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Mycobacterium bovis Bacillus Calmette-Guérin Induces

TLR2-Mediated Formation of Lipid Bodies: Intracellular

Domains for Eicosanoid Synthesis In Vivo1

Heloisa D’Avila,* Rossana C. N. Melo,† Gleydes G. Parreira,‡ Eduardo Werneck-Barroso,§

Hugo C. Castro-Faria-Neto,* and Patrı́cia T. Bozza2*

Differentiation of macrophages into foamy (lipid-laden) macrophages is a common pathological observation in tuberculous gran-

ulomas both in experimental settings as well as in clinical conditions; however, the mechanisms that regulate intracellular lipid

accumulation in the course of mycobacterial infection and their significance to pathophysiology of tuberculosis are not well

understood. In this study, we investigated the mechanisms of formation and function of lipid-laden macrophages in a murine

model of tuberculosis. Mycobacterium bovis bacillus Calmette-Guérin (BCG), but not Mycobacterium smegmatis, induced a dose-

and time-dependent increase in lipid body-inducible nonmembrane-bound cytoplasmic lipid domain size and numbers. Lipid body

formation was drastically inhibited in TLR2-, but not in TLR4-deficient mice, indicating a role for TLR2 in BCG recognition and

signaling to form lipid bodies. Increase in lipid bodies during infection correlated with increased generation of PGE2 and local-

ization of cyclooxygenase-2 within lipid bodies. Moreover, we demonstrated by intracellular immunofluorescent localization of

newly formed eicosanoid that lipid bodies were the predominant sites of PGE2 synthesis in activated macrophages. Our findings

demonstrated that BCG-induced lipid body formation is TLR2 mediated and these structures function as signaling platforms in

inflammatory mediator production, because compartmentalization of substrate and key enzymes within lipid bodies has impact

on the capacity of activated leukocytes to generate increased amounts of eicosanoids during experimental infection by BCG. The

Journal of Immunology, 2006, 176: 3087–3097.

M
ycobacteria are the etiologic agents of numerous dis-

eases that account for significant morbidity and mor-

tality in humans and different animal species. Tuber-

culosis alone is responsible for almost 3 million deaths annually

worldwide. Members of the Mycobacterium tuberculosis complex,

comprised by M. tuberculosis, Mycobacterium bovis, and Myco-

bacterium africanum, are the etiologic agents of the human and

animal tuberculosis (1).

Macrophage activation determines the outcome of mycobacte-

rial infection. All pathogenic Mycobacterium spp. survive as in-

tracellular pathogens within host phagocytes, in part by modulat-

ing the phagosomal compartment to prevent its maturation and

subsequent acidification (2, 3). The mechanisms that allow intra-

cellular pathogens to avoid destruction are still not completely un-

derstood. There is a growing body of evidence pointing to an im-

portant modulatory role of bacterial- and host-derived lipids in

mycobacterial infection (2–6).

Differentiation of macrophages into foamy macrophages is a

common pathological observation in tuberculous granulomas both

in experimental settings as well as in clinical conditions (7–9). As

observed for other pathological conditions, the foam aspect of

macrophages is a reflex of intracellular lipid accumulation. How-

ever, mechanisms that regulate intracellular lipid accumulation in

the course of mycobacterial infection and their significance to

pathophysiology of tuberculosis are not completely understood. In

different cell types, including leukocytes, intracellular lipids are

stored in hydrophobic organelles called lipid bodies or lipid drop-

lets. Cytoplasmic lipid bodies are osmiophilic structures, sur-

rounded by a phospholipid monolayer with a unique fatty acid

composition, have a neutral lipid rich core, and contain a variable

protein composition (10–12). Recent studies based on lipid body

proteic content have suggested that lipid bodies are dynamic and

functionally active organelles. Among a growing list of proteins

found within lipid bodies, they compartmentalize fatty acid

metabolic enzymes, eicosanoid-forming enzymes, proteins of

the Rab family, specific kinases, and small GTPases (13–21).

Therefore, lipid bodies may regulate lipid metabolism, mem-

brane trafficking, intracellular signaling, and inflammatory me-

diator production. In fact, in inflammatory leukocytes, arachi-

donic acid (AA),3 an important signaling molecule and also

precursor to inflammatory lipid mediators, is stored in its es-

terified form at lipid bodies (16, 22, 23).
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AA and its oxygenated lipid metabolites have been implicated

as important molecules in host response to mycobacterial infection

(4, 24). Indeed, free AA is able to stimulate actin nucleation and

phagosome maturation in infected cells with a direct impact on

intracellular pathogen survival within the macrophage (4). More-

over, infection of macrophages with M. tuberculosis induces acti-

vation of cytosolic phospholipase A2, leading to increased levels of

free AA, initiation of apoptosis, and antimycobacterial activity,

phenomena that could be reproduced by adding exogenous free

AA. In sharp contrast, the enzymatic conversion of free AA into

PGs or lipoxins down-modulates cell-mediated response to intra-

cellular pathogens favoring pathogen burden (25–27). Therefore,

one important issue in understanding the molecular mechanisms of

innate immunity to intracellular parasites is the regulation of the

production of lipid mediators such as eicosanoids.

In the present study, we used a murine model of pleural tuber-

culosis to demonstrate that mycobacterial infection induces lipid

body formation in a tightly regulated manner that is largely de-

pendent of TLR2 signaling. Moreover, we demonstrated that

newly formed lipid bodies are structurally distinct intracellular

sites for lipid mediator synthesis with paracrine and/or intracrine

functions during bacillus Calmette-Guérin (BCG) infection.

Materials and Methods
Abs and reagents

Mouse anti-PGE2, aspirin (acetyl salicylic acid), NS-398, and PGE2 enzyme-
linked immunoassay (EIA) kit were purchased from Cayman Chemical.
Rabbit polyclonal anti-mouse cyclooxygenase-2 (COX-2) was purchased
from Oxford Biomedical Research. Biotin-conjugated goat anti-rabbit IgG,
nonimmune rabbit serum, and Vectastain glucose-oxidase kit were ob-
tained from Vector Laboratories. Guinea pig polyclonal anti-mouse adi-
pose differentiation-related protein (ADRP) was purchased Research Di-
agnostics. CY3-conjugated donkey anti-guinea pig was obtained from
Jackson ImmunoResearch Laboratories. IgG1 isotype control (MOPC 21),
1-ethyl-3(3-dimethylamino-propyl) carbodiimide (EDAC), 4�-6�-
diamidino-2-phenylindole, indomethacin, LPS from Escherichia coli (se-
rotype 0127:b8), and Nile Red were purchased from Sigma-Aldrich. Goat
anti-mouse conjugated with AlexaFluor-488, 1-acyl-2-(7-octyl BODIPY-
1-pentanoyl)-sn-glycerol, Live/Dead BacLight bacterial viability kit, and
latex beads were obtained from Molecular Probes. Calcium ionophore
A23187 was purchased from Calbiochem-Novabiochem. Osmium tetrox-
ide was obtained from Merck. A multiplex cytokine kit was obtained from
Upstate Biotechnology.

Animals

C57BL/6 (B6) and C3H/HeN mice were obtained from the Fundação Os-
waldo Cruz breeding unit. C3H/HeJ, C57BL/10 ScSn, and C57BL/10 ScCr
(TLR4-deficient mice) were obtained from Universidade Federal Flumi-
nense. TLR2 knockout mice in a homogeneous B6 background (28) were
donated by S. Akira (Osaka University, Osaka, Japan), MCP-1/CCL2-de-
ficient mice in a mixed B6 and 129Sv/J genetic background and wild-type
littermates (29) were provided by C. Gerard (Harvard Medical School,
Boston, MA), and TNFRI (p55)-deficient mice in a homogeneous B6 back-
ground were obtained from The Jackson Laboratory. Animals were bred
and maintained under standard conditions in the breeding unit of the Os-
waldo Cruz Foundation. Animals were caged with free access to food and
water in a room at 22–24°C and a 12-h light/dark cycle in the Department
of Physiology and Pharmacodynamic animal facility until used. Animals
weighing 20–25 g from both sexes were used. All protocols were approved
by the Fundação Oswaldo Cruz animal welfare committee.

Bacterial strains

M. bovis BCG (Moreau strain) vaccine was donated by Fundação Athaul-
pho de Paiva (30). The freeze-dried vaccine was stored at 4°C and resus-
pended in physiologic solution just before use. Mycobacterium smegmatis

(mc2155) and Bacillus subtilis (PY79) were stored at �70°C and resus-
pended in physiologic solution just before use.

In vitro infection

Peritoneal cells from naive B6 mice were harvested by lavage with sterile
RPMI 1640 cell culture medium. Macrophages (1 � 106 cells/ml) were

adhered in cover slides within culture plates (24 wells) overnight with
RPMI 1640 cell culture medium containing 2% FCS. The nonadherent
cells were removed after vigorous PBS wash (twice). Macrophages were
infected by BCG (multiplicity of infection (MOI), 1:1), M. smegmatis

(MOI, 5:1), or B. subtilis (1:1), or stimulated with latex beads (1:1), zy-
mozan (1:1), LPS (500 ng/ml), or lipoarabinomannan (LAM; 500 ng/ml)
for 24 h at 37°C in CO2 atmosphere. In inhibitory studies, macrophages
were infected by BCG (MOI, 5:1) for 1 h, followed by PBS wash (three
times) to remove noninternalized BCG. Then, the cells were treated with
aspirin (5 �M) or NS-398 (1 �M) for 24 h at 37°C. Vehicle (0.01%
DMSO) was used as control. Viability was assessed by trypan blue exclu-
sion at the end of each experiment and was always �90%.

Pleurisy induced by BCG or M. smegmatis

Mice were intrapleurally (i.pl.) injected with BCG (5 � 105 bacilli/cavity
or 5 � 106 bacilli/cavity) or M. smegmatis (5 � 106 bacilli/cavity) in 100
�l of sterile saline. Control animals received an equal volume (100 �l) of
sterile saline only. After different time intervals (1 h to 15 days), the ani-
mals were killed by CO2 inhalation, and their thoracic cavities were
washed with 1 ml of the heparinized PBS (10 UI/ml).

Electron microscopy

Pleural cells from control and infected animals (5 � 106 of BCG/cavity for
1 and 24 h) were centrifuged (2000 rpm, 5 min), and the pellets obtained
were resuspended and fixed in a mixture of freshly prepared aldehydes (1%
paraformaldehyde and 1% glutaraldehyde) in 0.1 M phosphate buffer (pH
7.3) overnight at 4°C (31). The cells were washed in the same buffer and
embedded in molten 2% agar (Merck). Agar pellets containing the cells
were postfixed in a mixture of 1% phosphate-buffered osmium tetroxide
and 1.5% potassium ferrocyanide (final concentration). Cells were dehy-
drated and embedded in Epon (PolyBed 812; Polysciences). The sections
were mounted on uncoated 200-mesh copper grids (Ted Pella) before stain-
ing with uranyl acetate and lead citrate and viewed with a transmission
electron microscope (EM 10; Zeiss) at 60 KV.

Lipid body staining and enumeration

Different techniques were used for lipid body staining and quantification.
For most studies, cells were stained by osmium tetroxide and numerated
exactly as described (32). For fluorescent labeled lipid bodies, cells recov-
ered from the pleural cavities after 24 h of the infection by BCG and
controls were incubated with 1 �M fluorescent fatty acid-containing dig-
lyceride, 1-acyl-2-(7-octyl BODIPY-1-pentanoyl)-sn-glycerol for 1 h at
37°C or with Nile Red (1/10,000 from a stock solution of 0.1 mg/ml in
acetone). After incubation, cells were washed twice in Ca2�/Mg2�-free
HBSS (HBSS�/�), cytospun onto slides, and fixed in 3.7% formaldehyde
at room temperature (RT) for 10 min.

Fluorescent-labeled BCG

BCG (50 � 106 bacilli/ml) was incubated with 3 �l of the component A
(Live/Dead BacLight bacterial viability kit) and incubated at RT in the dark
for 15 min. BCG was pelleted by centrifugation, washed, and resuspended
in physiologic solution. Animals were infected i.pl. by fluorescent labeled
BCG (5 � 106 bacilli/cavity). Twenty-four hours after infection, the ani-
mals were killed, and pleural cells (1 � 105) were fixed in 3.7% formal-
dehyde for 10 min, washed, incubated with Nile Red for lipid body stain-
ing, rinsed three times in water, mounted, and examined under fluorescence
microscopy, using a �100 objective lens.

Phagocytic index

Phagocytic index was evaluated in cells from infected mice after myco-
bacterial staining by Kinyoun’s acid fast staining method. In brief, cyto-
centrifuged smears were fixed in methanol and stained with Kinyoun’s
carbol fuchsin, as described (33). The cells were observed under light mi-
croscopy in a �100 objective lens. The results were expressed as percent-
age of infected cell.

COX-2 immunolocalization

Cytocentrifuged smears were fixed in 3.0% formaldehyde at RT for 10
min, permeabilized with 0.05% saponin/HBSS�/� solution (5 min), and
then blocked with 10% normal goat serum. After washing, slides were
incubated for 1 h at RT with anti-COX-2 (1/150) polyclonal Abs diluted in
0.05% saponin/HBSS solution. Nonimmune rabbit serum (1/150) was used
as control. After three washes of 5 min, the preparations were incubated for
1 h at RT with the secondary Ab, biotin-conjugated goat anti-rabbit IgG.
The cell immunoreactivity was then identified by ABC Vectastatin glu-
cose-oxidase kit, per the manufacturer’s instructions. The glucose-oxidase

3088 LIPID BODY FORMATION AND FUNCTION IN PATHOGEN INFECTION
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immunostaining and fluorescent lipid bodies were visualized under bright
and fluorescent microscopy, respectively.

Immunodetection of PGE2 at its sites of production

Immunolocalization of PGE2 at its in vivo formation sites within infected
macrophages was performed, as described (34, 35), and modified, as fol-
lows. Briefly, cells obtained 24 h after infection with BCG and controls
were recovered from the thoracic cavity with 500 �l of HBSS, and imme-
diately mixed with 500 �l of water-soluble EDAC (1% in HBSS), used to
cross-link eicosanoid carboxyl groups to amines in adjacent proteins. After
15- to 30-min incubation at 37°C with EDAC to promote both cell fixation
and permeabilization, pleural leukocytes were then washed with HBSS,
cytospun onto glass slides, and incubated with mouse anti-PGE2 (1/100) in
0.1% normal goat serum and guinea pig polyclonal anti-mouse ADRP (1/
1000) in 0.1% normal donkey serum simultaneously for 1 h at RT. MOPC
21 and nonimmune guinea pig serum were used as controls. Cells were
washed twice and incubated with secondary Abs, goat anti-mouse conju-
gated with AlexaFluor-488 (1/1000), and CY3-conjugated donkey anti-
guinea pig (1/1000). The slides were washed (three times, 10 min each) and
mounted with aqueous mounting medium (Polysciences). Cells were ana-
lyzed by both phase-contrast and fluorescence microscopy. As a control for
PGE2 specificity of detection, one group of BCG-infected animals was
treated with indomethacin (4 mg/kg) 4 h before sacrificing the animals for
cell recovery.

PGE2 measurement

PGE2 levels were measured directly in the supernatant from cell-free pleu-
ral lavage obtained 1 or 24 h after saline or BCG injection. In priming
studies, pleural cells, stimulated as described above, were obtained for lipid
body enumeration. Cells were washed in HBSS�/�. Pleural cells (1 � 106

cells/ml) were resuspended in HBSS containing Ca2�/Mg2� and then stim-
ulated with A23187 (0.5 �M) for 15 min. Reactions were stopped on ice,
and samples were centrifuged at 500 � g for 10 min at 4°C. PGE2 was
assayed in the cell-free supernatant by EIA, according to the manufactur-
er’s instructions (Cayman Chemical).

Cytokine analysis

Supernatants from in vitro BCG-infected macrophages after 24 h of infec-
tion were collected and stored at �20°C until the day of analysis. TNF-�
and IL-10 were analyzed simultaneously using luminex technology. A
mouse multiplex cytokine kit was obtained, and the assay was performed
according to the manufacturer’s instructions (Upstate Biotechnology). A
total of 50 �l of sample was analyzed on the Bio-Plex system (Bio-Rad),
according to the manufacturer’s instructions. Data analyses of all assays
were performed with the Bio-Plex Manager software.

Image acquisition

The images were obtained using an Olympus BX-FLA fluorescence mi-
croscope equipped with a Plan Apo 100 � 1.4 Ph3 objective (Olympus
Optical) and CoolSNAP-Pro CF digital camera in conjunction with Image-
Pro Plus version 4.5.1.3 software (Media Cybernetics). The images were
edited using Adobe Photoshop 5.5 software (Adobe Systems).

Statistical analysis

The results were expressed as mean � SEM and were analyzed statistically
by means of ANOVA, followed by the Neuman-Keuls-Student’s test, with
the levels of significance set at p � 0.05.

Results
M. bovis BCG induces lipid body formation during in vivo

infection

Mechanisms involved in lipid body formation within Mycobacte-

rium-infected cells were investigated using an experimental model

of mouse pleurisy induced by M. bovis BCG, which allows the

assessment of the acute inflammatory process induced by myco-

bacterial infection. Fig. 1 shows that cells from BCG-infected an-

imals, appropriately treated for lipid fixation and staining, contain

markedly increased numbers of lipid bodies at 1 (Fig. 1B) and 24 h

(Fig. 1C) when compared with control (Fig. 1A). Alcohol-based

fixation, as in Kinyoun’s staining, causes dissolution of lipid bod-

ies (Fig. 1D), which precludes their recognition in BCG-stimulated

leukocytes and confers a foamy-like aspect to the cell. We ob-

served that BCG induced a dose-dependent increase on lipid body

formation, with maximum lipid body induction observed at the

dose of 5 � 106 CFU/cavity (Fig. 1F). Lipid body formation ini-

tiated within 1 h reached maximum levels within 24 h and re-

mained significantly increased 15 days after infection (Fig. 1E).

The i.pl. injection of BCG (5 � 106 CFU/cavity) in B6 induced

leukocyte accumulation with similar kinetic of that of the lipid

body formation. The first phase was characterized by a marked

increase in neutrophil numbers (1–6 h). At 24 h, a peak in the total

leukocyte number was observed due to increase in eosinophil,

macrophage, and lymphocyte numbers, and leukocytes remained

increased after 15 days of infection (data not shown), as previously

demonstrated (36, 37).

FIGURE 1. BCG infection induces time- and dose-dependent lipid

body formation in pleural cells. Macrophage (arrow) and neutrophil (ar-

rowhead) lipid bodies after osmium staining observed in control (A) or

BCG-infected mice within 1 h (B) or 24 h (C). D, Macrophages from

infected mice at 24 h of infection after Kinyoun’s staining exhibit foamy

cell-like morphology. Bars, 10 �m. E, Kinetic of BCG-induced lipid body

formation in pleural cells. B6 mice were i.pl. infected with BCG (5 � 106

bacilli/cavity). F, Dose-response analysis of BCG-induced lipid body for-

mation in pleural cells after 1 and 24 h of i.pl. injection of BCG. Each bar

represents the mean � SEM from 50 consecutively counted leukocytes

from at least eight animals. Statistically significant (p � 0.05) differences

are indicated by asterisks or �.

3089The Journal of Immunology
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Increased lipid body formation was observed in both macro-

phages and neutrophils following BCG infection in vivo. How-

ever, more pronounced increases in the size as well as in the num-

bers of lipid bodies were noted in macrophages. In neutrophils, the

number of lipid bodies increased within 1 h and was maximal

within 24 h (mean � SEM; from 1.66 � 1.2 lipid bodies/neutro-

phil in control to 8.5 � 0.66 lipid bodies/neutrophil at 1 h, and

11.5 � 1.1 lipid bodies/neutrophil within 24 h). Although macro-

phages exhibited a modest increase at 1 h (from 0.3 � 0.3 lipid

bodies/macrophage in control to 4.0 � 0.57 lipid bodies/macro-

phage), dramatic increments in the numbers of lipid bodies were

observed at 24 h (27.0 � 1.28 lipid bodies/macrophage).

Mycobacterium-induced lipid bodies are morphologically

distinct cytoplasmic sites

To study the ultrastructure of BCG-elicited lipid bodies, pleural

cells were immediately fixed while still in suspension in a mixture

of glutaraldehyde and paraformaldehyde, embedded in agar, and

prepared for conventional transmission electron microscopy. Be-

cause lipid bodies are nonmembrane-bound structures, cells were

processed for optimal membrane visualization with the reduced

osmium potassium ferrocyanide method, so as to distinguish lipid

bodies from membranous organelles.

After 1 h of infection, macrophages showed cytoplasmic lipid

bodies imaged as strongly osmiophilic structures localized mainly

in the cell periphery (Fig. 2, B, E, and F), morphologically similar

to lipid bodies from control cells (Fig. 2, A and D). After 24 h of

infection, lipid bodies became large and light dense structures with

a frequent peripheral rim of electron-dense material (Fig. 2, C, H,

and I). In addition, they had eccentric or central lucent areas (Fig.

2H). Electron microscopy quantitative analyses showed a dramatic

increase in lipid body size after 24 h of infection compared with

1 h (Fig. 2J). The number of lipid bodies per cell section was

significantly increased (mean � SEM; from 0.8 � 0.2 lipid bodies/

section in control to 2.6 � 0.3 lipid bodies/section at 1 h, and

3.0 � 0.2 lipid bodies/section within 24 h), as also shown by light

microscopy (Fig. 1E). Images suggesting fusion of lipid bodies

with each other were observed in macrophages at both 1 and 24 h

after infection (Fig. 2, E and I, respectively). Remarkably, lipid

bodies from infected animals showed clear interaction with phago-

somes (Fig. 2G).

Mechanisms of lipid body formation in BCG-infected animals

The need of bacterial phagocytosis to lipid body formation was

analyzed. The lack of correlation between bacterial phagocytosis

and lipid body formation was suggested by the comparison of per-

centages of infected cells (attested by Kinyoun’s staining) and per-

centages of cells with increased lipid body numbers within 24 h of

BCG injection. As observed in Fig. 3A, 96% of leukocytes recov-

ered from vehicle-stimulated cavities had �5 lipid bodies/cell,

whereas after 24 h of BCG administration �95% of cells had �10

lipid bodies. In contrast, �30% of the cells had detectable phago-

cytosed bacteria within 24 h of BCG administration (Fig. 3B). In

addition, by infecting the animals with fluorescent labeled BCG

and labeling lipid bodies with Nile Red (a neutral lipid marker), we

observed both infected cells with many cytoplasmic lipid bodies as

well as uninfected cells with increased lipid body numbers (Fig.

3C), suggesting that mechanisms involved in lipid body formation

were independent of bacterial ingestion.

To ascertain whether the observed lipid body formation in macro-

phages is a phagocytic-dependent phenomenon, peritoneal macro-

phages were incubated either with inert latex beads, B. subtilis, or

BCG-derived LAM. As shown in Fig. 3D, macrophage stimulation

with latex beads (1:1) or with B. subtilis (1:1) failed to induce lipid

body formation within 24 h, thus indicating that not any phagocytic

stimuli is capable of triggering mechanisms of lipid body induction.

FIGURE 2. BCG-induced lipid bodies are

morphologically distinct cytoplasmic sites. A,

Control macrophage with typical morphology

and small lipid bodies (arrow) in the cytoplasm.

At 1 h (B) and 24 h (C) of infection, macro-

phages showed morphological pattern of activa-

tion and large cytoplasmic lipid bodies (arrows).

Phagosomes are indicated (arrowheads). D–I,

Morphological features of macrophage lipid

bodies. In control cell (D) and in cells after 1 h

of BCG infection (E and F), lipid bodies were

electron-dense structures. At 24 h of infection

(G–I), lipid bodies were light dense, with a pe-

ripheral rim of electron-dense material and an

occasional eccentric area (H). Interactions be-

tween lipid bodies and phagosome (G) or be-

tween lipid bodies and each other (I) were fre-

quently observed. J, Lipid body size (diameter)

increases drastically during BCG infection.

Pleural cells were fixed in a mixture of glutar-

aldehyde and paraformaldehyde, embedded in

agar, and processed for transmission electron

microscopy. A total of 35 electron micrographs

was randomly taken and analyzed for lipid body

diameter measurements. Statistically significant

(p � 0.05, Student’s t tests) differences are in-

dicated by asterisks. Bars, 1 �m.
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Activation of macrophages with zymosan particles also failed to

induce lipid body formation in cells from B6 mice (from 1.67 � 0.25

in control to 1.93 � 0.34 lipid bodies/macrophage in zymosan-

stimulated cells (mean � SEM, nonsignificant)).

Interestingly, the mycobacterial cell wall component LAM sig-

nificantly induced lipid body formation, although not to the same

extent as live BCG infection (Fig. 3D). Accordingly, i.pl. injection

of heat-killed BCG induced a significant increase in the lipid body

number at 1 h of infection, and no differences were observed be-

tween lipid body induction with live or heat BCG at this time

(from 0.82 � 0.1 lipid bodies/cell in control to 2.93 � 0.3 lipid

bodies/cell after live BCG; 2.54 � 0.2 lipid bodies/cell in heat-

killed BCG). However, after 24 h of infection, live BCG induced

more lipid body formation than heat-killed BCG (from 12.1 � 0.7

to 7.83 � 0.8 lipid bodies/cell when live and killed BCG were

compared), suggesting that lipid body formation was partially de-

pendent of the bacterial viability.

Next, we extend this analysis to compare the lipid body-induc-

ing effect of BCG with a nonpathogenic mycobacteria M. smeg-

matis. As shown in Fig. 3D, macrophage stimulation in vitro with

M. smegmatis (5:1) failed to induce lipid body formation within

24 h, under conditions in which BCG significantly stimulated mac-

rophages to form lipid bodies. Moreover, i.pl. administration of M.

smegmatis failed to induce lipid body formation in macrophages

(or other leukocytes) recovered from the pleural cavity within 24

or 72 h after infection (Fig. 3E).

TLR2, but not TLR4, is involved in BCG-induced lipid body

formation

In leukocytes, lipid body formation is a highly regulated event that

depends on the interaction of cellular receptors with their ligands.

The role of TLR-mediated pathogen recognition in the mechanism

of lipid body formation was investigated. We observed that BCG-

induced lipid body formation in vivo in TLR2-defective B6 mice

was drastically inhibited when compared with B6 wild-type mice

(Fig. 4A). BCG-induced PGE2 generation was also significantly

reduced in TLR2�/� when compared with wild-type mice (H.

D’Ávila, unpublished observations). In contrast, TLR4-defective

mice from two different strains, C57BL/10 ScCr (Fig. 4B) and

C3H/HeJ (data not shown), were capable of forming lipid bodies

when infected by BCG in vivo, at levels comparable to their

TLR4-responsive strains C57BL/10 or C3H/HeN, respectively.

The ability of BCG to induce lipid body formation through TLR2-

dependent pathway was confirmed in in vitro stimulated peritoneal

macrophages. As shown in Fig. 4, C and D, BCG significantly

induced lipid body formation in B6, C57BL/10 ScSn, and

C57BL/10 ScCr, but not in TLR2�/� macrophages. Positive con-

trol for the TLR knockout experiments was provided, demonstrat-

ing that the cells from TLR2 knockout mice retain the capacity to

form lipid bodies in response to LPS. Moreover, LAM-induced

lipid body formation occurs in a TLR2-dependent manner, adding

support to the hypothesis that mycobacterial components were in-

ducing lipid body formation via TLR-dependent pathways (Fig.

FIGURE 3. Phagocytosis is not essential

for lipid body formation after BCG infection.

A, Lipid bodies per cell from control (�) and

infected (5 � 106 bacilli/cavity) groups (f),

at 24 h, were enumerated after osmium stain-

ing. B, Phagocytic index was performed at 1

and 24 h after in vivo infection (5 � 105 or

5 � 106 bacilli/cavity) and analyzed after

Kynioun’s staining. C, Upper panel, Fluo-

rescent Nile Red-labeled lipid bodies were

visualized at 24 h after in vivo infection as

cytoplasmic punctate inclusions (yellow) in

macrophages with or without phagocytosed

fluorescent labeled BCG (green); lower

panel, phase contrast of the same cells. Pleu-

ral cells were recovered from infected group

(5 � 106 bacilli/cavity) at 24 h, fixed with

3.7% formaldehyde, and stained by Nile

Red. Bar, 10 �m. D, Macrophage lipid bod-

ies from peritoneal cells stimulated in vitro

with latex beads (1:1), B. subtilis (MOI, 1:1),

M. smegmatis (MOI, 5:1), LAM (500 ng/ml),

and BCG (MOI, 1:1) for 24 h. E, Analysis of

macrophage lipid bodies from control,

BCG-, and M. smegmatis (smeg)-infected

groups (5 � 106 bacilli/cavity) at 24 and 72 h

after infection. Statistically significant (p �

0.05) differences between stimulated and

control group are indicated by asterisks.
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4C). Infection by M. smegmatis failed to induce lipid body forma-

tion in macrophages from all strains (C57BL6; TLR2�/�;

C57BL/10 ScSn and C57BL/10 ScCr) analyzed (Fig. 4, C and D).

These results demonstrate a requisite role for TLR2 in BCG rec-

ognition and signaling to induce lipid body formation.

Lack of involvement of endogenously generated proinflammatory

cytokines in BCG-induced lipid body formation

It has been described previously that cytokines and chemokines

may participate in the signaling that leads to lipid body formation

(15, 35, 38, 39). The roles of three cytokines/chemokines relevant

to macrophage activation in Mycobacterium-induced response

were evaluated as to their involvement in BCG-induced lipid body

formation. As shown in Fig. 5, no difference in BCG-induced lipid

body formation was observed 24 h after infection when each re-

spective wild type was compared with TNFRI (Fig. 5A), MCP-1/

CCL2 (Fig. 5B), or IFN-� (Fig. 5C) genetically deficient animals,

thus ruling out the involvement of IFN-�, MCP-1/CCL2, and

TNF-� signaling through its receptor type I as endogenous mod-

ulators of BCG-induced lipid body formation.

Eicosanoid-forming enzymes localize at lipid bodies

We evaluated whether key eicosanoid-forming enzymes were lo-

calized at leukocyte lipid bodies formed within 24 h of BCG in-

fection. Compartmentalization of eicosanoid-forming enzymes,

5-lipoxygenase and COX-2, to lipid bodies was analyzed by im-

munocytochemistry using conditions of cell fixation and perme-

abilization that prevented dissolution of lipid bodies. Lipid bodies

were visualized by endogenous labeling with the fluorescent fatty

acid-containing diglyceride, 1-acyl-2-(7-octyl BODIPY-1-pen-

tanoyl)-sn-glycerol (1 �M), for 1 h at 37°C. Fluorescent fatty acid-

labeled lipid bodies were visualized as green punctate intracyto-

plasmic inclusions (Fig. 6, A and B). Pleural leukocytes stained

with anti-COX-2 (Fig. 6C) or anti-5-lipoxygenase (data not

shown) polyclonal Abs, in addition to perinuclear membrane and

cytosolic staining, showed focal punctate cytoplasmic staining that

matched with fluorescent labeled lipid bodies. There was no im-

munoreactivity when control (Fig. 6D) normal rabbit serum was

used, although fluorescent fatty acid-labeled lipid bodies were

strongly visualized.

BCG infection induces eicosanoid generation

Because lipid bodies are stores of the eicosanoid precursor, AA, in

different leukocyte subsets, including eosinophils, neutrophils, and

monocytes, and contain eicosanoid-forming enzymes (Fig. 6, A–D)

(40), we investigated whether increased numbers of leukocyte lipid

bodies from animals infected by BCG would lead to enhanced PG

production. No differences in PGE2 levels in the pleural wash were

observed between control and infected animals after 1 h of BCG

infection, but significantly increased levels of PGE2 in the pleural

FIGURE 4. Mechanisms involved in lipid body

formation induced by BCG in macrophages: role for

TLR2 signaling. Analysis of macrophage lipid bodies in

wild-type (TLR2�/�) and TLR2 knockout (TLR2�/�)

mice (A and C), C57BL/10 ScSn (TLR4�/�), and

C57BL/10 ScCr (TLR4�/�) mice (B and D), 24 h after

in vivo BCG infection (A and B) by 5 � 106 bacilli/

cavity or in vitro stimulation (C and D) by LPS (500

ng/ml), LAM (500 ng/ml), BCG (MOI, 5:1), and M.

smegmatis (MOI, 5:1). Macrophage lipid bodies were

enumerated after osmium staining. Each bar represents

the mean � SEM from 50 consecutively counted mac-

rophages from at least eight animals in in vivo experi-

ments and four independent pools of three animals each

in in vitro experiments. Statistically significant (p �

0.05) differences between control and infected groups

are indicated by asterisks; �, represents differences be-

tween wild-type and deficient mice. M�, macrophages.

FIGURE 5. Lack of involvement of TNFR1, MCP-1, and IFN-� in lipid body formation induced by BCG in macrophages. Analysis of macrophage lipid

bodies in wild-type (TNFR1�/�) and TNFR1 knockout (TNFR1�/�) mice (A), wild-type (MCP-1�/�) and MCP-1 knockout (MCP-1�/�) mice (B), and

wild-type (IFN-��/�) and IFN-� knockout (IFN-��/�) mice (C) 24 h after BCG infection (5 � 106 bacilli/cavity). Macrophage lipid bodies were

enumerated after osmium staining. Each bar represents the mean � SEM from 50 consecutively counted macrophages from at least eight animals.

Statistically significant (p � 0.05) differences between control and infected groups are indicated by asterisks. M�, macrophages.
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fluid were observed after 24 h of infection (Fig. 6E), a time char-

acterized by the highest lipid body formation (Fig. 1E).

Unstimulated leukocytes respond to submaximal concentrations

of calcium ionophore by generating low levels of eicosanoids. In

a process known as priming, the cells after in vivo infection with

BCG (1 and 24 h) were stimulated with 0.5 �M calcium ionophore

A23187. The levels of the PGE2 released after priming increased

only 24 h after infection (Fig. 6F), which is in agreement with the

time required for COX-2 induction and compartmentalization

within lipid bodies.

Lipid bodies are sites for BCG-enhanced PGE2 synthesis in

macrophages

Because BCG infection led to quantitative increases in both lipid

body formation and enhanced PGE2 formation, we hypothesized

that lipid bodies were domains for compartmentalized PGE2 syn-

thesis. To investigate intracellular sites of newly formed PGE2, we

adapted a newly developed strategy for direct in situ immunolo-

calization of LTC4 synthesis (35). EDAC was used to cross-link

eicosanoid carboxyl groups to amines in adjacent proteins, and

immobilized PGE2 was immunofluorescently detected. ADRP was

used as a marker of lipid bodies for colocalization purpose. ADRP

is ubiquitously expressed in many cells and tissues as a major

component of lipid droplets (41). Recently, we demonstrated that

ADRP specifically localizes at lipid bodies within inflammatory

leukocytes, including macrophages, indicating that ADRP is a use-

ful leukocyte lipid body marker for colocalization studies (Maya-

Monteiro et al., submitted for publication).

Macrophages were the main PG producer cells in BCG-induced

inflammatory reaction (data not shown). Macrophages from BCG-,

but not vehicle-stimulated mice exhibited a strong localized punc-

tated or ring shape staining for ADRP-labeled lipid bodies (Fig.

7A, left panel). Macrophages recovered from BCG-infected ani-

mals showed intense and punctated immunofluorescent staining

for PGE2 (Fig. 7A, center panel). As shown in Fig. 7A, right panel,

PGE2 intracellular site of production perfectly matches ADRP-

stained lipid bodies.

The specificity of this immunofluorescent staining for PGE2 was

ascertained. First, the detected PGE2 should be a product of an

active COX pathway; accordingly, indomethacin, which blocks

COX activity, completely abolished immunofluorescent staining

for PGE2 (Fig. 7B, central panel). In addition, specificity of the

immunofluorescence for PGE2 was supported by the absence of

immunostaining when an isotype control Ab replaced the anti-

PGE2 mAb (Fig. 7C, center panel). Moreover, leukocytes from

vehicle-stimulated animals exhibited no immunofluorescent stain-

ing for PGE2 (Fig. 7D, central panel), demonstrating no back-

ground staining or preformed PGE2, as expected in the absence of

cell stimulation. These findings validated the specificity for detect-

ing PGE2 formed at its formation sites within stimulated macro-

phages, and place lipid bodies as the major localization site for

newly formed PGE2 during the BCG infection.

Inhibition of lipid body formation and PGE2 production by

nonsteroidal anti-inflammatory drugs (NSAIDs) modulates

cytokine host response to mycobacterial infection

NSAIDs, including aspirin and NS-398, have been shown previ-

ously to inhibit lipid body formation induced by cis-unsaturated

fatty acids, through COX-independent mechanisms (42, 43). The

capacity of aspirin and NS-398 to inhibit BCG-induced lipid body

formation was investigated. As shown in Fig. 8A, both aspirin (5

�M) and NS-398 (1 �M) drastically inhibited BCG-induced lipid

body formation within 24 h. As expected, at the concentrations of

NSAIDs used, the BCG-induced PGE2 generation was completely

abrogated (Fig. 8A).

As extensively reviewed elsewhere, mycobacterial infection in-

duces increased production of a number of proinflammatory cyto-

kines (including IL-1, TNF-�, IFN-�, and IL-12), as well as

anti-inflammatory ones (including IL-10 and TGF-�), and a tightly

controlled balance of cytokine response determines infection out-

come, as cytokine response is crucial to the control of the infection,

but may also contribute to the chronic infection and associated

FIGURE 6. BCG infection induces both compartmentalization of

COX-2 within lipid bodies and priming for enhanced eicosanoid genera-

tion. A and B, Lipid bodies were visualized by endogenous labeling with

fluorescent fatty acid-containing diglyceride, 1-acyl-2-(7-octyl-BODIPY-

1-pentanoyl)-sn-glycerol (1 �M, for 1 h) as green punctate cytoplasmatic

inclusions under FITC excitation. Images of identical fields depict glucose

oxidase immunostaining with rabbit anti-COX-2 (C) and purified rabbit

IgG (D) as control using light microscopy in a �100 objective lens from

pleural leukocytes obtained 24 h after BCG infection. Bars, 10 �m. E,

Pleural wash levels of PGE2 produced during 24 h of i.pl. infection by BCG

(5 � 106 bacilli/cavity) in B6 mice. F, Animals were i.pl. stimulated with

BCG or vehicle for 1 or 24 h for lipid body formation. After that, pleural

leukocytes were obtained for lipid body enumeration and leukocytes were

washed in Ca2�/Mg2�-free HBSS. Leukocytes (1 � 106 cells/ml) were

resuspended in HBSS containing Ca2�/Mg2� and then restimulated with

A23187 (0.5 �M) for 15 min. PGE2 were measured by EIA, and lipid

bodies were enumerated following osmium staining. Data are means �

SEM from at least eight mice. Statistically significant differences (p �

0.05) are indicated by asterisks.
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pathology (44). To characterize the role of aspirin- and NS-398-

induced inhibition of formation of lipid bodies and PGE2 on myco-

bacterial host response, the levels of one proinflammatory (TNF-�)

and one anti-inflammatory cytokine (IL-10) were investigated. BCG

infection of macrophage led to a significant increase in both TNF-�

(from 66.3 � 15 in noninfected to 297.8 � 21.6 pg/ml in BCG-

infected macrophages) and IL-10 (from 28.1 � 4.9 in noninfected to

66.0 � 30.9 pg/ml in BCG-infected macrophages). The effect of

aspirin and NS-398 on TNF-� and IL-10 production by BCG-infected

macrophages was investigated. As shown in Fig. 8B, treatment of

BCG-infected macrophages with aspirin or NS-398 led to an incre-

ment of BCG-induced TNF-� production of 72 and 29%, respec-

tively, whereas the production of IL-10 simultaneously measured at

those same samples was reduced by 81 and 74%, respectively.

Collectively, our data suggest that lipid body-derived endogenous

PGE2 down-modulate macrophage response by inhibiting BCG-

induced TNF production (cytokine with important roles in mediating

macrophage-induced mycobacterial killing) and by increasing the

levels of the anti-inflammatory cytokine IL-10.

Discussion
The mechanisms involved in lipid-laden (foamy) macrophage for-

mation and its functional significance have not been addressed

previously. In this study, we evaluated the effects of M. bovis BCG

infection in mice on lipid body formation. We demonstrated that

infection-induced foamy-like macrophages were due to compart-

mentalization of lipids within their cytoplasm in distinct hydro-

phobic organelles named lipid bodies or lipid droplets. We showed

that lipid bodies are dynamic organelles that have their formation

highly regulated through TLR2-dependent mechanisms. More-

over, evidence was provided that lipid bodies are functionally ac-

tive organelles, as both eicosanoid-forming enzymes and newly

formed lipid mediator (PGE2) are colocalized within lipid bodies.

We observed that BCG was capable of inducing a dose- and

time-dependent increase on lipid body formation. Lipid body for-

mation initiates very rapidly, and significantly increased lipid body

FIGURE 8. NSAIDs, aspirin, and NS-398 inhibit lipid body formation,

PGE2, and IL-10 synthesis, while enhancing TNF-� production induced by

BCG. Peritoneal macrophages (1 � 106) were infected in vitro by BCG (MOI,

5:1) for 1 h. Noninternalized BCG were removed, and the cells were treated

with 5 �M aspirin (ASA) or 1 �M NS-398 for 24 h at 37°C. Vehicle (0.01%

DMSO) was used as control. Results are expressed as percentage of BCG-

infected group of: A, lipid body formation (�) and PGE2 synthesis (f); B,

TNF-� (�) and IL-10 (f) production. Lipid bodies were enumerated after

osmium staining, and PGE2 were measured by EIA. TNF-� and IL-10 were

measured simultaneously by multiplex cytokine assay. Results are the mean

from three independent pools of three to five animals each.

FIGURE 7. Newly formed PGE2 localizes in

ADRP-associated lipid bodies at 24 h of BCG infec-

tion. A, Macrophages from BCG-infected animals

were labeled for ADRP-associated lipid bodies (left

panel) and for newly formed PGE2 (middle panel).

Merged image (right panel) showed colocalization of

PGE2 in ADRP-associated lipid bodies. B, BCG-in-

fected animals were treated with indomethacin (4 mg/

kg) 4 h before the sacrifice. C, IgG1 irrelevant isotype

(MOPC) was used as control for PGE2 labeling. D,

Pleural cells from noninfected animals were nega-

tive for both ADRP (left panel) and PGE2 (middle

panel); the nuclei of control cells are observed after

4�-6-diamidino-2-phenylindole staining (right

panel). Bars, 10 �m.
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numbers were noted within 1 h, reached maximum levels within

24 h, and remained increased for at least 15 days after BCG in-

fection. Ultrastructural analysis of leukocytes from infectious foci

revealed morphological differences in lipid bodies in the course of

infection. Within 1 h of BCG infection, macrophages showed

strongly osmiophilic cytoplasmic lipid bodies that, although in-

creased in number, were morphologically similar to lipid bodies

from control cells. In contrast, after 24 h of infection, lipid bodies

became large and light dense structures with a peripheral rim of elec-

tron-dense material, and were frequently observed in close proximity

to phagosome-containing bacteria. Those morphological differences

may reflect differences in lipid composition and/or ratio neutral lipids/

phospholipids within lipid bodies. Typically, increases in lipid body

size and numbers are accompanied by accumulation of neutral lipids

in their hydrophobic core (10, 45). Indeed, lipid analysis from BCG-

infected macrophages demonstrated significant and time-dependent

increases in the cellular pool of triglycerides and cholesterol esther (C.

Maya-Monteiro, H. D’Avila, and P. Bozza, unpublished observa-

tions). However, a contribution of mycobacterial lipids to lipid body

biogenesis could not be ruled out. Indeed, intense cell wall mycobac-

terial trafficking out of mycobacterial phagosome to other organelles

within infected macrophages has been demonstrated (46, 47). The

identification of lipid composition of BCG-induced lipid bodies is

currently under investigation. The electron-dense ring around lipid

bodies might represent osmiophilic phospholipids and/or proteins in

the periphery of lipid bodies. Indeed, recent studies have shown that

lipid bodies are surrounded by a hemi-membrane of unique fatty acid

composition (10). Moreover, the surface of BCG-induced lipid bodies

was shown to be enriched in the protein ADRP; that is in agreement

with previous demonstrations that ADRP is the main surface protein

of lipid bodies in different mammalian cells, including leukocytes (41)

(C. Maya-Monteiro, W. Yu, P. Bozza, and P. Weller, submitted for

publication).

Interestingly, our results indicated that leukocytes do not need to

be infected by BCG to have lipid bodies formed, as it was observed

that both infected as well as uninfected cells had significantly in-

creased cytoplasmic lipid body numbers, indicating that mecha-

nisms involved in lipid body formation were independent of bac-

terial ingestion. In addition, macrophage uptake of latex beads and

of the nonpathogenic mycobacteria M. smegmatis was not able to

trigger mechanisms of lipid body formation. Collectively, those

findings indicate that phagocytosis is not sufficient nor essential for

BCG-induced lipid body formation, and may suggest that transfer

of mycobacterial lipids to uninfected bystander cells and/or cyto-

kine and other inflammatory mediators generated at the infection

foci might contribute to lipid body formation in leukocytes. Al-

though cytokines and chemokines, including MCP-1/CCL2, were

shown to mediate lipid body formation in low density lipoprotein-

and allergic-induced inflammation (38, 39), our results using ge-

netically deficient mice suggest that major macrophage-activating

cytokines/chemokines, MCP-1/CCL2, IFN-�, or TNF-�, are not

involved in BCG-induced lipid body formation.

Mechanisms involved in BCG-induced lipid body formation

were analyzed. Pattern recognition receptors, including mannose

receptors, complement receptors, and most importantly TLRs, are

critical for sensing of mycobacterial Ags and host cell signaling

(48). Different members of the TLR family, including TLR2,

TLR4, TLR6, and TLR1, which dimerize with TLR2, have been

implicated in mycobacterial Ag recognition (49–51). BCG-in-

duced macrophage lipid body formation was drastically inhibited

in TLR2-deficient mice, suggesting a requisite role for TLR2 in

this phenomenon. In line with our findings, purified cell wall my-

cobacterial Ags, including LAM, phosphatidylinositol manno-

sides, and 19-kDa lipoprotein, all signal through TLR2-dependent

pathways (52, 53). Indeed, lipid body formation could also be trig-

gered by the TLR2-ligand LAM, although to a lesser extent than

that observed with live BCG infection. In contrast, BCG-induced

lipid body formation was not modified when two distinct TLR4

mouse-deficient strains were used. Accordingly, TLR4-deficient

mice show normal macrophage recruitment and activation, as well

as control the BCG infection (54). Of note, activation of macro-

phages in vitro with zymosan particles failed to induce lipid body

formation, thus suggesting that TLR2 activation, although essen-

tial for mycobacterial-induced lipid body formation, is not suffi-

cient to trigger pathways of lipid body formation, and other co-

factors may be involved. However, the lack of lipid body-induced

response in TLR2 knockouts is not Mycobacterium specific, as the

pathogenic intracellular parasite Trypanosoma cruzi also induces

lipid body formation in a TLR2-dependent pathway.

Pertinent to the functions of lipid bodies in leukocytes, lipid

bodies are distinct cytoplasmic organelles, functioning both as

nonmembrane depot of AA and as intracellular sites for regulated

metabolism of arachidonate (40). Of special interest for inflam-

matory cells in which increased eicosanoid synthesis is observed,

lipid body arachidonyl-phospholipids might provide a source of

substrate AA without requiring the perturbation of the integrity of

membranes and could be replenished from the arachidonyl-trig-

lycerides abundant in lipid bodies (23). In a different perspective,

though, lipid bodies could also function as a draining compartment

to rapidly uptake and reacetylate free AA with potentially detri-

mental outcome for the host cell, because it has been demonstrated

recently that AA has important functions in inducing apoptosis of

Mycobacterium-infected macrophages, and in actin recruitment to

the phagosome, enabling phagosome maturation, leading to in-

creased mycobacterial killing (4, 24).

The hypothesis that the formation of new lipid bodies elicited by

BCG infection provides a distinct intracellular domain for regu-

lated eicosanoid production is supported by different evidence.

First, BCG-induced lipid body formation were sites of immuno-

localized COX-2. Second, in this study, we observed a significant

correlation between lipid body formation and PGE2 generation in

the BCG infection site. Moreover, BCG-driven lipid body-en-

riched leukocytes were shown to be primed for enhanced PGE2

production when restimulated by submaximal concentrations of

the ionophore A23187, suggesting that lipid bodies are early re-

sponse structures involved in the production of lipid mediators of

inflammation in vivo.

Direct assessment of intracellular sites for eicosanoid has been

elusive, as those mediators are newly formed, nonstorable, and

rapidly released upon cell stimulation. Recently, a new strategy to

cross-link newly formed LTC4 at its sites of synthesis within stim-

ulated eosinophils was described, enabling the immunofluorescent

localization of newly formed LTC4 at its intracellular formation

locale (35, 39). By adapting this technique to investigate intracel-

lular PG synthesis by inflammatory leukocytes in vivo, we were

able to demonstrate that pathogen-induced lipid bodies are the

main intracellular domain for PGE2 synthesis. To our knowledge,

this is the first direct demonstration of leukocyte intracellular com-

partmentalization of PG formation in in vivo inflammatory condi-

tions. Together, our findings support a role for lipid bodies to func-

tion as specific sites for eicosanoid formation. In accordance,

Rangel Moreno et al. (25) have demonstrated recently that foamy

macrophages located in pneumonic areas of M. tuberculosis infec-

tion in mice were strongly positive for COX-2 and PGE2 synthase

staining. The enhanced capacity of macrophages to generate PGE2

in the course of mycobacterial infection due to increased lipid
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body formation and compartmentalization of signaling to eico-

sanoid production within lipid bodies may contribute to the mech-

anisms that intracellular pathogens have evolved to survive in host

cells. Indeed, high concentration of PGE2 is a potent inhibitor of

Th1-type response and TNF and NO production (55, 56). Accord-

ingly, treatment with aspirin or NS-398 led to an enhancement of

TNF-� production and a drastic reduction on IL-10 generation

induced by BCG infection, which paralleled the inhibitory effect of

these NSAIDs on PGE2 and lipid body formation. In agreement,

increased levels of PGE2 favor intracellular pathogen growth, a

phenomenon that could be reverted by treatment with COX-2 in-

hibitors (25, 27). Collectively, our data suggest that lipid body-

derived endogenous PGE2 down-modulate macrophage response

by inhibiting BCG-induced TNF production (cytokine with impor-

tant roles in mediating macrophage-induced mycobacterial killing)

and increasing the levels of the anti-inflammatory cytokine IL-10.

Taken together with the data that, different from M. bovis BCG, the

fast growing nonpathogenic M. smegmatis failed to form lipid bod-

ies suggests that lipid bodies may perhaps have roles in microbial

pathogenesis. Further studies will be necessary to establish the role

of lipid bodies in the virulence mechanisms of intracellular

parasites.

Remarkably, lipid bodies from infected animals were frequently

found in close apposition to Mycobacterium-containing phago-

somes with suggestive images of organelle interactions. Similar

lipid body phagosome interactions have been noted in inflamma-

tory macrophages from rats during the infection with the intracel-

lular parasite T. cruzi (57). Although the significance of this in-

teraction remains to be elucidated, it raises intriguing possibilities

in light of lipid body composition and functions. First, lipidic con-

tent of lipid bodies may serve as a carbon source for bacterial

growth. Second, recent studies focusing on the protein profile of

lipid bodies in different cell types have revealed a broad list of

proteins found within lipid bodies, including not only proteins in-

volved in lipid transport and metabolism, but also several small

GTPases of the Rab family and kinases; therefore, lipid bodies

may have much broader functions than previously recognized, in-

cluding roles in cellular lipid metabolism, membrane trafficking,

intracellular signaling, and cell-to-cell communication (16, 17,

19–21, 58). Of interest, Rab 5, Rab 7, and PI3K, which were

shown to be compartmentalized at lipid bodies, are key molecules

in the control of sequential interactions of early and late endo-

somes, and have also been implicated in the maturation process of

phagosomes containing intracellular pathogens (59, 60).

In conclusion, BGC induces rapid and persistent leukocyte lipid

body formation in a TLR2-dependent mechanism. Leukocyte lipid

bodies formed during BCG infection are specialized, inducible in-

tracellular domains that may function as signaling platforms in

inflammatory mediator production in the sense that the compart-

mentalization of substrate and key enzymes within intracellular

lipid bodies has direct impact on the capacity of leukocytes to

generate increased amounts of eicosanoids. In fact, lipid bodies are

the main intracellular site for PGE2 synthesis during intracellular

pathogen infection. Together, our observations suggest that lipid

bodies carry out specific functions in eicosanoid generation in the

course of intracellular pathogen infection that go beyond those of

simple lipid storage organelles and may potentially have implica-

tions to the pathogenesis of mycobacterial infection.
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