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Mannosylated Lipoarabinomannans Inhibit IL-12 Production
by Human Dendritic Cells: Evidence for a Negative Signal
Delivered Through the Mannose Receptor

Jéréme Nigou,* Claudia Zelle-Rieser! Martine Gilleron,* Martin Thurnher, ™ and
Germain Puzo™

IL-12 is a key cytokine in directing the development of type 1 Th cells, which are critical to eradicate intracellular pathogens such
asMycobacterium tuberculosis. Here, we report that mannose-capped lipoarabinomannans (ManLAMs) froltycobacterium bovis
bacillus Calmette-Guérin and Mycobacterium tuberculosisnhibited, in a dose-dependant manner, the LPS-induced IL-12 pro-
duction by human dendritic cells. The inhibitory activity was abolished by the loss of the mannose caps or the GPI acyl residues.
Mannan, which is a ligand for the mannose receptor (MR) as well as an mAb specific for the MR, also inhibited the LPS-induced
IL-12 production by dendritic cells. Our results indicate that ManLAMs may act as virulence factors that contribute to the
persistence ofM. bovisbacillus Calmette-Guérin and M. tuberculosiswithin phagocytic cells by suppressing IL-12 responses. Our
data also suggest that engagement of the MR by ManLAMs delivers a negative signal that interferes with the LPS-induced positive
signals delivered by the Toll-like receptors. The Journal of Immunology,2001, 166: 7477—8485.

roduction of proinflammatory cytokines by APC is central matis and Mycobacterium specieactivated murine macrophages
to a successful immune response against intracellulain a Toll-like receptor (TLR)-2-dependent manner (8, 9), leading
pathogens such dslycobacterium tuberculosis. Among to the production of proinflammatory cytokines such as TdNF-
the proinflammatory cytokines, IL-12 plays a critical role by or- (10—-14) and IL-12 (15). In contrast, mannose-capped lipoarabino-
chestrating both innate and acquired immune responses (1). Imnannans (ManLAMSs) isolated froi. tuberculosisandM. bovis
deed, IL-12 is a powerful signal for the generation of Thl re-BCG failed to induce a TLR-dependent activation of macrophages
sponses required to eliminat®l. tuberculosis. Furthermore, (9)and the production of proinflammatory cytokines (Refs. 12, 13,
individuals with mutations affecting the genes of IL-12 cytokine 15; for review, see Refs. 16-18). Conversdly, tuberculosis
(2) or its receptor (3, 4) have increased susceptibility to mycobacManLAMs were shown to attenuate TNFand IL-12 expression
terial infections (5). Further support for this concept comes fromin human mononuclear phagocytes (19). AdditionaN, bovis
IL-12-deficient mice, which are susceptible to an infectiorby BCG andM. tuberculosisManLAMs were found to bind murine
cobacterium bovidacillus Calmette-Guérin (BCGRef. 6). To  and human macrophages via the mannose receptor (MR; Ref. 20o
survive in the host, several intracellular pathogens astutely targe22), suggesting a role for ManLAMs in the MR-mediated adhesion
the IL-12 signaling pathway to inhibit IL-12 production (7). of these mycobacteria to macrophages. However, engagement o8
Recently, it was established that phosphoinositol-capped lithe MR, for example, by mannosylated particulate ligands was not 5
poarabinomannans (PILAMSs; Ref. 3) frolfycobacterium smeg- sufficient to trigger a bactericidal response in macrophages (23). %
Furthermore, ManLAMs can effectively induce expression of the 3
antiinflammatory cytokine TGIB- (13). All of these findings sug- ]
*Institu_t de_ Fharmacologie et de Biologie Structurale, Centre Nat_ional_ de la Rechergest that ManLAMSs may contribute to the persistencMoftuber-
che Scientifique, Toulouse, France; diiepartment of Urology, University of Inns- . . s
bruck, Innsbruck, Austria culosisandM. bovisBCG within macrophages.
In the present study, we assessed whether purified ManLAMs
- o o . from M. bovisBCG andM. tuberculosisvere able to inhibit [L-12
e costs of publication of this article were defrayed in part by the payment of page . . . .
charges. This article must therefore be hereby magdcrtisemenin accordance  Production by human dendritic cells (DCs) stimulated with LPS.
with 18 U.S.C. Section 1734 solely to indicate this fact. The relationship between the structure of ManLAM acyl forms and
* This work was supported by grants from the Ministére de la Recherche (Programmtheir capacity to inhibit IL-12 production as well as the role of

de recherche fondamentale en microbiologie et maladies infectieuses et parasitairgs; ;
1999) and from the European Community (TB vaccine cluster, shared costs, RT?gnals transduced by the MR has been examined.

actions; 2000).

2 Address correspondence and reprint requests to Dr. Germain Puzo, Institut de PhJMaterla'IS 'and Meth'OdS . .

macologie et de Biologie Structurale, Centre National de la Recherche ScientifiqudVlycobacterial glycoconjugate purification

205 route de Narbonne, 31077 Toulouse Cedex 4, France. E-mail address:

germain@ipbs.fr ManLAMs and mannose-capped arabinomannans (ManAMs) Koio-

vis BCG Pasteur strain were purified as described previously (24).
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3 Abbreviations used in this paper: BCG, bacillus Calmette-Guérin; PILAM, phos-

phoinositol-capped lipoarabinomannan; TLR, Toll-like receptor; ManLAM, man- [P :
nose-capped lipoarabinomannan; MR, mannose receptor; DC, dendritic cell; ManAMHydrophOblc interaction chromatography of ManLAMs

mannose-capped arabinomannan; cManLAM, cellular ManLAM; tManLAM, total Cellular ManLAMs (cManLAMs; 10 mg) were loaded in 0.1 M ammo-
fraction of ManLAM; atManLAMs, o-mannosidase-treated tManLAMs; APTS, Jiium acetate solution containing 15% (v/v) propanol-1 to a octyl-Sepha-
1-aminopyrene-3,6,8-trisulfonate; CE, capillary electrophoresis; LIF, laser-induce CL-4B (Ph ia O = | Q.5 il
fluorescence; NMR, nuclear magnetic resonance; GC, gas chromatography; MS, mad3S€ &L+ (Pharmacia, Orsay, France) column %20.5 cm) preequili-
spectrometry; dtManLAM, deacylated tManLAM; pManLAM, parietal ManLAM; brated with the same buffer. The column was first eluted with 50 ml of

Manp, mannopyranose; MALDI, matrix-assisted laser desorption-ionization; CRD,equilibration buffer and then with a linear propanol-1 gradient from 15 to
carbohydrate recognition domain. 65% (v/v; 250 ml each) in 0.1 M ammonium acetate solution at a flow rate

Copyright © 2001 by The American Association of Immunologists 0022-1767/01/$02.00
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of 5 ml/h. The fractions were collected every 15 min. A total of A0of spectrometry (MS) (24). The number of each fatty acid per ManLAM
each fraction was dried and submitted to acidic hydrolysis (LO@f molecule was determined relative to the internal standard.
trifluoroacetic acid 2 M, 2 h at 110°C). The hydrolysates were dried, re-
constituted in water, and then analyzed by high pH anion exchange chrageneration of monocyte-derived DCs
matography for arabinose and mannose content.

PBMC were isolated from heparinized whole blood by standard density
Preparation of deacylated ManLAMs gradient centrifugation on Ficoll-Paque. Monocytes were isolated from

) ) ) PMBC by centrifugal elutriation (J-6 M centrifuge equipped with a JE-5.0
Total fraction of ManLAMs (tl\ilanLAMs; 20Qug) was incubated in 200! elutriation rotor; Beckman Instruments). Monocytes{110° cells) were
of NaOH 0.1 M for 2 h at 37°C. After neutralization with 2Q0 of HCI cultured in 1 ml of RPMI 1640 supplemented with 10% FCS, 50 U/ml
0.1 M, the reaction products were dialyzed against water. penicillin, 50 wg/ml streptomycin, 2 mM.-glutamine, 0.1 mM nonessen-

. . tial amino acids, 1 mM pyruvate, and> 10> M 2-ME, as well as 800
Preparation ofa-mannosidase-treated ManLAMstianLAMs) IU/ml of each GM-CSFFZ]d IL-4. On day 2, 1 ml of fresh medium con-
A total of 2009 of tManLAMSs was incubated for 6 h at 37°C in 30 of taining GM-CSF and IL-4 was added. Immature DCs were used on day 5.
a-mannosidase solution (Ref. 25) (2 mg/ml, 0.1 M sodium acetate buffer,T© induce maturation into CD83cells, DCs were cultured with LPS (2
pH 4.5, 1 mM ZnSQ). After a second addition of 50l of enzyme solu ~ Ng/ml) for 48 h.
tion, the reaction was performed overnight. The reaction products then
were dialyzed against 50 mM N8O, pH 7.6. Elimination ofa-manne Measurement of IL-12
sidase was achieved by denaturation (2 min at 110°C) followed by over- ) ) o
night tryptic digestion (37°C, trypsiaimannosidase= 2% by weight). ~ Day 5 DCs (3 10°/ml) were incubated with the stimuli indicated, and
atManLAMs were recovered after dialysis against water and analyzed fof--12 levels were assessed in DC culture supernatants after 48 h with

their cap contents by capillary electrophoresis (CE; see below). ELISA specific for either the p40 chain or the p70 heterodimer. IL-12 p70
was measured with matched Ab pairs (Endogen, Woburn, MA). Briefly,
CE and mannooligosaccharide cap quantification anti-p70 IL-12 (3 pg/ml) was plated overnight at 4°C in PBS onto

MaxiSorb plates (Nunc, Naperville, IL). Plates were blocked with PBS
ManLAMs (30—60 pmol) were submitted to mild acidic hydrolysis (@5  containing 4% BSA and washed with 0.05% Tween 20 in PBS, pH 7.4. DC
of HCI 0.1 M for 20 min at 110°C; Ref. 24) in the presence of manno- culture supernatants were added to the coated wells and incubated for 1 he
heptose (100 pmol) as internal standard (26). After drying under vacuumat room temperature. Wells were washed thoroughly before the addition of
the reaction products were mixed with Q4 of 0.2 M 1-aminopyrene-  a biotinylated anti-IL-12 mAb (500 ng/ml). After 1 h, wells were washed
3,6,8-trisulfonate (APTS; Interchim, Montlugon, France) in 15% acetic again and then incubated with streptavidin-HRP (1:8000; Zymed Labora-
acid and 0.4ul of a 1 M sodium cyanoborohydrure solution dissolved in tories, San Francisco, CA) for another 60 min. Tetramethylbenzidine (BD
tetrahydrofuran (27). The reaction was performed for 90 min at 55°C ancPharMingen, San Diego, CA) was used as a substrate, and 23@Hvas
was quenched by addition of 20 of water. From 1 to Sul of the APTS  used to stop the enzyme reaction. IL-12 p40 was measured with a com-
derivatives solution was dissolved again in 2Dof total water before  mercially available kit (Genzyme, Cambridge, MA). IL-12 was quantitated
injection in CE. Analyses were performed on a P/ACE CE system (Beck-with a microtiter plate reader.
man Instruments, Palo Alto, CA) with the cathode on the injection side and The capacity to produce cytokines can differ dramatically between in-
the anode on the detection side (reverse polarity). The electropherogramfividuals (IL-12 p70 production ranged from 0.2 to 5 ng/ml). Therefore, we
were acquired and stored on a Dell XPS P60 computer with the Systerdecided to present the data as percentage of inhibition. The detection limit
Gold software package (Beckman Instruments). of the IL-12 p70 ELISA is 15 pg/ml.

APTS derivatives were loaded by applying 0.5 psi (3.45 kPa) vacuum

for 5 s (6.5 nl injected). Separations were performed with an uncoate(h
fused-silica capillary column (Sigma, Division Supelco, Saint-Quentin- RESUItS
Fallavier, France) with a 5p:m internal diameter and a 40-cm effective Effect of ManLAMs on IL-12 production by human DCs
length (47 cm total length). Analyses were conducted at a temperature . .
25°C with an applied voltage of 20 kV and with acetic acid 1% (W/V),QFhe total fraction of ManLAMs (tManLAMs) was obtained by
triethylamine 30 mM in water, pH 3.5 as running electrolyte. The detectionethanol/water extraction of the disrupted delipidated cells (16). We
system consisted of a Beckman laser-induced fluorescence (LIF) equippsitst tested the ability of tManLAMSs fronM. bovisBCG to stim-

with a 4-mW argon-ion laser with the excitation wavelength of 488 nm and,|5te the production of IL-12 by human monocyte-derived DCs. In §3
emission wavelength filter of 520 nm. The number of each cap motif PeT_ ddition to abundant MHC molecules, these cells express the MR o
(Fig. 1). In response to LPS treatment, DCs initiate expression of 5

Nuclear magnetic resonance (NMR) analysis the CD83 Ag and up-regulate the T cell costimulator factor (Fig.
NMR spectra were recorded on a Bruker AMX-500 spectrometer (Bruker,l)' At 19 and 20ug/ml, tManLAMs yvere unable to stimulate the
Billerica, MA) equipped with an Aspect X32 computer. Samples were production of the IL-12 p70 heterodimer by DCs (data not shown),
exchanged i"H,O with intermediate freeze-drying, then dissolved in consistent with previous findings in murine macrophages (15).
_'?r':/éséjn‘e"'gi ﬁgisﬁgﬁzzgﬁofpﬁgffﬁg%ms"ﬁeﬁgstngﬁe;iz?zda;fggzKAe Next, we tested whether tManLAMs can inhibit IL-12 produc-
MHz with phosphoric acid (85%) as the external stand@(Q(0). The tion by DC_:S stimulated with 2 ng/ml LPS. Addition of tMan_LAMS
data were collected in 16,384 k complex data sets, and an exponentif® LPS stimulated-DCs resulted in a dose-dependant inhibition of
transformation (LB= 2 Hz) was applied prior the processing to 65,536 k IL-12 p70 production with 90% inhibition at 5Qg/ml (around 3

real points in the frequency‘domain. The _MgnLAM ‘concerjtration, scanyM) tManLAMs (Fig. 2). The same concentration of tManLAMs
number (ns), and spectral width (SW) are indicated in the figure Iegendsmduced an inhibition of IL-12 p40 production ef80% (data not

Fatty acid quantification shown).

a
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ManLAM molecule was determined relative to the internal standard (26).

ManLAMs (5—6 nmol) were deacylated by strong alkaline hydrolysis (200 S S . T
ul of NaOH 1 M for 2 h at 110°C) in the presence of pentadecanoic acigPetermination of tManLAM domains involved in the inhibition

(8 nmol) as the internal standard. The reaction was stopped by neutralizingf IL-12 production by DCs

with HCI. Liberated fatty acids were extracted three times with 400f ManLAMs present a tripartite structure composed of the GPI an-
chloroform and after drying under nitrogen stream were methylated with

three drops of 10% (w/w) BFin methanol (Fluka, Buchs, Switzerland) at chor, the polysaccharidic core, and the mannooligosaccharide caps
60°C for 5 min. Reaction was stopped by addition of 40@f water, and (16, 17). The caps of tManLAMs fronM. bovis BCG andM.

fatty acid methyl esters were extracted three times with gl06f chloro- tuberculosisare mono-,a(1—2)-di-, and a(1—2)-trimannopyr-

form. After drying, fatty acid methyl esters were solubilized in [L0of anosides, among which the dimannopyranoside is the most abun-

pyridine and trimethylsilylated with 1@l of hexamethyldisilazane and 5 . . .
wl of trimethylchlorosilane at room temperature for 15 min. After drying dant motif (24, 26, 28). Their presence and their structure has been

under nitrogen stream, fatty acid derivatives were solubilized in cyclohex-evidenced, after mild acidic hydrolysis, APTS derivatization, and
ane before analysis by routine gas chromatography (GC) and GC/masanalysis by CE-LIF (24, 26).
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FIGURE 1. Phenotype of DCs. DCs :: :: ::
were differentiated from monocytes as ] - o - o]
described inMaterials and Methods. E w00 10 w2 100 0 1 g0 F'ﬁzc 10 10! 1 10! FII(_!I:: 100 10t
Day 5 DCs were recultured in the ab- ; 8 8 8
sence (bold lines) or presence of LPS  © L cD83 2 CD86 24 MR
(2 ng/ml; normal lines) for 48 h and 3 2 CE
analyzed by flow cytometry for the sur- gs- CE 32
face expression of the indicated Ags. 8 ]R3 EE m
Rt A At R M R R R w0 o' 102 10 10?
FITC FITC FITC -
Fluorescence Intensity
To determine whether specific tManLAM domains were in-
volved in their inhibitory effect of IL-12 production by DCs, de-
graded tManLAMs were prepared. tManLAMs were treated with
a-exomannosidase to obtain tManLAMs devoid of mannooligo-
saccharide capsxfManLAMSs). The reaction was controlled by a A
CE-LIF analysis by using the procedure for cap analysis as de- tManLAMSs
scribed above (24, 26). A typical electropherogram obtained for
a-exomannosidase-treated tManLAMs is presented in FgN®
significant peak corresponding to mannooligosaccharide caps AMM
was detected, revealing thatManLAMs are actually devoid of o A
mannooligosaccharide caps. In contrast to native tManLAMs, g M s AM AMMM
atManLAMs at a dose of 1@g/ml failed to inhibit IL-12 produc- §
tion by DCs (Fig. 3b). Moreover, PILAMs fronM. smegmatis ‘_g A
containing phosphoinositol caps instead of mannooligosaccharide w
caps (14), previously described as inducing IL-12 secretion (15), otManLAMs
also were unable to inhibit IL-12 secretion by DCs (Fidn).3
Taken together, these results indicated that mannooligosaccharide
caps were critical structural features for the IL-12 inhibitory effect M l l l
of ManLAMs. M
To test the role of the lipidic part of the GPI anchor, deacylated B
tManLAMs (dtManLAMSs), were prepared by alkali treatment. In S s s
addition, the activity ofM. bovisBCG ManAMs, which are dis-
tinguished from ManLAMs by the absence of the GPI anchor, was Migration time (min.)
investigated (29). Both dtManLAMs and ManAMs (Fig. 4), at 10 b
ng/ml, were unable to inhibit IL-12 production, indicating that a ¥
native acylated GPI anchor was required for the tManLAM inhib- g %0
itory effect. In summary, both the mannooligosaccharide caps and 3 =
the lipidic moiety of the GPI anchor were the crucial domains g™
mediating the inhibitory activity of tManLAMs on DC IL-12 o &
production. Ef 100 J
-~ %0
il B
§100<: tManLAMs atManLAMs PILAM
% 80 : FIGURE 3. LAMs without mannooligosaccharide caps are unable to
§ 60 inhibit IL-12 production by DCsa, CE-LIF analysis of mannooligosac-
a 0. charide caps from tManLAMs (top) angtManLAMs (bottom). One mi-
.90_ 2. crogram of tManLAMs oratManLAMs were hydrolyzed with 15l of
~ 2 i — HCI 0.1 M for 20 min at 110°C, dried, APTS derivatized, and submitted to
4 0 T B CE migration. CE analysis was conducted with a 470 mrB0 um cap-
0 10 25 50 illary, at a temperature of 25°C with an applied voltage-620 kV and
monitored by LIF. Acetic acid 1% (w/v), triethylamine 30 mM in water pH
tManLAMs (Lg/mi) 3.5 was used as running electrolyte. A, Ara-APTS; S, mannoheptose-
FIGURE 2. M. bovisBCG tManLAMs inhibit IL-12 production by DCs ~ APTS, internal standard; AA, Araf-Ara-APTS; AM, Manp-Ara-APTS;

stimulated with LPS. DCs (X 10°/ml) were incubated with 2 ng/ml LPS

AMM, Manp-Manp-Ara-APTS; AMMM, Manp-Manp-Manp-Ara-APTS.

and different amounts of tManLAMs. Supernatants were harvested foAM, AMM and AMMM arise from mono-, di-, and trimannoside caps,
IL-12 p70 assays after 48 h. The capacity to produce cytokines can differespectivelyb, IL-12 p70 production by LPS-stimulated DCs in the pres-

dramatically between individuals (IL-12 production ranged from 0.2 to 5

ence of tManLAMs,atManLAMs, or M. smegmatif?ILAMs. DCs (3 X

ng/ml). Therefore, the data will be presented along the present study ak0°ml) were incubated with 2 ng/ml LPS and 1fg/ml tManLAMs,

percentage of inhibition. The detection limit of the IL-12 p70 ELISA was
15 pg/ml. tManLAMs, total pool of ManLAMs.

atManLAMs, or M. smegmati?ILAM. Supernatants were harvested for
IL-12 p70 assays after 48 h. /, LPS (2 ng/ml) alone.

2102 ‘sz |1dy uo BIo" jounwuil ' MMM WO | pPapeo jUMOQ


http://www.jimmunol.org/

7480 ManLAMs INHIBIT IL-12 PRODUCTION VIA MR LIGATION

140

i 1f
100 J‘
|
Lo
601 P2
40 Ay
Ps P

| P4 e

i f I J
b,/ m M r\g\@,r i N
\f § 'wﬁwu\,,ﬁ Wi )

i al

IL-12 p70 production(%)

tManLAMs  dtManLAMs  ManAMs
FIGURE 4. Role of acylation on ManLAM capacity to inhibit IL-12 S ' ‘ o
production by DCs. DCs (X 10°ml) were incubated with 2 ng/ml LPS 35 3.0 25 20 15 ppm
and 10pg/ml of tManLAMs, dtManLAMs or ManAMs. Supernatants were
harvested for IL-12 p70 assays after 48 h.

c . 40

In previous studies, we have reported that MebovisBCG
tManLAMs can be subdivided into a parietal pool and a cellular .
pool (pManLAMs and cManLAMSs, respectively) based on their .
extraction mode (24, 30). It is noteworthy that the amount of
cManLAMs represents>90% of tManLAMs. M. bovis BCG
pManLAMs and cManLAMs mainly differ by the structure of the
GPI anchor (24). pManLAMs contain a single acyl form bearing ) N
one nonconventional acyl group on the glycerol unit tentatively 165 190 215 240 265
assigned to 12-O-methoxypropanoyl-12-hydroxystearic acid (24).
Contrarily, cManLAMs are characterized by four multiacylated
acyl forms, bearing at least one fatty acid for the less acylated form
and at least three fatty acids for the most acylated form (31). These
acyl groups are mainly palmitic and tuberculostearic acids and are
located on the glycerol and thayo-inositol units (24, 31). Nev-
ertheless, an additional acyl residue can be found on the mannosyl
unit linked on O-2 of themyo-inositol (32). We then tested the
ability of pManLAMs and cManLAMSs to inhibit IL-12 production
by DCs. Only cManLAMs were able to inhibit IL-12 production
by DCs, suggesting that the acylation state influences the inhibi-
tory activity of ManLAMs. To test this hypothesis, we tentatively d | P1
fractionated the different cManLAM acyl forms by hydrophobic !
interaction chromatography.

monosaccharide unit
propanol-1 %

Fractionation and identification ofl. bovis BCG cManLAM w‘\‘ § ) , P

acyl forms Wil i bt w‘ r whv w ) | A \ A
H\‘“u‘ oy ”J\ l‘ “‘H“ "‘ }WH"““M iy
L um\ M\‘ L /‘,‘ m v”\

cManLAMSs were loaded on an octyl-Sepharose column and eluted i \
with an increasing gradient of propanol-1 in ammonium acetate 0.1 \j
M in water. The elution profile (Fig.® showed four peaks, two 35 30 25 20 15 ppm
of weak intensity, peaks A and B, eluting a7 and 28% pro-
panol-1 respectively, and two of higher intensity, peaks C and DFIGURE 5. Purification of ManLAM acyl forms by hydrophobic interac-
eluting at~31 and 35% propanol-1 respectively. The fractionstion chromatography on octyl-Sepharose. One-dimensiétfl spectrum
corresponding to the different peaks were pooled, dialyzed, dried®P: 1.00-4.00)@ and elution profile on octyl-Sepharose colunki ¢f
and analyzed by one-dimensioi&P NMR in DMSO (31). One- cManLAMs fromM. bovisBCG. One-dimensiondtP spectrumd*P: 1.00—
dimensionaP'P spectrum of cManLAMs from peak D (Fig. 5d) 4.00) of Man'.‘AMS recovered_m fraction @)and D €. ManLAM.S.(lO mg)

_ . . were loaded in 0.1 M ammonium acetate buffer, pH 4.7, containing 15% (v/v)
eXhlblte_d a smglg resonance&iﬂ..66 CorrespoT]dlng to -phosphate propanol-1 to an octyl-Sepharose column §2a.5 cm) preequilibrated with
P1 previously evidenced in the cManLAM mixture (Fig. 5a; Ref. the same buffer. The column was first eluted with 50 ml of equilibration buffer
31). Likewise, one-dimensiondtP spectrum of ManLAMs from  and then with a linear propanol-1 gradient (— —-) from 15 to 65% (v/v; 250 ml
peak C (Fig. 5¢) exhibited a single resonancé &i83 correspond-  each) in 0.1 M ammonium acetate buffer, pH 4.7, at a flow rate of 5 mi/h. The
ing to phosphate P3. As previously established by two-dimensiondtactions were collected every 15 min and analyzed after acidic hydrolysis by
H-3'P NMR experiments, P1 and P3 typify ManLAM acyl forms high pH anion exchange chromatography, for arabin@e(d mannosdi)
containing at least three (two on the glycerol and one on O-3 of théontent (. The *'P NMR spectra were recorded at 343 K in DMSp-Ain
myo-inositol) and two fatty acyl groups (both on the glycerol), exponential multiplication (LB= 2 Hz) was applied before Fourier transfor-
respectively (see Fig. 6d, NMR data only). Unfortunately, thematlon ManLAM concentration was 54 mg/ml (1662 a);10 mg/ml (5286
amount of cManLAMSs collected in fractions A and B were not "> ©), 10 mg/mi (7346 nsd).
enough to record a one-dimensiondP NMR spectrum with
significant *'P signal. However, from the one-dimensioriaP
spectrum of the cManLAMs (Fig. 5a), it can be proposed thattablished that cManLAMs characterized by P4 and P5 contain at
cManLAM A and B correspond to the remaining P5 and P4 phos4east two and one fatty acids, respectively (see Fig. 6d, NMR data
phates. As noticed above for P1 and P3, we have previously eonly). So, from the elution order of ManLAM A and B, it can be
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FIGURE 6. Quantification of fatty
acids (a) and mannooligosaccharide
caps (b) of the different ManLAM acyl
forms and ManAMs fromM. bovis
BCG. Proposed structural modelsgod
d). a, C16, palmitic; C18, stearic; C19, tu-
berculostearic (10-methyl-stearic); C18-
OH, 12-hydroxy-stearic acids, respec-
tively; Total, total number of fatty
acids per molecule. The number of
each fatty acid was quantified after
strong alkaline hydrolysis (NaOH 1
M, 2 h at 110°C) by GC relative to
pentadecanoic acid as internal stan-
dard.b, M, mono-; MM, di-; MMM,
trimannoside caps, respectively. Let-
ters p, q, r are relative to the structural
model inc. The number of each cap
motif was quantified, after mild acid
hydrolysis (HCI 0.1 M, 20 min at
110°C), by CE-LIF, relative to man-
noheptose as internal standard (28).
Only the GPI anchor and the mannoo-
ligosaccharide caps are detailed.t®
R,, potential fatty acids, the structure
of which is tentatively defined ird.
ManAMs are devoid of GPI anchor
and consequently contain only the
mannan core, the arabinan domain,
and the mannooligosaccharide caps
(29). d, The structure of the GPI an-
chor is tentatively detailed for the dif-
ferent ManLAM acyl forms. P, phos-
phate evidenced b¥*P NMR analysis
of cManLAMs (31); R to R, are acyl
groups relative to the structural model
in c. NMR, GC, structural data ob-
tained by**P NMR and GC analysis of
the anchor.+, Presence;-, absence
(R = H) of the corresponding fatty ac-
ids. ?, Acylation state undetermined.
+/—, presence suggested by the deter-
mination of the total number of fatty
acids per ManLAM molecule im.
C16, palmitic; C19, tuberculostearic;
C18-0OR, 12-O-methoxypropanoyl-12-
hydroxy-stearic acids, respectively:
main fatty acids at the indicated posi-
tion as determined by GC analysis of
the acetolysis (24) and alkaline hydro-
lysis (the present study) products of
ManLAMs.

advanced that they correspond to the at least monoacylated (P&)low us to define the acylation state of this Ndamit (see Fig. 6d,
NMR data only). To tentatively gain access to this information, the
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d
Acyl-forms P R, R, R; R,
NMR* GC° | NMR* GC | NMR® GC | NMR* GO
pManLAMs + C18-OR - / - / ? -
cManLAMs
D P1 + C19 + Cl6 + ? +/-
C P3 + C19 + Cle - / ? +
B P4 + C16 - / + ? -
A P5 + Cl6 - / - / ? +/-

* from (31); ° from the data in the present study and (24).

and diacylated (P4) forms, respectively.

Structural characterization ofl. bovis BCG ManLAM acyl

forms

anose (Manp) unit linked to the O-2 of theyo-inositol, has been
reported previously forM. tuberculosisManLAMs (32). This

data was established by degradative methods applied on the tot’lIALDI/MS analysis was unsuccessful in determining precisely

ManLAM pool. Unfortunately, ourr NMR approach did not

four cManLAM acyl forms were analyzed by matrix-assisted laser
desorption-ionization (MALDI)/MS (not shown). The mass spec-
tra obtained were similar, all showing a broad peak centered
A supplementary acylation site, on position 6 of the mannopyr-around 17 kDa with a heterogeneity estimated at 5-6 kDa. This
resulted from the large ManLAM molecular heterogeneity attrib-
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void of IL-12 inhibitory effect (Fig. 4), were randomly reacylated
with palmitic anhydride in pyridine (35). Obviously, such an ac-

8 ylation is not selective and occurs on the accessible hydroxyl
60 - groups, leading to a large mixture of acyl forms. The mixture of
w0 reacylated ManLAMs showed an inhibitory effect in the same
magnitude as that found for the native tManLAMs (not shown),
» suggesting that the fatty acyl residues probably play a key role in
0 - - = : cManLAM clustering.
A B c D

The following step was the identification of the molecular target
/ tManLAMs cManLAM acyl-forms of ManLAMs on DC membrane.

100

iL~12 p70 production(%)

FIGURE 7. Effect of ManLAM acylation degree on IL-12 inhibition.  panLAM inhibitory effect on IL-12 release by DCs is mediated
DCs (3 10°ml) were incubated with 2 ng/ml LPS and 1@/ml of the by the MR

different ManLAM variants. Supernatants were harvested for IL-12 p70
assays after 48 h. A, B, C, and D cManLAM acyl forms correspond to theThe data shown in Fig. 3mdicated that mannooligosaccharide
ManLAMs purified, respectively, in the fractions A, B, C, and D by the caps were required for ManLAM IL-12 inhibitory activity, sug-
hydrophobic interaction chromatography step on octyl-Sepharose (Fig. 5gesting that the inhibitory signals were transduced by the MR,
which is abundant on DC surface (Fig. 1). To test this hypothesis,
we investigated wheth&accharomyces cerevisig@nnan, which
cManLAM acyl forms. We resorted to a classical degradative apis known to be a ligand for the MR, was able to inhibit IL-12
proach. This structural information was tentatively determined byproduction by DCs. At a concentration of 3 mg/r8l, cerevisiae
the assay of the fatty acids liberated by alkaline hydrolysis andnannan completely abolished IL-12 p70 ard0% IL-12 p40
analyzed by GC. As indicated in Figapwe found 1.6, 2.0, 3.2, secretion by DCs (Fig. 8a). In addition, to definitively prove that
and 3.5 fatty acids on cManLAM A, B, C, and D respectively. So, MR ligation was involved in the inhibition of IL-12 production, an
cManLAM C may contain an acyl group on the mannosy! unit of mAb directed against the MR was tested. Fig.shows that the
the GPIl anchor. cManLAMs A and D may also bear this extra acylanti-MR Ab inhibited IL-12 production by LPS-stimulated DCs in
group. As expected, by using this approach, only one fatty acica dose-dependant manner. An isotype-matched control Ab (IgG1)
was found for the pManLAMs (Fig.&. The presence and the had absolutely no effect on the LPS-induced IL-12 production (not
structure of mannooligosaccharide caps on the purified acyl formshown). Because it has been establishedthatovisBCG andM.
from M. bovisBCG cManLAMs and pManLAMs were investi- tuberculosisManLAMs bind murine and human macrophages via the
gated by CE-LIF as noticed above (24, 33, 34). The number oMR (20-22), these data strongly indicated that ManLAMs inhibited
each mannooligosaccharide cap motif, i.e., morgi—2)-di-, DC IL-12 production via binding and cross-linking to the MR.
and a(1—2)-trimannoside per ManLAM acyl form was determined
relative to an internal standard (Ref. 26; Fig).6All the acyl forms  Discussion
contained identical cap structures and similar numbers of each cafl.-12 is a dominant factor in directing the development of Th1
Indeed, they shared 1 mannosyl unit, 5-6 dimannosyl units, and 0.8ells, which produce high levels of IFM{1). Th1 cells together
trimannosyl units (Fig. 6b It is noteworthy that these caps also were with cytolytic CD8 T cells are critical to eradicate intracellular
present in similar amounts in ManAMs (Figh)6 pathogens such ad. tuberculosis(36, 37). Indeed, in humans,
In conclusion, from these structural studies, the fitebovis  |L-12 deficiency leads to a predisposition to mycobacterial infec- 3
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1

BCG ManLAM acyl forms, including pManLAMs and cMan- tions despite the formation of mature granulomas (3). Surprisingly, ny
LAMs A, B, C, and D, mainly differed by number and the structure M. tuberculosis, the causative agent of human tuberculosis, in-ﬁ
of the acyl groups on the GPI anchor. duces IL-12 production in vitro from murine phagocytic cells (38) Q

)

and human DCs (39) and in vivo at the human infection site (40).
TheM. tuberculosisl9-kDa lipoprotein was found to be the potent
The four cManLAM acyl forms were tested for their ability to stimulator of TLR-2-dependent IL-12 production by human mac-
inhibit IL-12 production by LPS-stimulated DCs. As shown in Fig. rophages (41). However, in vivo, administration of IL-12 to mice
7, all of the cManLAM acyl forms, at a concentration of £g/ml, enhances their resistanceNb tuberculosisinfection, suggesting
exhibited the same IL-12 inhibitory effect than tManLAMs. To that the level of IL-12 is critical to the control &fl. tuberculosis
precisely determine the role of the acyl groups, dtManLAMs, de-infection (42, 43).

Effect of ManLAM acylation degree on IL-12 inhibition

5000
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o

FIGURE 8. Inhibition of IL-12 production byS. ‘
cerevisiaemannan (a) and an anti-MR Ab (b, 4000+

DCs (3% 10°/ml) were incubated with 2 ng/ml LPS ‘ z
and with or without 3 mg/mB. cerevisiaenannan. '-g 1500\ E 3000
Supernatants were harvested for IL-12 p70 (H) andgr_ i ~
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ingen). Supernatants were harvested for IL-12 p70 ‘ 1000
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IL-12 production. '
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In the present study, we demonstrate tihat bovis BCG thoxypropanoyl-12-hydroxystearic acid (Ref. 24; Fig).6Collec-
tManLAMs inhibit IL-12 production in human monocyte-derived tively, these findings suggested that GPI acyl group structure andg
DCs, most likely via MR ligation. This property also was shared GPI acylation degree modulate ManLAM activity. We previously 9
by M. tuberculosisH37Rv tManLAMs (not shown). In contrast, have established, based on one-dimensidtaland two-dimen
PILAMs from M. smegmatis, a nonpathogenic mycobacterialsional*H->P NMR experiments, tha#l. bovisBCG cManLAMSs
strain, did not inhibit the production of IL-12. ManLAMs and are composed by a mixture of four acyl forms, namely A (at least
PILAMs share the same tripartite structure composed of the poene acyl group, on the glycerol), B (at least two acyl groups, one -
lysaccharidic core, the GPI anchor, and the caps (16, 17). To daten the glycerol and the second one on O-3 of thgo-inositol
the cap structure, assigned to mannooligosaccharide and phosphaait), C (also at least two acyl groups but both on glycerol), and D
myo-inositol residues, typify ManLAMs and PILAMSs, respec- (at least three acyl groups, two on glycerol and one on O-3 of the
tively. Thus, mannooligosacharide caps appear to play a criticainyo-inositol unit; Ref. 31; Fig.d. In this report, the fouk. bovis
role in the ability of M. bovis BCG and M. tuberculosis BCG cManLAM acyl forms A, B, C, and D were successfully
tManLAMs to inhibit IL-12 production by DCs. This assumption fractionated by hydrophobic interaction chromatography and their
was further supported by the finding thdt bovisBCG uncapped  structure characterized by the chemical shift of He resonance.
tManLAMs, obtained by amx-mannosidase treatment, failed to In addition to the three acylation sites accessible by*d3BrNMR
inhibit IL-12 production. The acyl groups of the GPI anchor appearexperiments, another potential position has been describ®t in
to play a crucial role because: W). bovisBCG tManLAM deacy-  tuberculosisManLAMs, by Brennan and coworkers (32), on the
lation abolished IL-12 inhibitory effect; 2) this activity was re- O-6 of the mannosy! unit linked on O-2 of thmyo-inositol. De-
stored after reacylation by palmitic anhydride; ) bovisBCG spite the use of nondegradative techniques, such as NMR or
ManAMs, corresponding to ManLAMs devoid of the GPI anchor MALDI/MS, our efforts to determine the presence of a supple-
(29), failed to inhibit IL-12 production; and finally, 41. bovis = mentary fatty acid on the purified cManLAM acyl forms were not
BCG pManLAMs were found to be devoid of inhibitory activity. successful. As a consequence, this structural information was as-
It is noteworthy that dtManLAMs as well as pManLAMs and sessed, with less accuracy, by fatty acid quantification by GC anal-
ManAMs contained the same caps and in similar number agsis after alkaline hydrolysis. Palmitic and tuberculostearic acids
tManLAMs (Fig. 6b). The abundance of pManLAM acyl form in were the major fatty acids liberated, but stearic acid also was re-
the BCG envelope represent only less than 10% of tManLAMscovered in small amount (Fig. 6a). The determination of the total
(24). This is in agreement with the fact thdt bovisBCG tMan- ~ number of fatty acids per ManLAM molecule allowed us to pro-
LAMs inhibited IL-12 productionM. bovisBCG pManLAMs (24)  pose the final structures for the cManLAM acyl forms A, B, C, and
differ from M. bovisBCG cManLAM acyl forms (29) and frorv. D as presented in Fig. 6d. The four purified BCG cManLAM acyl
tuberculosisH37Rv ManLAM acyl forms (28) by the GPI anchor forms A, B, C, and D, at a concentration of &8/ml, exhibited the
bearing a single acyl group tentatively assigned toOt@ie-  same IL-12 inhibitory effect as tManLAMs. The dominant acyl
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form of H37Rv pManLAMs and cManLAMs is ManLAM B (28). Therefore, we favor the hypothesis that the inhibition of IL-12
Likewise, M. tuberculosisH37Rv pManLAMs and cManLAMs  production by DCs in response to ManLAMs is mediated by the
were found to inhibit IL-12 production. Because the position of theMR. The mechanism by which the MR signaling antagonizes
acyl groups seems to be irrelevant for the inhibitory activity (Fig. CD14/TLR signaling remains an interesting question. In all sys-
7), it can be concluded that fatty acid residues are probably intems where IL-12 suppression has been molecularly defined, it was
volved in the ManLAM clustering, allowing the mannooligosac- found predominantly at the transcriptional level (7). In fact, IL-12
charide caps to be presented efficiently to DC membrane receptormhibition mediated by MR appears to be able to proceed by more
This is in agreement with the finding that the inhibitory effects onthan one mechanism. As noticed above, the signaling pathway of
IL-12 were mediated by the MR. Indeed, the involvement of IL-12 stimulation by LPS and PILAMs (8) requires TLR-4 and
MR in IL-12 inhibition was supported by 1) the abolition of TLR-2 respectively. TLRs activate intracellular signaling, most
tManLAM inhibitory effect after the removing of mannooligosac- notably via the transcription factor N&B, which results in the
charide caps (Fig. 3); 2) the inhibitory effect of tBe cerevisiae induction of genes coding for effectors of innate immunity such as
mannan, known to be a ligand of the MR (Fig. 8a); and 3) theTNF-a and chemokines (48). The signaling pathway requires the
inhibitory effect of an anti-MR Ab (Fig. B). The MR is a type | MyD88 adaptor proteins that interact with the cytoplasmic domain
transmembrane protein containing eight carbohydrate recognitionf TLR and recruits IL-1R-associated serine/threonine kinase (49,
domains (CRDs) associated in tandem. It has been established tHa@). At present, it is unclear how ManLAMs can interfere with this
high-affinity binding to C-type lectins, such as the MR, requires thesignaling pathway through MR ligation. ManLAMs were found to
cooperation of the multiple CRDs to bind different terminal man- alter signaling pathway activation of human mononuclear phago-
nose residues of the same multivalent ligand (44). It may be reaeytes by promoting the tyrosine phosphatase 1 (SHP-1), a tyrosine
sonable to speculate that the differences betwdemovis BCG phosphatase known to be important for attenuating activation sig-
pManLAMs and cManLAMs are attributable to differential clus- nals (19). It is conceivable that ManLAMs exert their inhibitory
tering capacities. An efficient cManLAM clustering would allow effects by inducing the dephosphorylation of multiple proteins, in-
mannooligosaccharide caps from different cManLAM moleculescluding mitogen-activated protein kinase, involved in the IL-12
to bind the MR via multiple CRDs resulting in high-affinity bind- signaling pathway. It also has been reported that ManLAMSs in-
ing, or more precisely, in high-avidity binding. In contraM, duced nuclear translocation of the transcription factor KBF-1 in
bovisBCG pManLAMSs, containing a single-branched fatty acid, murine macrophages (51). KBF-1 is a homodimer of the K-
might not cluster, leading to low-affinity binding to the MR (Fig. subunit protein p50 that can function as a transcriptional repressor
9). Indeed, pManLAMs and cManLAMs acyl forms have the sameby blocking the binding of the NkB p50-p65 heterodimer to
mannooligosaccharide caps and in similar number per moleculdNA (52) and consequently the production of IL-12. Finally, MR
suggesting that the cap structure was not responsible for the difllso serves as a signaling receptor to elicit transient rise in intra-
ferences in biological activity. Moreover, differences in binding cellular free C&* concentration in macrophages by a mechanism
affinity betweenM. bovisBCG pManLAMs and cManLAMs to  requiring coligation of both CD14 and MR (53). Consequently,
C-type lectins have recently been established by Sidobre et aManLAM binding to MR and ligation to CD14 could prevent TLR
(25). IndeedM. bovisBCG cManLAMs were found to bind to the signaling. :
human surfactant protein A with a higher affinity thish bovis In summary, the present study provides support that ManLAMs
BCG pManLAMs (25). Surfactant protein A is a C-type lectin are virulence factors that contribute to the persistendd.dfovis
containing 18 CRD with the same carbohydrate recognition specBCG andM. tuberculosisin the host and to their maintenance in
ificity as the MR (45). From these data, it can be concluded that théhe human reservoir. This study highlights that the inhibition of
ManLAM capacity to inhibit IL-12 production by DCs is con- IL-12 production by DCs is modulated by the structure of the
trolled by the binding affinity to the MR and, consequently, by ManLAM acyl forms. Thus, structural modifications of ManLAM
their capacity to cluster, i.e., to form large aggregates in water. Th&PI anchor may represent a mechanism for mycobacteria to gain
capacity of ManLAMs to form aggregates is evidenced by the lineadvantage within host tissues.
width of their **P NMR resonance in water. Indeed, in contrast The activation of macrophages and DCs depends on the net
to M. bovis BCG cManLAMs typified by a large’P resonance, balance between positive and negative signals. Although it is es-
pManLAMs and dtManLAMs show well resolved signals indicating tablished that the CD14/TLR pathway activates macrophages and
that these compounds are poorly aggregated in water (Ref. 24; Fig. ICs, the present study demonstrates that MR ligation negatively
Thus, ManLAM clustering seems to require at least two fatty acylregulates DC function and that the MR can transduce inhibitory
appendages on the GPI (assumption corroborated by S. Sidobre, §gnals that interfere with TLR-mediated stimulatory signals.
Puzo, and M. Riviére, unpublished results), and the inhibitory effect of
cManLAM acyl form A can be explained by the presence of an extraACKnowledgments
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envisaged for the inhibition of IL-12 production in response to diSCUssions.
ManLAMs. Indeed, it has been established that the binding to th‘?—?eferences
complement receptor type 3 (CR3, CD11b/CD18) of human mono- 1. Trinchieri, G. 1998. Interleukin-12: a cytokine at the interface of inflammation
cytes suppresses IL-12 production (46). Howeygglucans but and immunity.Adv. Immunol. 70:83.
not thea-mannans are able to bind CR3, via a cation-independent? A1 £, D, Lanas, £ few, & dowoy. & Dotver, <, Lamiueh
lectin site (47), suggesting that CR3 does not mediate ManLAM hérite)é interleukin 12 deficiency in a child with bacille éalme’tte—Gu.erin and
IL-12 inhibitory effect. The ManLAM effect also could result from Salmonellaenteritidis disseminated infectiod. Clin. Invest. 102:2035.

; ; _ ; ; _ 3. Altare, F., A. Durandy, D. Lammas, J. F. Emile, S. Lamhamedi, F. Le Deist,
a negative regUIatlon of IL-12 synthGSIS by the prOdUCtlon of an P. Drysdale, E. Jouanguy, R. Doffinger, F. Bernaudin, et al. 1998. Impairment of

MMM WO J POPEOUMOQ

jounwiw1[

‘ez |udy uo Bio

¢10¢

tiinflammatory cytokines such as IL-10 and T@E-However, mycobacterial immunity in human interleukin-12 receptor deficier®gience
PILAMs and ManLAMs have been shown to elicit TGFn sim- 280:1432. )
4. de Jong, R., F. Altare, I. A. Haagen, D. G. Elferink, T. Boer,

ilar ampunt from human monocytes’ whereas PILAMs are more P. J. van Breda Vriesman, P. J. Kabel, J. M. Draaisma, J. T. van Dissel,
potent inducers of IL-10 than ManLAMs (13). F. P. Kroon, J. L. Casanova, and T. H. Ottenhoff. 1998. Severe mycobacterial and


http://www.jimmunol.org/

The Journal of Immunology

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

. Means, T. K., S. Wang, E. Lien, A. Yoshimura, D. T. Golenbock, and

Salmonellainfections in interleukin-12 receptor-deficient patier§sience 280: 28

1435.

. Altare, F., E. Jouanguy, S. Lamhamedi, R. Doffinger, A. Fischer, and
J. L. Casanova. 1998. Mendelian susceptibility to mycobacterial infection in man.29,

Curr. Opin. Immunol. 10:413.

. Wakeham, J., J. Wang, J. Magram, K. Croitoru, R. Harkness, P. Dunn,
A. Zganiacz, and Z. Xing. 1998. Lack of both types 1 and 2 cytokines, tissuezq.

inflammatory responses, and immune protection during pulmonary infelggion
Mycobacterium bovigacille Calmette-Guerin in IL-12-deficient mic&. Immu-
nol. 160:6101.

. Mosser, D. M., and C. L. Karp. 1999. Receptor mediated subversion of macrozq

phage cytokine production by intracellular pathogé®srr. Opin. Immunol. 11:
406.

M. J. Fenton. 1999. Human Toll-like receptors mediate cellular activation by
Mycobacterium tuberculosis. J. Immunol. 163:3920.

. Means, T. K., E. Lien, A. Yoshimura, S. Wang, D. T. Golenbock, and

M. J. Fenton. 1999. The CD14 ligands lipoarabinomannan and lipopolysaccha:
ride differ in their requirement for Toll-like receptord. Immunol. 163:6748.
Barnes, P. F., D. Chatterjee, J. S. Abrams, S. Lu, E. Wang, M. Yamamura,
P. J. Brennan, and R. L. Modlin. 1992. Cytokine production induceiiygo-

bacterium tuberculosidipoarabinomannan: relationship to chemical structure. 34.

J. Immunol. 149:541.

Adams, L. B., Y. Fukutomi, and J. L. Krahenbuhl. 1993. Regulation of murine
macrophage effector functions by lipoarabinomannan from mycobacterial strains
with different degrees of virulencénfect. Immun. 61:4173.

Chatterjee, D., A. D. Roberts, K. Lowell, P. J. Brennan, and I. M. Orme. 1992.

Structural basis of capacity of lipoarabinomannan to induce secretion of tumoi36.

necrosis factorlnfect. Immun. 60:1249.

Dahl, K. E., H. Shiratsuchi, B. D. Hamilton, J. J. Ellner, and Z. Toossi. 1996. 37.

Selective induction of transforming growth fact@rin human monocytes by
lipoarabinomannan dflycobacterium tuberculosis. Infect. Immun. 64:399.
Gilleron, M., N. Himoudi, O. Adam, P. Constant, A. Venisse, M. Riviere, and
G. Puzo. 1997Mycobacterium smegmatghosphoinositols-glyceroarabinoman-
nans: structure and localization of alkali-labile and alkali-stable phosphoinositi-
des.J. Biol. Chem. 272:117.

Yoshida, A., and Y. Koide. 1997. Arabinofuranosyl-terminated and mannosy-
lated lipoarabinomannans froktycobacterium tuberculosiaduce different lev-

els of interleukin-12 expression in murine macrophagig@ect. Immun. 65:1953.
Chatterjee, D., and K. H. Khoo. 1998. Mycobacterial lipoarabinomannan: an
extraordinary lipoheteroglycan with profound physiological effeGlycobiology
8:113.

Vercellone, A., J. Nigou, and G. Puzo. 1998. Relationships between the structur%l'

and the roles of lipoarabinomannans and related glycoconjugates in tuberculosis
pathogenesistront. Biosci. 3:e149.

Strohmeier, G. R., and M. J. Fenton. 1999. Roles of lipoarabinomannan in the
pathogenesis of tuberculosidicrobes Infect. 1:709.

Knutson, K. L., Z. Hmama, P. Herrera-Velit, R. Rochford, and N. E. Reiner.
1998. Lipoarabinomannan dflycobacterium tuberculosigromotes protein ty-

rosine dephosphorylation and inhibition of mitogen-activated protein kinase in43-

human mononuclear phagocytes: role of the Src homology 2 containing tyrosine
phosphatase 1. Biol. Chem. 273:645.

Schlesinger, L. S., S. R. Hull, and T. M. Kaufman. 1994. Binding of the terminal 44.

mannosyl units of lipoarabinomannan from a virulent strairMyicobacterium
tuberculosisto human macrophaged. Immunol. 152:4070.

Schlesinger, L. S., T. M. Kaufman, S. lyer, S. R. Hull, and L. K. Marchiando. 45.

1996. Differences in mannose receptor-mediated uptake of lipoarabinomannan
from virulent and attenuated strains Mfycobacterium tuberculosisy human
macrophages]. Immunol. 157:4568.

Venisse, A., J. J. Fournie, and G. Puzo. 1995. Mannosylated lipoarabinomannan
interacts with phagocyte&ur. J. Biochem. 231:440.

Astarie-Dequeker, C., E. N. N'Diaye, V. Le Cabec, M. G. Rittig, J. Prandi, and
|. Maridonneau-Parini. 1999. The mannose receptor mediates uptake of patho-
genic and nonpathogenic mycobacteria and bypasses bactericidal responses in
human macrophagemfect. Immun. 67:469.

Nigou, J., M. Gilleron, B. Cahuzac, J. D. Bounery, M. Herold, M. Thurnher, and
G. Puzo. 1997. The phosphatidyl-myo-inositol anchor of the Iipoarabinomannanﬁ9
from Mycobacterium bovidacillus Calmette Guerin: heterogeneity, structure,
and role in the regulation of cytokine secretidn.Biol. Chem. 272:23094.

Sidobre, S., J. Nigou, G. Puzo, and M. Riviére. 2000. Lipoglycans are putativeso'

ligands for the human pulmonary surfactant protein A attachment to mycobac-
teria: critical role of the lipids for lectin-carbohydrate recognitidnBiol. Chem.
275:2415.

Nigou, J., A. Vercellone, and G. Puzo. 2000. New structural insights into the

molecular deciphering of mycobacterial lipoglycan binding to C-type lectins: 52.

lipoarabinomannan glycoform characterization and quantification by capillary
electrophoresis at the subnanomole ledelMol. Biol. 299:1353.

Guttman, A., F. T. Chen, R. A. Evangelista, and N. Cooke. 1996. High-resolution
capillary gel electrophoresis of reducing oligosaccharides labeled with 1-amin-
opyrene-3,6,8-trisulfonaténal. Biochem. 233:234.

32.

33.

38.

46.

47.

53.

7485

. Gilleron, M., L. Bala, T. Brando, A. Vercellone, and G. Puzo. 20@@cobac-
terium tuberculosidH37Ryv parietal and cellular lipoarabinomannans: character-
ization of the acyl- and glyco-forms. Biol. Chem. 275:677.

Nigou, J., M. Gilleron, T. Brando, A. Vercellone, and G. Puzo. 1999. Structural
definition of arabinomannans fromflycobacterium boviBCG. Glycocon;j. J.
16:257.

Delmas, C., M. Gilleron, T. Brando, A. Vercellone, M. Gheorghui, M. Riviere,
and G. Puzo. 1997. Comparative structural study of the mannosylated-lipoarabi-
nomannans frorMycobacterium boviBCG vaccine strains: characterization and
localization of succinatesGlycobiology 7:811.

. Nigou, J., M. Gilleron, and G. Puzo. 1999. Lipoarabinomannans: characterization
of the multiacylated forms of the phosphatidyl-myo-inositol anchor by NMR
spectroscopyBiochem. J. 337:453.

Khoo, K. H., A. Dell, H. R. Morris, P. J. Brennan, and D. Chatterjee. 1995.
Structural definition of acylated phosphatidylinositol mannosides fiyroobac-
terium tuberculosis: definition of a common anchor for lipomannan and lipoarabi-
nomannanGlycobiology 5:117.

Monsarrat, B., T. Brando, P. Condouret, J. Nigou, and G. Puzo. 1999. Charac-
terization of mannooligosaccharide caps in mycobacterial lipoarabinomannan by
capillary electrophoresis/electrospray mass spectrom@tycobiology 9:335.

Nigou, J., B. Monsarrat, M. Gilleron, T. Brando, R. Albigot, and G. Puzo. 2000.
Mycobacterial lipoglycans: structure and roles in mycobacterial immunity. In
Mass Spectrometry in Biology and Medecine. A.L. Burlingame,
S.A. Carr and M.A. Baldwin, eds. Humana Press, Totowa, NJ, p. 463.

35. Tsumita, T., and M. Ohashi. 1964. A synthetic acyl polysaccharide and the hem-

agglutination activityJ. Exp. Med. 119:1017.

Kerksiek, K. M., and E. G. Pamer. 1999. T cell responses to bacterial infection.
Curr. Opin. Immunol. 11:400.

Stenger, S., and R. L. Modlin. 1999. T cell mediated immunitylyacobacterium
tuberculosis. Curr. Opin. Microbiol. 2:89.

D’Andrea, A., M. Rengaraju, N. M. Valiante, J. Chehimi, M. Kubin, M. Aste,
S. H. Chan, M. Kobayashi, D. Young, E. Nickbarg, et al. 1992. Production of
natural killer cell stimulatory factor (interleukin 12) by peripheral blood mono-
nuclear cellsJ. Exp. Med. 176:1387.

39. Henderson, R. A., S. C. Watkins, and J. L. Flynn. 1997. Activation of human

dendritic cells following infection wittMycobacterium tuberculosis. J. Immunol.
159:635.

40. Zhang, M., M. K. Gately, E. Wang, J. Gong, S. F. Wolf, S. Lu, R. L. Modlin, and

P. F. Barnes. 1994. Interleukin 12 at the site of disease in tuberculosisin.
Invest. 93:1733.

Brightbill, H. D., D. H. Libraty, S. R. Krutzik, R. B. Yang, J. T. Belisle,
J. R. Bleharski, M. Maitland, M. V. Norgard, S. E. Plevy, S. T. Smale, et al. 1999.
Host defense mechanisms triggered by microbial lipoproteins through Toll-like
receptorsScience 285:732.

42. Flynn, J. L., M. M. Goldstein, K. J. Triebold, J. Sypek, S. Wolf, and B. R. Bloom.

1995. IL-12 increases resistance of BALB/c micéMgcobacterium tuberculosis
infection.J. Immunol. 155:2515.

Cooper, A. M., A. D. Roberts, E. R. Rhoades, J. E. Callahan, D. M. Getzy, and
I. M. Orme. 1995. The role of interleukin-12 in acquired immunityMgcobac-
terium tuberculosisnfection. Immunology 84:423.

Taylor, M. E., and K. Drickamer. 1993. Structural requirements for high affinity
binding of complex ligands by the macrophage mannose receptBiol. Chem.
268:399.

Holmskov, U., R. Malhotra, R. B. Sim, and J. C. Jensenius. 1994. Collectins:
collageneous C-type lectins of the innate immune defense sybtemunol. To-

day 15:67.

Marth, T., and B. L. Kelsall. 1997. Regulation of interleukin-12 by complement
receptor 3 signalingl. Exp. Med. 185:1987.

Xia, Y., V. Vetvicka, J. Yan, M. Hanikyrova, T. Mayadas, and G. D. Ross. 1999.
The B-glucan-binding lectin site of mouse CR3 (CD11b/CD18) and its function
in generating a primed state of the receptor that mediates cytotoxic activation in
response to iC3b-opsonized target cellsimmunol. 162:2281.

2102 ‘sz |1dy uo BIo" jounwuil ' MMM WO | pPapeo jUMOQ

48. Kopp, E. B., and R. Medzhitov. 1999. The Toll-receptor family and control of

innate immunity.Curr. Opin. Immunol. 11:13.

. Beutler, B. 2000. TIr4: central component of the sole mammalian LPS sensor.

Curr. Opin. Immunol. 12:20.
Anderson, K. V. 2000. Toll signaling pathways in the innate immune response.
Curr. Opin. Immunol. 12:13.

51. Brown, M. C., and S. M. Taffet. 1995. Lipoarabinomannans derived from dif-

ferent strains oMycobacterium tuberculosidifferentially stimulate the activa-

tion of NF-«xB and KBF1 in murine macrophagdsfect. Immun. 63:1960.

Grimm, S., and P. A. Baeuerle. 1993. The inducible transcription factatBNF-
structure-function relationship of its protein subunBsochem. J. 290:297.
Bernardo, J., A. M. Billingslea, R. L. Blumenthal, K. F. Seetoo, E. R. Simons,
and M. J. Fenton. 1998. Differential responses of human mononuclear phagocytes
to mycobacterial lipoarabinomannans: role of CD14 and the mannose receptor.
Infect. Immun. 66:28.


http://www.jimmunol.org/

