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Introduction and methods: A pentaacyl and diphosphoryl lipid A molecule found in the
lipid A isolated from Porphyromonas gingivalis lipopolysaccharide (LPS) was chemic-
ally synthesized, and its characteristics were evaluated to reconfirm its interesting
bioactivities including low endotoxicity and activity against LPS-unresponsive C3H/HeJ
mouse cells.

Results: The synthesized P gingivalis lipid A (synthetic Pg-LA) exhibited strong
activities almost equivalent to those of Escherichia coli-type synthetic lipid A (compound
506) in all assays on LPS-responsive mice, and cells. LPS and native lipid A of

P. gingivalis displayed overall endotoxic activities, but its potency was reduced in
comparison to the synthetic analogs. In the assays using C3H/HeJ mouse cells, the LPS
and native lipid A significantly stimulated splenocytes to cause mitosis, and peritoneal
macrophages to induce tumor necrosis factor-o and interleukin-6 production. However,
synthetic Pg-LA and compound 506 showed no activity on the LPS-unresponsive cells.
Inhibition assays using some inhibitors including anti-human Toll-like receptor 2 (TLR2)
and TLR4/MD-2 complex monoclonal antibodies showed that the biological activity of
synthetic Pg-LA was mediated only through the TLR4 signaling pathway, which might
act as a receptor for LPS, whereas TLR2, possibly together with CD14, was associated
with the signaling cascade for LPS and native lipid A of P. gingivalis, in addition to the
TLR4 pathway.

Conclusion: These results suggested that the moderated and reduced biological activity
of P. gingivalis LPS and native lipid A, including their activity on C3H/HeJ mouse cells
via the TLR2-mediated pathway, may be mediated by bioactive contaminants or low
acylated molecules present in the native preparations having multiple lipid A moieties.
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Porphyromonas gingivalis, an oral anaer-
obic gram-negative rod, is thought to be the
most important mediator of the pathogen-
icity of periodontal disease (15, 47, 60).
Many investigations have shown that the
lipopolysaccharide (LPS) of P. gingivalis is

a significant virulence factor, because it
exhibits various activities, such as induction
of inflammatory cytokines in human gingi-
val fibroblast (HGF) cultures (12, 51) and
bone resorption activity (18, 32), that
are closely correlated with periodontal

disease. Porphyromonas gingivalis LPS
expresses a low level of endotoxic activity
relative to enterobacterial LPS (29, 32). In
addition, the LPS characteristically stimu-
lates the splenocytes and macrophages
from LPS-unresponsive C3H/He] mice



to cause mitosis or cytokine induction
(8, 24, 59), in contrast to usual LPS, which
do not exhibit any effects on these cells
(43, 46).

The pathophysiological activity of LPS
is dependent on the chemical structure of
the hydrophobic portion, called lipid A,
the biologically active center of LPS (16,
42). Recently, we found a characteristic
structure of P. gingivalis lipid A contain-
ing branched and relatively longer fatty
acids (15-17 carbon atoms) that are not
present in enterobacterial lipid A mole-
cules (26). In addition, we demonstrated,
using LPS-antagonist and well-purified
lipid A (although containing a small
amount of protein), that the characteristic
action of P gingivalis lipid A against
C3H/He] mice seems to be specifically
mediated by the lipid A portion (54).
These results suggested that the unique
fatty acid components might be associated
with the activity on C3H/HeJ] mouse cells.
This was also supported by studies of the
chemical and biological properties of
Flavobacterium meningosepticum lipid A,
which has a structure very similar to
P, gingivalis lipid A and also activates
C3H/Hel mouse cells (21, 56).

Toll, a Drosophila receptor molecule
with extracellular leucine-rich repeats that
currently has 10 published members [Toll-
like receptors (TLRs) 1-10] in humans,
has a role in triggering innate defenses
against bacteria or fungi (1, 30, 52).
Recent studies have suggested that TLR4,
a member of the TLR family, might act as
a receptor for LPS (4, 17, 39). TLR4 alone
is not capable of sensing and signaling the
presence of LPS, but another accessory
molecule, MD-2, which is physically
associated with TLR4, is required for
LPS recognition through TLR4 (45). On
the other hand, TLR2 has been proposed
as a receptor for many microbial products
and has been shown to signal the presence
of peptidogylcan, lipoteichoic acid, lipo-
arabinomannan, lipoproteins and lipopep-
tides, as well as many whole gram-positive
bacteria (4, 53). In addition, it has been
reported that the co-dominant LPS® allele
of C3H/Hel] mice corresponds to a mis-
sense mutation in the third exon of the
TLR4 gene, which is predicted to result in
replacement of proline with histidine at
position 712 of the protein (39). Recently,
we found that HGFs constitutively express
TLR2 and TLR4, and that their levels of
expression are increased by stimulation
with P. gingivalis LPS (50). These obser-
vations suggest that, in addition to TLR4,
the biological action of P. gingivalis LPS
may be mediated through the TLR2
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pathway, which might not be correlated
with LPS-mediated signaling.

In the present study, we chemically
synthesized a pentaacyl and diphosphoryl
lipid A analog corresponding to the lipid A
species with the highest molecular mass
found in P, gingivalis native lipid A in our
previous study (26). The synthetic analog
was subjected to biological assay to
evaluate whether the interesting activity
of LPS against C3H/HeJ mice is derived
from the lipid A part.

Materials and methods
Reagents

RNase A, DNase I, and proteinase K were
purchased from Sigma (St Louis, MO).
(R,S)-3-hydroxy-13-methyltetradecanoic

acid (3-OH-iCys,), (R,S)-3-hydroxy-15-
methylhexadecanoic acid (3-OH-iC;7.)
and (R,S)-3-hydroxyhexadecanoic acid
(3-OH-Cy4,9) were purchased from Ia-
tron-Biosupply Co. (Tokyo, Japan) and
Wako Chemical Co. (Osaka, Japan). Quan-
titative Limulus amebocyte lysate (LAL)
gelation assay reagent, Endospecy, was
obtained from Seikagaku Kogyo (Tokyo,
Japan). Iscove’s modified Dulbecco and
RPMI-1640 media were the obtained from
Life Technologies (Grand Island, NY) and
Gibco Laboratories (Grand Island, NY).
[*H]Thymidine was obtained from New
England Nuclear (Boston, MA). Mono-
Mac-6 (MM6) cells were purchased from
the German Collection of Microorganisms
and Cell Cultures (Braunschweig, Ger-
many). HTA125, TL2.1, and MY4 clones,
monoclonal antibodies (mAbs) to the hu-
man TLR4/MD-2 complex, and human
TLR2 and CDI14 molecules were pur-
chased from MBL Medical & Biological
Laboratories Co. (Nagoya, Japan), Cas-
cade BioScience, (Winchester, MA) and
Coulter Co. (Miami, FL), respectively.

Microbes

P gingivalis SU63, isolated from a perio-
dontal pocket, was grown anaerobically at
37°C for 24 h in heart infusion broth
(Difco Laboratories, Detroit, MI) supple-
mented with 0.0005% hemin, 0.0001%
vitamin K1, 0.5% yeast extract, and 0.08%
cysteine (25). The cells were heated (121°C
for 15 min), harvested by centrifugation
(7000 g, 20 min), and washed successively
with distilled water and acetone.

Animals

Japanese White rabbits were purchased
from Japan SLC, Inc. (Hamamatsu, Japan).

Female C3H/HeN and C3H/HeJ mice aged
6 weeks were obtained from Clea Japan,
Inc. (Tokyo, Japan), and used for the assay
of splenic mitogenicity and the induction
of tumor necrosis factor-o (TNF-o1) and
interleukin-6 (IL-6) by peritoneal macr-
ophages.

Preparations of P. gingivalis LPS and

lipid A

The procedures for the preparation of
P gingivalis LPS and lipid A were des-
cribed previously (26). Briefly, the LPS
was extracted from acetone-dried cells
with phenol-water (58), digested with
RNase A, DNase I, and proteinase K
(44), and then purified by repeated ultra-
centrifugation (105,000 g, 12 h, six
times). The LPS was washed successively
with phenol/chloroform/petroleum ether
[2:5:8, volume/volume (V/V)] (10)
and acetone and then lyophilized.

The free lipid A was recovered from
hydrolysates (1% acetic acids, 100°C,
1.5 h) of LPS according to the methods
of Qureshi et al. (40, 41). It was purified
by passage through a Dowex 50 (H')
column with chloroform/methanol (3 : 1,
V/V) as the eluent and gel permeation
chromatography with a Sephadex LH-20
(Pharmacia, Uppsala, Sweden) column
with the same solvent as the eluent (26).

Total synthesis of P. gingivalis SU63 lipid A

P, gingivalis lipid A analog (compound 1)
(Fig. 1) was synthesized basically accord-
ing to the procedure previously reported
(26). As shown in Fig. 2, (R,S)-3-OH-
iC15:0, (R,S)-3-OH-iC17;0 and (R,S)-3-OH-
Ci6.0 were selectively (S)-3-O-acetylated
by lipase treatment (5) of the methyl
esters. The non-acetylated methyl esters
predominantly containing the (R)-forms
were separated by silica-gel chromatogra-
phy, and each free acid was fractionally
crystallized from CH3;CN as the dibenzyl-
amine salt to increase the percentage of
enantiomorphic excess. The optically pure
(R)-3-OH fatty acids (compounds 2—4)
were converted to the phenacyl ester
(compounds 5-7) and 3-O-acylated with
Ci60 or benzyloxycarbonyl chloride
(Z-Cl) to obtain the phenacyl ester of
(R)-3-0-Z-iC,5.9 (compound 8), (R)-3-O-
Z-Ci.0 (compound 9), (R)-3-O-Z-iCy7.
(coumpound 10) and (R)-3-O-(hexadeca-
noyl)-15-methylhexadecanoic acid [3-O-
(Ci6:0)-1C17.0] (compound 11). After
dephenacylation, each fatty acid (com-
pounds 12-15) was purified by silica-gel
chromatography, and the yields of
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Fig. 1. Chemical structure of Porphyromonas gingivalis synthetic lipid A. In this study, we
chemically synthesized a pentaacyl and diphosphoryl lipid A analog corresponding to the lipid A
species with the highest molecular mass found in P. gingivalis native lipid A in our previous study
(26). The synthetic Pg-LA consists of B(1-6)-linked D-glucosamine disaccharide 1,4’-bisphosphate
backbone acylated with (R)-3-OH-iC;7.9, (R)-3-OH-Cj4.9, (R)-3-OH-(C;¢.0)-iC17.0 and (R)-3-OH-
iCys.o at positions 2, 3, 2" and 3’ of the hydrophilic backbone.

compounds 12-14 were 8.9%, 24.1%,
and 9.7%, respectively.

The glycosyl donors were prepared from
N-(2,2,2-trichloroethoxycarbonyl)-D-gluco
samine (compound 16) as shown in
FiG. 3. After allyl glycosidation, isopro-
pylidenation of the glycoside followed by

pure 4,6-O-isopropylidenated o-allyl gly-
coside, compound 17. This product was 3-
O-acylated with (R)-3-O-Z-iC, .o to obtain
compound 18, and the 4,6-O-protection
was removed by mild acid hydrolysis to
give product 19. Position 6 of the com-
pound was protected with a carbobenzoxyl

simple recrystallization afforded almost group to synthesize compound 20
1) diazomethane
OH 2) lipase OH
1! vinyl acetate . ! PacBr
(R.9-R'CHCH,COOH ———— (R)-R'CHCH,COOH ——>
3) NaOH (Et)sN
Rz a 4) DBA 2:R'=z a
R'= b 5) Citric acid 3:-R'= b
R'=c¢ 4:R'=¢

1
Z
(A-R'CHCH,COOPac ——3

AcOH
8:R1=a, R’= e
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10:R'=¢, R°=¢

1:R'=¢c, R°=d

a: (CHg);CH(CH,)CH, -

b : CHg(CHy){4CHy -

9R2
(R)-R'CHCH,COOH
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13:R'=b, R’z ¢
14:R'=¢c, R°=¢
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¢ (CHy)pCH(CH,);CH, -

d: CHy(CHy)4CH, CO -

followed by 4-O-diphenylphosphorylation
(compound 21) and subsequent cleavage
of the allyl group to make compound 22
(33, 38). This product was allowed to react
with CCL,CN in the presence of Cs,COs3
(57) as a catalyst to give glycosyl trichlo-
roacetimidate, compound 23, to be used as
the donor.

On the other hand, glycosyl acceptor was
prepared through compound 17 (Fig. 4).
The compound was 3-O-acylated with
(R)-3-0O-Z-C 6.9 to obtain compound 24.
After removing the Troc group, the product
25 was N-acylated with (R)-3-O-Z-iC;7. to
give compound 26 followed by cleavage of
the 4,6-O-protection to yield glycosyl
acceptor 27. Coupling reaction of com-
pound 23 with 27 was performed using
trimethylsilyl triflate (TMSOTY) in 1,2-
dichloroethane to obtain disaccharide 28,
which gave the desired B(1 — 6) linkage in
a higher yield than the Konigs—Knorr and
oxazoline methods (9, 19). After removing
the Troc group of the disaccharide com-
pound, the 2’-amino group of product 29
was N-acylated with (R)-3-O-(Cy4.9)-iC17.0
to prepare compound 30. Compound 31
with a free 1-hydroxyl group was prepared
by cleavage of the allyl group, and then lo-
O-phosphorylation to yield the protected
1,4’-bisphosphate compound 32 was per-
formed by 1-O-lithiation with buthyl-
lithium (BuLi) and subsequent treatment
with tetrabenzyl diphosphate (9, 19, 20).
The product purified using silica-gel chro-
matography was deprotected by two-step
hydrogenolysis (8 kg/cm® of H,) with
Pd-black in THF and subsequent platinum

OH
N DCC, DMAP
. —
(R-R CHCH,COOPac Z.0l, pyridine
5: R1 =a
6:R'=b
7: F(1 =cC

e: CgHsCH,0CO -

Fig. 2. Synthesis of (R)-3-hydroxy fatty acids; (R)-3-OH-iC;s.g, (R)-3-OH-Cy4.9, (R)-3-OH-iC;7.¢ and (R)-3-OH-(C4.9)-iC;7.9. Synthetic procedures of
each fatty acid are described in the Materials and methods.
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Fig. 3. Total synthesis of Porphyromonas gingivalis lipid A (step 1). Step 1 was performed for the preparation of a glycosyl donor corresponding to the
terminal residue. Synthetic procedures of step 1 are described in the Materials and methods.
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Fig. 4. Total synthesis of Porphyromonas gingivalis lipid A (step 2). Step 2 involved the preparation of a glycosyl acceptor corresponding to a non-
terminal residue and coupling reaction of each unit. Synthetic procedures of step 2 are described in the Materials and methods.

oxide (PtO,) in THF-H,O (20 :
good yield of P gingivalis

1)togivea centrifugal partition  chromatography
lipid A (49) using CHCl;-MeOH-iPrOH-H,0-
analog (compound 1), synthetic P. gingi- Et; N =20:20:2.5:225:001 as a

valis
analog was

lipid A (Pg-LA).
effectively purified by

Finally, the

two-phase eluate on a Model LLB-M
instrument (Sanki Engineering Ltd., Kyoto,

Japan). The structure was confirmed by
liquid secondary ion-mass spectrometry
(m/z 1768.2 [M-H]) in negative ion
mode and by nuclear magnetic reson-
ance spectroscopy, which demonstrated
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B-configuration of the glycosidic linkage,
linkage positions of phosphate groups (1
and 4’), and o-configuration of the phos-
phorylated position 1.

Liquid secondary ion-mass spectrometry
and nuclear magnetic resonance
spectroscopy

Both liquid secondary ion-mass spectrom-
etry and nuclear magnetic resonance
spectroscopy were performed according
to the methods reported previously (26).

LAL gelation assay

LAL gelation activity was measured by the
chromogenic endotoxin-specific assay, En-
dospecy, using recombinant Limulus
coagulation enzyme from horseshoe crab
(34). Aliquots of 50-pl samples were
incubated with the same volume of lysate
containing chromogenic substrate in 96-
well flat microplates at 37°C for 30 min.
The absorbance was measured with a
microplate reader (Wellreader SK-601,
Seikagaku Kogyo) at 405 and 492 nm
simultaneously, the latter as a reference.
The data were expressed as the A absorb-
ance (405492 nm) per minute [AAbs/min
(405-492 nm)].

Schwartzman assay

As described previously (27), the dermal
Schwartzman assay was performed by
injecting three male Japanese White rab-
bits (1.5-2.0 kg) intradermally into the
shaved abdomen with 1, 10, or 100 pg of
samples in 0.1 ml Dulbecco’s phosphate
buffered saline (PBS) (Nissui Pharmaceu-
tical Co., Tokyo, Japan), followed 24 h
later by a challenge intravenous injection
of 100 pg Salmonella typhimurium LPS
(Sigma) in 0.1 ml Dulbecco’s PBS. The
injection sites were examined for hemo-
rrhagic necrosis 5 h after injection of the
challenge dose. The results were expressed
as the minimum dose of each sample to
cause a hemorrhagic necrosis spot over
0.5 mm in diameter at the injection site.

Mitogenicity assay

Mitogenic activity was examined by the
incorporation of [*H]thymidine into spleen
cells from C3H/HeN and C3H/HeJ mice as
described (54). Mouse spleen cells were
suspended in serum-free Iscove’s modified
Dulbecco’s medium and washed with the
same medium. The cells (8 x 10° cells/
0.2 ml/well) were cultured in 96-well
microplates containing various amounts

of samples for 72 h at 37°C in a humid-
ified 5% CO, atmosphere. During the final
24 h, 0.5 mCi (18.5 kBq) of [*H]thymi-
dine (18.2 Ci/mmol) per well was added
and the incorporation of [*H]thymidine by
the cultured cells was measured with a
liquid scintillation counter. The results
were expressed as mean counts per minute
(c.p.m.) of triplicate determinations.

Stimulation of murine macrophages and
HGFs

Mouse peritoneal macrophages were ob-
tained from C3H/HeN and C3H/HeJ mice
injected intraperitoneally with 3.0 ml thio-
glycollate medium. The peritoneal cells
(1 x 10° cells/ml), suspended in serum-
free RPMI medium, were incubated for
2 h at 37°C in a humidified 5% CO,
atmosphere. After incubation, adherent
cells were stimulated for 47 h with sam-
ples to induce TNF-a and IL-6 production,
and then the cell-free supernatants, passed
through 0.22-um Millex filters (Millipore
Co., Bedford, MA), were stored at —20°C
until used for the assays.

Normal HGFs obtained from patients
were established by the explant growth
method from clinically healthy gingival
tissues as described elsewhere (61). The
HGFs from passage 5 to 12 were cultured
in Dulbecco’s modified Eagle’s medium
(Nissui Pharmaceutical Co.) containing
10% fetal calf serum (Gibco), penicillin
(100 U/ml), and streptomycin (100 pg/ml)
under 5% CO,. After incubation for
4 days, the fibroblast layers were washed
twice with Dulbecco’s modified Eagle’s
medium and then incubated with 1 pg/ml
of each sample without fetal calf serum for
47 h. The cell-free supernatants were har-
vested and stored at —20°C until used for
the assays.

Cytokine assays

TNF-a and IL-6 activity in murine—macr-
ophage culture supernatants were deter-
mined in duplicate using an enzyme-linked
immunosorbent assay (ELISA) kit (Gen-
zyme Co., Cambridge, MA), respectively.

TNF-o0 production was assayed using
clone MM6-CAS8 derived from Mono-
Mac-6 (MM6) cells, a human monocytoid
cell line with high sensitivity to LPS
stimulation (48). MM6-CAS cells exhibit
a superior response to low concentrations
of endotoxin and peptidogylcan in produ-
cing proinflammatory cytokines. MMo6-
CA8 cells were cultured in RPMI-1640
medium containing fetal bovine serum
(10%), glutamine (2 mM), non-essential

amino acids (0.1 mM), sodium pyruvate
(1 mM) and bovine insulin (9 pg/ml).
After cell priming (72 h) with calcitriol
(1,25-dihydroxy-vitamin D3), the cells
(1 x 10° cells ; 0.9 ml/well) were seeded
in 24-well plates, and various dilutions
(0.1 ml) of sample were added. After
incubation for 17 h, TNF-a released into
the culture supernatants was immunoenzy-
matically measured using commercial
ELISA kits as described above.

Inhibition assays

To examine the effects of polymyxin B
and mAb to CD14 on the production of IL-
8, 100 U/ml of polymyxin B sulfate (Sig-
ma) and 2.5 pg/ml anti-CD14 (MY4,
Coulter Co., Miami, FL) was added sim-
ultaneously or after pretreatment for 2 h,
respectively, to the HGF cultures stimula-
ted with 1 pg/ml of samples for 47 h. The
production of IL-8 from HGFs was deter-
mined in duplicate using a human IL-8
ELISA kit (Amersham, Piscataway, NJ).
For the inhibition assay of TNF-o from
MM6-CA8 cells, 5 pg/ml anti-human
TLR2 and TLR4/MD-2 complex mAbs,
and 10 pg/ml anti-human CDI14 were
added to MM6-CA8 cell suspension in
24-well plates, and after 1 h, each sample
(10 ng/ml native lipid A, and 1 ng/ml
synthetic Pg-LA and 506) was added to the
cell suspension. After incubation, TNF-o
production by the cells was measured.

Results
LAL gelation activity

The LAL gelation activity of each sample
was estimated by the kinetic-chromogenic
assay using LPS-specific reagent. As
shown in Fig. 5, the activity increased in
a dose-dependent manner over the range of
concentrations tested (1 pg/ml to 1 pg/ml).
Synthetic Pg-LA exhibited strong LAL
gelation activity equivalent to that of
compound 506, which was used as a
control. On the other hand, LAL activities
of P. gingivalis LPS and native lipid A,
reported previously as a weakly toxic
endotoxin  (55), were approximately
10,000-fold or 100-fold weaker than that
of compound 506, respectively.

Schwartzman reaction

Localized Schwartzman activity in rabbits
was measured, and the results are shown in
Table 1. S. typhimurium LPS and com-
pound 506, used as positive controls,
exhibited strong activity, and the minimum
doses to induce a Schwartzman reaction of
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Fig. 5. LAL gelation activity of Porphyromonas
gingivalis synthetic lipid A. LAL gelation activ-
ity was estimated by the kinetic—chromogenic
assay using the LPS-specific reagent, Endospecy.
Fifty-microliter aliquots of samples were incu-
bated with the same volume of lysate at 37°C for
30 min. The data are expressed as the A absorb-
ance (405-492 nm) per minute [AAbs/min (405—
492 nm)]. @, synthetic Pg-LA; O, native lipid A;
O, LPS; W, compound 506.

each sample were 5 and 10 pg/site,
respectively. Schwartzman activity of syn-
thetic Pg-LA was similar to that of these
positive controls, and the minimum indu-
cing dose was 10 pg/site. However, mini-
mum inducing doses of P. gingivalis LPS
and native lipid A were 100 and 50 pg/site,
respectively.

Mitogenicity

The mitogenic activities of samples were
tested on murine splenic cells from LPS-
responsive C3H/HeN and LPS-unrespon-
sive C3H/HelJ mice. As shown in Fig. 6A,
synthetic Pg-LA and compound 506
showed activity in response to splenic
cells from C3H/HeN mice even at a dose
of 1 pg/ml, and the activity increased in a
dose-dependent manner over the dose
range tested. P. gingivalis native lipid A
also exhibited activity similar to those of
both synthetic compounds. As shown in
Fig. 6B, significant mitogenicity was
observed in the splenic cells from LPS-
unresponsive C3H/Hel] mice treated with

Table 1. Minimum dose of Porphyromonas
gingivalis synthetic lipid A inducing a local
Schwartzman reaction

Minimum inducing

Stimulants dose (pg/site)
P. gingivalis
synthetic lipid A 10
native lipid A 50
LPS 100
Compound 506
S. typhimurium 5

The minimum dose of samples for positive
reaction was determined as the amount inducing
a hemorrhagic spot more than 0.5 mm in
diameter.
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Fig. 6. Mitogenic responses of murine spleen
cells from C3H/HeN and C3H/HelJ mice to
Porphyromonas gingivalis synthetic lipid A.
Spleen cells (8 x 10° cells/0.2 ml) were cul-
tured in 96-well microplates containing various
amounts of samples for 72 h. During the final
24h, 0.5mCi (18.5kBq) of [*H]thymidine
(18.2 Ci/mmol) per well was added. The results
are expressed as mean c.p.m. = SD of triplicate
experiments. @, synthetic Pg-LA; O, native
lipid A; B, compound 506.

P. gingivalis native lipid A, whereas syn-
thetic Pg-LA and control compound 506
had no mitogenic activity even at a
concentration of 10 pg/ml.

Induction of inflammatory cytokine release
from various cells

Cytokine production by lipid A stimula-
tion was assayed using HGFs, peritoneal
macrophages from C3H/HeN and C3H/
HelJ mice, and human MM6-CAS cells. As
shown in Table 2, native lipid A and
synthetic Pg-LA exhibited activity for IL-
8 induction activity in HGFs that was
similar to that of compound 506 (1132.6,
1085 and 1056.9 pg/ml, respectively). The
activity of synthetic analogs was signifi-

cantly inhibited by polymyxin B and anti-
CD14 mAb, whereas that of native lipid A
was not inhibited by polymyxin B and
anti-human CD14 mAb reduced the activ-
ity by only 50%.

Synthetic compound 506, used as a
control, exhibited strong TNF-o and IL-6
induction in thioglycollate-elicited perito-
neal macrophages from LPS-responsive
C3H/HeN mice at doses of <10 ng/ml, as
shown in Figs 7A and 8A. The activities of
P. gingivalis synthetic and native lipid A
were approximately 10- to 100-fold weaker
than those of compound 506, respectively
(Figs 7A and 8A). The P. gingivalis native
lipid A significantly stimulated TNF-o and
IL-6 production in peritoneal macrophages
from LPS-unresponsive C3H/HeJ mice
(Figs 7B and 8B). These LPS-unrespon-
sive mice showed a similar minimum lipid
A stimulatory dose and similar levels of
cytokine production to C3H/HeN mice
(Figs 7A and 8A). However, no induction
of TNF-a or IL-6 release was observed
with synthetic Pg-LA and compound 506,
as shown in Figs 7B and 8B.

As shown in Table 3, synthetic Pg-LA
and compound 506 stimulated TNF-o
production in human monocytoid MM6-
CAS8 cells even at a low dose (each 1 ng/
ml), whereas moderate activity in the cells
was observed by native lipid A (10 ng/ml).
Anti-human TLR4/MD-2 complex mAb
significantly blocked the TNF-o produc-
tion by synthetic Pg-LA and compound
506, whereas 7% inhibition and 6% inhi-
bition were observed by anti-human TLR2
mAD (Table 3). On the other hand, both
anti-human TLR2 and TLR4/MD-2 com-
plex mAbs were essential to suppress
cytokine production by P. gingivalis native
lipid A (Table 3). In addition, anti-human
CD14 mAb also completely inhibited
TNF-a production induced by synthetic
Pg-LA and compound 506, but approxi-
mately 70% inhibition was observed by
native lipid A, as well as the results of the
IL-8 production from HGF cells (Table 2).

Discussion

In the present study, we synthesized an
analog of P. gingivalis lipid A according
to the chemical structure proposed in our
previous report (26), to reconfirm the bio-
logical data reported to date by some
investigators using LPS or native lipid A
(8, 24, 50, 54, 55, 59), including its action
on C3H/HeJ mice. Some reports suggested
that P. gingivalis LPS possesses lipid A
structural heterogeneity, consisting of only
a tri-acylated monophosphorylated form
(37), and of a multiple heterogeneity
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Table 2. Effects of anti-CD14 mAb on the production of IL-8 from human gingival fibroblasts
stimulated with Porphyromonas gingivalis synthetic lipid A

IL-8-producing activity

Treatment
Stimulants Polymyxin B Anti-CD14
P, gingivalis
synthetic lipid A 1085.0 + 15.2 125+<0.1 301.3 £ <0.1
native lipid A 1132.6 +2.9 1251.8 + 80.5 640.8 +33.6
Compound 506 1056.9 + 21.1 9.9 +<0.1 118.9 + 14.1
None 12.2 £ <0.1 1.5 +<0.1 22 +<0.1

Human gingival fibroblasts were cultured with 1 pg/ml of each sample for 48 h. Polymyxin B
(100 U/ml) was added simultaneously with stimulant cultivation and anti-CD14 mAb MY4

(2.5 mg/ml) was precultured for 2 h.
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Fig. 7. Induction of TNF-o release from murine
peritoneal macrophages from C3H/HeN and
C3H/HeJ mice stimulated by Porphyromonas
gingivalis synthetic lipid A. Thioglycollate-
induced peritoneal macrophages (1 x 10° cells/
ml), suspended in serum-free RPMI medium,
were incubated for 2 h. After incubation, cells
were stimulated for 47 h with various amounts
of samples, and then the supernatants were
examined for TNF-o. The results are expressed
as means £ SD of duplicate experiments. @,
synthetic Pg-LA; O, native lipid A; B, com-
pound 506.

regarding the degree of acylation and/or
phosphorylation; tetra- and penta-acylated
monophosphorylated species seem to be the
predominant molecules (3, 7, 26). In par-
ticular, Darveau’s group and others have

reported that specific bacteria, such as
P gingivalis, Yersinia pestis, and S. ty-
phimurium, possess the ability to alter or
regulate these lipid A forms under specific
environmental conditions, and these lipid A
alterations might modify the innate host
responses to each pathogenic bacterium (3,
6,7, 11,22). However, these lipid A species
may not reflect the complete structure of
P, gingivalis lipid A, because pentaacyl and
diphosphoryl molecules were detected in
the native lipid A complexes, although this
is not the main species of P. gingivalis lipid
A (26). The analog synthesized in this
study consisted of a B(1-6)-linked
D-glucosamine disaccharide 1,4’-bisphos-
phate backbone acylated with (R)-
3-hydroxy-15-methylhexadecanoic  acid,
(R)-3-hydroxyhexadecanoic acid, (R)-3-
O-(hexadecanoyl)-15-methylhexadecanoic
acid and (R)-3-hydroxy-13-methyltetradec-
anoic acid at positions 2, 3, 2’, and 3" of a
hydrophilic backbone, as shown in Fig. 1.
This analog represents a lipid A molecule
with the highest molecular mass of all the
species found in native lipid A complexes
(26), and does not contain bioactive con-
taminants including the LPS protein (54) or
lipopeptide (13, 28) that is present in native
preparations. Nor does it have the hetero-
geneity that may lead to decreased endo-
toxicity based on the elimination of acyl and
phosphoryl groups in the native lipid A
complex (55), eliciting low endotoxic activ-
ities of synthetic P gingivalis lipid A
(compound PG-381), which consists of tri-
acylated monophosphorylated lipid A
molecule (35-37).

The endotoxic activities of P. gingivalis
LPS or native lipid A were moderate
relative to that of compound 506, which
was used as a control, and significantly
stimulated cells from LPS-unresponsive
C3H/Hel mice, as reported previously (8,
24, 54, 55, 59). However, P. gingivalis
synthetic lipid A exhibited an activity
similar to that of compound 506 in all
the biological assays in this study, inclu-
ding the test using LPS-unresponsive

C3H/HeJ mice. These results indicated
that fully acylated and phosphorylated
P gingivalis lipid A is a strong agonist
and, at the least, low toxicity and biologi-
cal activity against LPS-unresponsive mice
found in the LPS may not be dependent on
the unique acyl residues, iso-form fatty
acids consisting of 15-17 carbon atoms,
that are characteristic components of
P gingivalis lipid A.

The relationship between the chemical
structure of lipid A and its endotoxic
activity has been studied using both nat-
ural and chemically synthesized lipid A
analogs (36, 37, 54, 55). As a tentative
conclusion, the two phosphates at posi-
tions 1 and 4’ in the lipid A molecule
appear to influence the activity consider-
ably, and the degree of acylation, binding
sites and type seem to be critical determi-
nants of the potency for endotoxic activity.
Taking these findings into consideration,
the moderate toxicity of P. gingivalis LPS
may originate from the low levels of
acylation and phosphorylation based on
heterogeneity of the lipid A part, as
described above.

Recent studies have indicated that TLR4
may play an important role in LPS-medi-
ated immune responses (4, 17, 39), and
TLR2 may be associated with cellular
responses to numerous microbial products
(4, 53). Many preparations of LPS contain
low concentrations of highly bioactive
contaminants described previously as LPS
protein, suggesting that these contaminants
could be responsible for the TLR2-medi-
ated signaling observed upon LPS stimu-
lation (2, 14, 53). TNF-a production by
synthetic Pg-LA and compound 506 in
human monocytoid MM6-CA8 cells was
significantly suppressed by the anti-human
TLR4/MD-2 complex mAb (HTA125) but
not by the anti-human TLR2 mAb (TL2.1),
indicating that these synthetic compounds
act on the cells only through the TLR4
signaling pathway. However, TL2.1 in
addition to HTA 125 was essential to inhibit
the TNF-a-producing activity of P. gingi-
valis native lipid A. These findings indica-
ted that both TLR2 and TLR4 pathways
may be associated with the action of the
native preparations on MM6-CAS cells, in
contrast to the case of synthetic analogs.
Furthermore, it was also suggested that the
murine TLR2 signaling pathway is associ-
ated with mitogenicity and cytokine-
inductive activity by P. gingivalis LPS in
LPS-unresponsive C3H/HeJ mice having a
missense mutation in the third exon of the
TLR4 gene (39). These results indicated
that the unique biological activity of
P gingivalis native LPS or lipid A to
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Fig. 8. Induction of IL-6 release from murine
peritoneal macrophages from C3H/HeN and
C3H/HeJ mice stimulated by Porphyromonas
gingivalis synthetic lipid A. Stimulation of
peritoneal macrophages was performed as well
as that of TNF-o, and IL-6 activity in the
supernatants was determined by an ELISA kit.
The results are expressed as means = SD of
duplicate experiments. @, synthetic Pg-LA; O,
native lipid A; B, compound 506.

LPS-unresponsive mice appears to be
induced by bioactive contaminants such
as LPS protein (54) and other microbial
components present in the native prepara-
tions. Ogawa’s group recently suggested
that P. gingivalis purified natural lipid A
and compound 381 lacked the ability to
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activate gingival fibroblasts from C3H/
Hel, TLR4 knockout and myeloid differ-
entiation factor 88 knockout mice (35), and
also a triacylated lipoprotein, consisting of
two palmitoyl groups and one pentadeca-
noyl group at the N-terminal of glycerocy-
steine from P gingivalis lipid A, is a
principal component for TLR2-mediated
cell activation (13, 28). On the other hand,
Darveau’s group seem to have considered
the possibility that multiple lipid A species
of P. gingivalis may functionally interact
with both TLR2 and TLR4, such as the
under acylated lipid A moiety activate cells
through TLR2 (6, 7).

IL-8 induction activity of synthetic Pg-
LA to HGFs was significantly inhibited by
polymyxin B in this study. However, no
inhibitory effects of polymyxin B were
observed on the immune responses of
native P, gingivalis lipid A. The results
were similar to those of other reports that
the effect of polymyxin B on P. gingivalis
LPS was relatively low (23). Polymyxin B
may neutralize the endotoxicity of active-
type molecules present in P gingivalis
LPS by binding to phosphate groups in
the lipid A part (31), but may not inhibit
the immune responses induced by the
other contaminating bacterial components
that act through the TLR2 pathway. This
may be one of the reasons for the low
inhibitory potency of polymyxin B to
P gingivalis LPS, in addition to the factors
affecting the LPS-neutralization potency
such as the absence of a phosphate group
at position 4" and presence of a polar head
group in the native lipid A (26).

Anti-human CD14 mAb inhibited both
IL-8 production from HGFs and TNF-o
production from human monocytoid
MM6-CAS8 cells by synthetic Pg-LA as
described in this study. On the other hand,
it has been reported that anti-murine CD14
mAD could block P. gingivalis LPS-medi-
ated immune responses (50) that may be
mediated through both TLR2 and TLR4.
These findings suggested that CD14 asso-
ciates closely with not only the TLR4 but
also the TLR2 signaling pathway mediated

by P. gingivalis LPS. This was also sup-
ported by our previous report (54) that the
LPS-antagonist, succinylated lipid A pre-
cursor (succinylated 406), inhibited TNF-o
induction activity of P. gingivalis native
lipid A in peritoneal macrophages from
C3H/HeN and C3H/HelJ mice. In addition
B464, a low-toxicity lipid A analog (62),
significantly inhibited TNF-o production
from human monocytoid MM6-CAS cells
induced by P gingivalis native and syn-
thetic lipid A (data not shown). Succinyl-
ated 406 and B464 competitively inhibit
LPS action at the same stages in the LPS
signaling pathway involving LBP, CD14
and TLRs. Taking these points into con-
sideration, both LPS inhibitors appear to
suppress the immune responses through
CDI14 and the TLR family including
TLR2, by blocking the function of CD14
in the signaling cascade.

In conclusion, these findings suggested
that the moderated and reduced biological
activity of P. gingivalis LPS and native
lipid A, including the activity on C3H/HeJ
mouse cells via the TLR2-mediated path-
way, may be mediated by bioactive con-
taminants or low acylated molecules
present in the native preparations having
high heterogeneity in lipid A moiety. To
elucidate these problems, we are now
attempting to evaluate the biological char-
acterizations of tetra-acylated monophos-
phorylated or diphosphorylated species
with the predominant molecules found in
P. gingivalis native lipid A, using each
chemically synthesized analog.
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Table 3. Effects of mAbs on the production of TNF-o by human monocytoid MM6-CA cells stimulated with P. gingivalis synthetic lipid A

Stimulants P. gingivalis lipid A

Native Synthetic Compound 506
mAbs TNF-o, release’ % control TNF-o, release’ % control TNF-o, release’ % control
Non 118.0 £2.1 100.0 428.6 + 45.6 100.0 420.8 + 48.9 100.0
Anti-TLR2 65.0 £3.0 55.1 398.2 +89.5 92.9 396.0 £22.2 94.1
Anti-TLR4 67.0 £0.2 56.8 5.7 +3.1 11.5+3.6 2.7
Anti-TLR2 + TLR4 35.0 £3.6 29.7 182 +£7.8 403 £ 5.6 9.6
Anti-CD14 38.0 £ 2.1 322 38+12 34+1.1 0.8

'TNF-o release in pg/ml. Dose of each antibody: anti-human TLR2 mAb TL2.1, 5 pg/ml; anti-human TLR4/MD-2 complex mAb HTA125, 5 pg/ml;
anti-human CD14 mAb MY4, 10 pg/ml. Dose of each lipid: Porphyromonas gingivalis native lipid A, 10 ng/ml; P. gingivalis synthetic lipid A, 1 ng/ml;

compound 506, 1 ng/ml.



68

Kumada et al.

Science and Culture (17592170 to H.K.
and 04671111 to Y.H.)

References

I.

10.

Abreu MT, Fukata M, Arditi M. TLR
signaling in the gut in health and disease.
J Immunol 2005: 174: 4453-4460.

. Aliprantis AO, Yang RB, Mark MR et al.

Cell activation and apoptosis by bacterial
lipoproteins through toll-like receptor-2.
Science 1999: 285: 736-739.

. Al-Qutub MN, Braham PH, Karimi-Naser

LM, Liu X, Genco CA, Darveau RP.
Hemin-dependent modulation of the lipid
A structure of Porphyromonas gingivalis
lipopolysaccharide. Infect Immun 2006: 74:
4474-4485.

. Anderson KV. Toll signaling pathways in

the innate immune response. Curr Opin
Immunol 2000: 12: 13-19.

. Burgess K, Jennings LD. Enantioselective

esterifications of unsaturated alcohols
mediated by a lipase prepared from Pseu-
domonas sp. J Am Chem Soc 1991: 113:
6129-6139.

. Darveau RP, Pham TT, Lemley K et al.

Porphyromonas gingivalis lipopolysaccha-
ride contains multiple lipid A species that
functionally interact with both Toll-like
receptors 2 and 4. Infect Immun 2004: 72:
5041-5051.

. Dixon DR, Darveau RP. Lipopolysaccha-

ride heterogeneity: innate host responses to
bacterial modification of lipid A structure.
J Dent Res 2005: 84: 584-595.

. Fujiwara T, Ogawa T, Sobue S, Hamada S.

Chemical, immunobiological and antigenic
characterizations of lipopolysaccharides
from Bacteroides gingivalis strains. J Gen
Microbiol 1990: 136: 319-326.

. Fukase K, Kurosawa S, Kusumoto S.

Synthesis and purification by HPLC of de-
O-acyl partial structures of Escherichia coli
Re lipopolysaccharide. J Endotoxin Res
1994: 1: 149-163.

Galanos C, Liideritz O, Westphal O. Pre-
paration and properties of a standardized
lipopolysaccharide from Salmonella abor-
tus equi. Zentralbl Bakteriol (Orig A) 1979:
243: 226-244.

. Guo L, Lim KB, Gunn JS et al. Regulation

of lipid A modifications by Salmonella
typhimurium virulence genes phoP-phoQ.
Science 1997: 276: 250-253.

. Hamada S, Takada H, Mihara J, Nakagawa

I, Fujiwara T. LPS of oral Bacteroides
species: general properties and induction of
cytokines in human gingival fibroblast
cultures. In: Nowotny A, Spitzer 1], Ziegler
EJ, ed. Cellular and molecular aspects of
endotoxin reactions. Amsterdam: Elsevier
Science Publishers, 1990: 285-294.

. Hashimoto M, Asai Y, Ogawa T. Separation

and structural analysis of lipoprotein in a
lipopolysaccharide preparation from Por-
phyromonas gingivalis. Int Immunol 2004:
16: 1431-1437.

. Hirschfeld M, Ma Y, Weis JH, Vogel SN,

Weis JJ. Repurification of LPS eliminates
signaling through both human and murine
Toll-like receptor 2. J Immunol 2000: 165:
618-622.

20.

21.

22.

23.

24.

25.

26.

217.

. Holt SC, Ebersole J, Felton J, Brunsvold M,

Kornman S. Implantation of Bacteroides
gingivalis in nonhuman primates initiates
progression of periodontitis. Science 1988:
239: 55-57.

. Homma JY, Matsuura M, Kanegasaki S

et al. Structural requirements of lipid A
responsible for the functions: a study with
chemically synthesized lipid A and its
analogues. J Biochem 1985: 98: 395-406.

. Hoshino K, Takeuchi O, Kawai T et al.

Toll-like receptor 4 (TLR4)-deficient mice
are hyporesponsive to lipopolysaccharide:
evidence for TLR4 as the Lps gene product.
J Immunol 1999: 162: 3749-3752.

. Iino Y, Hopes RM. The bone resorbing

activities in tissue culture of lipopolysac-
charides from the bacteria Actinobacillus
actinomycetemcomitans, Bacteroides gingi-
valis, and Capnocytophaga ochracea isola-
ted from human mouths. Arch Oral Biol
1984: 29: 59-63.

. Imoto M, Yoshimura H, Shimamoto T,

Sakaguchi N, Kusumoto S, Shiba T. Total
synthesis of Escherichia coli lipid A, the
endotoxically active principle of cell-
surface lipopolysaccharide. Bull Chem Soc
Jpn 1987: 60: 2205-2214.

Inage M, Chaki H, Imoto M, Shimamoto T,
Kusumoto S, Shiba T. Synthetic approach to
lipid As: preparation of phosphorylated
disaccharides containing (R)-3-hydroxyacyl
and (R)-3-acyloxyacyl groups. Tetrahedron
Lett 1983: 24: 2011.

Kato H, Haishima Y, Iida T, Tanaka A,
Tanamoto K. Chemical structure of lipid A
isolated from Flavobacterium meningosept-
icum lipopolysaccharide. J Bacteriol 1998:
180: 3891-3899.

Kawahara K, Tsukano H, Watanabe H,
Lindner B, Matsuura M. Modification of
the structure and activity of lipid A in
Yersinia pestis  lipopolysaccharide by
growth temperature. Infect Immun 2002:
70: 4092-4098.

Kirikae T, Nitta T, Kirikae F et al. Lipo-
polysaccharides (LPS) of oral black-pig-
mented bacteria induce tumor necrosis
factor production by LPS-refractory C3H/
HeJ macrophages in a way different from
that of Salmonella LPS. Infect Immun
1999: 67: 1736-1742.

Koga T, Nishihara T, Fujiwara T et al.
Biochemical and immunobiological proper-
ties of lipopolysaccharide (LPS) from Bac-
teroides gingivalis and comparison with
LPS from Escherichia coli. Infect Immun
1985: 47: 638-647.

Kumada H, Haishima Y, Kondo S,
Umemoto T, Hisatsune K. Occurrence of
2-keto-3-deoxyoctonate (KDO) and KDO
phosphate in lipopolysaccharides of Bacter-
oides species. Curr Microbiol 1993: 26:
239-244.

Kumada H, Haishima Y, Umemoto T,
Tanamoto K. Structural study on the free
lipid A isolated from lipopolysaccharide of
Porphyromonas ~ gingivalis. ] Bacteriol
1995: 177: 2098-2106.

Kumada H, Watanabe K, Umemoto T, Kato
K, Kondo S, Hisatsune K. Chemical and
biological properties of lipopolysaccharide,
lipid A and degraded polysaccharide from

28.

29.

30.

31.

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

Wolinella recta ATCC 33238. J Gen Micro-
biol 1989: 135: 1017-1025.

Makimura Y, Asai Y, Taiji Y, Sugiyama A,
Tamai R, Ogawa T. Correlation between
chemical structure and biological activities
of Porphyromonas gingivalis synthetic lipo-
peptide derivatives. Clin Exp Immunol
2006: 146: 159-168.

Mansheim BJ, Onderdonk AB, Kasper DL.
Immunochemical and biological studies of
the lipopolysaccharide of Bacteroides mel-
aninogenicus subspecies asaccharolyticus.
J Immunol 1978: 120: 72-78.

Medzhitov R, Preston-Hurlburt P, Janewy
CA Jr. A human homologue of the Dro-
sophila Toll protein signals activation of
adaptive immunity. Nature 1997: 388:
394-397.

Morrison DC, Danner RL, Dinarello CA
et al. Bacterial endotoxins and pathogenesis
of Gram-negative infections: current status
and future direction. J Endotoxin Res 1994:
1: 71-83.

Nair BC, Mayberry WR, Dziak R, Chen
PB, Levine MJ, Hausmann E. Biological
effects of a purified lipopolysaccharide from
Bacteroides gingivalis. J Periodontal Res
1983: 18: 40-49.

. Nashed MA, Anderson L. Iodine as a

reagent for the ready hydrolysis of prop-1-
enyl glycosides, or their conversion into
oxazolines. J Chem Soc Chem Commun
1982: 21: 1274-1276.

Obayashi T, Tamura H, Tanaka S et al. A
new chromogenic endotoxin-specific assay
using recombined limulus coagulation
enzymes and its clinical applications. Clin
Chim Acta 1985: 149: 55-65.

Ogawa T, Asai Y, Hashimoto M et al. Cell
activation by Porphyromonas gingivalis
lipid A molecule through Toll-like receptor
4- and myeloid differentiation factor
88- dependent signaling pathway. Int
Immunol 2002: 14: 1325-1332.

Ogawa T, Asai Y, Yamamoto H et al.
Immunobiological activities of a chemically
synthesized lipid A of Porphyromonas
gingivalis. FEMS Immunol Med Microbiol
2000: 28: 273-281.

Ogawa T, Uchida H, Amino K. Immunobi-
ological activities of chemically defined
lipid A from lipopolysaccharides of Por-
phyromonas gingivalis. Microbiology 1994:
140: 1209-1216.

Oltvoort JJ, Van Boeckel CAA, De Koning
JH, Van Boom JH. Use of the cationic
iridium  complex  1,5-cyclooctadiene-
bis[methyldiphenylphosphine]-iridium hexa
fluorophosphate in carbohydrate chemistry:
smooth isomerization of allyl ethers to 1-
propenyl ethers. Synthesis 1981: 1981:
305-308.

Poltorak A, He X, Smirnova I et al.
Defective LPS signaling in C3H/HelJ and
C57BL/10ScCr mice: mutations in 7ir4
gene. Science 1998: 282: 2085-2088.
Qureshi N, Takayama K. Purification and
structural determination of nontoxic lipid A
obtained from the lipopolysaccharide of
Salmonella  typhimurium. J Biol Chem
1982: 257: 11808-11815.

Qureshi N, Takayama K, Meyer KC et al.
Chemical reduction of 3-oxo and unsaturated



42.

43.

44,

45.

46.

47.

groups in fatty acids of diphosphoryl lipid A
from the lipopolysaccharide of Rhodopseu-
domonas sphaeroides. J Biol Chem 1991:
266: 6532-6538.

Rietschel ET, Brade L, Schade U et al.
Bacterial endotoxins: properties and struc-
ture of biologically active domains. In:
Schrinner E, Richmond MH, Seibert G,
Schwarz U, ed. Surface structures of micro-
organisms and their interactions with the
mammalian host. Weinheim, Germany:
VCH Verlagsgesellschaft mbH, 1988: 1-41.
Rosenstreich DL, Glode LM. Differences in
B cell mitogen responsiveness between
closely related strains of mice. J Immunol
1975: 115: 777-780.

Schifferle RE, Reddy MS, Zambon JJ,
Genco RJ, Levine MJ. Characterization of
a polysaccharide antigen from Bacteroides
gingivalis. J Immunol 1989: 143: 3035-
3042.

Shimazu R, Akashi S, Ogata H et al. MD-2,
a molecule that confers lipopolysaccharide
responsiveness on Toll-like receptor 4.
J Exp Med 1999: 189: 1777-1782.
Skidmore BJ, Morrison DC, Chiller JM,
Weigle WO. Immunologic properties of
bacterial lipopolysaccharide (LPS). 1L
The unresponsiveness of C3H/HeJ mouse
spleen cells to LPS-induced mitogenesis
is dependent on the method used to
extract LPS. J Exp Med 1975: 142:
1488—1508.

Slots J, Genco RJ. Microbial pathogenicity.
Black pigmented Bacteroides species,
Capnocytophaga species, and Actinobacil-
lus actinomycetemcomitans in human peri-
odontal disease: virulence factors in

48.

49.

50.

51

52.

53.

54.

Biological properties of P. gingivalis lipid A

colonization, survival, and tissue destruc-
tion. J Dent Res 1984: 63: 412-421.
Soejima K, Ishizaka A, Urano T et al.
Protective effect of B464, a lipid A analog,
on endotoxin-induced cellular responses
and acute lung injury. Am J Resp Crit Care
Med 1996: 154: 900-906.

Suda Y, Kirikae T, Shiyama T et al. Macr-
ophage activation in response to S-form
lipopolysaccharides (LPS) separated by
centrifugal partition chromatography from
wild-type LPS: effects of the O-polysac-
charide portion of LPS. Biochem Biophys
Res Commun 1995: 210: 678-685.

Tabeta K, Yamazaki K, Akashi S et al. Toll-
like receptors confer responsiveness to
lipopolysaccharide from Porphyromonas
gingivalis in human gingival fibroblasts.
Infect Immun 2000: 68: 3731-3735.

. Takada H, Mihara J, Morisaki I, Hamada S.

Induction of interleukin-1 and -6 in human
gingival fibroblast cultures stimulated with
Bacteroides  lipopolysaccharides. Infect
Immun 1991: 59: 295-301.

Takeda K, Akira S. Toll-like receptors in
innate immunity. Int Immunol 2005: 17: 1—
14.

Takeuchi O, Hoshino K, Kawai T et al.
Differential roles of TLR2 and TLR4 in
recognition of gram-negative and gram-
positive bacterial cell wall components.
Immunity 1999: 11: 443-451.

Tanamoto K, Azumi S, Haishima Y,
Kumada H, Umemoto T. The lipid A
moiety of Porphyromonas gingivalis lipo-
polysaccharide specifically mediates the
activation of C3H/HeJ mice. J Immunol
1997: 158: 4430-4436.

55.

56.

57.

58.

59.

60.

61.

62.

69

Tanamoto K, Azumi S, Haishima Y, Ku-
mada H, Umemoto T. Endotoxic properties
of free lipid A from Porphyromonas gingi-
valis. Microbiology 1997: 143: 63-71.
Tanamoto K, Kato H, Haishima Y, Azumi
S. Biological properties of lipid A isolated
from Flavobacterium meningosepticum.
Clin Diagn Lab Immunol 2001: 8: 522-527.
Urban FJ, Moore BS, Breitenbach R. Syn-
thesis of tigogenyl B-O-cellobioside hepta-
acetate and glycoside tetraacetate via
Schmidt’s trichloroacetimidate method:
some new observations. Tetrahedron Lett
1990: 31: 4421-4424.

Westphal O, Liideritz O, Bister R. Uber die
Extraction von Bakterien mit Phenol/Wass-
er. Z Naturforsch (Tiel B) 1952: 7: 148-
155.

Wilson M. Biological activities of lipopoly-
saccharide and endotoxin. In: Haroun HN,
ed. Biology of the species Porphyromonas
gingivalis. Boca Raton, FL: CRC Press,
1993: 171-198.

Winkelhoff AJ, Steenbergen TIM, Graaff J.
Occurrence and association with disease. In:
Haroun HN. ed. Biology of the Species
Porphyromonas gingivalis. Boca Raton,
Florida: CRC Press, 1993: 33-44.

Yamaji Y, Kubota T, Sasaguri K et al.
Inflammatory cytokine gene expression in
human periodontal ligament fibroblasts sti-
mulated with bacterial lipopolysaccharides.
Infect Immun 1995: 63: 3576-3581.
Zeigler-Heitbrock HW, Thiel E, Futterer A,
Herzog V, Wirtz A, Riethmuller G. Estab-
lishment of a human cell line (Mono Mac 6)
with characteristics of mature monocytes.
Int J Cancer 1988: 41: 456-461.



This document is a scanned copy of a printed document. No warranty is given about the accuracy
of the copy. Users should refer to the original published version of the material.



