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Summary

Lipopolysaccharide (LPS) derived from enterobacteria rather than TLR4 to elicit the expression of CD14.
elicit in several cell types cellular responses that are In addition, exposure of BMCs from TLR4-deficient

restricted in the use of Toll-like receptor 4 (TLR4) as (C3H/HeJ) mice to the lipid A fragment of theBordetella

the principal signal-transducing molecule. A tendency to pertussisLPS inhibits their activation by the Legionella

consider enterobacterial LPS as a prototypic LPS led lipid A. The data show selective action of different LPSs via
some authors to present this mechanism as a paradigm different TLRs, and suggest that TLR2 can interact with

accounting for all LPSs in all cell types. However, the many lipid A structures, leading to either agonistic or
structural diversity of LPS does not allow such a general specific antagonistic effects.

statement. By using LPSs from bacteria that do not belong

to the Enterobacteriaceaewe show that in bone marrow

cells (BMCs) the LPS ofRhizobium speciesSin-1 and of  Key words: Lipopolysaccharide, Toll-like receptors, Bone marrow,
three strains of Legionella pneumophilarequire TLR2 CD14, Innate immunity

Introduction accounting for cellular responses to LPS. However, other cell
The outermost leaflet of the outer membrane of Gram-negatijpes, and particularly granulocytes, also play a crucial role in
bacterial cell wall consists of lipopolysaccharide (LPS), dost protection. Furthermore, the considerable diversity of
complex molecule which induces a dysregulated innatBacteria should incite caution in granting the status of
immune response. Because of the pathophysiological effects fpresentative model to a small group of bacteria such as
LPSs and their action on a number of different cell types, it i€nterobacteria. Therefore, it is important at the present stage of
important to get a picture as complete as possible of the eargsearch in this area to examine what can occur when other cell
events involved in these responses. This picture may not Bgoes are exposed to other types of LPSs.
as simple as was thought a few years ago. The structuralConcerning the responses of other cell types, it has been
differences of LPSs produced by distinct microorganismgieported that Kupffer cells, the resident macrophages of the
and the distinct patterns of molecular sensors for LPSs diver and most abundant tissue macrophages in the body, do not
membranes of different cell types, seems to justify theonstitutively express CD14 (Tracy et al., 1995). They produce
expectation that the initial interactions and early eventdNF-a via an LBP-independent and CD14-independent
involved in the cellular effects of LPSs depend on both th@athway, when stimulated by nanogram amounts of
particular LPS considered, and the cell type that is exposed @mterobacterial LPS (Lichtman et al., 1998). Furthermore,
it. when CD14-deficient mice are injected with low doses of LPS,
It has been established that the activation otheir liver produces normal levels of acute phase proteins
monocytes/macrophages by enterobacterial LPS requires @taziot et al., 1998). In addition, we reported in previous
least four molecules: the serum LPS-binding protein LBRstudies that another mouse cell type, the bone marrow
(Tobias et al., 1995), the GPl-anchored cell-surface proteigranulocyte (BMG), is sensitive to very low concentrations of
CD14 (Wright et al., 1990; Golenbock et al., 1993), the type énterobacterial LPS, although it does not constitutively express
transmembrane Toll-like receptor 4 (TLR4) (Poltorak et al.CD14 (Girard et al., 1993). Exposure of BMGs to this type of
1998), and the extracellular molecule MD2 that physicallyLPS actually induces a CD14-independent and serum-
associates with TLR4 on the cell surface (Shimazu et alindependent stimulation of the cells, and leads to the
1999). Some investigators have presented this as the paradigxpression of CD14 (Pedron et al., 1999; Girard et al., 1997),
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and downregulation of L-selectin (Pedron et al., 2001) angdertussigLPS-Bp) and the lipid A fraction of the latter (BpLA), were
TNF-receptor 2 (T.P., R.G. and R.C., unpublished). prepared as described previously (Tahri-Jouti et al., 1990). The LPS
Regarding some LPSs that are structurally and/offom Rhizobiumspecies Sin-1 (‘rough’ chemotype) and its lipid A
functionally different from those isolated from enterobacteriaffagment, were provided by R. W. Carlson (University of Georgia,
it has been shown that they induce a response in macrophagddens, GA). The LPS was extracted using hot phenol/water
and B lymphocytes from TLR4-deficient mice (C3H/HeJ(vestphal ‘and Jan, 1965) and purified Dby  gelfiltration

. . . . ~chromatography in the presence of deoxycholate (Reuhs et al., 1994).
mice), which are unresponsive to enterobacterial LPSs. This i$q¢ from three strains dfegionella pneumophilaserogroup 1

particularly the case with the LPSs froRseudomonas (ppjjadelphia strain CS338, wild-type OLDA strain RC1 and phase
aeruginosa (Pier et al., 1981),Porphyromonas gingivalis variant OLDA strain 811) were prepared as described previously
(Tanamoto et al., 1997; Ogawa et al., 1996) Brelvotella  (Lineberg et al., 1998; Zou et al., 1999; Kooistra et al., 2002b). The
intermedia(Kirikae et al., 1999). In a recent study (Pedron elipid A fragments of thé.egionellaLPSs were prepared by hydrolysis

al., 2000), we found that LPSs froRhizobiaceaeand their ~ of 10 mg of LPS in 1 ml of 0.1 M sodium acetate/acetic acid buffer
structurally atypical lipid A moieties can stimulate BMGs from (PH 4.4) for 4 hours at 100°C. The lipid A fraction was recovered by
TLR4-deficient mice (C3H/HeJ and C57BL/10 ScCr) andcentifugation (250®, 15°C, 30 minutes), followed by two washes

induce the expression of CD14 in these cells. of the pellet by resuspension in apyrogenic water and centrifugation

It was therefore important to determine whether some LPS&S described above. The washed pellets were lyophilized

. S . ' For removal of lipoprotein contaminants, LPSs and lipid A were
because of particular structural features of their lipid A moiety,_o +racted twice by phenol in the presence of sodium deoxycholate

can stimulate cells via a toll-like receptor distinct from TLR455  recommended (Hirschfeld et al, 2000). The absence of

or some other receptor unrelated to the toll family. Recerdontaminants in the LPS and lipid A samples was assessed by SDS-
publications proposed that LPSs frorRorphyromonas PAGE analysis of the samples and staining the gels with silver nitrate
gingivalis (Hirschfeld et al., 2001) andeptospira interrogans  (Rabilloud et al., 1994).

(Werts et al., 2001) may activate macrophages via a TLR2-

dependent mechanism. TLR2 is classically considered a8

mainly involved in the recognition of Gram-positive bacteria eagents _ , )

and mycobacteria (Yoshimura et al., 1999; Flo et al., 2000). mAL_P‘Z‘ prepared as described (Aliprantis et al., 1999), was from
is also required in innate host defens®dtorelia burgdorferj exis (San Diego, CA). Tripalmitoyl pentapeptide was from Bachem

- . . Bubendorf, Switzerland). Rabbit LBP was kindly provided by
an atypical Gram-negative bacterium that lacks LPS b ichard Ulevitch (Scripps Research Institute, La Jolla, CA). Mouse

abundantly produces lipoproteins (Wooten et al., 2002). Ipscombinant LBP was from Biometec (Greifswald, Germany). The rat
addition to lipoproteins (Hirschfeld et al., 1999), porins camnti-mouse CD14 monoclonal antibody (Rm-C5-3) was from
also activate immune cells by engaging TLR2 (Massari et alRharMingen (San Diego, CA). In FACS experiments, FITC-labeled or
2002). biotin-labeled goat anti-rat Ig antibodies (Southern Biotechnology

In the present study, we examined the contributions of TLRAssociates, Birmingham, AL), and FITC-labeled goat anti-hamster Ig
and TLR2 for the stimulation of BMGs by structurally atypical antibody (Caltag, Burlingame, CA), were used as secondary
LPSs. We focused on LPSs for which a reliable background @ntibodies, and biotin-labeled antibodies were stained with FITC-
structural data is available. As a follow-up to our previoujgbeled streptavidin (Amersham-Pharmacia Biotech, Little Chalfont,

. . H . . UK). In western blot experiments, the biotin-labeled antibody
studies (Pedron et al., 2000), we first examined the stimulati hs stained with a streptavidin-peroxydase conjugate (Southern

Induged by the rough-type LPS of a plant pathogdmzobmm . Biotechnology Associates, Birmingham, AL). Autoradiography
speciesSin-1. We also examined LPSs from different straingyyperfim MP, and all electrophoresis reagents, including molecular
of Legionella pneumophilaa human pathogen commonly weight standards (rainbow markers), were from Amersham.
associated with water-based aerosols and one of the top three

causes of nosocomial pneumonias.

FACS analysis

. Bone marrow cells (810° cells in 400l CM without FCS) were
Mgterlals and Methods incubated at 37°C with (10 ng/ml) or without LPS. When used,
Animals and cell culture inhibitors were added to cell cultures 30 to 60 minutes before LPS.
C57BL/10 ScSn and C57BL/6 mice were purchased from Harlaikor detection of membrane antigens, the cells were incubated first (30
(Gannat, France). C57BL/10 ScCr mice were a gift from Marinaminutes, 4°C) with the primary antibody, and stained by reincubation
Freudenberg (Freiburg, Germany). Homozygous mutant mice fof80 minutes, 4°C) with a labeled secondary antibody. Stained cells
TLR2 (TLR2"-) generated by gene targeting, as described previoushyere layered on a 50% FCS solution, centrifuged and the cell pellet
(Takeuchi et al., 1999), were back-crossed eight times with C57Bl/&/as resuspended in 0.5 ml of staining buffer (PBS, 5% FCS and
to ensure similar genetic backgrounds. C3H/HeOU and C3H/He0.02% sodium azide) containing propidium iodide (@y2ml) to stain

mice were bred at the Pasteur Institute (Paris, France). 8- to 10-weealead cells. Fluorescent cells were detected by analysis (5000 cells per
old female mice were used in all experiments. Bone marrow cellsample) on a FACS flow cytometer (FACScan, Becton-Dickinson
(BMCs) were collected from mouse femurs. Culture media waglectronic Laboratories, Mountain View, CA) using Cell Quest
RPMI-1640 (Sigma, St Louis, MO) containing 20 mM Hepes, 1 mMSoftware. Dead cells, which incorporated propidium iodide, were
sodium pyruvate, 2 mM L-glutamine, 100 IU/ml penicillin and 100 gated out of analysis. Cells with a fluorescence intensity higher than
pg/ml streptomycin. Fetal calf serum was from Gibco (Grand Islandthe maximal level of auto-fluorescence were scored as fluorescent
NY). cells.

Lipopolysaccharides and lipid A Preparation of peritoneal macrophages and TNF-a assay

The rough-type LPSs fror8almonella minnesotRe-595 and from  Mice were injected intraperitoneally with 2 ml of 4% thioglycollate
Escherichia coliJ5 were from Sigma. The LPS froBordetella  (Difco, Detroit, Ml). Three days later, peritoneal exudate cells were
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isolated from the peritoneal cavity. Then the cells were cultured for
hours and adherent cells were used as peritoneal macrophag
Peritoneal macrophages x@?*) were cultured in RPMI-1640

medium supplemented with 10% FCS and exposed to LPS (1C R.species

ng/ml) for 24 hours. Concentrations of TNFn culture supernatants 6 LPS (ng/mi)

were determined by ELISA (Genzyme-Techne, Minneapolis, MN). —o0
100

Expression vectors

pFLAG-TLR2 and pFLAG-TLR6 were obtained as described
previously (Takeuchi et al., 2001).

Relative Luciferase Activity
%] E

o ﬂ,l ml | HI H

none TLR2 TLR6 TLR2+6
Genes transfected

Luciferase assay

Human embryonic kidney (HEK) 293 cells were transiently
transfected with the vectors indicated above, together with a pELAN

luciferase reporter plasmid (Takeuchi et al., 2001) and a pRL-T} B
(Promega, Madison, WI) for normalization of transfection efficiency

by lipofectamine 2000 (Invitrogen). Twenty-four hours after C3H/HeOU TLR2-
transfection, the cells were stimulated with the LPS fRimzobium
species Sinl (100 ng/ml) for 8 hours. Then, the cells were lysed ar

luciferase activity was measured using the dual-luciferase report - . P
assay system (Promega) according to the manufacturer’s instructior CD14
- i g o .2 & 20 .

I\S/szwkfrgﬁf Z?(?tl;/isnlz C\’/‘;g:s"::(ft?;;;[)flrim the cell pellet with 1% ~e~°° \}9"\ o Q‘oo "’é\ eo\e?

. ; : R R
CHAPS in 300 mM NacCl, 50 mM Tris, pH 7.5, supplemented with a Q" @'9 Q° ' u
cocktail of proteases inhibitors (aprotinin u@/ml, PMSF 1 mM, QO 3
pepstatin and leupeptin at |2g/ml and iodoacetamide 2 mM.). INDUCER (LIPID A)

Solubilized proteins were analyzed by SDS-PAGE in 10%

polyacrylamide slab gels according to the method of Laemmlirig 1. TLR dependence of cellular responses to the LPS Rom
Molecular mass markers from 14.3 to 220 kDa were run in parallekpecies(A) HEK293 cells transfected with the TLR2 and/or TLR6
Gels were fixed in transfer buffer (20 mM Tris, 150 mM glycine, 20%expression vectors together with a pELAM luciferase reporter
methanol) and proteins were transferred onto PVDF membranggasmid and pRL-TK were exposed 24 hours later tdRtizobium
(Millipore, Bedford, MA) with a semidry blotting system at 30 volts speciesSin1 LPS (100 ng/ml) for 8 hours. TLR-dependent activation
f0r 90 minutes. Membranes were blocked (18 hOUI’S at ZOOC) W|th Z%as measured by the dua'_'uciferase reporter assayl (B) BMGs from

BSA in PBS, and incubated (1 hour, 20°C) with the rat anti-mousg3H/HeOU and TLRZ-mice were incubated with lipid A fractions

WaShed Wlth 0.1% Tween-20 in PBS, and then incubated fOI’ 1 hOWhizobium Speci@in_ll Ce” |ysates (f(]:e”s in 1% CHAPS,

at 20°C with a biotin-labeled goat-anti-rat antibody (1:2500 in thesypplemented with a mixture of protease inhibitors) were analyzed

same buffer). After extensive washing and incubation withfor CD14 by SDS-PAGE and western blotting.

peroxidase-labeled streptavidine (1:20,000 in 2% nonfat milk in PBS),

sites with peroxidase activity were detected by chemiluminescence

with the Super Signal system (Pierce, Rockford, IL) according to thdid not induce detectable levels of TNEwhereas the same

guidelines of the manufacturer. amount of theSalmonella minnesotRe-595 LPS induced a
production of 615 pg/ml of the cytokine. To determine whether
theRhizobiunLPS can trigger cell activation via TLRs distinct

Results _ . N from TLR4, HEK293 cells were transfected with TLR2- and/or
TLR2-mediated expression of CD14 induced by the lipid  T|R6-expression vectors along with an ELAM luciferase
A of Rhizobium species Sin-1 reporter plasmid, and exposed for 8 hours to 100 ng/ml of the

We established in a previous study (Pedron et al., 2000) thRhizobium specieSinl LPS. The results in Fig. 1A indicate
the lipid A region of several LPSs from Rhizobiaceae carhat, in this model, cell activation by tHehizobiumLPS
stimulate BMGs of the TLR4-deficient mouse strains C3H/Hedequires the expression of both TLR2 and TLR6. As
and C57BL/10ScCr, and induce the expression of CD14 iexemplified by this cooperation between two TLRs, another
these cells. This suggests that LPSs from Rhizobiaceae arembrane component present in granulocytes and absent from
recognized by another member of the Toll family, or by anothemacrophages may also be required for cell activation by some
receptor. We first analyzed the influence of the LPS isolateatypical LPSs, and thus explain why tRhizobiumLPS

from one of these Rhizobiacea®. speciesSinl, on stimulates BMGs but does not activate macrophages at low
macrophages. This LPS was repurified by gel-filtrationconcentrations.

chromatography in the presence of deoxycholate (Reuhs et al.,To analyze the effect of thRhizobiumLPS in a more
1994). Its protein content, measured using a bicinchoninic acjghysiological cellular system than a transfected cell line, we
assay kit from Pierce (Rockford, IL) was lower than 0.5%. Wee-examined the response of BMGs, and patrticularly the role
found that, unlike BMG, mouse peritoneal macrophages weref TLR2 in this response. We compared the expression of
not activated by this LPS: 100 ng/ml of the Rhizobium LPSCD14 in BMGs from normal (C3H/HeOU) and TLR2-
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LPS

& Bp
80 1. o Lp-cs33s
—w-- Lp-RC1
—= - Lp-811

0 0.0 0.1 1 10

LPS concentration (ug/ml)

Hu&z 0:
H D&* § % Fig. 3.Influence ofLegionellaLPSs on BMGs of LPS-responsive

H i coo" mice. BMGs (%1(P cells) from C3H/HeOU mice were incubated for
" . 24 hours at 37°C with various concentrations of LPSs Bom
H pertussiq®), and from thd.. pneumophilatrains CS338(), RC1
: (V¥), and 811 W). CD14 was detected by incubation with the anti-
H

CD14 antibody rmC5-3 (2.8g/ml, 30 minutes, 0°C), and further
incubation (30 minutes, 0°C) with a FITC-labeled goat anti-rat Ig
mAb. The percentage of fluorescent cells was determined by FACS

Legionella pneumophila analysis of the gated granulocyte population.

LPSs from Legionella induced CD14 expression in

Rhizobium species Sin-1 BMGs from normal mice
o The structure of th&hizobiumlipid A (Fig. 2) is atypical.
Fig. 2. Structures of the lipid A regions of LPSs used in this study. \when compared with thBordetella pertussitipid A, which
The structure of the lipid A region &. specieSin-1isnot acts via TLR4, theRhizobiumlipid A exhibits three major
completely determined but, as that from some other Rhizobiaceae jiarances: the absence of phosphate groups, a modified sugar
(Bhat et al., 1994), it is devoid of phosphate, has 2-aminogluconate backbone ('a glucosamine unit is replaced by ,2-aminogluconic

in place of glucosamine-1-phosphate, and contains the very long . . . )
chain of 27-hydroxyoctacosanoic acid (27-OHC28:0) that may be ~acid), and the presence of a very long fatty acid chain [28:0(27-

ester-linked in the N-acyloxylacyl residue of the distal glucosamine hydroxy) residue] (Bhat et al., 1994; Basu et al., 1999). In
unit (Basu et al., 1999). The lipid A regions of the LPSs from three Searching for other LPSs with at least one of these atypical
strains ofLegionella pneumophil&Zahringer et al., 1995; Kooistra et structural features, we chose ttegionellaLPSs because they
al., 2002a) are built upon the same structural model (two residues oilso contain a long fatty acid chain [27:0(1,27-dioic) or
2,3-diaminoglucose substituted with one very long and five shorter 28:0(27-oxo) residue]. The three strains bégionella
Iﬁtt):‘ at(t:ids),_(;/vitrt: \_/ariations_lti_miteg tont(?é |eHngth8L5L£52)tgems of  pneumophilaused (CS338, RC1 and 811) have similar lipid A
€ fally acid chains in positions < andr1=h or OF, k=R or structures, that differ only in their heterogeneity in the
SCFf) n=18-22 (in strains CS338 and RC1)ne6-18 (in strain proportion and length of the different fatty acid chains (Fig. 2)

' (Zahringer et al., 1995; Kooistra et al., 2002a). We exposed
BMGs from C3H/HeOU mice to various concentrations of the
threeLegionellaLPSs, and analyzed by FACS the expression

deficient (TLR2) mice. The lipid A fragments of LPSs from of CD14. The results (Fig. 3) show that the three LPSs from
Bordetella pertussisind Rhizobium specieSin-1 were used Legionella can induce cell surface expression of CD14,
as inducers because they represent the biologically actiedthough the concentrations of these LPSs required for this
region of the LPSs, and also because eventual lipoproteiesponse (ig/ml) were much higher than that at which Bhe
contaminants of LPSs are removed during the preparation pertussisLPS induced a similar effect (0.Qg/ml).

the lipid A fragments (as observed by SDS-PAGE analysis of

a number of such lipid A preparations). Therefore, BMGs were

exposed to lipid A for 24 hours at 37°C, in the absence o$timulation of BMGs from TLR4-deficient mice by the

serum. The results of the analysis of CD14 expression biegionella LPSs

western blot (Fig. 1B) indicated that, in normal cells, the twolo examine the role of TLR4 in the activation of BMGs by
lipid A fractions induced the expression of large amounts ofegionella LPSs, we compared the expression of CD14 by
CD14. TheB. pertussidipid A was also active in TLR2-  BMGs from C3H/HeOU, C3H/HeJ and C57BL/10ScCr mice.
cells. In contrast, a much lower expression of CD14 wat a first set of experiments, the cells were analyzed by FACS
induced by the lipid A fronR. specieS§in-1 in TLR2/-cells.  after exposure for 24 hours to 1 or fi§/ml of the LPSs.
This result explains why this atypical LPS was active in TLR4-Several experiments gave similar results. As shown in one
deficient mice (Pedron et al., 2000), and shows that this effeptpresentative experiment (Fig. 4A), the thregionellaLPSs

is mediated by TLR2. induced CD14 expression in C3H/HeJ and C57BL/10ScCr
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A B Fig. 4.CD14 expression in BMGs from normal and
100 TLR4-deficient mice. BMGs from C3H/HeOU,
—_ — 1 pgiml C3H/HeOU C3H/HeJ and C57BL/10ScCr mice were incubated for
% 80 == 10 pgiml | 7] _ C3H/HeOU 24 hours at 37°C with thB. pertussid.PS, or with LPSs
E 60 - _ from the different strains df. pneumophila(A) CD14
4, 40 CD14 » . .. . . expression in BMGs incubated with 1 or{i@/ml of the
3 ] LPSs was detected _by FACS ana_lly5|s_ of the gated
o —R—R— — granulocyte population, as described in the legend to
e oscws Lokot  Lpsi C3H/Hed Fig. 3. The dashed line represents the level of CD14 in
i inoubated with 10/l of the LPSG was analyzed by
. C3H/HeJ incuba
§ 801 I — CD14—» .. . \IIZViZStfm blot in cell lysates, as described in the legend to
E 60 A
" C57BL/10ScCr
o zz'jn—— ———I—-— . LPSs or with a contaminant present in the LPS
o . p ) preparations. To ensure that contaminations cannot
0 > sc_m torc_tosn CD14-> . - e be put forward, the threeegionellaLPSs were re-
S 601 CS7BL/0 ScCr e o & A A exiracted wice by phenol in the presence of sodium
@ 5 & N2 ,b'b O ,b’\ deoxycholate (Hirschfeld et al., 2000). Because of
8] éé\}q’ o‘b Q‘ Q their hydrophobic nature, tHeegionellaLPSs are
S 0l e 9 \,9 v fairly soluble in phenol, so that only 10% of the
8 10 _J_I_I__ T — . Q-Q \% LPSs were recovered in the aqueous phase.
0! However, the ability of these purified (lipoprotein-
Bp LNC”EPSLP-““ Lp-811 INDUCER (LPS) depleted) samples to induce CD14 in BMGs of

different mouse strains was not different from that
of the non-extracted samples. Analysis of CD14
mice, whereas thB. pertussid.PS did not. The most efficient expression by western blot (Fig. 5B) confirms that this cell
activator was the LPS from the pneumophilaCS338 strain. response td_egionella LPSs is markedly reduced, but not
In a second set of experiments, expression of CD14 wampletely abolished, in TLR2 BMGs.
analyzed by western blot. The results (Fig. 4B) were consistent
with those obtained by FACS, and confirmed that the three o . o
LPSs ofLegionellaare efficient activators of BMGs from mice Effects of lipid A fragments in TLR4- and TLR2-deficient
with a TLR4 defect. cells
Some cellular activities of LPS preparations are due to their

) o polysaccharide region, or are modulated by that region. Other
Influence of the Legionella LPSs on TLR2-deficient bacterial components (peptides, lipoproteins) present as
macrophages and BMGs contaminants in LPS preparations can also take part in cell
The capacity ofegionellaLPS to activate BMGs from TLR4- responses (Hirschfeld et al., 2000). However, it is generally
defective mice suggests that another receptor is involved. Byccepted that LPS effects are those mediated by the lipid A
analogy with the the results obtained above witiRhigobium  region of that molecule. To check that this was indeed the case
LPS, we used TLR2-deficient (TLR2 mice to examine the for the effects of thé.egionellaLPSs mentioned above, we
role of TLR2. We analyzed first the responses of macrophaggxepared the lipid A fragments of these molecules by
We found (Table 1) that thioglycollate-elicited peritonealhydrolysis for 4 hours at 100°C in a pH 4.4 buffer and washing
macrophages from TLR2 mice did not respond to the TLR2-
dependent mycobacterial lipopeptide MALP-2, and produce ) _
nornal levels of TNF¢ in response toSalmonellaand  Table 1. LPS-induced TNFe production by macrophages

BordetellaLPSs. In contrast, these cells were not activated b of wild-type and TLR2~~mice
the LegionellaLPSs. TNF-a produced (pg/ml)
The stimulation of BMGs by thkeegionellaLPSs was then Concentration - ) -
examined. The expression of CD14 BMGs from TtR@ice ~ 'nducer (ng/mi) Wild-type mice  TLRZ mice
was analyzed by FACS, and compared with that of BM/Gs fror,'\\l/&nl_% ) % 55%133 8f8
Several experiments gave. smiar results._As shown n orlfSSTSss 100
: , , - A LPS Bp-414 100 388240 346+78
representative experiment (Fig. 5A), the LPS isolated from thLps Rs-Sin1 100 00 00
strain CS338 ofL. pneumophilawas completely unable to LPS Lp-338 100 38628 00
induce CD14 expression in TLR2 cells. CD14 expression LPSLp-811 100 22534 00

was detectable in TLR? cells exposed to the two other -FSLP-RCL 100 1061174 00

LegionellaLPSs, but the responses were |_0W9r than tho_se C Thioglycollate-elicited peritoneal macrophagesS(@élis/well) from wild-
TLR2'* cells, and were only induced by high concentrationstype, and TLR2-mice, were incubated for 24 hours with MALP-2 (3 ng/ml)
of these LPSs (1Qug/ml). These residual responses mayor with different LPSs (100 ng/ml). The production of Thikvas determined
indicate that a receptor distinct from TLR2 reacts with thesPY ELISA. Data are the meanszs.d. of three experiments.
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A % TLR2H* _ o B C3H/HeJ
m 1 pg/ml
. 60 {==3 10 pg/m|
cola
[
+: 40 A =
3 I TLR2*/+
20 4 I
o M . . cDia s .
Bp Lp-CS388  Lp-RC1 Lp-811 Fig. 6.CD14 expression
induced by lipid A fractions
s TLR2 5/ in BMGs from TLR4- and
TLR2-deficient mice. BMGs
&0 from C/SH/HeJ, TLR2'* and
& . B TLR2=mice were
% ' CD14 . . incubated for 24 hours at
2 409 37°C with lipid A fromB.
i y pertussig10 pg/ml), or from
8 " 00096\9 5‘5%%’\,\90\ the different strains df.
<~ Q> & o Q pneumophilg50 pg/ml).
Q° ¢ Vv CD14 expression was
0 . I .. l. \ v analyzed by western blot in
Bp Lp-C8388  Lp-RCt Lp-811 L. cell lysates, as described in
LPS INDUCER (lipid A) the legend to Fig. 1.
CD14—>. “ - e residual amounts of unhydrolyzed LPS. This purified lipid A,
: in which the level of protein contamination was considerably
. 'L , lower than that of a standarmd. coli LPS (Fig. 7A), was
mice -  TLR2*/* TLR2-- considerably more active in BMCs from TLR4-defective mice
repurified N Q_c," RS Qg}‘ (Fig. 7B). This confirms that pure lipid A froiegionella
LPSs — _0" W 'cf" W8 pneumophildRC1 induces a TLR4-independent effect. We also
W W found that the residual activation of TLR2BMGs induced
. . o by the repurified LPS is markedly reduced with the repurified
Fig. 5. Analysis of CD14 expression in BMGs from TLR2and lipid A (Fig. 7C). This observation suggests that the lipid A of

TLR2-~mice. BMGs from TLR2'* and TLR2/~ mice were ; : ; ; ;
incubated for 24 hours at 37°C with tBepertussi4 PS, or with Legionella pneumophilRC1 stimulates BMGs exclusively via

LPSs from the different strains bf pneumophila(A) CD14 TLR.Z.’ whereas the u_nfragm_ented_ LPS, which contains _an
expression in BMGs incubated with 1 or i@/ml of the LPSs was additional polysaccharide region, stimulates BMGs via TLR2
detected by FACS analysis of the gated granulocyte population, as @nd another receptor. o

described in the legend to Fig. 3. The dashed line represents the levelDOse-response experiments indicated that even low
of CD14 in non-stimulated cells. (B) CD14 expression in BMGs ~ concentrations (100 ng/ml) df. pneumophilalipid A can

incubated with 1Qug/ml of re-purified LPSs (re-extracted with induce detectable levels of CD14 in BMGs from TLR4-
phenol/deoxycholate) was analyzed by western blot in cell lysates, afeficient (C3H/HeJ) mice. The presence of fetal calf serum
described in the legend to Fig. 1. (10%), or of rabbit or recombinant mouse LBP (t@ml) did

not increase this response (data not shown).

the insoluble material with water. Analysis of these lipid A _ o
preparations by SDS-PAGE stained with silver nitrate indicatedntagonist effect of Bordetella pertussis lipid A
an almost complete absence of protein contamination (protelWe established in a previous study (Pedron et al., 2000) that
content lower than 0.01%, as determined by comparison afie lipid A fragment of theB. pertussisLPS inhibits the
band intensities of protein standards). BMGs from C3H/HeJkxpression of CD14 induced by the lipid A Bhizobium
TLR2**, and TLR2- mice were then exposed to these lipid speciesSin-1 in BMGs from C3H/HeJ mice. As we had
A preparations, and CD14 expression was analyzed by westgoreviously demonstrated thRhizobiumand LegionellaLPSs
blot. The results (Fig. 6) were similar to those induced by thare both TLR2-dependent stimulators of BMG, it was
unfragmented LPS preparations: the three lipids were active important to determine wheth&: pertussidipid A can also
C3H/HeJ cells, and the activities were markedly reduced imhibit the TLR2-dependent response induced by the
TLR2 cells. LegionellaLPSs. In a first experiment, BMGs from C3H/HeJ
Becausd_egionellaLPSs are fairly soluble in phenol (see mice, preincubated for 90 minutes with various concentrations
above), whereas their lipid A fraction is not, the lipid A isolatedof B. pertussidipid A, were exposed for 20 hours to the LPS
from Legionella pneumophil®C1 was re-extracted twice by of L. pneumophilaCS338. CD14 expression was detected by
phenol in the presence of sodium deoxycholate, to remoVeACS. The results (Fig. 8A) show thatuy/ml of lipid A
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P RC1 P LPS Llpld A BMGs from C3H/HeJ mice were preincubated (90 minutes, 37°C) in
C the presence of various concentrationB ofertussidipid A.

(A) The cells were reincubated (20 hours, 37°C) wif ¢r without
Fig. 7. Analysis of the re-purified lipid A fractions &f pneumophila (@) LPS (1pg/ml) fromL. pneumophil&CS338, and CD14 was
RC1. A re-purified lipid A fraction (re-extracted with detected by FACS analysis of the gated granulocyte population, as
phenol/deoxycholate) from. pneumophil&RC1 analyzed for the described in the legend to Fig. 3. (B) The cells were reincubated
presence of contaminants (A) and for its ability to induce CD14 (20 hours, 37°C) with or without the lipid A fraction lof
expression in BMGs from C57BL/10ScCr (B) and TERZC) mice.  pneumophilg0.1 ug/ml), and CD14 expression was analysed by
(A) Samples (4@ug) of LPS fromE. coliJ5 and of re-purified lipid A western blot as described in the legend to Fig. 1.
from L. pneumophildRC1 were analyzed by SDS-PAGE stained with
silver nitrate. (B) Western blot analysis of CD14 expression induced
in BMGs from C57BL/10ScCr mice by 1@/ml of the same
samples of crude LPS from coliand re-purified Lipid A froni.. specific antagonist of the interaction between TLR2 and
pneumophileRC1. (C) Western blot analysis of CD14 expression | egionellalipid A.
induced in BMGs from TLRZ* and TLR2/~mice by 10ug/ml of
re-purified LPS and Lipid A frorh. pneumophildRC1.

Discussion

In a follow-up of our previous observation thRhizobium
inhibited the stimulation induced by the LPSladgionella  LPSs induce CD14 expression in BMCs by a TLR4-
In a second experiment, BMGs from C3H/HeJ mice,independent mechanism (Pedron et al., 2000), we found that
preincubated for 2 hours with 1@/ml of B. pertussidipid A, this effect is mediated by TLR2. Because this effect is due to
were exposed for 20 hours to the lipid Alofpneumophila the lipid A region ofRhizobiumLPSs, and because one of the
CS338. CD14 expression was detected by western blot. Vl@mmon structural features of these atypical lipid As is the
found again (Fig. 8B) th&. pertussidipid A induced a partial presence of a very long fatty acid chain, we examined whether
inhibition of the stimulation triggered by thesgionellalipid other LPSs containing long chain fatty acids can activate
A. Similar results were obtained with the lipid A fragments ofBMCs by the same mechanism. We found that this is indeed
the two other strains ofegionella (data not shown). In the case withLegionellaLPSs. It should be noted that the
contrast, pre-treatment of the cells w&hpertussidipid A (10  presence of long chain fatty acids not only induces a switch
pg/ml) did not inhibit CD14 expression induced in BMGs fromfrom TLR4- to TLR2-mediated responses but also reduces the
C3H/HeJ mice by other TLR2-dependent ligands such aglobal reactivity of the LPS, as assessed by the higher
MALP-2 (0.1 to 5 ng/ml) and tripalmitoyl pentapeptide (0.5 toconcentrations of such atypical LPSs required to activate
2.5 pg/ml) (data not shown). This result suggests tAat BMCs (1-5ug/ml of Rhizobiumand LegionellaLPSs, vs. 10
pertussidipid A, which is an agonist of TLR4, acts also as ang/ml of enterobacterial d. pertussid PS). Long chains of
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fatty acids in lipid A can even almost completely abolish thgHajjar et al., 2001), and thi&orrelia burgdorferiouter surface
ability of an LPS to activate BMCs. For example, we foundorotein A lipoprotein (Bulut et al., 2001), which all require
that with the lipid A fromRhodopseudomonas viridiwhich ~ both TLR2 and TLR6 for optimal activation of macrophages.
contains the longest fatty acid ever seen in a lipid AThis means that mechanisms triggered by microbial
[C30:0(27,29-di-hydroxy)], at least 1@/ml were required to lipopeptides can be extended to some structurally atypical
induce CD14 in BMCs of normal mice, and that the LPS fronLPSs, and may suggest that heteromeric associations between
Brucella abortus which carries significant amounts of 27- TLR2 and TLR6 can recognize particular LPS structures that
hydroxy-C28:0 fatty acid (Moreno et al., 1990), was unable t@re unable to signal via TLR4.
induce CD14 expression, even at high concentrations (data notAnother interesting observation of the present study is that
shown). This was also the case with the LPS fFoamcisella  Bordetella pertussidipid A (BpLA) partially inhibits the
tularensis(Ancuta et al., 1996) activation induced bi.egionellalipid A (LLA) in BMCs from

The observation that particular LPSs can activate cells of the3H/HeJ mice. One possible explanation for this observation
immune system via TLR2 has already been reported by twis that BpLA induces a cross-inhibition via its interaction with
groups, working orPorphyromonas gingivaligHirschfeld et  TLRA4. Indeed, reduction of surface expression of the TLR4-
al., 2001) and.eptospira interrogangWerts et al., 2001). The MD2 complex has been reported after LPS treatment, even in
chemical structure of the latter is presently under investigatiol©3H/HeJ mice that are hyporesponsive to LPS (Nomura et al.,
but that of the former has been fully elucidated. Therefore2000). Therefore, we can speculate that in BMCs from
comparisons are now possible between the structures Gf3H/HeJ mice, the downregulation of the TLR4-MD2
three LPSs with TLR2-dependent activities: those froncomplex triggered by BpLA induces a partial cross-
PorphyromonasLegionellaand Rhizobium Four features can inactivation of TLR2 that lowers the response to the TLR2-
be considered: the number of phosphate groups, the numberdgfpendent LLA. This would mean that this partial cross-
fatty acids, the length of the fatty acids, and the presence othibition of TLR2 via TLR4 occurs via a MAL/TIRAP-
branched fatty acid chains. The number of phosphate groupsdependent signaling mechanism. Such inter-TLR cross-talks
does not seem to be an important parameter for TLRZ2eading either to synergy (Beutler et al., 2001; Gao et al., 1999)
dependence since 0, 1 and 2 phosphate groups are presentriio inhibition/anergy (Sato et al., 2000) have already been
the lipid A regions ofR. species P. gingivalis and L. reported.
pneumophilarespectively. The number of fatty acid chains in However, this hypothesis of cross-inhibition of TLR2 via
their lipid A (5, 4 and 6, respectively) does not seem to b&LR4 must probably be rejected because we found that BpLA
critical either. The length of the fatty acid chains may playdid not inhibit the action of other TLR2-dependent inducers
some role since two of these LPSs have one long chagin(C such as MALP-2 and tripalmitoyl pentapeptide. Therefore,
R. speciesand L. pneumophila and one LPS has two fatty another explanation must be proposed for our observation. The
acids of medium size (€ in P. gingivalig. But the most most likely is that BpLA behaves as a specific antagonist of
critical feature seems to be the presence of a substituent oLBA on TLR2. This can occur if a partial occupancy of the
branch on the penultimate carbon of a fatty acid chain: BPS-binding site of TLR2 by BpLA is not sufficient for
hydroxyl group at €7 in RhizobiumLPS, a ketone group at triggering the signaling cascade, but makes TLR2 inaccessible
Co7in LegionellaLPSs, and a methyl branch at {f different  for LLA. If this hypothesis is correct, it would mean that TLR2
fatty acids inLegionella and PorphyromonasLPSs. These can interact with many lipid A structures, but only some of
structural features may also be important for the 3DOhese interactions can lead to signaling and cell activation. This
supramolecular structures of lipid A (conical, cylindrical orhypothesis, and the specificity of the antagonism induced by
lamellar) (Brandeburg et al.,, 1993), which have beeBpLA, also implies that the TLR2 activator (LLA) and the
postulated to determine differential interactions with TLRSTLR2 antagonist (BpLA) interact with the same binding site
(Netea et al., 2002). On the structural basis mentioned abowaf, TLR2, whereas other TLR2 activators (lipopeptides) interact
we can expect that other TLR4-independent LPSs such as thosigh another binding site on TLR2. Additional investigations
of Flavobacterium meningosepticuffianamoto et al., 2001), are required to confirm this hypothesis.
Pseudomonas aeruginogRier et al., 1981), anBrevotella
intermedia(Kirikae et al., 1999) could also activate cells via This work was supported by grants 3540 from the Pasteur Institute,
TLR2. This would then mean that the presently accepteﬁ”d 1961 from the Centre l\_latlonal de la Recherche Scientifique. We
paradigm of ‘LPS activation via TLR4’ is no more valid sincefN@k R. W. Carlson (University of Georgia, Athens, GA) for
an increasing number of examples indicate that structurally/®¥iding the LPSs and lipid A fractions fraRhizobium specieSin-

. . N , and O. Kooistra and U. Zahringer (Forschungszentrum Borstel,
different LPSs can activate cells via different TLRs, and thergorstel, Germany) for providing thegionellaLPSs. We are indebted

is no objective reason to consider that one among the differepf \jarina Freudenberg (Max-Planck Institut fur Immunbiologie,

LPS structures should be privileged, particularly when we argreiburg, Germany) for providing male and female C57BL/10 ScCr
reminded thatLegionella is a frequent cause of human mice.

nosocomial infection.
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