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Tannerella forsythia is a Gram-negative anaerobic organism that inhabits subgingival plaque biofilms and is covered with a so
far unique surface layer composed of two glycoproteins. It belongs to the so-called “red complex” of bacteria comprising species
that are associated with periodontal disease. While the surface layer glycoprotein glycan structure had been elucidated recently
and found to be a virulence factor, no structural data on the lipopolysaccharide (LPS) of this organism were available. In this
study, the T. forsythia LPS structure was partially elucidated by a combined mass spectrometry (MS) and nuclear magnetic reso-
nance spectroscopy (NMR) approach and initial experiments to characterize its immunostimulatory potential were performed.
The T. forsythia LPS is a complex, rough-type LPS with a core region composed of one 3-deoxy-D-manno-oct-2-ulosonic acid
(Kdo) residue, three mannose residues, and two glucosamine residues. MS analyses of O-deacylated LPS proved that, in addition,
one phosphoethanolamine residue and most likely one galactose-phosphate residue were present, however, their positions could
not be identified. Stimulation of human macrophages with T. forsythia LPS resulted in the production of the proinflammatory
cytokines interleukin-1 (IL-1), IL-6, and tumor necrosis factor alpha in a dose-dependent manner. The response to T. forsythia
LPS was observed only upon stimulation in the presence of fetal calf serum (FCS), whereas no cytokine production was observed
in the absence of FCS. This finding suggests that the presence of certain additional cofactors is crucial for the immune response
induced by T. forsythia LPS.

The Gram-negative obligate anaerobic bacterium Tannerella
forsythia is considered one of the most potent bacterial medi-

ators of periodontitis, a multifactorial inflammatory disease that
leads to the destruction of tooth-supporting tissue through the
formation of periodontal pockets and the adsorption of alveolar
bone (1, 2). Together with the two other Gram-negative species
Porphyromonas gingivalis and Treponema denticola, this organism
forms a consortium of periodontopathogens termed the “red
complex,” which has not only been associated with the chronic
form of periodontitis (3) but also exerts a potential impact on
systemic health (4, 5). The host response to periodontopathogens
and especially to their cell surface structures as the immediate
contact zone with the environment, as well against their products,
is a critical determinant that modulates the progression of perio-
dontitis toward tissue destruction and healing (6, 7).

T. forsythia virulence factors are beginning to be adequately
identified and characterized (8), including the surface antigen
BspA (9), a hemagglutinin (10), cell envelope lipoproteins (11),
cell surface proteolytic enzymes (12, 13), glycosidases (14, 15),
and the cell surface (S) layer (16–18). The latter is glycosylated at
multiple sites with a complex O-glycan (19), constituents of which
have been shown to suppress T-helper 17 responses in dendritic
cells and increase periodontal bone loss in mice (20).

Besides that, LPS, which is present in the outer membrane of
most Gram-negative bacteria for both its structural and functional
integrity, is a well-known immunostimulatory agent serving as
one of the primary targets of the innate arm of the mammalian
immune system. Recognition of the presence of LPS by immune
cells such as monocytes and macrophages has evolved to provide
the mammalian host with a rapid recognition of and reactions to
Gram-negative infection (21). This innate response to LPS typi-

cally involves the release of a range of proinflammatory mediators,
such as TNF-�, IL-6, and IL-1�, which prime the immune system
to eliminate the invading bacterium. A few reports in the literature
are available that deal with the immune response elicited by the
LPSs of periodontopathogens; these include also, in a comparative
manner, information on the immunological potential of the T.
forsythia LPS, however, without the use of a purified preparation.
Whole cells of P. gingivalis, T. denticola, and T. forsythia, as well as
their LPS, alone and in combination, were analyzed for the secre-
tion of IL-6 and IL-8 in an ex vivo whole-blood model (22). Using
this model, T. forsythia LPS could, for instance, be correlated with
the upregulation of these proinflammatory cytokines and it was
shown to induce their production by human macrophages, with
the IL-8 secretion level of T. forsythia LPS being about 1.5 times
the effect of P. gingivalis LPS (22). As it is conceivable that much
of the pathophysiological potential of T. forsythia derives directly
from the structure of the LPS it expresses, it is surprising that this
has not been investigated so far.

Smooth (S)-type LPS usually comprises three functional re-
gions (23), namely, (i) a lipid portion (lipid A) that, in the case of
toxic LPS, represents its endotoxic moiety; (ii) a polysaccharide,
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comprising a nonrepetitive OS (the core region); and (iii) the
O-specific polysaccharide (O antigen) usually consisting of re-
peating units of various sugars. In contrast, rough (R)-type LPS
naturally lacks the O antigen and has been identified in a variety of
organisms, such as Helicobacter pylori (24) and Salmonella spp.
(25).

Because of the lack of knowledge of the T. forsythia LPS, struc-
ture-function studies do not yet exist but are considered essential
to further understand the pathogen’s general lifestyle, its way of
interfering with the surrounding environment, and its potential
contribution to disease development. Here, we report the first
structural analysis of the LPS from T. forsythia along with immu-
nological data showing its potency to stimulate inflammatory re-
sponses in an in vitro cell culture model.

MATERIALS AND METHODS
Abbreviations. The following abbreviations are used in this work: S,
smooth; R, rough; 1D and 2D, one- and two-dimensional, respectively;
COSY, 2D homonuclear correlation spectroscopy; ESI FT-ICR MS, elec-
trospray Fourier-transformed ion cyclotron resonance mass spectrome-
try; Hex, hexose; HexN, hexosamine; HMBC; heteronuclear multiple
bond correlation; HSQC, heteronuclear (1H-13C) single quantum corre-
lation-distortionless enhancement by polarization transfer; Kdo, 3-de-
oxy-D-manno-oct-2-ulosonic acid; IL-1, interleukin-1; NMR, nuclear
magnetic resonance spectroscopy; TNF-�, tumor necrosis factor alpha;
TOCSY, total correlation spectroscopy; ROESY, rotating frame Over-
hauser enhancement spectroscopy; PEtN, phosphoethanolamine; Manp,
mannose; GlcpN, glucosamine; FCS, fetal calf serum; LPS, lipopolysac-
charide; GLC, gas-liquid chromatography; FID, flame ionization detec-
tor; OS, oligosaccharide; GAPDH, glyceraldehyde 3-phosphate dehydro-
genase; qPCR, quantitative PCR; CT, cycle threshold; ELISA, enzyme-
linked immunosorbent assay; SD, standard deviation; Gal, galactose; EtN,
2-aminoethanol; NOE, nuclear Overhauser effect; TLR4, Toll-like recep-
tor 4.

Bacterial strain and LPS isolation. T. forsythia ATCC 43037 was
grown anaerobically in tryptic soy broth (30 g/liter; Gerbu) supplemented
with yeast extract (5 g/liter; Becton, Dickinson), phytone peptone (5 g/
liter; Becton, Dickinson), cysteine (0.2 g/liter; Sigma-Aldrich), horse se-
rum (50 ml/liter; PAA), hemin (2.5 �g/ml, Sigma-Aldrich), menadione (2
�g/ml, Sigma-Aldrich), and N-acetylmuramic acid (10 �g/ml; Sigma-
Aldrich). Following incubation at 37°C for 5 days, cells were harvested by
centrifugation (6,000 � g, 15 min) and freeze-dried.

Freeze-dried bacteria from a 10-liter batch culture were washed with
ethanol and acetone once each, resuspended in diethyl ether, and dried
again. The resulting dry mass was treated with RNase (Sigma-Aldrich),
DNase (Roche), and finally proteinase K (Roche) at 60 �g/ml each at 22°C
for 12 h in 0.1 M Tris-HCl containing 0.01 M MgCl2 and 0.05 M NaCl.
LPS was subsequently extracted by applying the phenol-chloroform/light
petroleum (PCP; 2:5:8 [vol/vol/vol]) extraction protocol (26). After three
washes with acetone (10 ml each), the LPS was lyophilized, aliquoted, and
stored until use.

General analytical methods. The T. forsythia LPS preparation was
analyzed by standard SDS-PAGE on 12% slab gels (27) using a Protean II
electrophoresis apparatus (Bio-Rad). Protein bands were detected with
Coomassie brilliant blue G-250 staining reagent, and LPS was visualized
by silver staining for carbohydrates (28). As standards, the PageRuler Plus
prestained protein ladder (Thermo Fisher Scientific) and Salmonella en-
terica LT2 LPS were used, respectively.

The T. forsythia LPS preparation was analyzed for its muramic acid
and amino acid contents after the hydrolysis of a 1-mg sample with 200 �l
of 4 N HCl for 4 h at 110°C. Dried samples were resuspended in 200 �l of
0.2 M sodium citrate buffer (pH 2.2; Biochrom) and analyzed on a Bio-
chrom 30 amino acid analyzer (Biochrom).

Compositional analyses. The composition of the LPS was determined
by methanolysis (2 N HCl-methanol, 85°C, 2 h), followed by acetylation
(85°C, 10 min) and analysis by GLC-MS (Hewlett-Packard HP 5890 series
II gas chromatograph equipped with a fused-silica SPB-5 column [Su-
pelco; 30 m by 0.25 mm by 0.25 �m {film thickness}], an FID, and an MS
5989A mass spectrometer with a 59827A vacuum gauge controller). The
temperature program was 150°C for 3 min and then a 5°C/min increase to
330°C. Neutral sugars were identified as their alditol acetates after hydro-
lysis (0.1 M HCl, 100°C, 48 h), reduction (NaBH4, 20 to 22°C, 16 h in the
dark), and acetylation (85°C for 10 min) (29) by GLC (HP 5890 series II
gas chromatograph with an FID, a polysilican SPD-5 column [Agilent
Technologies; 30 m by 2.5 mm by 0.25 �m]), and helium as the carrier gas
(70 kPa). The temperature program was 3 min at 150°C and then 3°C/min
to 320°C. Amino sugars were identified by automated amino acid analysis
after hydrolysis (4 N HCl, 100°C, 18 h). The determination of the absolute
configuration of the sugars was performed as described previously (30), as
was fatty acid analysis (31). The contents of Kdo and organic phosphate
were determined photometrically (31). Methylation was carried out as
described elsewhere (32).

Isolation of saccharides. LPS (5.3 mg) was treated with 1% acetic acid
for 6 h at 100°C, and the OS fraction was separated by ultracentrifugation
(138,700 � g, 4°C, 3 h) and then lyophilized (2.3 mg, 43.4% of the LPS). In
another experiment, the LPS (34 mg) was O deacylated with absolute
hydrazine (33) (23.3 mg, 68% of the LPS), which was then dephosphory-
lated (48% aqueous hydrofluoric acid, 48 h, 4°C), reduced (NaBH4, 20 to
22°C, 16 h in the dark, 16.4 mg, 48% of the LPS), and finally N deacylated
with hot 4 M KOH (5.15 mg, 15% of the LPS) (33).

MS. ESI FT-ICR MS was performed in the negative-ion mode with an
APEX Qe instrument (Bruker Daltonics) equipped with a 7-T magnet and
a dual Apollo ion source. Mass spectra were acquired in broad-band
modes. The samples (�10 ng/�l) were dissolved in a 50:50:0.001 (vol/vol/
vol) mixture of 2-propanol, water, and triethylamine. The samples were
sprayed at a flow rate of 2 �l/min. The capillary entrance voltage was set to
3.8 kV, and the drying gas temperature was 150°C. Mass spectra were
charge deconvoluted, and the mass values reported were referred to the
monoisotopic masses of neutral molecules.

NMR spectroscopy. NMR experiments were carried out after H-2H
exchange of the samples using 99.9% 2H2O. All 1D (1H-13C) and 2D
homonuclear (1H-1H) COSY, TOCSY, ROESY, and HSQC experiments
were recorded at 298 K with a Bruker DRX Avance 700-MHz spectrome-
ter (operating frequencies, 700.75 MHz for 1H NMR and 176.2 MHz for
13C NMR) equipped with a 5-mm CPQCI multinuclear-inverse cryo-
probehead with a z gradient, and standard Bruker software was used.
Chemical shifts were reported relative to an internal standard of acetone
(�H, 2.225; �C, 31.45).

Cell line and LPS stimulation. The U937 monocytic cell line was pur-
chased from ATCC and maintained in RPMI 1640 medium supplemented
with 10% FCS, 100 �g/ml penicillin, and 100 �g/ml streptomycin in a
humidified atmosphere containing 5% CO2. This cell line was chosen
because of its improved stability compared to that of an oral cell line.
Differentiation into adherent macrophages was performed by the addi-
tion of 0.2 �g of phorbol 12-myristate 13-acetate (Sigma)/ml of freshly
seeded cells (106 cells/ml) for 72 h.

For stimulation assays, adherent U937 macrophages were seeded into
the wells of a 24-well plate at 105 per well containing 0.5 ml of RPMI 1640
medium without or with FCS (2%). Cells were stimulated with T. forsythia
LPS at final concentrations ranging from 0.01 to 10 �g/ml for 24 h. Cells
stimulated with P. gingivalis LPS (1 �g/ml; Life Technologies) and Esche-
richia coli O111:B4 LPS (100 ng/ml; Life Technologies) were taken as
positive controls, and nonstimulated cells were taken as a negative con-
trol. Each experimental group included three wells. After 24 h, the cellular
IL-1, IL-6, and TNF-� mRNA expression levels and the contents of cor-
responding proteins in the conditioned medium were determined.

qPCR and cytokine determination. The IL-1, IL-6, and TNF-�
mRNA expression levels were determined by qPCR (34) with the
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GAPDH-encoding gene as an internal reference. Isolation of mRNA from
105 cells each and transcription into cDNA were performed with the
TaqMan Gene Expression Cells-to-CT kit (Ambion/Applied Biosystems).
qPCR was performed on an ABI Prism SDS 7000 device (Applied Biosys-
tems) in paired reactions with TaqMan gene expression assays with the
following identification numbers (all from Applied Biosystems): IL-1,
Hs01555413_m1; TNF-�, Hs99999043_m1; IL-6, Hs00985641_m1.
qPCRs were performed in triplicate under the following thermocycling
conditions: 95°C for 10 min and 40 cycles of 15 s at 95°C and 2 min at
60°C. The point at which the PCR product was first detected above a fixed
threshold (CT) was determined for each sample. Changes in the expres-
sion of target genes were calculated by the 2���CT method, where
��CT � (CT

target � CT
GAPDH)sample � (CT

target � CT
GAPDH)control, with

an untreated sample as a control.
The levels of IL-1, IL-6, and TNF-� in the conditioned medium were

determined by ELISA with Ready-SET-Go kits (eBioscience). For mea-
surements, all cytokines were diluted 1:10. The detection limit was 2 pg/
ml.

Statistical analysis. The statistical significance of differences was an-
alyzed in SPSS 17.0 by analysis of variance, and paired comparisons were
performed by Tukey’s post hoc test. Data are expressed as means 	 SDs.
Differences were considered to be statistically significant at a P of 
0.05.

RESULTS
Isolation of LPS and compositional analyses. T. forsythia ATCC
43037 LPS was extracted from delipidated and enzymatically
treated, freeze-dried T. forsythia biomass at a yield of 3.7% (192
mg LPS obtained from 5.1 g of original dry mass). LPS silver stain-
ing was indicative of the presence of an R-type LPS, lacking the
typical banding pattern in the SDS-PAGE gel that is commonly
observed for O-antigen repeats in S-type LPS and as evidenced by
the LPS of S. enterica LT2, which was used as a reference (Fig. 1).
SDS-PAGE and Coomassie blue staining of the T. forsythia LPS, in

combination with amino acid analysis, confirmed that the prepa-
ration was essentially free of contaminating proteins (data not
shown). The presence of peptidoglycan was ruled out, since mu-
ramic acid, which was taken as a trace component of peptidogly-
can, could not be detected in the sample.

In qualitative compositional analyses of the methanolyzed and
acetylated sample by GLC-MS, the main fatty acids 15:0, 16:0(3-
OH), and 17:0(3-OH), together with minor amounts of 18:0, 14:
0(3-OH), 15:0(3-OH), Hex, and HexN and small amounts of Kdo
phosphate, were identified. In addition, the disaccharide HexN-
Hex was found. Quantitative compositional analyses revealed the
presence of Manp (172 nmol/mg), Gal (132 nmol/mg), GlcpN
(699 nmol/mg), EtN, (192 nmol/mg), 15:0 (421 nmol/mg), 16:
0(3-OH) (912 nmol/mg), and 17:0(3-OH) (150 nmol/mg), as well
as other fatty acids (see above) in small amounts. Kdo was identi-
fied at a very low level only (11 nmol/mg), probably because of its
replacement with phosphate, whereas organic bound phosphate
was clearly present (452 nmol/mg). It should be noted that, as
shown below, the level of Manp determined was much too low
because of the quite acid-stable replacement of two Manp residues
with GlcpN.

MS analysis. The structure of O-deacylated LPS was analyzed
by high-resolution ESI FT-ICR MS in the negative-ion mode (Fig.
2A). Under normal, soft ionization conditions, a group of inten-
sive signals in the mass range of 2,200 to 2,400 u was observed. In
accordance with the results obtained by the component analysis,
the most abundant peak (monoisotopic neutral mass, 2,321.9400
u) is in good agreement with a molecule consisting of four HexN
residues, four Hex residues, and one Kdo residue, as well as two
phosphates, one PEtN, and two 16:0(3-OH) residues (calculated
mass, 2,321.9457 u). The accurate mass difference between the
most prominent peak and the other peaks resulted from hetero-
geneity due to different fatty acid chain lengths (�m � �14 u and
�28 u) and missing P and PEtN groups (�m � 79.96 and 123.004
u, respectively). Peaks not labeled in the figure refer to respective
Na and K adduct ions.

To obtain more detailed information about the LPS structure,
unspecific fragmentation of the sample was induced by increasing
the collision voltage of the quadrupole interface from 5 V to 30 V.
Under these conditions, the labile linkage between lipid A and the
core OS is cleaved (35). The mass spectrum shows an intensive Y
fragment (928.561 u) with satellite peaks with �m values of �14 u
and �28 u representing the lipid A moiety consisting of two Gl-
cpN, two OH (16:0), and one P (calculated mass, 928.564 u) (Fig.
2B). The B fragment representing the core OS has a mass of
1,393.373 u consisting of one Kdo, four Hex, two HexN, one P,
and one PEtN–H2O (calculated mass, 1,393.382 u). The corre-
sponding Y and B fragments sum up to the O-deacylated LPS
shown in Fig. 2A. The other mass peaks originate from further
fragmentation of the B fragment by decarboxylation of Kdo
(�m � 43.988 u), lack of PEtN (�m � 123.004 u) and Hex (�m �
162.05 u), and cleavage of P (�m � 97.977 u).

Isolation and structural analysis of the LPS carbohydrate
backbone. To identify the carbohydrate backbone, the LPS was O
deacylated, dephosphorylated, reduced, and N deacylated and
then desalted and separated by high-performance anion-exchange
chromatography, from which one major fraction (OS1) was ob-
tained that was subsequently investigated by 1D and 2D homo-
and heteronuclear NMR spectroscopy. The chemical shift assign-
ments are listed in Table 1, combined with the information

FIG 1 Silver-stained SDS-PAGE of the T. forsythia LPS extracted by the PCP
protocol. Lanes: M, PageRuler Plus prestained protein molecular size ladder
(Thermo Fisher Scientific); 1, T. forsythia wild-type biomass; 2, S. enterica LT2
LPS; 3, T. forsythia LPS (1.5 �g). S. enterica LT2 produces an S-type LPS, which
is indicated by a ladder-like banding pattern covering the entire molecular size
range. In comparison, the isolated T. forsythia LPS shows different migration
behavior, with signals visible mainly in the low-molecular-mass region. This is
characteristic of the presence of an R-type LPS.
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obtained from 2D 1H-1H COSY, TOCSY, and ROESY, as well as
2D 1H-13C HSQC and HMBC experiments. The 1H NMR spec-
trum of OS1 identified six signals in the anomeric region at �H 4.60
(residue B), 5.04 (E), 5.14 (F), 4.90 (G), 5.23 (H), and 5.15 (K).
Residues A and C were identified as GlcpNol (H-1a,b �, 3.77/3.87;
H-6a,b �, 3.82/4.16) and Kdo (H-3ax �, 1.87; H-3eq �, 2.13), re-
spectively. Monosaccharides were identified on the basis of typical
COSY, TOCSY, and NOE signal patterns, as well as the positions
of 13C signals.

The spin system with the anomeric signal B (�H, 4.60) origi-
nated from a �-D-GlcpN residue; the � configuration was estab-
lished on the basis of a large J1,2 coupling constant (8 Hz). An
HSQC experiment (Fig. 3) provided the direct correlation of all
assigned 1H and 13C signals. Nitrogen substitution at C-2 was
proven by the cross peak H-2/C-2 identifying a chemical shift of
C-2 characteristic of a carbon atom bearing an amino function
(�C, 57.3). A slight downfield shift of the C-6 signal (�C, 62.9)
identified this position to be replaced with Kdo (36, 37).

FIG 2 Charge-deconvoluted ESI FT-ICR mass spectrum of O-deacylated LPS obtained in the negative-ion mode. Mass values refer to the neutral monoisotopic
mass. (A) ESI FT-ICR mass spectrum obtained under soft ionization conditions. (B) ESI FT-ICR mass spectrum obtained after unspecific fragmentation.
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Residues E, F, and G were identified as �-D-Manp units. The
manno configuration was suggested by small J1,2 coupling con-
stants (
3 Hz) of the anomeric proton signals at � 5.04, 5.14, and
4.90 and the absence of intraresidual NOEs between H-1 and
H-3,5. The downfield-shifted C-3 signal (�, 79.46) proved the re-
placement of B at this position.

Residues H and K are terminal �-D-GlcpN residues. The gluco
configuration was suggested by an intraresidual NOE connectivity
between H-2 and overlapping signals at 3.53/3.50 which origi-
nated from the H-4 protons, respectively. The � linkage was sug-
gested by J1,2 3.5 Hz. Nitrogen substitution at C-2 was indicated by
the cross-peak H-2/C-2 identifying a chemical shift of C-2 char-
acteristic for a carbon atom bearing an amino function (�, 55.3 in
both cases).

The monosaccharide sequence of the sugars was established
from the observed interresidual NOE and HMBC cross peaks, i.e.,
B, H-1/A, H-6; E, H-1/C, H-5; G, H-1/E, H-6; F, H-1/E, H-3; H,
H-1/F, H-6; K, H-1/G, H-6.

Since MS data indicated the presence of a Hex phosphodiester
group that was cleaved and separated during the preparation pro-
cedure described above, O-deacylated LPS (the mild hydrazinoly-
sis does not cleave phosphodiester groups) was investigated by
NMR spectroscopy. However, none of the solvents used, includ-
ing D2O, dimethyl sulfoxide-d6, and deuterated 1,2-diheptanoyl-
sn-glycero-3-phosphocholine in D2O (U. Zähringer, personal
communication), resulted in good signal resolution. Still, 1H-31P
correlation identified three phosphate signals, one of which was
linked to an anomeric carbon (probably of GlcpN A of lipid A), the

TABLE 1 NMR data for OS1 obtained from T. forsythia LPSa

Compound, residue H/C-1 H/C-2 H(ax,eq)/C-3b H/C-4 H/C-5 H(a,b)/C-6 H/C-7 H(a,b)/C-8

GlcpNol, A 3.77/3.87 3.53 4.11 3.95 3.89 3.82/4.16
60.1 56.5 67.1 70.5 71.8 73.0

GlcpN, B 4.60 2.88 3.51 3.49 3.62 3.59/3.62
102.8 57.3 75.2 71.2 75.6 62.9

Kdo, C 1.87, 2.13 4.16 4.13 3.70 3.84 3.66/3.96
175.7 101.0 36.1 67.1 76.8 72.8 70.7 64.7

Manp, E 5.04 4.16 3.99 3.92 4.22 3.65/4.00
102.7 71.3 80.1 66.8 72.6 66.6

Manp, F 5.14 4.11 3.94 3.94 3.67 3.68/4.20
104.0 71.2 72.1 67.1 72.1 66.4

Manp, G 4.90 4.02 3.85 3.84 3.82 3.71/4.10
101.0 71.1 71.3 67.3 72.2 66.7

GlcpN, H 5.23 3.37 3.92 3.52 3.77 3.81/3.88
96.7 55.3 71.4 70.6 73.4 61.5

GlcpN, K 5.15 3.29 3.90 3.50 3.77 3.81/3.88
96.8 55.3 71.5 70.6 73.4 61.5

a Spectra were recorded at 25°C with a solution of the sample in D2O, relative to an internal standard of acetone (�H, 2.225; �C, 31.45). The values shown are chemical shift
assignments. Where two values are shown, there are two H atoms [designated H(a,b)] per C atom.
b H-3ax and H-3eq are the axial and equatorial H-3 of Kdo, respectively.

FIG 3 1H-13C HSQC correlation spectrum of OS1 obtained from the LPS of T. forsythia.
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second one was replaced with EtN, and the third one correlated
either with an anomeric or a nonanomeric proton (1H signals
overlapped). Thus, the spin systems of the phosphodiester moiety
could not be unequivocally identified. Figure 4 shows the struc-
ture of the T. forsythia LPS according to the current state of re-
search.

Cytokine production of U-937 macrophages upon LPS stim-
ulation. In a macrophage cell culture model, the production of the
proinflammatory cytokines IL-1, IL-6, and TNF-� upon stimula-
tion with T. forsythia LPS in the presence or absence of FCS was
investigated (Fig. 5). Cells stimulated with P. gingivalis LPS or E.
coli LPS were used as positive controls. Cytokine production by
U937 macrophages upon stimulation with T. forsythia LPS was
substantially dependent on the presence of FCS. Particularly, a
significant increase in cytokine production in serum-containing

medium was observed. The presence of FCS during stimulation
resulted in up to five times higher levels of IL-1 and TNF-� mRNA
expression and an increase of up to 25-fold in that of IL-6 (P 

0.01 for all cytokines). Qualitatively similar results were obtained
by ELISA showing significant differences in IL-6 and TNF-�. An
increase in IL-1 was also observed, but it was not significant. A
significant increase in cytokine expression upon the addition of
FCS to the medium was also observed for E. coli LPS but not for P.
gingivalis LPS.

Next, we investigated the dose-dependent cytokine response of
macrophages in FCS-containing medium following stimulation
with T. forsythia LPS in the range of 0.01 to 10 �g/ml (Fig. 6). All
three cytokines measured showed a dose-dependent increase in
mRNA expression up to a concentration of 0.5 �g/ml, whereas no
further increase was observed at higher LPS concentrations. In

FIG 4 Structure of the T. forsythia O-deacylated R-type LPS as determined by NMR spectroscopy and MS [Acyl, 16:0(3-OH)]. In addition, on the basis of MS
experiments, two phosphate residues, one ethanolamine residue, and one D-Gal residue are attached to the core region elsewhere.

FIG 5 Cytokine expression levels upon stimulation of U937 macrophages with E. coli (0.1 �g/ml), P. gingivalis, and T. forsythia (1 �g/ml) LPS in the presence
or absence of FCS. In both qPCR (A) and ELISA (B), P. gingivalis LPS did not show serum dependence for cytokine production. E. coli and T. forsythia LPS caused
a substantially higher release of IL-1�, IL-6, and TNF-� in the presence of serum. The data are mean values 	 SDs of three wells originating from one
representative experiment. A similar tendency was observed in other experiments. *, significantly different from the control at P 
 0.01; #, significantly greater
cytokine release (with FCS versus without FCS) at P 
 0.01.
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ELISA, IL-6 release was dose dependent over the whole range of
LPS concentrations applied, whereas the release of IL-1 and
TNF-� reached a maximum value at 1.0 and 0.5 �g/ml, respec-
tively.

DISCUSSION

The LPS of T. forsythia was isolated by applying the PCP protocol
and demonstrated to be an R-type LPS. After deacylation, dephos-
phorylation, and reduction, OS1 was isolated as the major com-
pound and its structure was determined (Fig. 4). The core region
is composed of one Kdo, three Manp, and two GlcpN residues. MS
analyses of O-deacylated LPS clearly proved that, in addition, one
PEtN residue and most likely one galactose-phosphate residue
were present. However, the positions of the latter residues could
not be identified. On the one hand, this was due to cleavage under
the various chemical analysis conditions used, which could be
expected. On the other hand, and surprisingly, NMR signals could
not be fully assigned because of bad resolution, although various
solvents were used that had been successfully used with other sam-
ples earlier. Thus, the complete structure of the T. forsythia LPS
backbone could not be elucidated.

According to our data, the core region of the T. forsythia LPS is
free of heptose; instead, one D-Manp residue was found to replace
Kdo. Several heptose-free core regions have been identified in the
past, e.g., in the LPS of various Acinetobacter and Rhizobium
species or in Legionella pneumophila and Ochrobactrum anthropi
(38–41). Interestingly, in the cores of the latter three organisms,
D-Manp was the sugar that replaced Kdo at O-4. In the L. pneu-

mophila and O. anthropi cores, this very D-Manp residue is substi-
tuted with D-GlcpN, which possessed a free amino group in the
core of the O. anthropi LPS (which was acetylated in Legionella), as
found in T. forsythia. Overall, the charge of the T. forsythia core
region appeared to be rather neutral because of the presence of
three potentially positive charges (two GlcpN residues and one
PEtN residue) and three negative charges (one putative phos-
phodiester built of Galp-P and another sugar [probably Kdo], one
PEtN residue, and one Kdo residue). This is interesting since an
overall negative charge is usually required to stabilize the Gram-
negative cell envelope by ionic bridges using bivalent cations like
Mg2� or Ca2�. On the other hand, some core regions with a zwit-
terionic character have also been identified in certain bacterial
polysaccharides earlier (42). However, it is currently unclear if and
how these core region properties contribute to the virulence of T.
forsythia.

The O-deacylated lipid A comprised a �(1¡6)-linked GlcpN
disaccharide that is substituted with two phosphate residues, as-
sumed to be located at the O-1 and O-4= positions, as found in
many other lipid A molecules (43–45), and possessed two amide-
linked (R)-16:0(3-OH) residues. Amide-linked (R)-16:0(3-OH)
residues have previously been identified in various other lipid A
molecules, such as those of Helicobacter pylori, Bacteroides fragilis,
Burkholderia caryophylli, and Burkholderia cepacia (44, 45). For
the T. forsythia LPS, however, the fatty acid distribution could not
be identified since MS of the complete LPS was not successful.

T. forsythia LPS induced the production of the proinflamma-
tory cytokines IL-1, TNF-�, and IL-6 in human U937 macro-

FIG 6 Dose-dependent cytokine expression in U937 macrophages upon stimulation with T. forsythia LPS. Macrophages were stimulated with LPS concentra-
tions ranging from 0.01 to 10 �g/ml in medium containing 2% FCS for 24 h, and the IL-1�, IL-6, and TNF-� mRNA expression levels (A) and the contents of
the corresponding proteins (B) were measured by qPCR and ELISA, respectively. The data are mean values 	 SDs of three wells originating from one
representative experiment. A similar tendency was observed in other experiments. *, significantly different from the control (P 
 0.01). Ec, E. coli; Tf, T. forsythia;
Pg, P. gingivalis.
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phages. Increases in the T. forsythia LPS concentration in the
range of 0.01 to 1.0 �g/ml resulted in a dose-dependent release of
cytokines. At higher LPS concentrations, no further increase was
observed. The maximum level of cytokine production induced by
T. forsythia LPS was comparable to that induced by P. gingivalis
LPS and E. coli LPS (46, 47). Remarkably, Bodet and coworkers
(48) investigated the inflammatory responses in a U937 macro-
phage-epithelial cell coculture model using T. forsythia LPS both
alone and in combination with P. gingivalis or T. denticola LPS as
a stimulus but were not able to measure significant IL-1, IL-6, or
TNF-� secretion. Indeed, there may be a multitude of other fac-
tors influencing this observation, but it might be explained, in
part, by the relatively small amount of serum used in this previous
study during stimulation. In our study, the cytokine production
by human U937 macrophages upon stimulation with T. forsythia
LPS was shown to be strongly dependent on the presence of FCS.
Especially, the expression levels of IL-6 and TNF-� were markedly
higher when cells were stimulated in serum-containing medium.
These data suggest that T. forsythia LPS requires serum cofactors
to initiate an immune response. When these cofactors are missing,
T. forsythia LPS does not have the potency to trigger significant
upregulation of proinflammatory cytokines in the early stage of
the immune response. Qualitatively similar results were obtained
when cells were stimulated with E. coli LPS. In contrast, the levels
of proinflammatory cytokines upon stimulation with P. gingivalis
LPS were high even in the absence of serum and no marked in-
crease in these levels upon the addition of serum was observed.

It is well known that E. coli LPS and P. gingivalis LPS have
significant structural differences and, consequently, different
functional properties (49, 50). E. coli LPS is associated with acti-
vation of TLR4, which triggers a signal transduction cascade lead-
ing to the production of proinflammatory cytokines (51). The
activation of TLR4 by E. coli LPS requires several additional cofac-
tors, like the LPS binding protein, CD14, and the adaptor mole-
cule MD-2 (52–56). Thus, the dependence of the E. coli-induced
response for TLR4 activation on the presence of serum could be
explained by the requirement of all of these factors, which are
usually present in FCS. In contrast, P. gingivalis LPS signaling
occurs through both TLR4 and TLR2, depending on the cell type
used (57). Moreover, Darveau et al. (50) showed that P. gingivalis
LPS does not require MD-2 for TLR2 activation but is dependent
on MD-2 for TLR4 activation. This finding could explain why the
cytokine production in response to P. gingivalis LPS was observed
in the presence, as well in the absence, of FCS. These data suggest
that (i) the lipid A present in the T. forsythia LPS should possess a
structure similar to that of the LPS from E. coli— however, de-
tailed structural investigations of the lipid A portion could not be
finished in the course of this study—and (ii) activation of cytokine
production by T. forsythia LPS might require similar additional
cofactors like E. coli LPS. The exact mechanisms underlying T.
forsythia LPS signaling remain to be investigated in further
studies.
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