BBA - Molecular and Cell Biology of Lipids 1865 (2020) 158703

Contents lists available at ScienceDirect

BBA - Molecular and Cell Biology of Lipids

journal homepage: www.elsevier.com/locate/bbalip

Rab7 controls lipid droplet-phagosome association during mycobacterial
infection

Check for
updates

=

Natalia R. Roque?, Silvia L. Lage”, Roberta Navarro®, Narayana Fazolini®,

Clarissa M. Maya-Monteiro®, Jens Rietdorf®, Rossana C.N. Melo®, Heloisa D'Avila®,
Patricia T. Bozza™"

2 Laboratdrio de Imunofarmacologia, IOC, Fundagdo Oswaldo Cruz, Rio de Janeiro, 21045-900, RJ, Brazil

Y Laboratério de Biologia Celular, Departamento de Biologia, Universidade Federal de Juiz de Fora, Juiz de Fora, 36036-330, MG, Brazil
€ Centro de Desenvolvimento Tecnoldgico em Satide, CDTS, IOC, Fundagdo Oswaldo Cruz, Rio de Janeiro, 21045-900, RJ, Brazil

ARTICLE INFO ABSTRACT

Keywords: Lipid droplets (LDs) are organelles that have multiple roles in inflammatory and infectious diseases. LD act as
LAM essential platforms for immunometabolic regulation, including as sites for lipid storage and metabolism, in-
Lipid droplet flammatory lipid mediator production, and signaling pathway compartmentalization. Accumulating evidence

Mycobacterium indicates that intracellular pathogens may exploit host LDs as source of nutrients and as part of their strategy to
Phagosomes . . . . .

Rab promote immune evasion. Notably, numerous studies have demonstrated the interaction between LDs and pa-
M. bovis BCG thogen-containing phagosomes. However, the mechanism involved in this phenomenon remains elusive. Here,

we observed LDs and PLIN2 surrounding M. bovis BCG-containing phagosomes, which included observations of a
bacillus cell surrounded by lipid content inside a phagosome and LAM from mycobacteria co-localizing with LDs;
these results were suggestive of exchange of contents between these compartments. By using beads coated with
M.tb lipids, we demonstrated that LD-phagosome associations are regulated through the mycobacterial cell wall
components LAM and PIM. In addition, we demonstrated that Rab7 and RILP, but not Rab5, localizes to LDs of
infected macrophages and observed the presence of Rab7 at the site of interaction with an infected phagosome.
Moreover, treatment of macrophages with the Rab7 inhibitor CID1067700 significantly inhibited the association
between LDs and LAM-coated beads. Altogether, our data demonstrate that LD-phagosome interactions are
controlled by mycobacterial cell wall components and Rab7, which enables the exchange of contents between
LDs and phagosomes and may represent a fundamental aspect of bacterial pathogenesis and immune evasion.

1. Introduction metabolize triacylglycerol (TAG) from host LDs [11,16]. Because my-

cobacteria harbor the genes icll and icl2, the products of which are

Intracellular pathogens, including Mycobacterium tuberculosis (Mtb),
Mycobacterium leprae, and the attenuated vaccine strain M. bovis BCG
have evolved highly specialized mechanisms to manipulate host lipid
metabolic pathways to obtain nutrients and persist within their host
cells [1-5]. The formation of lipid droplets (LDs) during mycobacterial
infections is a well-regulated phenomenon, and in addition to acting as
a nutrient source, LDs also participate as an important escape me-
chanism for the pathogen [6-10]. Notably, host LDs are important
sources of fatty acids and/or cholesterol for mycobacteria in vivo or in
infected macrophages in culture [11,12]. LDs are sites of PGE, synthesis
during M. bovis BCG infection, and this eicosanoid production could
promote infection by deactivating macrophage functions [6,13-15].
Moreover, it has been demonstrated that mycobacterium can import and
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involved in the glyoxylate cycle, the utilization of LDs as a nutritional
source appears to be a good strategy to survive inside the hostile en-
vironment of the phagosome [17].

Although it has been well documented that LDs can come into in-
timate contact with pathogen-containing phagosomes (reviewed in
[18]1), the mechanism by which this phenomenon occurs remains poorly
understood. LDs were demonstrated in close proximity and even inside
of phagosomes during bacterial [6-8,11,19]; fungi [20] and protozoan
[21-24]; infection and this association may depend on specific com-
binations of both host and pathogen derived components. Indeed, LDs
are recruited to the M. leprae-containing phagosomes in Schwann cell
microtubules in a PI3K signaling-dependent, TLR2-independent
manner [8]. Toxoplasma interacts and internalizes host LDs within
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parasitophorous vacuoles through parasite-secreted intravacuolar net-
work [22].

A central feature of M. tuberculosis with respect to promoting sur-
vival inside macrophages is its capacity to prevent phagosomes that
contain live bacteria from fusing with lysosomes [25,26]. The phago-
some maturation process is dependent on a subset of proteins and their
effectors. The emerging phagosome initially acquires the small GTPase
Rab5 (an early endosome marker) and its effector, the early endosome
antigen 1 (EEA-1), which then mediate the association with arriving
endocytic vesicles [27]. Subsequently, the phagosome exchanges the
Rab5 protein for the late endosome marker Rab7 [28-30] that, together
with its effectors, mediates lysosome-phagosome fusion [31,32].
Among the effectors recruited to the phagosome by Rab7, Rab-inter-
acting lysosomal protein (RILP) has an important role in linking GTP-
Rab7 to the dynein-dynactin motor complex and to microtubules to
mediate the centripetal movement toward phagosomes and lysosomes
[32-34].

The ability of M. bovis and M. tuberculosis to retain Rab5 in the
phagosome membranes and inhibit the exchange to Rab7 has been
extensively investigated [35-37]. Several studies have described dif-
ferent but complementary mechanisms (most involving lipids from the
mycobacterial cell wall or secreted proteins) to explain phagosomal
maturation arrest caused by bacteria from the M. tuberculosis complex,
including M. bovis BCG bacilli [36,38-41].

In this study, we propose novel mechanisms to explain LD interac-
tions with mycobacteria-containing phagosomes. We provide evidence
that the interaction between LDs and mycobacteria-containing phago-
somes primarily occurs through the ability of bacterial cell wall com-
ponents to “attract” LDs and through the accumulation of late endo-
some protein Rab7 and its effector RILP at LDs, which mediates LDs-
phagosome interactions. Our results reveal new pathways in the com-
plex process of host-mycobacteria interaction and provide a more de-
tailed understanding of LD biology and its regulation upon myco-
bacterial infection, furthering our understanding of host-pathogen
interactions and their impact on pathogenesis and the persistence of
infections.

2. Material and methods
2.1. Animals and infection

C57BL/6 mice were obtained from the FIOCRUZ breeding unit.
Animals were caged and maintained with free access to food and water
at 22 to 24 °C and with a 12 h light/dark cycle at the FIOCRUZ animal
facility. Animals weighing 20 to 25 g from both sexes were used. All
protocols were approved by the Institutional animal welfare committee
in agreement with the Brazilian National guidelines supported by
CONCEA (Conselho Nacional de Controle em Experimentacao Animal)
under protocol CEUA/FIOCRUZ (L-002/08; L0O07/15).

2.2. Antibodies and reagents

Rabbit anti-Rab5A (cat# SC-309), anti-Rab7 (SC-10767), anti-RILP
polyclonal IgG (cat# SC-98331)(Santa Cruz, Dallas, TX,) and anti-LAM
polyclonal IgG (BEI Resources, NIAID, NIH, Fort Collins, CO, cat# NR-
13821) were used for the fluorescence microscopy immunodetection
studies. Irrelevant rabbit IgG was used at the same concentration as the
primary antibodies (Jackson Immuno Research Laboratories, West
Grove, PA, cat# 011-000-002). In addition, rabbit anti-Rab7 (10 pg/
mL) (Santa Cruz Biotechnologies, Dallas, TX, cat# SC-10767) and
guinea pig anti-PLIN2/ADRP (2 pg/mL) polyclonal IgG (Fitzgerald,
Acton, MA, cat# 20R-AP002) were used for immunoelectron micro-
scopy (immunoEM). The secondary antibodies used for Rab5 and Rab7
immunofluorescence assays were as follows: Cy3 donkey anti-rabbit
(Jackson ImmunoResearch Laboratories, West Grove, PA, cat# 711-
166-152); Alexa 546 goat anti-rabbit (Molecular probes, Eugene, OR,
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cat# A-11035) for RILP immunostaining; and Dylight 550 donkey anti-
rabbit (Bethyl Laboratories, Montgomery, TX, cat# A140-107D3) for
LAM. The secondary Ab used for immunoEM was an affinity-purified
goat anti-rabbit or goat anti-guinea pig Fab fragment conjugated to 1.4-
nm gold particles (Nanogold, Nanoprobes, Stony Brook, NY). The fol-
lowing reagents were also used in this study: LipidTOX™Red (Molecular
Probes, Eugene, OR, cat# H34476), BODIPY®493/503, (Molecular
Probes, Eugene, OR, cat# D3922), oleic acid (Sigma, Saint Louis, MO,
cat# 01008), and the Ras superfamily of GTPases GTP/GDP binding
antagonist CID 1067700 (Calbiochem, Burlington, MA, cat# 553326).

2.3. Pleurisy induced by BCG

Mice were intrapleurally (i.pl.) injected with labeled or unlabeled
BCG (5 x 10° bacilli/cavity) in 100 pL of sterile saline. Control animals
received an equal volume (100 pL) of sterile saline. After 24 h, the
animals were euthanized by CO, inhalation, and their thoracic cavities
were washed with 1 mL of ice-cold PBS. Pleural cells 0.1 x 10° cells
were fixed in 3.7% formaldehyde for 10 min, washed, and then in-
cubated with LipidTOX™Red or BODIPY®493/503 for 5 min for LD
staining. Subsequently, the cells were rinsed with distilled water,
mounted with VECTASHIELD mounting medium (Vector, Burlingame,
CA, cat# H1000) and observed via fluorescence microscopy.

2.4. M. bovis BCG and mycobacterial lipids

The M. bovis BCG (Moreau strain) vaccine from Athaulpho de Paiva
Foundation was resuspended in physiologic solution just before use or
stored at 4 °C for one week from the day of dilution. Lipids from
Mycobacterium tuberculosis, including lipoarabinomannan (LAM) and
phosphatidylinositol mannosides (PIM) were obtained from BEI re-
sources. PIM was conditioned in a chloroform/methanol solution (2:1)
and LAM was conditioned in PBS and stored at —80 °C.

2.5. Preparation of LAM, PIM and LPS-coated beads

Latex beads (FluoresbritePolyFluor 570 Microspheres; Polysciences,
Inc., Warrington, PA, cat# 24061-10) were prepared as described by
Schlesinger et al. (35). Briefly, red fluorescent latex beads were cen-
trifuged (10,000 X g, 10 min) and washed twice with carbonate buffer
0.05 M (pH 9.6). LAM or PIM (50 pg) from M. tuberculosis and M. bovis
BCG or Lipopolysaccharide (LPS) (50 ug) from Escherichia coli 0111:B4
Sigma-Aldrich (St. Louis, Mo) were added to the bead solution and
incubated for 1 h at 37 °C. LAM, PIM, LPS or uncoated latex beads were
incubated in a 1 mL reaction volume. Subsequently, the beads were
washed twice with carbonate buffer and incubated in a 5% BSA solution
in PBS for 2 h at 37 °C. The microspheres were then washed again and
resuspended in 0.5% BSA. The beads were maintained at 4 °C and
protected from light until the experiments were performed.

2.6. In vitro culture

2.6.1. Bone marrow macrophages (BMM)

BMM were generated from the marrow of femur bones from naive
C57BL/6 mice. The BMM were differentiated in RPMI1640 (Gibco,
Grand Island, NY, cat# 22400-089) supplemented with 10% fetal bo-
vine serum (FBS), sodium pyruvate, 1% r-glutamine, 20% L1929 cell-
conditioned medium and 1% penicillin/streptomycin and cultured in a
5% CO, incubator for 7 days. Differentiated BMM (0.5 X 10° cells/ml)
were plated onto cover slides within 24-wells culture plates and in-
cubated overnight with RPMI 1640 cell culture medium containing 2%
FBS and 2% penicillin. BMM were loaded with 50 uM of oleic acid for
24 h and then stimulated with LAM-, PIM-, LPS-coated beads or un-
coated latex beads (10:1). The culture plate was centrifuged at 400 rpm
for 4 min to pellet the beads onto the monolayers. After incubating for
2 h incubation at 37 °C, noninternalized beads were removed by
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washing two times with sterile phosphate buffered saline (PBS), the
medium was replaced, and cells were incubated 37 °C under a CO,
atmosphere for 2 h. For the experiments using the Ras superfamily of
GTPases GTP/GDP binding antagonist CID 1067700, after 2 h incuba-
tion at 37 °C, noninternalized beads were removed by washing two
times with sterile phosphate buffered saline (PBS), which was followed
by an incubation with or without CID1067700 (20 or 200 nM) for 2 h at
37 °C under a CO2 atmosphere. For enumeration the interactions, cells
were fixed in 3.7% formaldehyde at room temperature (RT) for 10 min,
and LDs were stained with BODIPY®493/503 (Molecular Probes,
Eugene, OR, cat# D3922) for 5 min. The slides were mounted with
VECTASHIELD mounting medium (Vector, Burlingame, CA) and ex-
amined by confocal microscopy. The percentage of latex beads that
were observed in close apposition to LDs was quantified from 10
random images for each group (> 200 cells/group). The distance be-
tween latex beads and LDs was evaluated by analyzing the confocal
images using Fiji/ImageJ. Cell viability was assessed by trypan blue
exclusion at the end of each experiment and was always > 90%.

2.7. Fluorescently labeled BCG

BCG was labeled using a Live/Dead BacLight bacterial viability kit
(Molecular Probes, Eugene, OR) prior to infection following the man-
ufacturer's instructions. The BCG suspension was incubated with 1.5 pL
of component A (Syto 9) for 15 min in the dark, and the cells were
subsequently washed twice and resuspended in PBS.

2.8. Rab5, Rab7, RILP and LAM immunolocalization

Macrophages obtained from BCG-infected animals were cytocen-
trifuged and fixed in 3.0% formaldehyde for 10 min, after which they
were washed and permeabilized with 0.1% Triton for 20 min at RT.
Subsequently, slides were blocked with 1% normal goat serum for 1 h
and then washed and incubated with rabbit polyclonal anti-Rab5,
rabbit polyclonal anti-Rab7, rabbit polyclonal anti-RILP or rabbit
polyclonal anti-LAM diluted in PBS for 1 h at RT. As a control, rabbit
IgG at same concentration was used in place of the primary antibody.
Prior to the primary antibody incubation, cells were washed three times
with PBS for 7 min each and then incubated with the secondary anti-
bodies Cy3 donkey anti-rabbit, Alexa 546 goat anti-rabbit, and Dylight
550 donkey anti-rabbit for 1 h at RT. After three washes for 7 min each,
the LDs were labeled with BODIPY® (1:500) for 5 min. Subsequently,
the cells were washed, and the slides were mounted using VECTASHI-
ELD mounting medium. The slides were examined via fluorescence
(Rab5 and Rab?7) or confocal microscopy (RILP and LAM).

2.9. Electron microscopy for PLIN2/ADRP and Rab7

For immunoEM, pleural cells from the control and infected animals
(5 x 10°% of BCG/cavity for 24 h) were 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 as previously de-
scribed. The cells were then washed in the same buffer and embedded
in molten 2% agar. Agar pellets were immersed in 30% sucrose in PBS
overnight at 4 °C, embedded in OCT compound (Miles, Elkhart, IN), and
then stored in liquid nitrogen at —180 °C for subsequent use.

As previously described [42,43], pre-embedding immunolabeling
was performed prior to standard EM processing (postfixation, dehy-
dration, infiltration, resin embedding and resin sectioning). All labeling
steps were performed at RT as previously described [44] as follows: a)
one wash in 0.02 M PBS (pH 7.6) for 5 min; (b) immersion in 50 mM
glycine in 0.02 MPBS (pH 7.4) for 10 min; (c) incubation in a mixture of
PBS and BSA (PBS-BSA buffer; 0.02M PBS plus 1% BSA) containing
0.1% gelatin for 20 min followed by an incubation in PBS-BSA plus 10%
normal goat serum (NGS) for 30 min (this step is crucial to block
nonspecific antibody binding sites); (d) incubation with the primary
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antibody for 1h; (e) blocking with PBS-BSA plus NGS for 30min; (f)
incubation with the an HQ secondary antibody for 1h; (g) washing in
PBS-BSA (three times of 5 min each); (h) post fixation in 1% glutar-
aldehyde for 10min; (i) five washes with distilled water; (j) incubation
with an HQ silver enhancement solution in a darkroom according to the
manufacturer's instructions (Nanoprobes) for 10min (this step enables
the nucleation of silver ions around gold particles that precipitate as
silver metal and grow in size to facilitate TEM observations); (k) three
washes in distilled water; (1) immersion in freshly prepared 5% sodium
thiosulfate for 5min; (m) post fixation with 1% osmium tetroxide in
distilled water for 10min; (n) staining with 2% uranyl acetate in dis-
tilled water for 5min; (o) embedding in Eponate 12 resin (Ted Pella
Inc., Redding, CA); (p) after polymerization at 60 °C for 16h, embed-
ding was performed by inverting eponate-filled plastic capsules over the
slide-attached tissue sections; and (q) separation of eponate blocks from
glass slides by a brief immersion in liquid nitrogen. Thin sections were
cut using a diamond knife on an ultramicrotome (Leica, Bannockburn,
IL). Sections were mounted onto uncoated 200-mesh copper grids (Ted
Pella) before staining with lead citrate and viewing with a CM 10
transmission electron microscope (Philips, Eindhoven, The Nether-
lands) at 60kV. Two controls were used where (1) the primary antibody
was replaced with an irrelevant antibody, and (2) the primary antibody
was omitted. Electron micrographs were randomly taken at different
magnifications to study the entire cell profile and subcellular features.
A total of 88 electron micrographs for conventional TEM, 17 electron
micrographs for Rab7 labeling, 56 electron micrographs for ADRP/
PLIN2 labeling and 22 electron micrographs for control IgG were
evaluated.

2.10. Image acquisition

The images were obtained using an Olympus IX81 fluorescence
microscope equipped with a Plan Apo 100x 1.4 Ph3 objective
(Olympus Optical) and a CoolSNAP-Pro CF digital camera with Image-
Pro Plus version 4.5.1.3 (Media Cybernetics). Confocal images were
obtained using an Olympus FV1000 microscope and FV10-ASW 4.1.
The images were edited using Adobe Photoshop CS5 version 12.0
(Adobe Systems). Coloc2 plugin of Fiji were used to determine the
Manders' colocalization coefficients.

2.11. Statistical analysis

The results were statistically analyzed using Prism 6.01 (GraphPad
software, San Diego, CA) and are expressed as the mean values = SEM.
Paired two-tailed t-test was used to evaluate the significance of two
groups. One-way ANOVA in Tukey's multiple comparison test was used
to evaluate the significance of more than two groups that were all
normally distributed. A value of P < 0.05 was considered statistically
significant.

3. Results

3.1. M. bovis BCG induces LD-phagosome interactions and lipid exchange
during infection

The apposition between LDs and phagosomes during mycobacterial
infections have been extensively described, including the transfer of
lipids from LDs to mycobacteria [6,7,45-47]. With the goal of ex-
amining the mechanisms involved in LD-phagosome association, we
first validated the association in our model of C57/BL6 mice were in-
trapleurally infected with Syto9-labeled BCG for 24 h. Using confocal
microscopy, we observed pleural cells infected with BCG (green
channel) surrounded by LDs (red channel) labeled with the probe Li-
pidTox Red (Fig. 1A). In parallel, pleural cells from infected animals
were fixed and immunolabeled for ultrastructural detection of perilipin-
2/adipose differentiation-related protein (PLIN2/ADRP) using a
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Fig. 1. Interaction between lipid droplets (LDs) and infected phagosomes. C57/Bl6 mice were i.pl. infected with BCG (5 x 10° CFU/cavity) for analyses of pleural
macrophages after 24 h. (A) Spatial organization of LDs labeled with LipidTox red (red) around Syto9 labeled-BCG (green) by confocal microscopy. (B) Immunogold
labeled LDs for PLIN2 (arrow), phagosome (Ph, arrowhead), LD-phagosome association (detailed) by Transmission Electron Microscopy. (C) A LD in contact with a
phagosome in which purified IgG was used as control for PLIN2 labeling, N, nucleus. Bars: 10 um (A) and 1 pm (B, C). (A) Data are representative from one of at least
three independent experiments. (B and C) Representative images from two independent experiments.

methodology that enables superior antigen/morphology preservation
and optimal antibody access to membrane microdomains for conven-
tional transmission electron microscopy (TEM) [44,48]. The interaction
between PLIN2/ADRP-positive LDs and phagosomes were observed
after 24 h of infection, which was consistent with previous observations
[6,7] (Fig. 1B and Fig. S1). As control for PLIN2 labeling we used a
negative control in which the primary antibody was replaced by an
irrelevant IgG (Fig. 1C). Interestingly, quantitative analysis of LD
morphology by conventional TEM revealed that 71.87% of all LDs ex-
hibited morphological changes (irregular surface) in infected group
compared to only 8.4% in control group (22 = LDs; n = 26 cells). Most
LDs showing irregular surface were in close apposition with or within
phagosomes (Fig. 1C, Fig. S2 A-C). Morphological analyses by TEM
revealed 59.45% of phagosome containing BCG or amorphous material
embedded in lipids in infected macrophages, suggesting the occurrence
of fusion between those organelles (Fig. 2A and Ai). The fusion of LDs
with other organelles in the control group was not observed.

To further characterize the association of LDs with phagosome

containing mycobacteria, we performed immunolocalization of the
mycobacteria cell wall glycolipid LAM (red channel) aiming at de-
termining mycobacteria location in the macrophages by using confocal
microscopy. Of note, beside the typical bacilli shaped staining obtained
with anti-LAM Ab (arrowhead, Fig. 2B and C), we also observed a ring-
shaped LAM staining (Fig. 2B). As observed in Fig. 2B, the ring-shaped
staining for LAM surround the BODIPY-labeled LDs (Amount of signal
overlap between LAM (M1) and BODIPY (M2) channels determined by
Manders' colocalization coefficients were 0.755 (M1) and 0.552 (M2)),
suggestive of trafficking of BCG-derived LAM to LDs. Further studies are
needed to better characterize the potential trafficking of bacterial lipids
to LDs. Altogether, these results suggest the bidirectional exchange of
lipids between LDs and phagosomes.

3.2. Mycobacterial cell wall components are involved in LD-phagosome
interactions

Mycobacterial cell wall components have been described as having
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Fig. 2. Exchange of lipids between phagosomes and lipid droplets (LDs). C57/Bl6 mice were i.pl. infected with BCG (5 x 10° CFU/cavity) for analyses of pleural
macrophages after 24 h. (A) TEM shows an infected phagosome filled with lipid content. In Ai, the phagosome (white line) containing lipids (in green) and bacteria
(*) were highlighted. (B and C) Bone marrow macrophages were infected with BCG for 24 h. Immunofluorescence showed LAM (red) colocalized with BODIPY-
labeled LD (green) in addition to bacteria labelling (arrowhead). (C) widefield plus red and green channel. Bar: 1 um (Ai) and 5 um (B, C). (A) Data is a representative
image of a total of 96 LDs analyzed in 2 independent experiments (B) Data are representative confocal image from at least two independent experiments.
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Fig. 3. Role of M.tb-derived lipids LAM and PIM on phagosome-lipid droplet (LD) proximity. (A and B) Bone marrow macrophages were loaded with OA (50 uM) for
24 h and then stimulated for 2 h with M.tb-derived LAM, PIM, LPS or non-coated fluorescent latex beads (red) (10:1). Lipid droplets were labeled with BODIPY
(green) and slides were analyzed by confocal microscopy. (B) Quantification of the distance between beads and LD was performed by using Fiji/ImageJ software from
confocal images. In each group, at least 200 cells were analyzed in the total of 10 fields by experiment. Media = SEM from three to five independent experiments
(LAM and PIM). Media = SEM from 10 fields by each group in from triplicate (LPS). Statistically significant (p < 0.05) differences are indicated by *. Bars: 5 pm.

an important role in modulating the host immune response during in-
fection [39,49]. Indeed, LAM and PIM have been implicated in different
aspects of the endocytic pathway process. LAM prevents phagosome
maturation (through multiple mechanisms) by blocking increases in
cytosolic Ca2+ and inhibiting the recruitment of important endocytic
proteins [38,50]. Whereas PIM was shown to have a role in stimulating
early endosome fusion as a possible mechanism for infecting pathogens
to gain access to nutrients [51]. We next evaluated whether the pre-
viously observed phagosome-LD association is mediated by myco-
bacterial cell wall components. For this assay, bone marrow macro-
phages (BMM) were incubated with fluorescent latex beads that were
coated with M. tuberculosis-derived LAM, PIM or E. coli-derived LPS as
previously described [52]. Since an increase in LDs was observed to be
induced by LAM-coated latex beads after 2 h (S3), BMM were loaded
with oleic acid (OA) 24 h before being stimulated with beads to nor-
malize the number of LD in all groups (Fig. 3A, B and S3). For LD ob-
servations, we used BODIPY (493/503) (Fig. 3A). After 2 h of stimu-
lation, we observed phagosomes containing the LAM or PIM coated
latex beads in close apposition with BODIPY-labeled LDs, whereas this
result was not observed using uncoated latex beads (Fig. 3A and S4) or
LPS-coated beads (Fig. 3B). These interactions were quantified by using
FIJI/ImageJ to analyze the confocal microscopy images. As observed in
Fig. 3B, LAM-coated beads and PIM-coated beads exhibited increased
interactions with LDs when compared with uncoated beads (an increase
of 102.60% and 67.88%, respectively). From these results, we

concluded that LAM and PIM from M. tuberculosis are implicated in the
interaction between phagosomes and LDs.

3.3. Rab7 but not Rab5 localize to BCG-induced LDs

Rab proteins are small GTPases that act as docking sites for en-
docytic organelles and are involved in several trafficking and physio-
logical process, such as pathogen clearance and nutrition provision
(Reviewed in [53]). Furthermore, Rab7 acquisition by the endosomal
compartment has a pivotal role in phagosome maturation. M. tubercu-
losis and M. bovis have the ability to retain Rab5 (an early endosome
marker) while excluding Rab7 (a late endosome marker) as a me-
chanism to inhibit phagolysosome biogenesis and increase the survival
of bacilli in the host [36,37]. To assess the involvement of LDs with
endocytic pathway proteins in this phenomenon, we next examined the
localization of Rab5 and Rab7 proteins in macrophages during BCG
infection in vivo using immunofluorescence microscopy. Macrophages
obtained from BCG-infected mice after 24 h of infection exhibited Rab5
that was close to but not colocalized with LDs labeled with BODIPY,
whereas Rab7 was present as a ring surrounding BODIPY-positive LDs
(Fig. 4A and B). This result suggests that LDs induced by BCG infection
may modulate Rab proteins and could be important to infection pro-
gression.

To further understand the function this small GTPase with respect to
the observed LD-phagosome association, we investigated the Rab7
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Fig. 4. M. bovis BCG induced lipid droplets (LDs) has a specific profile of small GTPases localization. C57/B16 mice were i.pl. infected with BCG (5 x 10° CFU/cavity)
for 24 or 48 h. Pleural macrophages from infected mice had LD labeled with BODIPY (green) and were immunostained for (A) IgG rabbit anti- Rab5, (B) IgG anti-
Rab7 (C) IgG anti-RILP proteins (red). The yellow fluorescence corresponds to colocalization of Rab7 and RILP with LDs. (D) Purified rabbit IgG was used as control.
Right panel, detail of merged immunostaining. (A, B and D) Slides were analyzed by fluorescent microscopy. Bars: 10 um. (C) Slides were analyzed by confocal
microscopy. (A and B) Data is representative from three independent experiments containing > 100 cells analyzed per group. (C) Data is representative from at least

two independent experiments. Bars: 5 pm.

active state via RILP immunofluorescence localization. RILP is an ef-
fector of Rab7 protein, and it has been shown that only active Rab7
(GTP bound form) can recruit and bind to the effector Rab-interacting
lysosomal protein (RILP) to the phagosomal membrane [32,33]. RILP
coordinates the recruitment of the dynein/dynactin motor complex,
which in turn promotes the association between late endosomes and
lysosomes [32]. To determine if RILP associates with LDs, pleural
macrophages from infected C57/Bl6 animals were immunostained with
an anti-RILP antibody and incubated with BODIPY to visualize LDs.
These cells showed an intense LD accumulation and revealed the pre-
sence of RILP colocalized with some, but not all BCG-induced LDs, thus
suggesting that Rab7 within LDs is in an active state (Fig. 4C).

3.4. Rab7 colocalizes ultrastructurally with LDs

To investigate the role of Rab7-positive LDs during BCG infection,
we next analyzed the localization of this protein via immunogold la-
beling and TEM. For optimal visualization, after incubating with the

primary antibody, the thin sections were incubated with a gold-labeled
secondary antibody as previously described [44,48]. In agreement with
our previous results, we observed that Rab7 colocalized at the per-
iphery of all LDs (Figs. 5B and S5). By TEM, we analyzed 17 cells
showing the entire cell profile and nucleus from the infected group and
37 LDs were observed. All LDs are labeled for Rab7. Furthermore, we
examined the significance of the presence of Rab7 in the context of LD-
phagosome interactions. Interestingly, we observed an intense accu-
mulation of Rab7 at the contact site with a BCG-infected phagosome
(Fig. 5C and D, arrow). Considering the role of Rab proteins in reg-
ulating the tethering, fusion and transport of vesicles, these results
suggest a role for Rab7 positive LD in the phagosome-LD association.

3.5. Rab7 protein is important for LD-phagosome proximity

The role of Rab7 in the LD-phagosome association was investigated
using the Ras superfamily of GTPases GTP/GDP binding antagonist
CID1067700. Several studies have demonstrated that CID1067700 acts
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Fig. 5. Rab7 localization on lipid droplets (LDs). C57/Bl6 mice were i.pl. infected with BCG (5 x 10° CFU/cavity) for 24 h. Electron micrographs from pleural
macrophages immunogold- labeled for Rab7 at 24 h of infection. (A) Normal rabbit serum was used as negative control, phagosome (Ph), nucleus (N). (B) Presence of
Rab7 protein on the surface of LD (arrow); and (C and D) between a BCG (*) infected phagosome (Ph) and LD (arrows and detail). Representative images of thirteen
cells from control and fourteen cells from infected groups in two independent experiments. Bars: 1 pm.

as Rab7 inhibitor by binding in a competitive manner to the nucleotide
binding site [54-56]. To elucidate the role of Rab7 in phagosome-LD
association, we stimulated OA loaded BMM with non-coated latex beads
and LAM-coated latex beads for 2 h followed by a 2 h CID1067700
treatment. A significant decrease in LD-phagosomes association was
observed with the 200 nM dose (Fig. 6). In agreement with our previous
results showing the presence Rab7 at LDs, these data indicate the in-
volvement of Rab7 in the mechanism by which LD-phagosome asso-
ciation occurs.

4. Discussion

Lipid droplets are multifunctional organelles that have a neutral
lipid-rich core that are surrounded by phospholipids and exhibit a cell
and stimuli-dependent array of proteins [57-62]. It has been well es-
tablished that size, number and composition of LDs vary depending on
the stimuli and cell type [43,61,63]. During mycobacterial infections,
the observed increase in the number of LDs and their relationship with
infected phagosomes have been correlated with the success of infection
[2,7]. However, the mechanism used by bacilli to mediate this asso-
ciation as well as the role of LDs in the modulation of endocytic proteins
during infection remains poorly understood. Here, we present novel
data to support that lipid droplet-phagosome interaction occurs through
specific and well-regulated mechanisms. Our data suggest that lipid
droplet-phagosome interactions are specifically driven by myco-
bacterial cell wall lipids through Rab7-dependent mechanisms, which
enables the exchange of contents between LDs and phagosomes.

In agreement with previews studies, we observed an association
between phagosome containing BCG and LDs by confocal microscopy.
By immunogold TEM, we also found PLIN2-labeled LD in close

apposition with phagosomes (Fig. 1B) strongly suggesting fusion be-
tween these two organelles. Moreover, a high number of LDs with
morphological changes (irregular surface) were found in the infected
group and they were frequently seen within or in contact with phago-
somes (Fig. 1C, Fig. S2), indicating that these morphologically affected
LDs were directed to phagosomes. The well-described requirement of
intracellular pathogenic mycobacteria to use fatty acids and cholesterol
as nutrients for growth and persistence support the idea that bacilli
must have evolved mechanisms to drive association with LDs during
infection [7,11,64]. Moreover, the analyses of TEM showed the pre-
sence of bacilli immersed in lipids inside the phagosome. Similar results
were observed by Peyron et al. using in vitro human granulomas where
peripheral mononuclear blood cells (PBMCs), were infected with Mtb
and analyzed by TEM [7]. The authors observed LDs in close apposition
with phagosomes containing Mtb besides the bacilli presence within the
core of the LD [7]. This phenomenon could also be observed during
other pathogenic mycobacterial infections. M. leprae recruitment to LDs
was observed in a time-lapse sequence in infected Schwann cells.
Moreover, it was possible to observe an LD encasing an infected pha-
gosome as a shield, suggesting a way to protect the bacilli [8].

Moreover, it has been demonstrated that mycobacterium can import
and metabolize triacylglycerol (TAG) and cholesterol from host LDs
[11,12,16,17], demonstrating the utilization of LDs as a nutritional
source as an evolutionary advantage. However, accumulation of LDs in
host cells has been also suggested to participate in mechanisms to lead
to better control of infection by the host through IFN signaling pathway
[65] and as a transferable reservoir for antibiotics that enhanced anti-
bacterial efficacy [66].

Curiously, our results are suggestive that lipid trafficking from
mycobacteria to host LDs also occur during infection. By utilizing anti-
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Fig. 6. Rab7 involvement during LD-phagosome proximity. Bone marrow macrophages loaded with OA (50 uM) for 24 h were stimulated for 2 h with LAM and non-
coated fluorescent latex beads (red) (10:1). (A) LDs were labeled with BODIPY (green) and slides were analyzed by confocal microscopy. Two representative images
for LAM coated beads were presented. (B) Quantification of the distance between latex beads and LD was performed using Fiji/ImageJ software from confocal images.
In each group, at least 200 cells were analyzed. Media = SEM from 10 fields by each group. Data is representative from one of at least two independent experiments
(LAM). Media *= SEM from 10 fields by each group in from triplicate (LPS). Statistically significant (p < 0.05), differences are indicated by * relative to non-coated
latex beads group vs LAM coated latex beads group and # relative to LAM coated latex beads group vs LAM coated latex beads with CID 200 nM group. Bars: 10 pm.

LAM antibodies for immunofluorescence assays, we observed the BCG
cell wall glycolipid LAM localizing and staining the bacilli as well as
surrouding BODIPY labeled-LD. According to Beatty, cell wall lipids
from M. bovis BCG are able to leave phagosomes through microvesicles
that migrate to different organelles or to uninfected adjacent cells [67].
Further investigations are necessary to elaborate if the observed pre-
sence of LAM at LDs occurred due to the microvesicles or from the
direct association with a phagosome. In addition, future studies are also
needed to determine the significance of LAM in LDs to disease patho-
genesis.

Considering the immunomodulatory effects associated with myco-
bacterial cell wall components, the presence of the glycolipid LAM at
LDs may represent a new mechanism by which mycobacteria subvert
the host machinery. In this study, we observed that latex beads coated
with LAM or with other M. tb cell component, PIM were twofold closer
to LDs (< 0.2 pym) compared with non-coated latex beads. These results
suggest that mycobacterial cell wall components may be responsible for
the association between phagosomes and LDs.

The ability of Mycobacterium to modulate host macrophages, espe-
cially the inhibition of phagosome-lysosome fusion, remains poorly
understood. One of the proposed mechanisms for this phenomenon
involves LAM interfering in Ca2+ influx in cytosol [50], which inhibits

the downstream acquisition of proteins [37,38] and culminates with the
impairment of Rab7 recruitment at the phagosome membrane [68].
Here, we showed that the early endosome marker Rab5 does not co-
localize with LDs, whereas Rab7 was observed to surround these or-
ganelles during M. bovis BCG infection in vivo. Moreover, our data in-
dicate the concentration of Rab7 at sites of LD-phagosome interaction.
The presence of several Rab proteins in uninfected cells has been de-
scribed using proteomic analyses of LDs [57,69]. Recently, Saka et al.
reported that LDs induced by intracellular Chlamydia trachomatis in-
fection exhibited a different protein composition (including lipid me-
tabolism proteins and pathogens proteins) compared to an uninfected
control [70]. These observations suggest that mycobacterium infections
may modulate the composition of LDs. Collectively, our results raise the
possibility that LDs may hijack Rab7 enabling the exchange of contents
between LD and phagosomes, and inhibiting the phagosome matura-
tion. Although several mechanisms have been proposed to explain the
inhibition of phagosome maturation by mycobacteria, for the first time,
we provide a putative role for LDs in this phenomenon.

The function of Rab7 involves the coordination of membrane traf-
ficking, including the docking of vesicles and organelles through the
effector protein RILP [33,34]. Since our analyses showed Rab7 accu-
mulation at the site of contact between BCG-infected phagosomes and
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LDs, we evaluated whether LD compartmentalized Rab7 was active.
RILP (Rab-interacting lysosomal protein), a downstream effector of
Rab7, has been considered to be a marker for GTP-Rab7 due to its
ability to only interact with active Rab7 [33,71]. In this study, RILP was
observed to colocalized with LDs during BCG infection in vivo, sug-
gesting that active form Rab7 associated with LDs during infection.
Similar results were described in which HeLa cells were transfected
with ¢cDNA for an active and/or inactive form of Rab5. Both types of
Rab colocalized with LDs, although only the active form was able to
recruit the protein effector EEA1 [72]. In addition, Ozeki and collea-
gues observed that only the active form of Rab18 colocalizes with LDs
in HepG2 cells [73]. In agreement with our results, Schroeder et al.
observed the presence of RILP on purified LDs from HuH7 cells [74]. LD
dynamics and membrane trafficking were also described in an S. cere-
visiae model that is related to Rab7-like Ypt7p colocalization [75]. Since
RILP has two domains, one that interacts with Rab7 and one that in-
teracts with microtubules through dynein-dynactin motor complex
[32], our results raise new possibilities to explain a possible mechanism
the association between LDs and infected phagosomes.

The role of Rab7 in LD-phagosome association was investigated
using the Ras superfamily GTPases GTP/GDP binding antagonist CID
1067700. Previous studies have shown that CID1067700 acts as Rab7
inhibitor by binding in a competitive manner to the nucleotide binding
site [54,56]. To elucidate the role of Rab7 in the association between
phagosomes and LDs, BMM were loaded with OA and stimulated with
noncoated or LAM-coated latex beads and then treated with
CID1067700. A significant decrease in LD-phagosome association was
observed with the inhibition of Rab7 by CID1067700, suggesting a role
for Rab7 in this association. Accordingly, Rab7 inhibition with siRNA in
Hep3B cells was recently shown to impair the recruitment of LDs and
multivesicular bodies in a starvation model of autophagy, thus resulting
in decreased lipophagy [72]. Of note, Rab7-labeled LDs were recently
described during Toxoplasma gondii infection [22], suggesting that Rab7
mediated LD-phagosome interaction mechanism described in our study
for mycobacterial infection may occur in different infections. Although
it is certainly necessary to further investigate the role of Rab7 coloca-
lization with LD during infectious diseases, our results propose a me-
chanism to explain LD-phagosome association and provide new insights
to better understand the mechanism of phagosome maturation im-
pairment.
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