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This study investigated the endotoxic and biological properties of purified lipopolysaccharide (LPS) isolated
from an oral spirochete, Treponema pectinovorum. Endotoxicity, measured by Limulus amoebocyte lysate kinetic
assay, showed that the LPS contained 1.28 endotoxin units per pg of purified LPS, which was approximately
4,000 times less than Escherichia coli O55:B5 LPS. To determine in vivo endotoxicity, LPS responder mice were
administered LPS following galactosamine (GalN) sensitization. The LPS induced neither endotoxic symptoms
nor lethality for 96 h, suggesting negligible or very low endotoxicity. In contrast, infection with live 7.
pectinovorum induced 100% lethality within 12 h in GalN-sensitized LPS responder mice, indicating an
endotoxin-like property of this treponeme. Heat-killed microorganisms exhibited no lethality in GalN-sensi-
tized mice, suggesting that the endotoxicity was associated with heat-labile components. To determine cytokine
and chemokine induction by LPS, human gingival fibroblasts were stimulated and secretion of interleukin 13
(IL-1B), granulocyte-macrophage colony-stimulating factor, gamma interferon, IL-6, IL-8, and monocyte
chemoattractant protein 1 (MCP-1) was assessed. The purified LPS induced significant amounts of only IL-6,
IL-8, and MCP-1, although they were substantially lower than levels after challenge with live T. pectinovorum.
After injection of LPS or live or heat-killed 7. pectinovorum, serum was collected from mice and analyzed for
proinflammatory cytokines IL-13, tumor necrosis factor alpha (TNF-a), and IL-6. LPS induced only IL-6
consistently. Both live and heat-killed 7. pectinovorum induced serum IL-6, which was higher than the level
detected following LPS administration. Importantly, live bacteria elicited systemic TNF-a and IL-1 levels
similar to those induced by a lethal dose of live E. coli O111. The results indicated that T. pectinovorum LPS
has very low or no endotoxicity, although it can elicit low levels of cytokines from host cells. In contrast to the
LPS, live T. pectinovorum demonstrated in vivo toxicity, which was associated with serum IL-1$3, TNF-o, and

IL-6, suggesting an endotoxin-like property of a heat-labile molecule(s) of the spirochete.

The oral cavity provides multiple ecological niches for a wide
array of bacterial species. Many of these microorganisms can
be considered commensal inhabitants that exist in symbiosis
with the host. However, bacteriologic studies have also docu-
mented a succession of genera and species which comprise the
supragingival and subgingival microbiota of the soft and hard
tissues within the oral cavity (32). Associated with the progres-
sion from periodontal health through gingivitis to periodonti-
tis, there is a shift towards a more gram-negative anaerobic
microbiota at sites of periodontal destruction. Within this
group of proposed virulent species are the spirochetes, which
appear to colonize the subgingival plaque and are linked with
periodontal disease and tissue destruction (31, 32). Treponema
pectinovorum is an oral anaerobic spirochete that has recently
been found to be associated with periodontitis in human im-
munodeficiency virus-infected patients (22, 31, 32, 36).

Lipopolysaccharide (LPS), or endotoxin, elicits a wide as-
sortment of biological effects in the host, which reflect a spe-
cific interaction with cellular targets. Mononuclear phagocytes/
macrophages mediate the lethal function of endotoxin, and
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tumor necrosis factor alpha (TNF-«) has been identified as the
major cytokine mediator in the expression of endotoxicity dur-
ing sepsis due to gram-negative bacteria (23). LPS activation of
host cells is mediated by the interaction of LPS with LPS
binding protein and subsequently to CD14 receptors on the
cell surface (14). Recently, toll-like receptor 2 (TLR2) (12, 19,
38) and TLR4 (3) have been identified as the molecules con-
ferring or mediating LPS-induced signal transduction. More-
over, lipoproteins (non-LPS components) activate cells
through CD14 and TLR2 proteins (11, 38). Recognition of
LPS by this innate immune system results in an inflammatory
response characterized by the production of cytokines such as
TNF, interleukin 1 (IL-1), IL-6, and IL-8 as well as gene
activation of cellular receptors like intercellular adhesion mol-
ecule-1 and E-selectin, among others. Importantly, LPS mol-
ecules from oral bacteria such as Porphyromonas gingivalis,
Prevotella intermedia, and Fusobacterium nucleatum have been
suggested to play an important role in the inflammatory re-
sponses in the pathogenesis of chronic periodontitis (13, 39,
40). The detection of an LPS-like structure in the outer mem-
brane of oral treponemes has been suggested in only two cul-
tivable species, but inconsistencies in the characteristics of the
molecule have not allowed definitive identification (4, 20, 40).
Recently, we have described 7. pectinovorum associated with
periodontal disease and have detailed the isolation and chem-
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ical characterization of a molecule isolated from the outer
membrane which possesses many of the characteristics of an
LPS (36, 37). The purpose of this study was to examine the
biological functions of the purified 7. pectinovorum LPS using
both in vitro and in vivo assays. The results indicated that this
LPS molecule has very low endotoxicity as determined by using
classic biomarkers of endotoxin.

MATERIALS AND METHODS

Bacterial strains and growth conditions. T. pectinovorum ATCC 33768 and a
clinical isolate, S1, were grown in GM-1 medium with 3% pectin (Sigma, St.
Louis, Mo.) in a Coy anaerobic chamber in an atmosphere of 85% N,, 5% CO,,
and 10% H, for 24 to 72 h (16, 17). Escherichia coli O111 was grown in Luria-
Bertani broth overnight at 37°C aerobically (E. coli Reference Center, University
Park, Pa.). T. pectinovorum was heat killed at 100°C for 60 min in a water bath
(29). For the analyses, the bacteria were centrifuged at 11,000 rpm for 20 min
(Sorvall Centrifuges, Wilmington, Del.) and washed, and the cells were resus-
pended in phosphate-buffered saline (0.05 M phosphate, pH 7.2). An aliquot of
the culture was removed from the chamber, and 10-fold dilutions were made for
estimating total counts using a Petroff-Hausser bacterial counting chamber.
Purity of the treponeme culture was determined by phase-contrast and dark-field
microscopic observations, Gram staining, and plating on blood agar plates.

LPS isolation. The total cell membrane, outer membrane, and LPS were
isolated from 7. pectinovorum ATCC 33768 and S1 as described previously (36,
37). Briefly, bacteria were freeze-thawed for 40 cycles and then centrifuged at
6,000 rpm for 10 min (Sorvall Centrifuges, Wilmington, Del.) to separate the
cloudy supernatant from the broken cellular debris. The supernatant was cen-
trifuged at 17,000 rpm for 30 min at 4°C to obtain a membrane fraction. The
membranes were extracted with 1% Zwittergent 3.14 (Calbiochem Corporation,
La Jolla, Calif.), and the detergent soluble outer membrane fraction, containing
the major outer membrane proteins (36) and the LPS, was processed by the
method of Darveau and Hancock (6) and Walker et al. (37) to obtain purified
LPS. The LPS was purified at 200,000 X g for 2 h at 4°C and suspended in a small
volume of distilled water. 3-Deoxy-D-manno-octulosonic acid was estimated us-
ing the method of Karkhanis et al. (15), and protein content was estimated using
the method of Markwell et al. (21). The characteristics of T. pectinovorum LPS
used in this investigation were as reported previously by Walker et al. (37).

Endotoxin assay. Endotoxin activity of 7. pectinovorum LPS was determined
by a kinetic Limulus amoebocyte lysate (LAL) assay using an endochrome-K
assay kit (Charles River Endosafe, Charleston, S.C.). Briefly, a standard curve
ranging from 50 to 0.0005 endotoxin units (EU)/ml was prepared in duplicate
from E. coli O55:B5 control standard endotoxin supplied by the manufacturer. 7.
pectinovorum LPS was serially diluted from 50 pg to 5 ng of LPS/ml into
microtiter plates using LAL reagent water. Reconstituted LAL reagent was
added to the endotoxin standards, LPS sample wells, and controls in duplicate.
A timed observation (60 min, at 2 min intervals) of the absorbance of microtiter
plate at 405 nm using Dynatech Biolinx software (Dynatech, Chantilly, Va.) was
initiated immediately to detect endotoxin activity. After the completion of the
monitoring interval, endotoxin activity of LPS was calculated from a control
standard endotoxin and expressed in EU per milliliter and EU per nanogram of
LPS.

HGFs. A normal human gingival fibroblast (HGF) cell culture (Gin-7) was
grown to confluence in Dulbecco modified Eagle medium supplemented with
10% fetal bovine serum (Hyclone, Logan, Utah), antibiotics (penicillin [100/ml]
and streptomycin [100/ml]) (Gibco, Grand Island, N.Y.), and r-glutamine (2
mM) (Gibco) at 37°C in 5% CO, and moist air (34). The cells routinely reached
confluence by approximately 2 days and were passaged by a 1:3 split. All exper-
iments were carried out with HGF at fewer than 12 passages.

In vitro LPS—gingival-fibroblast interactions. The HGFs were plated in 24-
well microtiter plates at 10° cells/well. The HGFs were propagated to confluence
(~5 X 10°well) for 2 days prior to experimentation. T. pectinovorum LPS was
suspended in Dulbecco modified Eagle medium with 1% fetal bovine serum at
concentrations of 100, 10, 1, and 0.1 pwg/ml. One milliter of the diluted stimulant
was added to the test wells, and all assessments were made in triplicate. Super-
natants were collected at 1, 3, 6, 12, 24, and 48 h following challenge, centrifuged
(13,000 X g for 5 min), and frozen in multiple aliquots at —70°C until analyzed.

ELISA for cytokines. A sequential enzyme-linked immunosorbent assay
(ELISA) for the analysis of multiple cytokines was performed to detect IL-18,
IL-6, IL-8, granulocyte-macrophage colony-stimulating factor (GM-CSF), mono-
cyte chemoattractant protein 1 (MCP-1), and gamma interferon (IFN-y) from
fibroblast culture supernatants and mouse serum (33). The samples were assayed
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in the sequence of the expected least to most prominent cytokine in the fluid or
serum to be analyzed as well as the minimal detectable level of the assays. Briefly,
individual microtiter plates were incubated with 0.2 ml of 5-p.g/ml mouse mono-
clonal antibody to each of the cytokines in carbonate-bicarbonate buffer as a
capture antibody. After 3 to 4 h incubation at 37°C, the solution was removed
and 1% bovine serum albumin (Sigma) in phosphate-buffered saline was added
to block unbound sites in the wells. The plates were stored with the bovine serum
albumin at 4°C at least overnight. A pooled recombinant standard of cytokines
was used on all plates. Each of the cytokines in the pooled standard was adjusted
to 1,000 pg/0.2 ml and diluted serially twofold to 1.95 pg/0.2 ml.

Samples and standards were added to the first plate (i.e., anti-IL-1B) in the
sequence, and the plate was incubated for 1 h at 37°C. The second plate in the
sequence (i.e., anti-IL-8) was washed, and the samples from the first plate were
transferred in replicate onto the second. The second plate was incubated as the
first, the first plate was thoroughly washed, and rabbit antisera to the cytokine
were added to the plate as a developing system. The plate was incubated over-
night. When the incubation from the second plate was completed, the samples
were transferred in replicate onto a third plate (i.e., anti-IL-6) and incubated,
and the second plate was developed as the first. This was repeated until the
samples had been incubated on all of the plates coated with the monoclonal
antibodies to the individual cytokines of interest.

The following day, all plates were washed, and an alkaline phosphatase-
conjugated goat anti-rabbit antiserum (Boehringer Mannheim) was added to the
plates. The plates were incubated for an additional 4 h, washed, and developed
with p-nitrophenylphosphate (Sigma) as the substrate. The levels of cytokines in
the samples were determined by using Dynatech Biolinx software with a sigmoi-
dal fit. Intraplate and interplate variability was accepted with a sample duplicate
variation of =15%, and the standard curve between plates required (i) a maxi-
mum optical density of at least 1.0 (no more than 20% variation), (ii) no
significant difference (P > 0.05) in the slopes, and (iii) a background of <0.15.

The commercial sources of the various reagents include the following, in the
order recombinant standard, monoclonal capture, and polyclonal developing
reagent: for IL-1B, R & D Systems (Minneapolis, Minn.), Biosource (Camarillo,
Calif.), and Sigma; for IL-6, R & D, Biosource, and Sigma; for IL-8, Biosource,
Biosource, and Endogen (Cambridge, Mass.); for IFN-y, R & D, Biosource, and
Genzyme; for GM-CSF, R & D, Genzyme, and Genzyme; and for MCP-1,
Sigma, Sigma and Chemicon (Temecula, Calif.).

In vivo lethality induced by T. pectinovorum LPS. C3H/HeN Tac-MTV (LPS
responder, Taconic, Germantown, N.Y.), C3H/HeJ (LPS nonresponder; The
Jackson Laboratory, Bar Harbor, Maine), and ICR (Tac:Icr:Ha [ICR]; Taconic)
outbred mice (female, 6 to 8 weeks old) were used for testing the lethal toxicity
of T. pectinovorum ATCC 33768 LPS. The animals were housed in isolator cages
in an Association for Assessment and Accreditation of Laboratory Animal Care-
accredited animal facility at the University of Texas Health Science Center at San
Antonio and were provided autoclaved TEKLAD chow (Harlan Sprague Daw-
ley, Inc., Madison, Wis.) and water ad libitum. T. pectinovorum LPS and E. coli
O111:B4 LPS (Sigma) lethal toxicity assays were carried out in LPS responder
and LPS nonresponder mice (five to six mice/group). T. pectinovorum LPS and E.
coli LPS were injected intraperitoneally (i.p.) as a mixture with p-galactosamine
(GalN; 20 mg/mouse; Aldrich Chemicals) in 0.2 ml of LAL reagent water (9). Six
experimental groups were used in these studies: LPS responder mice received 5
wg, 500 ng, or 50 ng of T. pectinovorum LPS with GalN; LPS nonresponder mice
received 5 pg of T. pectinovorum LPS with GalN; LPS responder mice received
50 ng of E. coli LPS with GalN (positive control); and LPS responder mice
received GalN only (negative control). Deaths were recorded for 4 days postin-
jection.

Toxicity of live and heat-killed 7. p um in GalN itized mice. To
determine lethal toxicity, groups of LPS responder, LPS nonresponder, and ICR
mice were injected i.p. with live or heat-killed (29) T. pectinovorum ATCC 33768
or S1 (107, 108, or 10° organisms) or live E. coli O111 (10°, 107, or 10° organisms)
with and without GalN. Death of the mice due to toxicity was observed over a 24-
to 48-h period. Subsets of these animals were euthanized at 3, §, and 12 h
postinjection. Blood was collected for analysis of the proinflammatory cytokines
IL-1B, TNF-q, and IL-6.

Serum cytokines IL-13, TNF-a, and IL-6 induced by LPS. The second analysis
of in vivo endotoxicity utilized evaluation of the level of the proinflammatory
cytokines IL-1B, TNF-a, and IL-6, which have been associated with lethality
resulting from sepsis due to gram-negative bacteria (23) and endotoxemia (1).
LPS responder mice were injected i.p. with T. pectinovorum ATCC 33768 LPS (5
pg, 500 ng, and 50 ng) with GaIN (20 mg/mouse). After 3, 8, and 12 h, three
animals each from groups I, II, and IIT were euthanized by CO, inhalation, and
blood was collected. Serum was separated after centrifugation and stored at
—70°C.
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FIG. 1. IL-6, IL-8, and MCP-1 secretion by HGFs (Gin-7) challenged with purified 7. pectinovorum ATCC 33768 LPS at 0.1, 1, 10, and 100 pg
per ml. Supernatants were collected at 1, 3, 6, 12, 24, and 48 h after LPS challenge. Each cytokine concentration was determined by sequencial
ELISA. The cells were stimulated with 5 X 10° bacteria. The bars denote the mean level of cytokine detected during 12-and 24-h culture periods

from triplicate determinations.

The serum was analyzed for the individual cytokines using a sequential ELISA
as described previously (33). The reagents included rat monoclonal antibodies
(IL-1B and IL-6; R & D Systems) or goat polyclonal antibodies (TNF-a; R & D
Systems) specific for mouse cytokines as capture reagents coating the wells at 1
ng/well. Following incubation of the serum, the system was developed with
biotinylated goat polyclonal antibody specific for each cytokine (IL-1B, TNF-a,
and IL-6; R & D Systems), streptavidin-alkaline phosphatase (Zymed, San Fran-
cisco, Calif.), and p-nitrophenylphosphate (Sigma). The levels were determined
by comparison with standard curves generated from purified murine recombi-
nant cytokines (IL-1B, TNF-a, and IL-6; R & D Systems).

Statistical analyses. Statistical differences in cytokine production by gingival
fibroblasts and serum cytokine levels were determined using a Wilcoxon-Mann-
Whitney U test (Minitab, State College, Pa).

RESULTS

In vitro endotoxicity of LPS. The endotoxicity of purified
LPS from T. pectinovorum strains was determined by LAL
assay, and its endotoxic activity was compared to that of E. coli
LPS. The results showed that T. pectinovorum ATCC 33768
LPS did exhibit very minimal endotoxicity: it was 4,170 times
less endotoxic than the control E. coli O55:B5 LPS standard. In
contrast, live T. pectinovorum strains ATCC 33768 and S1 at
107 organisms demonstrated substantial endotoxicity compa-
rable with a dose of 10* E. coli organisms. Heat-killed T.
pectinovorum ATCC 33768 at 10 cells also demonstrated some
minimal endotoxin activity at a level similar to that of 10* E.
coli cells.

In vitro cytokine induction by T. pectinovorum LPS. HGFs
were challenged with purified 7. pectinovorum ATCC 33768
LPS, and the supernatants were evaluated for levels of cyto-
kine and chemokine secretion. The 7. pectinovorum LPS was
capable of stimulating the secretion of IL-6, IL-8, and MCP-1

from the HGFs (Fig. 1). However, to observe this activity, high
levels of T. pectinovorum LPS were required. After an initial
6-h lag period, a dose-response increase in IL-6 secretion by
12 h after LPS stimulation was noted compared to the medium
control. IL-1B, GM-CSF, and IFN-y were not detected in HGF
supernatants following challenge with 7. pectinovorum LPS.

In vivo endotoxic activity of LPS and T. pectinovorum.
Groups of LPS responder and nonresponder mice were chal-
lenged with T. pectinovorum ATCC 33768 LPS in the presence
of GalN. Mortality was compared with that obtained with a
positive control, E. coli O111 LPS. The results showed that T.
pectinovorum LPS at 5, 0.5, and 0.05 pg was uniformly nontoxic
in GalN-sensitized mice (Table 1). None of the T. pectinovo-
rum LPS-challenged animals exhibited endotoxic symptoms or
death, whereas control mice given E. coli O111 LPS at 0.05 pg
exhibited classical endotoxic symptoms by 3 h and 100% le-
thality within 9 to 36 h. The results indicated that 7. pectino-
vorum LPS lacked this endotoxic property.

LPS responder mice challenged i.p. with live T. pectinovorum
ATCC 33768 at 107 to 10° cells and GalN became moribund by
3 to 8 h, and 100% of animals died by 12 h (Table 2). None of
the animals died when GalN was omitted, but animals were
sick for 24 to 36 h. In contrast, heat-killed 7. pectinovorum cells
at 10® per mouse in the presence or absence of GalN were not
lethal in LPS responder mice, indicating that heat treatment
abolished the in vivo toxic activity of the spirochetes. LPS
responder mice inoculated with live E. coli O111 at 10°, 107,
and 10° cells and GalN became moribund by 8 h, and all died.
Similarly, T. pectinovorum strains ATCC 33768 and S1 were
lethal in ICR animals following challenge with GalN and 107 to
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TABLE 1. Endotoxicity of 7. pectinovorum LPS in LPS responder and nonresponder mice®

Mice LPS (dose [ng]) Endotoxicity Lethality”
LPS responders T. pectinovorum (5) No toxic symptoms 0/6
LPS responders T. pectinovorum (0.5) No toxic symptoms 0/6
LPS responders T. pectinovorum (0.05) No toxic symptoms 0/6
LPS nonresponders T. pectinovorum (5) No toxic symptoms 0/5
LPS responders E. coli (0.05) (LPS control) 9- to 36-h lethality 5/5
LPS responders (GalN control) No symptoms of GalN toxicity 0/5

¢ All mice received 20 mg of GalN.
> Number of animals that died/number tested.

10'° cells. The animals became moribund by 3 to 8 h, and 100%
of animals died within 12 h. Thus, the GalN sensitized the mice
to a lethal outcome following challenge with live 7. pectinovo-
rum, although this toxicity was approximately 100-fold lower
than that of E. coli.

Induction of systemic proinflammatory cytokines. To inves-
tigate the role of systemic cytokines IL-18, TNF-a, and IL-6 in
mortality, 7. pectinovorum ATCC 33768 LPS and live and
heat-killed 7. pectinovorum cells were administered with and

TABLE 2. Lethality of live and heat-killed 7. pectinovorum in
GalN-sensitized mice

Infection Lethal-
Bacterium Mice GalN“* dose .
(no. of cells) ity®
T. pectinovorum ATCC  ICR + 10° 5/5
33768, live
+ 10'° 5/5
- 10° 0/5
- 101 0/5
T. pectinovorum ATCC ~ C3H/HeN + 107 4/4
33768, live
+ 108 9/9
+ 10° 4/4
- 108 0/5
T. pectinovorum ATCC ~ C3H/HeN + 108 0/5
33768, H-K¢
- 108 0/5
T. pectinovorum ATCC ~ C3H/HelJ + 10° 5/5
33768, live
T. pectinovorum S1, ICR + 107 0/5
live
+ 108 0/5
+ 10° 8/10
+ 10'° 10/10
- 107 0/5
- 108 0/5
- 10° 0/5
- 10'° 0/5
E. coli O111, live C3H/HeN + 10° 4/4
+ 107 4/4
+ 10° 3/3
None ICR + 0/5

“ GalN was mixed with an appropriate concentration of treponemes and ad-
ministered i.p. to groups of mice. Control animals received either GalN or an
appropriate concentration of treponemes only i.p.

> Number of animals that died/total injected.

¢ T. pectinovorum was heat killed (H-K) at 100°C for 60 min in a water bath.

without GalN to groups of LPS responder mice. Sera from the
various groups of mice were analyzed for proinflammatory-
cytokine levels. The results demonstrated that 7. pectinovorum
LPS elicited high levels of IL-6 in serum. These levels tended
to occur as early as 3 h and generally peaked by 12 h. The levels
of IL-6 in serum were independent of lethality. Neither of the
other cytokines was induced by 7. pectinovorum LPS challenge
(Fig. 2). Both live T. pectinovorum and E. coli induced signif-
icant levels of IL-1B, TNF-a, and IL-6 in serum, which corre-
lated very well with the early cascade of septic shock events by
3 h and lethality by 8 h. The heat-killed 7. pectinovorum cells
stimulated neither IL-1B nor TNF-a, with no evidence of sep-
tic shock syndrome or lethality. However, heat-killed cells with
and without GalN stimulated significant serum IL-6, indicating
that IL-6 may not contribute to mortality in this model (Fig. 3).

DISCUSSION

We have previously reported on the identification and puri-
fication of a molecule from the outer membrane of 7. pectino-
vorum, which demonstrated chemical characteristics similar to
those of LPSs from other gram-negative prokaryotes (36).
However, there were differences from other classical enteric
bacterial LPS molecules. The 7. pectinovorum LPS lacks a
classical ladder-like O-antigenic sugar structure and appeared
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FIG. 2. Cytokine (IL-1B, TNF-a, and IL-6) pattern in C3H/HeN
Tac-MTV (LPS responder) mice after LPS treatment. Mice (n = 3)
were injected i.p. with 5, 0.5, and 0.05 g of T. pectinovorum ATCC
33768 LPS with GalN as indicated in Materials and Methods. Serum
samples were taken at 3, 8, and 12 h after LPS administration. Each
cytokine concentration was determined by ELISA. Results are the
means and standard deviations for three mice at 12 h.
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FIG. 3. Proinflammatory-cytokine (IL-1B, TNF-a, and IL-6) pat-
terns in C3H/HeN Tac-MTV (LPS responder) mice were analyzed
after i.p. challenge infection with live (10° cells) and heat-killed (H-K)
(108 cells) T. pectinovorum ATCC 33768 and live E. coli O111 (10°
cells) with and without GalN as described in Materials and Methods.
Serum samples were taken at 3, 8, and 12 h postinfection. Each cyto-
kine concentration was determined by sequential ELISA. Results are
the means and standard deviations for three mice at 12 h.

to consist of single low- and high-molecular-weight species
without a ladder-like series of bands (36). The presence of the
classical 3-deoxy-D-manno-octulosonic acid molecule in the 7.
pectinovorum LPS provides strong evidence that this oral
treponeme in fact contains a bona fide LPS. Kurimoto et al.
(20) and Yotis et al. (40) have previously determined that an
LPS-like extract from Treponema denticola and Treponema vin-
centii had biological activities consistent with LPS from enteric
bacteria. Neither Treponema pallidum nor Borrelia burgdorferi
possesses LPS, whereas Leptospira interrogans possesses an
atypical LPS that differs from classical LPS from gram-negative
organisms in several biochemical, physical, and biological
properties (7).

In the present study, we characterized the biological func-
tions of T. pectinovorum LPS using in vitro and in vivo models.
In vitro, the T. pectinovorum LPS was evaluated for endotox-
icity with an LAL assay. This is a classical method for deter-
mination of endotoxin activity, although other molecules and
gram-positive bacteria can also activate this primitive host re-
sponse. We did note that the 7. pectinovorum LPS activated
this system, consistent with LPS-like preparations from other
oral treponemes (20, 40, 41). However, the endotoxicity was
very low compared with the endotoxic activity of more classical
E. coli LPS. Consequently, we predicted that the T. pectinovo-
rum LPS would exhibit rather low endotoxicity and immuno-
biological activities. This concept was validated by demonstrat-
ing undetectable or very low serum TNF-a and IL-18 and a
total lack of endotoxicity in vivo in a murine model system.

While the T. pectinovorum LPS did not induce lethal endo-
toxemia in mice, it did induce a systemic response manifested
by elevations in serum IL-6 levels. Similarly, LPS and lipid A
from periodontal pathogens, such as Prevotella intermedia and
Porphyromonas gingivalis, exhibited very low or no endotoxicity
in GalN-loaded mice and LAL assays (14, 26). In contrast, the
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endotoxin activities of Veillonella and F. nucleatum LPSs were
comparable to those of Salmonella enterica serovar Enteritidis
and E. coli (28, 35). Thus, low endotoxic activity of LPS is not
a uniform characteristic of oral gram-negative bacteria. Lipid
A from the enteric pathogen Helicobacter pylori also exhibited
negligible lethal toxicity in GalN-loaded mice, pyrogenicity for
rabbits, and activity in the LAL test (27). Moreover, virulent
Brachyspira (formerly Treponema) hyodysenteriae and avirulent
Treponema innocens LPS and endotoxin preparations were
poor adjuvants, failed to induce a dermal Shwartzman reac-
tion, and were not pyrogenic (10). Consequently, accumulating
evidence supports the idea that numerous disparate pathogens
produce structurally distinct LPSs that do not fit the classic
paradigm of bioactive endotoxins. The potential that these
molecules may still represent a virulence strategy of these
microorganisms has been coupled to concepts of pattern rec-
ognition receptors and innate immune mechanisms (5).

We also evaluated the biologic functions of the T. pectino-
vorum LPS by assessing its ability to elicit cytokine responses
from gingival fibroblasts, which are the resident cells compris-
ing the connective tissue of the periodontium. As in all cells,
the fibroblasts express surface receptors that can be triggered
to initiate a series of events inside the cell, some of which result
in the production of cytokines contributing to cell communi-
cation and amplification of the immune system to control in-
fections (2, 8, 42; E. Shupp, M. J. Steffen, and J. L. Ebersole,
Am. Assoc. Dent. Res. Meet., abstr. 2736, 2000). We utilized
these biological phenomena to assess the capacity of 7. pecti-
novorum LPS to interact with the gingival fibroblasts. Previous
studies examining the challenge of gingival fibroblasts with
various bacteria have indicated that these cells preferentially
respond to produce IL-6 and IL-8 (8, 24). Recently, it was
reported that 7. pectinovorum can also induce high levels of
IL-6, IL-8, and MCP-1 from gingival fibroblasts (24; Shupp et
al., Am. Assoc. Dent. Res. Meet.). A previous study showed
that neither 7. pectinovorum nor T. denticola stimulated IL-1a,
IL-1B, IL-10, platelet-derived growth factor, GM-CSF, IFN-y,
or TNF-a production by the gingival fibroblasts (24). As with
the bacteria, the T. pectinovorum LPS did not elicit production
of IL-1B8, GM-CSF, or IFN-v by the gingival fibroblasts. How-
ever, we detected a time course and dose-response induction of
IL-6, IL-8, and MCP-1 following gingival fibroblast challenge
with LPS. While this was clearly discernible above basal level
production by the cells, rather high levels of the LPS were
required to elicit these responses. Thus, we concluded that in
contrast to LPS from other oral microorganisms, the 7. pecti-
novorum LPS is not particularly biologically active, as deter-
mined using standard assays of endotoxicity and as a host cell
ligand for inflammation. Therefore, it may play a more impor-
tant role as a structural macromolecule than as a virulence
component. These observations are consistent with reports for
other oral treponemes, which appear to provide minimal stim-
ulatory signals for the host inflammatory and immune system.
This may, in fact, be a strategy used by this group of microor-
ganisms to enhance their capacity to colonize and compete in
the host subgingival microenvironment.

In contrast to the relative minimal biologic function of the
LPS, intact T. pectinovorum was quite active in a number of the
assays employed. Live T. pectinovorum ATCC 33768 demon-
strated in vitro endotoxic activity in the LAL assay, although
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the extent of this activity was significantly lower than that noted
with E. coli O111. Importantly, and consistent with isolated
LPS, this endotoxicity was abolished following heat killing of
the spirochete. In general, heating gram-negative bacteria has
been classically used to differentiate the functions of LPS (e.g.,
heat resistance) from other bacterial components, which are
most often heat labile (23). This in vitro endotoxicity was
further supported by the observation that live 7. pectinovorum
was lethal in GalN-sensitized mice. This method has classically
been used to document in vivo endotoxicity of bacteria or
biomolecules. Furthermore, challenge of mice with live T.
pectinovorum elicited increases in serum IL-1B and TNF-q,
which correlated with lethality, similar to lethal challenge with
E. coli. Heat killing of T. pectinovorum eliminated the in vivo
toxicity, suggesting that both endotoxin assays may have been
activated by non-LPS, heat-labile molecule(s) expressed by this
oral treponeme. Alternatively, live 7. pectinovorum may se-
crete soluble factors extracellularly that mediated in vivo tox-
icity in the mice. Additional studies will be required to distin-
guish between these interpretations. It has been demonstrated
that T. pallidum and B. burgdorferi possess no LPS but their
abundant membrane lipoproteins are potent immunopotentia-
tors of proinflammatory activities of monocytes via a CD14-
dependent pathway distinct from that used by LPS (30). In this
manner, both in vitro and in vivo studies implicate lipoproteins
and lipopeptides (non-LPS components) as inflammatory me-
diators that contribute to the immunopathogenesis of syphilis
and Lyme disease (25). Thus, our major findings are consistent
with heat-labile non-LPS components serving as inflammatory
mediators contributing to in vivo toxicity. Live T. pectinovorum
also stimulated gingival fibroblasts to secrete elevated levels of
IL-6, IL-8, and MCP-1, which were significantly higher than
those stimulated by any dose of T. pectinovorum LPS. Previous
observations also showed that killed 7. pectinovorum induced a
higher level of IL-6 and IL-8 in vitro than the live bacteria (24).
As with the LPS, three cytokines, IL-6, IL-8, and MCP-1, were
produced by gingival fibroblasts in response to 7. pectinovorum
challenge. The levels of these cytokines were significantly
higher following stimulation with the microorganism than with
the isolated 7. pectinovorum LPS, supporting a contribution by
non-LPS components mediating cytokine induction (24).
These experiments demonstrate that the T. pectinovorum
LPS does not exhibit high levels of biologic activity as deter-
mined by using measures of endotoxin function. However, T.
pectinovorum appears to produce other macromolecules, which
can activate systems classically triggered by endotoxins. This
includes the induction of serum IL-1B and TNF-«. These host
cytokines have been clearly defined as the systemically acting
molecules resulting in endotoxic shock (23). Consequently, it
appears that 7. pectinovorum can induce a systemic endotox-
emia-like reaction via classic mechanisms but not through the
activity of LPS. The physicochemical characteristics of these
unique molecules will need to be delineated as potential
unique virulence determinants of this oral treponeme.
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