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In monocytes, the fimbriae of the oral pathogen Porphyromonas gingivalis activate cross talk signaling from
Toll-like receptor 2 (TLR2) to the 3, integrin CD11b/CD18, leading to the induction of the high-affinity state
of the latter receptor. CD14 plays an important role in this “inside-out” proadhesive pathway by binding
fimbriae and facilitating the activation of TLR2 and phosphatidylinositol 3-kinase signaling. In its high-affinity
state, CD11b/CD18 mediates monocyte adhesion to endothelial cells and transmigration to sites of infection.
We have now shown that P. gingivalis fimbriae function as both an activator and a ligand of CD11b/CD18; thus,
fimbriae proactively promote their own binding to monocytes. Indeed, treatments that interfered with fimbria-
induced activation of CD11b/CD18 (i.e., blockade of CD14, TLR2, or phosphatidylinositol 3-kinase signaling)
also suppressed the cell binding activity of fimbriae, which was largely inducible and CD11b/CD18 dependent.
Development of a recombinant inside-out signaling system in Chinese hamster ovary cells confirmed the ability
of fimbriae to activate CD14/TLR2 signaling and induce their own CD11b/CD18-dependent binding. Induction
of this proadhesive pathway by P. gingivalis fimbriae appeared to take place in lipid rafts. Indeed, methyl-3-
cyclodextrin, a cholesterol-sequestering agent that disrupts lipid raft organization, was found to inhibit the
fimbria-induced assembly of CD14/TLR2 signaling complexes and the activation of the high-affinity state of
CD11b/CD18. Experiments using macrophages from mice deficient in various pattern recognition receptors
indicated that the receptors involved in the inside-out proadhesive pathway (CD14, TLR2, and CD11b/CD18)
are important for mediating P. gingivalis internalization within macrophages. It therefore appears that P.

gingivalis proactively modulates (3, integrin adhesive activity for intracellular uptake.

CD11b/CD18 (CR3 or Mac-1) is a functionally versatile B,
integrin with significant roles in immunity and inflammation (5,
27). For instance, the ability of CD11b/CD18 to interact with
its endothelial counterreceptor, intercellular adhesion mole-
cule-1 (ICAM-1), is important for monocyte adhesion and
transendothelial migration (17). The binding affinity of CD11b/
CD18 for ICAM-1 is regulated by inside-out signaling, i.e.,
intracellular signals generated by other surface receptors such
as chemotactic receptors (17, 27). The regulated shift from a
low- to a high-affinity state of CD11b/CD18 is referred to as
“CD11b/CD18 activation” (17, 27). We have recently de-
scribed a novel Toll-like receptor 2 (TLR2)-mediated inside-
out signaling pathway for CD11b/CD18 activation in response
to Porphyromonas gingivalis fimbriae (12). P. gingivalis fimbria-
activated CD11b/CD18 is capable of mediating monocyte ad-
hesion to endothelial ICAM-1 and transendothelial migration
(11). This TLR2 proadhesive pathway is conserved between
humans and mice (11) and may constitute a defense mecha-
nism for monocyte recruitment to sites of P. gingivalis infec-
tion, such as in periodontitis (37). However, the same process
may contribute to monocyte transendothelial migration to ath-
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erosclerotic plaques, where P. gingivalis has been localized (16)
and is suspected to contribute to the pathogenesis of athero-
sclerosis (7).

Strikingly, the P. gingivalis fimbria-induced signaling path-
way for CD11b/CD18 activation may not be exclusively in-
volved in innate defense or inflammation but may alternatively
be exploited by the pathogen. We have found that the ability of
mouse macrophages to elicit interleukin-12 (IL-12) p70 in re-
sponse to P. gingivalis fimbriae is upregulated by CD11b defi-
ciency but is eliminated by TLR2 deficiency (8). These findings
suggest that fimbriae interact with CD11b/CD18 and inhibit
TLR2-dependent induction of IL-12 p70, a major cytokine in
mediating bacterial clearance (32). Through fluorescence res-
onance energy transfer (FRET) studies, we have additionally
shown that fimbriae induce a coassociation of TLR2 with
CD11b/CD18 as well as with CD14, an essential TLR2 core-
ceptor for fimbria-induced activation of nuclear factor kB and
cytokine production (9). It therefore appears that fimbriae
influence TLR2-dependent cellular activation through interac-
tions with at least two functionally associated pattern recogni-
tion receptors (PRRs), CD14 and CD11b/CD18.

Our working hypothesis is that P. gingivalis has co-opted a
proadhesive signaling pathway, normally involved in leukocyte-
endothelial cell interactions, for enhancing the interaction of
its cell surface fimbriae with CD11b/CD18. This proadhesive
pathway is initiated when P. gingivalis fimbriae bind CD14 and
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activate TLR2- and phosphatidylinositol 3-kinase-mediated
signaling, leading to the induction of an activation-specific
neoepitope (CBRM1/5) on CD11b (12). The induction of the
high-affinity conformation of CD11b/CD18, signified by the
CBRM1/5 neoepitope, may be essential for the binding of
fimbriae. However, direct evidence for a dual role of P. gingi-
valis fimbriae as both an activator and a ligand of CD11b/CD18
is missing. Moreover, the extent to which CD14 contributes to
the binding of fimbriae after CD11b/CD18 becomes activated
remains uncertain. To address these questions, we have now
generated a recombinant inside-out signaling system in Chi-
nese hamster ovary (CHO) cells and, moreover, developed a
modified version of our standard binding assay for human
monocytes. Specifically, the binding assay was dissected into an
activation step (for stimulating the ligand-binding activity of
CD11b/CD18) and a binding step. The latter step was carried
out on ice and in the presence of metabolic inhibitors to inhibit
further inside-out signaling. Using these methods, we have
generated conclusive evidence that P. gingivalis fimbriae stim-
ulate the adhesive activity of CD11b/CD18 and thereby pro-
mote their own CD11b/CD18-dependent cellular binding.
Moreover, P. gingivalis fimbria-induced CD14/TLR2 cluster
formation and the activation of the proadhesive pathway ap-
peared to occur in membrane lipid rafts, signaling platforms
used by several pathogens to invade host cells (1). Interest-
ingly, the receptors involved in the inside-out signaling path-
way for CD11b/CD18 activation (i.e., CD14, TLR2, and
CD11b/CD18) were found to play important roles in mediating
the internalization of fimbriated P. gingivalis by mouse macro-
phages.

MATERIALS AND METHODS

Reagents. Monoclonal antibodies (MAbs) to TLR2 (clone TL2.1), TLR4
(HTAI125), CD11b (CBRM1/5 and VIM12), and immunoglobulin (Ig) isotype
controls (IgG1 and IgG2a) were purchased from eBioscience (San Diego, CA).
MADb to CD11b (2LPM19c) was obtained from DakoCytomation (Carpinteria,
CA). MAbs to major histocompatibility complex (MHC) class T (W6/32) and
CD14 (Tiik 4) were obtained from Abcam (Cambridge, United Kingdom). MAb
to CD14 (MEM-18) was obtained from Caltag (Burlingame, CA). Anti-CD14
MADb (26ic) was purified from a hybridoma supernatant (HB246; ATCC, Ma-
nassas, VA). Murine-specific MAbs to CD14 (Sal4-2) and CD11b (M1/70) and
their isotype controls were obtained from Cell Sciences (Canton, MA) and
eBioscience, respectively. For FRET measurements (see below), MAbs were
conjugated to Cy3 or Cy5 using labeling kits from Amersham Biosciences. Phor-
bol myristate acetate (PMA), N-formyl-Met-Leu-Phe (FMLP), wortmannin,
LY294002, LY30351, methyl-B-cyclodextrin (MCD), and cholesterol were pur-
chased from Sigma-Aldrich (St. Louis, MO). P. gingivalis 381 and an isogenic
fimbria-deficient mutant (JH1004) (9) were grown anaerobically at 37°C in brain
heart infusion broth supplemented with hemin (5 pg/ml) and menadione (1
wg/ml). Fimbriae were purified from P. gingivalis 381 as previously described
(12). Purified fimbriae were free of contaminating substances on silver-stained
sodium dodecyl sulfate-polyacrylamide gels and tested negative for endotoxin
(<6 endotoxin units/mg protein) according to a quantitative Limulus amebocyte
lysate assay (BioWhittaker, Walkersville, MD).

Cell culture. Monocytes were purified from human peripheral blood upon
centrifugation using NycoPrep1.068 (Axis-Shield, Oslo, Norway) as previously
described (12). Incidental nonmonocytes were removed by magnetic depletion
using a cocktail of biotin-conjugated MAbs and magnetic microbeads coupled to
anti-biotin MAb (Monocyte Isolation Kit II; Miltenyi Biotec, Auburn, CA).
Purified monocytes were cultured at 37°C in a 5% CO, atmosphere in RPMI
1640 (Invitrogen/Gibco, Carlsbad, CA) supplemented with 10% heat-inactivated
fetal bovine serum, 2 mM L-glutamine, 10 mM HEPES, 100 units/ml penicillin G,
100 pg/ml streptomycin, and 0.05 mM 2-mercaptoethanol (complete RPMI).
Collection of human blood samples was conducted in compliance with estab-
lished federal guidelines and institutional policies. CHO cells stably transfected
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with human complement receptor 1 (CR1) or CR3 (CD11b/CD18) were kindly
provided by D. T. Golenbock (University of Massachusetts Medical School,
Worcester, MA) (19). CHO cells were cultured in Ham’s F-12 nutrient mixture
(Invitrogen/Gibco) supplemented with 2 mM L-glutamine, 10% heat-inactivated
fetal bovine serum, 100 units/ml penicillin, and 100 wg/ml streptomycin. Cell
viability was monitored using the CellTiter-Blue assay kit (Promega, Madison,
WI). None of the experimental treatments affected cell viability compared to
medium-only control treatments.

CD11b/CD18 activation assay. The CBRM1/5 epitope induction assay was
used to monitor the activation state of CD11b/CD18 as previously described (12).
The assay is based on the property of a reporter MAb (CBRM1/5) to detect a
conformational change on CD11b that signifies the high-affinity binding state of
CD11b/CD18 (4).

Binding assays. Biotinylated fimbriae (1 ng/ml) were allowed to bind to
human monocytes or human cell lines for 30 min at 37°C, as previously described
(12). Subsequently, the cells were washed and incubated on ice with fluorescein
isothiocyanate (FITC)-labeled streptavidin. After washing, binding was deter-
mined by measuring cell-associated fluorescence (in relative fluorescence units)
on a microplate fluorescence reader (FL600; Bio-Tek Instruments, Winooski,
VT) with excitation and emission wavelength settings of 485 and 530 nm, re-
spectively. Background fluorescence was determined for cells treated with me-
dium only and FITC-streptavidin.

To separate the CD11b/CD18 activation step from the binding stage in mono-
cyte interactions with fimbriae, the basic protocol described above was modified
as follows. The cells were pretreated for 10 min at 37°C with medium only or with
agents that activate the ligand-binding capacity of CD11b/CD18 (10~7 M FMLP,
0.1 wg/ml PMA, or 1 pg/ml fimbriae) (“activation step”). The cells were then
immediately washed with ice-cold Hanks’ balanced salt solution containing 1%
bovine serum albumin, 0.1% azide, and 50 mM 2-deoxy-D-glucose to inhibit
metabolic activity. Subsequently, biotinylated fimbriae (1 wg/ml) were added to
both nonactivated and activated cells for a 1-h incubation on ice (“binding step”),
and binding was measured as described above. The reason for performing the
binding step on ice and in the presence of metabolic inhibitors was because these
conditions would permit binding to preactivated CD11b/CD18 but would not
support further CD11b/CD18 activation, which requires higher temperatures
(ambient or 37°C) and energy (20).

P. gingivalis internalization assay. Mouse macrophages were incubated at
37°C with FITC-labeled P. gingivalis at a multiplicity of infection of 10:1 for
various time points (5 to 60 min). Phagocytosis was stopped by cooling the
incubation tubes on ice. After cell washing to remove nonadherent bacteria,
extracellular fluorescence (representing attached but not internalized bacteria)
was quenched with 0.2% trypan blue. The cells were washed again, fixed with 1%
paraformaldehyde, and analyzed by flow cytometry using a fluorescence-acti-
vated cell sorter (FACSCalibur) and CellQuest software (Becton-Dickinson).
The percentage of cells positive for FITC-P. gingivalis and the mean fluorescence
intensity of the positive cells (giving a measure of the number of internalized
bacteria) were recorded.

Recombinant inside-out signaling system in CHO cells. To reconstitute the
CD14/TLR2-dependent inside-out signaling system for CD11b/CD18 activation
in CHO cells, CHO cell lines stably expressing CD11b/CD18 (CHO/CR3) or
CD35 (CHO/CRI; control) (19) were transiently cotransfected with human
CD14 and TLR2, with the latter in either the wild-type form or the signaling-
deficient version, using plasmid constructs obtained from Invivogen (pUNO-
hCD14, pUNO-hTLR2, pZERO-hTLR2tirless, or empty vectors as transfection
controls). TLR plasmids were used at 100 ng per transfected well, and CD14 was
used at 50 ng per transfected well. The total amount of plasmid DNA per well
was kept constant (150 ng) by supplementation with empty control vector. Trans-
fections were performed using the PolyFect transfection reagent (QIAGEN Inc.,
Valencia, CA) according to the manufacturer’s instructions. Two days posttrans-
fection, expression of transfected CD14 and TLR2 was confirmed by staining the
cells with specific FITC-labeled anti-CD14 or anti-TLR2 MAb and measuring
cell-associated fluorescence using a Bio-Tek microplate fluorescence reader. The
binding of P. gingivalis fimbriae to transfected CHO cells was assessed using the
basic protocol described above for monocytes.

MCD treatment and cholesterol reconstitution. To deplete human monocytes
of cholesterol using MCD and reconstituting cellular cholesterol in MCD-treated
cells, we used a modification of a previously published methodology (3, 18).
Briefly, human monocytes were incubated in the presence of 10 mM MCD for 30
min at 37°C to deplete the cells of cholesterol. The cells were washed and
incubated for an additional 30 min with medium only or with 150 wM cholesterol.
Subsequently, the cells (MCD-treated cells, MCD-treated and cholesterol-recon-
stituted cells, and cells treated with medium only) were used in functional assays.
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FRET. The procedures for measuring the efficiency of energy transfer between
fluorescently labeled cell surface receptors have been previously described in
detail (29, 30). Briefly, human monocytes were cultured on microchamber cul-
ture slides (Lab-tek; Invitrogen/Gibco). Following treatment for 10 min at 37°C
with medium only or with P. gingivalis fimbriae (1 wg/ml), the cells were labeled
with 100 pl of a mixture of Cy3-conjugated MAb to TLR2 (donor) and Cy5-
conjugated MAb to CD14 or CD11b (acceptors). MAb to MHC class I conju-
gated to Cy5 was used for control purposes. The cells were rinsed twice with
phosphate-buffered saline containing 0.02% bovine serum albumin and then
fixed with 4% paraformaldehyde for 15 min. Cell fixation was necessary to
prevent the potential reorganization of the proteins during the course of the
experiment and energy transfer determinations. Energy transfer between differ-
ent receptor pairs was calculated from the increase in donor fluorescence after
acceptor photobleaching.

Statistical analysis. Data were evaluated by analysis of variance and the
Dunnett multiple-comparison test using the InStat program (GraphPad Soft-
ware, San Diego, CA). Where appropriate (comparison of two groups only),
two-tailed ¢ tests were also performed. Statistical differences were considered
significant at a P value of <0.05.

RESULTS

Induction of the CBRM1/5 neoepitope of CD11b correlates
with increased cellular binding of P. gingivalis fimbriae. We
have recently shown that P. gingivalis fimbriae activate the
high-affinity binding state of CD11b/CD18 in human mono-
cytes, as determined by the induction of the activation-specific
CBRM1/5 neoepitope (12). Induction of the CBRM1/5 neo-
epitope is evident within 10 min following activation, peaks at
30 min, and slowly declines thereafter (12). That study, how-
ever, did not address whether the induction of the CBRM1/5
neoepitope promotes the cell binding activity of fimbriae. We
have now found that upon a 30-min stimulation with fimbriae,
monocytes display increased binding activity for both the
CBRM1/5 reporter MAb and fimbriae (similarly treated but
separate aliquots of cells were used in the two assays) (Fig. 1).
Moreover, treatments that interfere with inside-out signaling
and the induction of the CBRM1/5 neoepitope, namely, anti-
CD14, anti-TLR2, or phosphatidylinositol 3-kinase inhibitors
(12), also inhibited the cell binding of fimbriae (P < 0.05) (Fig.
1). Control treatments (anti-TLR4 or the inactive analog in-
hibitor LY303511) were without significant effects (Fig. 1).
Therefore, induction of the CBRM1/5 neoepitope by fimbriae
positively regulates the cell binding activity of fimbriae.

P. gingivalis fimbriae display inducible binding to CD11b/
CD18. CHO/CR3 cells express human CD11b/CD18 (CR3),
whereas CHO/CRI1 cells express CD35 (CR1) (19). If CD11b/
CD18 is an important cellular receptor of P. gingivalis fimbriae,
then fimbriae would be expected to display enhanced binding
to CHO/CR3 cells compared to CHO/CR1 cells, especially
under conditions that activate the ligand-binding capacity of
CD11b/CD18. Indeed, we found that fimbriae bound poorly to
CHO/CR1 compared to CHO/CR3 cells, especially upon treat-
ment with PMA, an activator of CD11b/CD18 that bypasses
inside-out signaling (12). Specifically, PMA-treated CHO/CR3
cells were able to bind fimbriae at levels that were four- to
fivefold higher than those untreated CHO/CR3 cells and at
levels that were about 13-fold higher than those of PMA-
treated CHO/CRI cells (P < 0.05) (Fig. 2A). The treatment of
CHO/CRI1 cells with PMA did not upregulate the binding of
fimbriae compared to the untreated control (Fig. 2A). The
PMA-inducible binding activity of CHO/CR3 cells was abro-
gated by anti-CD11b MADb, confirming the involvement of
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FIG. 1. Induction of a CDI11b activation-specific neoepitope
(CBRM1/5) in monocytes correlates with the cell binding activity of P.
gingivalis fimbriae. Human monocytes were pretreated for 30 min with
medium only or with IgG1 or IgG2a isotype controls; MAbs to CD14,
TLR2, or TLR4 (all at 10 pg/ml); or wortmannin (WTM; 50 nM),
LY294002 (20 wM), or its inactive analog, LY30351 (20 uM). Subse-
quently, the cells were exposed for 30 min to medium only (unstimu-
lated) or to 1 wg/ml of biotinylated P. gingivalis fimbriae. Similarly
treated but separate aliquots of cells were assessed for induction of the
CBRM1/5 neoepitope after staining with FITC-labeled CBRM1/5
MAD or for binding of fimbriae after staining with streptavidin-FITC.
Cell-associated fluorescence was measured and expressed in relative
fluorescence units (RFU). Data are presented as means * standard
deviations (SDs) of triplicate determinations from one of two inde-
pendent experiments that yielded similar results. Asterisks indicate
statistically significant (P < 0.05) inhibition of CBRM1/5 induction or
of binding of fimbriae compared to corresponding uninhibited, stim-
ulated controls.

CD11b/CD18 (Fig. 2B). We then developed a recombinant
TLR?2 inside-out signaling system in CHO/CR3 cells to deter-
mine if fimbriae themselves could activate CD11b/CD18 for
promoting their cellular binding.

CHO cells lack functional endogenous TLR2 (14) but tran-
scribe TLR1 and TLR6, either of which is capable of cooper-
ative signaling with TLR2 in TLR2-transfected CHO cells (13,
15, 23). Therefore, transfection of exogenous TLR2 in CHO/
CR3 cells would permit the reconstitution of inside-out signal-
ing upon activation with P. gingivalis fimbriae, which utilize
either TLR1 or TLR6 as signaling partners of TLR2 (9). Spe-
cifically, CHO/CR3 cells were transiently transfected with hu-
man TLR2 in either the wild-type form (TLR2-WT) or the
mutant version devoid of the intracellular Toll/interleukin-1
receptor (TIR) domain (TLR2-ATIR) (signaling-deficient
control). The cells were additionally cotransfected with human
CD14, which greatly facilitates fimbria-induced TLR2 inside-
out signaling (12). We found that the binding of fimbriae to
transfected CHO/CR3 cells was maximally increased (by al-
most sixfold compared to empty vector-transfected cells) when
CD14 and TLR2-WT were cotransfected (Fig. 2C). Maximal
binding was reduced by 48% when CD14 was cotransfected
with the signaling-deficient TLR2-ATIR (P < 0.05) (Fig. 2B).
This finding suggests that TLR2 signaling contributes to the
cellular binding of fimbriae, presumably through the activation
of CD11b/CD18. Indeed, that was the case, since a blocking
anti-CD11b MAD reduced the binding of fimbriae in cells co-
transfected with CD14 and TLR2-WT to levels similar to those
seen in cells cotransfected with CD14 and TLR2-ATIR (P <
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FIG. 2. P. gingivalis fimbriae display inducible binding to CD11b/
CD18. CHO cells stably transfected with CR1 (A) or CR3 (CD11b/
CD18) (A to C) were exposed to biotinylated P. gingivalis fimbriae (1
pg/ml) for 30 min at 37°C. The binding of fimbriae was measured as
cell-associated fluorescence after cell staining with streptavidin (SA)-
FITC. Background binding was determined in cells treated with me-
dium only and streptavidin-FITC. In panels A and B, the cells were
incubated in the absence or presence of PMA (0.1 pg/ml), a CD11b/
CD18 activator. In panel C, the cells were transiently cotransfected
with human CD14 and TLR2 in either the wild type (TLR2-WT), the
signaling-deficient mutant version (TLR2-ATIR), CD14 alone, or
empty vector control. In panels B and C, the binding of fimbriae was
assessed in the absence or presence of anti-CD11b or the IgG1 isotype
control (both at 10 pg/ml). Data are presented as means * SDs of
triplicate determinations from one of two independent sets of experi-
ments that yielded similar results. In panel A, asterisks denote statis-
tically significant (P < 0.05) differences compared to the correspond-
ing PMA-untreated control. Throughout, black diamonds (¢) denote
statistically significant (P < 0.05) differences between selected groups
as indicated, whereas black circles (@) indicate statistically significant
(P < 0.05) differences due to MAD treatment. RFU, relative fluores-
cence units.

0.05) (Fig. 2C). Transfection with CD14 in the absence of
TLR?2 resulted in relatively modest CD11b/CD18-independent
binding (Fig. 2C). In conclusion, P. gingivalis fimbriae readily
bind to CD11b/CD18 upon its activation with an artificial ag-
onist that bypasses inside-out signaling (PMA) or, more im-
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FIG. 3. P. gingivalis fimbriae activate the capacity of CD11b/CD18
to bind fimbriae. Human monocytes were pretreated for 10 min at
37°C with or without 1 pg/ml fimbriae (activation step). The cells were
then immediately washed with ice-cold buffer containing metabolic
inhibitors and incubated with 1 pg/ml biotinylated fimbriae (F), in the
presence of anti-CD11b or IgG1 isotype control (IC) treatment, for 1 h
on ice (binding step). Binding was measured as cell-associated fluo-
rescence (relative fluorescence units [RFU]) after staining with
streptavidin-FITC. Background fluorescence was determined using
cells treated with medium only throughout the experiment, except for
incubation with streptavidin-FITC, and is indicated by a discontinuous
horizontal line. Data are shown as means = SDs of triplicate deter-
minations from one of two independent experiments that yielded sim-
ilar results. Statistically significant (P < 0.05) enhancement of binding
of fimbriae compared to the corresponding medium-only-pretreated
group is indicated by an asterisk. A statistically significant (P < 0.05)
inhibition of binding due to MAb treatment is indicated by a black
circle (@).

portantly, upon fimbria-induced TLR2-dependent inside-out
signaling.

P. gingivalis fimbriae function as both an activator and a
ligand of CD11b/CD18 in human monocytes. Using human
monocytes and a modification of our fimbria binding assay
(12), we tested fimbriae as an activator and a ligand of CD11b/
CD18. Specifically, we dissected the binding assay into an ac-
tivation step (for stimulating the ligand-binding activity of
CD11b/CD18) and a binding step. The latter step was carried
out on ice and in the presence of metabolic inhibitors to inhibit
further inside-out signaling. Thus, human monocytes were pre-
treated at 37°C for 10 min with 1 pg/ml of unlabeled fimbriae
(activation step), and subsequently, biotinylated fimbriae (1
pg/ml) were added to medium-only- or fimbria-pretreated
monocytes for a 1-h incubation on ice (binding step). Under
the experimental conditions of the binding step, added biotin-
ylated fimbriae could not activate CD11b/CD18 in medium-
only-pretreated monocytes because this is an energy-depen-
dent process (20). Indeed, we found that fimbria-pretreated
cells bound added labeled fimbriae at significantly (P < 0.05)
higher levels than medium-only-pretreated cells (Fig. 3).
Moreover, the observed binding in medium-only-pretreated
cells could not be attributed to CD11b/CD18, as suggested by
the lack of an inhibitory effect of anti-CD11b MAb (Fig. 3). In
contrast, when fimbria-pretreated monocytes were incubated
with labeled fimbriae in the presence of anti-CD11b MAD, the
binding was significantly inhibited (P < 0.05) (Fig. 3) and was
comparable to that seen in medium-only-pretreated monocytes
(Fig. 3). The differences between medium-only- and fimbria-
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TABLE 1. Relative contributions of CD14 and CD11b/CD18 to the binding of P. gingivalis fimbriae®

Activation step Binding step treatment (on ice)

Binding (RFU) % Inhibition by

treatment (37°C) (mean * SD)* Ab treatment
Medium only Medium only 1,021 = 177

Medium only Fimbriae 11,080 + 1,123

Medium only Fimbriae + IgG1 isotype control 10,773 = 895 2.8
Medium only Fimbriae + anti-CD14 2316 = 348> 79.1°
Medium only Fimbriae + anti-CD11b 10,013 = 934 9.6
Medium only Fimbriae + anti-CD11b and anti-CD14 2,198 + 456° 80.2°
PMA Fimbriae 33,254 + 3,453¢

PMA Fimbriae + IgGl1 isotype control 31,991 = 2,369 3.8
PMA Fimbriae + anti-CD11b 16,072 = 998> 51.7°
PMA Fimbriae + anti-CD14 21,149 = 1,164° 36.4°
PMA Fimbriae + anti-CD11b and anti-CD14 9,660 = 6527 80.07
FMLP Fimbriae 29,570 *+ 3,086

FMLP Fimbriae + IgG1 isotype control 26,578 = 2,023 10.1
FMLP Fimbriae + anti-CD11b 14,953 = 741° 49.4
FMLP Fimbriae + anti-CD14 18,153 = 1,021° 38.6"
FMLP Fimbriae + anti-CD11b and anti-CD14 8,457 = 630° 71.4°

“ Human monocytes were pretreated for 10 min at 37°C with or without 0.1 pg/ml PMA or 1077 M FMLP (activation step). The cells were immediately washed and
incubated with biotinylated fimbriae, in the absence or presence of antibody treatment, for 1 h on ice (binding step). Binding was measured as cell-associated
fluorescence (relative fluorescence units [RFU]) after staining with streptavidin-FITC. Background fluorescence was determined using cells treated with medium only

throughout the experiment, except for incubation with streptavidin-FITC.

b Statistically significant (P < 0.05) inhibition of binding due to MADb treatment.

¢ Statistically significant (P < 0.05) enhancement of binding compared to the corresponding medium-only-pretreated group.

dp=3.

pretreated monocytes in the binding of labeled fimbriae are
therefore attributable to activated CD11b/CD18 in the latter
group. These results indicate that P. gingivalis fimbriae activate
the ligand-binding capacity of CD11b/CD18, which can thereby
efficiently recognize fimbriae.

Relative contribution of CD14 and CD11b/CD18 in the
binding of P. gingivalis fimbriae. The binding of fimbriae to
CD14 is important for effective TLR2 inside-out signaling and
activation of CD11b/CD18 (12). However, the extent to which
CD14 contributes to the binding of fimbriae after CD11b/
CD18 is activated remains uncertain. We have thus designed
an experiment to assess the relative binding contribution of
these receptors in human monocytes. Similarly to the previous
experiment (Fig. 3), we dissected the binding assay into an
activation step and a binding step. We found that under sham
activation conditions (“medium only”), the binding of fimbriae
to monocytes was almost entirely dependent upon CD14, with-
out detectable participation of CD11b/CD18, as suggested by
the strong inhibitory effect on binding by anti-CD14 MADb and
the lack thereof by anti-CD11b MADb (Table 1). In stark con-
trast, when PMA or FMLP was used to activate CD11b/CD18,
resulting in the enhanced cell binding of fimbriae (P < 0.05)
(Table 1), both anti-CD14 and anti-CD11b displayed substan-
tial inhibitory effects (Table 1). In fact, anti-CD11b appeared
to have a somewhat stronger effect than anti-CD14 MADb (50 to
52% versus 36 to 39% inhibition, respectively) (Table 1). The
concomitant use of both anti-CD14 and anti-CD11b MAbs
resulted in an enhanced, additive inhibitory effect on binding
(Table 1). Similar findings were obtained when the experiment
was repeated using mouse macrophages and murine-specific
MADs to CD14 and CD11b (data not shown). In conclusion,
both CD14 and CD11b/CD18 may serve as important binding
receptors for P. gingivalis fimbriae in activated monocytes.

Lipid raft function is required for CD11b/CD18 activation
by P. gingivalis fimbriae. Lipid rafts are membrane microdo-

mains that function as signaling platforms, the structural orga-
nization of which depends on cholesterol (2, 3, 30, 31). Because
CD11b/CD18 activation (CBRM1/5 induction) by fimbriae re-
quires TLR2 signaling (Fig. 1 and 2), we hypothesized that
lipid raft-disrupting agents like MCD will inhibit the ability of
fimbriae to induce the CD11b activation-specific CBRM1/5
neoepitope. To test this hypothesis, monocytes were pre-
treated for 30 min at 37°C with 10 mM MCD to deplete the
cells of cholesterol. MCD-pretreated cells as well as medium-
only-pretreated cells were then stimulated with fimbriae or
with VIM12 MADb, for control purposes. Unlike most physio-
logic stimuli that activate CD11b/CD18 through inside-out sig-
naling, VIM12 activates this integrin by binding to a CD11b
site distal to the ligand-binding domain (28). As expected, both
fimbriae and VIM12 induced the CBRM1/5 neoepitope in
medium-only-pretreated cells (Fig. 4). However, MCD pre-
treatment significantly inhibited CBRM1/5 induction by fim-
briae but not by VIM12 (P < 0.05) (Fig. 4). Cholesterol reple-
tion of MCD-treated monocytes effectively reversed the
inhibitory effect of MCD on fimbria-induced CBRM1/5 (Fig.
4), indicating that the MCD effect was specifically attributable
to cholesterol sequestration.

On the basis of our working model that fimbriae bind CD14
and initiate TLR2-mediated inside-out signaling (12), we next
investigated the mechanism whereby MCD inhibits fimbria-
induced CD11b/CD18 activation. When monocytes are ex-
posed to fimbriae, TLR2 is expected to be recruited to lipid
rafts, where it would associate with CD14 (a constitutive con-
stituent of lipid rafts) (31), forming a binding/signaling recep-
tor complex (9). However, lipid raft disruption by MCD could
inhibit the association of TLR2 with CD14, thus impairing the
formation of a CD14/TLR2 complex required for effective
inside-out signaling. To test this hypothesis, we used FRET to
determine the TLR2 coassociation with CD14 in the absence
or presence of MCD. Specifically, energy transfer between



VoL. 74, 2006
—~ 500004
5
: T
£ 40000 3 Cell pretreatment
5 =
§ 30000 E Il Medium only
2 2 | CameD
£ 200001 =4 | EEMCD + cholesterol
= o
£ 10000 g
O -,
",
0- T - .
Medium Fimbriae VIM12

FIG. 4. MCD inhibits CBRM1/5 induction by P. gingivalis fimbriae.
Monocytes were pretreated for 30 min with 10 mM MCD to deplete
cholesterol or were pretreated for 30 min with 10 mM MCD followed
by the addition of 150 wM cholesterol for an additional 30 min. The
MCD- and MCD/cholesterol-pretreated monocytes, as well as cells
pretreated with medium only, were subsequently stimulated for 30 min
with fimbriae or the VIM12 MADb (control) or were left unstimulated
with medium only. The cells were assessed for the induction of the
CBRM1/5 epitope as outlined in the legend to Fig. 1. Data are pre-
sented as means = SDs of triplicate determinations from one of three
independent experiments that yielded similar results. Asterisks indi-
cate statistically significant (P < 0.05) inhibition of CBRM1/5 induc-
tion compared to medium-only-pretreated cells.

Cy3-labeled TLR2 (donor) and Cy5-labeled CD14 (acceptor)
was measured, whereas Cy5-labeled MHC class I (acceptor)
was used as a negative control. As expected, there was minimal
energy transfer between TLR2 and any of the acceptor recep-
tors in unstimulated cells (Fig. 5A). In contrast, there was
significant energy transfer from TLR2 to CD14, but not to
MHC class I, in stimulated cells compared to unstimulated
cells (P < 0.05) (Fig. 5A). Remarkably, when monocytes were
pretreated with MCD prior to stimulation with fimbriae, the
energy transfer between TLR2 and CD14 was significantly

>
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reduced to near-background levels (P < 0.05) (Fig. 5A). This
suggests that MCD inhibits the assembly of CD14/TLR2 sig-
naling complexes. To rule out the possibility that MCD inhib-
ited energy transfer in a nonspecific way, we measured the
energy transfer between two different epitopes of the same
molecule (CD14) in unstimulated and stimulated cells with or
without MCD pretreatment. Energy transfer between the two
CD14 epitopes was consistently high and was not affected by
the state of cell activation or the presence of MCD (Fig. 5B).
Our findings from Fig. 4 and 5 collectively suggest that lipid
raft function is essential for fimbria-induced CD14/TLR2 clus-
ter formation and the ensuing inside-out signaling for CD11b/
CD18 activation.

Internalization of fimbriated P. gingivalis by macrophages is
dependent upon CDI14, TLR2, and CD11b/CD18. Since
CD11b/CD18 can function as a phagocytic receptor (5), we
next determined whether the binding of fimbriae to CD11b/
CD18 mediates P. gingivalis internalization. For this purpose,
peritoneal macrophages from wild-type or CD11b-deficient
mice were incubated at 37°C for 5 to 60 min with FITC-labeled
P. gingivalis 381 or an isogenic nonfimbriated mutant
(JH1004). CDl11b-deficient macrophages displayed signifi-
cantly reduced efficiencies in the uptake of fimbriated P. gin-
givalis compared to wild-type macrophages (P < 0.05) (Fig.
6A), although no significant differences in the uptake of the
nonfimbriated mutant were observed (Fig. 6B). Fimbriated P.
gingivalis was internalized by >60% of wild-type macrophages
after 60 min (Fig. 6A), whereas the nonfimbriated mutant was
taken up by <20% of wild-type macrophages for the same time
period (Fig. 6B). Moreover, wild-type macrophages positive
for FITC-labeled P. gingivalis internalized significantly more
fimbriated bacteria than nonfimbriated bacteria, as indicated
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FIG. 5. Induction of TLR2 association with CD14 by P. gingivalis fimbriae requires intact lipid raft function. Human monocytes were pretreated
or not pretreated for 30 min with 10 mM MCD and then stimulated with P. gingivalis fimbriae (1 pg/ml) for 10 min. In panel A, energy transfer
between TLR2 (Cy3) and CD14 (Cy5) or MHC class I (MHCI) (Cy5) was measured from the increase in donor (Cy3) fluorescence after acceptor
(Cy5) photobleaching. The maximum (max) energy transfer efficiency (E) in the system is indicated by a horizontal discontinuous line and was 36
+ 2.0, determined as the energy transfer between Cy3-26ic MAb and Cy5-Tuk4 MADb, which recognize two different epitopes of the same molecule,
CD14. The minimum (min) energy transfer efficiency is also shown and was 4 = 0.5, determined as the energy transfer between molecules that
do not engage in heterotypic associations (CD14 and MHC class I). Panel B shows a control experiment to investigate the effect of MCD on FRET
measurements that should not be influenced by the status of lipid raft functionality, i.e., determining the energy transfer between two different
epitopes of CD14 or between CD14 and MHC class I. Results are shown as means of percent energy transfer = SDs calculated from three
independent experiments. The asterisk indicates a statistically significant (P < 0.05) increase in energy transfer between TLR2 (donor) and the
indicated receptor (acceptor) upon cell activation compared to energy transfer between the same donor-acceptor pair in unstimulated cells. The
black circle indicates a statistically significant (P < 0.05) reversal of energy transfer increase due to MCD pretreatment.
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FIG. 6. Effect of macrophage PRR deficiencies on P. gingivalis internalization. Peritoneal macrophages from wild-type mice or mice deficient
in CD14, TLR2, TLR4, or CR3 were incubated with FITC-labeled P. gingivalis (Pg) 381 or P. gingivalis JH1004 (nonfimbriated mutant) at a
multiplicity of infection of 10:1 for the indicated times at 37°C. Internalization was assessed by flow cytometry after washing the macrophages and
quenching extracellular fluorescence and was expressed as percent FITC-positive macrophages (A and B). The mean fluorescence intensity (MFI)
at the 60-min time point is also shown (C and D) as a relative measure of the number of internalized bacteria. Results are shown as means = SDs
(n = 3; for clarity, only the upper or lower SD is shown in A and B). Asterisks indicate statistically significant (P < 0.05) differences between PRR
deficiencies and wild-type (WT) controls (A, B, and D) or between wild-type and mutant P. gingivalis (C).

by their respective mean fluorescence intensity values (P <
0.05) (Fig. 6C). Essentially no significant internalization was
observed in assays performed at 4°C (data not shown). These
data suggest that CD11b/CD18 plays an important role in the
uptake of fimbriated P. gingivalis.

We further examined CD14- and TLR2-deficient macro-
phages since CD14 and TLR2 are components of the inside-
out signaling for CD11b/CD18 activation (12). TLR2 is not a
phagocytic receptor; however, consistent with its role in inside-
out signaling, TLR2 deficiency significantly inhibited the inter-
nalization of fimbriated P. gingivalis, as shown the by lower
rates of FITC-labeled P. gingivalis-positive macrophages (P <
0.05) (Fig. 6A). This was in sharp contrast to TLR4 deficiency
(control), which had no significant effect (Fig. 6A). The TLR2
effect was similar to that of CD11b/CD18, resulting not only in
lower rates of FITC-labeled P. gingivalis-positive macrophages
(P < 0.05) (Fig. 6A) but also in fewer internalized bacteria
(P < 0.05) (Fig. 6D) compared to wild-type controls. CD14
deficiency significantly suppressed internalization (P < 0.05)
(Fig. 6A and D), although it appeared to have a greater impact
than CD11b/CD18, suggesting that CD14 may additionally me-
diate CD11b/CD18-independent phagocytosis. In fact, CD14
deficiency was the only condition examined that significantly

affected the internalization of the nonfimbriated mutant (Fig.
6B). In summary, CD14, TLR2, and CD11b/CD18 play impor-
tant roles in mediating the internalization of fimbriated P.
gingivalis by mouse macrophages.

DISCUSSION

We have shown that P. gingivalis fimbriae proactively mod-
ulate the adhesive activity of CD11b/CD18 through TLR2 in-
side-out signaling, resulting in increased cellular binding and
internalization of the organism by macrophages. The involve-
ment of CD14 as an essential accessory receptor in cross talk
signaling from TLR2 to CD11b/CD18 suggested the formation
of CD14/TLR2 complexes when monocytes are exposed to P.
gingivalis fimbriae. This was investigated using FRET, a bio-
physical technique that measures nonradiative transfer of en-
ergy from the excited state of a donor molecule to an appro-
priate acceptor. Because significant energy transfer can occur
only when the molecules are located within close proximity (1
to 10 nm), FRET is useful for determining the sterical coas-
sociation of molecules, such as the ligand-induced clustering of
PRRs (25, 29, 30). Our FRET measurements and integrin
activation experiments in conjunction with MCD interference
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(Fig. 4 and 5) suggest that TLR2 is recruited to lipid rafts of
fimbria-stimulated monocytes and associates with CD14, form-
ing a functional CD14/TLR2 receptor complex for inside-out
signaling and CD11b/CD18 activation. Upon lipid raft disrup-
tion by MCD, TLR2-mediated inside-out signaling is abro-
gated, and CD11b/CD18 cannot be activated by signaling-de-
pendent means. Interestingly, recent findings suggest that lipid
raft function is also required for the ability of P. gingivalis to
enter cells (33), although CD11b/CD18 has not yet been im-
plicated as an internalization receptor for this pathogen. This
possibility was addressed in this study and will be discussed
below.

Although the binding of fimbriae to CD14 would necessarily
occur prior to the interaction with CD11b/CD18, the latter
molecule functions as a major receptor upon the activation of
its ligand-binding capacity. In fact, about 50% of the binding of
fimbriae to stimulated monocytes is CD11b/CD18 dependent
as determined by the use of blocking anti-CD11b MAb (Fig. 3
and Table 1). On the other hand, substantial binding of fim-
briae to CD14 (35 to 40% of total cell binding) (Table 1) is
detectable even after activation of the ligand-binding capacity
of CD11b/CD18. Therefore, both CD14 and CD11b/CD18
could simultaneously function as important cellular receptors
for fimbriae, although they may differentially influence TLR2-
dependent cell activation. Whereas CD14 is essential for fim-
bria-induced and TLR2-mediated activation of NF-kB and
induction of proinflammatory cytokines (9), CD11b/CD18 con-
tributes partially to TLR2-dependent induction of tumor ne-
crosis factor alpha (9) and is involved in the specific downregu-
lation of IL-12 p70 (8). It is thus tempting to speculate that P.
gingivalis fimbriae do not behave as a typical microbe-associ-
ated molecular pattern but rather behave as a virulence factor
when interacting with PRRs. Microbe-associated molecular
patterns are essential for performing microbial physiologic
functions, and their relatively conserved structure renders
them ideal targets for detection by the similarly conserved
PRRs (22). On the other hand, virulence factors such as pro-
tein adhesins contribute to microbial adaptation within a par-
ticular host environment and are thus relatively variable struc-
tures. This suggests that virulence factors are not likely to have
been selected as targets of pattern recognition during the
course of evolution (22). However, the converse notion, that
virulence protein adhesins may have evolved to interact with
and exploit certain PRRs, constitutes a plausible hypothesis.

It is therefore possible that P. gingivalis, through its surface
fimbriae, has evolved the ability to activate and bind CD11b/
CD18 for enhancing its own survival. Our initial report that P.
gingivalis fimbriae activate a CD14/TLR2-mediated inside-out
signaling pathway for regulating the adhesive activity of
CD11b/CD18 (12) was published concomitantly with a study by
an independent group that demonstrated that mycobacterial
lipoarabinomannan also stimulates this proadhesive pathway
(26). Interestingly, this pathway is exploited by mycobacteria
for promoting their uptake by monocytes via activated CR3
(CD11b/CD18) (26). It can thus be speculated that the TLR2
inside-out signaling pathway for CD11b/CD18 (CR3) activa-
tion may represent a universal pathway exploited by different
pathogens. Although mycobacteria interact with CD11b/
CD18 as a mechanism for intracellular parasitism (6), it has
not been established whether P. gingivalis can similarly in-
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duce its uptake by monocytes/macrophages through fimbria-
CD11b/CD18 interactions. We were thus prompted to in-
vestigate this possibility, and we found that all the receptors
associated with the inside-out proadhesive pathway (i.e.,
CD14, TLR2, and CD11b/CD18) play important roles in
mediating the internalization of fimbriated P. gingivalis by
mouse macrophages (Fig. 6).

It remains to be established whether the TLR2 proadhesive
pathway is hijacked by P. gingivalis to also promote intracellu-
lar survival following CD11b/CD18-mediated internalization.
If this is true, fimbriae may play an instrumental role in this
putative evasion strategy, as they both activate and subse-
quently bind CD11b/CD18. Moreover, the ability of P. gingi-
valis fimbriae to inhibit the induction of biologically active
IL-12 in a CD11b/CD18-dependent way (8) may help reduce
intracellular clearance of P. gingivalis. The fact that CD11b/
CD18 does not readily activate the oxidative burst or other
microbicidal mechanisms and is thus exploited by intracellular
pathogens such as Legionella pneumophila and Mycobacterium
tuberculosis for finding a replicative niche (21, 24, 34-36) sug-
gests that CD11b/CD18 may similarly be exploited by other
CD11b/CD18-interacting pathogens.
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