLR2 and TLR2/TLR1 by P. gingivalis
LPS preparations is independent of lipid A structure. We also
tested LPS from a P. gingivalis mutant that lacks O antigen due to
a deletion in the O-antigen ligase-encoding gene, PG1051. (37).
LPS from this mutant was not attenuated for TLR2 or TLR2/TLR1

stimulation (data not shown), indicating that O antigen also does
not contribute to activation.

The results so far suggest that TLR2 activation by LPS is medi-
ated by impurities present in the preparation. PG1828 is a known
TLR2-activating lipoprotein contaminant found in LPS prepara-
tions and, interestingly, was demonstrated to act independently of
TLR1 (47). We assessed whether TLR2 and TLR2/TLR1 stimula-
tion by P. gingivalis LPS can be largely attributed to PG1828. Ac-
cordingly, LPS from both �1828 and �fimA single and double
mutants were tested. Figure 5 demonstrates that LPS from �1828
mutants is severely attenuated for TLR2 stimulation, consistent
with previous results (35). It was also attenuated for TLR2/TLR1
stimulation, though to a lesser extent than for TLR2 alone. Figure 5
further shows that FimA also contributes to a small extent to TLR2
activation, indicating that LPS preparations could be contami-
nated by fimbriae as well. The �1828 mutant LPS is further atten-
uated by a fimA mutation, at both TLR2 and TLR2/TLR1. The fact
that LPS from the double �PG1828 �fimA mutant did not entirely
lack the ability to stimulate TLR2/TLR1 indicates the presence of
additional agonists that copurify with P. gingivalis LPS.

Novel hydrophilic lipoprotein lipase-sensitive molecules
mediate TLR2/TLR1 activation by P. gingivalis LPS prepara-
tions. LPS from �1828 �fimA mutants was hydrolyzed to separate
lipid A from the other two moieties of LPS, core oligosaccharide
and O antigen, and subjected to biphasic water-methanol-chloro-
form fractionation (20, 48) to separate hydrophobic lipid A from
potential aqueous contaminants. The chloroform phase is rou-
tinely used to assess lipid A structure by MALDI-TOF (matrix-

FIG 3 Hydrophilic whole bacterial fractions from P. gingivalis 33277 stimu-
late TLR2 and TLR2/TLR1 more potently than the hydrophobic fraction.
HEK293 cells expressing either TLR2/CD14 or TLR2/TLR1/CD14 were stim-
ulated by the indicated amounts of aqueous or organic fractions (ng/ml). Fold
NF-�B stimulation of infected cells over unstimulated controls is shown on the
y axis. The results are means 	 SD for triplicate samples from one of three
independent experiments. A significant difference in activation potency was
observed within each hydrophilic-hydrophobic pair shown (P 
 0.01).

FIG 4 P. gingivalis lipid A structure affects TLR4 activation but not TLR2 and TLR2/TLR1 activation. HEK293 cells expressing human TLR4/MD-2 (A), human
TLR2/CD14 (B), human TLR2/TLR1/CD14 (C), or human TLR1/CD14 (D) were infected with LPS from wild-type 33277 or the �PG1587 �PG1773 isogenic
mutant. The synthetic TLR2/TLR1 ligand PAM3CSK4 was used as a control, in which case HEK293 cells were stimulated with 0.1, 1, and 10 ng/ml PAM3CSK4,
100� less than that used for stimulation by LPS. Fold NF-�B stimulation of infected cells compared to unstimulated controls is plotted on the y axis. The results
are means 	 SD for triplicate samples from one of three independent experiments. Significant differences in stimulation potency between 33277 LPS and
�1773�1587 LPS (P 
 0.01) were observed for TLR4 but not for TLR2, TLR2/TLR1, and TLR1 activation at each concentration tested.
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assisted laser desorption ionization–time of flight) analysis (20)
and was recently reported to contain phosphorylated dihydro-
ceramides as well (49). Figure 6a demonstrates that the aqueous
phase stimulates TLR2/TLR1 potently. The higher level of stimu-
lation relative to the parent LPS could be due to a larger amount of
ligand in similar amounts, measured as dry weight, of both prep-
arations. The chloroform phase did not elicit a potent TLR2/TLR1
response, consistent with lipid A not being a TLR2 agonist and
suggesting contaminant phosphoceramides do not contribute sig-
nificantly to TLR2 activation by LPS preparations.

We next investigated whether or not the hydrophilic TLR2/
TLR1 ligands in �1828 �fimA mutant LPS are lipoproteins. Lipo-
protein lipase, isolated from a Burkholderia sp., is an enzyme that
hydrolyzes ester linkages in triglycerides resulting in sequential
release of two acyl chains (50). Gram-negative bacterial lipopro-
teins have two acyl chains linked by thioester bonds and a third
acyl chain linked by an amide bond to the N-terminal cysteine
residue of the mature protein (51). Lipoprotein lipase has been
shown to disrupt the TLR2-activating function of bacterial lipo-
proteins, including PG1828 (34). Treatment of the synthetic tri-
acylated lipoprotein and potent TLR2/TLR1 agonist PAM3CSK4
with lipoprotein lipase resulted in abrogation of TLR2/TLR1 stim-

ulation (Fig. 6B). Addition of lipoprotein lipase similarly curtailed
TLR2/TLR1 stimulation by the ligand-containing aqueous phase
of �1828 �fimA mutant LPS (Fig. 6A). These data indicate the
presence of novel ligands in LPS preparations that are potentially
lipoproteins.

Treatment of LPS preparations from a panel of Gram-nega-
tive bacteria with lipoprotein lipase curtails TLR2/TLR1, but
not TLR4, activation. LPS from E. coli and P. gingivalis are known
to contain lipoproteins that exhibit TLR2 agonist activity (33, 34).
We tested LPS from a panel of Gram-negative bacteria that in-
cluded P. gingivalis, the oral anaerobic periodontitis-associated
species Prevotella intermedia, the oral commensal Fusobacterium
nucleatum, the gut commensal Bacteroides thetaiotaomicron, and
E. coli for TLR2/TLR1 activation. Figure 7A shows that LPSs from
P. gingivalis, P. intermedia, and B. thetaiotaomicron stimulate
TLR2/TLR1 potently. Interestingly, the addition of lipoprotein

FIG 5 PG1828 is the principal contributor to TLR2 activation, and a partial
contributor to TLR2/TLR1 activation, by P. gingivalis LPS preparations.
HEK293 cells transfected with human TLR2/CD14 (A) or human TLR2/TLR1/
CD14 (B) were exposed to LPS preparations from 33277 (wild type),
�PG1828, �fimA, or �1828 �fimA mutants. Inducible NF-�B stimulation of
infected cells relative to unstimulated controls is plotted on the y axis. The
results are means 	 SD for triplicate samples from one of three independent
experiments. *, P 
 0.05 versus wild-type control.

FIG 6 TLR2/TLR1 ligands in P. gingivalis LPS preparations are hydrophilic
and sensitive to lipoprotein lipase. (A) LPS, the aqueous (hydrophilic) frac-
tion, or the chloroform (hydrophobic) fraction, each 100 ng/ml, from
�PG1828 �fimA mutants was treated with 0 or 2� (wt/vol, relative to sub-
strate, 200 ng here) lipoprotein lipase (lipase) and used to stimulate HEK293
cells expressing TLR2/TLR1/CD14. The aqueous and chloroform fractions
were derived from LPS subjected to hydrolysis to yield lipid A. A significant
difference was observed in the activation potencies of the aqueous phase with
and without lipoprotein lipase (P 
 0.05). (B) Synthetic triacylated lipoprotein
PAM3CSK4 treated with 0, 2�, or 20� lipoprotein lipase was used to stimu-
late TLR2/TLR1/CD14-expressing HEK293 cells. Fold NF-�B stimulation rel-
ative to unstimulated controls is plotted on the y axis. The results are means 	
SD for triplicate samples from one of three independent experiments. *, P 

0.05 for untreated versus 2�-lipase-treated and for 2�-lipase- versus 20�-
lipase-treated PAM3CSK4.
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lipase significantly abrogates activation by the entire panel of LPS
molecules tested. These LPS preparations, therefore, appear to
contain various amounts of TLR2/TLR1 ligands that copurify
with LPS. TLR4 activation by this panel of LPS molecules was also
examined, both before and after lipoprotein lipase treatment. As
expected, TLR4 was activated to different extents by these LPS
molecules, depending on the structure of the lipid A moiety (21,
52), with B. thetaiotaomicron and E. coli JM83 LPS displaying po-
tent activation (Fig. 7B). TLR4 activation, however, did not
change significantly upon treatment with lipoprotein lipase
(Fig. 7B), indicating that lipid A is not a substrate for lipoprotein
lipase. These data further confirm that the structure of TLR2/
TLR1 ligands in LPS preparations is distinct from that of lipid A,
the TLR4 agonist.

Lipoprotein lipase attenuates TLR2 and TLR2/TLR1 stimu-
lation by intact P. gingivalis. We treated whole P. gingivalis bac-
teria with lipoprotein lipase to assess the extent to which surface
molecules sensitive to this enzyme contribute to TLR2 and TLR2/
TLR1 activation. Figure 8 reveals a significant attenuation at both

TLR2 and TLR2/TLR1 in response to this treatment. There was no
decrease in bacterial viability as measured by colony-forming
units (CFUs) following addition of lipoprotein lipase (data not
shown), indicating that the membrane bilayer was not compro-
mised. The addition of lipoprotein lipase is the first time we ob-
served a decrease in the capacity of intact P. gingivalis to activate
TLR2 and TLR2/TLR1 using a defined recombinant assay system.
We conclude that this class of molecules confers on live P. gingi-
valis a predominant proportion of its capacity to activate TLR2
signaling.

DISCUSSION

In this work we show that the TLR2 response to P. gingivalis whole
cells is not triggered solely by ligands reported to date. Mutants
devoid of the two reported protein agonists, fimbriae and PG1828,
are not attenuated for TLR2 activation. We are unable to use the
genetic deletion approach to test the role of the reported nonpro-
tein agonists LPS and phosphoceramides because of the nonvi-
ability or unavailability of mutants in their biosynthetic pathways.
With respect to LPS, whether TLR2 activation is mediated by LPS
structural moieties or contaminating agonists or both has not
been amenable to straightforward resolution and is therefore a
subject of controversy. Previous data demonstrated that purified
preparations of P. gingivalis LPS activate TLR2 (22, 24). In our
hands, repeated extractions using the method described by Manthey
and Vogel (53) decreased TLR2 activation, indicating removal of
contaminants, but also decreased the amount of lipid A obtained
(data not shown), thereby confounding the issue. Two major P. gin-
givalis lipid A species, penta-acylated diphosphorylated agonist (28)
and tetra-acylated monophosphorylated antagonist (31), have been
chemically synthesized, and both failed to elicit TLR2 activation. It
remains possible that a minor lipid A species produced by P. gingivalis
contributes to TLR2 activation. However, the observation that TLR2
activation is independent of lipid A structure, as demonstrated by
experiments in the present study, argues against this possibility.
Taken together, the current body of evidence supports the idea that
TLR2 activation by LPS preparations is predominantly attributable to

FIG 7 Lipoprotein lipase treatment of LPS from P. gingivalis (Pg), P. interme-
dia (Pi), B. thetaiotaomicron (Bt), F. nucleatum (Fn), and E. coli (Ec) attenuates
TLR2/TLR1 activation (A) but not TLR4 activation (B). (A) HEK293 cells were
transfected with human TLR2/TLR1/CD14 and stimulated with 100 ng/ml
LPS treated with 0 or 200� (wt/vol relative to substrate, 2 �g here) lipoprotein
lipase. (B) HEK293 cells were transfected with human TLR4/MD-2 and ex-
posed to 10 ng/ml LPS treated with 0 or 200� lipoprotein lipase. Inducible
NF-�B stimulation of LPS-infected cells over unstimulated controls is plotted
on the y axis. The results are means 	 SD for triplicate samples from one of two
independent experiments. Significant differences in activation potency (P 

0.05) were observed between samples with and without lipoprotein lipase for
TLR2/TLR1 but not for TLR4 stimulation.

FIG 8 P. gingivalis whole bacteria are attenuated for TLR2 and TLR2/TLR1
activation by lipoprotein lipase. Intact cells of 33277 (105, 106, or 107) were
treated with 0 or 200 �g lipoprotein lipase for 2 h at 37°C. HEK293 cells
transfected with human TLR2/TLR1/CD14 were infected with 10-fold-diluted
bacterial samples. Plotted on the y axis is fold NF-�B activation by bacteria
relative to unstimulated controls. The results are means 	 SD for triplicate
samples from one of two independent experiments. *, P 
 0.05 for samples
with and without lipoprotein lipase.
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copurifying ligands. The observations that LPS from �1828 mutants
is attenuated for TLR2 and, to a lesser extent, TLR2/TLR1 activation
and that lipoprotein lipase attenuates TLR2/TLR1 activation by P.
gingivalis LPS preparations are consistent with the conclusions that
(i) lipoprotein TLR2 agonists copurify with LPS and (ii) lipoprotein
contaminants are not easily removed from P. gingivalis LPS prepara-
tions by phenol re-extraction.

Our observations with �1828 mutants reveal an important dis-
tinction between P. gingivalis LPS preparations and whole bacteria
with respect to their TLR2 agonist composition. In contrast to the
severe attenuation displayed by �1828 LPS, �1828 mutant bacte-
ria stimulated TLR2 (with or without TLR1) as robustly as the wild
type. This was confirmed in four strains (Fig. 2). Interestingly, the
�1828 mutation in two strains, 33277 and 381, resulted in a mild
increase in activation by whole bacteria. These two strains are
different from the other two tested, A7436 and W50, in that they
are not capsulated. Whether the absence of a capsule has any bear-
ing on the mild hyperactivation phenotype remains to be investi-
gated.

The distinction between the LPS preparations and whole bac-
teria mentioned above suggests that TLR2 agonists that coprecipi-
tate with LPS comprise a fraction of the full repertoire of P. gingi-
valis TLR2 ligands. PG1828 is one such ligand, which gets
separated from the other ligands in the process of LPS prepara-
tion. In this semi-isolated context, PG1828 is observed to be the
main contributor to TLR2 stimulation. However, in the context of
whole �1828 bacteria, the presence of other agonists, which do
not copurify with LPS, compensates for the absence of PG1828 to
stimulate TLR2.

Figure 5 suggests that FimA may also copurify with LPS. How-
ever, evaluation of P. gingivalis 33277 LPS preparations by immu-
noblotting with anti-FimA antibodies did not detect FimA in
these preparations (data not shown). This could be because the
amount of FimA falls below the level of detection. Alternatively,
the fimA mutation may have an indirect effect that results in
mildly decreased TLR2 activation by �fimA LPS preparations. For
example, a perturbation of proteins associated with intact fim-
briae, or the impact of �fimA on regulation of genes immediately
downstream (54), could contribute to lowered activation. Com-
plementation analyses of �fimA and �1828 mutants remain to be
conducted. With respect to the �1828 mutation, annotation of the
P. gingivalis genome indicates that the gene downstream is in the
reverse orientation, suggesting that the mutation does not exert a
polar effect.

The extents to which LPS preparations derived from a range of
bacteria activate TLR2/TLR1 differ widely, suggesting various lev-
els of contamination by TLR2 ligands in LPS preparations. The
levels of attenuation achieved by the action of lipoprotein lipase
also differ widely, as demonstrated by the low level of attenuation
seen when the lipase was added to P. intermedia LPS, warranting
further investigation into the nature of TLR2 ligands.

Lipoprotein lipase hydrolyzes ester bonds that link fatty acid
chains to triglyceride, the prototype being eukaryotic very-low-
density lipoproteins (50). The observation that lipoprotein lipase
inactivates Gram-negative bacterial lipoproteins comes from
work done with PG1828 (34), with lipoproteins in Actinomyces
viscosus (55), and, in this study, with the synthetic triacylated
lipoprotein PAM3CSK4. Interestingly, the TLR2-activating ca-
pacity of fimbriae was shown to be attenuated by lipoprotein
lipase as well (56). Whether this is because the precursor FimA

protein is lipidated (57) or is due to the presence of associated
lipoprotein contaminants remains to be investigated. From a
structural viewpoint, phospholipids such as phosphoceramides
may also be susceptible to lipoprotein lipase. However, while
isolated preparations of phosphoceramides contribute to TLR2
activation (58), our data indicate they are not major agonists,
since hydrophilic fractions contribute more than hydrophobic
phospholipid fractions to TLR2 activation from both whole-cell
extracts and LPS preparations. The synthetic lipoprotein
PAM3CSK4 is soluble in water, indicating that these lipoprotein
lipase-sensitive molecules have hydrophilic properties, likely con-
ferred by the peptide chain. Lipoproteins from the Gram-positive
bacterium Listeria monocytogenes displaying TLR2 agonist activity
were recently shown to be secreted, soluble, and sensitive to lipo-
protein lipase as well (59). We propose that the hydrophilic lipase-
sensitive TLR2 agonists in P. gingivalis whole-cell extracts and LPS
preparations comprise a novel class of agonists composed by lipo-
proteins. Identification of members of this class is an area of active
investigation.

It should be noted that the hydrophobic fraction, particularly
that derived from whole P. gingivalis bacterial cells, also activates
TLR2 and TLR2/TLR1, albeit to a lesser extent than the hydro-
philic fraction. Potential ligands in this phase could include phos-
phoceramides, or even lipoproteins, which, owing to their amphi-
pathic nature, may not be exclusively hydrophilic.

We attempted to examine the extent to which lipoproteins
contribute to TLR2 activation by whole cells by constructing a P.
gingivalis mutant devoid of mature lipoproteins. We targeted the
gene encoding signal peptidase II, PGN_0515, for deletion analy-
sis in 33277. Signal peptidase II cleaves the signal peptide follow-
ing addition of diacylglycerol to the cysteine residue and is a pre-
requisite for addition of the third acyl chain (51). However, as
with attempts made in other Gram-negative bacteria, we were
unable to obtain mutant strains, indicating that this gene is essen-
tial for bacterial viability.

TLR2 and TLR2/TLR1 activation, though attenuated, was ob-
served following lipoprotein lipase treatment of P. gingivalis cells,
particularly when HEK cells were exposed to high concentrations
of bacteria. This could be because members of this class are not all
equally accessible to efficient enzyme activity due to structural
constraints. Alternatively, lipase treatment may result in lim-
ited deacylation producing diacylated lipopeptides, which may
retain the capacity to engage TLR2. Finally, it remains possible
that molecules not belonging to the class of fatty acids that are
ester linked to a triglyceride or peptide backbone possess TLR2
agonist activity.

The level of complexity in TLR2-P. gingivalis interaction is in-
creased by the range of coreceptors that TLR2 potentially engages.
TLR1 plays an important role as the TLR2 coreceptor for binding
triacylated lipoproteins, as confirmed by X-ray structural studies
(10). The two ester-linked acyl chains of the lipopeptide
PAM3CSK4 fit into a hydrophobic pocket in TLR2, while the third
amide-linked acyl chain inserts into a similar pocket in TLR1.
Hydrophobic moieties are, therefore, implicated as an important
structural requirement for ligands to bind TLR2. The hydropho-
bic molecules lipoteichoic acid and a synthetic phosphoetha-
nolamine derivative were also shown to bind TLR2 by X-ray crys-
tallography. However, these ligands did not engage TLR1 or TLR6
(11). The extent of TLR2 activation by these hydrophobic ligands
was low, indicating that heterodimerization of TLR2 with TLR1 or
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TLR6 is important to facilitate a potent response. Hence, the pre-
cise structure of hydrophobic molecules, such as the structure of
the head group, may dictate whether it interacts with a coreceptor,
which in turn influences the outcome of the response. P. gingivalis
fimbriae were shown to activate TLR2/TLR1 heterodimers but not
TLR2/TLR6 or TLR2 by itself (23). In another study, however,
FimA was shown to activate both TLR2/TLR1 and TLR2/TLR6
(60). Synthetic derivatives of PG1828, on the other hand, were
capable of activating TLR2 independently of TLR1 (47). Our study
with �1828 LPS preparations shows that it is severely deficient in
TLR2 activation even in the absence of TLR1 (Fig. 5A), indicating
that PG1828 is, indeed, not dependent on TLR1 for TLR2 stimu-
lation. Interestingly, however, we consistently observed a higher
level of activation of TLR2/TLR1 than TLR2 alone, whether in
response to LPS preparations, whole-bacterial-cell fractions, or
whole bacteria. One explanation is that TLR2/TLR1 heterodimers
are more sensitive to activation by the resident ligands than TLR2
alone. This, in turn, supports the concept that the ligands may be
lipoproteins (10).

Another well-characterized TLR2 coreceptor is CD14, which
FimA binds to activate TLR2 (23, 61, 62), and which we included
in our HEK293 assays. CD11b has also been identified as a TLR2-
fimbria coreceptor, and this interaction is implicated in down-
regulation of the antimicrobial cytokine interleukin 12 (IL-12)
(9). Interaction of fimbriae with TLR2 has also been shown to
induce cross talk of TLR2 with the coreceptors CR5, CXCL4, and
CR3, resulting in distinct responses (5, 7, 8). The plasticity and
diversity in downstream signaling when TLR2 is activated is fur-
ther underscored by the observation that P. gingivalis live cells
induce a different pattern of TLR2-dependent cytokines than that
induced by FimA or LPS preparations alone in mouse peritoneal
macrophages (26, 63). It is likely that different TLR2-activating
ligands vary in their abilities to engage TLR2 and specific corecep-
tors. In terms of responses, TLR2 engagement has been shown to
trigger production of both proinflammatory and anti-inflamma-
tory cytokines. An emerging body of evidence suggesting that
TLR2 promotes immune tolerance includes the action of B. fragilis
polysaccharide A in promoting secretion of the anti-inflammatory
cytokine IL-10 (64). A systematic identification of P. gingivalis
TLR2 agonists, followed by structural and functional analyses, will
give insights into the mechanism by which P. gingivalis fine-tunes
the TLR2 response to its overall benefit.
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