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Lipoarabinomannans are major mycobacterial anti-
gens capable of modulating the host immune response;
however, the molecular basis underlying the diversity of
their immunological properties remain an open ques-
tion. In this study a new extraction and purification
approach was successfully applied to isolate ManLAMs
(lipoarabinomannans with mannosyl extensions) from
bacillus Calmette Guérin leading to the obtention of two
types of ManLAMs namely parietal and cellular. Struc-
turally, they were found to differ by the percentage of
mannooligosaccharide caps, 76 and 48%, respectively,
and also, thanks to a new analytical method, by the
structure of the phosphatidyl-myo-inositol anchor lipid
moiety. A novel fatty acid in the mycobacterium genus
assigned to a 12-O-(methoxypropanoyl)-12-hydroxy-
stearic acid was the only fatty acid esterifying C-1 of the
glycerol residue of the parietal ManLLAMs, while the
phosphatidyl unit of the cellular ManLLAMs showed a
large heterogeneity due to a combination of palmitic
and tuberculostearic acid. Finally, parietal and cellular
ManLAMs were found to differentially affect interleu-
kin-8 and tumor necrosis factor-a secretion from human
dendritic cells. We show that parietal but not cellular
ManLAMs were able to stimulate tumor necrosis fac-
tor-a secretion from dendritic cells. From these studies
we propose that the 1-[12-O-(methoxypropanoyl)-12-hy-
droxystearoyl]-sn-glycerol part is the major cytokine-
regulating component of the ManLAMs. It seems likely
that modification of the ManLLAM lipid part, which may
occur in hostile environments, could regulate macro-
phagic mycobacterial survival by altering cytokine
stimulation.

Tuberculosis remains the leading cause of human death
among the infectious diseases with over 3 million deaths each
year (1). The decline in tuberculosis in the developed countries
has been reversed by the tuberculosis cases arising in AIDS
patients, among the homeless, and by the emergence of Myco-
bacterium tuberculosis strains resistant to the first-line drugs,
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which are isoniazid and ethambutol. Also, from different trials,
the efficiency of BCG! vaccine to prevent tuberculosis was
found to range from 0 to 80% (2, 3).

Virulent mycobacteria survive and multiply within phago-
somes of mononuclear phagocytes. Despite conflicting results,
there is a consensus that phagosomes containing M. tubercu-
losis do not fuse with lysosomes and resist acidification (4).
This survival can also be correlated with the macrophage bac-
tericide activity, which appears to be modulated by mycobac-
terial cell wall components (5, 6).

From a molecular point of view, cell wall lipoarabinoman-
nans (LAMs) are clearly demonstrated to be pivotal mycobac-
terial antigens. They regulate TNF-« production by phagocyte
(5) and block the transcriptional activation of INF-y (6),
thereby influencing the intramacrophagic survival of mycobac-
teria. For instance, LAMs (PI-GAMs) from Mycobacterium
smegmatis, a fast growing mycobacterium that does not survive
inside the macrophages, were found to stimulate phagocyte
TNF-a production (7), whereas LAMs (ManLAMs) from the
pathogenic M. tuberculosis Erdman strain, which survives in
the macrophages, have much a lower stimulatory activity (5).
ManLAMs were found to be endowed with other immunological
activities. They selectively bind murine and human phagocytes
via the mannose receptor and mediate the adhesion of patho-
genic M. tuberculosis strains to this receptor (8, 9). In addition,
ManLAMs from Mycobacterium leprae and M. tuberculosis Erd-
man strains were found to be presented in the context of CD1
molecules and stimulate CD4/CD8 double negative BT cells
(10).

There is a general consensus that the ManLAMs isolated
from BCG (11), M. tuberculosis (12, 13), and M. leprae (14)
share the same basic structure characterized by the following
features: a phosphatidyl-myo-inositol anchor, a mannan core,
an arabinan domain, and mannooligosaccharide caps. Never-
theless, ManLAMs from M. leprae and M. tuberculosis were
found to stimulate T cell clones with different fine specificities

1 The abbreviations used are: BCG, bacillus Calmette Guérin; AMs,
arabinomannans; APTS, 1-aminopyrene-3,6,8-trisulfonate; CI, chemi-
cal ionization; C,;, pentadecanoic acid; C,4, palmitic acid; C,g, stearic
acid; C,,, tuberculostearic acid; DCs, dendritic cells; LAMs, lipoarabi-
nomannans; ManLAMs, LAMs with mannosyl extensions; dManLAMs,
deacylated ManLAMs; EI, electron impact; GC, gas chromatography;
GC/MS, gas chromatography coupled to mass spectrometry; GM-CSF,
granulocytes/macrophages-colony stimulating factor; HMQC, hetero-
nuclear multiple quantum correlation spectroscopy; HOHAHA, homo-
nuclear Hartmann-Hahn spectroscopy; IL, interleukin; ManAMs, ar-
abinomannans with mannosyl extensions; LMs, lipomannans; PI
anchor, phosphatidyl-myo-inositol anchor; PI-GAMs, phosphoinositol-
glyceroarabinomannans; PAGE, polyacrylamide gel electrophoresis;
TMS, trimethylsilyl; TNF, tumor necrosis factor.
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(10). This phenomenon remains unclear, even if it was claimed
that it arises from the mannooligosaccharide caps frequency
(10). This paradoxical situation can be tentatively explained by
the fact that structural and functional ManLAMs studies were
conducted on complex mixtures. This was revealed by matrix-
assisted laser desorption/ionization mass spectrometry studies
establishing an average ManLAM molecular mass of 17 kDa
and giving a molecular heterogeneity estimated at 6 kDa (11).
Moreover the structural analysis of the ManLAMs from Myco-
bacterium bovis BCG revealed that around 50% of the mannan
cores were devoid of the expected phosphatidyl-myo-inositol an-
chor, suggesting that the analyzed fraction, containing arabinose
and mannose, was a mixture of lipoglycans and glycans (15).
We report here a new strategy to extract ManLAMs from M.
bovis BCG, which can be extended to the LAMs from other
mycobacterial strains. The protocol enables the isolation of two
types of ManLAMs, namely parietal and cellular (16). In addi-
tion, a new purification method was successfully developed al-
lowing the separation of glycans from lipoglycans. We demon-
strate that cellular and parietal ManLAMs differ by their PI
anchor structure and by the frequency of the mannooligosaccha-
ride caps. Drastic differences were also observed in their capacity
to stimulate cytokine secretion from human dendritic cells (DCs).

MATERIALS AND METHODS

ManLAMs Extraction and Purification—As explained in Fig. 1, M.
bovis BCG Pasteur strain cells were delipidated using CHCL,/CH;OH,
1:1, v/v. The delipidated mycobacteria were extracted six times by
refluxing in 50% ethanol at 65 °C for 8 h. The resulting cells were
washed and disintegrated in ice by sonication (20 kHz, 600 watts, 15
min) and using a French pressure cell (one step of lysis at a pressure
maintained above 200 megapascals). The ethanol/water extracts (pari-
etal fraction) were dried, incubated in 2% Triton X-100 (Sigma), and
dialyzed against it to eliminate most of the hydrophobic molecules such
as phosphatidyl-myo-inositol mannosides. Triton X-100 was removed by
a partition CHCl,/CH;OH/H,0, 2:1:1, v/v/v. The water-soluble fraction
containing lipoglycans, glycans, and proteins was treated with both
enzymes, trypsin (from bovine pancreas, Sigma) and a-amylase (from
Bacillus amyloliquefaciens, Boehringer Mannheim GmbH), and dia-
lyzed against water. Most of the proteins of the cellular fraction were
removed by a hot 80% (w/w) aqueous phenol biphasic wash at 70 °C for
1 h. After enzymatic treatments by trypsin, a-amylase, RNase A (from
bovine pancreas, Sigma), and DNase I (from bovine pancreas, Fluka), a
step of dialysis removed the amino acids, glucose, nucleotides, and
phenol from the cellular glycans and lipoglycans. Triton X-114 phase
separation technique was applied on glycan and lipoglycan mixtures
(see below). ManLAMs and LMs were then separated by gel filtration.
Sample (60 mg) was dissolved in 0.2 M NaCl, 0.25% sodium deoxy-
cholate (w/v), 1 mm EDTA and 10 mm Tris, pH = 8, to a final concen-
tration of 200 mg/ml, incubated 2 days at room temperature, and loaded
on a gel permeation Bio-Gel P-100 column (52 X 3 cm) eluted with the
same buffer at a flow rate of 5 ml/h. SDS-PAGE was performed as
described by Venisse et al. (11).

Triton X-114 Phase Separation Method—As described by Bordier
(17), three precondensations of commercial Triton X-114 (Sigma) were
performed leading to a concentration of Triton X-114 in the detergent-
rich phase of 13.2% (w/v), corresponding to the stock solution. The
ManLLAM containing fractions were dissolved in water (1 mg/ml final
volume), and Triton X-114 stock solution was added to a final concen-
tration of Triton X-114 of 2% (w/v). The mixture was homogenized at
4 °C for 1 h and then incubated at 37 °C to allow separation into the
detergent-rich and the detergent-depleted phases, the latter being col-
lected. To optimize the fractionation between the glycans and the lipo-
glycans, these two phases were again homogenized by adding either
water or Triton X-114 stock solution to a final Triton concentration of
2% and again separated. This process was repeated twice leading to
four detergent-rich and four detergent-depleted phases, which were
respectively pooled. From both phases, the Triton X-114 was mainly
removed by extraction with CHCl, (controlled by UV (17)), the resulting
aqueous phases were dried and addition of absolute ethanol led to the
precipitation of lipoglycans and glycans.

Chemical Analysis—Carbohydrates and inositol were analyzed as
their trimethylsilyl glycosides dissolved in cyclohexane after hydrolysis
with 0.6 N HCL, 110 °C, 1 h.
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Glycosyl linkage composition was analyzed after methylation of po-
lysaccharides according to the modified procedure from Ciucanu and
Kerek (18). The methylated polysaccharides were hydrolyzed with 2 N
trifluoroacetic acid at 110 °C for 2 h, reduced with NaBD, 10 mg/ml in
NH,OH 1 M/C,H,OH, 1:1, v/v, freshly prepared and peracetylated with
acetic anhydride 1 h at 110 °C. The alditol acetates were solubilized in
cyclohexane before injection in gas chromatography (GC) and gas chro-
matography coupled to mass spectrometry (GC/MS).

Fatty acids were analyzed as their methyl esters. ManLAMs were
deacylated in 1 N NaOH, 37 °C, 2 h, and then neutralized with HCL.
Fatty acids were extracted using cyclohexane/water, 1:1, v/v, and after
drying under N,, were methylated with 10% (w/w) BF, in methanol
(Fluka) at 60 °C for 5 min. Reaction was stopped by addition of water,
and fatty acid methyl esters were extracted as described above before
injection in GC and GC/MS. Pentadecanoic acid was used as internal
standard. Phosphorus was measured for the determination of the molar
ratio of fatty acids to phosphorus by the procedure described by Schnit-
ger et al. (19).

Acetolysis Procedure—3 mg of ManLAMs were treated with 400 ul of
anhydrous acetic acid/acetic anhydride, 3:2, v/v, at 110 °C for 12 h (20).
The reaction mixture was dried and vortexed with 400 ul of cyclohex-
ane/water, 1:1, v/v. The cyclohexane phase was analyzed by GC/MS.

GC and GC/MS Analysis—GC was performed on a Girdel series 30
equipped with an OV1 capillary column (0.22 mm X 25 m) using helium
gas with a flow rate of 2.5 ml/min with a flame ionization detector at
310 °C. The injector temperature was 260 °C, and the temperature
separation program was from 100 to 290 °C at a speed of 3 °C/min.
GC/MS analysis were performed on a Hewlett-Packard 5889 X mass
spectrometer (electron energy, 70 eV) working on both electron impact
(EI) and chemical ionization modes using NH; as reagent gas (CI/NH,),
coupled with a Hewlett-Packard 5890 gas chromatograph series II
fitted with a similar OV1 column (0.30 mm X 12 m). Acetolysis products
were analyzed on a 0.35-m length column using a temperature separa-
tion program from 160 to 300 °C at a speed of 8 °C/min. The injector and
interface temperatures were 290 °C.

Capillary Electrophoresis—Analyses were performed on a P/ACE
capillary electrophoresis system (Beckman Instruments, Inc.) with the
cathode on the injection side and the anode on the detection side. The
electropherograms were acquired and stored on a Dell XPS P60 computer
using the System Gold software package (Beckman Instruments, Inc.).

2 pg of dried mild hydrolyzed (0.1 N HCI at 110 °C for 30 min)
ManLAMs were mixed with 0.5 ul of 0.2 M 1-aminopyrene-3,6,8-trisul-
fonate (APTS) (eCAP N-Linked oligosaccharides profiling kit, Beckman
Instruments, Inc.) in 15% acetic acid and 0.5 ul of a 1 M sodium
cyanoborohydride solution dissolved in tetrahydrofuran (Aldrich) (21).
The reaction was performed 90 min at 55 °C, and the samples were then
diluted in 9 ul of water before injection. APTS derivatives were loaded
by applying 0.5 p.s.i. (3.45 kPa) vacuum for 5 s. Separations were
performed using a coated capillary column (eCAP N-CHO coated cap-
illary from eCAP N-Linked oligosaccharides profiling kit, Beckman
Instruments, Inc.) of 50 um internal diameter with 40 cm effective
length (47 cm total length). Analyses were carried out at a temperature
of 20 °C with an applied voltage of 24 kV and using degassed carbohy-
drate separation gel buffer (eCAP N-Linked oligosaccharides profiling
kit, Beckman Instruments, Inc.) as running electrolyte. Detection sys-
tem consisted in a Beckman laser-induced fluorescence equipped with a
4-milliwatt argon-ion laser with the excitation wavelength of 488 nm
and emission wavelength filter of 520 nm.

NMR Spectroscopy—NMR spectra were recorded on a Bruker AMX-
500 spectrometer equipped with an Aspect X32 computer. Samples
were exchanged in D,O (Spin et Techniques, Paris, 99.9% purity) with
intermediate lyophilization, then dissolved in 99.96 atom % D,O and
analyzed in 200 X 5-mm 535-PP NMR tubes. The concentration of the
NMR samples were 40 mg/ml for parietal ManLLAMs and 120 mg/ml for
cellular ManLAMs. Spectra were recorded at 313 K. The 'H NMR
chemical shifts were referenced relative to internal acetone signal at
2.225 ppm.

The one-dimensional phosphorus (3'P) spectra were measured at
202.46 MHz by employing a spectral width of 25 kHz, and phosphoric
acid (85%) was used as the external standard (5, 0.0). The data were
collected in 32,768 complex data sets, and an exponential transforma-
tion (LB = 5 Hz) was applied prior the processing to 65,536 real points
in the frequency domain. The spectrum was recorded with 64 scans for
parietal ManLAMs and 512 scans for cellular ManLLAMs.

The two-dimensional 'H-*'P HMQC-HOHAHA spectra were re-
corded without sample spinning in the proton-detected mode with a
Bruker 5-mm 'H broad band tunable probe with reversal geometry
using the Lerner and Bax pulse sequence (22). The GARP sequence (23)
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mycobacterial cells
(160g)

chloroform/methanol, 1:1

polar and apolar lipids extraction

delipidated bacteria
(116g)

reflux in 50% ethanol

ethanol/water extract cells
Gg) (113g)
French press
sonication
disrupted cells
FfG. 1. Purification scheme for the cellular remains ethanoliwater
parietal and cellular ManLAMs and (79¢) extraction
related compounds from M. bovis PIMs Triton X-100 solubilization
BCG Pasteur strain. ¢ dialysis against triton X-100
4 ethanol/water extract
peptides phenol extraction
amino acids trypsin, amylase DNA, RNA DNasel, RNased,
glucose dialysis aminoacids wrypsin, amylase
glucose dialysis

glycans and lipoglycans

Triton X-114 solubilization

glycans and lipoglycans
(903mg)

Triton X-114 solubilization

and phase separation and phase separation
hydrophilic amphipathic hydrophilic amphipathic
glycans mannoconjugates glycans mannoconjugates
gel filtration gel filtration gel filtration gel filtration
P-100 P-100 P-100
parietal parietal parietal cellular cellular cellular
ManAMs ManLAMs LMs ManAMs ManLAMs LMs
(57mg) (23mg) (13mg) (137mg) (255mg) (100mg)

at the carbon frequency was used as a composite pulse decoupling
during acquisition. Data were acquired in the phase-sensitive mode
using the time-proportional phase increment method (24). For parietal
ManLAMs, spectral widths of 607.38 Hz in 3'P and 5005 Hz in 'H
dimensions were used to collect a 4096 X 42 (time-proportional phase
increment) point data matrix with 108 scans/¢; value expanded to
4096 X 1024 by zero filling. The mixing time was 34 ms. For parietal
deacylated ManLLAMs, spectral widths of 10 123 Hz in 'P and 4003 Hz
in 'H dimensions were used to collect a 4096 X 128 (time-proportional
phase increment) point data matrix with 96 scans/¢; value expanded to
4096 X 1024 by zero filling. The mixing time was 63 ms. In both case,
the relaxation delay was 1 s, and a sine bell window shifted by 7/2 was
applied in both dimensions.

Cell Culture Media and Cytokines—The medium used in this study
was RPMI 1640 with 1% heat-inactivated (30 min, 56 °C) pooled human
AB serum, 50 units/ml penicillin, 50 pg/ml streptomycin, 2.5 pg/ml
fungizone, 2 mM L-glutamine, 10 mM Hepes, 0.1 mM non-essential amino
acids, 1 mM pyruvate, and 5 X 107° M 2-mercaptoethanol (all from
Boehringer Ingelheim Bioproducts, Vienna, Austria). Human albumin
(for intravenous use; Octopharma, Vienna, Austria) was added to a final
concentration of 2 mg/ml (=complete medium). Recombinant GM-CSF
(Leucomax; 1.11 X 107 units/mg) was from Sandoz (Basel, Switzerland).
Recombinant human IL-4 (2 X 107 units/mg) was kindly supplied by the
Schering-Plough Research Institute (Kenilworth, NJ).

DCs and Quantitation of Cytokines—Cultures of human DCs were

established as described (25). Briefly, mononuclear cells were obtained
by standard density gradient centrifugation on Ficoll-Paque (Pharma-
cia Biotech Inc., Uppsala, Sweden). The adherent fraction (45 min,
37 °C) was cultured in complete medium containing 1000 units/ml each
GM-CSF and IL-4. Every other day, one-third of the medium was
replaced by fresh medium containing GM-CSF/IL-4. DCs were routinely
used at day 6. After extensive washing, the cells were recultured at 10°
cells/ml with or without ManLAMs at the indicated concentrations.
Supernatants were harvested for IL-8 and TNF-«a assays after 6 h. The
enzyme-linked immunosorbent assay was carried out with a commer-
cially available kit from CLB (Amsterdam, The Netherlands) specific
for IL-8 and TNF-a. Cytokines were quantitated using a microtiter
plate reader.

RESULTS
Extraction and Purification of ManLAMs

The presence of ManLLAMs, namely parietal ManLLAMs, in
ethanol/water extracts from delipidated BCG Pasteur strain
cells was unambiguously established by routine carbohydrate
analysis revealing the occurrence of arabinose and mannose.
This assumption was also supported by SDS-PAGE analysis
showing a characteristic broad band at 30 kDa. As outlined in
the purification scheme (Fig. 1), the resulting cells were dis-
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Fic. 2. Bio-Gel P-100 gel filtration
chromatogram of the fraction con-
taining parietal ManLLAMs and LMs.
The fraction was loaded on a Bio-Gel
P-100 column (52 X 3 cm), eluted with 0.2
M NaCl, 0.25% sodium deoxycholate (w/v),
1 mm EDTA, and 10 mM Tris, pH = 8, and
monitored by refractory index. Peaks I
and II were assigned to ManLAMs and
LMs, respectively, from SDS-PAGE anal-
ysis. Cellular lipoglycans show the same
chromatographic profile than the parietal
ones.

refractory index
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rupted and extracted again by an ethanol/water mixture. This
extract, analyzed as mentioned above for the parietal extract,
was found again to contain ManLLAMs: namely cellular Man-
LAMs (16).

The fraction containing parietal ManLLAMs was submitted to
the following process: i) incubation in 2% Triton X-100 and
dialysis against it to remove the phosphatidyl-myo-inositol
mannosides, ii) elimination of the Triton X-100 by partition, iii)
enzymatic hydrolysis by trypsin and a-amylase to remove the
protein and glucan contaminants. At the end of this process,
the parietal ManLAM fraction was still contaminated by am-
phipathic glycoconjugates like LMs and the expected glycans
such as arabinomannans (AMs) and mannans.

Besides the different contaminants (proteins, glucans) de-
scribed above for the parietal ManLAM fraction, DNA and
RNA were also present in the cellular ManLLAM fraction. All
these contaminants were enzymatically removed. To eliminate
the glycans from the parietal and cellular ManLLAM fractions,
the Triton X-114 phase separation method, which is summa-
rized below, was successfully applied.

Triton X-114 forms a clear micellar solution at 4 °C and two
phases at 22 °C, a hydrophilic detergent-depleted phase and an
amphipathic detergent-rich phase. The ManLAM fractions
were dissolved in water (1 mg/ml final volume) and then pre-
conditioned Triton X-114 stock solution (17) was added to a
final concentration of 2% Triton X-114 (w/v). The mixture was
homogenized at 4 °C for 1 h, then incubated at 37 °C giving two
phases, i.e. the detergent-rich and the detergent-depleted
phases, the latter being collected. To optimize fractionation
between the glycans and the lipoglycans, the two phases were
both treated again twice. From SDS-PAGE analysis, using
ManLAM and LM standards, it was deduced that the parietal
and cellular mannoglycoconjugates which are soluble in the
detergent-rich phase correspond to a mixture of ManLLAMs and
LMs. The parietal and cellular detergent-depleted phases were
analyzed in the same way and from the absence of migration on
the gel, the compounds were assigned to glycans. They were
definitively identified, after Bio-Gel P-100 gel filtration, by
routine carbohydrate analysis (Ara/Man = 1.2 and 1.7 for the
parietal and cellular glycans respectively) as AMs. Thus, by
means of the Triton X-114 method, the detergent-depleted
phase was found to contain AMs, while the detergent-rich
phase included lipoglycans identified as ManLAMs and LMs.
To remove the LMs from the ManLLAMs, the corresponding
cellular and parietal fractions were purified by Bio-Gel P-100
gel filtration in the presence of sodium deoxycholate buffer.

T T
500 1000

Fic. 3. SDS-PAGE analysis of parietal and cellular ManLAMs
and related mannoconjugates from M. bovis BCG Pasteur strain.
20 pg of parietal ManLAMs (lane a), 20 ug of parietal LMs (lane b), 20
ug of parietal ManAMs (lane ¢), 200 ug of parietal ManAMs (lane d), 20
ng of cellular ManLAMs (lane e), 20 ug of cellular LMs (lane f), 200 pg
of cellular ManAMs (lane g). The gel was colored with a silver stain
containing periodic acid.

Both fractions gave a similar chromatographic profile (Fig. 2)
characterized by two peaks, I and II. From SDS-PAGE analy-
sis, peak I was assigned to the ManLAMs, while peak II cor-
responded to LMs. Moreover, whatever their parietal or cellu-
lar origin, ManLAMs and LMs showed the same
electrophoretic behavior on SDS-PAGE (Fig. 3). These assign-
ments are in agreement with routine carbohydrate analysis,
which showed that parietal and cellular ManLLAMs contained,
besides inositol, arabinose and mannose in a ratio of 1.4 and
1.6, respectively. Likewise, mannose and inositol were both
found in the cellular and parietal LMs fractions.

Purification scheme (Fig. 1) summarizes the amounts of
ManLAMSs, LMs, and ManAMs? of either parietal or cellular
origin recovered by our procedure. It can be observed that the
total amount of cellular material obtained (492 mg) was much
higher than for parietal material (93 mg). Moreover, it must be
underlined that the cellular ManLLAMs were twice as abundant
as the cellular ManAMs, whereas the parietal ManLAMs were
only half as abundant as the parietal ManAMs.

Structural Features of Parietal and Cellular ManLAMs

As indicated in the literature, fatty acid residues (5, 8) and
mannooligosaccharide caps (9, 10) seem to be the key struc-
tural features determining the ManLLAM immunological activ-

2 Parietal and cellular AMs were identified as ManAMs, i.e. with
mannosyl extensions on the arabinan side chains (J. Nigou, M. Gilleron,
and G. Puzo, unpublished observation).



23098

PI Anchor of ManLAMs Regulates Cytokine Secretion

TABLE 1
Methylation analysis data of parietal and cellular ManLAMs from M. bovis BCG Pasteur strain

Molar ratio values are corrected by the use of effective carbon-response factors (26).

Abbreviated name of the Parietal Cellular
glycosyl residue ManLAMs ManLAMs
mol %
Partially methylated alditols acetates
2,3,5-Tri-O-Me-1,4-di-O-Ac-arabinitol t-Araf 2.3 5.6
3,5-Di-0-Me-1,2,4-tri-O-Ac-arabinitol 2-0-Linked Araf 7.5 74
2,3-Di-0O-Me-1,4,5-tri-O-Ac-arabinitol 5-O-Linked Araf 38.3 35.6
2-0-Me-1,3,4,5-tetra-O-Ac-arabinitol 3,5-Di-O-linked Araf 9.8 10.7
2,3,4,6-Tetra-O-Me-1,5-di-O-Ac-mannitol t-Manp 23.4 17.7
3,4,6-Tri-O-Me-1,2,5-tri-O-Ac-mannitol 2-O-Linked Manp 9.2 94
2,3,4-Tri-O-Me-1,5,6-tri-O-Ac-mannitol 6-0O-Linked Manp 2.7 5.3
3,4-Di-0-Me-1,2,5,6-tetra-O-Ac-mannitol 2,6-Di-O-linked Manp 6.8 8.3
Mancapping percentage
@ 76 48
b 69 24
¢ 3,5-Di-O-linked Araf — t-Araf to 3,5-di-O-linked Araf ratio.
® 2-O-Linked Araf — t-Araf to 2-O-linked Araf ratio.
I
Fic. 4. Electrophoregram of oligo-
saccharides derivatives obtained 1V
from the parietal ManLLAMs after
mild hydrolysis (0.1 N HCl, 30 min at -
110°C) and derivatization with g
APTS. 1.3 ng of oligosaccharide-APTS de- q, I
rivatives were loaded on a 470 mm X o
50-um capillary. Analysis was carried out 3
at a temperature of 20 °C with an applied § VII
voltage of 24 kV and monitored by laser- =
induced fluorescence. Peak I, APTS; peak = I
11, Ara-APTS; peak III, Man-APTS; peak
IV, mannoheptose-APTS reference; peak v A% | VIII
V,” Araf-Ara-APTS; peak VI, Manp-Ara- L\L v
APTS; peak VII, Manp-Manp-Ara-APTS; b
peak VIII, Manp-Manp-Manp-Ara-APTS. % ; 1'0

ity. We therefore investigated the presence and structure of the
fatty acids and mannooligosaccharide caps in parietal and cel-
lular ManLLAMs.

Mannooligosaccharide Caps—To characterize the expected
mannooligosaccharide caps, parietal and cellular ManLAMs
were analyzed by 'H-12C HMQC experiments (data not shown)
as described previously by Venisse et al. (11). The parietal
ManLAM C-1 resonances at 6 104.7 and 8 100.8 were respec-
tively assigned to 2-O-linked a-Manps and t-a-Manps. Each of
these resonances correlate with two different proton reso-
nances at 8 5.14, § 5.12 and & 5.06, & 5.04, respectively, in
agreement with the presence of (1—-2)-a-dD-mannooligosaccha-
ride caps. Likewise, these mannooligosaccharide caps were
found in the cellular ManLLAMs. These cap structures were also
supported by the identification of 2-O-linked Manps from the
alditol acetate analysis of the parietal and cellular ManLAMs
(Table I). From these data, the capping percentage was deter-
mined from the (3,5-di-O-linked Araf — t-Araf) to (3,5-di-O-
linked Araf) ratio. It was found that the capping frequency of
the parietal ManLLAMs (76%) was higher compared with that of
the cellular ManLAMs (48%). The structures of these mannoo-
ligosaccharide caps were then investigated by capillary electro-
phoresis analysis. Both parietal and cellular ManLLAMs were
submitted to mild acid hydrolysis, to APTS tagging followed by
reductive amination (21), and finally, the oligosaccharides de-
rivates were analyzed by capillary electrophoresis monitored
by laser-induced fluorescence. Fig. 4 represents the electro-
phoregram of the APTS derivatives arising from the parietal
ManLAMs showing eight peaks assigned by coelectrophoresis

elution time (min.)

using oligosaccharide-APTS standards and by previous data on
the parietal ManLAM mannooligosaccharide structures (11).
Peak I was assigned to free APTS reagent; peak II, which
corresponds to the major compound, was Ara-APTS; peak III,
Man-APTS; peak IV, mannoheptose-APTS reference; peak V,
Araf-Ara-APTS; peak VI, Manp-Ara-APTS; peak VII, Manp-
Manp-Ara-APTS; and finally peak VIII, Manp-Manp-Manp-
Ara-APTS. The relative quantitation of the different mannoo-
ligosaccharide caps was achieved by peak integration (21). The
major structural motif was the dimannosyl unit (78%), while
mannosyl (15%) and trimannosyl (7%) were less frequent. Like-
wise, it was established that cellular ManLLAMs contained the
same mannooligosaccharide cap structures and in similar
amounts to parietal ManLAMs, i.e. 76, 17, and 7%, respectively.

In summary, parietal and cellular ManLAMs share the same
mannooligosaccharide cap structure but differ in their capping
frequency, which was 76 and 48%, respectively.

Phosphatidyl-myo-inositol Anchor—Both parietal and cellu-
lar ManLAMs were found to contain phosphorus and myo-
inositol, which are parts of the PI anchor. It was established by
routine GC that cellular ManLLAMs contained 2.3 palmitic and
1.0 tuberculostearic acids/phosphorus atom. Surprisingly,
these fatty acids were not observed in significant amounts in
parietal ManLLAMs. So, the PI anchor structure of parietal
ManLAMs was investigated by two-dimensional heteronuclear
NMR techniques.

The one-dimensional 3'P spectrum of parietal ManLAMs
showed a single resonance at —0.066 ppm attributed to the
phosphodiester from the anchor (Fig. 5a). By means of the
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Fic. 5. One-dimensional *'P NMR spectrum (8*'P: —4.00 to
4.00) of the parietal (a) and cellular (b) ManLAMs from M. bovis
BCG Pasteur strain. The spectra were recorded in D,0O at 313 K.

1H-31P HMQC and HMQC-HOHAHA experiments, the proton
resonances of the residues esterifying the phosphorus were
assigned. The 'H-3'P HMQC spectrum (data not shown)
showed three direct correlations between phosphate and proton
resonances at & 4.16, 3.99, and 3.93 tentatively assigned by
analogy to the literature data (15) to the H-1 of the myo-inositol
and H-3 and H-3' of the glycerol, respectively. The myo-inositol
was typified by the H-3'P HMQC-HOHAHA spectrum (Fig.
6a) showing resonances at 6 4.34, 4.16, 3.87, 3.65, 3.61, and
3.40 respectively assigned to H-2, H-1, H-6, H-4, H-3, and H-5
of myo-inositol from the HOHAHA experiments (data not
shown) and literature data (15). The downfield resonances of
H-2 (A6 +0.11) and H-6 (A8 +0.13) are in agreement with the
expected anchor structure characterized by a glycosylation of
the myo-inositol at C-6 by the mannan core and at C-2 by one
Manp unit. From the 'H-3'P HMQC-HOHAHA spectrum, it
was deduced that the remaining glycerol proton H-1, H-1’, and
H-2 resonances overlapped between 8 3.99 and 6 3.93, revealing
that only the C-1 position is acylated thanks to the following
literature data: 1,2-diacyl-3-phospho-sn-glycerol unit (8y.1/p.1-
4.25/4.08; 8.5 5.12) (27); 3-phosphoglycerol unit, (8 1/p.1- 3.68/
3.61; 8.5 3.90) (28). Moreover, the H-1 and H-1' resonance
upfield shift (A6 = 0.26 to 0.1 ppm) is in agreement with the
absence of an acyl substituent on C-2. Thus, a lyso structure
can be proposed for the parietal ManLLAM phosphatidyl moiety.

To support this lyso structure, the parietal ManLAMSs were
treated under mild alkaline conditions followed by their anal-
ysis by one-dimensional 3P and two-dimensional H-3'P
HMQC (not shown) and HMQC-HOHAHA experiments (Fig.
6b). As expected, the glycerol H-3 and H-3' resonate at the
same values as those described for the native parietal Man-
LAMs, i.e. § 3.99 and 3. 93. However, the H-1 and H-1' are
shifted upfield to 8 3.71 and & 3.68 (A8 = 0.25 ppm, approxi-
mately) in agreement with the C-1 deacylation of the glycerol
moiety. H-2 still overlaps with H-3 and H-3' precluding its
precise localization, but confirming that this position is not
acylated. Taken together, these data demonstrate that the
parietal ManLLAM PI anchor differs from the cellular one and
from those previously described in the literature by the absence
of C,4 and C,4 fatty acids and by the presence of an unidentified
acyl residue borne by the C-1 of the glycerol unit.

This two-dimensional 'H-3P NMR analytical approach,
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Fic. 6. Expanded region (6'H: 3.20-4.50; *'P: —0.20 to 0.15) of
the 3'P-decoupled, 'H-detected HMQC-HOHAHA spectrum of
the native (a) and deacylated (b) parietal ManLLAMs. Numerals
correspond to the proton number of the myo-inositol units and numerals
with letter G, to the proton number of the glycerol units.

which allowed the structural elucidation of the phosphate sub-
stituents, could not be applied to the native cellular ManLLAMs.
In contrast to the parietal ManLLAMs, which showed a sharp
peak in the one-dimensional 3'P spectrum (with a width of 9
Hz), the cellular ManLLAM spectrum exhibited a broad unre-
solved signal centered at 0 ppm with a width of 150 Hz (Fig.
5b). In this case, no connectivities between phosphate and
protons were obtained in the two-dimensional *H-31P HMQC
and HMQC-HOHAHA experiments. This phenomenon was sys-
tematically observed when phosphorus did not resonate as a
well resolved sharp signal, indicating a restricted mobility of
the phosphate groups possibly due to aggregation of the cellu-
lar ManLAMs as a consequence of their amphipathic nature
(29). Indeed, the deacylated cellular ManLLAMs showed a sharp
phosphate resonance signal allowing the two-dimensional *H-
31P NMR approach to be applied. An expected structure of the
PI anchor was found, in which the myo-inositol was esterified
at C-1 by the phosphate and glycosylated at C-2 by one a-D-
Manp unit and at C-6 by the mannan core. In conclusion, the
NMR study indicates that the parietal and cellular ManLAMs
also differ through the lipid part of the PI anchor.

To determine the structure of the acyl group borne by the
glycerol moiety of the parietal ManLAMs and also to define the
PI anchor structure of the cellular ManLLAMs, a new analytical
procedure was developed. ManLLAMs were submitted to acetol-
ysis allowing cleavage between phosphate and glycerol, but
preserving the acyl-glycerol residues (20). These residues, ex-
tracted by cyclohexane/water partition, were analyzed by
GC/MS in EI and CI/NH; ionization modes. The cellular Man-
LAMs El-total ion current chromatogram profile (Fig. 7a)
shows five peaks of interest. Four of them were assigned from
the EI and CI mass spectra analysis. Peak I is attributed either
to 1- or 2-palmitoyldiacetyl-sn-glycerol from the CI spectrum
dominated by the (M + NH,)" ions at m/z 432 and the EI
fragment ions at m/z 354 (M-CH;COOH)™; m/z 239 CH,-
(CH,),,-C=0" and m/z 159 (M-CH;-(CH,),-COO")*. Likewise
peak II is assigned to either 1- or 2-tuberculostearoyldiacetyl-
sn-glycerol. Finally, peaks IV and V are assigned to 1,2-dipal-
mitoyl-3-acetyl-sn-glycerol and 1-tuberculostearoyl-2-palmi-
toyl-3-acetyl-sn-glycerol, respectively. In the last compound,
the palmitoyl residue was unequivocally localized at the C-2
position from the reporter ion m/z 341 arising from the frag-
mentation of the molecular ions between C-1 and C-2 of glyc-
erol resulting in charged fragments having lost the primary
ester group together with C-1 (30). These data reveal the het-
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Fic. 7. GC/MS chromatogram profile in EI mode of the acetolysis subproducts from cellular (@) and parietal (b)) ManLAMs. Peak
I was assigned to 1-palmitoyl-2,3-diacetyl-sn-glycerol or to 1,3-diacetyl-2-palmitoyl-sn-glycerol according to following ions, in CI mode m/z 432 (M
+ NH,)", in EI mode m/z 354 (M-CH,COOH)*", 239 (C,;H,,CO)*, 159 (M-C,;H,,CO0")". Likewise, peak II was assigned to 1-tuberculostearoyl-
2,3-diacetyl-sn-glycerol or to 1,3-diacetyl-2-tuberculostearoyl-sn-glycerol according to m/z 474 (M + NH,)" in CI mode, m/z 396 (M-CH;COOH)™",
281 (C,gH,,C0O)*, 159 (M-C,3H,,CO0")" in EI mode. Peak IV was assigned to 1,2-dipalmitoyl-3-acetyl-sn-glycerol, m/z 628 (M + NH,)" in CI mode,
m/z 550 (M-CH;COOH)™", 355 (M-C,;H,,CO0")*, 341 (M-"CH,0COC,;H;,)*, 313 (M-C,;H;,COO’-CH,CO)*, 239 (C;;H;;CO)* in EI mode. Peak

V was assigned to 1-tuberculostearoyl-2-palmitoyl-3-acetyl-sn-glycerol,

m/z 670 M + NH," in CI mode, m/z 592 (M-CH;COOH)"", 397

(M-C,;H,,CO00)*, 355 (M-C,;H,,CO0O)", and (M-C,;H,,COO-CH,CO)*, 341 (M-CH,0COC,zH,,)", 313 (M-C,H,,COO-CH,CO)", 281
(C,sH;,CO)™, 239 (C,5H;,CO)™ in EI mode. ¢, EI spectrum of compound III; d, CI/NH, spectrum of compound III. Unnumbered peaks (in a)
correspond to contaminants. Ac, C;4, and C,, represent acetyl, palmitoyl, and tuberculostearoyl residues esterifying glycerol.

erogeneity of the phosphatidyl moiety, since at least four mo-
lecular species were identified that differ in C,4 and C,q fatty
acid composition and location. From the integration of the total
ion current chromatogram peaks, corrected by a response fac-
tor, compound V is the major component (53%), while com-
pound II is the least abundant (5%). Finally, compounds I and
IV represent 22 and 19, respectively. Due to its low abundance
(1%), compound III could not be identified.

The parietal ManLAM El-total ion current chromatogram
profile (Fig. 7b) shows only one peak with a retention time
corresponding to the unidentified compound III from the cellu-
lar ManLLAMs. The EI spectrum (Fig. 7c) is dominated by the
fragment ions at m/z 159 typifying a lyso-glycerol and, in the
high mass range, by the peak at m/z 544 tentatively assigned
to the molecular ions. Indeed, the CI/NH; spectrum (Fig. 7d)
shows one peak located at the expected value of m/z 562 (M +
NH," confirming the molecular weight of 544 Da. From this
latter value, a molecular weight of 386 Da was deduced for the
fatty acid, suggesting the presence of two oxygen atoms tenta-
tively assigned to two hydroxyl groups. This hypothesis is
supported by the fact that these fatty acids were not detected
by routine GC analysis. Therefore, the fatty acids released by
alkaline hydrolysis of parietal ManLLAMs were derivatized as
methyl esters, peracetylated, and analyzed by GC and GC/MS

in ET and CI/NH; ionization modes. The GC chromatogram (not
shown) is dominated by one peak attributed to a fatty acid
methyl ester of 356 Da molecular mass, containing one acetyl
group instead of two as previously expected, consistent with a
monohydroxyl stearic acid. However, the molecular mass of the
acetylated fatty acid (342 Da) is 44 mass units lower than the
one expected. To support this conclusion and to localize the
hydroxyl function, the fatty acid methyl esters obtained from
parietal ManLLAMs were trimethylsilylated and analyzed by
GC/MS. The chromatogram (Fig. 8a) is dominated by one peak
(peak 4) assigned to a TMS fatty acid methyl ester of 386 Da
molecular mass (Fig. 8b). This is in agreement with the mass
difference of 30 Da between a TMS and an acetyl residue and
confirms a monohydroxyl stearic acid structure. Moreover,
from the reporter EI-fragment ions at m/z 187 and 301 (Fig.
8c), this hydroxyl group was unambiguously localized at C-12.

In summary, TMS and peracetylation analysis converge to a
12-hydroxystearic acid structure, but with a molecular mass of
300 Da, which is 86 Da lower than that deduced from the
acetolysis-GC/MS experiments. Thus, it is tempting to conclude
that the hydroxyl function in the native parietal ManLAMs
was not free, but rather esterified by a methoxypropanoic res-
idue. Besides this major fatty acid (Fig. 8a), palmitic acid,
stearic acid, and a 12-hydroxytuberculostearic acid were found



FiG. 8 a, flame ionization detector gas
chromatogram profile of the trimethylsi-
lylated fatty acid methyl esters from pa-
rietal ManLAMs. Peak 1, C,; methyl ester
reference; peak 2, C;s methyl ester; peak
3, C,3 methyl ester; peak 4, 12-O-TMS-12-
hydroxystearic acid methyl ester assigned
according the following ions, in CI/NH,
mode (b) m/z 387 (M + H)*, 404 (M +
NH,)", in EI mode (¢) m/z 187 (CH,-
(CH,);CH = O Si(CH,),), 301 ((CH,),Si0*
= CH(CH,),,CO,CH,); peak 5, 12-O-
TMS-12-hydroxytuberculostearic acid
methyl ester assigned according the fol-
lowing ions, in CI mode m/z 401 (M +
H)*, 418 (M + NH,)", in EI mode m/z
187 and 315 and the reporting ions at m/z
149 and 167 typifying a C-methyl ramifi-
cation located at position 10 (31).

detector response

in small amounts as their methyl ester derivatives: peaks 2, 3,
and 5, respectively.

Secretion of IL-8 and TNF-a by Human DCs in Response
to Parietal and Cellular ManLAMs

To investigate the consequences of the structural differences
established between parietal and cellular ManLLAMs on their
immunological activity, we compared the ability of parietal and
cellular ManLLAMs to stimulate cytokine release from human
DCs. DCs are the most professional antigen-presenting cells
specifically adapted to initiate T cell responses. In addition to
this function, DCs are capable of producing a number of cyto-
kines, including chemokines that recruit other leukocytes to
the sites of antigen contact. It is now well established that DCs
differentiate from human monocytes in the presence of IL-4
and GM-CSF (32). Using this system, we have shown previ-
ously that BCG is a potent stimulus for DCs (25). BCG induces
a maturational step in DCs that is accompanied by the up-
regulation of surface markers such as CD83 and CD86 and by
the down-regulation of the endocytic activity. In addition, BCG
induces the release of TNF-« and IL-82 from DCs.

In the present work we compared the ability of parietal and
cellular ManLAMs to stimulate the production of IL-8 in DCs.
Fig. 9a demonstrates that parietal ManLAMs induce IL-8 se-
cretion in a dose-dependent manner. Unstimulated DCs pro-
duced low basal levels of IL-8 ranging from 50 to 150 pg/ml/10°
cells. Parietal ManLLAMs at a dose of 10 ug/ml stimulated IL-8
release more than 25-fold. In contrast, cellular ManLAMs ex-
hibited significantly less stimulatory activity. The IL-8 stimu-
latory activity was completely abolished after removal of the
fatty acid residues by mild alkaline treatment. Moreover,
ManAMs that lack the PI anchor failed to release significant
amounts of IL-8 when used at the same concentration (data not
shown).

Previous works have shown that ManLAMs from M. tuber-
culosis Erdman are poor inducers of TNF-a release from the
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THP-1 monocytic cell line compared with the PI-GAMs from M.
smegmatis, which correspond to the parietal LAMs (5, 7). We
therefore investigated the effect of the two types of ManLAMs
on TNF-« production by DCs. Parietal ManLAMs at 10 pg/ml

3 M. Thurnher, unpublished data.

ManLAMs (pg/ml)

Fic. 9. IL-8 (@) and TNF-« (b) release by human dendritic cells
stimulated by parietal ManLAMs (<), cellular ManLAMs (O),
and deacylated cellular ManLAMs ([J).
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Fic. 10. Partial structural models a
proposed for the parietal (a) and the
cellular (b)) ManLLAMs from M. bovis

mannan

o
o b mannan L(1%6)-myodns-0-b-0

o]
1 E»G)-myol-lns»o—l:—"»o-|:
A o

y

BCG Pasteur strain. @, 12-O-(me-
thoxypropanoyl)-12-hydroxystearic acid;
B W represents at 53% C,q, Ci4; at 22%
OH, C,4; at 19% C,4, Cyq; at 5% OH, Cyq;
at 1% OH, 12-O-(methoxypropanoyl)-12-
hydroxystearic acid; %, fatty acid or not;
4, t-B-Araf;, Cap corresponds to 77% di-
mannosyl unit, 16% mannosyl unit, and
7% trimannosyl unit. The percentage of
capping is 76 and 48% for the parietal and
cellular ManLLAMs, respectively.

SO TTDToO o

induced the secretion of more than 300 pg/ml TNF-a, while
cellular ManLLAMs at the same concentration almost failed to
elicit TNF-a secretion (Fig. 96). This finding is consistent with
a previous report demonstrating that cellular ManLAMs were
unable to induce TNF-« from THP-1 cells (7).

DISCUSSION

LAMs are important mycobacterial antigens that can be
recognized by T cells in the context of CD1 molecules. However,
CD1-restricted T cell lines were shown to discriminate between
ManLAMs derived from M. leprae and M. tuberculosis, suggest-
ing subtle but significant structural differences which can, up
to date, only be explained by differences in the mannooligosac-
charide cap frequency (10). This assumption was also recently
advanced by Schlesinger et al. (33) to explain differences in the
ability of ManLAMs from Erdman and H37Ra to serve as
ligands for the macrophage mannose receptors. In addition,
LAMs can stimulate the production of cytokines such as TNF-«
in monocytes/macrophages, thereby contributing to the clear-
ance of mycobacteria. Conversely, it has been suggested that
the poor cytokine stimulatory activity of LAMs from virulent
mycobacteria is responsible for the intramacrophagic persist-
ence of the mycobacteria (5). However, the molecular basis
underlying these differences in the immunological activity of
LAMs are poorly understood. Thus, despite continuing efforts
of Brennan’s and Puzo’s groups to establish detailed structures
of ManLLAMs based on the use of sophisticated analytical tools
such as two-dimensional NMR spectroscopy and matrix-as-
sisted laser desorption/ionization mass spectrometry, the above
mentioned immunological LAM properties suggest that the
present structural models are incomplete. This paradoxical
situation can be explained by the structural complexity of the
ManLAMs, but also and essentially by the molecular heteroge-
neity of the ManLAM fractions analyzed. So, it appears clearly
that the obtention of homogenous ManLLAM fractions remains
a key step in the understanding, at the molecular level, of the
ManL.AM properties. Analyses of ManLAMs by matrix-assisted
laser desorption/ionization mass spectrometry revealed sub-
stantial molecular weight heterogeneity estimated to be 6 kDa
and attributed to differences in the degree of glycosylation of
the mannan core and the arabinan domain. More detailed
structural studies of the parietal ManLLAMs from M. bovis BCG
revealed two equally frequent types of mannan core, which
differ at their reducing end by the presence or absence of the
phosphatidyl-myo-inositol anchor, but also by the t-Manp-
(al—2)-Manp branching frequency, suggesting that the parie-
tal ManLLAM preparation was contaminated by ManAMs (15).

In this report, we present a new extraction and purification
protocol for ManLLAMs from BCG. According to its extraction
mode two types of ManLAMs were distinguished and designated
as parietal and cellular (16). The parietal ManLLAMs were ob-
tained, as described by Venisse et al. (11), from extraction of
delipidated cells by an ethanol/water mixture, while the cellular
ManLLAMs were obtained from the resulting cells disrupted and
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extracted as mentioned above. The second major feature of this
new protocol was the fractionation of the ManAMs and Man-
LAMs using the Triton X-114 phase separation method. This
approach was previously applied to completely resolve membra-
nous lipopolysaccharides and membranous proteins of M. leprae
(34) or to remove LPS from exopolysaccharides (35). ManLLAMs
are amphipathic molecules that aggregate with ManAMs, hin-
dering their separation either by anion exchange or gel filtration
chromatography. Triton X-114 improves the dissociation of am-
phipathic and hydrophilic molecules and, at temperatures be-
yond the cloud point (22 °C), the detergent-rich phase was found,
by SDS-PAGE, to contain the ManLAMs, while the ManAMs
were present in the detergent-depleted phase. Thus, the Triton
X-114 partitioning method appears to be a powerful approach to
efficiently remove ManAMs from the ManLAMs. So, ManLAMs
devoid of ManAMs were obtained and two types of ManLLAMs,
called parietal and cellular, were structurally defined for M. bovis
BCG. Quantitative analysis of the individual fractions revealed
that parietal mannoconjugates were less abundant than cellular
ones, 16 and 84%, respectively, and that the proportion of cellular
ManLAMs was 10 times higher than the parietal ManLAMs.
The comparative structural analysis of the two ManLLAMs
revealed subtle structural differences between the parietal and
cellular ManLAMs (Fig. 10), supporting the pertinence of the
extraction and purification strategy. Structural differences in-
clude the percentage of the mannooligosaccharide caps and the
PI anchor lipid moiety. Capping is more frequent in the parie-
tal ManLAMs (76%) as compared with cellular ones (48%).
These values were determined from the (3,5-di-O-linked Araf —
t-Araf) to 3,5-di-O-linked Araf unit ratio established routinely
from the alditol acetates analysis. Alternatively, it can also be
calculated from the (t-Manp — 2,6-di-O-linked Manp) to 3,5-di-
O-linked Araf ratio, but in this case the percentage of t-Manp
caps is higher (16.6%) than the percentage of 3,5-di-O-linked
Araf (9.8%). This observation can be explained by the low
amount of di-O-linked Manp compared with t-Manp released
during hydrolysis of the ManLLAMs (36). Another method has
been used as the (2-Araf — t-Araf) to 2-Araf ratio (36), leading
to capping frequencies of 69 and 24% for the parietal and
cellular ManLAMs, respectively (Table I). However this ap-
proach may be less accurate, since it is based on the assump-
tion that each arabinan side chain contains only one 2-O-linked
Araf unit. Nevertheless, whatever the method applied, the
capping of parietal ManLAMs is more frequent than capping of
cellular ManLAMs. The ManLAM mannooligosaccharide cap
structures were previously described as single a-Manp, Manp-
(la—2)-Manp and Manp-(la—2)-Manp-(1la—2)-Manp using
LC/MS (11). A new analytical approach, based on mild hydrol-
ysis of ManLLAMs, tagging by APTS followed by capillary elec-
trophoresis analysis monitored by laser-induced fluorescence,
was applied to both parietal and cellular ManLLAMs. The same
three structures of mannooligosaccharide caps were evidenced
with the same relative abundance for both parietal and cellular
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ManLAMs: a-Manp (16 * 1%), Manp-(1a—2)-Manp (77 = 1%),
and Manp-(la—2)-Manp-(1a—2)-Manp (7 * 1%). Relative
quantification was achieved by peak integration. The analysis
was performed in the microgram range of ManLLAMs, demon-
strating the sensitivity of this method.

The other unexpected difference between parietal and cellu-
lar ManLAMs concerned the lipid part of the ManLAM PI
anchors. The cellular ManLAM anchors were mainly found to
contain 1- or 2-palmitoyl-sn-glycerol (22%), 1- or 2-tubercu-
lostearoyl-sn-glycerol (5%), 1,2-dipalmitoyl-sn-glycerol (19%),
and 1-tuberculostearoyl-2-palmitoyl-sn-glycerol (53%). In con-
trast, the parietal ManLAM PI anchor was found to be com-
posed of a single type of acylglycerol identified as the unusual
1-[12-O-(methoxypropanoyl)-12-hydroxystearoyl]-sn-glycerol.

Finally, we were interested in the biological effects of these
structurally different ManLAMs from BCG. Both parietal and
cellular ManLLAMs of BCG induced expression of IL-8 and
TNF-a from human DCs. However, parietal ManLAMs turned
out to be better stimulators of IL-8 production in DCs compared
with cellular ManLAMs. It was previously reported that
H37Ra and its LAMs were able to stimulate the release of IL-8
from human alveolar macrophages, although the identification
of the mycobacterial species remains suspicious (37). In addi-
tion, we found that only parietal ManLAMs stimulated TNF-«
secretion from DCs. This last point is consistent with our ear-
lier finding that cellular ManLLAMs are unable to stimulate
TNF-a secretion from THP-1 cells (7). It thus appears that
structural modifications of ManLLAMs are able to regulate ex-
pression of the cytokines involved in macrophage and dendritic
cell activation. Structural differences between cellular and pa-
rietal ManLLAMs affect the percentage of mannooligosaccharide
caps and the lipid part of the PI anchor. The fact that the
ManLAM activities are abrogated after deacylation and the
observation that ManAMs, which lack the PI anchor, are un-
able to stimulate cytokine production are consistent with the
assumption that the PI anchor lipid part is an essential ele-
ment for the immunological activities of the ManLLAMs.

The parietal ManLLAM PI anchor lipid part is characterized
by the presence of a unique fatty acid, found for the first time
in the mycobacteria genus and identified as 12-O-(methoxypro-
panoyl)-12-hydroxystearic acid. Moreover, this fatty acid was
found to exclusively acylate the glycerol at C-1 leading to a lyso
form. Therefore, it is intriguing to speculate that this acylglyc-
erol modification could regulate cytokine secretion and conse-
quently modulate intracellular survival of mycobacteria. In-
deed, it was recently established that LPS from Salmonella
typhimurium, modified by the addition of a hydroxymyristate
in the lipid A part, altered TNF-a expression by adherent cells
(38). More excitingly, it was found that these modifications
were under the control of virulence genes (phoP-pho@). It can
be advanced that mycobacteria can escape from intramacro-
phagic destruction by adapting their ManLAM PI anchor struc-
tures to prevent stimulation of cytokine synthesis. Further
structural definition of anchors from pathogenic mycobacteria
species will help to clarify their role in mycobacterial virulence.
As reported previously, ManLAMs are also ligands of the man-
nose receptor expressed on macrophages and DCs. ManLAMs
thus favor mycobacterial adhesion. Concomitantly, however,
ManLAMs internalized via mannose-receptor-mediated endo-
cytosis can be presented in the context of CD1 and stimulate
antimycobacterial T cell responses. It should also be considered
that structural differences may affect uptake, intracellular
handling, and cell surface presentation of individual ManLAM
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molecules. Besides the PI anchor, it was found that the man-
nooligosaccharide caps play a key role in the adhesion to
macrophages and the subsequent induction of T-lymphocyte
responses, suggesting that the molecular basis of ManLAM
functional diversity is not yet precisely understood.

To further clarify these molecular mechanisms of recogni-
tion, it will be important, in future studies, to establish detailed
structures of parietal and cellular ManLAMs from virulent and
pathogenic mycobacterial strains and to compare their activi-
ties in biological processes such as cell adhesion, antigen pres-
entation, cytokine stimulation, and T cell activation.
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