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Intracellular pathogens commonly manipulate the host lyso-
somal system for their survival. However, whether this patho-
gen-induced alteration affects the organization and functioning
of the lysosomal system itself is not known. Here, using in vitro
and in vivo infections and quantitative image analysis, we show
that the lysosomal content and activity are globally elevated in
Mycobacterium tuberculosis (Mtb)-infected macrophages. We
observed that this enhanced lysosomal state is sustained over
time and defines an adaptive homeostasis in the infected mac-
rophage. Lysosomal alterations are caused by mycobacterial
surface components, notably the cell wall-associated lipid sul-
folipid-1 (SL-1), which functions through the mTOR complex
1 (mTORC1)–transcription factor EB (TFEB) axis in the host
cells. An Mtb mutant lacking SL-1, MtbDpks2, shows attenu-
ated lysosomal rewiring compared with the WT Mtb in both
in vitro and in vivo infections. Exposingmacrophages to purified
SL-1 enhanced the trafficking of phagocytic cargo to lysosomes.
Correspondingly, MtbDpks2 exhibited a further reduction in
lysosomal delivery compared with the WT. Reduced trafficking
of this mutantMtb strain to lysosomes correlated with enhanced
intracellular bacterial survival. Our results reveal that global
alteration of the host lysosomal system is a defining feature of
Mtb-infected macrophages and suggest that this altered lysoso-
mal state protects host cell integrity and contributes to the con-
tainment of the pathogen.

Mycobacterium tuberculosis is considered as one of the most
successful infectious agents known to mankind. A large part of
this success is due to the ability of the bacteria to manipulate
and interfere with the host system at multiple levels. At a cellu-
lar level, to establish and sustain the infected state,M. tubercu-
losis significantly interferes with the host cell trafficking path-
ways, such as phagosome maturation (1–4) and autophagy (5,
6). In cultured macrophages in vitro, M. tuberculosis prevents
the fusion of phagosomes to lysosomes, instead residing in a
modified phagosome (1, 4). During in vivo infections,mycobac-
teria are delivered to lysosomes (7, 8) after an initial period of

avoiding it (7). Despite encountering acidic conditions in lyso-
somes in vivo,mycobacteria continue to survive (7, 8), showing
that additional acid tolerance mechanism are involved (8, 9).
Encounter with the host cell lysosomal pathway, in both avoid-
ing it and adapting to it, is critical for the intracellular life of
mycobacteria.
Despite the bacteria itself residing in an arrested phago-

some in vitro, M. tuberculosis infection could impact the
endo-lysosomal system globally, because mycobacterial sur-
face components, including distinct lipids, accumulate in late
endosomes and lysosomes (10–13). In fact, individual myco-
bacterial lipids modulate vesicular trafficking in the host
cells. For example, phosphatidylinositol mannoside (PIM)
specifically increases the homotypic fusion of endosomes and
also endosome-phagosome fusion (14), lipoarabinomannan
(LAM) inhibits the trafficking of hydrolases from the trans-
Golgi network (TGN) to late phagosome-lysosome and also
inhibits the fusion of late endosomes to late phagosomes (15),
Trehalose dimycolate decreases late endosome-lysosome fusion
and lysosomal Ca21 release (16). These interactions suggest
significant interferences with the endo-lysosomal network
during M. tuberculosis infection. Indeed, increased lysoso-
mal content is reported in M. tuberculosis-infected mouse
tissues in vivo (7). However, only a few studies have system-
atically addressed such global alterations. Podinovskaia et al.
(17) showed that the trafficking of an independent phago-
cytic cargo is significantly altered in M. tuberculosis-infected
cells, arguing that M. tuberculosis infection globally affects
phagocytosis.
Phagosome maturation from a nascent phagosome to

phagolysosome requires sequential fusion with early endo-
somes, late endosomes, and lysosomes (18–20), hence optimal
endosomal trafficking is necessary for phagosomal maturation.
Consequently, pharmacological activation of endosomal traf-
ficking overcomes mycobacteria-mediated phagosome matura-
tion arrest, and negatively impacts intracellular mycobacterial
survival (7). Similarly, pharmacological and physiological modu-
lation of autophagy results in delivering mycobacteria to lyso-
somes (5, 21–23) and increasing the total cellular lysosomal
content (23). Mycobacterial survival within macrophages could
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thus be sensitive to alterations in the host endo-lysosomal
system.
Phagocytosis and lysosomes are coupled by signaling path-

ways, where phagocytosis enhances lysosomal bactericidal
properties (24) and concomitant lysosomal degradation is im-
portant for sustained phagocytosis at the plasma membrane
(25). Emerging evidence support a model of lysosomal remod-
eling and adaptation during phagocyte activation (26). Hence
lysosomal homeostasis plays a crucial role during infections.
The traditional view of lysosomes as the “garbage bin” of the
cell is undergoing dramatic revisions in recent years, with lyso-
somes emerging as a signaling hub integrating diverse environ-
mental, nutritional, and metabolic cues to alter cellular
response (27, 28). Importantly, lysosomal biogenesis itself is
one suchmajor downstream response, which is orchestrated by
transcription factors of the microphthalmia family, notably
TFEB (29–32). Whether or not M. tuberculosis or its compo-
nents impacts these processes is not known.
In this study, we focus on the global alterations in the macro-

phage lysosomal system and show that it is significantly
increased in M. tuberculosis-infected macrophages compared
with noninfected cells. This increase is robust and defines an
altered homeostatic state in the infected cells. Modulations in
the lysosomal system are mediated by diverse mycobacterial
surface components, such as the sulfolipid (SL-1) and PIM6.
Purified SL-1 induces lysosomal biogenesis in an mTORC1-
TFEB–dependent manner, whereas an M. tuberculosis mutant
strain lacking SL-1 shows correspondingly reduced alteration
in the lysosomal homeostasis both in vitro and in vivo. The atte-
nuated lysosomal rewiring in the SL-1 mutant results in
reduced trafficking to lysosomes and an enhanced intracellular
survival of themutant bacteria.

Results

M. tuberculosis infected macrophages have elevated
lysosomal content and activity than uninfected bystander
cells

To assess if there are global changes in total lysosomal con-
tent during mycobacterial infections, we infected human pri-
mary monocyte-derived macrophages with Mycobacterium
bovis BCG, stained with acidic probe LysoTracker Red, fixed
the cells 48 h post-infection and imaged. Individual cells were
segmented based on the cytoplasmic dye CellMask Blue,
whereas bacteria and LysoTracker vesicles were segmented
based on their GFP and LysoTracker Red fluorescence inten-
sities, respectively (7, 23, 33) (Fig. S1A). From the segmented
images multiple features relating to the number, intensity, and
morphology of bacteria and lysosomes were extracted. Typi-
cally, 50–60% of cells were infected under these experimental
conditions; hence, statistics could be obtained from a reliably
large number of both infected and uninfected cells from the
same population at a single cell resolution (Fig. 1A). First, we
compared the total number and total intensity of lysosomes
per cell between individual infected and uninfected cells
(bystander cells) from the same population. The results show
that infected cells on an average have more LysoTracker-posi-
tive vesicles than uninfected cells (Fig. 1B).

In the assay described above, we have used LysoTracker Red,
a fluorescent dye commonly used as a lysosomal reporter,
which is, however, not specific to lysosomes as it labels all acidic
vesicles in the cell. To confirm if the alterations observed are
specific to lysosomes, we immunostained M. bovis BCG-
infected THP-1 macrophages with antibodies against com-
monly used lysosomal markers, Lamp1, Lamp2, and assessed
the lysosomal content by imaging (Fig. S1, B–D) as well as flow
cytometry (Fig. S1E) assays. In both cases, infected cells showed
higher lysosomal content than uninfected cells. Moreover, the
elevated lysosomal content in M. bovis BCG-GFP–infected
cells was observed as early as 2 h post-infection and sustained
over time (Fig. S1,C–E).
Next, we tested if similar lysosomal alterations are observed

during pathogenicM. tuberculosis infection. We infected THP-
1 monocyte-derived macrophages with M. tuberculosis H37Rv
expressing GFP and stained with LysoTracker Red and ana-
lyzed the LysoTracker Red content at 2 and 48 h post-infection.
The results (Fig. 1C) show increased LysoTracker Red content
in M. tuberculosis H37Rv-infected cells, showing that the lyso-
somal alterations are not limited to M. bovis BCG-GFP infec-
tions. We sought to further functionally characterize the lyso-
somal alterations during Mtb infection. Hence, we repeated
these experiments with two lysosome activity probes, Magic
Red cathepsin (MRC) and DQ-BSA, which are cell-permeable
fluorogenic substrates of lysosomal proteases that fluoresce
when exposed to the hydrolytic lysosomal proteases. The
results (Fig. 1,D and E) show that the number and total fluores-
cence of both MRC and DQ-BSA–positive vesicles are higher
in M. tuberculosis H37Rv-infected cells compared with nonin-
fected cells, showing that the lysosomes in infected cells are
functional in terms of their proteolytic activity. Together, these
results from different macrophage and mycobacterial infec-
tions were assessed using a variety of lysosomal probes show
thatMtb infection alters the lysosomal system ofmacrophages.
Our high content analysis extracted several parameters

related to lysosomes, such as the intensity, size, elongation, and
distribution at a single cell resolution. We tested if analysis of
all the parameters from a large number of infected and unin-
fected cells can provide further evidence of lysosomal altera-
tions in infected cells. We used two separate datasets of human
primarymonocyte-derivedmacrophages infected withM. bovis
BCG-GFP (Exp1 and Exp2). Dataset Exp1 contained 37,923
cells of which 18,546 were infected, whereas dataset Exp2 con-
tained 36,476 cells of which 15,022 were infected. The data
were split into training and test sets, and a model was trained
using logistic regression, as described under “Experimental
procedures.” The results showed that the model can indeed
identify infected cells with ;90% accuracy (Fig. 1F). Accuracy
measures the fraction of true predictions made by the model.
For the Exp1 dataset, accuracy varied from 0.717 to 0.821 for
the test set as we increased the number of features used for clas-
sification. To identify the individual lysosomal features contrib-
uting maximally for accurate identification of infected cells, we
iterate over different sets of parameters. This analysis revealed
that a subset of seven features showed the highest contribution,
with an accuracy of 0.800, showing that maximum information
is captured by this subset of features. Similarly, for the Exp2
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dataset, the accuracy values vary between 0.770 and 0.849, with
an accuracy of 0.841 for a subset of six features. Single feature
analysis showed that the top 11 features selected by both data-
sets are identical, showing that the features selected are data in-
dependent. Furthermore, analyses using an independent algo-
rithm (random forest) reiterated the importance of these
features as they are once again ranked in the top 11 and con-
tribute.70% during classification. We obtained similar results

in another data set describing THP-1 monocyte-derived mac-
rophages infected with M. bovis BCG-GFP. Thus, lysosomal
features alone can predict the infection status of a cell. The
accurate prediction of an infected cell solely based on the lyso-
somal parameters in the absence of any information from the
bacterial channel, and the remarkable consistency across differ-
ent experimental data sets shows the robustness of the altera-
tions in lysosomes uponmycobacterial infection.

Figure 1.M. tuberculosis infected macrophages have higher lysosomal content and activity (in vitro). A, schematic showing the experimental design to
differentiate between infected and uninfected (bystander) cells in the same population. B, primary humanmacrophages infected with GFP expressingM. bovis
BCG were pulsed with LysoTracker Red at 48 hpi. The number of LysoTracker vesicles and integrated LysoTracker fluorescence intensity were compared
between infected and bystander-uninfected cells. C–E, THP-1 monocyte-derived macrophages were infected withM. tuberculosis-GFP H37Rv and pulsed with
LysoTracker Red (C), MRC (D), or DQ-BSA (E) 2 and 48 hpi and imaged. Graphs show the number and total cellular intensities of the corresponding vesicles at
the indicated time points. Results are representative of at least three biological experiments. Statistical significance was assessed usingMann-Whitney test, ***
denotes p value less than 0.001. Scale bar is 10 mm. For B–E, data are represented as box plots, with median value highlighted by a red line. Individual data
points corresponding to single cells are overlaid on the boxplots. F,multiparametric data from different infection experiments were used to train a classifier to
predict infected cells based on the lysosomal features, as described under “Experimental procedures.” The test was done in the absence of information on the
bacteria channel. The close match in the F1 score between training and test datasets indicates accurate prediction. Approximately 15,000 cells were used for
theM. bovis BCG training data set, and 6500 for the test.
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Lysosomal alterations in vivo

Next, we tested if similar lysosomal rewiring is observed dur-
ing in vivo infection. We infected BALB/c mice withM. tuber-
culosis H37Rv expressing GFP using aerosol infection. After 4
weeks, we prepared single cell suspensions from infected lungs
and isolatedmacrophages. The identity of these cells was tested
using F4/80 and CD11b, two markers frequently used to char-
acterize murine macrophages (34), and were found to be over
90% positive (Fig. S2, A–D). We stained these cells with Lyso-
Tracker Red, or immunostained for antibodies against Lamp1
and Lamp2 followed by the assessment of the total lysosomal
content between infected and uninfected cells. The results,
compiled from 4 individual mice (Fig. 2, A–C), show increased
lysosomes specifically in infected cells. Similarly, macrophages
from infected mice pulsed with functional lysosomal probes
MRC and DQ-BSA showed a higher number and total cellular
fluorescence of lysosomes in infected cells compared with non-
infected (Fig. 2,D and E). Similar results were obtained in mac-
rophages isolated from C57BL/6J mice infected with Mtb-GFP

H37Rv and lysosomes stained using LysoTracker Red or Lamp1
or Lamp2 antibodies (Fig. 2, F–H), showing that these altera-
tions are strain independent.
Although these results suggest that lysosomes are rewired in

vivo duringMtb infection, there are two potential confounding
factors for this interpretation. First, the time point used for
these infections (4 or 6 weeks) could result in immune activa-
tion, which could influence our results. Second, we used high
aerosol inocula of 5,000 cfu in these assays. Although both the
high inocula and longer infection time were necessary to obtain
a sufficient number of infected cells from mice for statistical
analysis, they could cause artifacts. To test if these factors are
significantly influencing the results, we first infected THP-1
monocyte-derived macrophages with Mtb-GFP CDC1551 and
treated with 25 ng/ml of Interferon-g for 48 hpi followed by
staining with LysoTracker Red. Quantification of total cellular
LysoTracker content reveals that, although as expected, there is
an increase in net lysosomal content upon Interferon-g treat-
ment, Mtb CDC1551-infected cells showed a further increase

Figure 2.M. tuberculosis infectedmacrophages have higher lysosomal content and activity (in vivo). A–C, BALB/c mice were infected with;5000 cfu of
M. tuberculosis-GFP H37Rv by aerosol inhalation. 4 weeks post-infection, macrophages were isolated from infected lungs and immunostained with Lamp1 (A),
Lamp2 (B), or stained with LysoTracker Red (C) and the number of lysosomes were compared between infected and uninfected cells. Data are pooled from
four mice. D and E, BALB/c mice were infected with ;500 cfu of M. tuberculosis-GFP H37Rv by aerosol inhalation. Macrophages were isolated from 6-weeks
post-infection infected lungs and stained with Magic Red cathepsin (D) or DQ-BSA (E) and the lysosome number and integral intensity were compared
between infected and uninfected cells. Data are pooled from three mice. Results are representative of three independent infections. F–H, C57BL/6J mice were
infectedwith;5000 cfu ofM. tuberculosis-GFP H37Rv by aerosol inhalation and 4weeks post-infectionmacrophages were isolated from infected lungs. Panels
F–H show representative images from LysoTracker Red, Lamp1, and Lamp2 staining, respectively, of these macrophages. Data are pooled from three mice.
Results are representative of two independent infections with at least three mice each. For all experiments, statistical significance was assessed using Mann-
Whitney test, and *** denotes p value less than 0.001. Scale bar is 10 mm. Data are represented as box plots, with median value highlighted by a red line. Indi-
vidual data points corresponding to single cells are overlaid on the box plots.
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(Fig. S2, E and F). These results suggest that the lysosomal
rewiring during Mtb infection is autonomous of immune acti-
vation status. Next, we infected BALB/c mice with low aerosol
inocula (;150 cfu) ofMtb-GFP H37Rv for a shorter time point.
We isolated infected macrophages from mice ;2 weeks post-
infection and stained with LysoTracker Red or MRC. Data
pooled from multiple infected mice show (Fig. S2, G and H)
similar alterations in lysosomes in vivo even at low cfu infection
and shorter infection time point. Thus, the rewiring of host
lysosomes observed in vitro is also conserved during in vivo
infections and is consistent across different M. tuberculosis
strains.

Lysosomal profiles of macrophages infected with
mycobacteria and Escherichia coli are distinct from each
other

In the assays described above, we have compared lysosomal
content and activity from infected and uninfected cells from
the same population. Uninfected cells in the same milieu as
infected cells are subjected to bystander effects (11, 13) and
may not be true representatives of a nonperturbedmacrophage.
Hence, we next compared the lysosomal content of infected
and bystander cells with naive macrophages. The definitions of
the three cell populations are illustrated in Fig. 3A. Distribu-
tions give a more complete picture of the heterogeneity in a
population thanmethods that emphasize on central tendencies.
Hence, we compared the distribution of lysosomal content
of the three different cell populations, i.e. Mtb-GFP H37Rv
infected, bystander, and naive macrophages using LysoTracker
Red, as well as lysosomal activity probes, DQ-BSA and MRC
labeling. The results (Fig. 3B, Fig. S3, A and B) show that naive
macrophages have a broad spread of distribution of integral in-
tensity in all the three lysosomal probes tested, indicating sub-
stantial heterogeneity within the macrophage population. The
distribution of bystander cells was contained within the naive
cell distribution. However, the bounds of the distribution of
the infected cells extended beyond the upper limits of the na-
ive cells, showing that the alterations in lysosomes are spe-
cific for infected cells. This pattern was similar at 2 and 48
hpi, indicating the sustained nature of lysosomal alteration in
infected macrophages (Fig. 3B). Similar results were obtained
in THP-1 monocyte-derived macrophages infected with M.
bovis BCG (Fig. 3C) and stained with LysoTracker Red.
Next, we assessed if the alterations observed on lysosomes

are specific to mycobacterial infections, because emerging liter-
ature suggests a role for lysosomal expansion during phagocyte
activation, including E. coli infection (24). Toward this, we com-
pared the lysosomal distributions with a similar experiment in
E. coli-infected macrophages. The result (Fig. 3D) shows that
the distribution of lysosomal integral intensity of E. coli-infected
macrophages, despite a relative increase compared with bystander
cells immediately after infection, remained within the bounds of
naive macrophages (Fig. 3D), suggesting that the lysosomal
response observed duringMtb infections is distinct. Similarly, a
scatter plot analysis of bacterial and LysoTracker integral inten-
sities from the same cell shows a high correlation between the
two parameters from M. bovis BCG-infected, but not E. coli-

infected, cells (Fig. S3C). Additionally, the classifier previously
trained to predict the infection status of a cell solely based on its
lysosomal features in human primary macrophages also suc-
cessfully predicted infected cells in case of bothMtbH37Rv and
M. bovis BCG infections in THP-1 cells, but failed to predict
E. coli-infected cells (Fig. 3E). Together, these results suggest that
alteration in lysosomal homeostasis is distinct in Mtb-infected
cells, and imply that mycobacteria-specific factor(s) cause the
alterations in host lysosomes duringM. tuberculosis infection.

Mycobacterial components modulating the lysosomal
pathway

We hypothesized that the factor(s) modulating lysosomal
homeostasis could be of mycobacterial origin. We reasoned
that the mycobacterial surface components could play a role in
the adaptive lysosomal homeostasis, becauseMtb surface lipids
access the host endo-lysosomal pathway and are known to be
involved in virulence and modulation of host responses (12, 14,
15). Hence, we screened differentM. tuberculosis surface com-
ponents for their effect on host lysosomes. The addition of total
M. tuberculosisH37Rv lipids to THP-1monocyte-derived mac-
rophages resulted in a significant increase in the cellular lyso-
somes, as assessed by LysoTracker Red staining (Fig. 4A, com-
ponent C1). Some of the purified individual M. tuberculosis
H37Rv surface components added at identical concentration
resulted in elevated lysosomal levels (Fig. 4A). Two of the lipids,
SL-1 and PIM6, showed a strong response, we validated them
in independent assays at lower doses (Fig. 4, B and C). Because
SL-1 showed the strongest response, we chose this for further
detailed analysis.We further validated the SL-1–mediated lyso-
somal expansion by adding increasing amounts of SL-1 to
THP-1 monocyte-derived macrophages, which resulted in
increasing levels of Lysotracker Red fluorescence (Fig. S4A).
Next, we checked if the increase is specific for LysoTracker Red
staining, or if the lysosomal activity is increased as well. Hence,
we pulsed SL-1 treated THP-1 monocyte-derived macrophages
with lysosomal activity probes DQ-BSA and MRC (Fig. 4, D
and E) and obtained similar results, showing that total cellular
lysosomal content and activity increases upon SL-1 treatment.
The increase in lysosomal content upon SL-1 treatment was
further confirmed by immunoblotting lysates of SL-1–treated
THP1 cells for lysosomal marker Lamp1 (Fig. 4F). Importantly,
RAW macrophages as well as nonmacrophage cells like HeLa
cells treated with SL-1 showed similar phenotypes (Fig. S4, B
and C), showing that the increased lysosomal phenotype medi-
ated by SL-1 is not cell type-specific and suggesting that SL-1
could influence a molecular pathway broadly conserved in dif-
ferent cell types. Finally, we assessed if the SL-1 effect is specific
for lysosomes or if it influences the upstream endocytic path-
way. Toward this, we pulsed SL-1 treated cells with two differ-
ent endocytic cargo, namely fluorescently tagged transferrin or
dextran. The results (Fig. S4, D and E) show that SL-1 does not
affect endocytic uptake, suggesting that its effect is modulating
lysosomes specifically.
Next, we aimed to gain insights into the molecular mecha-

nism by which SL-1 influences lysosome biogenesis. The role of
the mTORC1 complex in lysosomal biogenesis is well known
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Figure 3.M. tuberculosis infectedmacrophages show distinct lysosomalmodulation comparedwith E. coli-infectedmacrophages. A, schematic show-
ing the experimental design to differentiate between bystander-uninfected and naive cells. Two different wells from a multiwell plate are shown; one is
infected with GFP expressingmycobacteria, where infected and bystander (uninfected) cells are present. Bacteria are not added to the second well, hence the
cells are naive. Lysosomes are illustrated in red. B, THP-1 monocyte-derived macrophages were infected withM. tuberculosis-GFP H37Rv and stained for Lyso-
Tracker Red at 2 and 48 hpi. Cells were fixed and imaged. Histograms compare the distribution of LysoTracker intensities betweenM. tuberculosis-GFP infected,
bystander and naive macrophages at 2 and 48 hpi. Results are representative of at least three biological experiments. C and D, THP-1 monocyte-derived mac-
rophages were infected with eitherM. bovis BCG (C) or E. coli (D) and pulsed with LysoTracker Red at 2 and 48 hpi. Integrated LysoTracker intensity was meas-
ured between infected and bystander cells (red and blue lines) and compared with the distribution of naive macrophages (black). More than 800 cells were
analyzed of each condition for distributions. Results are representative of at least two biological experiments. E,multiple lysosomal features from THP-1mono-
cyte-derived macrophages infected withMtb-GFP H37Rv orM. bovis BCG-GFP were used as a training data set to classify an infected cell solely based on lyso-
somal parameters (in the absence of any information on the bacteria), as described under “Experimental procedures.” Test Mtb, BCG, or E. coli shows the
accuracy of the prediction, as assessed by the F1 score, precision, and recall values. Uninfected cells fromMtb,M. bovis BCG-GFP, or E. coli-infectedmacrophage
populations were indistinguishable from each other in terms of the lysosomal properties; however, the respective infected cells were very different. Over 7000
and 10,000 cells were used for training and test data set, respectively, forM. bovis BCG-GFP and E. coli infections, whereas the corresponding numbers forMtb-
GFP H37Rv infections were 1,300 and 600 cells.
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(35). We reasoned that if mTORC1 is involved in the SL-1–
mediated lysosomal increase, it should not have an additive
effect on the lysosomal increase when combined with Torin1, a
well-knownmTORC1 inhibitor (36). Hence, we co-treated cells
with Torin1 and SL-1 and tested for any additive effect on lyso-
somal biogenesis. The result (Fig. 5A) showed that whereas
Torin1 and SL-1 increased lysosomal content in the cells indi-
vidually, they did not show an additive effect when added to-
gether (Fig. 5A), suggesting that SL-1 acts through mTORC1.
To check if SL-1 influences mTORC1 activity, we immuno-
blotted lysates from control and SL-1–treated cells with anti-
bodies specific against phosphorylated forms of the mTORC1
substrate, S6 kinase. The results show a significant decrease in
S6K phosphorylation, showing that SL-1 inhibits mTORC1 ac-
tivity (Fig. 5B). Similar results were obtained with a different ly-
sosomemodulatingMtb lipid, PIM6 (Fig. 5C).
mTORC1 inhibition releases the transcription factor TFEB

from lysosomes, which translocates to the nucleus and binds to
the genes containing CLEAR motif, to drive the transcription
of lysosomal genes (29, 37). Hence, we checked if SL-1–medi-
ated inhibition of mTORC1 results in nuclear translocation of
TFEB. Toward this, we transfected HeLa as well as RAW cells
with TFEB-GFP (38) and treated with SL-1. Torin1 was used as
positive control in these assays. The results (Fig. 5D, Fig. S5A)

show a significant nuclear translocation of TFEB upon SL-1 treat-
ment. Finally, to confirm the involvement of TFEB in the SL-1–
mediated increase in lysosomes, we silenced TFEB expression in
THP-1 macrophages with esiRNA for TFEB. Silencing was con-
firmed by Western blotting for TFEB (Fig. S5B). We treated
TFEB and universal negative control-silenced cells with SL-1, and
quantified the change in the lysosomal number between the dif-
ferent conditions (Fig. 5E). The result shows a significant reduc-
tion in the number of lysosomes in TFEB-silenced cells treated
with SL-1. Similar results were obtained with the positive control
Torin1 (Fig. 5E). Together, these assays identify Mtb SL-1 as a
key lipid mediator of lysosomal biogenesis, which is acting
through the mTORC1-TFEB pathway. A previous study by Blanc
et al. (39) showed SL-1 as a competitive antagonist of TLR2, thus
providing a link with the innate immune pathway. To check if
TLR2 is involved in the lysosomal expansion phenotypemediated
by SL-1, we treated WT and TLR2-deficient macrophages with
SL-1 and assessed the lysosomal content by LysoTracker staining
and imaging. Our results show that TLR2 deficiency does not res-
cue the SL-1–induced lysosomal expansion (Fig. S5, C and D),
suggesting that TLR2 is not involved in the lysosomal phenotype
mediated by SL-1.
In the assays described above, we have treated macrophages

with purified lipids. The presentation of the lipids to the host

Figure 4. Mycobacterial surface lipids, predominantly SL-1, mediate alterations in host cell lysosomes. A, THP-1 monocyte-derived macrophages were
treated with different purifiedM. tuberculosis H37Rv surface components at 50 mg/ml concentration and screened for their effect on macrophage lysosomal
content. DMSO is used as vehicle control. TheM. tuberculosis H37Rv surface components used are C1 (total lipid), C2 (mycolic acid), C3 (sulfolipid-1), C4 (treha-
lose dimycolate), C5 (mycolylarabinogalactan-peptidoglycan), C6 (lipomannan), C7 (phosphatidylinositol mannosides 1 and 2), C8 (phosphatidylinositol man-
nosides 6), C9 (lipoarabidomannan), C10 (mycobactin), C11 (trehalose monomycolate), and C12 (arabinogalactan). Each data point in the graph represents
one image. The results are representative of two independent screens. B and C, THP-1monocyte-derivedmacrophages were treated with 20mg/ml of purified
Mtb H37Rv SL-1 (B) or PIM6 (C) for 24 h and stained with LysoTracker Red. Representative images show staining of LysoTracker Red in vehicle and SL-1/PIM6–
treated THP-1 monocyte-derived macrophages. D and E, THP1 monocyte-derived macrophages were treated with 20 mg/ml of purified SL-1 for 24 h and
stained with lysosomal activity probes DQ-BSA (D) or MRC (E). Representative images show the staining and quantification of lysosomal number and integral
intensity in respective stain in control and SL-1–treated macrophages. Statistical significance for A–E was assessed using Mann-Whitney test, ** denotes p
value of less than 0.01 and *** denotes p value of less than 0.001. Scale bar is 10 mm. For B–G, data are represented as box plots, with the median denoted by
red line. Individual data points corresponding to single cells are overlaid on the box plot. F, Lamp1 protein levels in SL-1–treated THP-1monocyte-derivedmac-
rophage lysates assessed by immunoblotting for the Lamp1 antibody. GAPDH used as a loading control. The graph shows the average and S.E. of band inten-
sity normalized to GAPDH from at least three experiments. Significance is assessed using unpaired-one tailed Student’s t test with unequal variance, *
represents p value less than 0.05.
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cells, and consequently its response, can be different when
added externally in a purified format, or presented in the con-
text of theMtb bacteria. To address this question, we tested an
Mtbmutant lacking polyketide synthase 2 (pks2), a key enzyme
involved in the SL-1 biosynthesis pathway (40). Infection of
THP-1 macrophages with WT Mtb CDC1551 and MtbDpks2
CDC1551 showed that the cells infected with the mutant Mtb
elicited a weaker lysosomal response, as assessed by Lyso-
Tracker Red as well as the functional MRC probe staining (Fig.
6, A and B). Thus, SL-1 mediates lysosomal biogenesis in the
context ofMtb infection. Similar results were obtained in RAW
macrophages infected with the twoMtb strains (Fig. S6A). Fur-
thermore, the external addition of SL-1 complemented themu-
tant phenotype, showing the specificity for SL-1 in the lysoso-
mal expansion phenotype (Fig. S6A). We next tested the
mTORC1-TFEB axis in modulating lysosomal biogenesis in the
context of Mtb infection. Toward this, we probed lysates of
THP-1 monocyte-derived macrophages infected with either
WT Mtb or MtbDpks2 CDC1551with an antibody specific for
phospho-4EBP1, a substrate of mTORC1. The results (Fig. 6C)

shows a relative increase in p-4EBP1 signal in cells infected
withMtbDpks2 compared withWTMtb-infected cells.We fur-
ther confirmed the result using an independent assay of immu-
nofluorescence with a different mTORC1 substrate, pS6K (Fig.
S6, B andC), which showed a relative increase in pS6K intensity
upon infection with the mutant Mtb. Together, these results
suggest the involvement of SL-1 in mTORC1 modulation dur-
ing Mtb infection. Next, we tested the nuclear translocation of
TFEB upon Mtb infection by infecting RAW macrophages
transfected with TFEB-GFP. The results show that similar to
Torin1 treatment, WTMtb infection results in nuclear translo-
cation of TFEB (Fig. 6D). In this assay, Torin1 treatment was
performed for 4 h, to have the same time scale as for the Mtb
infection, hence the assay conditions are different from the
earlier experiment involving Torin1 (Fig. 5D). Importantly,
MtbDpks2-infected cells show a partial rescue in the nuclear
translocation of TFEB compared with WT-infected cells (Fig.
6D). Together, these results show that SL-1 modulates lysoso-
mal biogenesis through the mTORC1-TFEB axis in the context
ofMtb infection.

Figure 5. SL-1 fromM. tuberculosis influences lysosomal biogenesis in host cells via mTORC1-dependent nuclear translocation of the TFEB. A, THP-1
monocyte-derived macrophages were treated with DMSO/SL1/Torin1/SL11Torin1 comparing LysoTracker staining levels between the different conditions.
Representative images and quantification of cells treated with 25 mg/ml of SL-1 and 1 mM Torin1. Approximately 100 cells were analyzed per category in each
experiment and significance was assessed by Mann-Whitney test. The data presented are representative of two independent experiments. B and C, immuno-
blots and quantification of phosphorylated and total levels of indicated proteins in THP-1monocyte-derivedmacrophage lysates treated with DMSO (control)
or SL-1 (B) or PIM6 (C). Torin1 (1 mM) was used as a positive control. Bar graphs show average of at least three biological replicates and error bars represent S.D.
Change in the phosphorylation status of the indicated protein (S6 kinase, Thr-389) was assessed by normalizing phosphorylated protein to the respective total
protein. Actin/GAPDH was used as the loading control. Significance is assessed using unpaired one-tailed Student’s t test with unequal variance, * represents
p value less than 0.05 and ** less than 0.01. D, RAWmacrophages were transfected with TFEB-GFP for 24 h and treated with 25 mg/ml of SL-1 or negative and
positive controls, DMSO and Torin1 (250 nM for 24 h), respectively. Representative images and quantification of nuclear to cytoplasmic ratio of TFEB-GFP
between the different conditions are shown. Results are representative of at least three independent experiments. E, THP-1 monocyte-derived macrophages
were transfected with either control siRNA (Universal negative control 1, UNC1) or TFEB siRNA for 48 h followed by treatment with SL-1 (25 mg/ml for 24 h) or
Torin1 (1 mM for 4 h) and were pulsed with LysoTracker Red and imaged. Representative images and quantification of control, SL-1, and Torin1 treatment in
UNC1 or TFEB siRNA-transfected macrophages are shown. Results are representative of two biological experiments. Statistical significance for A, D, and E was
assessed using Mann-Whitney test, *** denotes p value of less than 0.001 and n.s. represents nonsignificant. Scale bar is 10 mm. For A, D, and E, data are repre-
sented as box plot. Individual data points overlaid on the box plot inD and E represent single cells.
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Next, we assessed the role of SL-1 in modulating lysosomal
response in vivo. We infected C57BL/6NJ mice with WT and
MtbDpks2 CDC1551 and assessed the lysosomal content in
macrophages obtained from single-cell suspensions from
infected lungs using LysoTracker Red and MRC staining. The
results show decreased total lysosomal content in MtbDpks2-
infected cells compared with WT Mtb-infected cells (Fig. 6, E
and F) demonstrating that indeed SL-1 is involved in lysosomal
biogenesis also during in vivo infections. Despite this differ-
ence, both WT and MtbDpks2 CDC1551-infected cells exhib-
ited higher lysosomal content compared with their respective
uninfected controls based on LysoTracker Red andMRC stain-
ing (Fig. S6, D and E), showing that the redundancy in the sys-
tem is also conserved in vivo.
Our previous results (7) showed that mycobacterial infec-

tion alters the trafficking environment in hosts and influences
the phagosome maturation of subsequent infections. We rea-
soned that the altered lysosomal environment mediated by
SL-1 could affect phagosome trafficking kinetics. To test this,
we pulsed SL-1 or vehicle-treated macrophages with pHrodo
Red-labeled E. coli. Because the fluorescence of pHrodo
inversely correlates with pH, the dye is a reliable indicator of
phagosome maturation. The results (Fig. 7A) show a signifi-
cant increase in the pHrodo intensity compared with control
at all time points tested, showing that SL-1 indeed increases
the acidification rate of E. coli phagosome. In cultured macro-
phages, it is well known that Mtb arrests the maturation of
mycobacterial phagosome to lysosomes (1). Phagosome mat-
uration arrest is a population effect, i.e. whereas a significant
proportion of individual Mtb are in the arrested phagosome,
a smaller fraction are indeed delivered to lysosomes. We rea-
soned that if SL-1 affects the kinetics of phagosome matura-
tion, it could influence the proportion ofMtb delivered to the
lysosomes. To test this, we infected macrophages with either
WT or MtbDpks2 bacteria and assessed their delivery to
LysoTracker Red or MRC-positive vesicles. We assessed the
co-localization using two different methods, as described ear-
lier (7, 33) (Fig. S7). The results (Fig. 7, B and C) show that, in
line with values reported in literature, the bulk of WT Mtb
(;60%) evade delivery to lysosomes. Interestingly, in the ab-
sence of SL-1, an even higher proportion of the mutant Mtb
evade delivery to lysosomes, as seen with both LysoTracker
Red and MRC labeling, showing that indeed the proportion
ofMtb trafficked to lysosomes is altered.

Mutant Mtb that fail to arrest phagosome maturation are
typically compromised in their intracellular survival in cultured
macrophages in vitro. In the case of MtbDpks2, our results
show a further decrease in lysosomal delivery from theWT. To
check if this correlates with intracellular Mtb survival, we
infected THP-1 monocyte-derived macrophages with WT and
MtbDpks2 CDC1551 and assessed intracellular bacterial sur-
vival by imaging assays, as described earlier (23, 33). The results
show that the number of bacteria per infected cell (Fig. 7D) is
significantly higher in MtbDpks2 compared with WT Mtb.
Finally, to confirm this phenotype, we lysed infected cells and
plated the cells on 7H11 agar medium immediately after infec-
tion, or at 48 hpi, and counted the number of colonies obtained.
The results (Fig. 7E) show similar cfu immediately after infec-
tion, indicating that the uptake is not altered. Importantly, at
48 hpi, a significantly higher number of colonies were seen in
mutant bacteria-infected cells (Fig. 7E) confirming the higher
intracellular survival of MtbDpks2 compared with WT Mtb
CDC1551.

Discussion

Here we report that M. tuberculosis-infected macrophages
have a significantly elevated lysosomal system compared with
noninfected cells. Strikingly, these alterations are sustained
over time and conserved during in vivo infections, thus defining
a rewired lysosomal state of anMtb-infected macrophage. The
alterations in lysosomes are mediated by mycobacterial surface
components, predominantly SL-1. SL-1 alone induces lysoso-
mal biogenesis in a cell type-independent manner by modulat-
ing the mTORC1-TFEB axis of the host cells and impacts the
phagosome trafficking kinetics in macrophages. MtbDpks2, a
mutant that does not produce SL-1, shows attenuated lysoso-
mal rewiring and a further reduction in bacterial delivery to
lysosomes, correlating with increased intracellularMtb survival
(Fig. 8). Our results support a model of Mtb and lysosomes
exerting reciprocal control on each other, whereMtb infection
induces lysosomal biogenesis in macrophages, which in turn
controls the trafficking and survival of the bacteria.
It is well established in in vitro infection models that M. tu-

berculosis blocks the maturation of its phagosome to lysosome,
instead residing in a modified mycobacteria containing phago-
some (1–4). Recent reports have shown that pathogenic myco-
bacteria are delivered to lysosomes in vivo, where they continue
to survive, albeit at a reduced rate (7, 8). In the assay conditions

Figure 6.M. tuberculosis SL-1 influences lysosomal biogenesis in both in vitro and in vivo infection via mTORC1-dependent nuclear translocation of
the TFEB. A and B, THP1 monocyte-derived macrophages were infected with MtbWT and MtbDpks2 M. tuberculosis-GFP CDC1551 for 48 h and stained with
different lysosome probes, namely LysoTracker Red (A) and MRC (B). Images and graphs in A and B show a comparison of the total lysosomal intensities of the
respective probes in individualMtbWT andMtbDpks2mutant-infected cells. C, THP1monocyte-derivedmacrophages were infectedwithMtbWT orMtbDpks2
CDC1551 for 48 h and lysates were immunoblotted for mTORC1 substrate 4EBP1. Immunoblots and quantification of phosphorylated and total 4E-BP1 are
shown. GAPDH is used as loading control. Results represent the average and S.E. of four biological experiments. D, RAW macrophages were transfected with
TFEB-GFP followed by 4 h infection withMtbWT orMtbDpks2 CDC1551. Cells were fixed 4 hpi, imaged, and nuclear to cytoplasmic ratio of TFEB-GFP was com-
pared between unexposed, Torin1 treated, WT, and pks2mutant-infected cells. Torin1 treatment (250 nM for 4 h) was used as positive control. TFEB-GFP chan-
nel images are shown in Fire LUT for better visualization of the fluorescence intensities. Each data point represents the nuclear cytoplasmic ratio of TFEB
intensity from an individual cell. Data points are pooled from two independent biological experiments. E and F, C57BL/6NJ mice were infected withMtbWT or
MtbDpks2 CDC1551 by aerosol inhalation. Eight weeks post-infection, macrophages were isolated from infected lungs from single-cell suspension and were
pulsed with LysoTracker Red (E) or MRC (F). The number and intensity of lysosomes in respective probes were compared between Mtb WT or MtbDpks2
CDC1551-infected cells. Results are compiled from four WT Mtb and three Dpks2 CDC1551-infected mice and are representative of two independent infec-
tions. Statistical significance for A, B, and D–F was assessed using Mann-Whitney test, * denotes p value of less than 0.05, ** denotes p-value of less than 0.01
and *** denotes p value of less than 0.001. Scale bar is 10 mm. For A, B, and D–F, data are represented as box plots, with the median denoted by a red line. Indi-
vidual data points corresponding to single cells are overlaid on the box plot.
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reported in this work, both during in vitro and in vivo experi-
ments,Mtb remained largely outside lysosomes, in line with an
earlier observation that Mtb is delivered to lysosomes in vivo
only after an initial period of avoiding lysosomal delivery (7).
Therefore, in the context of this work, the majority of Mtb
are within the arrested phagosome. The maturation of phago-
some requires sequential fusion with endosomes, but what
are the consequences of the presence of an arrested phago-
some on the host endo-lysosomal pathway? Few studies have
systematically explored such global alterations. Notably, Podinov-
skaia et al. (17) showed that in macrophages infected withM. tu-
berculosis, trafficking of an independent phagocytic cargo is
altered, with changes in the proteolysis, lipolysis, and acidifica-
tion rates, suggesting alterations in the host trafficking environ-
ment beyond the confines of the mycobacterial phagosome.
Similarly, M. tuberculosis-infected tissues show strong altera-
tions in the trafficking environment, which influences the traf-
ficking of a subsequent infection (7). Thus, the environment of
M. tuberculosis-infected cells and tissues are significantly differ-

ent from a noninfected condition. Our results presented here
show that the lysosomal system ofMtb-infected macrophages is
globally altered. By combining data from different macro-
phage–mycobacteria infection systems, including strikingly pri-
mary infected macrophages fromMtb-infected mouse lungs, we
show that this modulation is robust. In fact, the alterations in
lysosomes are strong enough to accurately predict an infected
cell only based on the lysosomal features, in the absence of any
information from the bacteria. Therefore, the elevated lysoso-
mal features are distinctive and indeed a defining aspect of M.
tuberculosis-infectedmacrophage.
Our comparison of lysosomal features betweenmycobacteria

and other infection conditions suggested that mycobacteria-
specific factors modulate lysosomes. Mycobacterial compo-
nents, including surface lipids and proteins, have been observed
in infected cells outside of the mycobacterial phagosome, as
well as in neighboring noninfected cells (11–13, 16, 41–49),
where they can influence the antigen presenting capacity of
macrophages or interfere with other macrophage functions

Figure 7. SL-1 alters phagosome maturation kinetics and survival of intracellular Mtb. A, RAW macrophages were infected with pHrodo Red-labeled E.
coli and treated with SL-1. pHrodo Red fluorescence intensity was measured in a kinetic mode using a microplate reader. Mean6 S.D. from at least 4 wells for
each condition is plotted. Results are representative of two biological replicates. The differences between control and SL-1 are statistically significant as
assessed by unpaired one-tailed Student’s t test with unequal variance. B and C, lysosomal delivery of WT andMtbDpks2 CDC1551 following infection in THP1
monocyte-derived macrophages and lysosomal labeling with LysoTracker Red (B) or Magic Red cathepsin (C). Graphs show object-based colocalization of bac-
terial phagosomes with lysosomes stained with the respective lysosomal probes and quantified by two different methods as described under “Experimental
procedures.” Bacteria overlapping bymore than 50%with the lysosomal compartment were considered co-localized (shown in B and C, bar graphs). More than
1000 phagosomes were analyzed in each experiment for colocalization analysis. Results are average of three biological experiments and S.E. between the bio-
logical replicates. LysoTracker (B) and MRC (C) index represent the intensity of the respective lysosomal probe in the mycobacterial phagosome. D, bacterial
counts fromWT orMtbDpks2-infected THP-1 monocyte-derived macrophages 48 hpi. Cells and bacteria were segmented and counted as described under “Ex-
perimental procedures.” Each dot is a single infected cell, the median value of the data set indicated by red line and spread as indicated by the box plot. Results
are representative of at least three independent biological replicates. E, CFUs ofMtbWT orMtbDpks2 CDC1551-infected THP1 monocyte-derived macrophages
immediately after infection and 48 hpi. Results are the average and S.E. of data compiled from three biological experiments, each containing four technical rep-
licates. Scale bars are 10 mm, data are represented as box plots, with individual data points corresponding to single cells overlaid. Statistical significance for bar
graphs in B, C, and E is assessed using unpaired-one tailed Student’s t test with unequal variance, * represents p value less than 0.05, ** less than 0.01, and n.s.
represents nonsignificant. Statistical significance for box plots in B–D was assessed using Mann-Whitney test, *** denotes p value of less than 0.001. Data are
represented as box plots, with themedian denoted by red line. Individual data points corresponding to single cells are overlaid on the box plot.
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(10). Specifically, individual mycobacterial lipids, including
phosphatidylinositol mono- and di-mannosides (PIMs), phos-
phatidylglycerol, cardiolipin, phosphatidylethanolamine, and
trehalose mono- and dimycolates are released into the macro-
phage and accumulate in late endosomes/lysosomes (10–13).
In this study, we identify mycobacterial surface components
that increase the macrophage lysosomes, even in the absence of
infection, in a cell autonomous way.
Of the lipids tested, SL-1 showed a prominent effect on

host lysosomes. Although considered nonessential for M. tu-
berculosis growth in culture, SL-1 is an abundant cell wall
lipid, contributing up to 1–2% of the dry cell wall weight (50).
SL-1 synthesis is controlled by multiple mechanisms and is
up-regulated during infection of both human macrophages
and in mice (51–55). Consequently, SL-1 has been proposed
to play multiple roles in host physiology, including modula-
tion of secretion of pro- and anti-inflammatory cytokines,
phagosome maturation arrest, antigen presentation, modula-
tion of membrane dynamics, and host signaling (39, 56–60),
and most recently, in inducing cough by activating nocicep-
tive neurons (61). Here we show that SL-1 influences lysoso-
mal biogenesis by inhibiting mTORC1 activity and conse-
quently activating nuclear translocation of the transcription
factor TFEB. Most of the studies attributing cellular roles for
individual lipids employ purified lipids; but the abundance,

distribution, and presentation of these lipids to the host cell
from a mycobacterial cell envelope during infection scenario
could be different. Our results with SL-1–deficient mutant,
MtbDpks2, shows that the mTORC1-TFEB pathway is corre-
spondingly altered during bacterial infection, resulting in
attenuated lysosomal rewiring in macrophages infected with
the SL-1–deficient mutant bacteria, a phenotype that is strik-
ingly recapitulated in primary infected cells from the mouse
infection model. Thus SL-1 plays a critical role in adaptive
lysosomal homeostasis in an infection context.
The mTOR complex is at the center of many signaling net-

works and plays a pivotal role in many host-pathogen interac-
tions (62–66). Several reports have demonstrated that mTOR
activity in the host cell is altered by viral (poliovirus, encephalo-
myocarditis virus, and poxviruses), protozoan (Toxoplasma
and Leishmania), and bacterial (Shigella and Salmonella)
pathogens (67–75). Some pathogens such as Leishmania, Shi-
gella, Brugia malayi, poliovirus, and encephalomyocarditis vi-
rus have an inhibitory effect on mTOR activity in the host cell
(67, 68, 71–73). Individual components from other pathogens
have also been reported to inactivate themTOR complex in the
host cell by different mechanisms. A Leishmania surface prote-
ase, GP63, cleaves mTOR complex and inactivates it (68),
whereas B. malayi microfilariae inactivate the mTORC1 com-
plex, possibly by secreting a rapamycin homolog (71). In contrast

Figure 8.Mtb infection induces lysosomal rewiring inmacrophages.Mtb infection alters the cellular lysosomal homeostasis by inducing the biogenesis of
lysosomes in infected cells. The lysosomal rewiring is mediated byMtb surface lipids, predominantly sulfolipid (SL-1), which acts by modulating the mTORC1-
TFEB axis. Mutant Mtb (MtbDpks2) that does not produce SL-1 shows attenuated lysosomal rewiring, reduced lysosomal delivery and enhanced intracellular
Mtb survival.
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to inhibiting mTOR signaling, some pathogens, such as influenza
virus and Toxoplasma, activate mTOR signaling in the host cells,
suggesting that different pathogens affect mTOR signaling in dis-
tinct ways (69, 70, 75). The mTOR network in innate immune
cells is influenced by a variety of stimuli, including Toll-like
receptors (TLR) (76).We have shown here that the known antag-
onistic effect of SL-1 on the TLR2 signaling pathway (39) does
not play a role in SL-1–induced lysosomal expansion. Although
whether other TLR’s are involved remains to be examined.
SL-1 alone has been suggested to play role in phagosome

acidification because phagosomes containing sulfolipid-coated
silica beads acidify more compared with control lipid (77). Our
results of enhanced lysosomal delivery of pHrodo-E. coli to
lysosomes in SL-1–treated cells shows that SL-1 alone can
promote phagosome maturation of a different phagocytic
cargo as well. However, whereas E. coli is readily delivered to
lysosomes, pathogenic Mtb resist phagosome maturation.
Thus the presence of SL-1 on the WT Mtb suggests an inter-
esting scenario where the mechanisms of active phagosome
maturation arrest could be countered to a degree by SL-1. In
agreement with this, mutants that overproduce acetylated
sulfated glycolipid (AC4SGL) cannot arrest phagosomematu-
ration and are readily delivered to lysosomes (77). On the
other hand, our study shows that MtbDpks2, which lacks SL-
1, exhibits a further reduction in the delivery to lysosomes. In
contrast to these studies, an earlier work suggested that SL-1
inhibits phagosome maturation in murine peritoneal macro-
phages (78). These differences could be attributed to multiple
factors such as the intrinsic differences between different
macrophages, the different assays systems employed, the
high concentrations of SL-1 used, or potential minor bioac-
tive substances co-purified with SL-1 (39). Further studies
with synthetic analogs of SL-1 (39, 79) could eliminate poten-
tial artifacts. Moreover, accurate detection and quantification
of individual secreted Mtb lipid species within infected mac-
rophages could establish a physiologically relevant concen-
tration range for these molecules. New methods enabling
detection of individual bacterial lipids in host cells and tissues
during infection (80) could help address these critical issues
directly.
Mtb mutants overproducing AC4SGL show compromised

intracellular bacterial survival (77), in line with the observation
of mostMtbmutants fail to arrest phagosome maturation. Our
results here extend this correlation the other way by showing
that mutantMtb that better arrest phagosome maturation sur-
vive better. In agreement with our results, a different SL-1–spe-
cific M. tuberculosis mutant, which lacks sulfotransferase stf0,
the first committed enzyme in the SL-1 biosynthesis pathway,
also shows a hypervirulent phenotype (79) in human macro-
phages. Our results withMtbDpks2 confirms the hypervirulent
phenotype of SL-1 deletion and demonstrates that presentation
of SL-1 to the host cells in the context ofMtb infection influen-
ces host lysosomal biogenesis, phagosome maturation, and in-
tracellular bacterial survival.
In contrast to their enhanced survival phenotype in human

macrophages, MtbDpks2 and MtbDstf0 do not show a survival
phenotype in mouse and guinea pig infection models in vivo
(79, 81). Despite these differences, our data shows that altered

lysosomal homeostasis, mediated by SL-1, is central to both
human and mouse macrophages. The differential ability of
human macrophages, such as the production of anti-microbial
peptides (79), or additional compensatory mechanisms during
in vivo infections could contribute to these differences. The
precise contributions of lysosomal rewiring to Mtb trafficking
and survival during in vivo infections require further studies.
Similarly, it will be interesting to extend these studies to clinical
isolates of Mtb, which differ in SL-1 gene expression and lipid
levels (82–84). Some strains of the “ancestral” Clade 2 show
reduced expression of genes in the SL-1 biosynthetic pathway
(85), whereas a recent report shows anMtb strain belonging to
the ancestral lineage with a point mutation in the papA2 gene,
which confers it a loss of SL-1 phenotype (86). The contribution
of the lysosomal alterations and their differential subcellular
localization to the distinct inflammatory responses elicited by
these phylogenetically distant strains will be interesting to
explore.
Why should Mtb harbor such molecules that are apparently

beneficial to the hosts? Presence of lipids like SL-1 on the sur-
face could provideMtbwith a means to regulate or fine-tune its
own survival by modulating host lysosomes and their own in-
tracellular trafficking. Generation of reliable probes to accu-
rately quantify individual lipid species such as SL-1 on the bac-
teria during infection could play a key role in exploring this
idea and enable accurate assessment of variations within and
across different mycobacterial strains and infection contexts.
The discovery that structurally unrelated lipids (SL-1 and
PIM6) independently exhibit the same phenotype of enhancing
lysosomal biogenesis shows the redundancy in the system. Re-
dundancy is thought to confer distinct advantages to the patho-
gen and enable robust virulence strategies without compromis-
ing on fitness (87). Alternatively, elevated lysosomal levels
could be a response of the host cells recognizing mycobacterial
lipids such as SL-1. Further dissection of the exact molecular
targets of these lipids would be important to identify host medi-
ators involved in the process and dissect these possibilities.
The success ofM. tuberculosis depends critically on its ability

to modulate crucial host cellular processes and alter their func-
tion. Our results here define the elevated lysosomal system as a
key homeostatic feature for intracellular M. tuberculosis infec-
tion and uncover a new paradigm inM. tuberculosis-host inter-
actions, of Mtb and lysosomes reciprocally influencing each
other. Understanding the nature of this altered homeostasis
and its consequences for pathogenesis will enable the develop-
ment of effective counter strategies to combat the dreaded
disease.

Experimental procedures

Mycobacterial strains and growth conditions

M. tuberculosis (H37Rv) expressing GFP was provided by
Dr. Amit Singh (Indian Institute of Science, Bangalore). M.
bovis BCG expressing GFP was a kind gift from Jean Pieters
(University of Basel). WT M. tuberculosis, strain CDC1551
(NR-13649), and M. tuberculosis Dpks2, strain CDC1551:
transposon mutant 1046 (MT3933, Rv3825c, NR-17974),
were obtained from BEI resources, NIAID, National Institutes
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of Health. M. tuberculosis CDC1551 WT and M. tuberculosis
Dpks2 CDC1551 strains were transformed with pMV762-
roGFP2 vector (a kind gift fromDr. Amit Singh, IISc, Bangalore)
for subsequent experiments. Mycobacterial strains were grown
in Middlebrook 7H9 (BD Difco 271310) supplemented with
10% OADC (BD Difco 211886) at 37 °C. Before infection, bacte-
rial clumpswere removed by centrifugation at 803 g and super-
natant was pelleted, re-suspended in RPMI media, and used for
infection.

Cell culture and infection

THP-1 monocytes were cultured in RPMI 1640 (GibcoTM

31800022) supplemented with 10% fetal bovine serum
(GibcoTM 16000-044). THP1 monocytes were differentiated
to macrophages by treatment with 20 ng/ml of phorbol my-
ristate acetate (PMA) (Sigma-Aldrich, P8139) for 20 h fol-
lowed by incubation in PMA-free RPMI 1640 medium for 2
days and used for infections. THP-1 monocyte-derived mac-
rophages were incubated with mycobacteria for 4 h followed
by the removal of extracellular bacteria by multiples washes.
Infected cells were fixed with 4% paraformaldehyde (Sigma
158127) at 2 and 48 hpi and were used for subsequent experi-
ments. For infection in RAW macrophages, bacteria were
incubated with cells for 2 h followed by removal of extracellu-
lar bacteria by multiples washes. Human primary monocytes
were isolated from buffy coats and differentiated to macro-
phages as described previously (23, 33) and used for infection
assays. The following reagents were obtained through BEI
Resources, NIAID, NIH: macrophage cell line derived from
wildtype mice (NR-9456) and macrophage cell line derived
from TLR2 knockout mice (NR-9457) and were cultured
according to the manufacturer’s instructions.

CFU assay

THP1 monocyte-derived macrophages were infected with
WT or pks2 KO CDC1551 M. tuberculosis-GFP. At 0 and 48 h
post-infection, cells were lysed with 0.05% SDS (Himedia
GRM205) and plated in multiple dilutions on 7H11 (BD Difco
0344C41) agar plates. Colonies were counted after incubation
at 37 °C for 3-4 weeks.

Immunostaining, imaging, and image analysis

For immunostaining of different markers, differentiated
THP-1macrophages after infectionwere fixed with 4% parafor-
maldehyde, washed with PBS, and permeabilized with SAP
buffer (0.2% saponin (Sigma-Aldrich S4521), 0.2% gelatin
(Himedia Laboratories TC041) in PBS) for 10min at room tem-
perature. Primary antibodies Lamp1 (DSHBH4A3) and Lamp2
(DSHB H4B4), anti-Mtb (Genetex GTX20905) and phospho-
p70 S6 kinase (Thr-389) (CST) were prepared in SG-PBS
(0.02% saponin, 0.2% gelatin in PBS) and incubated overnight
at 4 °C. Gelatin in the buffers was used as a blocking agent and
saponin as detergent. After washing with SG-PBS, cells were
incubated in Alexa-tagged secondary antibodies (Life Technolo-
gies, Invitrogen) prepared in SG-PBS for 1 h at room tempera-
ture, washed, stained with 1 mg/ml of 4[prime],6-diamidino-
2-phenylindole (DAPI) and 3 mg/ml of Cell Mask Blue (Life

Technologies, Invitrogen), and imaged using either confocal
microscopes FV3000, the automated spinning disk confocal
Opera Phenix (PerkinElmer Life Sciences) or Nikon Ti2E.
Images were analyzed by CellProfiler, Harmony, or Motion-

tracking image analysis platforms. CellProfiler pipelines similar
to those previously established (7, 33) were used. In all cases,
images were segmented to identify nuclei, cells, bacteria, and
lysosomal compartments. Objects such as bacteria and lyso-
somes were related to individual cells to obtain single cell statis-
tics, and multiple parameters relating to their numbers, sizes,
intensities, as well as intra-object associations were extracted.
MS Excel and RStudio platform with libraries ggplot2, dplyr,
and maggitr were used for data analysis and plotting. Most data
are plotted as box plots, which show theminimum, 1st quartile,
median, 3rd quartile and maximum values. Individual data
points corresponding to single cells are overlaid on the box
plots. Statistical significance between different sets was deter-
mined using Mann-Whitney unpaired test or unpaired Stu-
dent’s t test with unequal variance.

Flow cytometry

Samples were analyzed using FACS Aria Fusion cytometer.
Using FSC-Area versus SSC-Area scatter plot, the macrophage
population was gated for further use. Based upon fluorescence
levels in the uninfected sample, gates for uninfected and
infected cells were defined. Furthermore, cargo uptake, endo-
somal, and lysosomal levels were compared between the gated
infected and uninfected populations. For each sample, 10,000
gated events were acquired. FSC files exported using FlowJo
were subsequently analyzed by RStudio.

Identifying important morphological features from high
content image analysis and classification of infected cells
from lysosomal features

Two separate data sets from human primary macrophages
infected withM. bovis BCG-GFP (named Exp1 and Exp2) were
used for analysis. Data set Exp1 contained a total of 37,923 cells
of which 18,546 were infected. Data set Exp2 contained a total
of 36,476 cells of which 15,022 were infected. Each data set has
multiple features relating to cells, bacteria, and lysosomes, as
well as their associations with each other. Of these features, 16
lysosomal parameters and 11 cellular parameters were chosen
for further analysis. The data were split into training and test set
(7:3) and themodel was trained using logistic regression with an
L1 penalty. Logistic regression uses a logistic function to model
one or more independent variables to predict a categorical vari-
able (88). Applying an L1-regularization penalty using the pa-
rameter c forces the weights of many of the features to go to
zero. The best regularization parameter was identified by 20-
fold cross-validation on the training set. Because all the features
were selected for the best regularization parameter (c¼ 1), we
further reduced c. Classification metrics, accuracy, precision,
recall, and F1 score were calculated for infected and noninfected
cells for a range of regularization parameters (1, 0.1, 0.01, 0.001,
0.0005, 0.0001, and 0.00018). The value of c¼ 0:00018 forces
the model to pick a single feature for classification. Accuracy is
defined as total true predictions divided by false predictions.
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Precisionmeasures the ability of themodel tomake correct pre-
dictions. Recall measures the fraction of correct predictions
from the total number of cells belonging to the given class. F1-
score is the harmonic mean of precision and recall. F1-score,
precision, and recall were calculated for each class (infected,
noninfected). To find the contribution of individual features for
classification accuracy, we used logistic regression on single fea-
tures with 20-fold cross-validation and reported the accuracy of
training and test set for both data sets.
The random forest algorithm considers predictions of multi-

ple decision trees to perform classification (88, 89). Further-
more, a random forest also enables us to rank the features, by
measuring the contribution of individual features to each of the
constituent decision trees. Note that random forests thus use
multiple models, in contrast to logistic regression, which builds
a single model; in both cases, the goal is to classify a cell as
infected or noninfected. Parameters for random forest were
estimated using a grid search with 20-fold cross-validation. The
best parameters were based onmaximum average accuracy and
were used for finding feature contribution and ranking. For
infections in THP-1 monocyte-derived macrophages (with M.
bovis BCG-GFP or E. coli), similar analysis was done, with a dif-
ference that the features were extracted from the images using
Harmony image analysis platform.

Cargo pulsing and functional endocytic assays

Alexa-labeled Human Holo-Transferrin (Life Technologies,
Invitrogen T23365, T2336; 5 mg/ml) and dextran (Life Technol-
ogies, Invitrogen D22914, D-1817; 200 mg/ml) were used to
quantify endocytic uptake capacity in cells. Cargo pulse for
endocytic assays was performed by individually diluting the re-
spective cargo at the indicated concentrations in RPMI media
and incubating the cells at 37 °C and 5%CO2, followed by wash-
ing with media and fixing with 4% paraformaldehyde. Lyso-
Tracker Red (Life Technologies, Invitrogen L7528; 100 nM) and
Magic Red cathepsin B (MRC) (Bio-Rad ICT937) were used to
stain lysosomes in the cells. For LysoTracker Red labeling, cells
were incubated in complete RPMI containing 100 nM Lyso-
Tracker Red for 30 min and 1 h for MRC followed by fixation
with 1% paraformaldehyde for 1 h at room temperature.

Phagosomal trafficking assay

RAW macrophages were seeded to Costar white-bottom
384-well plates (15,000 cells/well) and pulsed with pHrodo-la-
beled E. coli (ThermoFisher Scientific, P35361) in CO2 inde-
pendent media (ThermoFisher Scientific, 18045088). Plates
were transferred to Varioskan LUX Multimode Microplate
Reader (ThermoFisher Scientific) maintained at 37 °C and fluo-
rescence reading of treated and control cells was recorded with
a 2-min time interval.

In vivo infection and single cell suspension preparation

BALB/c, C57BL/6J, or C57BL/6NJ mice were infected with
M. tuberculosis GFP using the Glas-Col inhalation exposure
chamber (at the indicated cfu). Mice were sacrificed post-infec-
tion at the indicated time points, and infected lungs were dis-
sected out, minced, and placed in Miltenyi GentleMACS C-

tubes containing 2 ml of dissociation buffer (RPMI media with
0.2 mg/ml of Liberase (Sigma-Aldrich 5466202001) and 0.5
mg/ml of DNase (Sigma-Aldrich 11284932) and subjected to
the inbuilt lung dissociation protocol 1 of Miltenyi Gentle-
MACS, followed by incubation at 37 °C and 5% CO2 for 30 min
with low agitation (50 rpm) and a second 20-s dissociation with
lung dissociation protocol 2 (Miltenyi GentleMACS). The sus-
pension was passed through a 70-mm cell strainer and then pel-
leted at 1200 rpm for 5 min. The pellet was re-suspended in 1
ml of erythrocyte lysis buffer (155 mMNH4Cl, 12 mM NaHCO3,
and 0.1 mM EDTA) for 1 min and immediately added to 10 ml
of RPMI media. Cells were centrifuged again, re-suspended in
RPMI media with 10% fetal bovine serum, and plated for 2 h in
RPMI media with 10% fetal bovine serum for macrophage
selection based on adherence. After 2 h, nonadhered cells were
washed and adhered cells were used for the assay. Adherent
cells were immunostained with F4/80 PE-Vio615 (Miltenyi Bio-
tec REA126) and CD11b (DSHB M1/70.15.11.5.2) antibody to
check for macrophage purity. All procedures involving animals
were approved by the NCBS Animal Ethics Committee and the
IISc Animal Ethics Committee.

M. tuberculosis component screen

The following M. tuberculosis H37Rv surface components
were obtained through BEI resources, NIAID, NIH:M. tubercu-
losis, strain H37Rv, purified phosphatidylinositol mannosides 1
and 2 (PIM1,2), NR-14846;M. tuberculosis, strain H37Rv, puri-
fied phosphatidylinositol mannoside 6 (PIM6), NR-14847; M.
tuberculosis, strain H37Rv, purified LAM, NR-14848;M. tuber-
culosis, strain H37Rv, purified lipomannan (LM), NR-14850;
M. tuberculosis, strain H37Rv, total lipids, NR-14837;M. tuber-
culosis, strain H37Rv, purified trehalose dimycolate (TDM),
NR-14844; M. tuberculosis, strain H37Rv, purified SL-1, NR-
14845; NR-14850; M. tuberculosis, strain H37Rv, purified
mycolylarabinogalactan-petidoglycan (mAGP), NR-14851; M.
tuberculosis, strain H37Rv, purified arabinogalactan, NR-
14852; M. tuberculosis, strain H37Rv, purified mycolic acid
methyl esters, NR-14854;M. tuberculosis, strain H37Rv, myco-
bactin (MBT), NR-44101; M. tuberculosis, strain H37Rv, puri-
fied trehalose monomycolate (TMM), NR-48784. They were
reconstituted according to the supplier’s instruction and
treated on THP-1 monocyte-derived macrophages at the indi-
cated concentration. Components that affected lysosomes were
selected for further use.

Immunoblotting

To compare protein levels by immunoblotting, PMA-differ-
entiated THP1 cells were treated with selected mycobacterial
surface components, lysed using cell lysis buffer (150 mM Tris-
HCl, 50 mM EDTA, 100 mM NaCl, protease inhibitor mixture)
at 4 °C for 20 min, passaged through 40-gauge syringe followed
by centrifugation at 14,000 rpm for 15 min at 4 °C and the su-
pernatant was used for blotting. The following antibodies were
used: p70 S6 kinase (49D7), phospho-p70 S6 kinase (Thr-389),
phospho-4E-BP1 (2855T), 4E-BP1 (9644T), GAPDH (5174S),
and b-actin (13E5). These antibodies were procured from Cell
Signaling Technologies. LAMP-1 (H4A3 and 1D4B) antibodies
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were procured from the Developmental Studies Hybridoma
Bank.

Cell transfection and nuclear-cytoplasmic TFEB translocation

pEGFP-N1-TFEB was a gift from Shawn Ferguson (Addgene
plasmid no. 38119). HeLa cells were seeded at 70% confluence
in 8-well chambers and transfected with Lipofectamine 2000
(ThermoFisher Scientific, 11668030). For RAW macrophages,
Lipofectamine 3000 (ThermoFisher Scientific, L3000015) was
used. Transfection was performed following themanufacturer’s
protocol. Transfection complex was washed after 6 h, and SL-1
treatment was started 12 h post-transfection. Cells were fixed
and imaged after 24 h of SL-1 treatment (25 mg/ml). The
boundary of transfected cells was marked manually based on
bright-field or cytoplasmic stain, cell mask blue and DAPI sig-
nal was used to segment nucleus. Nuclear-cytoplasmic translo-
cation of TFEB was assessed by comparing TFEB fluorescence
ratio between nuclear and cytoplasmic regions. For siRNA
transfection, 15,000 THP1 cells were seeded per well in a 384-
well plate and were transfected with either universal negative
control 1 (UNC1) (Millipore Sigma, SIC001) or esiRNA human
TFEB (Millipore Sigma, EHU059261) siRNA using Lipofect-
amine RNAimax (Thermo Fisher Scientific, 13778100) accord-
ing to the manufacturer's protocol for 48 h and were used for
further experiments.

Data availability

All data generated for the study are contained in the manu-
script. Data sets used to generate the model to predict infected
cell based on lysosomal feature is available upon request to V.
Sundaramurthy (varadha@ncbs.res.in).

Acknowledgments—We thank Profs. Jean Pieters for the kind gift of
M. bovis expressing GFP and Marc Bickle for critical comments,
Mahamad Ashiq for technical assistance, and Harmanjit Singh Ban-
sal for assistance in data analysis. We acknowledge BEI resources
for providing M. tuberculosis components and CDC1551 strains
used in the study. The BSL3 facility in the Center for Infectious Dis-
ease Research (CIDR), Indian Institute of Science (IISc), is gratefully
acknowledged for Mtb animal infections. We acknowledge the
Central Imaging and Flow Cytometry (CIFF), Screening, Animal
house and BSL3 facilities at NCBS. The study has been approved by
the Institutional Animal Ethics Committee and Institutional Biosaf-
ety committees from NCBS and IISc, as well as the Institutional
Human Ethics committee from NCBS.

Author contributions—K. S., M. S., and K. R. formal analysis; K. S.
and M. G. validation; K. S., M. G., M. M., and V. S. investigation;
K. S., M. G., and V. S. methodology; K. S., M. G., M. S., A. S., and
V. S. writing-review and editing; M. S. and K. R. software; M. M.,
R. R., K. R., A. S., and V. S. resources; V. S. conceptualization; V. S.
supervision; V. S. funding acquisition; V. S. writing-original draft;
V. S. project administration.

Funding and additional information—This work was supported by
National Center for Biological Sciences-Tata Institute of Funda-
mental Research core funds (to V. S.), DST Max-Planck partner

group (to V. S.), and a Ramalingaswamy re-entry fellowship (to
V. S.).

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: PIM, phosphatidylino-
sitol mannoside; LAM, lipoarabinomannan; SL-1, sulfolipid; TFEB,
transcription factor EB; cfu, colony-forming unit; hpi, hours post-
infection; PMA, phorbol myristate acetate; TLR, Toll-like receptor;
DAPI, 49,6-diamidino-2-phenylindole; MRC, Magic Red cathepsin;
pks2, polyketide synthase 2; GAPDH, glyceraldehyde-3-phosphate
dehydrogenase.

References

1. Armstrong, J. A., andHart, P. D. (1971) Response of culturedmacrophages
to Mycobacterium tuberculosis, with observations on fusion of lysosomes
with phagosomes. J. Exp. Med. 134, 713–740 CrossRefMedline

2. Cambier, C. J., Falkow, S., and Ramakrishnan, L. (2014) Host evasion and
exploitation schemes ofMycobacterium tuberculosis.Cell 159, 1497–1509
CrossRefMedline

3. Pieters, J. (2008) Mycobacterium tuberculosis and the macrophage: main-
taining a balance.Cell HostMicrobe 3, 399–407 CrossRefMedline

4. Russell, D. G. (2001) Mycobacterium tuberculosis: here today and here
tomorrow.Nat. Rev. Mol. Cell Biol. 2, 569–578 CrossRefMedline

5. Gutierrez, M. G., Master, S. S., Singh, S. B., Taylor, G. A., Colombo, M. I.,
and Deretic, V. (2004) Autophagy is a defense mechanism inhibiting BCG
and Mycobacterium tuberculosis survival in infected macrophages. Cell
119, 753–766 CrossRefMedline

6. Kumar, D., Nath, L., Kamal, M. A., Varshney, A., Jain, A., Singh, S., and
Rao, K. V. (2010) Genome-wide analysis of the host intracellular network
that regulates survival of Mycobacterium tuberculosis. Cell 140, 731–743
CrossRefMedline

7. Sundaramurthy, V., Korf, H., Singla, A., Scherr, N., Nguyen, L., Ferrari, G.,
Landmann, R., Huygen, K., and Pieters, J. (2017) Survival of Mycobacte-
rium tuberculosis and Mycobacterium bovis BCG in lysosomes in vivo.
Microbes Infect. 19, 515–526 CrossRefMedline

8. Levitte, S., Adams, K. N., Berg, R. D., Cosma, C. L., Urdahl, K. B., and Ram-
akrishnan, L. (2016) Mycobacterial acid tolerance enables phagolysosomal
survival and establishment of tuberculous infection in vivo. Cell Host
Microbe 20, 250–258 CrossRefMedline

9. Vandal, O. H., Pierini, L. M., Schnappinger, D., Nathan, C. F., and Ehrt,
S. (2008) A membrane protein preserves intrabacterial pH in intrapha-
gosomal Mycobacterium tuberculosis. Nat Med 14, 849–854 CrossRef
Medline

10. Russell, D. G., Mwandumba, H. C., and Rhoades, E. E. (2002) Mycobacte-
rium and the coat of many lipids. J. Cell Biol. 158, 421–426 CrossRef
Medline

11. Beatty, W., Ullrich, H. J., and Russell, D. G. (2001) Mycobacterial surface
moieties are released from infectedmacrophages by a constitutive exocytic
event. Eur. J. Cell Biol. 80, 31–40 CrossRefMedline

12. Beatty,W. L., and Russell, D. G. (2000) Identification of mycobacterial sur-
face proteins released into subcellular compartments of infected macro-
phages. Infection Immun. 68, 6997–7002 CrossRefMedline

13. Beatty, W. L., Rhoades, E. R., Ullrich, H. J., Chatterjee, D., Heuser, J. E.,
and Russell, D. G. (2000) Trafficking and release of mycobacterial lipids
from infected macrophages. Traffic (Copenhagen, Denmark) 1, 235–247
CrossRef Medline

14. Vergne, I., Fratti, R. A., Hill, P. J., Chua, J., Belisle, J., and Deretic, V. (2004)
Mycobacterium tuberculosis phagosome maturation arrest: mycobacterial
phosphatidylinositol analog phosphatidylinositol mannoside stimulates
early endosomal fusion.Mol. Biol. Cell 15, 751–760 CrossRefMedline

15. Fratti, R. A., Chua, J., Vergne, I., and Deretic, V. (2003) Mycobacterium
tuberculosis glycosylated phosphatidylinositol causes phagosome

Lysosomal rewiring in Mtb-infected macrophages

J. Biol. Chem. (2020) 295(27) 9192–9210 9207

mailto:varadha@ncbs.res.in
http://dx.doi.org/10.1084/jem.134.3.713
http://www.ncbi.nlm.nih.gov/pubmed/15776571
http://dx.doi.org/10.1016/j.cell.2014.11.024
http://www.ncbi.nlm.nih.gov/pubmed/25525872
http://dx.doi.org/10.1016/j.chom.2008.05.006
http://www.ncbi.nlm.nih.gov/pubmed/18541216
http://dx.doi.org/10.1038/35085034
http://www.ncbi.nlm.nih.gov/pubmed/11483990
http://dx.doi.org/10.1016/j.cell.2004.11.038
http://www.ncbi.nlm.nih.gov/pubmed/15607973
http://dx.doi.org/10.1016/j.cell.2010.02.012
http://www.ncbi.nlm.nih.gov/pubmed/20211141
http://dx.doi.org/10.1016/j.micinf.2017.06.008
http://www.ncbi.nlm.nih.gov/pubmed/28689009
http://dx.doi.org/10.1016/j.chom.2016.07.007
http://www.ncbi.nlm.nih.gov/pubmed/27512905
http://dx.doi.org/10.1038/nm.1795
http://www.ncbi.nlm.nih.gov/pubmed/18641659
http://dx.doi.org/10.1083/jcb.200205034
http://www.ncbi.nlm.nih.gov/pubmed/12147678
http://dx.doi.org/10.1078/0171-9335-00131
http://www.ncbi.nlm.nih.gov/pubmed/11211933
http://dx.doi.org/10.1128/iai.68.12.6997-7002.2000
http://www.ncbi.nlm.nih.gov/pubmed/11083824
http://dx.doi.org/10.1034/j.1600-0854.2000.010306.x
http://www.ncbi.nlm.nih.gov/pubmed/11208107
http://dx.doi.org/10.1091/mbc.e03-05-0307
http://www.ncbi.nlm.nih.gov/pubmed/14617817


maturation arrest. Proc. Natl. Acad. Sci. U.S.A. 100, 5437–5442 Cross-
Ref Medline

16. Fineran, P., Lloyd-Evans, E., Lack, N. A., Platt, N., Davis, L. C., Morgan,
A. J., Höglinger, D., Tatituri, R. V. V., Clark, S., Williams, I. M., Tynan, P.,
Al Eisa, N., Nazarova, E.,Williams, A., Galione, A., et al. (2017) Pathogenic
mycobacteria achieve cellular persistence by inhibiting the Niemann-Pick
Type C disease cellular pathway. Wellcome Open Res. 1, 18 CrossRef
Medline

17. Podinovskaia, M., Lee, W., Caldwell, S., and Russell, D. G. (2013) Infection
of macrophages with Mycobacterium tuberculosis induces global modifi-
cations to phagosomal function. Cell. Microbiol. 15, 843–859 CrossRef
Medline

18. Desjardins, M. (1994) Biogenesis of phagolysosomes proceeds through a
sequential series of interactions with the endocytic apparatus. J. Cell Biol.
124, 677–688 CrossRefMedline

19. Fairn, G. D., and Grinstein, S. (2012) How nascent phagosomes mature
to become phagolysosomes. Trends Immunol. 33, 397–405 CrossRef
Medline

20. Levin, R., Hammond, G. R. V., Balla, T., De Camilli, P., Fairn, G. D., and
Grinstein, S. (2017) Multiphasic dynamics of phosphatidylinositol 4-
phosphate during phagocytosis. Mol. Biol. Cell 28, 128–140 CrossRef
Medline

21. Deretic, V. (2014) Autophagy in tuberculosis.Cold Spring Harbor Perspect.
Med. 4, a018481 CrossRef

22. Ponpuak, M., Davis, A. S., Roberts, E. A., Delgado, M. A., Dinkins, C.,
Zhao, Z., Virgin, H. W., Kyei, G. B., Johansen, T., Vergne, I., and Deretic,
V. (2010) Delivery of cytosolic components by autophagic adaptor protein
p62 endows autophagosomes with unique antimicrobial properties. Im-
munity 32, 329–341 CrossRefMedline

23. Sundaramurthy, V., Barsacchi, R., Samusik, N., Marsico, G., Gilleron, J.,
Kalaidzidis, I., Meyenhofer, F., Bickle, M., Kalaidzidis, Y., and Zerial, M.
(2013) Integration of chemical and RNAi multiparametric profiles identi-
fies triggers of intracellular mycobacterial killing. Cell Host Microbe 13,
129–142 CrossRefMedline

24. Gray, M. A., Choy, C. H., Dayam, R. M., Ospina-Escobar, E., Somerville,
A., Xiao, X., Ferguson, S. M., and Botelho, R. J. (2016) Phagocytosis enhan-
ces lysosomal and bactericidal properties by activating the transcription
factor TFEB.Curr. Biol. 26, 1955–1964 CrossRefMedline

25. Wong, C.-O., Gregory, S., Hu, H., Chao, Y., Sepúlveda, V. E., He, Y., Li-
Kroeger, D., Goldman, W. E., Bellen, H. J., and Venkatachalam, K. (2017)
Lysosomal degradation is required for sustained phagocytosis of bacteria
bymacrophages.Cell Host Microbe 21, 719–730.e716Medline

26. Hipolito, V. E. B., Ospina-Escobar, E., and Botelho, R. J. (2018) Lysosome
remodelling and adaptation during phagocyte activation. Cell. Microbiol.
20, e12824 CrossRef

27. Lim, C.-Y., and Zoncu, R. (2016) The lysosome as a command-and-con-
trol center for cellular metabolism. J. Cell Biol. 214, 653–664 CrossRef
Medline

28. Settembre, C., Fraldi, A., Medina, D. L., and Ballabio, A. (2013) Signals
from the lysosome: a control centre for cellular clearance and energy me-
tabolism.Nat. Rev. Mol. Cell Biol. 14, 283–296 CrossRefMedline

29. Bouché, V., Espinosa, A. P., Leone, L., Sardiello, M., Ballabio, A., and Botas,
J. (2016) DrosophilaMitf regulates the V-ATPase and the lysosomal-auto-
phagic pathway.Autophagy 12, 484–498 CrossRefMedline

30. Ploper, D., and De Robertis, E. M. (2015) TheMITF family of transcription
factors: Role in endolysosomal biogenesis,Wnt signaling, and oncogenesis.
Pharmacol. Res. 99, 36–43 CrossRefMedline

31. Ploper, D., Taelman, V. F., Robert, L., Perez, B. S., Titz, B., Chen, H. W.,
Graeber, T. G., von Euw, E., Ribas, A., and De Robertis, E. M. (2015) MITF
drives endolysosomal biogenesis and potentiates Wnt signaling in mela-
noma cells. Proc. Natl. Acad. Sci. U.S.A. 112, E420–E429Medline

32. Yang, M., Liu, E., Tang, L., Lei, Y., Sun, X., Hu, J., Dong, H., Yang, S.-M.,
Gao, M., and Tang, B. (2018) Emerging roles and regulation of MiT/
TFE transcriptional factors. Cell Commun. Signaling 16, 31 CrossRef
Medline

33. Sundaramurthy, V., Barsacchi, R., Chernykh, M., Stöter, M., Tomschke,
N., Bickle, M., Kalaidzidis, Y., and Zerial, M. (2014) Deducing the mecha-
nism of action of compounds identified in phenotypic screens by integrat-

ing their multiparametric profiles with a reference genetic screen. Nat.
Protocols 9, 474–490 CrossRefMedline

34. Zhang, X., Goncalves, R., and Mosser, D. M. (2008) The isolation and
characterization of murine macrophages. Curr. Protoc. Immunol.Chapter
14,Unit 14.1 CrossRef

35. Lawrence, R. E., and Zoncu, R. (2019) The lysosome as a cellular centre for
signalling, metabolism and quality control. Nat. Cell Biol. 21, 133–142
CrossRefMedline

36. Thoreen, C. C., Kang, S. A., Chang, J. W., Liu, Q., Zhang, J., Gao, Y.,
Reichling, L. J., Sim, T., Sabatini, D. M., and Gray, N. S. (2009) An
ATP-competitive mammalian target of rapamycin inhibitor reveals
rapamycin-resistant functions of mTORC1. J. Biol. Chem. 284, 8023–
8032 CrossRef Medline

37. Vega-Rubin-de-Celis, S., Peña-Llopis, S., Konda, M., and Brugarolas, J.
(2017) Multistep regulation of TFEB by MTORC1. Autophagy 13, 464–
472 CrossRefMedline

38. Roczniak-Ferguson, A., Petit, C. S., Froehlich, F., Qian, S., Ky, J., Angarola,
B., Walther, T. C., and Ferguson, S. M. (2012) The transcription factor
TFEB links mTORC1 signaling to transcriptional control of lysosome ho-
meostasis. Sci. Signal. 5, ra42 CrossRefMedline

39. Blanc, L., Gilleron, M., Prandi, J., Song, O. R., Jang, M. S., Gicquel, B., Dro-
court, D., Neyrolles, O., Brodin, P., Tiraby, G., Vercellone, A., andNigou, J.
(2017) Mycobacterium tuberculosis inhibits human innate immune
responses via the production of TLR2 antagonist glycolipids. Proc. Natl.
Acad. Sci. U.S.A. 114, 11205–11210 CrossRefMedline

40. Sirakova, T. D., Thirumala, A. K., Dubey, V. S., Sprecher, H., and
Kolattukudy, P. E. (2001) The Mycobacterium tuberculosis pks2 gene
encodes the synthase for the hepta- and octamethyl-branched fatty
acids required for sulfolipid synthesis. J. Biol. Chem. 276, 16833–
16839 CrossRef Medline

41. Aliprantis, A. O., Yang, R. B., Mark, M. R., Suggett, S., Devaux, B., Radolf,
J. D., Klimpel, G. R., Godowski, P., and Zychlinsky, A. (1999) Cell activa-
tion and apoptosis by bacterial lipoproteins through Toll-like receptor-2.
Science (New York) 285, 736–739 CrossRefMedline

42. Dao, D. N., Kremer, L., Guérardel, Y., Molano, A., Jacobs, W. R., Porcelli,
S. A., and Briken, V. (2004)Mycobacterium tuberculosis lipomannan indu-
ces apoptosis and interleukin-12 production in macrophages. Infect.
Immun. 72, 2067–2074 CrossRefMedline

43. Harth, G., Clemens, D. L., and Horwitz, M. A. (1994) Glutamine synthe-
tase ofMycobacterium tuberculosis: extracellular release and characteriza-
tion of its enzymatic activity. Proc. Natl. Acad. Sci. U.S.A. 91, 9342–9346
CrossRefMedline

44. Harth, G., Lee, B. Y., Wang, J., Clemens, D. L., and Horwitz, M. A. (1996)
Novel insights into the genetics, biochemistry, and immunocytochemistry
of the 30-kilodalton major extracellular protein of Mycobacterium tuber-
culosis. Infect. Immun. 64, 3038–3047 CrossRefMedline

45. Korf, J., Stoltz, A., Verschoor, J., De Baetselier, P., and Grooten, J. (2005)
The Mycobacterium tuberculosis cell wall component mycolic acid elicits
pathogen-associated host innate immune responses. Eur. J. Immunol. 35,
890–900CrossRefMedline

46. Neyrolles, O., Gould, K., Gares, M. P., Brett, S., Janssen, R., O'Gaora, P.,
Herrmann, J. L., Prévost, M. C., Perret, E., Thole, J. E., and Young, D.
(2001) Lipoprotein access to MHC class I presentation during infection of
murine macrophages with live mycobacteria. J. Immunol. 166, 447–457
CrossRef

47. Queiroz, A., and Riley, L.W. (2017) Bacterial immunostat:Mycobacterium
tuberculosis lipids and their role in the host immune response. Rev. Soc.
Bras. Med. Trop. 50, 9–18 CrossRefMedline

48. Sakamoto, K., Kim, M. J., Rhoades, E. R., Allavena, R. E., Ehrt, S., Wain-
wright, H. C., Russell, D. G., and Rohde, K. H. (2013) Mycobacterial treha-
lose dimycolate reprograms macrophage global gene expression and
activates matrix metalloproteinases. Infect. Immun. 81, 764–776 CrossRef
Medline

49. Sequeira, P. C., Senaratne, R. H., and Riley, L. W. (2014) Inhibition of Toll-
like receptor 2 (TLR-2)-mediated response in human alveolar epithelial
cells by mycolic acids and Mycobacterium tuberculosis mce1 operon mu-
tant. Pathog. Dis. 70, 132–140 CrossRefMedline

Lysosomal rewiring in Mtb-infected macrophages

9208 J. Biol. Chem. (2020) 295(27) 9192–9210

http://dx.doi.org/10.1073/pnas.0737613100
http://dx.doi.org/10.1073/pnas.0737613100
http://www.ncbi.nlm.nih.gov/pubmed/12702770
http://dx.doi.org/10.12688/wellcomeopenres.10036.2
http://www.ncbi.nlm.nih.gov/pubmed/28008422
http://dx.doi.org/10.1111/cmi.12092
http://www.ncbi.nlm.nih.gov/pubmed/23253353
http://dx.doi.org/10.1083/jcb.124.5.677
http://www.ncbi.nlm.nih.gov/pubmed/8120091
http://dx.doi.org/10.1016/j.it.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/22560866
http://dx.doi.org/10.1091/mbc.E16-06-0451
http://www.ncbi.nlm.nih.gov/pubmed/28035045
http://dx.doi.org/10.1101/cshperspect.a018481
http://dx.doi.org/10.1016/j.immuni.2010.02.009
http://www.ncbi.nlm.nih.gov/pubmed/20206555
http://dx.doi.org/10.1016/j.chom.2013.01.008
http://www.ncbi.nlm.nih.gov/pubmed/23414754
http://dx.doi.org/10.1016/j.cub.2016.05.070
http://www.ncbi.nlm.nih.gov/pubmed/27397893
http://www.ncbi.nlm.nih.gov/pubmed/28579255
http://dx.doi.org/10.1111/cmi.12824
http://dx.doi.org/10.1083/jcb.201607005
http://www.ncbi.nlm.nih.gov/pubmed/27621362
http://dx.doi.org/10.1038/nrm3565
http://www.ncbi.nlm.nih.gov/pubmed/23609508
http://dx.doi.org/10.1080/15548627.2015.1134081
http://www.ncbi.nlm.nih.gov/pubmed/26761346
http://dx.doi.org/10.1016/j.phrs.2015.04.006
http://www.ncbi.nlm.nih.gov/pubmed/26003288
http://www.ncbi.nlm.nih.gov/pubmed/25605940
http://dx.doi.org/10.1186/s12964-018-0242-1
http://www.ncbi.nlm.nih.gov/pubmed/29903018
http://dx.doi.org/10.1038/nprot.2014.027
http://www.ncbi.nlm.nih.gov/pubmed/24481274
http://dx.doi.org/10.1002/0471142735.im1401s83
http://dx.doi.org/10.1038/s41556-018-0244-7
http://www.ncbi.nlm.nih.gov/pubmed/30602725
http://dx.doi.org/10.1074/jbc.M900301200
http://www.ncbi.nlm.nih.gov/pubmed/19150980
http://dx.doi.org/10.1080/15548627.2016.1271514
http://www.ncbi.nlm.nih.gov/pubmed/28055300
http://dx.doi.org/10.1126/scisignal.2002790
http://www.ncbi.nlm.nih.gov/pubmed/22692423
http://dx.doi.org/10.1073/pnas.1707840114
http://www.ncbi.nlm.nih.gov/pubmed/28973928
http://dx.doi.org/10.1074/jbc.M011468200
http://www.ncbi.nlm.nih.gov/pubmed/11278910
http://dx.doi.org/10.1126/science.285.5428.736
http://www.ncbi.nlm.nih.gov/pubmed/10426996
http://dx.doi.org/10.1128/iai.72.4.2067-2074.2004
http://www.ncbi.nlm.nih.gov/pubmed/15039328
http://dx.doi.org/10.1073/pnas.91.20.9342
http://www.ncbi.nlm.nih.gov/pubmed/7937767
http://dx.doi.org/10.1128/IAI.64.8.3038-3047.1996
http://www.ncbi.nlm.nih.gov/pubmed/8757831
http://dx.doi.org/10.1002/eji.200425332
http://www.ncbi.nlm.nih.gov/pubmed/15724242
http://dx.doi.org/10.4049/jimmunol.166.1.447
http://dx.doi.org/10.1590/0037-8682-0230-2016
http://www.ncbi.nlm.nih.gov/pubmed/28327797
http://dx.doi.org/10.1128/IAI.00906-12
http://www.ncbi.nlm.nih.gov/pubmed/23264051
http://dx.doi.org/10.1111/2049-632X.12110
http://www.ncbi.nlm.nih.gov/pubmed/24190334


50. Goren, M. B. (1970) Sulfolipid I of Mycobacterium tuberculosis, strain
H37Rv: I. purification and properties. Biochim. Biophys. Acta 210, 116–
126 CrossRefMedline

51. Asensio, J. G., Maia, C., Ferrer, N. L., Barilone, N., Laval, F., Soto, C. Y.,
Winter, N., Daffé, M., Gicquel, B., Martín, C., and Jackson, M. (2006) The
virulence-associated two-component PhoP-PhoR system controls the bio-
synthesis of polyketide-derived lipids in Mycobacterium tuberculosis. J.
Biol. Chem. 281, 1313–1316 CrossRefMedline

52. Graham, J. E., and Clark-Curtiss, J. E. (1999) Identification of Mycobacte-
rium tuberculosis RNAs synthesized in response to phagocytosis by
human macrophages by selective capture of transcribed sequences
(SCOTS). Proc. Natl. Acad. Sci. U.S.A. 96, 11554–11559 CrossRefMedline

53. Rodríguez, J. E., Ramírez, A. S., Salas, L. P., Helguera-Repetto, C., Gonza-
lez-y-Merchand, J., Soto, C. Y., and Hernández-Pando, R. (2013) Tran-
scription of genes involved in sulfolipid and polyacyltrehalose biosynthesis
of Mycobacterium tuberculosis in experimental latent tuberculosis infec-
tion. PLoS ONE 8, e58378 CrossRefMedline

54. Singh, A., Crossman, D. K., Mai, D., Guidry, L., Voskuil, M. I., Renfrow,
M. B., and Steyn, A. J. C. (2009)Mycobacterium tuberculosisWhiB3main-
tains redox homeostasis by regulating virulence lipid anabolism to modu-
late macrophage response. PLoS Pathog. 5, e1000545 CrossRefMedline

55. Walters, S. B., Dubnau, E., Kolesnikova, I., Laval, F., Daffe, M., and Smith,
I. (2006) TheMycobacterium tuberculosis PhoPR two-component system
regulates genes essential for virulence and complex lipid biosynthesis.
Mol. Microbiol. 60, 312–330CrossRefMedline

56. Mishra, M., Adhyapak, P., Dadhich, R., and Kapoor, S. (2019) Dynamic
remodeling of the host cell membrane by virulent mycobacterial sulfogly-
colipid-1. Sci. Rep. 9, 12844 CrossRefMedline

57. Bertozzi, C. R., and Schelle, M.W. (2008) Sulfatedmetabolites fromMyco-
bacterium tuberculosis: sulfolipid-1 and beyond. in TheMycobacterial Cell
Envelope, 291–292, American Society ofMicrobiology

58. Daffé, M., and Draper, P. (1998) The envelope layers of mycobacteria with
reference to their pathogenicity.Adv.Microbial. Physiol. 39, 131–203

59. Goren, M. B. (1972) Mycobacterial lipids: selected topics. Bacteriol. Rev.
36, 33–64 CrossRefMedline

60. Goren, M. B. (1990) Mycobacterial fatty acid esters of sugars and sulfosu-
gars. in Glycolipids, Phosphoglycolipids, and Sulfoglycolipids, Springer US,
Boston,MA

61. Ruhl, C. R., Pasko, B. L., Khan, H. S., Kindt, L. M., Stamm, C. E., Franco,
L. H., Hsia, C. C., Zhou, M., Davis, C. R., Qin, T., Gautron, L., Burton,
M. D., Mejia, G. L., Naik, D. K., Dussor, G., Price, T. J., and Shiloh, M. U.
(2020)Mycobacterium tuberculosis sulfolipid-1 activates nociceptive neu-
rons and induces cough.Cell 181, 293–305.e211Medline

62. Jones, R. G., and Pearce, E. J. (2017)MenTORing immunity: mTOR signal-
ing in the development and function of tissue-resident immune cells. Im-
munity 46, 730–742 CrossRefMedline

63. Kim, J., and Guan, K. L. (2019) mTOR as a central hub of nutrient signal-
ling and cell growth.Nat. Cell Biol. 21, 63–71 CrossRefMedline

64. Martin, S., Saha, B., and Riley, J. L. (2012) The battle over mTOR: an
emerging theatre in host-pathogen immunity. PLoS Pathog. 8, e1002894
CrossRefMedline

65. Tang, Z., Baykal, A. T., Gao, H., Quezada, H. C., Zhang, H., Bereczki, E.,
Serhatli, M., Baykal, B., Acioglu, C., Wang, S., Ioja, E., Ji, X., Zhang, Y.,
Guan, Z., Winblad, B., and Pei, J. J. (2014) mTor is a signaling hub in cell
survival: a mass-spectrometry-based proteomics investigation. J. Proteome
Res. 13, 2433–2444 CrossRefMedline

66. Weichhart, T., and Saemann, M. D. (2008) The PI3K/Akt/mTOR pathway
in innate immune cells: emerging therapeutic applications. Ann. Rheum.
Dis. 67, Suppl, 3, iii70–iii74Medline

67. Gingras, A. C., Svitkin, Y., Belsham, G. J., Pause, A., and Sonenberg, N.
(1996) Activation of the translational suppressor 4E-BP1 following infec-
tion with encephalomyocarditis virus and poliovirus. Proc. Natl. Acad. Sci.
U.S.A. 93, 5578–5583 CrossRefMedline

68. Jaramillo, M., Gomez, M. A., Larsson, O., Shio, M. T., Topisirovic, I., Con-
treras, I., Luxenburg, R., Rosenfeld, A., Colina, R., McMaster, R. W., Oliv-
ier, M., Costa-Mattioli, M., and Sonenberg, N. (2011) Leishmania
repression of host translation through mTOR cleavage is required for par-

asite survival and infection. Cell Host Microbe 9, 331–341 CrossRef
Medline

69. Kuss-Duerkop, S. K.,Wang, J., Mena, I.,White, K.,Metreveli, G., Sakthivel,
R., Mata, M. A., Munoz-Moreno, R., Chen, X., Krammer, F., Diamond,
M. S., Chen, Z. J., Garcia-Sastre, A., and Fontoura, B. M. A. (2017) Influ-
enza virus differentially activates mTORC1 and mTORC2 signaling to
maximize late stage replication. PLoS Pathog. 13, e1006635 CrossRef
Medline

70. Le Sage, V., Cinti, A., Amorim, R., and Mouland, A. J. (2016) Adapting the
stress response: viral subversion of the mTOR signaling pathway. Viruses
8, 152CrossRef

71. Narasimhan, P. B., Bennuru, S., Meng, Z., Cotton, R. N., Elliott, K. R.,
Ganesan, S., McDonald-Fleming, R., Veenstra, T. D., Nutman, T. B., and
Tolouei Semnani, R. (2016) Microfilariae of Brugia malayi inhibit the
mTOR pathway and induce autophagy in human dendritic cells. Infect.
Immun. 84, 2463–2472 CrossRefMedline

72. Tattoli, I., Sorbara, M. T., Vuckovic, D., Ling, A., Soares, F., Carneiro,
L. A., Yang, C., Emili, A., Philpott, D. J., and Girardin, S. E. (2012) Amino
acid starvation induced by invasive bacterial pathogens triggers an
innate host defense program. Cell Host Microbe 11, 563–575 CrossRef
Medline

73. Tattoli, I., Philpott, D. J., and Girardin, S. E. (2012) The bacterial and cellu-
lar determinants controlling the recruitment of mTOR to the Salmonella-
containing vacuole. Biol Open 1, 1215–1225 CrossRefMedline

74. Vekariya, U., Saxena, R., Singh, P., Rawat, K., Kumar, B., Kumari, S., Agni-
hotri, S. K., Kaur, S., Sachan, R., Nazir, A., Bhadauria, S., Sachdev, M., and
Tripathi, R. K. (2018) HIV-1 Nef-POTEE; a novel interaction modulates
macrophage dissemination via mTORC2 signaling pathway. Life Sci. 214,
158–166CrossRefMedline

75. Wang, Y., Weiss, L. M., and Orlofsky, A. (2009) Intracellular parasitism
with Toxoplasma gondii stimulates mammalian-target-of-rapamycin-de-
pendent host cell growth despite impaired signalling to S6K1 and 4E-BP1.
CellMicrobiol. 11, 983–1000 CrossRefMedline

76. Weichhart, T., Hengstschlager, M., and Linke, M. (2015) Regulation of
innate immune cell function by mTOR. Nat. Rev. Immunol. 15, 599–614
CrossRefMedline

77. Brodin, P., Poquet, Y., Levillain, F., Peguillet, I., Larrouy-Maumus, G., Gil-
leron, M., Ewann, F., Christophe, T., Fenistein, D., Jang, J., Jang, M. S.,
Park, S. J., Rauzier, J., Carralot, J. P., Shrimpton, R., et al. (2010) High con-
tent phenotypic cell-based visual screen identifies Mycobacterium tuber-
culosis acyltrehalose-containing glycolipids involved in phagosome
remodeling. PLoS Pathog. 6, e1001100 CrossRefMedline

78. Goren, M. B., D'Arcy Hart, P., Young, M. R., and Armstrong, J. a. (1976)
Prevention of phagosome-lysosome fusion in cultured macrophages by
sulfatides ofMycobacterium tuberculosis. Proc. Natl. Acad. Sci. U.S.A. 73,
2510–2514 CrossRefMedline

79. Gilmore, S. A., Schelle, M.W., Holsclaw, C. M., Leigh, C. D., Jain, M., Cox,
J. S., Leary, J. A., and Bertozzi, C. R. (2012) Sulfolipid-1 biosynthesis
restrictsMycobacterium tuberculosis growth in humanmacrophages.ACS
Chem. Biol. 7, 863–870CrossRefMedline

80. Cambier, C., Banik, S., Buonomo, J. A., and Bertozzi, C. (2019) Spreading
of a virulence lipid into host membranes promotes mycobacterial patho-
genesis. bioRxiv, 845081CrossRef

81. Rousseau, C., Turner, O. C., Rush, E., Bordat, Y., Sirakova, T. D., Kolat-
tukudy, P. E., Ritter, S., Orme, I. M., Gicquel, B., and Jackson, M. (2003)
Sulfolipid deficiency does not affect the virulence ofMycobacterium tuber-
culosis H37Rv in mice and guinea pigs. Infect. Immun. 71, 4684–4690
CrossRefMedline

82. Reiling, N., Homolka, S., Walter, K., Brandenburg, J., Niwinski, L., Ernst,
M., Herzmann, C., Lange, C., Diel, R., Ehlers, S., and Niemann, S. (2013)
Clade-specific virulence patterns of Mycobacterium tuberculosis complex
strains in human primary macrophages and aerogenically infected mice.
MBio 4CrossRefMedline

83. Shankaran, D., Arumugam, P., Bothra, A., Gandotra, S., and Rao, V. (2019)
Modern clinical Mycobacterium tuberculosis strains leverage type I IFN
pathway for a pro-inflammatory response in the host. bioRxiv, 594655
CrossRef

Lysosomal rewiring in Mtb-infected macrophages

J. Biol. Chem. (2020) 295(27) 9192–9210 9209

http://dx.doi.org/10.1016/0005-2760(70)90067-6
http://www.ncbi.nlm.nih.gov/pubmed/4989541
http://dx.doi.org/10.1074/jbc.C500388200
http://www.ncbi.nlm.nih.gov/pubmed/16326699
http://dx.doi.org/10.1073/pnas.96.20.11554
http://www.ncbi.nlm.nih.gov/pubmed/10500215
http://dx.doi.org/10.1371/journal.pone.0058378
http://www.ncbi.nlm.nih.gov/pubmed/23472191
http://dx.doi.org/10.1371/journal.ppat.1000545
http://www.ncbi.nlm.nih.gov/pubmed/19680450
http://dx.doi.org/10.1111/j.1365-2958.2006.05102.x
http://www.ncbi.nlm.nih.gov/pubmed/16573683
http://dx.doi.org/10.1038/s41598-019-49343-2
http://www.ncbi.nlm.nih.gov/pubmed/31492926
http://dx.doi.org/10.1128/MMBR.36.1.33-64.1972
http://www.ncbi.nlm.nih.gov/pubmed/4553807
http://www.ncbi.nlm.nih.gov/pubmed/32142653
http://dx.doi.org/10.1016/j.immuni.2017.04.028
http://www.ncbi.nlm.nih.gov/pubmed/28514674
http://dx.doi.org/10.1038/s41556-018-0205-1
http://www.ncbi.nlm.nih.gov/pubmed/30602761
http://dx.doi.org/10.1371/journal.ppat.1002894
http://www.ncbi.nlm.nih.gov/pubmed/23028309
http://dx.doi.org/10.1021/pr500192g
http://www.ncbi.nlm.nih.gov/pubmed/24694195
http://www.ncbi.nlm.nih.gov/pubmed/19022819
http://dx.doi.org/10.1073/pnas.93.11.5578
http://www.ncbi.nlm.nih.gov/pubmed/8643618
http://dx.doi.org/10.1016/j.chom.2011.03.008
http://www.ncbi.nlm.nih.gov/pubmed/21501832
http://dx.doi.org/10.1371/journal.ppat.1006635
http://www.ncbi.nlm.nih.gov/pubmed/28953980
http://dx.doi.org/10.3390/v8060152
http://dx.doi.org/10.1128/IAI.00174-16
http://www.ncbi.nlm.nih.gov/pubmed/27297394
http://dx.doi.org/10.1016/j.chom.2012.04.012
http://www.ncbi.nlm.nih.gov/pubmed/22704617
http://dx.doi.org/10.1242/bio.20122840
http://www.ncbi.nlm.nih.gov/pubmed/23259056
http://dx.doi.org/10.1016/j.lfs.2018.10.068
http://www.ncbi.nlm.nih.gov/pubmed/30391463
http://dx.doi.org/10.1111/j.1462-5822.2009.01305.x
http://www.ncbi.nlm.nih.gov/pubmed/19302577
http://dx.doi.org/10.1038/nri3901
http://www.ncbi.nlm.nih.gov/pubmed/26403194
http://dx.doi.org/10.1371/journal.ppat.1001100
http://www.ncbi.nlm.nih.gov/pubmed/20844580
http://dx.doi.org/10.1073/pnas.73.7.2510
http://www.ncbi.nlm.nih.gov/pubmed/821057
http://dx.doi.org/10.1021/cb200311s
http://www.ncbi.nlm.nih.gov/pubmed/22360425
http://dx.doi.org/10.1101/845081
http://dx.doi.org/10.1128/iai.71.8.4684-4690.2003
http://www.ncbi.nlm.nih.gov/pubmed/12874349
http://dx.doi.org/10.1128/mBio.00250-13
http://www.ncbi.nlm.nih.gov/pubmed/23900170
http://dx.doi.org/10.1101/594655


84. Portevin, D., Gagneux, S., Comas, I., and Young, D. (2011) Human macro-
phage responses to clinical isolates from the Mycobacterium tuberculosis
complex discriminate between ancient and modern lineages. PLoS Pathog
7, e1001307 CrossRefMedline

85. Homolka, S., Niemann, S., Russell, D. G., and Rohde, K. H. (2010)
Functional genetic diversity among Mycobacterium tuberculosis com-
plex clinical isolates: delineation of conserved core and lineage-spe-
cific transcriptomes during intracellular survival. PLoS Pathog. 6,
e1000988 CrossRef Medline

86. Panchal, V., Jatana, N., Malik, A., Taneja, B., Pal, R., Bhatt, A., Besra, G. S.,
Thukral, L., Chaudhary, S., and Rao, V. (2019) A novel mutation alters the

stability of PapA2 resulting in the complete abrogation of sulfolipids in clini-
cal mycobacterial strains. FASEB BioAdv. 1, 306–319 CrossRefMedline

87. Ghosh, S., and O'Connor, T. J. (2017) Beyond paralogs: the multiple layers
of redundancy in bacterial pathogenesis. Front. Cell Infect. Microbiol. 7,
467 CrossRefMedline

88. Pedregosa, F., Varoquaux, G., Gramfort, A., Michel, V., Thirion, B., Grisel,
O., Blondel, M., Prettenhofer, P., Weiss, R., Dubourg, V., Vanderplas, J.,
Passos, A., Cournapeau, D., Brucher, M., Perrot, M., and Duchesnay, É.
(2011) Scikit-learn: machine learning in Python. J. Machine Learning Res.
12, 2825–2830

89. Breiman, L. (2001) Random forests.Machine learning 45, 5–32 CrossRef

Lysosomal rewiring in Mtb-infected macrophages

9210 J. Biol. Chem. (2020) 295(27) 9192–9210

http://dx.doi.org/10.1371/journal.ppat.1001307
http://www.ncbi.nlm.nih.gov/pubmed/21408618
http://dx.doi.org/10.1371/journal.ppat.1000988
http://www.ncbi.nlm.nih.gov/pubmed/20628579
http://dx.doi.org/10.1096/fba.2018-00039
http://www.ncbi.nlm.nih.gov/pubmed/32123834
http://dx.doi.org/10.3389/fcimb.2017.00467
http://www.ncbi.nlm.nih.gov/pubmed/29188194
http://dx.doi.org/10.1023/A:1010933404324

	Mycobacterium tuberculosis (Mtb) lipid mediated lysosomal rewiring in infected macrophages modulates intracellular Mtb trafficking and survival
	Results
	M. tuberculosis infected macrophages have elevated lysosomal content and activity than uninfected bystander cells
	Lysosomal alterations in vivo
	Lysosomal profiles of macrophages infected with mycobacteria and Escherichia coli are distinct from each other
	Mycobacterial components modulating the lysosomal pathway

	Discussion
	Experimental procedures
	Mycobacterial strains and growth conditions
	Cell culture and infection
	CFU assay
	Immunostaining, imaging, and image analysis
	Flow cytometry
	Identifying important morphological features from high content image analysis and classification of infected cells from lysosomal features
	Cargo pulsing and functional endocytic assays
	Phagosomal trafficking assay
	In vivo infection and single cell suspension preparation
	M. tuberculosis component screen
	Immunoblotting
	Cell transfection and nuclear-cytoplasmic TFEB translocation

	Data availability

	References

