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Lipoarabinomannan (LAM) is one of the key virulence factors for Mycobacterium tuberculosis, the etiological
agent of tuberculosis. During uptake of mycobacteria, LAM interacts with the cell membrane of the host
macrophage and can be detected throughout the cell upon infection. LAM can inhibit phagosomal maturation
as well as induce a proinflammatory response in bystander cells. The aim of this study was to investigate how
LAM exerts its action on human macrophages. We show that LAM is incorporated into membrane rafts of the
macrophage cell membrane via its glycosylphosphatidylinositol anchor and that incorporation of mannose-
capped LAM from M. tuberculosis results in reduced phagosomal maturation. This is dependent on successful
insertion of the glycosylphosphatidylinositol anchor. LAM does not, however, induce the phagosomal matu-
ration block through activation of p38 mitogen-activated protein kinase, contradicting some previous
suggestions.

Mycobacterium tuberculosis, the etiological agent of tubercu-
losis, spreads by aerosol, mainly infecting alveolar macro-
phages, by which the bacterium is ingested (17). Through in-
hibition of macrophage functions, the bacterium modulates the
host immune response (25). The best-characterized virulence
factor of M. tuberculosis, lipoarabinomannan (LAM), is an
abundant glycolipid, which is attached to the plasma mem-
brane by a glycosylphosphatidylinositol (GPI) anchor and ex-
tends through the cell wall of the bacterium (5). During uptake
of mycobacteria, LAM interacts with the cell membrane of the
host macrophage via specific receptors, including the macro-
phage mannose receptor and complement receptor 3 (13, 14,
19), and can then be detected at multiple sites in the cell (27).
The host cell exports LAM from the phagosome in an exocy-
tosis-like manner, eliciting responses in bystander cells (1–3).
The M. tuberculosis surface harbors mannose-capped LAM
(ManLAM), whereas other, less pathogenic, mycobacteria con-
tain LAM either with a phospho-myo-inositol cap (PILAM) or no
cap (6). The type of capping and the presence of the GPI
anchor is crucial for virulence (13, 14). The effects of Man-
LAM on the host cell are multiple, but the interference of
ManLAM with phagosomal maturation is the best character-
ized (21) and has been demonstrated in murine and human
macrophages (10, 12, 14).

Studies on human lymphocytes showed that LAM localizes
to membrane rafts of the lymphocyte membrane, thereby in-
terfering with signaling affecting cytokine production (20).

Membrane rafts are cholesterol- and glycosphingolipid-rich
domains that act as platforms for cell signaling processes (16).
The aim of this study was to investigate whether the effects of
LAM are due to incorporation of LAM into membrane rafts of
human macrophages. We establish that LAM is incorporated
into membrane rafts of the macrophage cell membrane via its
GPI anchor, resulting in reduced phagosomal maturation.

MATERIALS AND METHODS

Antigens and antibodies. ManLAM, cell wall fractions (CWF), and phospha-
tidylinositol mannosides (PIM) from the virulent M. tuberculosis strain H37Rv;
PILAM from an avirulent strain; and monoclonal anti-LAM antibodies were
kindly provided by Colorado State University, Fort Collins, CO. Mouse mono-
clonal CD63 antibody was from Sanquin, rabbit monoclonal phospho-p38 mito-
gen-activated protein kinase (MAPK) antibody (Thr180/Tyr182) was from Cell
Signaling Technology, and the mouse monoclonal p65 antibody was from Santa
Cruz. Alexa 594- and Alexa 488-conjugated goat anti-mouse immunoglobulin G
(IgG) and Alexa 594-conjugated goat anti-rabbit IgG were from Molecular
Probes, and horseradish peroxidase (HRP)-conjugated goat anti-rabbit and goat
anti-mouse antibodies were from Dako.

Cell culture. Human monocytes were isolated from heparinized peripheral
human blood by routine methods. Briefly, whole blood was layered onto Lym-
phoprep (Axis-Shield) and centrifuged at 480 � g at room temperature (RT) for
40 min. The mononuclear cell layer was collected and washed several times. Cells
were seeded on glass coverslips or plastic and diluted in cold Dulbecco’s modified
Eagle’s medium with glucose (Gibco) (supplemented with 20 mM HEPES, 1
U/ml penicillin, 10 �g/ml streptomycin); lymphocytes were washed away after 1
to 2 h, and cells were allowed to differentiate to human monocyte-derived
macrophages (hMDMs) for 8 to 11 days in the same medium containing 10%
normal human serum pooled from five donors (Linköping University Hospital)
and 80 �M L-glutamine. The day before experiment, the medium was replaced
with serum-free medium.

LAM and PIM loading. Macrophages were loaded (at 37°C for 30 min on a
rocking table) with ManLAM (5 �g/ml or 20 �g/ml), PILAM (5 �g/ml or 20
�g/ml), CWF (20 �g/ml or 80 �g/ml), PIM (20 �g/ml or 40 �g/ml), or control
(buffer only) diluted in Krebs-Ringer glucose medium (120 mM NaCl, 4.9 mM
KCl, 1.2 mM MgSO4, 8.3 mM KH2PO4, 10 mM glucose, 1 mM CaCl2). After
incubation, the cells were washed three times to remove unbound LAM. In order
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to competitively inhibit LAM insertion (13), macrophages were incubated with
PIM for 15 min before, as well as during, LAM incubation.

LAM staining. After LAM loading (20 �g/ml), hMDMs were fixed in 4%
paraformaldehyde (PFA) for 30 min and washed three times. Cells were blocked
(at RT for 1 h) with phosphate-buffered saline (PBS) with 5% human serum
albumin and then incubated (at RT for 1 h) with monoclonal anti-LAM (cs-35)
antibody (1:50) in blocking buffer containing 0.5% human serum albumin sup-
plemented with 10% normal goat serum (Dako). After three 5-min washes, cells
were incubated (at RT for 1 h) with Alexa 594-conjugated anti-mouse IgG (5
�g/ml) diluted in blocking solution. After three additional washes, the coverslips
were mounted (Dako mounting medium), and preparations were analyzed by
confocal microscopy. The confocal microscope was a Bio-Rad Radiance 2000
MP with LaserSharp 2000 software with an argon laser emitting dually at 488 nm
for excitation of green fluorescence and at 514 nm for red fluorescence. For
double immunofluorescent labeling of LAM and ganglioside M-1 (GM-1), a
molecule remaining in the detergent-resistant membrane raft fraction of mem-
branes, the preparations were incubated with the Alexa-conjugated B subunit of
cholera toxin (1 �g/ml; at 4°C for 15 min) (Molecular Probes) before fixation and
LAM staining.

Membrane raft isolation. After LAM loading, macrophages were incubated
(at 4°C for 30 min) in cold lysis buffer (1 mM EDTA; 1% Triton X-100; 2 �g/ml
each of aprotinin, pepstatin, and leupeptin; 1 mM Pefabloc [Roche]). Lysates
were centrifuged (at 500 � g at RT for 10 min) to remove nuclei and whole cells,
and supernatants were mixed 1:1 with 85% sucrose (wt/vol) diluted in lysis buffer.
A step gradient of 30% sucrose and 5% sucrose was constructed on top of the
mixture and ultracentrifuged (200,000 � g at 4°C for 18 h). Ten fractions (1 ml
each) were collected from the top to the bottom of the tube, transferred to a
nitrocellulose membrane by dot blot, and blocked for 1 h at RT with 5% (wt/vol)
fat-free milk. GM-1 was detected using the HRP-conjugated B subunit of cholera
toxin (1 �g/ml; at RT for 1 h) (Sigma-Aldrich), and LAM was detected using
mouse monoclonal anti-LAM antibody (1:200; at RT for 2 h) followed by HRP-
conjugated goat anti-mouse antibody (1:5,000; at RT for 1 h). Dots were detected
using a commercial kit (Amersham Bioscience).

CD63 translocation assay. LAM-loaded or control hMDMs were allowed to
phagocytose (15 min) fluorescein isothiocyanate-labeled serum-opsonized zymo-
san particles (10:1) (Sigma-Aldrich). After a washing step, phagosomal matura-
tion was allowed to proceed (at 37°C for 2 h). hMDMs were fixed in PFA and
washed three times. Staining of the lysosomal marker CD63, which is found on
mature phagosomes (9), was performed in a humid chamber. Briefly, cells were
blocked in blocking solution containing PBS with 2% bovine serum albumin and
10% normal goat serum and permeabilized (at RT for 30 min) in blocking
solution supplemented with 0.1% (wt/vol) saponin. After three washes in PBS,
cells were incubated (at RT for 1 h) with mouse monoclonal anti-CD63 antibody
(4 �g/ml) diluted in blocking solution. After three 5-min washes, cells were
incubated (at 37°C for 30 min) with Alexa 594-conjugated goat anti-mouse IgG
(5 �g/ml), also diluted in blocking solution. Coverslips were washed three times
and mounted, and preparations were coded to achieve unbiased analysis, upon
which they were analyzed with respect to CD63 staining.

LysoTracker assay. LAM-loaded and control macrophages in Delta-T dishes
(Bioptechs) were allowed to phagocytose (15 min) fluorescent latex beads (Flu-
oresbrite plain YG 2.0 micron microspheres; Polysciences) at a multiplicity of
infection of 10:1. After a washing step, phagosomal maturation was allowed to
proceed for 2 h. When 15 min of incubation remained, 75 nM LysoTracker Red
DND-99 (Molecular Probes) was added. Cells were washed and mounted in a
confocal microscope equipped with a temperature control unit set to 37°C. At
least 30 images were taken of each of the coded samples during the following
45-min period, and the images were analyzed with respect to LysoTracker local-
ization to the phagosome. Each treatment was started separately so that the
incubation time was equal for all samples.

Phosphorylation of p38 MAPK. After ManLAM loading (20 �g/ml), hMDMs
were either stimulated with serum-opsonized zymosan (5:1) at 37°C for 20 min or
left untreated and washed three times. Cold radioimmunoprecipitation assay
buffer (1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS], 0.5% sodium
deoxycholate, 9.1 mM dibasic sodium phosphate, 1.7 mM monobasic sodium
phosphate, 150 mM NaCl), supplemented with Complete mini protease inhibitor
cocktail (Roche), 1 mM Na-ortovanadate, and 5 �M dithiothreitol, was added at
4°C for 10 min; samples were centrifuged (10,000 � g at 4°C for 10 min), and the
supernatant was diluted with sample buffer. Samples of equal protein content
were subjected to SDS-polyacrylamide gel electrophoresis and transferred to a
polyvinylidene difluoride membrane, which was blocked with 5% bovine serum
albumin (at RT for 1 h). Phosphorylation of p38 MAPK was detected by means
of enhanced chemiluminescence using an anti-phospho-p38 antibody (1:1,000; at
4°C overnight) and a secondary HRP-conjugated anti-rabbit antibody (1:2,000; at

RT for 2 h). The blots were scanned, and the relative intensities of the bands
were quantified using ImageJ, version 1.37, software.

NF-�B assay. hMDMs were exposed to 20 �g/ml LAM as described above or
left untreated prior to the addition of Toll-like receptor 2 (TLR2) ligand
(Pam3Cys) or TLR4 ligand (lipopolysaccharide [LPS]) (Alexis), 50 ng/ml or 10
ng/ml, respectively, in Krebs-Ringer glucose medium with 1% normal human
serum. After incubation at 37°C for 15 min, the cells were fixed with PFA, and
NF-�B activation was assessed by immunofluorescence staining. In brief, the
cells were stained with a monoclonal antibody directed toward the p65-subunit of
NF-�B, which translocates into the nucleus upon activation, and an Alexa 594-
conjugated anti-mouse antibody. The preparations were mounted in mounting
medium and analyzed with a Zeiss Axiovert 200 microscope equipped with an
AxioCamMRm camera. The staining intensity of the nucleus versus the cyto-
plasm was measured in at least 50 cells using Scion Image, version 4.0.2, software,
and NF-�B activation was expressed as the ratio of nuclear to cytoplasmic
staining.

Analysis. A Student’s t test was used for statistical analysis, and P values of
�0.05 were considered significant. A Kolmogorov-Smirnov test was used to
ensure that data were normally distributed.

RESULTS

LAM is incorporated into the cell membrane of hMDMs
and localizes to membrane rafts. In order to investigate
whether LAM is incorporated into the cell membrane of pri-
mary human macrophages, the cells were incubated with LAM.
LAM-specific staining of hMDMs was elevated in the Man-
LAM-containing samples, compared to PILAM, PIM, PIM/
ManLAM, and controls (Fig. 1A). To elucidate whether LAM
localizes to membrane rafts in hMDMs, dot blot analysis of cell
fractions of LAM-treated and control cells was performed. As
depicted in Fig. 1B, the raft marker GM-1 is present in frac-
tions 7 and 8 from control cells. The localization of GM-1 is
not altered in LAM-treated cells, showing that rafts are not
disrupted by LAM. Immunodetection of LAM in LAM-treated
cells showed that LAM localizes to the same fractions as GM-1
(Fig. 1B, fractions 7 and 8), indicating that LAM is incorpo-
rated into the cell membrane and localizes to membrane rafts
upon interaction with hMDMs. PILAM, from an avirulent
mycobacterial strain, is also incorporated into membrane rafts
but to a lesser extent. One previous study established that
incubation of PIM simultaneously with LAM competitively
inhibits LAM insertion, as PIM is structurally identical to the
GPI anchor of LAM (13). LAM staining is notably reduced in
PIM/LAM-treated cells, showing that LAM insertion is com-
petitively inhibited by simultaneous PIM treatment. Quantifi-
cation of staining intensity showed that PIM blocks LAM in-
sertion by about 50%. Double fluorescent labeling of LAM and
GM-1 confirmed colocalization (Fig. 1C).

ManLAM reduces phagosomal maturation. The best-char-
acterized function of LAM is its ability to inhibit phagosomal
maturation although no study has investigated whether this
effect is due to incorporation of LAM into the host cell mem-
brane. Since the phagosomal membrane originates from the
plasma membrane and since membrane rafts are present on
the phagosome, we concluded that LAM is present in the
phagosomal membrane of LAM-loaded hMDMs (8). LAM-
treated or control hMDMs were allowed to ingest fluorescein
isothiocyanate-labeled, serum-opsonized zymosan particles.
To assess the process of phagosomal maturation, the translo-
cation of the lysosomal marker CD63 to the phagosomes of the
fixed hMDMs was examined in an unbiased manner. Analysis
of confocal images was performed by scoring phagosomes as
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positive or negative for CD63 translocation. Figure 2A depicts
representative images of phagosomes positive and negative for
CD63 translocation. Quantification of the translocation of
CD63 to the phagosome showed that incorporation of ManLAM
and CWF (of which LAM is an abundant component), but not
PILAM, inhibits the translocation of CD63 to phagosomes after
2 h of phagosomal maturation (Fig. 2B). The inhibition is signif-
icant for both the lower and higher concentrations of ManLAM
(P � 0.012 and P � 0.0001, respectively) and for both the higher
and lower concentrations of CWF (P � 0.05 and P � 0.021,
respectively). PILAM, however, did not alter phagosomal matu-
ration significantly. The results for ManLAM were confirmed
using a LysoTracker-based method, where ManLAM-loaded
hMDMs were allowed to phagocytose fluorescent latex
beads. Figure 3A depicts representative images of phago-
somes positive and negative for LysoTracker, which local-
izes to acidic granules. Quantification of LysoTracker pres-
ence around the phagosome showed that ManLAM inhibits
phagosomal acidification (Fig. 3B).

PIM treatment reverses the effect of LAM. In order to see if
insertion of the GPI anchor of LAM is a prerequisite for
phagosomal maturation inhibition, PIM was added during
LAM treatment, and the CD63 translocation assay was per-
formed. PIM on its own had a slight but nonsignificant inhib-
itory effect on phagosomal maturation (P � 0.093) although
this effect was not as pronounced as with ManLAM (P �
0.0001) (Fig. 2C). When added during LAM treatment, PIM
(P � 0.041) reversed the inhibitory effect of LAM, which was
reduced to the level of PIM alone (Fig. 2C).

LAM does not activate p38 MAPK in hMDMs. Studies on
mouse macrophage cell lines have suggested that the effect
of M. tuberculosis on phagosomal maturation is partly due to
activation of p38 MAPK (9, 23, 25), and it is known that the
attenuated M. tuberculosis strain H37Ra activates p38
MAPK in human neutrophils (15). To investigate the effects
of LAM on p38 MAPK, cells were pretreated with Man-
LAM and/or opsonized zymosan, which is known to activate
p38. LAM did not induce p38 MAPK activation, nor did

FIG. 1. Distribution of LAM in hMDMs. (A) Macrophages were incubated with the glycolipids (20 �g/ml), immunostained for LAM, and
analyzed by confocal microscopy. The confocal images show representative examples of control cells and cells treated with ManLAM, PILAM,
PIM, and PIM/ManLAM. Red staining in the cell periphery denotes the presence of LAM. (B) The cell membranes of untreated hMDMS and
of hMDMs treated with ManLAM (20 �g/ml), PIM (20 �g/ml), PIM�ManLAM (20 �g/ml of each) and PILAM (20 �g/ml) were separated by
sucrose gradient fractionation; the fractions were transferred to nitrocellulose and stained with the HRP-conjugated B subunit of cholera toxin for
GM-1, which is a marker of detergent-resistant membranes (upper panel), or a monoclonal anti-LAM antibody followed by an HRP-conjugated
secondary antibody (lower panel). The dot blots show fractions 1 to 10 (bottom to top) of the macrophage cell membrane. For the top panel, the
intensity has been decreased by 5 units in Adobe Photoshop. (C) hMDMs were subjected to double labeling of LAM (green) and GM-1 (red). The
confocal image shows a representative ManLAM-treated cell.
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LAM interfere with the p38 activation achieved through phago-
cytosis of opsonized particles, as shown in Fig. 4A and B.

LAM incorporation into membrane rafts does not interfere
with TLR2 or TLR4 signaling. Knowing that LAM localizes to
membrane rafts and inhibits phagosomal maturation, we
aimed at investigating whether the function of TLR2 and
TLR4, which have been linked to phagosomal maturation (4),

is disturbed by the incorporation of mycobacterial lipids into
membrane rafts. hMDMs were exposed to ManLAM prior to
the addition of TLR2 and TLR4 ligands (Pam3Cys and LPS,
respectively). After incubation, the cells were fixed, and NF-�B
translocation was analyzed as a measure of TLR function. The
ratio of nuclear versus cytoplasmic staining intensity of NF-�B

FIG. 2. Effect of LAM on CD63 translocation to phagosomes. Con-
trol hMDMs and hMDMs preincubated with ManLAM, PILAM, or
CWF were allowed to phagocytose zymosan particles. After 2 h of
incubation, CD63 was immunostained. Phagosomes in recoded sam-
ples were classified as positive or negative for CD63 translocation.
(A) Confocal images showing representative phagosomes classified as
positive or negative for CD63 translocation. Red staining around the
green zymosan particle indicates CD63 translocation. (B) Histogram
showing the percent inhibition of CD63 translocation to the phago-
some, compared to control, in the differently treated hMDMs. Dark
bars represent the lower loading concentrations (5 �g/ml for Man-
LAM and PILAM and 20 �g/ml for CWF), and light bars represent the
higher loading concentrations (20 �g/ml for ManLAM and PILAM
and 80 �g/ml for CWF). The graph represents the average of 10
(ManLAM), 4 (PILAM), or 7 (CWF) independent experiments in
which at least 40 phagosomes were classified per sample. A statistically
significant difference from the control is denoted as follows: �, P �
0.05; ���, P � 0.0001. (C) Histogram showing the effect of PIM on
LAM insertion. hMDMs preincubated with PIM (40 �g/ml) or Man-
LAM (20 �g/ml) alone or with PIM together with ManLAM were
allowed to phagocytose zymosan particles. After 2 h of incubation,
CD63 was immunostained. Phagosomes were classified as positive or
negative for CD63 translocation in an unbiased manner. The histo-
gram shows the percent inhibition of CD63 translocation to the phago-
some, compared to control, in the differently treated hMDMs. The
graph represents the average of 10 (ManLAM) or 3 (PIM) indepen-
dent experiments in which at least 40 phagosomes were classified per
sample. A significant difference from ManLAM is denoted by an as-
terisk (P � 0.05). Error bars show the standard errors of the means.

FIG. 3. Effect of ManLAM on phagosomal acidification. Control
hMDMs and hMDMs preincubated with ManLAM (20 �g/ml) were
allowed to phagocytose fluorescent beads and were incubated for 2 h.
When 15 min remained, LysoTracker Red DND-99 was added, and
preparations were analyzed using a confocal microscope. Phagosomes
in recoded samples were classified as positive or negative for Lyso-
Tracker presence around the phagosome. (A) Confocal images show-
ing representative phagosomes classified as positive or negative for
LysoTracker presence, as indicated by red staining around the green
bead. (B) Histogram showing the percent inhibition of phagosomal
acidification, compared to control, in ManLAM-treated hMDMs. At
least 40 phagosomes were classified per sample in two independent
experiments. The error bar shows standard error of the mean.

FIG. 4. Phosphorylation of p38 MAPK in LAM-treated hMDMs.
Cells were incubated with 20 �g/ml LAM and stimulated with opso-
nized zymosan or left untreated, as indicated. Cell lysates were sub-
jected to SDS-polyacrylamide gel electrophoresis, processed for West-
ern blotting, and stained for phosphorylated p38 MAPK. (A) A
representative blot showing the p38 MAPK bands. The contrast has
been increased by 40 units in Adobe Photoshop. (B) Blots were
scanned, and the relative intensities of the bands were quantified and
normalized against the control. The histogram shows the mean relative
intensities of the bands. Error bars show the standard errors of the
means. The histogram is the result of three independent experiments.
Con, control.
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was slightly enhanced by LAM-treatment (Fig. 5). However,
pretreatment with LAM did not prevent the strong activation
of NF-�B induced by Pam3Cys or LPS, indicating that signaling
from TLR2 and TLR4 is intact in LAM-treated cells. Instead,
some additive effect of LAM and Pam3Cys was observed (Fig. 5).

DISCUSSION

In recent years, LAM has been repeatedly highlighted as a
major contributor to M. tuberculosis virulence. Using confocal
microscopy and dot blot analysis, we now show that LAM is
incorporated into the cell membrane of macrophages upon
incubation. Our model mimics the shedding of LAM from
mycobacteria (27). Spontaneous incorporation of LAM has
been observed by others (13, 20). Several studies on the effects
of LAM on phagosomal maturation are based on the use of
latex beads coated with LAM (10, 14). However, none of these
dealt with whether the action of LAM is linked to its insertion
since precoating of the latex beads with LAM does not allow
examination of the site of LAM action. The present study
shows that the effect of LAM on phagosomal maturation is
preceded by the insertion of the glycolipid into rafts of the host
cell membrane. Whether this occurs at the cell membrane level
or in the phagosome during phagocytosis of mycobacteria is
not clear.

The affinity of LAM for membrane rafts has previously been
shown in human T helper cells (20) and in P1798 lymphoma
cells (13), where the affinity of mycobacterial LAM for mem-
brane rafts leads to modulation of signal transduction path-
ways. Shabaana et al. (20) find that LAM, when successfully
inserted into rafts through the GPI anchor, has a transbilayer
effect on the raft signaling platform, leading to functional al-
terations on raft protein kinases and ultimately modification of
cytokine production. We find that PIM blocks LAM incorpo-
ration into hMDM membrane rafts, which is consistent with a
previous study (13), and this is likely due to the structural
similarity between the GPI anchor of LAM and PIM.

The present study shows that maturation of phagosomes in
hMDMs carrying ManLAM in their membranes is significantly

reduced. This finding is supported by other studies using latex
beads, as reviewed by Deretic et al. (7). CWF, which contains
large amounts of ManLAM but also other components, had an
effect similar to that of ManLAM. Additionally, our results
show that PILAM from avirulent mycobacteria does not affect
phagolysosomal fusion, which is also consistent with previous
studies using the latex bead model (14). Kang et al. (14) sug-
gest that interactions between ManLAM and the mannose
receptor direct the phagocytic particles to a compartment that
is less likely to mature. PILAM does not contain the mannose
cap and thus cannot interact with the mannose receptor. In
fact, PILAM binding via TLR2 induces a proinflammatory
response, while ManLAM binding via mannose receptors elic-
its an anti-inflammatory response (14). We also observed that
ManLAM does not block phagosomal maturation completely.
A possible explanation for this is that not all bacteria manage
to escape phagosomal maturation or that other mycobacterial
components are necessary for an efficient block (18). Alterna-
tively, escape from phagosomal maturation is only part of the
M. tuberculosis strategy of survival in the macrophage.

Inhibition of LAM incorporation through PIM abrogates
the effect of ManLAM on phagosomal maturation, indicating
that the insertion of the glycolipid into the cell membrane is
essential for the effect of LAM. PIM on its own has a tendency
to inhibit phagosomal maturation yet to a lower extent than
LAM. Since PIM and LAM have a structurally identical GPI
anchor and since we show that it is insertion of the GPI anchor
that mediates the phagosomal maturation block, this result
could be expected. The inhibitory effect of PIM on phagosomal
maturation was actually previously reported by Vergne and
colleagues (26) although that study did not compare the effects
of PIM and LAM. We find that PILAM is inserted less effi-
ciently into the cell membrane of hMDMs than ManLAM, and
this is probably the reason why PILAM does not block phago-
somal maturation.

Inhibition of phagosomal maturation by M. tuberculosis has
previously been explained in part by the inhibition of a rise in
cytosolic Ca2� and subsequent p38 MAPK activation, resulting
in the failure to recruit early endosomal antigen 1, which is
necessary for delivery of lysosomal components to the matur-
ing phagosome (25). Mycobacterium bovis bacille Calmette-
Guérin or M. tuberculosis infection activates p38 MAPK in
mouse macrophages and human neutrophils, respectively (9,
15). However, the effect of isolated LAM on p38 has not been
investigated previously, and our data show that LAM does not
trigger the p38 pathway. The data suggest that other mycobac-
terial components act via this pathway.

The role of p38 in phagosomal maturation is unclear. Some
studies indicate that p38 activation enhances phagosomal mat-
uration (4), whereas others show that activation of p38 blocks
this process (9). Vergne et al. suggested that activation of p38
is one mechanism by which M. tuberculosis blocks phagosomal
maturation (25). Our results do not allow conclusions on the
role of p38 in phagosomal maturation but clearly show that
LAM neither activates nor blocks activation of p38. The acti-
vation of p38 observed with M. tuberculosis may be triggered by
other components of the bacterium (9, 15, 23). In a recent
study, Hayakawa et al. (11) observed that LAM modulates
lipid membrane domain morphology and that membrane re-
organization leads to inhibition of vesicle fusion as the reor-

FIG. 5. Effect of LAM on NF-�B activity in hMDMs. Macrophages
were pretreated with ManLAM and stimulated with LPS or Pam3Cys.
Fixed cells were stained with an antibody directed toward the p65
subunit of NF-�B and a fluorescent secondary antibody. Images were
obtained by fluorescence microscopy of the cells, and activity of NF-�B
was assessed as the ratio of nuclear versus cytoplasmic p65 staining. A
total of 30 to 43 cells per preparation were analyzed, and the error bars
show standard errors of the means. The presented data are from one
measurement that is representative of three independent experiments.
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ganized phagosomal membrane no longer has access to mole-
cules essential for phagosomal maturation, for example, early
endosomal antigen 1. This model offers an alternative expla-
nation for the incorporation-dependenteffectofLAMonphago-
somal maturation we observed here.

TLRs are activated by a number of bacterial and viral prod-
ucts, which trigger the homo- or heterodimerization of the
receptors in membrane rafts (22). The rafts then act as the
signaling platform for the TLRs to induce an inflammatory
response by activating NF-�B. Blander and Medzhitov (4)
showed that TLR activation enhances phagosomal maturation
although this finding has been questioned by other studies (28).
In our model system, we used zymosan particles that by acti-
vating TLR2 (24) would secure efficient phagosomal matura-
tion in the control experiment. To elucidate whether LAM
treatment would alter TLR signaling, we investigated whether
TLR2- and TLR4-mediated NF-�B activation was functional
in LAM-treated cells. Our data show that ManLAM alone
causes a slight activation of NF-�B. However, pretreatment of
cells with LAM did not reduce the NF-�B response induced by
TLR2 or TLR4 ligands, indicating that incorporation of LAM
into the plasma membrane of hMDMs does not affect TLR
function.

We found that M. tuberculosis LAM is incorporated into the
cell membrane of human hMDMs and that LAM localizes to
membrane rafts. Here, ManLAM interferes with phagosomal
maturation in a manner dependent on insertion of its GPI
anchor. Our unpublished data suggest a similar mechanism for
the Leishmania donovani glycolipid lipophosphoglycan. How-
ever, LAM does not disrupt membrane rafts, activate p38
MAPK, or interfere with TLR signaling.
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