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Toll-like receptors (TLRs) are important signal transducers that mediate inflammatory reactions induced by
microbes through pattern recognition of virulence molecules such as lipopolysaccharide (LPS) and lipopro-
teins. We investigated whether proinflammatory cytokine responses induced by certain bacterial protein
adhesins may also depend on TLRs. In differentiated THP-1 mononuclear cells stimulated by LPS-free
recombinant fimbrillin (rFimA) from Porphyromonas gingivalis, cytokine release was abrogated by monoclonal
antibodies (MAbs) to CD14 and TLR4 but not to TLR2. Similar experiments using anti-32 integrin MAbs
suggested that 32 integrins (CD11/CD18) also play a role in cytokine induction by rFimA or native fimbriae.
Minor fimbriae (distinct from the fim4-encoded major fimbriae) of P. gingivalis induced proinflammatory
cytokine release in a CD14- and TLR2-dependent mode. Cytokine induction by BspA, a leucine-rich repeat
protein from Bacteroides forsythus, depended heavily on CD14 and TLR2. We also found that the ability of the
streptococcal protein AgI/II to stimulate cytokine release depended partially on CD14 and TLR4, and the AgI/II
segment that possibly interacts with these receptors was identified as its N-terminal saliva-binding region.
When THP-1 cells were exposed to rFimA for 24 h, surface expression of CD14 and CD18 was decreased and
the cells became hyporesponsive to cytokine induction by a second challenge with rFimA. However, tolerance
induction was abolished when the THP-1 cells were pretreated with rFimA in the presence of either anti-CD14
MAD or anti-TLR4 MAb. Induction of cross-tolerance between rFimA and LPS correlated with downregulation
of the pattern recognition receptors involved. Our data suggest that the CD14-TLR2/4 system is involved in
cytokine production and tolerance induction upon interaction with certain proinflammatory bacterial protein

adhesins.

Detection of potential pathogens by a nonimmune host has
been found to involve recognition of molecular patterns pre-
sented on bacterial surfaces by such molecules as lipopolysac-
charide (LPS) and peptidoglycan (29, 31). Such pathogen-
associated molecular patterns are recognized by germ line-
encoded pattern recognition receptors (PRRs) which mediate
signals resulting in expression of immunoregulatory genes with
the potential to contain the infection and to initiate adaptive
immune responses (29, 31). Toll-like receptors (TLRs) have
recently been identified as important signal-transducing ele-
ments of receptor complexes that alert the host to microbial
infection through pattern recognition of chemically diverse
microbial products (30). TLRs consist of an extracellular do-
main which contains leucine-rich repeats (LRRs) and a cyto-
plasmic domain which is similar to the intracellular portion of
the interleukin-1 (IL-1) receptor (9, 21). TLR4 is the signaling
receptor linking LPS-CD14 interactions to NF-«kB transloca-
tion and induction of proinflammatory cytokines (14, 16).
TLR2 appears to interact with CD14 in a comparable way,
although its agonists are quite distinct from those of TLR4 and
include peptidoglycan, lipoteichoic acid, and lipoproteins (25,
45).
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It might also be possible that PRRs recognize molecular
patterns present on bacterial proteins that can cause tissue
damage comparable to that effected by LPS. Examples of such
proteins might include fimbriae and flagella which consist of
repeated protein subunits or even cell surface proteins that
form an array or display a repeated molecular pattern. Al-
though bacterial proteins can readily mutate to avoid immune
recognition, molecular motifs that are critical for survival of
the pathogen should be relatively invariant (and thus poten-
tially recognizable by germ line-encoded receptors such as
TLRs) despite negative selective pressure by the innate im-
mune system. The main objective of this study was to deter-
mine whether TLRs can also respond to bacterial virulence
proteins.

Fimbriae of Porphyromonas gingivalis have been shown to
play an indispensable role in the ability of this oral pathogen to
colonize and invade periodontal tissue as well as induce in-
flammatory bone resorption (20, 26, 33). The functional ver-
satility of fimbriae arises from their ability to interact with
various dental or epithelial substrates and extracellular mole-
cules, such as fibrinogen, fibronectin, and lactoferrin (sum-
marized in reference 23). Native fimbriae, derived synthetic
peptides, and recombinant fimbrillin (rFimA), the 41-kDa
structural subunit of fimbriae, can induce the expression of
proinflammatory cytokines such as tumor necrosis factor o
(TNF-a) and IL-1B in human and mouse monocytes/macro-
phages (37, 43). It has been shown that B2 integrins (CD11/
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CD18) serve as a cellular receptor for fimbria-induced cytokine
responses in mouse macrophages (49). The cytoplasmic do-
mains of CD11/CD18, though necessary for transducing
phagocytic signals, are not required for NF-«kB activation upon
stimulation with LPS (17), suggesting that CD11/CD18 is as-
sociated with a distinct signal transducer (18). It is not known
whether the role of CD11/CD18 in cytokine responses is anal-
ogous to that proposed for CD14, which recruits ligands to
TLRs (29, 31), and thus whether cytokine induction by fim-
briae binding to CD11/CD18 utilizes a downstream signal
transducer distinct from the cytoplasmic tails of either CD11 or
CD18. Evidence that CD14 interacts with CD11/CD18 (40, 52,
53) and the possibility that the two receptors may share a
common signal-transducing system (18, 40) prompted us to
investigate whether fimbria-induced cytokine responses de-
pend on a TLR. Inactivation of the fimA gene of P. gingivalis
facilitated the discovery of antigenically distinct shorter fim-
briae, composed of 67-kDa protein subunits (12). These were
termed minor fimbriae to distinguish them from the major
fimbriae encoded by the fimA gene (12), and in this study they
were compared to the major fimbriae with regard to proin-
flammatory potential and interactions with the CD14/TLR re-
ceptor system.

In addition to these P. gingivalis proteins, we tested proin-
flammatory proteins from other oral pathogens for possible
dependence on TLRs for cytokine induction. BspA is a 98-kDa
surface protein adhesin mediating the binding of Bacteroides
forsythus to fibronectin and fibrinogen (47). Like CD14 and
TLRs (21), BspA is a LRR protein containing fourteen 23-
residue LRR motifs (47). LRRs are believed to represent ver-
satile binding motifs involved in protein-protein and protein-
lipid interactions, probably due to the resulting amphipathic
structures that promote strong hydrophobic interactions (21,
22). To the extent that bacterial LRRs may represent a recog-
nizable pattern, it could be possible that BspA might interact
with PRRs. The Streptococcus mutans Agl/I1 adhesin (167
kDa) contains an N-terminal alanine-rich repeat segment that
was termed the saliva-binding region (SBR) due to its ability to
bind a salivary receptor (5, 11). Agl/II can also bind to extra-
cellular matrix proteins, such as collagen type I, laminin, and
fibronectin (46). This ability of bacterial adhesins to bind di-
verse host molecules suggests that they might contain versatile
structural motifs rather than multiple adhesion epitopes spe-
cific for each receptor. Such multifunctional adhesive ability
with the potential for alternative colonization possibilities
might in turn offer pattern recognition substrates for the innate
immune system which could thereby control the colonization
of the pathogen. In this report, we investigated whether TLRs
and other PRRs on human mononuclear THP-1 cells are in-
volved in proinflammatory cytokine induction by virulence pro-
tein adhesins from several pathogens.

MATERIALS AND METHODS

Bacterial molecules. FimA was expressed and purified from Escherichia coli
BL21(DE3) (Novagen, Madison, Wis.) transformed with the fim4 gene of P.
gingivalis 381 as previously described (1). After size exclusion and anion-ex-
change chromatographic purification, fractions that contained rFimA but were
negative for contaminating LPS, as judged by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and silver staining, were selected. More-
over, the rFimA preparation was passed through a column containing agarose-
immobilized polymyxin B (Detoxi-Gel; Pierce, Rockford, Ill.). Native major
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fimbriae were purified to homogeneity by size exclusion chromatography of sonic
extracts of P. gingivalis 381 (24). Fractions that were negative of any contami-
nating substances on silver-stained SDS-PAGs were selected. Similar criteria of
purity were used to isolate the other proteins. Briefly, minor fimbriaec were
purified from a fimA mutant strain of P. gingivalis by means of anion-exchange
chromatography (12). Recombinant BspA (rBspA) from B. forsythus was ex-
pressed as a fusion protein with glutathione S-transferase (pGEX expression
system; Pharmacia, Piscataway, N.J.) and purified from sonic extracts of trans-
formed E. coli using a column containing agarose-immobilized glutathione fol-
lowed by specific cleavage to release rBspA (47). Native Agl/II from S. mutans
culture supernatants was purified to homogeneity using size exclusion and anion-
exchange chromatography, and its recombinantly expressed SBR was purified
using metal chelation chromatography as described previously (51). Although
there was no visible contamination with LPS of the selected fractions from the
various proteins on silver-stained SDS-PAGs, the Limulus amebocyte lysate
assay (BioWhittaker, Walkersville, Md.) showed the presence of LPS traces in
certain protein preparations (0.01 to 0.15% [wt/wt]). All assays involving protein
stimuli were performed in the presence of LPS inhibitor polymyxin B sulfate
(Sigma, St. Louis, Mo.) (10 pg/ml). At this concentration, polymyxin B inhibited
at least 98% of TNF-« and IL-1B induction by 1 pg of LPS per ml and completely
inhibited cytokine induction by 200 ng of LPS per ml, a much higher concentra-
tion than in any of the protein samples tested. Besides, cytokine induction by the
various proteins in the presence of polymyxin B was not affected by the exoge-
nous addition of 200 ng of LPS per ml. Furthermore, the findings reported in
Results were reproducible in the absence of serum, which is required as a source
of LPS-binding protein. P. gingivalis LPS (Pg-LPS) was highly purified as previ-
ously described (42). Briefly, phenol-water-extracted Pg-LPS was treated with
DNase I, RNase A, and proteinase K, and following chromatographic purifica-
tion, the purity of the preparation was confirmed by immunodiffusion analysis
and SDS-PAGE with silver staining. Highly purified E. coli LPS (Ec-LPS) (14)
was used for comparison with Pg-LPS. TNF-o and IL-1B induction by these
Pg-LPS and Ec-LPS preparations was found to be inhibited by anti-TLR2 and
anti-TLR4 monoclonal antibodies (MAbs), respectively, in accordance with a
previous study reporting that they were TLR2 and TLR4 agonists, respectively
(15).

Antibodies. The mouse MAbs used were specific for CD11a (clone MEM-25,
immunoglobulin G1 [IgG1]; Caltag, Burlingame, Calif.), CD11b (ICRF44, IgG1;
Chemicon, Temecula, Calif.), CD14 (MEM-18, IgGl; Caltag), CD18 (CLB-
LFA-1/1, IgG1; Caltag), TLR2 (MAD 2392, IgG1; Genentech, South San Fran-
cisco, Calif.), and TLR4 (HTA125, IgG2a; eBioscience, San Diego, Calif.). Flu-
orescein isothiocyanate (FITC)-conjugated MAbs (Caltag) were specific for
CD11b (clone CR3 Bear-1, IgG1), CD14 (Tiik 4, IgG2a), CD18 (CLB-LFA-1/1,
IgG1). Pure or FITC-labeled mouse IgG1 or IgG2a isotype controls and FITC-
conjugated goat anti-mouse IgG were also obtained from Caltag.

Cell culture cytokine induction and inhibition assays. THP-1 cells (ATCC
TIB-202) were differentiated with 10 ng of phorbol myristate acetate per ml for
2 days in 96-well polystyrene culture plates at 37°C in a humidified atmosphere
containing 5% CO,. The culture medium consisted of RPMI 1640 (GIBCO
BRL) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM
L-glutamine, 10 mM HEPES, 100 U of penicillin G per ml, 100 pg of strepto-
mycin per ml, and 0.05 mM 2-mercaptoethanol. Differentiation into macro-
phage-like cells correlated with adherence, upregulation of CD14, CD11b, and
CD18, and increased responsiveness to rFimA stimulation as assessed by TNF-a
induction (data not shown). Differentiated THP-1 cells (10%ml) were used for
cytokine induction assays in a total volume of 100 .l per well in the absence or
presence of stimulants (rFimA and native major fimbriae were used at 1 pug/ml;
minor fimbriae, BspA, Agl/II, and its SBR at 5 pg/ml; Ec-LPS at 200 ng/ml or 1
wg/ml; and Pg-LPS at 1 pg/ml). The doses were chosen on the basis of a previous
publication from this group (43) or the results of preliminary dose-response
experiments. Culture supernatants were collected after incubation overnight
(about 14 h) and stored at —70°C until assayed. None of the stimulants tested
was found to affect the viability of the cells. TNF-a or IL-1B release into the
culture medium was quantitated using CLB Pelikine enzyme-linked immunosor-
bent assay kits (obtained through Caltag) according to the protocol suggested by
the manufacturer. In experiments designed to block cytokine induction, the cells
were pretreated with MADbs to various cell surface receptors (MAbs were used at
10 pg/ml for blocking CD14, TLR2, and TLR4 or at 25 pg/ml for blocking 32
integrin subunits) for 30 min at 37°C prior to addition of the stimulants. In
tolerance induction experiments, the cells were pretreated for 24 h with or
without various stimulants. Following removal of the culture supernatants and
three washes with warm culture medium, the cells were exposed to a second
challenge. Recombinant gamma interferon (IFN-y) used as a priming agent in
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some experiments was purchased from Caltag. All reported experiments were
performed at least twice for verification.

Flow cytometry. Nonadherent cultures of differentiated THP-1 cells (i.e., dif-
ferentiated in polypropylene tubes) were used for flow cytometric analysis. Mor-
phological changes, cell surface antigen expression, and cell growth arrest of
phorbol myristate acetate-treated THP-1 cells are similar regardless of whether
differentiation is induced under conditions which promote or prevent adherence
(3). The differentiated cells were treated for 24 h in the absence or presence of
stimulants and then washed in ice-cold phosphate-buffered saline containing 3%
FBS and 0.05% sodium azide (staining buffer). Approximately 2 X 10 cells were
incubated for 45 min on ice with 0.2 pg of FITC-conjugated MADb (or pure MAb
followed by a second incubation with FITC-conjugated goat anti-mouse IgG) in
a total volume of 100 wl of staining buffer. After the final washes, the cells were
analyzed immediately by means of a FACScan flow cytometer (Becton Dickin-
son).

Statistical analysis. Data were evaluated by analysis of variance and the Tukey
multiple-comparison test using the InStat program (GraphPad Software, San
Diego, Calif.) on a Macintosh computer. Differences were considered statistically
significant at the level of P < 0.05.

RESULTS

Dependence of virulence proteins on CD14/TLR complex for
cytokine induction. Stimulation of differentiated THP-1 cells
with rFimA, native major fimbriae, minor fimbriae, rBspA,
AglI/II, or the recombinant SBR (rSBR) of AgI/II, induced
TNF-a (Fig. 1A) and IL-1B (Fig. 1B) responses, with major
fimbriae being the most potent inducer. Preincubation of the
cells with anti-CD14 MAD greatly inhibited cytokine induction
by rFimA, major or minor fimbriae, or rBspA and partially
suppressed Agl/II-induced cytokine responses (Fig. 1). The
segment of Agl/II accounting for its partial CD14 dependence
is probably the SBR, since cytokine induction by this segment
was almost completely inhibited by anti-CD14 MAb (Fig. 1).
Similar treatments with anti-TLR2 or anti-TLR4 MAbs
showed that cytokine induction by rFimA or rSBR depended
on TLR4, whereas cytokine induction by minor fimbriae or
rBspA depended on TLR2 (Fig. 1). Cytokine responses in-
duced by intact Agl/II were partially inhibited by anti-TLR4
but were not significantly inhibited by anti-TLR2 MAD (Fig. 1).
Native major fimbriae were dependent on both TLR4 and
(especially) TLR2 for stimulation of cytokine responses (Fig.
1). Despite the apparent purity of major fimbriae on silver-
stained SDS-PAGs, we examined whether their TLR2 depen-
dence for cytokine induction was attributable to contaminating
traces of Pg-LPS, a TLR2 agonist that is relatively resistant to
polymyxin B (15). However, when the entire experiment was
repeated (data not shown) with or without FBS in the culture
medium, cytokine induction by major fimbriae was found to be
dependent on TLR2, even under serum-free conditions. Since
serum is required as a source of LPS-binding protein for me-
diating transfer of Pg-LPS (or Ec-LPS) to immobilized CD14
(6), involvement of TLR2 in major fimbria-induced cytokine
responses is unlikely to be due to contaminating Pg-LPS. In-
terestingly, while the repetition of the experiment in the pres-
ence or absence of serum did not affect the dependence of
protein adhesins on either TLR4 (rFimA, Agl/II, and rSBR) or
TLR2 (rBspA and minor fimbriae) for cytokine induction, the
ability of rBspA to induce cytokine production was increased
by about fourfold in the absence of serum. For example,
rBspA-induced IL-1pB production was increased from 265 * 51
pg/ml in the presence of FBS to 1,094 * 163 pg/ml in the
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FIG. 1. Dependence of bacterial protein adhesins on the CD14/
TLR complex for TNF-a (A) or IL-18 (B) induction. THP-1 cells were
pretreated for 30 min with either 10 pg of immunoglobulin isotype
controls per ml or with an equal concentration of MAbs to CD14,
TLR2, or TLR4 prior to addition of the stimulants (rFimA and native
major fimbriae used at 1 pg/ml; minor fimbriae, rBspA, Agl/II, and
SBR used at 5 pg/ml). Culture supernatants were collected after over-
night incubation and assayed for cytokine content. Results are pre-
sented as means * standard deviations of triplicate determinations.
Values that are statistically significantly different (P < 0.05) from those
of groups stimulated with protein adhesin in the absence of antibody
treatment or in the presence of immunoglobulin isotype control are
indicated by an asterisk.

absence of FBS, suggesting the existence of a serum factor that
interferes with cytokine induction by rBspA.

Effects of anti-B2 integrin MAbs on cytokine induction
by major fimbriae. Among anti-B2 integrin MAbs tested,
only anti-CD11a MAb inhibited cytokine induction by rFimA
or native major fimbriae. Whereas this MAD inhibited both
TNF-a and IL-1B induction by native fimbriae (Fig. 2), it
inhibited only IL-1B induction by rFimA (Fig. 2B). The anti-
CD18 MAD tested was without effect, while the anti-CD11b
MAD enhanced the cytokine responses induced by rFimA or
native fimbriae (Fig. 2), perhaps by increasing the avidity of B2
integrin for ligand binding. These results showed that B2 inte-
grins play a role in fimbria-induced proinflammatory cytokine
induction in human monocytic cells as reported in the mouse
system (49).

CD14- and TLR-dependent induction of tolerance to rFimA-
mediated cytokine production. We found that continuous ex-
posure of THP-1 cells to rFimA rendered the cells unrespon-
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FIG. 2. Effects of anti-B2 integrin MAbs on TNF-a (A) or IL-1B
(B) induction by fimbriae. THP-1 cells were pretreated for 30 min with
either 25 pg of IgG1 isotype control per ml or with an equal concen-
tration of MAbs to CD11a, CD11b, or CD18 prior to addition of the
stimulants (1 wg of rFimA or native major fimbriae per ml). Culture
supernatants were collected after overnight incubation and assayed for
cytokine content. Data are shown as means * standard deviations of
triplicate determinations. Values that are statistically significantly dif-
ferent (P < 0.05) from those of groups stimulated with protein in the
absence of antibody treatment or in the presence of immunoglobulin
isotype control are indicated by an asterisk.

sive to a secondary challenge with rFimA (Fig. 3), in a mode
analogous to tolerance induction by Ec-LPS (28, 34). However,
when THP-1 cells were exposed to rFimA in the presence of
either anti-CD14 MAD or anti-TLR4 MAD (but not anti-TLR2
or isotype control antibodies), they readily responded to an
ensuing challenge with rFimA (Table 1). These data show that
rFimA induces tolerance to itself for secondary cytokine in-
duction in a CD14- and TLR4-dependent way. Native major
fimbriae behaved similarly to rFimA regarding the ability to
induce hyporesponsiveness in THP-1 cells. Pretreatment of the
cells with major fimbriae inhibited subsequent cytokine re-
sponses to a subsequent challenge with the same protein by
about 80% (data not shown).

The possibility of cross-tolerance between rFimA and other
molecules was then investigated. Various degrees of THP-1
hyporesponsiveness to a secondary challenge with rFimA were
observed when the cells were pretreated with Ec-LPS, rBspA,
and Agl/II (Fig. 3). Interestingly, Pg-LPS induced hyporespon-
siveness to IL-1B (Fig. 3B) but not to TNF-a (Fig. 3A) induc-
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tion by rFimA. Tolerance induction by Ec-LPS and Pg-LPS to
subsequent challenges with rFimA was dependent on TLR4
and TLR2, respectively (Table 2). Conversely, pretreatment of
THP-1 cells with rFimA rendered them tolerant to cytokine
induction after challenge with either Ec-LPS (Fig. 4A) or Pg-
LPS (Fig. 4B). In contrast to these tolerogenic effects, pretreat-
ment of THP-1 cells with IFN-y had a priming effect on sub-
sequent TNF-a and IL-1B induction by rFimA (Fig. 3). This
may, at least partly, be attributable to the ability of IFN-y to
upregulate the expression of CD14, B2-integrins, and TLRs,
although these studies involved a variety of cell types (7, 32,
50).

Regulation of PRRs by rFimA. Surface expression of some
PRRs was found to be influenced after a 24 h-incubation of
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FIG. 3. Induction of tolerance to rFimA-mediated TNF-a (A) or
IL-1B8 (B) responses. THP-1 cells were pretreated for 24 h with or
without various stimulants (rFimA used at 1 wg/ml; rBspA and Agl/II
at 5 pg/ml; Ec-LPS and Pg-LPS at 1 pg/ml; IFN-y at 100 U/ml).
Following removal of the culture supernatants and washing, the cells
were challenged with 1 pg of rFimA per ml. Culture supernatants were
collected after overnight incubation and assayed for cytokine re-
sponses. Results are presented as means * standard deviations of
triplicate determinations. Values that are statistically significantly dif-
ferent (P < 0.05) from those of the THP-1 group pretreated with
medium only are indicated by an asterisk.
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TABLE 1. Induction of hyporesponsiveness in THP-1 cells to a
secondary challenge with rFimA depends on CD14 and TLR4“

Amt (pg/ml) of cytokine measured

THP-1 pretreatment (mean = SD) (n = 3)

TNF-« IL-1p
Medium only 2,108 = 197 297 + 42
rFimA 365 =28 57 =19
rFimA + IgG1 control 381 = 34 46 = 16
rFimA + IgG2a control 341 = 54 73 =37
rFimA + anti-CD14 1,920 = 134* 218 + 29*
rFimA + anti-TLR2 423 = 46 69 =34
rFimA + anti-TLR4 1,432 = 158* 167 + 28*

“ THP-1 cells were exposed for 30 min to 10 pg of immunoglobulin isotype
controls per ml or anti-CD14, anti-TLR2, or anti-TLR4 MADb prior to incubation
with 1 pg of rFimA per ml. After 24 h, the cells were washed and challenged with
1 pg of rFimA per ml. Culture supernatants were collected after overnight
incubation and assayed for cytokine responses. Asterisks * indicate groups for
which the MAb treatment significantly (P < 0.05) impaired the ability of rFimA
to induce hyporesponsiveness in THP-1 cells to a secondary challenge with
rFimA.

THP-1 cells with rFimA. Expression of CD14 was inhibited
about 40% by rFimA, as calculated on the basis of mean
fluorescence intensities (Fig. 5A). Two additional independent
experiments showed CD14 inhibition by 38 and 51%. The
expression of TLR4 was slightly downregulated by rFimA (Fig.
5B), in contrast to pronounced Ec-LPS-mediated downregula-
tion of the same receptor (Fig. 5C). However, the rFimA effect
(Fig. 5B) was reproducible in two other experiments where
TLR4 expression was inhibited by approximately 25 to 30%. In
contrast, TLR2 was not affected by rFimA (data not shown).
Regarding the effect of rFimA on the surface expression of 2
integrin subunits, CD11a (Fig. 5D) and CD11b (Fig. 5SE) were
essentially unaffected, whereas CD18 was suppressed by about
30% (Fig. SF). Similar levels of suppression were observed in
two additional experiments. Taken together, the above data
suggest that THP-1 cells become hyporesponsive to cytokine
production by a secondary challenge with rFimA, at least partly
because of downregulation of some of the PRRs involved.

TABLE 2. Induction of LPS-mediated hyporesponsiveness in
THP-1 cells to a subsequent challenge with
rFimA depends on TLRs?

Amt (pg/ml) of cytokine measured

THP-1 pretreatment (mean * SD) (n = 3)

TNF-a IL-18
Medium only 2,418 + 237 352 + 68
Ec-LPS 49 =11 31x12
Ec-LPS + anti-TLR2 76 + 26 48 £ 16
Ec-LPS + anti-TLR4 2,159 = 183* 309 = 44*
Pg-LPS ND” 98 + 21
Pg-LPS + anti-TLR2 ND 317 = 55*
Pg-LPS + anti-TLR4 ND 112 += 36

“THP-1 cells were exposed for 30 min to 10 pg of anti-TLR MAbs per ml
prior to incubation with 1pg of Ec-LPS or Pg-LPS per ml. After 24 h, the cells
were washed and challenged with 1 pg of rFimA per ml. Culture supernatants
were collected after overnight incubation and assayed for cytokine responses.
Asterisks * indicate groups for which the MADb treatment significantly (P < 0.05)
impaired the ability of LPS to induce hyporesponsiveness in THP-1 cells to an
ensuing challenge with rFimA.

® ND, not determined, as previous experiments showed that Pg-LPS does not
cause significant hyporesponsiveness to TNF-a induction by rFimA.
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FIG. 4. Induction of tolerance to Ec-LPS (A)- or Pg-LPS (B)-
mediated cytokine responses. THP-1 cells were exposed for 24 h to
either medium only or 1 g of rFimA per ml. The following day,
culture supernatants were removed and the cells were rechallenged
with 1 pg of either Ec-LPS (A) or Pg-LPS (B) per ml. Culture super-
natants were collected after overnight incubation and assayed for cy-
tokine responses. Data are presented as means * standard deviations
of triplicate determinations. Values that are statistically significantly
different (P < 0.05) from those of the THP-1 group pretreated with
medium only are indicated by an asterisk.

DISCUSSION

Numerous bacterial virulence proteins possess repeated mo-
tifs or are assembled as multimeric structures that presumably
enable them to recognize host cell surfaces for colonization or
invasion (19, 23). From the point of view of the host, such
molecular patterns may offer conserved structures for recog-
nition by PRRs. Although the exact nature of such interactions
is not known, it is likely that they do not depend on specific
amino acid sequence recognition but instead may involve
(without being limited to) repeating nonpolar motifs. Hydro-
phobicity drives strong interactions without being too specific
in nature, whereas the presence of tandem repeats in bacterial
proteins has the potential to cross-link the receptors for effec-
tive responses. On the basis of these considerations, we se-
lected a few bacterial proteins to examine whether they can
interact with PRRs, as has been reported for LPS, peptidogly-
can, lipoproteins, and lipoteichoic acid (25, 30, 45). Indeed, the
findings from the studies using blocking MAbs to PRRs (Fig. 1
and 2) suggest that the ability of certain bacterial protein
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on the figure represent mean fluorescence intensity (MFI) values. The results are representative of two (D and E) or three (A, B, C, and F)

independent experiments.

adhesins to induce proinflammatory cytokine release depends
on interactions with PRRs, such as CD14 and TLRs. Although
several microbial products have been characterized as TLR
agonists or ligands, direct binding and estimation of binding
affinities have not been demonstrated for any of the reported
microbial molecules (reviewed in reference 10). This suggests
that direct demonstration of binding is difficult to accomplish
with these receptors, possibly because TLRs may detect con-
formational changes induced by transient association of ago-
nists to molecular complexes comprising several coreceptors.

Our results showed that rFimA is a TLR4 agonist, whereas

native major fimbriae appeared to interact with both TLR2
and TLR4 (Fig. 1). The involvement of TLR2 in native fim-
bria-induced cytokine responses is likely due to a fimbria-
associated 12-kDa lipoprotein. This accessory factor has a dis-
tinct amino acid composition compared to that of FimA,
contains covalently linked fatty acids but lacks sugar moieties,
and can be localized by immunogold labeling on P. gingivalis
along the entire length of native fimbriae at regular intervals
(H. Sojar et al., 72nd Int. Assoc. Dent. Res. session, J. Dent.
Res.73:431, abstr. 2633, 1994). Upon dissociation from native
fimbriae, purified 12-kDa lipoprotein induces the release of
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IL-1B from mouse macrophages as potently as rFimA (43). It
is thus reasonable to assume that this lipoprotein factor in-
duces proinflammatory cytokine expression via TLR2 activa-
tion, as has been reported for other lipoproteins and lipopep-
tides (25). The relatively recently discovered minor fimbriae of
P. gingivalis (12) were found to be a TLR2 agonist (Fig. 1).
Although their functional role is not known yet, their involve-
ment in inflammatory reactions warrants further investigation.

Fimbriae are expected to play a significant role in P. gingi-
valis-induced inflammatory reactions, especially since Pg-LPS
is a relatively poor inducer of proinflammatory cytokines com-
pared to enterobacterial LPS (36). In this regard, a fimA mu-
tant of P. gingivalis exhibits significantly reduced ability for
proinflammatory cytokine induction in epithelial cells com-
pared to the parent fimA™ strain (44). Although major and
minor fimbriae are cell surface structures, they are also shed in
the culture fluid. The in vivo environment is anticipated to be
proteolytic partly due to the release of cysteine proteinases
(gingipains) by P. gingivalis (23). Thus, it is possible that FimA
subunits or fragments thereof (some with intact TLR4 agonis-
tic activity) may be present in addition to the polymerized
fimbrial form. An interesting future investigation would be to
assess the cooperation or even possible antagonistic effects on
cellular activation between TLR4 (FimA subunits) and TLR2
(lipoprotein component of major fimbriae as well as Pg-LPS)
agonists from P. gingivalis.

The rBspA used in this study represents the N-terminal 70%
of the native protein and includes all fourteen 23-residue
LRRs (47). These LRRs contain multiple LT motifs which,
though not as closely positioned in the primary sequence as the
proposed LTXXLT proinflammatory motif (37), are predicted
to be close together in the tertiary structure of the protein (21).
The amphipathic properties of LRR proteins may explain why
such proteins are involved in adherent interactions and why at
least half of them participate in signal transduction pathways
(21). Both TLR2 and TLR4 are LRR signal-transducing pro-
teins and could potentially interact with BspA via hydrophobic
interactions. It would be interesting to know, however, what
structural differences account for the selective dependence of
BspA on TLR2 for cytokine induction.

Two regions of Agl/II have been previously shown to be
involved in TNF-« induction in THP-1 cells (4). The less po-
tent of these segments is the alanine-rich repeat region (4),
which is present in the SBR and apparently represents the part
of Agl/IT that induces proinflammatory cytokines via CD14
and TLR4 (Fig. 1). Its ability to induce TNF-a and IL-1B
expression may at least partly be attributable to the presence of
two ALTAE motifs that closely resemble the proinflammatory
ALTTE and ALT peptides derived from the P. gingivalis FimA
sequence (35). The SBR mediates the adherence of S. mutans
to dental surfaces via a salivary receptor (5, 11), which has
recently been shown to be identical to the lung scavenger
receptor gp340 (41). This receptor is a PRR that recognizes at
least 14 other bacteria, including Helicobacter pylori, Strepto-
coccus pyogenes, and Streptococcus agalactiae (41). We believe
that the SBR may interact with PRRs involved in bacterial
colonization and inflammatory responses.

Our findings support the involvement of human B2 integrins
in FimA-mediated inflammatory reactions (49). The ability of
MADbs to activate B2 integrins is not unprecedented: an anti-
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FIG. 6. Interaction of PRRs with FimA for cytokine induction.
(A) FimA may be presented independently by CD14 and CD11/CD18
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activation for enhanced ligand binding. (C) CD14 is shown as a readily
diffusing “scout” transferring FimA to CD11/CD18 prior to TLR4-
dependent cellular activation. These models are based on findings
from this paper and published properties of PRRs (18, 40, 52, 53).

CD18 MAD induces a conformational change on CD18 and
promotes adhesion of CD11b/CD18 to natural ligands such as
iC3b and ICAM-1 (2). Another mechanism of CD11b/CD18
activation involves the participation of CD14. Binding of LPS
to CD14 leads to enhanced binding of iC3b-coated erythro-
cytes by CD11b/CD18, and an anti-CD14 MAb almost com-
pletely blocks the ability of CD11b/CD18 to engage its ligand
(52). This raises the possibility that CD14-FimA interactions
may cooperatively enhance the FimA-binding capacity of
CD11/CD18.

Induction of LPS tolerance in monocytic cells after initial
LPS exposure is believed to be a defense mechanism by which
the innate immune system attempts to downregulate an exces-
sive inflammatory reaction, as in the case of sepsis with gram-
negative bacteria. LPS tolerance can be induced at various
levels ranging from reprogramming of signal transduction
pathways (28) to downregulation of surface TLR4 expression
(34). Our data suggest that similar tolerance mechanisms may
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operate in virulence protein-induced inflammation (Fig. 3).
Moreover, the findings that BspA and Agl/IT induced hypore-
sponsiveness to subsequent challenge with rFimA suggest the
possibility of cross-tolerance between different bacterial spe-
cies. Downregulation of CD14 (but apparently not of TLR4)
during primary exposure of cells to rFimA may partially
contribute to induction of cytokine hyporesponsiveness to
secondary challenges with rFimA, though this does not rule
out postreceptor tolerogenic mechanisms. Conversely, when
macrophages were pretreated with Ec-LPS, subsequent toler-
ance to Ec-LPS could be correlated with alterations in TLR4
but not with CD14 expression (34). It is intriguing that Ec-LPS
and FimA induce partly different outcomes despite using the
same TLR. However, this is not unprecedented; it was recently
shown that glucuronoxylomannan from Cryptococcus neofor-
mans induces distinct cellular responses from those of Ec-LPS,
although both molecules exert their activity through TLR4
(48). Specific antagonists at the TLR4 level may elucidate
which TLR4 agonists utilize the same or distinct TLR4 inter-
faces for cellular activation. It was suggested recently that LPS
tolerance may occur independently of PRR expression levels
(27). In this respect, we have just shown that upon FimA
restimulation of THP-1 cells, the p65 (but not the p50) subunit
of NF-kB is downregulated (unpublished observations). Since
p50 molecules (but not p65) lack a transactivation domain, the
relative p5S0 abundance upon FimA secondary stimulation may
result in predominantly inactive NF-kB homodimers of p50
and reduced transcription of proinflammatory genes, in a man-
ner analogous with a LPS tolerance mechanism (54). Thus,
induction of tolerance may be the combined effect of mecha-
nisms acting at different levels of the signaling process.

On the basis of our present results and published reports
regarding the properties of CD14, TLR4, and B2 integrins (18,
40, 52, 53), we propose three models to explain how FimA may
interact with these PRRs. In the simplest model (Fig. 6A),
CD14 and CD11/CD18 bind and present FimA to TLR4. Fig-
ure 6B depicts the possibility that CD11/CD18 may require
CD14-dependent activation for enhanced binding of pathogen-
associated molecular patterns (52). Finally, Fig. 6C shows glyco-
phosphatidylinositol-linked CD14 as a rapidly diffusing “scout”
for CD11/CD18 (53). The two models shown in Fig. 6B and C
are consistent with our findings that an anti-CD14 MAD almost
completely inhibited rFimA-induced cytokine responses in the
absence of additional treatment interfering with CD11/CD18.
Regardless of the particular way FimA is presented to the
innate immune system, the downstream signal transducer
should be TLR4, according to our findings.

Several instances of bacterial or host proteins interacting
with TLRs have now been reported (8, 13, 38, 39). Our findings
suggest that PRRs detect the presence of certain virulence
bacterial proteins and can either respond with expression of
proinflammatory cytokines or mediate downregulation of the
inflammatory responses upon continuous exposure to the mi-
crobial stimuli.
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