
INFECTION AND IMMUNITY,
0019-9567/98/$04.0010

June 1998, p. 2736–2742 Vol. 66, No. 6

Copyright © 1998, American Society for Microbiology

Strain-Dependent Activation of Monocytes and Inflammatory
Macrophages by Lipopolysaccharide of Porphyromonas gingivalis

LIOR SHAPIRA,1* CATHERINE CHAMPAGNE,2 THOMAS E. VAN DYKE,2 AND SALOMON AMAR2

Department of Periodontology, Hebrew University-Hadassah School of Dental Medicine, Jerusalem, Israel,1 and
Department of Oral Biology and Periodontology, Goldman School of Dental Medicine,

Boston University, Boston, Massachussetts2

Received 11 August 1997/Returned for modification 21 October 1997/Accepted 6 March 1998

Porphyromonas gingivalis is one of the pathogens associated with periodontal diseases, and its lipopolysac-
charide (LPS) has been suggested as a possible virulence factor, acting by stimulation of host cells to secrete
proinflammatory mediators. However, recent studies have shown that P. gingivalis LPS inhibited some com-
ponents of the inflammatory response. The present study was designed to test the hypothesis that there are
strain-dependent variations in the ability of P. gingivalis LPS to elicit the host inflammatory response. By using
LPS preparations from two strains of P. gingivalis, W50 and A7346, the responses of mouse macrophages and
human monocytes were evaluated by measuring the secretion of nitric oxide (NO) and tumor necrosis factor
alpha (TNF-a). Both direct and indirect (priming) effects were investigated. LPS from Salmonella typhosa was
used as a reference LPS. P. gingivalis A7436 LPS induced lower secreted levels of NO from the tested cells than
S. typhosa LPS but induced similar levels of TNF-a. In contrast, LPS from P. gingivalis W50 did not induce NO
or TNF-a secretion. Preincubation of macrophages with LPS from S. typhosa or P. gingivalis A7436 prior to
stimulation with S. typhosa LPS upregulated NO secretion and downregulated TNF-a secretion, while prein-
cubation with P. gingivalis W50 LPS enhanced both TNF-a and NO secretory responses. These results
demonstrate that LPSs derived from different strains of P. gingivalis vary in their biological activities in vitro.
The findings may have an impact on our understanding of the range of P. gingivalis virulence in vivo.

Periodontitis is a group of infectious diseases, characterized
by an inflammatory reaction, which results in the destruction of
the dental attachment apparatus. It is the major cause of tooth
loss in adults over the age of 35. The primary etiologic factor
for periodontal diseases is bacteria that accumulate in the
gingival sulcus, among which Porphyromonas gingivalis is
thought to be one major periodontal pathogen. Clinical studies
have documented a strong association between the presence of
P. gingivalis and periodontal destruction (41), and patients with
periodontitis often exhibit high titers of antibodies against P.
gingivalis (34). Furthermore, in vitro and in vivo studies have
demonstrated that extracts of P. gingivalis have immunomodu-
latory and bone resorption activities (14, 16, 34). This micro-
organism possesses numerous virulence factors, which have
been suggested to play an important role in periodontal dis-
eases (16). These include the ability to invade tissues and to
secrete various cysteine proteases, which degrade host tissues
and cleave complement or other host-derived molecules. In
addition, P. gingivalis is a gram-negative organism that synthe-
sizes a lipopolysaccharide (LPS), which is unique because of its
endotoxic activities (32, 33).

LPS is one major component of the outer membranes of
gram-negative bacteria, and it is considered the major factor in
the pathogenesis of septic shock (15, 19, 21, 22, 24, 28, 36, 44).
In addition, LPS is also considered to be an important factor in
the pathogenesis of periodontal diseases, and it has been
shown to be adsorbed to root surfaces and gingival tissues in
periodontal disease sites (2, 9, 10, 20, 26, 46). Among other
activities, LPS is one of the most potent stimulators of macro-
phage secretory responses. When exposed to LPS, macro-

phages secrete a wide variety of proinflammatory mediators,
such as tumor necrosis factor alpha (TNF-a), interleukin-1,
and nitric oxide (NO). These mediators have been implicated
in the pathogenesis of tissue destruction in periodontal disease
(17, 30, 31, 42, 43), and the control of production of these
cytokines has been investigated as a potential therapeutic ap-
proach.

Due to the unique structure of P. gingivalis LPS (4, 16),
several laboratories have investigated the immunobiological
responses induced by it. Several studies demonstrated that the
endotoxic activity of P. gingivalis is very low compared to that
of LPS isolated from enterobacteria (7, 32, 35). However,
other reports suggested that P. gingivalis LPS is a potent in-
ducer of various biological responses such as bone resorption,
polyclonal B-cell activation, inhibition of bone formation, and
fibroblast proliferation (1, 23, 25, 29). Other studies have in-
vestigated the effect of P. gingivalis LPS on monocyte and
macrophage activation. Reduced secretion of TNF-a and pros-
taglandin E2 from macrophages stimulated by P. gingivalis LPS
compared to those stimulated by standard LPS preparations
from enterobacteria has been noted (7, 11, 33). However, we
have demonstrated that P. gingivalis (A7436) LPS is a potent
inducer of TNF-a secretion from human monocytes (39). Us-
ing an in vivo model of inflammation, one study demonstrated
that P. gingivalis LPS is unable to induce the expression of
adhesion molecules (35), while other studies demonstrated its
ability to induce local tissue necrosis (3, 37). Taken together, it
is reasonable to hypothesize that the potency of LPS prepara-
tions from P. gingivalis in inducing a biological response is
dependent on the nature of the tested response, the strain of P.
gingivalis used, and, possibly, the method of LPS preparation.

In an attempt to shed some light on the interactions between
host cells and P. gingivalis LPS, the aim of the present study
was to compare the abilities of LPS preparations isolated from
two strains of P. gingivalis, W50 and A7436, to induce secretory
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response from monocytes and macrophages. Using NO and
TNF-a secretion as our outcome variables, we measured LPS-
induced secretion, priming, and tolerance. The results demon-
strated that the response to P. gingivalis LPS is strain depen-
dent and does not always mimic the classic responses to LPS of
enterobacteria. These data suggest that the unique structure of
P. gingivalis LPS results in discrete, and often profound, func-
tional variations.

MATERIALS AND METHODS

LPS isolation. LPS was extracted from P. gingivalis A7436 and W50 by a hot
phenol-water method and further purified by cesium chloride isopyknic density
gradient centrifugation as described by Morrison and Leive (27). The fractions
with a density of 1.42 to 1.52 gm/cm3, containing peak endotoxin activity as
determined by the Limulus amebocyte clotting assay, were pooled, dialyzed
extensively, and lyophilized. Yields of LPS preparations were similar for both
strains of P. gingivalis (4 to 5 mg from 500 ml of original culture). A stock solution
of 1 mg of LPS per ml was prepared in phosphate-buffered saline (PBS) (pH 7.4),
divided into aliquots, and kept at 220°C. Prior to each experiment, LPS solutions
were sonicated for 10 s to disperse the LPS aggregates. Protein contamination of
LPS preparations was determined routinely on overloaded sodium dodecyl sul-
fate (SDS)-polyacrylamide gels stained with Coomassie blue and silver nitrate.
All LPS lots were negative for Coomassie blue staining, indicating the purity of
the preparation.

Salmonella typhosa LPS and Escherichia coli 055:B5 LPS (phenol extracts)
were purchased from Sigma (St. Louis, Mo.) and further purified by cesium
chloride isopyknic density gradient as described above.

LPS preparations were analyzed by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) as described before (5) with 15% (wt/vol) acrylamide containing
0.2% (wt/vol) SDS. LPS bands were visualized by the silver stain kit method
based on periodate oxidation as described previously (5).

Preparation of mouse inflammatory macrophages. Female BALB/c mice, 10,
12, or 7 weeks old (Charles River, Wilmington, Mass.), were injected intraperi-
toneally with 1.5 ml of 3% sterile thioglycolate broth (Difco, Detroit, Mich.).
Four days after injection, macrophages were harvested from the peritoneal
cavities of the mice by washing with 7 ml of PBS followed by aspiration of the
wash from the peritoneal cavity. Macrophages were pooled, washed twice, and
counted with a hemocytometer. Cell viability was verified by the trypan blue
exclusion technique. Macrophages were suspended in RPMI 1640 medium sup-
plemented with 100 U of penicillin per ml, 100 mg of streptomycin per ml, 2 mM
L-glutamine, and 5% fetal calf serum (C-RPMI) (Life Technologies Inc., Gaith-
ersburg, Md.). Cells were plated in 24-well culture plates at a concentration of
106 per well and incubated for 60 min at 37°C with 5% CO2. Nonadherent cells
were removed by aspiration and three successive washes with PBS. Stimulation
of the cells by LPS was performed in C-RPMI. No LPS-binding protein was
added. At the end of the stimulation period, cell culture supernatants were
collected and either assayed immediately or kept at 270°C until analyzed. All
tissue culture materials used were of endotoxin-free grade.

Isolation of human peripheral blood monocytes. Fresh monocytes were iso-
lated from the blood of healthy donors by the adherence method as described
previously (38, 40). Briefly, heparinized peripheral blood was fractionated with
Mono-Poly resolving medium (Flow Laboratories, McLean, Va.). The mononu-
clear cell fraction was collected, and the cells were washed three times. Following
resuspension in C- RPMI medium, the cells were plated in 24-well culture plates
at a concentration of 4 3 106 per well and incubated for 90 min at 37°C with 5%
CO2. Nonadherent cells were removed by aspiration and three successive washes
with PBS. Stimulation of the cells by LPS was performed in C-RPMI medium.
No LPS-binding protein was added. At the end of the stimulation period, cell
culture supernatants were collected and kept at 270°C until analyzed.

Secretion of NO. The secretion of NO by the cells was evaluated by measuring
NO22 accumulation in the culture supernatants (8). Briefly, 100 ml of Gries
reagent (1% sulfanilamide, 0.1% naphthylethylene diamine dihydrochloride,
2.5% H3PO4) (Sigma) was added to 100 ml of cell supernatants in a 96-well plate.
The colorimetric reaction was allowed to proceed for 10 min at room tempera-
ture, and the optical density (OD) at 550 nm was measured in a Vmax microplate
reader (Molecular Devices, Palo Alto, Calif.). The measured OD values were
converted to concentrations from a standard curve established from serial dilu-
tions of NaNO2 (Sigma) in culture medium. All samples were assayed in tripli-
cates.

NOS activity assay. Nitric oxide synthase (NOS) activity was determined by
measuring the conversion of [3H]arginine to [3H]citrulline with an assay system
from Stratagene (La Jolla, Calif.). Mouse macrophages were cultured for 18 h,
washed with cold PBS, and scraped off the plates with a sterile rubber policeman
into PBS containing 0.1 mM EDTA and 0.1 mM phenylmethylsulfonyl fluoride.
Cells were pelleted by a 10-min centrifugation at 4°C, and the pellets were kept
frozen at 220°C until assayed. Cell pellets were homogenized in 25 mM Tris-HCl
(pH 7.4) containing 1 mM EDTA and 1 mM EGTA, and the protein concen-
tration was determined by the Bradford protein assay (Bio-Rad, Richmond,
Calif.). For the NOS activity assay, equivalents of 5 mg of protein from the cell

homogenates were mixed with a solution containing 25 mM Tris-HCl (pH 7.4),
3 mM tetrahydrobiopterin, 1 mM flavin adenine dinucleotide, 1 mM flavin ade-
nine mononucleotide, 1 mM NADPH, and 10 mCi of [3H]arginine and further
incubated for 30 min at room temperature. Positive controls included rat cere-
bellum extract and CaCl2, while negative controls included the NOS inhibitor
N-nitro-L-argingine-methylester. The reaction was stopped by the addition of 8
volumes of 50 mM HEPES (pH 5.5)–5 mM EDTA. The reaction mixtures were
then transferred into spin columns containing an equilibrated resin, which bound
the positively charged arginine, and centrifuged at 10,000 3 g for 30 s. The
neutrally charged citrulline at pH 5.5 did not adhere to the resin, and NOS
activity was quantified by counting the radioactivity in the collected eluate.

TNF-a determination. The release of TNF-a by mouse macrophages was
quantified with a commercial ELISA kit (BioSource, Camarillo, Calif.). TNF-a
release by human monocytes was quantified by an ELISA as previously described
(40) with slight modifications. Ninety-six-well ELISA plates (Maxisorp; Nunc,
Naperville, Ill.) were coated with mouse anti-human TNF-a monoclonal anti-
body (R&D Systems, Minneapolis, Minn.) in coating buffer (carbonate-bicar-
bonate buffer, pH 9.6) by overnight incubation at 4°C. The wells were blocked
overnight (4°C) with 2% bovine serum albumin in coating buffer, and samples
were added. After overnight incubation (4°C), goat anti-TNF-a polyclonal anti-
body (R&D Systems) was added, followed by donkey anti-goat antibody–horse-
radish peroxidase conjugate (Sigma). o-Phenylenediamine was used as the sub-
strate. The reaction was stopped by addition of 4 N sulfuric acid, and the OD was
measured by using a Vmax microplate reader (Molecular Devices) at 490 to 600
nm. Samples with OD values outside the standard range were assayed again at an
appropriate dilution.

Statistical analysis. The significance of the differences between the different
LPS preparations were analyzed by one-way analysis of variance (ANOVA).
When ANOVA showed significant differences between the treatments, a multi-
ple comparison procedure (Student-Newman-Keuls method) was used to com-
pare group pairs for significant differences. Comparisons between dose and
kinetic responses of the different LPS preparations were evaluated by using
repeated-measurement ANOVA.

RESULTS

SDS-PAGE analysis of LPS preparations. In order to assess
structural characteristics of the different LPS preparations
used in the present study (from P. gingivalis A7436 and W50, S.
typhosa, and E. coli 055:B5), SDS-PAGE analyses were per-
formed (Fig. 1). All LPS preparations presented a stepladder
pattern, corresponding to various polysaccharide chains
lengths anchored to the core lipid A and characteristic of a
smooth-type LPS. S. typhosa LPS was different from the other
three, with most of the material concentrated in the low-mo-
lecular-weight range (Fig. 1, lane c). This means that S. typhosa
LPS contains higher levels of core components of the LPS and
molecules with lower numbers of polysaccharide units. More-
over, the majority of the S. typhosa LPS molecules had long
chains of polysaccharides (80 to 110 kDa), although a wide
range could be detected (30 to 110 kDa). LPS molecules iso-

FIG. 1. SDS-PAGE analysis of LPSs from P. gingivalis A7436 (lane a), P.
gingivalis W50 (lane b), S. typhosa (lane c), and E. coli 055:B5 (lane d). Positions
of molecular mass standards (in kilodaltons) are indicated on the left.
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lated from E. coli 055:B5 also exhibited a stepladder pattern,
with the major bands in the 70-kDa range (Fig. 1, lane d). LPS
molecules prepared from both strains of P. gingivalis had the
majority of their bands in at the 40- to 60-kDa range (Fig. 1,
lanes a and b). The pattern of the LPS preparation from P.
gingivalis A7436 resembled the pattern of E. coli LPS (Fig. 1,
lanes a and d). P. gingivalis W50 showed a higher percentage of
the high-molecular-weight molecules than P. gingivalis A7436,
suggesting an elevated fraction of polysaccharide-containing
molecules.

NO release and NOS activity in LPS-stimulated mouse mac-
rophages. Unstimulated macrophages did not secrete NO into
the culture medium during 48 h of incubation (data not
shown). Stimulation with 1 mg of S. typhosa LPS per ml caused
a marked elevation in NO secretion, which continued to rise
over 48 h of incubation (Fig. 2). LPS from P. gingivalis A7436
(1 mg/ml) also induced NO secretion by mouse macrophages,
but it was approximately threefold less active than S. typhosa
LPS. In contrast, stimulation with LPS isolated from P. gingi-
valis W50 did not induce any NO secretion into the medium
(Fig. 2).

The effect of LPSs from P. gingivalis A7436 and S. typhosa on
the macrophages was dose dependent (Fig. 3). However, the
stimulatory effect of P. gingivalis A7436 LPS was seen only at
doses higher than 10 ng/ml. The concentration of LPS required
to trigger the production of approximately 10 nM NO was 100
times higher for P. gingivalis A7436 LPS than for S. typhosa
LPS. Again, concentrations of P. gingivalis W50 LPS ranging
from 10 ng/ml to 10 mg/ml induced no NO production.

Since the ability of P. gingivalis LPS to inhibit stimulation by
enterobacterial LPS had been described previously (7), we
tested the possibility that combinations of P. gingivalis W50 and
A7436 LPSs would modify the response of mouse macro-
phages to S. typhosa LPS (Fig. 4). In these experiments, mouse
macrophages were incubated for 48 h with 1 mg of S. typhosa
LPS in the presence or in the absence of 1 mg of LPS from P.
gingivalis W50 or A7436 per ml. P. gingivalis A7436 LPS did not
alter the response of the macrophages to S. typhosa LPS. How-

ever, the presence of P. gingivalis W50 LPS enhanced the
macrophage response to S. typhosa LPS by approximately 30%
(P , 0.05).

We evaluated the effects of the different LPS preparations
on the activation of NOS in mouse macrophages (Fig. 5). The
results were positively correlated with the NO secretion results.
P. gingivalis A7436 LPS (1 mg/ml) triggered approximately 50%
of the NOS activity induced by the same concentration of S.
typhosa LPS. NOS activity in P. gingivalis W50 LPS-stimulated
macrophages did not exceed background levels.

TNF-a release from LPS-stimulated mouse macrophages
and human monocytes. Concentrations of P. gingivalis W50
LPS ranging from 10 ng/ml to 10 mg/ml did not induce TNF-a

FIG. 2. Nitrite levels in culture supernatants of macrophages stimulated with
LPS isolated from P. gingivalis A7436 or W50 or S. typhosa (S.t.). Thioglycolate-
elicited macrophages were cultured with 1 mg of LPS per ml for 24 or 48 h.
Culture supernatants were harvested, and nitrite levels were determined by using
Gries reagent. Data is presented as means 6 standard deviations for four rep-
licates.

FIG. 3. Dose-dependent release of nitrite by LPS-stimulated macrophages.
Thioglycolate-elicited macrophages were cultured with increasing doses of LPS,
isolated from P. gingivalis A7436 or W50 or S. typhosa (S.t.), for 24 h. Culture
supernatants were harvested, and nitrite levels were determined by using Gries
reagent. Data is presented as means 6 standard deviations for four replicates.

FIG. 4. Nitrite secretion by macrophages stimulated with S. typhosa (S.t.)
LPS (1 mg/ml). Thioglycolate-elicited macrophages were cultured with medium
alone, S. typhosa LPS, S. typhosa LPS plus P. gingivalis A7436 LPS, or S. typhosa
LPS plus P. gingivalis W50 LPS for 24 h. Culture supernatants were harvested,
and nitrite levels were determined by using Gries reagent. Data is presented as
means 6 standard deviations for four replicates.

2738 SHAPIRA ET AL. INFECT. IMMUN.



secretion from mouse macrophages. In contrast, both P. gingi-
valis A7436 LPS and S. typhosa LPS triggered TNF-a release in
a dose-dependent manner. The kinetics (data not shown) and
the magnitudes of TNF-a release induced by these two LPS
preparations were almost identical, with no significant differ-
ences between the two responses (Fig. 6).

Similarly to the mouse macrophages, resting human mono-
cytes did not secrete TNF-a (Fig. 7). LPSs derived from P.
gingivalis A7436, S. typhosa, and E. coli (1 mg/ml) triggered
similar levels of TNF-a secretion, with no statistical differences
between the three (Fig. 7). Again, P. gingivalis W50 LPS be-
haved differently and triggered no TNF-a release from human
monocytes (Fig. 7).

Effect of preexposure of macrophages and monocytes to LPS
on the LPS-induced response. It has been reported that pre-
exposure of macrophages to LPS reduced the cytokine re-
sponse to subsequent LPS challenge and simultaneously
primed the cell for an enhanced NO response to LPS (18, 47).
We compared the P. gingivalis A7436 and W50 LPS priming
and desensitization effects on macrophage responsiveness to a
second stimulus, i.e., S. typhosa LPS (1 mg/ml) for additional
24 h. When macrophages were preexposed to S. typhosa LPS
(10 ng/ml to 1 mg/ml) for 24 hs, followed by stimulation with
the same LPS (1 mg/ml), NO secretion was elevated two- to
fourfold (Fig. 8). P. gingivalis A7436 and W50 LPSs also
primed NO secretion. No significant differences were found
between the three LPS preparations in regard to their priming
effects.

FIG. 5. Activation of NOS by LPS of S. typhosa (S.t.), P. gingivalis (Pg)
A7436, or P. gingivalis W50. Macrophages were cultured in the presence or
absence (Non) of LPS (1 mg/ml) for 18 h. Cells were harvested, and cell lysates
were analyzed for NOS activity as described in Materials and Methods. Results
are for pooled samples from six different wells.

FIG. 6. Dose-dependent secretion of TNF-a by LPS-stimulated macro-
phages. Macrophages were cultured with increasing doses of S. typhosa (S.t.), P.
gingivalis A7436, or P. gingivalis W50 LPS for 24 h. Culture supernatants were
harvested, and TNF-a levels were determined by ELISA. Data is presented as
means 6 standard deviations for four replicates.

FIG. 7. Secretion of TNF-a by LPS-stimulated human monocytes. Human
monocytes were cultured with S. typhosa (S.t.), E. coli, P. gingivalis (P.g.) A7436,
or P. gingivalis W50 LPS (1 mg/ml) for 24 h. Culture supernatants were harvested,
and TNF-a levels were determined by ELISA. Data is presented as means 6
standard deviations for four replicates.

FIG. 8. Effect of pretreatment of macrophages with different LPSs on their
LPS-induced nitrite production. Macrophages were preexposed to increasing
doses of S. typhosa (S.t.), P. gingivalis A7436, or P. gingivalis W50 LPS for 24 h.
Cultures were washed, and fresh S. typhosa LPS (1 mg/ml) was added. After an
additional 24 h, culture supernatants were harvested and nitrite levels were
determined by using Gries reagent. Data is presented as means 6 standard
deviations for four replicates.
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As expected, preexposure of macrophages to S. typhosa LPS
induced desensitization or tolerance to a second stimulus, as
determined by TNF-a secretion (Fig. 9). Preincubation with 1
mg of LPS per ml completely abolished the TNF-a response to
the secondary LPS challenge (Fig. 9). Preexposure to P. gingi-
valis A7436 LPS induced the same effect. In contrast, preex-
posure to 1 mg of P. gingivalis W50 LPS per ml primed the
mouse macrophages to the second stimulus, and the response
was enhanced threefold.

Similar results were obtained when TNF-a release from
human monocytes was examined (Fig. 10). While preexposure
to P. gingivalis A7436, S. typhosa, or E. coli LPS (1 mg/ml)
eliminated any TNF-a secretion resulting from a second stim-

ulus, preexposure to P. gingivalis W50 LPS enhanced the re-
sponse to the second stimulus twofold.

DISCUSSION

In this study, we evaluated the biological activities of P.
gingivalis LPSs from two strains, A7436 and W50. The abilities
of these LPSs to induce direct activation of mouse inflamma-
tory macrophages and human peripheral blood monocytes
were investigated. While peripheral blood monocytes are im-
mature cells, thioglycolate-elicited cells are mature macro-
phages that have been primed in vivo. We quantified the cel-
lular response by the release of NO and TNF-a, both of which
are considered important inflammatory mediators. The results
demonstrated that both human monocytes and mouse macro-
phages were affected differently by different LPS preparations,
in terms of NO and TNF-a release. S. typhosa LPS was the
most potent inducer of NO release. Macrophages stimulated
with 1 mg of S. typhosa LPS per ml secreted two- to threefold-
higher NO levels than did those stimulated with a similar
concentration of P. gingivalis A7436 LPS, moreover, the con-
centration required to trigger the production of approximately
10 nM NO was 100 times higher for P. gingivalis A7436 LPS
than for S. typhosa LPS. P. gingivalis A7436 was not able to
antagonize or synergize the activity of S. typhosa LPS. For
TNF-a secretion, no differences were noted between LPS
preparations from S. typhosa, E. coli, and P. gingivalis A7436. P.
gingivalis W50 LPS induced no response (neither NO nor
TNF-a secretion) at the tested concentrations. The fact that
LPS extracted from P. gingivalis A7436 is a potent inducer of
macrophage TNF-a secretion is in agreement with our earlier
findings (39). This LPS was also found to induce TNF-a-de-
pendent lesions in vivo (3, 37). However, results from this study
show that there are clearly strain differences in terms of LPS
biological activity and differences in biological activities within
the same strain. For instance, P. gingivalis A7436 LPS was a
more potent inducer of TNF-a release than of NO synthesis,
compared to S. typhosa LPS. The present report not only
emphasizes the earlier observation that LPSs isolated from
some strains of P. gingivalis are potent inducers of TNF-a
production but also suggests differences in virulence between
strains. In contrast to P. gingivalis A7436 LPS, LPS extracted
from P. gingivalis W50 and tested in the same manner did not
trigger any NO or TNF-a secretion or NOS activity. Previous
studies have suggested that some strains of P. gingivalis are
weak inducers of inflammation (7, 35). Results from the
present study are not in contradiction with the current litera-
ture, but they introduce the concept of strain variability in
terms of biological activity measured in vitro. Furthermore, it
is important to emphasize that P. gingivalis A7436 is a clinical
isolate from human aggressive periodontal disease, whereas
the source of P. gingivalis W50 is unclear. The biological activ-
ity of P. gingivalis A7436 has been further characterized in
other models, and this strain was found to be extremely viru-
lent (6, 12, 13).

Since incubation of macrophages with different LPSs in-
duced a variety of responses, it was of interest to examine the
influence of preincubation with each LPS on a second chal-
lenge with a reference LPS. LPS pretreatment is known to
increase secondary NO responses and decrease secondary
TNF-a responses (endotoxin tolerance). The data presented
here demonstrate that LPSs from S. typhosa, P. gingivalis
A7436, and E. coli elicited the classic LPS response, reducing
the secondary TNF-a response and increasing the secondary
NO response. In contrast, P. gingivalis W50 LPS primed mouse
macrophages for both NO and TNF-a release and primed

FIG. 9. Effect of pretreatment of macrophages with different LPS prepara-
tions on their LPS-induced TNF-a production. Macrophages were preexposed to
increasing doses of S. typhosa (S.t.), P. gingivalis A7436, or P. gingivalis W50 LPS
for 24 h. Culture wells were washed, and fresh S. typhosa LPS (1 mg/ml) was
added. After an additional 24 h, culture supernatants were harvested and TNF-a
levels were determined by ELISA. Data is presented as means 6 standard
deviations for four replicates.

FIG. 10. Effect of pretreatment of human monocytes with different LPS
preparations on their LPS-induced TNF-a production. Human monocytes were
preexposed to medium alone, S. typhosa (S.t.), P. gingivalis (P.g.) A7436, or P.
gingivalis W50 LPS (1 mg/ml) for 24 h. Cultures were washed, and fresh S. typhosa
LPS (1 mg/ml) was added. After an additional 24 h, culture supernatants were
harvested and TNF-a levels were determined by ELISA. Data is presented as
means 6 standard deviations for four replicates.
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human monocytes for TNF-a secretion. This priming effect
suggests that P. gingivalis W50 LPS has a mode of action
different from that of other LPSs. However, P. gingivalis W50
LPS does not directly activate monocytes and macrophages.

In conclusion, LPS from P. gingivalis was found to affect the
secretory response of cells from the monocyte/macrophage
lineage. The activity of LPS from P. gingivalis A7436 was found
to be comparable to that of enterobacterial LPS, but the ac-
tivity of LPS from P. gingivalis W50 was not. The differences in
activity might play a role in periodontal disease pathogenesis.
Although the presence of a periodontal pathogen such as P.
gingivalis is a prerequisite for periodontal destruction, the de-
struction of the periodontal tissues is dependent on the host
response (45). Some strains of P. gingivalis might colonize the
gingival pocket but not initiate tissue destruction. However,
they can prime the immune response for a second challenge,
presumably leading to an episode of tissue destruction. These
aspects of host-parasite interactions emphasize the complexity
of the periodontal environment and the delicate balance be-
tween health and disease.
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