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The mycobacterial cell wall component lipoarabinomannan (LAM) has been described as a virulence factor
of Mycobacterium tuberculosis, and modification of the terminal arabinan residues of this compound with
mannose caps (producing mannosyl-capped LAM [ManLAM]) in M. tuberculosis or with phosphoinositol caps
(producing phosphoinositol-capped LAM [PILAM]) in Mycobacterium smegmatis has been implicated in var-
ious functions associated with these lipoglycans. A structure-function analysis was performed by using LAMs
and their biosynthetic precursor lipomannans (LMs) isolated from different mycobacterial species on the basis
of their capacity to induce the production of interleukin-12 (IL-12) and/or apoptosis of macrophage cell lines.
Independent of the mycobacterial species, ManLAMs did not induce IL-12 gene expression or apoptosis of
macrophages, whereas PILAMs induced IL-12 secretion and apoptosis. Interestingly, uncapped LAM purified
from Mycobacterium chelonae did not induce IL-12 secretion or apoptosis. Furthermore, LMs, independent of
their mycobacterial origins, were potent inducers of IL-12 and apoptosis. The precursor of LM, phosphatidyl-
myo-inositol dimannoside, had no activity, suggesting that the mannan core of LM was required for the activity
of LM. The specific interaction of LM with Toll-like receptor 2 (TLR-2) but not with TLR-4 suggested that these
responses were mediated via the TLR-2 signaling pathway. Our experiments revealed an important immuno-
stimulatory activity of the biosynthetic LAM precursor LM. The ratio of LAM to LM in the cell wall of
mycobacteria may be an important determinant of virulence, and enzymes that modify LM could provide
targets for development of antituberculosis drugs and for derivation of attenuated strains of M. tuberculosis.

Mycobacterium tuberculosis is the causative agent of pulmo-
nary tuberculosis in humans and leads to an estimated 2 mil-
lion to 3 million deaths worldwide each year. This organism is
one of the most successful bacterial pathogens, having infected
and persisted in an estimated 2 billion humans (8). In order to
evade the host’s immune response, M. tuberculosis has evolved
multiple strategies to manipulate infected host cells (9). Two
important mechanisms are the suppression of interleukin-12
(IL-12) production and the inhibition of infection-induced apo-
ptosis in macrophages. IL-12 is a key cytokine in the host de-
fense against mycobacterial infections, and humans and mice
deficient in IL-12 responses are highly susceptible to mycobac-
terial infections (2, 17). The importance of apoptosis in the
host’s innate immune response is suggested by the correlation
of the virulence of mycobacterial strains with their capacity to
inhibit apoptosis (18, 29). In addition, macrophages from mouse
strains susceptible to mycobacterial infections undergo less apo-
ptosis after infection than macrophages from a mouse strain
that is resistant to mycobacterial infections undergo (29). How-
ever, the mechanisms by which M. tuberculosis manipulates the
host cell responses to infection are only poorly understood.
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Lipoarabinomannan (LAM) is a cell wall lipoglycan, and to
date three families of LAMs isolated from mycobacteria have
been described (24). These lipoglycans are composed of three
structural domains, a glycosylphosphatidyl anchor, a bD-mannan
core, and a large terminal p-arabinan. b-Mannan and p-arabi-
nan represent the carbohydrate skeleton; the mannan core is
terminated by the glycosylphosphatidyl anchor at its reducing
end, whereas the arabinan domain is capped by either manno-
syl (7, 19, 28, 33) or phosphoinositol residues (12, 19) (Fig. 1).
The presence and the structure of capping allow classification
of LAM molecules into three major classes (24). First, man-
nosylated LAMs (ManLAMSs), which are characterized by the
presence of mannosyl caps, are found in pathogenic species,
including M. tuberculosis and Mycobacterium kansasii (14). Sec-
ond, phosphoinositol-capped LAMs (PILAMs), which are
characterized by the presence of phosphoinositol caps, have
been isolated from nonpathogenic species, such as Mycobac-
terium smegmatis and another unidentified fast-growing my-
cobacterial species (Mycobacterium sp.) (12, 19). Finally,
uncapped LAM (AraLAM) isolated from Mycobacterium che-
lonae, which lacks both mannose and phosphoinositol caps, is
representative of the newly discovered family of LAM mole-
cules (15, 24) (Fig. 1).

Mycobacterial LAMs are major virulence factors and can be
considered modulins because of their capacity to manipulate
the host immune system (3, 6, 24). LAMs have been implicated
in triggering multiple signaling pathways that modulate the
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FIG. 1. Structures of the three representative families of LAM molecules isolated from different mycobacterial species and used in this

study.

apoptosis and IL-12 production of macrophages and den-
dritic cells. ManLAM isolated from M. tuberculosis does not
induce IL-12 and apoptosis and may actually inhibit the induc-
tion of these two pathways via agonists such as lipopolysac-
charide (LPS) or bacterial infection (25, 26, 30). In contrast,
the PILAMs from the nonpathogenic organisms M. smegmatis
and Mycobacterium sp. are potent inducers of IL-12 and apo-
ptosis (11, 24, 25, 35). These observations suggested that the
mannose caps of M. tuberculosis ManLAM are important for
modulating the induction of proinflammatory signaling on mac-
rophages and dendritic cells. Nevertheless, these structure-
function studies were limited because of technical difficulties
that prevented specific removal of the mannose caps from the
isolated M. tuberculosis ManLAM and by the limited number
of structural LAM variants available for study.

The recent isolation of and structural data for LAMs from
M. kansasii and M. chelonae (14, 15) allowed us to directly
compare the effects of the three families of LAM molecules
(ManLAM, PILAM, and AralLAM), as well as their corre-
sponding biosynthetic precursors (lipomannan [LM] and phos-
phatidyl-myo-inositol dimannoside [PIM,]), on IL-12 and apo-
ptosis induction in macrophages (Fig. 1). In this study we
demonstrated that the mannose caps of ManLAMSs are most
likely not necessary to modulate the induction of IL-12 and
apoptosis. Furthermore, we present evidence here that LM,
but not PIM,, strongly induces IL-12 production and apopto-
sis. Since LM and LAM coexist in the mycobacterial cell wall,
the ratio of LAM to LM in M. tuberculosis may be important
for the capacity of this organism to circumvent IL-12 produc-
tion and inhibit apoptosis, thereby directly influencing the out-
come of the infection.

MATERIALS AND METHODS

Lipoglycans. Purified LAM, LM, and PIM, from M. chelonae ATTC 19538 or
M. kansasii PHRI 901 (clinical isolate) were obtained as described by Guerardel
et al. (14, 15). PILAM from an unidentified, fast-growing mycobacterium (My-
cobacterium sp.) and lipoglycans from M. tuberculosis strain H37Rv were ob-
tained from J. T. Beslile (Colorado State University). The amount of LPS
contamination in each preparation was determined by the Limulus lysate assay
(BioWittaker) and was found to be below the threshold of detection in all of the
assays performed.

Apoptosis assay. The apoptosis assay was performed as described by Guer-
ardel et al. (14). The human monocytic cell line THP-1 (ATCC TIB202) was
differentiated by using phorbol 12-myristate 13-acetate (Sigma) at a final con-
centration of 20 ng/ml for 20 h. Next, cells were incubated in medium with 5%
human serum and the different lipoglycans (LAM:s at a concentration of 20 p.g/ml
and LMs and PIM, at a concentration of 10 wg/ml) for 24 h. The percentage of
apoptotic cells was determined by using AnnexinV-Alexa488 conjugates (Mo-
lecular Probes) and propidium iodide staining of dead cells. For flow cytometry
analysis, 10,000 events were collected for each condition, and the percentages of
AnnexinV-positive and propidium iodide-negative cells were determined. Exper-
iments were performed three to five times, and average values and standard
deviations are shown below. The significance of differences in comparisons with
untreated cells was calculated by using the unpaired ¢ test, and two-tailed P
values are given below.

RAW/pIL-12-GFP cell line-based IL-12 gene expression assay. The minimal
mouse IL-12p40 promoter (23, 27) (positions —348 to 8 relative to the transcrip-
tion start) was amplified from C57B6 mouse genomic DNA by PCR by using
upstream primer 5'GCAAGTCCTTCCTTTTTCTGCAGTCT 3’ and down-
stream primer 5 CACCCACTGTTCCTTCTGCTGC 3’ and was inserted into
the TOPO cloning vector (Invitrogen). A HindIII/PstI IL-12p40 promoter-con-
taining fragment isolated from the TOPO cloning vector was cloned into the
HindIII/PstI site of a green fluorescent protein (GFP) reporter vector, pEGFP-1
(BD Bioscience). This vector, p348+8mIL12p40.EGFP-1, was used to transfect
the murine RAW 264.7 macrophage cell line to detect IL-12p40 promoter activity.

RAW 264.7 cells (ATCC TIB-71) were transfected with p348-+8mIL12p40.
EGFP-1 by using the Superfect reagent according to the manufacturer’s protocol
(Invitrogen). Briefly, 5 X 10° cells were inoculated into a 100-mm tissue culture
plate. Ten micrograms of DNA was mixed with the reagent and incubated for 5
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to 10 min to allow SuperFect-DNA complexes to form and then was added
directly to the cells. After 2 to 3 h of incubation the medium was replaced with
Dulbecco modified Eagle medium (DMEM) containing 10% fetal calf serum,
and 5% NCTC-109 medium, 10 mM HEPES, and 1 mg of neomycin per ml were
added the next day. After this all manipulations were done in this medium.
Clones of cells resistant to neomycin (designated RAW/pIL-12-GFP) were iso-
late after 2 weeks and were then tested for the ability to respond to known
inducers of IL-12p40, including 0.1 pg of LPS from Salmonella typhosa (L7895;
Sigma) per ml and 1 uM mouse CpG DNA (HC4033; Cell Sciences).

To analyze the capacity of the lipoglycans to activate the IL-12 promoter, 2 X
10° RAW/pIL-12-GFP cells were seeded into each well of 96-well plates over-
night. The next day 200-ul portions of medium containing the different lipogly-
cans or LPS were added, and the cells were incubated for 16 h. The expression
of GFP was detected with a Becton Dickinson FACScan, and data for 5,000
collected events were analyzed by using CellQuest software (BD Bioscience).
Untreated and treated cells were gated by forward and side scatter. GFP-positive
cells were considered to be cells that had greater fluorescence than untreated
cells. Experiments were performed three to five times, and average values and
standard deviations are shown below. The significance of differences in compar-
isons with untreated cells was calculated by using the unpaired ¢ test, and
two-tailed P values are indicated below.

Analysis of IL-12 secretion from bone marrow-derived macrophages. Bone
marrow-derived macrophages were prepared as described previously (5). Briefly,
bone marrow cells from 6- to 8-week-old BALB/c mice were flushed from the
tibia and femur with DMEM (Invitrogen) containing 100 U of penicillin per ml
and 100 pg of streptomycin (Invitrogen) per ml. Red blood cells were eliminated
by using lysis buffer (00-4333-57; eBioscience) as recommended by the manu-
facturer. Then 1 X 10 ® to 2 X 10° cells were inoculated into a 100-mm petri dish
at a density of 4 X 10° cells/ml. Cells were differentiated into macrophages by
supplementing DMEM with 10% fetal calf serum and 20% day 7 L-929 cell
(ATCC CCL-1) supernatant as a source of macrophage differentiation factor. On
day 6, adherent cells were harvested with cold phosphate-buffered saline con-
taining 0.5 mM EDTA for analysis of the secretion of IL-12 induced by lipogly-
cans. Therefore, triplicate preparations containing 2 X 10° bone marrow-derived
macrophages were cultured in 96-well plates either with lipoglycans or with
medium alone for 24 h in DMEM. The supernatants from 16- to 24-h cultures
were analyzed for mouse IL-12p40 by an enzyme-linked immunosorbent assay
(ELISA) by using an mIL12p40 ELISA kit (KMCO122) from Biosource Inter-
national. The assay was performed as suggested by the manufacturer.

TLR interaction assay. Chinese hamster ovary (CHO) cells transfected with
the inducible membrane protein CD25 under control of a region from the human
E-selectin promoter containing nuclear factor-kB binding sites and expressing
CD14 and either human Toll-like receptor 2 (TLR-2) or human TLR-4 (21) were
kindly provided by D. T. Golenbock (University of Massachusetts). The cells
were maintained as described previously (21). A total of 5 X 10° cells were
treated with lipoglycans for 24 h in 250 pl (final volume) of medium per well. The
cells were harvested and stained with anti-human CD25 antibody (5 pg/ml; BD
Bioscience) for 30 min, washed, and stained with Alexa633-conjugated goat
anti-mouse antibody (5 wg/ml; Molecular Probes). The induction of CD25 cell
surface expression was analyzed by examining 10,000 cells per condition by using
a FACS-Calibur (BD Bioscience) in the FL-4 channel. To quantify the percent-
age of CD25-positive cells induced by the lipoglycan treatment, a gate was
defined on the medium-treated CHO cells to include only the highest 5% ex-
pressing cells. The same gate was applied to all other conditions, and the per-
centage of positive cells was determined. The average for three independent
experiments was calculated. The significance of differences in comparisons with
untreated cells was calculated by using the unpaired ¢ test, and two-tailed P
values are indicated below.

RESULTS AND DISCUSSION

Lack of requirement for mannose caps for modulation of the
inflammatory response of macrophages to LAM. The effect of
PILAM isolated from a fast-growing, unidentified Mycobacte-
rium species on the induction of an inflammatory response has
been described previously (24). Here, we reexamined the ca-
pacity of PILAM to modulate apoptosis and IL-12 gene ex-
pression using a variety of specific assays. As expected, the
PILAM induced IL-12p40 gene expression and apoptosis of
macrophages in a dose-dependent manner, whereas ManLAM
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from M. tuberculosis had no activity (data not shown). In order
to address the hypothesis that the mannose caps of ManLAM
are important for the modulation of apoptosis and/or IL-12 gene
expression, macrophages were stimulated with ManLAMs iso-
lated from M. kansasii and M. tuberculosis, PILAM isolated
from Mycobacterium sp., and AraLAM isolated from M. che-
lonae at a concentration of 20 wg/ml for 24 h. Interestingly,
neither the ManLAMs nor the AraLAM induced apoptosis at
a level above the background level in untreated cells, as mea-
sured by AnnexinV staining and flow cytometry analysis (Fig.
2). In contrast, addition of PILAM to the macrophages in-
creased the percentage of apoptotic cells from 15% in un-
treated controls to about 35% (Fig. 2A and B), suggesting that
the phosphoinositol residues may participate in induction of
apoptosis.

Interestingly, the ManLAMs and AralLAM induced a slight
increase in IL-12p40 gene expression, as determined by the
increased fraction of GFP-positive RAW cells transfected with
an IL-12p40 promoter-GFP fusion construct (RAW/pIL-12-
GFP). The AraLAM induced IL-12 expression in about 3% of
the cells, whereas approximately 10% of the cells were positive
when they were treated with the ManLAMs. Statistical analysis
revealed that these levels of induction were significantly dif-
ferent (P < 0.05) than the levels for untreated cells (~1.5%
GFP-positive cells) (Fig. 2D). Nevertheless, these levels are
most likely not biologically relevant compared to the strong
activity of PILAM, which was found to induce IL-12 expression
in more than 70% of the cells, which approached the level of
induction observed after LPS stimulation (~85%) (Fig. 2C and
D). Altogether, these results suggest that the mannose caps of
ManLAM from M. tuberculosis or M. kansasii are not required
for modulation of the proinflammatory activities. Instead,
since AraLAM also showed no activity, it appears more likely
that the phosphoinositol capping was responsible, either di-
rectly or indirectly, for inducing an inflammatory response of
stimulated macrophages and that AraLAM and ManLAM
simply do not induce proinflammatory responses.

It should be pointed out that our results were obtained by
using purified LAM preparations, and it is likely that the man-
nose caps of ManLAMs have significant effects on modulation
of the responses of macrophages and dendritic cells in the
context of concurrent stimuli as they occur during infection
with whole bacteria. For instance, it has been demonstrated
that ManLAM mediates the inhibition of the LPS-induced
IL-12 response of human dendritic cells (10, 25, 26, 31) and the
induction of apoptosis mediated by M. tuberculosis infection
(26, 30). This activity was proposed to require the interaction
of ManLAM with the mannose receptor and/or DC-SIGN (26,
31). Therefore, the mannose caps may prove to be important
for the capacity to inhibit a receptor-mediated signaling event.

Potent inflammatory responses to the LAM precursor LM.
It was demonstrated previously that M. kansasii LM is a potent
inducer of apoptosis of macrophages (14), and since the mol-
ecules are structurally similar, we hypothesized that this activ-
ity may be a common feature of all LMs, regardless of myco-
bacterial origin. To address this hypothesis, we compared the
abilities of LMs isolated from M. chelonae, M. kansasii, and M.
tuberculosis to induce IL-12p40 gene expression and apoptosis
of macrophages. As shown in Fig. 3A, all of the LMs induced
apoptosis at similar levels compared to the levels induced by
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FIG. 2. PILAM induces apoptosis and IL-12 gene expression in macrophages. (A) Differentiated human THP-1 cells either were not treated
(left panel) or were incubated with PILAM (20 pg/ml) for 24 h and then stained with AnnexinV-Alexa488 and propidium iodide and analyzed by
flow cytometry to determine the induction of apoptosis. (B) Percentage of apoptotic THP-1 cells treated with different LAM molecules which are
representative of the three LAM families (ManLAM, PILAM, and AraLAM) and were isolated from various mycobacterial species. The
percentage of apoptotic cells was determined as the number of AnnexinV-Alexa488-positive and propidium iodide-negative cells in a population
of 10,000 cells analyzed by flow cytometry. M.sp.-PILAM, Mycobacterium sp. PILAM; M.tb-ManLAM, M. tuberculosis ManLAM;
M.Kan-ManLAM, M. kansasii ManLAM; M.Che-AraLAM, M. chelonae AraLAM. (C) RAW cells transfected with an IL-12p40 gene promoter-
GFP gene fusion plasmid (RAW/pIL-12-GFP) either were not treated (left panel) or were treated with 20 ug of PILAM per ml (right panel) for
16 h. Activation of the IL-12p40 promoter was determined by flow cytometry analysis of 5,000 events per condition, and the percentage of
GFP-positive cells is indicated. (D) Induction of IL-12 expression by different lipoglycans analyzed as described above. The percentages of cells
induced to express IL-12 are indicated. For panels B and D the means and standard deviations for three to five experiments are shown, and
statistical analyses were performed by using the unpaired ¢ test to compare treated cells to untreated cells; three asterisks indicate that the P value
is <0.001, and two asterisks indicate that the P value is <0.01.

PILAM, and treatment resulted in about 30 to 35% apoptotic induced IL-12 expression in about 70% of the cells (Fig. 3B).

cells, compared to the 15% apoptotic cells in untreated cul- Our findings are consistent with the recent study of Vignal et
tures. In addition, all the LMs induced significant IL-12p40 al. (34), which demonstrated that LMs, but not LAM:s isolated
transcription, with M. chelonae LM and M. kansasii LM induc- from M. kansasii and M. chelonae, induce tumor necrosis factor

ing gene expression in about 60% of the cells and M. tubercu- alpha (TNF-a) and IL-8 secretion. In the present study we
losis LM inducing gene expression in about 80% of the cells extended this analysis and found that LMs from all species
(Fig. 3B). Only 1% of the cells were positive in untreated tested, including virulent M. fuberculosis, were potent inducers
cultures. As a positive control we used LPS and PILAM, which of apoptosis and IL-12 expression.
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FIG. 3. LM induces apoptosis and IL-12 gene expression in mac-
rophages. (A) Differentiated THP-1 cells were incubated with either
PILAM (20 pg/ml) or with LMs isolated from M. tuberculosis, M.
kansasii, and M. chelonae (10 pg/ml) for 24 h. The percentage of
apoptosis was determined by flow cytometry analysis of 10,000 events
after cells were stained with AnnexinV and propidium iodide.
(B) RAW/pIL-12-GFP cells were incubated with wither PILAM (20
pg/ml), LMs (10 pg/ml), or LPS (100 ng/ml) for 16 h, and flow cytom-
etry was used to determine the induction of GFP-positive cells in 5,000
events. The results are the means of three independent experiments. A
statistical analysis was performed as described in the legend to Fig. 2;
three asterisks indicate that the P value is <0.001, and two asterisks
indicate that the P value is <0.01. M.sp.-PILAM, Mycobacterium sp.
PILAM; M.tb-LM, M. tuberculosis LM; M.Kan-LM, M. kansasii LM;
M.Che-LM, M. chelonae LM.
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Together, the structure-function studies suggested that ad-
dition of the arabinan in LAM masks the activity of the man-
nan core in LM, and therefore, enzymes that mediate this
event may be important in determining the virulence of a
mycobacterium. At this time, very little is known regarding
arabinan synthesis. However, recent work has suggested that
an embC-deficient M. smegmatis mutant strain is affected in
arabinosylation of LAM (36). Thus, EmbC, a protein that is
highly homologous to EmbA and EmbB, appears to catalyze
arabinosyltransferase activity in LAM arabinan biosynthesis.
The availability of embC mutants may provide valuable tools
for analyzing the in vivo effect of an altered LM-LAM balance
on both IL-12 expression and apoptosis. In addition, a com-
parison of the LAM/LM ratio in the cell walls of different
mycobacterial strains should allow assessment of the hypothe-
sis that in virulent strains this balance is tipped towards LAM
and in less virulent strains it is tipped towards LM.

LM precursor PIM, does not induce IL-12 secretion. To
address whether the mannan core of LM is essential for its
biological activity, the biosynthetic precursor PIM,, containing
only two mannose residues (Fig. 1), was used to stimulate
macrophages. The percentage of cells expressing the IL-12p40
gene in untreated samples was less than 1% and was signifi-
cantly increased by M. tuberculosis LM (90%) but neither by M.
tuberculosis ManLAM (~4%) nor by M. tuberculosis PIM,
(<1%) (Fig. 4A). The PIM, of M. kansasii also did not induce
IL-12 gene expression (<2%) when it was compared to M.
kansasii LM (~50%) (data not shown), which is consistent with
the reported lack of an effect of M. kansasii PIM, on induction
of apoptosis (14) and IL-8 and TNF-a secretion (34). In addi-
tion, the ability of ManLAM, LM, and PIM, from M. tubercu-
losis to induce secretion of IL-12 by bone marrow-derived
macrophages from BALB/c mice was analyzed by an ELISA.
In agreement with the results of the IL-12 reporter assay, only
LM induced secretion of IL-12 (~1.5 ng/ml); ManLAM and
PIM, did not induce secretion of this cytokine (Fig. 4B). These
results confirmed the validity of the IL-12 reporter assay per-
formed with a macrophage cell line for interpretation of the
effect of LM isolated from M. tuberculosis on primary macro-
phages. Together, the experiments whose results are shown in
Fig. 4 demonstrate that the mannan core is essential for the
biological activity of LM and that the lipid anchor PIM, may be
necessary in the context of LM but has no activity on its own.
Since PIM, contains only two mannose residues, these results
suggest that a higher mannose content is required to stimulate
IL-12 expression. This is in agreement with previous results
which showed that, in contrast to LM, PIM, was unable to
induce TNF-a and IL-8 production in THP-1 cells (34). These
findings somewhat contradict a report on induction of TNF-a
secretion by macrophages stimulated with PIM, and PIM, of
Mycobacterium bovis BCG (13). The discrepancy may be ex-
plained by the use of very high concentrations of PIM, (30 to
50 wg/ml) in the previous study (13). In addition, in the pre-
vious study the researchers did not compare the activity of
PIM, to the activity of LM, and, although they showed induc-
tion of TNF-a, the amount of TNF-a secreted was very low
(0.2 to 0.4 ng/ml) compared to the amount of LPS-induced
TNF-a secreted (~10 ng/ml). Therefore, we propose that, al-
though PIM, may have residual activity when it is given in high
doses, PIM, alone is not sufficient to induce strong proinflam-
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FIG. 4. PIM, does not induce IL-12 gene expression in macro-
phages. (A) RAW/p-IL-12-GFP cells were incubated with either LPS
(100 ng/ml), ManLAM (10 or 20 pg/ml), LM (1 or 10 pg/ml), or PIM,
(PIM) (1 or 10 pg/ml) (all isolated from M. tuberculosis) for 16 h, and
IL-12 gene induction was measured by flow cytometry analysis as
described in the legend to Fig. 2. (B) Bone marrow-derived murine
macrophages were incubated with lipoglycans as described above for
24 h, and the secretion of IL-12 into the supernatant was analyzed by
an ELISA. The results are the means of three independent experi-
ments, and a statistical analysis was performed as described in the
legend to Fig. 2; three asterisks indicate that the P value is <0.001, two
asterisks indicate that the P value is <0.01, and one asterisk indicates
that the P value is <0.05.
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matory responses. The main activity for induction of cytokines
and apoptosis is mediated by LM, presumably through an
effect dependent on its mannan domain.

LM induces cell signaling through TLR-2 ligation but not
through TLR-4 ligation. TLRs are important pattern recogni-
tion receptors that have been implicated in the innate immune
response (16, 20). Since the interaction of PILAM with TLR-2
has been documented (22) and the interaction of other bacte-
rial ligands with TLR-2 has been shown to induce IL-12 secre-
tion and apoptosis (1, 4), we hypothesized that the proinflam-
matory activity of LM may be TLR-2 dependent. Therefore,
the interactions of the different LMs with TLR-2 and/or TLR-4
were analyzed by using transfected CHO cells as described
previously (21, 22). Interestingly, all the lipoglycans that had
IL-12- and apoptosis-inducing activity strongly interacted with
TLR-2 but not with TLR-4. Thus, PILAM from Mycobacterium
sp. and LMs from M. tuberculosis, M. kansasii, and M. chelonae
all induced about six- to sevenfold increases in expression of
the reporter gene (CD25), as demonstrated by flow cytometry
analysis measuring the percentages of CD25-positive cells of
lipoglycan-treated and untreated cells (Fig. 5A). M. tuberculo-
sis ManLAM and M. chelonae AralLAM did not stimulate cells
via TLR-2, and M. kansasii ManLAM showed a reproducible
but weak interaction (<twofold increase) which was not sta-
tistically significantly different from CD25 expression in un-
treated cells (Fig. SA). Interestingly, none of the lipoglycans
showed strong interactions with TLR-4, although M. tubercu-
losis LM had a consistent but very weak effect on CD25 ex-
pression mediated by TLR-4 that proved to be not statistically
significant (P > 0.05) (Fig. 5B). Therefore, it appears that like
PILAM, LM mediates its proinflammatory activity via interac-
tion with TLR-2 on the surface of macrophages. However, it is
noteworthy that when this assay is used, it is possible that other
TLRs may be implicated in association with TLR-2, as has
recently been shown for TLR-1 in the binding of PILAM to
TLR-2 (32). The intriguing question remains why LMs but
not ManLAMs and AraLAMs bind to TLR-2, although they
all contain a precursor LM that by itself may interact with
TLR-2. One compelling hypothesis is that the arabinan core
of ManLAM and AralLAM masks the mannan core from
recognition by TLR-2 and in the case of PILAM the phos-
phoinositol residues that are attached to the arabinan core
may induce conformational changes, which would expose
the presumably hidden mannan core for binding to TLR-2.
Indeed, it was recently shown that chemical degradation of the
arabinan domain of ManLAM from M. kansasii, which failed
to induce TNF-a secretion, restored the cytokine-inducing ac-
tivity to a level similar to that of LM isolated from M. kansasii
(34). These results support the notion that the presence of the
arabinan in LAM prevents an interaction with TLR-2.

In conclusion, we demonstrated that LM, the biosynthetic
precursor of LAM, has strong inflammatory activity regardless
of the species of Mycobacterium from which it is isolated. These
results point to an important function of the arabinan core that
may mask the proinflammatory capacity of the mannan core of
LM. Therefore, the expression and activity of enzymes such as
arabinosyltransferases that modify the mannan core of the LM
may be important in determining the relative virulence of the
bacteria by modifying the LAM/LM ratio within the cell wall.
Thus, it should be interesting to determine how closely the ra-
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FIG. 5. LM activates cells in a TLR-2-dependent manner. CHO/
CD14/TLR-2 (A) and CHO/CD14/TLR-4 (B) reporter cell lines were
incubated either with LAM (20 pg/ml), with LMs (10 pg/ml) isolated
from various mycobacterial species, or with LPS (1 wg/ml) for 16 h.
Cellular activation was measured by determining the expression of
CD25 at the cell surface by using anti-CD25 monoclonal antibody and
flow cytometry analysis. The percentage of CD25-positive cells was
determined, and the averages of three independent experiments are
shown. A statistical analysis was performed as described in the legend
to Fig. 2; three asterisks indicate that the P value is <0.001, and two
asterisks indicate that the P value is <0.01. M.sp.-PILAM, Mycobac-
terium sp. PILAM; M.tb-ManLAM, M. tuberculosis ManLAM; M.tb-
LM, M. tuberculosis LM; M.Kan-LM, M. kansasii LM; M.Che-LM,
M. chelonae LM; M.Kan-ManLAM, M. kansasii ManLAM; M.Che-
AralLAM, M. chelonae AralLAM.
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tio of LAM to LM in the cell wall of mycobacteria correlates
with virulence. Our results suggest that enzymes involved in
adding arabinan to LM are interesting potential targets for
antituberculosis drugs and for generation of attenuated
M. tuberculosis strains by targeted gene disruption.
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