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The ability of pathogenic mycobacteria to block phagosome-lysosome fusion is critical for its pathogenesis.
The molecules expressed by mycobacteria that inhibit phagosome maturation and the mechanism of this
inhibition have been extensively studied. Recent work has indicated that mannosylated lipoarabinomannan
(ManLAM) isolated from Mycobacterium tuberculosis can function to delay phagosome-lysosome fusion and
that this delay requires the interaction of ManLAM with the mannose receptor (MR). However, the molecules
expressed by other pathogenic mycobacteria that function to inhibit phagosome maturation have not been well
described. In the present study, we show that phagosomes containing silica beads coated with glycopeptido-
lipids (GPLs), a major surface component of Mycobacterium avium, showed limited acidification and delayed
recruitment of late endosomal/lysosomal markers compared to those of phosphatidylcholine-coated beads. The
carbohydrate component of the GPLs was required, as beads coated only with the lipopeptide core failed to
delay phagosome-lysosome fusion. Moreover, the ability of GPLs to delay phagosome maturation was depen-
dent on the macrophage expression of the MR. Using CHO cells expressing the MR, we confirmed that the
GPLs bind this receptor. Finally, human monocyte-derived macrophages knocked down for MR expression
showed increased M. avium phagosome-lysosome fusion relative to control cells. Together, the data indicate
that GPLs can function to delay phagosome-lysosome fusion and suggest that GPLs, like ManLAM, work

through the MR to mediate this activity.

Mycobacterium avium, a prominent opportunistic pathogen
in AIDS patients and a source of pulmonary infections in
non-AIDS patients, is an intracellular pathogen which resides
primarily in host macrophages. Like most pathogenic myco-
bacteria, M. avium resides within a phagosome which fails to
mature to a phagolysosome (22). Phagosomes containing via-
ble M. avium retain early endosomal markers such as Rab5 and
the transferrin receptor but lack complete luminal acidification
and recruitment of late endosomal/lysosomal markers (7, 14,
27, 28). The mechanism by which pathogenic mycobacteria are
able to block phagosome-lysosome (P-L) fusion is of great
interest, and how Mycobacterium tuberculosis performs this
function has been extensively studied (27). Studies from De-
retic and colleagues support that live M. tuberculosis blocks the
normal calcium rise initiated upon a phagocytic response, the
result of which leads to a diminished recruitment of type III
phosphatidyl-inositol-3-kinase VPS34 to the phagosome,
which limits phosphatidyl-inositol-3-phosphate (PI3P) forma-
tion and association of PI3P binding proteins such as early
endosomal antigen 1 (EEA1) (8, 26). The result is a loss in the
tethering and fusion of late endosomes with the mycobacterial
phagosome (8, 26).

The M. tuberculosis surface-located mannosylated lipoarabi-
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nomannan (ManLLAM) has been implicated in delaying P-L
fusion. Published reports indicate that ManLLAM can block the
calcium influx required for stimulating phagosomal VPS34 ac-
tivity (8). This ManLAM-mediated inhibition of P-L fusion
appears dependent on the mannose receptor (MR), as Kang
and colleagues observed that the delayed P-L fusion for Man-
LAM-coated microspheres was reversed when the human mac-
rophages were preincubated with a MR-blocking antibody
(12). In the same study, those authors demonstrated that the
mannose caps on ManLAM were required for the MR-medi-
ated delay in P-L fusion, as LAM with phospho-myo-inositol
caps did not affect phagosome maturation (12). Furthermore,
some species of phosphatidyl-myo-inositol mannosides (PIMs)
expressed by M. tuberculosis engaged the MR, and beads
coated with these PIMs also showed an MR-dependent delay
in P-L fusion (25). Interestingly, expression of the MR is down-
regulated during gamma interferon (IFN-y)-mediated macro-
phage activation (21). Thus, downregulation of the MR by
IFN-y may be one mechanism by which this cytokine promotes
killing of M. tuberculosis by the activated macrophage.

ManLAM is also present in M. avium; however, its mannose
cap consists of one mannose residue compared to two or three
found in the ManLAM of M. tuberculosis (15). In addition to
ManLAM, M. avium produces copious amounts of surface-
located glycopeptidolipids (GPLs), which may mask other gly-
colipids (4). Because of their surface exposure, GPLs are likely
candidates to interact with the host cell receptors and initiate
the host response. In the present work, we found that GPLs,
like ManLAM, can function to delay phagosome maturation
and that this delay is MR dependent.
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MATERIALS AND METHODS

Lipid preparation. Total lipids were extracted from M. avium strain 104 in a
solution of chloroform-methanol (2:1 dilution ratio) overnight at 37°C. Extracted
lipids were recovered by centrifugation at 3,000 rpm for 10 min, and the lipid-
containing organic layer was removed, dried down, Folch washed using endo-
toxin-free water to remove hydrophilic contaminants, and repeated twice, and
the washed lipids were pooled. To isolate the nonserotype-specific GPLs (nsGPLs),
total lipids were loaded onto a 10-cm by 20-cm Silica Gel 60 preparative thin-
layer chromatography (TLC) plate (EMD Chemicals) and resolved in a devel-
oping solvent containing chloroform-methanol-water (90:10:1 dilution ratio).
Side strips were cut from the developed plate and sprayed with a solution of 1%
a-naphthol-5% H,SO, in ethanol, which detects 6-deoxyhexoses. The most
apolar band (containing native nsGPLs) and serovar 2 GPL were scraped from
the TLC plate, and the silica was placed in a solution of chloroform-methanol
(2:1 dilution ratio) overnight at 37°C and then centrifuged at 3,000 rpm for 10
min to remove the silica. The GPL-containing organic layer was then Folch
washed, dried down, and then resuspended in chloroform-methanol (2:1 dilution
ratio) at a known concentration. Initial purified samples were analyzed by gas
chromatography-mass spectrometry (GC-MS) to confirm the isolation and purity
of the GPLs as previously described (24). To produce the lipopeptide core (LP
core), the purified nsGPLs were treated with 2 M trifluoroacetic acid (TFA) at
100°C for 2 h to hydrolyze the O-linked sugars (23). The TFA was then removed
under a stream of air. The LP core was resuspended in ~5 ml of chloroform and
washed with 1 ml endotoxin-free water by centrifugation at 3,000 rpm for 10 min.
The water layer was removed, and both the chloroform and water layers were
spotted on a TLC and visualized using the a-naphthol solution to confirm that
the 6-deoxyhexoses were not present on the LP core (6-deoxyhexoses present in
the water layer and not in the chloroform layer). A solution of L-a-phosphati-
dylcholine (PC) from the bovine brain dissolved in chloroform was purchased
from Sigma, and mannosylated lipoarabinomannan (ManLAM) from M. tuber-
culosis was provided by Colorado State University.

Coating of silica beads with lipids. Silica beads (3 pum; Kisker, Germany) were
washed in tissue culture (TC)-grade phosphate-buffered saline (PBS). A total of
50 pg of lipid was dissolved in approximately 100 .l of the respective favorable
solvent (chloroform-methanol [2:1 dilution] for GPLs, chloroform for LP core
and PC, and PBS for ManLLAM). The bead suspensions were then sonicated for
approximately 2 min, and organic layers were allowed to evaporate. For the
dose-response experiment, 25 wg, 50 pg, or 75 wg of nsGPL or PC was used for
coating the beads. ManLAM dissolved in PBS was incubated with silica beads for
2 h at 37°C, with intermittent sonication, and then ManLAM-coated beads were
removed by centrifugation (3,000 rpm for 5 min). All coated beads were washed
by vortexing in 1 ml PBS, and beads were removed by centrifugation, as de-
scribed above (repeated twice). Beads were then incubated overnight at 4°C in
5% bovine serum albumin (BSA)-PBS to block unbound sites. Lipid-coated/
BSA-blocked beads were then washed as described above, resuspended in 500 .l
of 0.01% fluorescein-6-isothiocyanate (FITC) (Molecular Probes) in sterile PBS,
and incubated for 2 h at 37°C. After FITC labeling, beads were washed three
times, resuspended in about 200 pl of sterile PBS, and transferred to a fresh,
sterile tube. To check for lipid coating, beads containing GPLs, LP core, and PC
were removed from PBS and subjected to organic solvent extraction. The extract
was then resolved on TLC in chloroform-methanol-water (30:8:1 dilution) and
developed with aqueous 50% H,SO, to visualize the lipids. To check for Man-
LAM-coated beads, ManLAM-coated/FITC-labeled beads were incubated with
anti-ManLAM antibody (CS-35; Colorado State University) at a 1:20 dilution in
5% BSA for 4 h at room temperature, washed with PBS, and then incubated with
anti-mouse Cy3-conjugated secondary antibody in 5% BSA for 2 h at room
temperature. Beads were then visualized by fluorescent microscopy, and red
staining was observed on ManLAM-coated/FITC-labeled beads, indicating the
presence of ManLAM (not shown).

Cell culture. Bone marrow-derived macrophages (BMM®s) were harvested
from the bone marrow of 6- to 8-week-old C57BL/6 mice as described previously
(14). Briefly, bone marrow was removed from the femurs, and fibroblasts and
macrophages were removed by selective adhesion. Isolated monocytes were
cultured for 7 days in Dulbecco’s modified Eagle’s medium (Gibco) supple-
mented with 20 mM HEPES, 10% heat-inactivated fetal calf serum (Gibco), 20%
1929 cell culture supernatant, 100 U/ml penicillin, 100 pg/ml streptomycin, and
1X L-glutamine. Mature macrophages were harvested and stored in liquid nitro-
gen. Thawed macrophages were cultured on non-tissue culture plates for 3 to 7
days and, after one passage, were replated on TC plastic. CHO cells were thawed
and plated on TC plastic in minimal essential medium alpha (MEM-a) supple-
mented with 10% heat-inactivated fetal calf serum, 100 U/ml penicillin, and 100
pg/ml streptomycin. CHO cells were passaged two or three times before use.
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Cells were seeded onto round sterile glass coverslips at 10° cells/coverslip and
allowed to adhere for at least 24 h.

Generation of a stable CHO-K1-MR cell line. Plasmid DNA of the MR
expression construct (12) was transfected into the CHO-K1 cell line (ATCC)
using Lipofectamine 2000 reagent (Invitrogen), according to the manufacturer’s
instructions. Transfected cells were grown under selection of the antibiotic G418
(1 mg/ml), and antibiotic-resistant CHO-K1 clones were stained with anti-MR
(CD206) monoclonal antibody (BD Pharmingen) and then subjected to sorting
of the MR-positive cells into a single clone in a 96-well format via fluorescent
activated cell sorting (FACSCalibur; BD Biosciences). The single clones were
further expanded and screened for stable expression of the MR by flow cytom-
etry and Western blotting. pcDNA3.1-based empty vector DNA was transfected
to generate CHO-K1-V as the control cell line.

Phagocytosis of beads. The amount of beads/ul was determined by counting.
Lipid-coated/FITC-labeled beads in sterile PBS were suspended in media
(BMM® media or MEM-a for CHO cells). Cells were washed with PBS, and
beads were added at a calculated ratio of 5 beads/cell (BMM®) or 50 beads/cell
(CHO cells). The cells were kept on ice for 10 min, allowing beads to settle, and
then transferred to the tissue culture incubator for the times indicated. For the
mannan-blocking experiments, mannan from Saccharomyces cerevisiae (Sigma-
Aldrich) was made in serum-free culture medium. The CHO-K1-MR cells were
washed with PBS, and mannan was added to a final concentration of 2.5 mg/ml
for 1 h prior to adding beads or the cells were left untreated. Beads coated with
nsGPL were added to CHO-K1-MR cells, and 1 h later, cells were washed
extensively with PBS and fixed with 2% paraformaldehyde. For the trypan blue
experiments, BMM®s were seeded on glass coverslips at 5 X 10%well and
allowed to adhere for 24 h. nsGPL- or PC-coated beads were added to BMM®s,
allowed to settle on ice, and then transferred to the tissue culture incubator for
the times indicated. The cells were washed with PBS, and trypan blue was added
to cells (1.5-mg/ml final concentration) for 4 min. The cells were again washed
four times with PBS and fixed with 2% paraformaldehyde, and the FITC-labeled
beads were visualized by fluorescent microscopy. The number of phagocytosed
beads was quantified with a minimum of 100 beads, counted using at least three
fields per sample.

LysoTracker staining. LysoTracker red (Molecular Probes) was directly added
to media at a 1:10,000 dilution and incubated with BMM®s or CHO cells for up
to 24 h prior to addition of beads, as well as during bead phagocytosis. Cells were
then washed in PBS and fixed at various time points in 2% paraformaldehyde
(Sigma) in PBS.

Immunofluorescence labeling. Cells with phagocytosed beads were fixed at
various time points as described above. Fixed cells were permeabilized with
0.02% Triton X-100 (Sigma), blocked with 2% BSA and 2% gelatin (Sigma), and
washed with 1% BSA in PBS. The anti-mouse monoclonal antibodies against
lysosome-associated membrane protein-1 (LAMP-1) and LAMP-2 (1D4B and
ABL-93, respectively; Developmental Hybridoma Bank) were used at a 1:200
dilution, and the anti-mouse monoclonal antibody against transferrin receptor
(sc-9099; Santa Cruz) was used at a 1:50 dilution. All primary antibodies were
incubated in 0.15% gelatin and 23% horse serum in PBS for 2 h at room
temperature. Secondary antibodies conjugated with Cy3 were used at a dilution
of 1:600 in 0.15% gelatin and 23% horse serum in PBS for 1 h at room temper-
ature. Coverslips were mounted in mounting media containing glycerin and
n-propyl gallate and then visualized using a Zeiss Observer microscope system
with Apotome. Fluorescent images were taken sequentially in the FITC and Cy3
channels, the images were merged in PowerPoint, and the number of beads
colocalizing with LysoTracker red, LAMP-1, or LAMP-2 was determined. A
minimum of 100 beads were counted per experiment in a minimum of three
fields for each slide.

Isolation of human macrophages and knockdown of the MR. Peripheral blood
mononuclear cells (PBMCs) were isolated from blood from healthy donors
(using an approved protocol by The Ohio State University Institutional Review
Board) and cultivated for 5 days to obtain monocyte-derived macrophages
(MDMs) as described previously (11). Knockdown of the MR in MDMs was
performed using the Nucleofector IT device and the human macrophage Nucleo-
fector kit (Lonza, Germany) (M. V. S. Rajaram, J. Morris, M. Brooks, J. B.
Torrelles, A. K. Azad, and L. S. Schlesinger, submitted for publication) with a
pool of three MR-specific small interfering RNA (siRNA) oligos (MR1, AAG
TGGTACGCAGATTGCACG; MR2, GCAGTCCTTTCCGATATTTGA; and
MR3, AAGGGCAACACCACTTTAAAT). Scramble siRNA (Dharmacon) was
used as a negative control for MR knockdown.

Western blotting. MDMs were lysed in TN1 lysis buffer (140 mM NaCl; 50 mM
Tris-HCl, pH 8.0; 10 mM EDTA; 10 mM Na,P,O,; 10 mM NaF; 1% Triton
X-100; 125 mM NaCl; 10 mM Na;VO,; and protease inhibitor cocktail) for 10
min on ice. Cell lysates were centrifuged at 4°C, and the supernatant was used as
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FIG. 1. GPL-coated beads show delayed colocalization with LysoTracker red. (A) Confocal images depicting macrophages stained with
LysoTracker red containing nonspecific GPLs or PC-coated beads at 30 min postphagocytosis. In merged images, colocalized beads appear yellow,
and noncolocalized beads remain green. (B) Percent colocalization of lipid-coated beads at 30 and 60 min postphagocytosis. Three separate
experiments were conducted, error bars represent SEM, and asterisks indicate statistical significance at P =< 0.05 compared to PC-coated beads.
(C) Percent colocalization of lipid-coated beads with LysoTracker red at 30 min postphagocytosis using beads coated with the indicted concen-
trations of nsGPL or PC. Two separate experiments were conducted, with P values < 0.001. Beads were coated with nsGPLs from M. avium 104,
ManLAM from M. tuberculosis, PC, and the GPL lipopeptide core (LP core).

the source of soluble proteins. Total soluble proteins were separated by 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
then transferred to nitrocellulose. The blot was incubated with anti-human MR
rabbit polyclonal antibody and then with horseradish peroxidase (HRP)-conju-
gated IgG secondary antibody (both from Santa Cruz). The same blot was

reprobed with a B-actin antibody (Santa Cruz) as the loading control. The blots
were developed on X-ray film by using an enhanced chemiluminescence device.

Human macrophage cell association and P-L fusion assays. Following siRNA
nucleofection, MDMs were plated onto glass coverslips in a 24-well tissue culture
plate (~2 X 10° cells/well) and incubated for 36 h, and subsequently FITC-
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labeled M. avium was added to the MDM monolayers (multiplicity of infection
[MOI] optimized to enable 10 to 20 bacteria/cell). To allow for synchronized
phagocytosis, monolayers were placed at 4°C for 10 min and centrifuged briefly,
followed by incubation at 37°C for 2 h. Following washing and fixation with 2%
paraformaldehyde, MDMs were permeabilized with 100% methanol (11). The
MDM monolayers on coverslips were incubated with anti-human MR monoclo-
nal (BD Pharmingen) and CD63 rabbit polyclonal (Santa Cruz) antibodies,
followed by staining with Alexa Fluor 647- and 546-conjugated secondary anti-
bodies, respectively. The samples were processed for confocal microscopy to
enumerate cell-associated bacteria and the colocalization of bacteria with the
lysosomal marker CD63 (P-L fusion) as described previously (12). Each sample
from two independent blood donors was processed on duplicate or triplicate
coverslips.

Statistical analyses. Data were analyzed by one-tailed or paired Student’s ¢
test. Statistical significance was assumed at P values of =0.05. For all immuno-
fluorescence, three separate experiments were conducted, and error bars repre-
sent standard errors of the means (SEM).

RESULTS

GPLs can function to delay phagosome maturation. M.
avium expresses serotype-specific GPLs and apolar or nonse-
rotype-specific GPLs (nsGPLs). The nsGPLs make up the core
of the GPL and consist of a fatty acyl chain that is N-linked to
a tripeptide-amino-alcohol core containing D-phenyl-alanine,
D-allo-threonine, D-alanine, and L-alaninol. The allo-threonine
is glycosidically linked to a 6-deoxy-a-L-talose (6-deoxytalose),
and the alaninol is glycosidically linked to a methylated a-
L-rhamnose (thamnose). Serotype-specific GPLs are produced
by the addition of sugars glycosidically linked to the 6-deoxy-
talose of the nsGPL, and the composition of these additional
carbohydrates determines the M. avium serotype. Neverthe-
less, all M. avium strains express surface-exposed nsGPLs, and
in most cases, this constitutes the bulk of the expressed GPLs.
Therefore, we used the nsGPLs for the majority of our studies.
In the initial experiments, nsGPLs isolated from M. avium 104
or M. tuberculosis ManLAM were coated onto silica beads, as
described in Materials and Methods. Beads were also coated
with L-a-phosphatidylcholine (PC), as a negative control, or
with the lipopeptide core (LP core) of the GPL. The beads
were then prelabeled with FITC and added to bone
marrow-derived macrophages (BMM®s). Colocalization be-
tween LysoTracker red and FITC-labeled beads was visualized
by fluorescence microscopy (Fig. 1A). The number of beads
colocalized with LysoTracker red was quantified at each time
point. Phagosomes containing beads coated with nsGPLs
showed more limited acidification, as defined by positive stain-
ing with LysoTracker red, compared to that of phagosomes
containing PC- or LP core-coated beads (Fig. 1B). As observed
previously, phagosomes containing ManLAM-coated beads
also showed delayed acidification (7) (Fig. 1B). The differences
were most pronounced at 30 min postphagocytosis. The ability
of nsGPL to limit LysoTracker red staining of bead-containing
phagosomes was dose dependent (Fig. 1C). We also tested
serotype 2 GPL in this assay and observed similar results (data
not shown), suggesting that nsGPLs have the structural infor-
mation required to delay phagosome acidification and that the
presence of additional sugars on the 6-deoxytalose does not
interfere with this process.

To further confirm the delay in phagosome maturation for
beads coated with nsGPL, we compared the differently coated
beads for their recruitment of lysosome-associated membrane
protein-1 (LAMP-1) and LAMP-2. Colocalization of beads
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FIG. 2. Delayed colocalization of GPL-coated beads with LAMP.
(A) PC-coated beads at 2 h postphagocytosis. Colocalization with
LAMP proteins appears as a distinct ring surrounding the bead. (B, C)
Colocalization of beads with LAMP-1 (B) and LAMP-2 (C) at 2 and
4 h postphagocytosis. Three separate experiments were conducted,
error bars represent SEM, and asterisks indicate statistical significance
at P = 0.05 compared to PC-coated beads. (D) Number of BMM®s
containing phagocytosed nsGPL-coated or PC-coated beads at 15, 30,
and 45 min post-bead treatment. Beads were coated with nsGPLs from
M. avium 104, ManLAM from M. tuberculosis, PC, and the GPL
lipopeptide core (LP core).

with LAMP proteins was determined by identifying beads sur-
rounded by a distinct “ring” (Fig. 2A). Both nsGPL- and Man-
LAM-coated beads showed diminished colocalization with
LAMP-1 (Fig. 2B) and LAMP-2 (Fig. 2C) compared to that of
PC-coated and LP core-coated beads at 2 h postphagocytosis.
However, at 4 h postphagocytosis, there was no significant
difference between the nsGPL-coated and control beads, with
respect to both LAMP proteins (Fig. 2B and C). The observed
differences in colocalization were not due to variations in the
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FIG. 3. Prolonged colocalization of GPL-coated beads with the transferrin receptor (TR). Beads coated with nsGPLs from M. avium 104,
ManLAM from M. tuberculosis, and PC were phagocytosed by macrophages for the indicated times and analyzed for TR colocalization by
fluorescent microscopy. Three separate experiments were conducted, and error bars represent SEM.

rate of phagocytosis, as the numbers of phagocytosed PC- and
nsGPL-coated beads were similar at all time points tested
(Fig. 2D).

The data with LysoTracker red, LAMP-1, and LAMP-2 sug-
gested that phagosomes containing beads coated with nsGPLs
or ManLAM were delayed in their maturation. Therefore, we
predict that these phagosomes will show prolonged colocaliza-
tion with early endosomal markers such as the transferrin
receptor (TR). The TR is known to transiently colocalize with
early phagosomes during its recycling back to the plasma mem-
brane (5, 22). Moreover, previous studies have shown the TR
to be retained on M. avium and M. tuberculosis phagosomes (5,
14). At 15 min postphagocytosis, a small percentage of phago-
somes containing nsGPL-coated beads and ManLAM-coated
beads were positive for the TR (Fig. 3). After 30 min, this
number increased to ~20% for nsGPL-coated beads and to
~30% for ManLLAM-coated beads but subsequently decreased
by 1 hour postphagocytosis (Fig. 3). Notably, we did not ob-
serve colocalization between the phagosomes containing the
PC-coated beads and the TR at any of these time points (Fig.
3). Since nearly 90% of PC-coated-bead phagosomes were
acidified as early as 30 min postphagocytosis (Fig. 1B), it is
likely that trafficking of the PC-coated beads occurred too
quickly to observe TR colocalization by immunofluorescence.
Although the phagosomes containing nsGPL- or ManLAM-
coated beads also matured, the data suggest that the matura-
tion was sufficiently delayed to observe TR colocalization.

The delay in phagosome maturation by nsGPL is dependent
on the mannose receptor. As previous studies implicated a role
for the mannose receptor in ManLAM-mediated delay in
phagosome maturation (8, 12), we tested whether this also
applied to the nsGPL-mediated delay. As shown in Fig. 4A, the
observed difference in LysoTracker red staining at 30 min
between phagosomes containing nsGPL- and those containing
PC- or LP core-coated beads was lost when MR-deficient
BMM®s were used. By 60 min postphagocytosis, no significant
difference between wild-type (WT) and MR-deficient BMM®s
was observed (Fig. 4B). As anticipated, ManLAM-mediated
delay in phagosome acidification was also dependent on the
MR (Fig. 4A). The requirement of the MR in nsGPL-medi-
ated delay in phagosome maturation was further confirmed, as
LAMP-1 colocalization at 2 hours postphagocytosis with ns-
GPL-coated beads was markedly increased when using
BMM®s isolated from MR-deficient mice rather than WT
mice (Fig. 4C). However, at 4 h, the percent colocalization had

reached comparable levels (Fig. 4D). Similar results were seen
with LAMP-2 (data not shown).

nsGPL- and ManLAM-coated beads associate with CHO
cells expressing the human MR. The above-described experi-
ments suggest that nsGPLs can interact with the MR; however,
this has not been directly evaluated. Therefore, wild-type CHO
cells (CHO-K1-V) and CHO cells expressing the human MR
(CHO-K1-MR) were used to determine whether nsGPLs
could physically interact with the MR. nsGPL-, ManLAM- and
PC-coated beads were added to both CHO-K1-V and CHO-
K1-MR cells (preincubated with LysoTracker red to visualize
the cells), and the number of cells with bound or ingested
beads was visualized by fluorescent microscopy. Approximately
20% of the CHO-KI1-V cells were positive for lipid-coated
beads, regardless of the type of lipid. This significantly in-
creased when the CHO-K1-MR cells were exposed to nsGPL-
coated beads (Fig. 5A). However, there was no significant
difference in the amount of PC-coated beads bound to or
ingested by the different CHO cell lines. Moreover, the binding
of the nsGPL-coated beads to CHO-K1-MR cells was signif-
icantly diminished in the presence of mannan, suggesting that
GPLs interact with the sugar binding domain on the MR (Fig.
5B). These results show that nsGPL-coated beads bound more
readily to cells expressing the human MR, suggesting that
nsGPLs are a ligand for the MR. As expected ManLAM-
coated beads also bound readily to CHO-KI-MR cells, as
ManLAM is a known ligand for the MR (11, 12).

M. avium shows delayed phagosome-lysosome fusion in hu-
man monocyte-derived macrophages rendered diminished in
MR expression. Since our results indicate that GPLs can bind
to the MR and that this binding is required for the delayed
phagosome maturation observed for GPL-coated beads, we
wanted to evaluate whether M. avium’s engagement of the MR
also functions to limit its phagosome-lysosome fusion. In our
initial experiments, we used WT and MR-deficient murine
bone marrow-derived macrophages. We infected these cells
with M. avium and looked for differences over time in bacteria
transport to a LysoTracker red-positive compartment, as a
measure of a late endosome or lysosomal compartment. We
did not observe any difference in the staining of M. avium for
LysoTracker red between WT and MR-deficient macrophages
(data not shown).

Previous studies addressing the role of the MR in M. tuber-
culosis trafficking was performed in human monocyte-derived
macrophages (MDMs) whose MR was blocked either by



VoL. 78, 2010
o A 30 minutes mBLS
9
S 100 - O MR- BL/6
g
8 90 -
2 80
s 701 .
S 60
g 501 *
S 40
N 304
§ 20
5 10
o o+ - T
e
s nsGPL ManLAM LP core
. B 1 hour
Q
S 100
£ 90
& 80
>
E
£ 6/
H
g 50
S 40
N 304
T 201
o 10
8 o
® nsGPL ManLAM LP core
C 2 hours
T 100
s %
< g0
£ 70
3 60
S 50
£ 40
)
8 20
o
o 10
o
e 0
nsGPL ManLAM LP core
D 4 hours
< 100
o 4
Z 9
< 801
s 701
S 60
.E 50 1
£ 404
A 30
3 20
o
g 101
= 0
nsGPL ManLAM LP core

FIG. 4. Delay in acidification and recruitment of LAMP-1 to bead
phagosomes is mannose receptor (MR) dependent. Colocalization of
beads with LysoTracker red at 30 min (A) and 60 min (B) postphagocy-
tosis. Colocalization of beads with LAMP-1 at 2 h (C) and 4 h (D) postph-
agocytosis. Percent colocalization determined in macrophages from wild-
type mice (BL/6) and MR knockout C57BL/6 mice (MR~ BL/6). Three
separate experiments were conducted, error bars represent SEM, and
asterisks indicate statistical significance at P = (0.05 when comparing
values obtained from BL/6 macrophages and those obtained from MR ™/~
BL/6 macrophages for corresponding lipid-coated beads. Beads were
coated with nsGPLs from M. avium 104, ManLAM from M. tuberculosis,
PC, and the GPL lipopeptide core (Lp core).

anti-MR antibody or by mannan. In these studies, M. tubercu-
losis was found to show increased phagosome-lysosome fusion
in cells whose MR was blocked (12). To determine if M. avium
transport in human MDMs was also affected by interaction
with the MR, we used siRNA to knockdown MR expression in
MDMs, a new and previously unpublished approach to limit
MR expression in human primary cells (Fig. 6A). Interestingly,
we found a significant increase in the number of lysosomal
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marker CD63-positive M. avium phagosomes in MR-knock-
down MDMs relative to control scrambled siRNA-treated cells
(Fig. 6B and C).

DISCUSSION

GPLs have been shown to modulate cellular responses.
Studies by Horgen et al. showed that pretreatment of human
peripheral blood mononuclear cells (PBMCs) with serovar 4
and 8 GPLs inhibited the response of these cells to phorbol
myristate acetate (PMA), a potent inducer of T-cell activation
(10). Additional studies have addressed whether GPLs can
induce or modulate a proinflammatory response. Total lipid
and serovar-specific GPL (ssGPL) fractions have been ob-
served to induce the release of various proinflammatory me-
diators, such as prostaglandins, leukotrienes, interleukin-1 (IL-
1), IL-6, and tumor necrosis factor alpha (TNF-o) (1, 2, 10, 18,
23). This proinflammatory response appears to be structure
specific, as only certain ssGPLs were active (1, 23). This sug-
gests that slight structural modifications can alter the way in
which the GPL interacts with host cell receptors. In vivo stud-
ies have also implicated a role for GPLs in M. avium patho-
genesis. Studies by Krzywinska et al. showed that an mifD-
deficient M. avium 104 strain, which has an unusual GPL
profile and produces undermethylated GPLs, was attenuated
in a mouse model of infection (16). These observations suggest
that modifying GPL structure can significantly change its bio-
logical activity, even in the context of whole mycobacteria.

Therefore, we and others have begun to dissect the interac-
tions between GPLs and macrophages, as well as other host
cells (18, 20, 23). We have observed that the proinflammatory
response induced by GPLs is MyD88- and Toll-like receptor 2
(TLR2) dependent, suggesting that certain GPLs have the
necessary structure to signal through this receptor (23). These
results corroborate other studies which have shown that M.
avium can stimulate a proinflammatory response in macro-
phages through TLR2 and that TLR2-deficient mice are more
susceptible to an M. avium infection than wild-type mice (6).
We have also found that a rough M. avium 2151 morphological
variant, which lacks GPL expression and is avirulent in mice
(3), does not inhibit phagosome-lysosome fusion and is readily
killed by nonactivated BMM®s. However, it is unclear from
these studies whether the effects were due directly to the loss
of GPLs or due to global changes in the cell wall associated
with the loss of GPL.

Kano et al. have demonstrated that heat-killed Staphylococ-
cus aureus coated with serovar 4 GPL shows increased phago-
cytosis by PBMCs compared to that of serovar 9 GPL-coated
or uncoated bacteria (13). Serovar 4 GPL-coated S. aureus
ingested by THP-1 cells also showed a delayed phagosome
maturation, defined by LysoTracker red staining, compared to
that of uncoated or lipopeptide-coated S. aureus (13). These
data suggest that GPLs may function in limiting phagosome
maturation; however, it was unclear from these studies how
components of the S. aureus cell wall may be modulating this
process, as this bacterium has been shown to stimulate the
innate immune response via other receptors (9, 17). Moreover,
the experiments were performed using deacetylated GPLs and
therefore do not provide information about the function of the
native molecules (13). In the present study we used nsGPLs, as
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FIG. 5. nsGPLs bind CHO cells expressing the mannose receptor (MR), and the binding is blocked by mannan. CHO cells transfected with the
human mannose receptor (CHO-K1-MR) or mock-transfected CHO cells (CHO-K1-V) were incubated with lipid-coated beads for 1 h at a ratio
of 50 beads/cell. (A) Quantification by fluorescence microscopy of the number of CHO cells containing attached/phagocytosed FITC-labeled beads
coated with nsGPL, ManLAM, or PC. Three separate experiments were conducted, error bars represent SEM, and asterisks indicate statistical
significance at P = 0.05 when comparing CHO-K1-MR and CHO-K1-V for corresponding lipid-coated beads. (B) CHO-K1-MR cells incubated
in the presence or absence of 2.5 mg/ml mannan were exposed to nsGPL-coated beads for 1 h at a ratio of 50 beads/cell. The number of beads
attached/phagocytosed by the CHO cells was quantified by fluorescence microscopy. Three separate experiments were conducted, error bars
represent SEM, and asterisks indicate statistical significance at P < 0.0001.

they are expressed by all M. avium serotypes, and we also
isolated nsGPLs in their native conformations. Like GPL-
coated S. aureus, we observed delayed LysoTracker red stain-
ing of phagosomes containing the nsGPL-coated beads com-
pared to that of beads coated with PC or the lipopeptide core.
We extended these results, showing retention of the early en-
dosomal marker TR on phagosomes containing nsGPL-coated
beads, and delayed colocalization with the late endosomal
markers LAMP-1 and LAMP-2.

Since the MR has been implicated in the ability of ManLAM
to affect phagosome maturation, we tested its role in the ns-
GPL-mediated delay in phagosome maturation. Like what was
observed for ManLAM, the maturation block by nsGPL was
dependent on the mannose receptor. These results imply that
GPLs can bind the MR, and our results using the MR-express-
ing CHO cells directly support this prediction. How do GPLs
interact with the MR since GPLs do not contain a mannose
cap? The nsGPLs contain 6-deoxy-a-L-talose (6-deoxytalose)
and 6-deoxy-a-L-mannose (rhamnose). It appears that the
presence of these sugars is important for the nsGPLs’ ability to
delay acidification and recruitment of lysosomal markers in
wild-type macrophages, as the lipopeptide core failed to affect

phagosome maturation. However, the determination of which
sugars and structural modifications (i.e., glycosylation, acetyla-
tion, etc.) are required for binding to the MR awaits further
study.

An important question is whether GPLs function to delay
phagosome maturation in the context of intact M. avium. Un-
fortunately, mutants of M. avium which lack GPLs have altered
cells walls and therefore cannot be used to address GPLs’ role
in modulating the phagosome maturation process. Since
nsGPLs can bind the MR and this receptor functions to limit
phagosome maturation of GPL-coated beads, we sought to
evaluate whether phagosome maturation for GPL-expressing
M. avium differed in the presence or absence of the macro-
phage MR. Interestingly, although we did not observe any
difference between WT and MR-deficient murine macro-
phages, we did observe increased phagosome-lysosome fusion
when we used human MDMs whose MR expression was
knocked down by siRNA. Why the difference between murine
and human macrophages? It could relate to differences be-
tween species in signaling response downstream of MR en-
gagement. Unfortunately, little is known about how signals are
transmitted through the MR, since it lacks any known motifs
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FIG. 6. MR knockdown leads to increased phagosome-lysosome
fusion for M. avium in human MDMs. (A) Western blot of lysates from
scramble (control) siRNA- and MR siRNA-treated macrophages.
Shown is a representative blot (Western blots performed with each
macrophage experiment to confirm MR knockdown). Following
scramble (control) or MR siRNA nucleofection for 36 h, FITC-labeled
M. avium was added to MDM monolayers on glass coverslips and
allowed to undergo synchronized phagocytosis for 2 h. Cell monolayers
were fixed, permeabilized, and stained with anti-human MR and CD63
antibodies, followed by staining with Alexa Fluor 647- and 546-conju-
gated secondary antibodies, respectively. (B) Percent phagosome-lyso-
some (P-L) fusion assessed based on the colocalization of bacteria with
the lysosomal marker CD63. Shown are the means = SEM from two
independent experiments, each performed in duplicate or triplicate. *,
P < 0.05 using the paired, one-tailed Student ¢ test. (C) Representative
confocal images of MDMs treated with siRNA and infected with M.
avium (green, M. avium; red, CD63; blue, MR).

on its cytoplasmic tail and therefore is presumed to interact
with yet unknown transmembrane proteins for signaling. An-
other possibility is differences in receptor expression between
human and mouse macrophages. For example, most unstimu-
lated human macrophages (including the MDMs used in the
current work) do not express DC-SIGN, while mouse macro-
phages express various SIGNRs. SIGNR3 is thought to be the
ortholog that is most similar to DC-SIGN (19). Since SIGNR3
and other SIGNRs can bind the same sugars as the MR, it is
possible that the loss of the MR in mouse macrophages is
compensated by expression of one or more of the SIGNRs, a
mechanism that cannot occur in human macrophages. Never-
theless, our results are analogous to those observed for M.
tuberculosis and suggest a general role for the MR upon en-
gagement by pathogenic mycobacteria in subverting the phago-
some maturation process in human macrophages. Moreover,
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since GPLs are (i) found in high abundance on the M. avium
cell wall, (ii) known to be exposed to the extracellular environ-
ment, and (iii) a ligand for the MR, we hypothesize that GPLs,
through their engagement of the MR, function to delay phago-
some maturation. However, further studies using M. avium
strains that express GPLs which bind or fail to bind MR are
needed to test this hypothesis. Nevertheless, blocking phago-
some maturation is clearly multifactorial and likely involves
other mycobacterial components and other host receptors as
well as possibly other MR ligands.

The mechanism by which the nsGPLs, ManLAM, or other
mycobacterial components may function to delay phagosome
maturation is unclear. Previous studies for ManLLAM suggest
that this glycolipid can inhibit the calcium flux normally in-
duced upon phagocytosis (8). This increased calcium is re-
quired for the activation of calmodulin kinase II, which in turn
promotes VPS34-mediated production of PI3P. Production of
PI3P is required for recruitment of EEAl and other PI3P
binding proteins that promote delivery of lysosomal compo-
nents from the frans-Golgi network to the maturing phago-
some (8). However, in our studies we did not observe any
kinetic differences in EEA1 recruitment to phagosomes con-
taining nsGPL-coated beads compared to those containing PC-
coated beads (data not shown). Our study and others (11, 12)
have also implicated the mannose receptor (MR) in regulating
phagosome maturation. However, whether engagement of the
MR alters calcium production or calmodulin kinase II activa-
tion following mycobacterial infection has not been addressed
(12).

In summary, our results indicate that nsGPLs can function
to delay phagosome maturation. Our data also support a role
for the MR in this process; however, more information about
how GPLs may physically interact with the MR is needed. In
addition, we have also shown that certain nsGPL structural
variants can signal through Toll-like receptor 2 (TLR2) (24),
but how GPL-mediated signaling through TLR2 affects phago-
some maturation has not been addressed. Questions also re-
main as to how engagement of the MR during the phagocytic
process results in delayed phagosome maturation. Finally, fur-
ther work is needed to determine whether engagement of the
mannose receptor by intramacrophage pathogens is a common
mechanism to modulate phagosome maturation.
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