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Fundamental role of spatial positioning of
Mycobacterium tuberculosis in
mycobacterial survival in macrophages

Shivani Sahu1,6, Navin Baid1,6, Deepali Aggarwal1,2, Ankita Sharma1,2,
Manisha Gun1, Sahanawaz Molla 3, Anunay Sinha1,4, Ambey Prasad Dwivedi1,4,
Amit Tuli 1,2, Mahak Sharma 5, Sanjeev Khosla1,2,4,
Varadharajan Sundaramurthy 3 & Ashwani Kumar 1,2

Mycobacterium tuberculosis is a model intracellular pathogen. The spatial-
localization ofM. tuberculosis inside macrophages is poorly defined. Here, we
determine the spatial-localization of M. tuberculosis inside macrophages with
reference to the nucleus. FewM. tuberculosis cells are perinuclear, while most
are peripheral. PerinuclearM. tuberculosis are transported to lysosomes, have
low Adenosine Triphosphate/Adenosine Diphosphate, are non-replicating,
and tolerate front-line anti-tubercularmedicines.M. tuberculosispathogenicity
determines its spatial location. Virulent M. tuberculosis strains are peripheral.
However, avirulent M. tuberculosis strains or attenuated deletion mutants are
transported to lysosomes in the perinuclear area. Early Secreted Antigenic
Target-6 and Culture Filtrate Protein-10 play a critical role in inhibiting
mycobacterial transport to the perinuclear space. Induction of centripetal
transport of pathogenic M. tuberculosis-laden cargoes to perinuclear region
enhances M. tuberculosis’s delivery to the lysosomes and reduces myco-
bacterial growth. Interferon-γ directs M. tuberculosis to lysosomes by mod-
ulating their perinuclear localization. Interferon-γ upregulates
Transmembrane protein 55B and JNK-interacting protein 4 via transcription
factor EB. Increased transmembrane protein 55B and JNK-interacting protein 4
levels tether M. tuberculosis-laden cargoes to the dynein motor, causing their
perinuclear delivery to lysosomes. These findings shed light on how myco-
bacterial metabolism, reproduction, and drug susceptibility are connected to
virulence-guided spatial localization.

Mycobacterium tuberculosis (Mtb) is an obligate intracellular pathogen
that causes tuberculosis and kills millions of people annually1. Mtb
primarily infects macrophages. It typically resides in phagosomes and
autophagosomes2,3, although it also escapes to cytoplasm4. The fate of

Mtb within phagosomes/autophagosomes is closely associated with
their maturation and fusion with lysosomes, while those escaping to
the cytoplasm have been studied less. Phagosome maturation is gui-
ded by a series of exchanges of Ras-associated binding (Rab) GTPases5
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and sequential modifications of membrane lipids6,7. These events
facilitate the fusion of phagosomes with lysosomes, wherein patho-
gens are killed8 and can be aided by cytokines like interferon-gamma
(IFN-γ)9. Mtb inhibits phagosome maturation and avoids the bacter-
icidal and degradative action of lysosomes. Virulent Mtb inhibits sev-
eral key trafficking events upon phagocytosis, including phagosome
maturation3,8,10, phagosome-lysosome fusion, and its acidification11.
Avirulent Mtb is attenuated to inhibit the maturation of phagosomes.
The avirulent strain (MtbH37Ra) derived from parent virulent strains
(MtbH37Rv) grows 100-fold less in guinea pigs12 and ten-fold less in
macrophages13,14.

Heterogeneity amongst mycobacterial cells residing in different
granulomas of the same lung is well recognized. It is known to affect
the efficacy of the drugs and modulate the immune response15–17.
However, themycobacterial spatial positioning inside themacrophage
and its relationship with mycobacterial virulence have remained lar-
gely ignored. Three problems compound this issue: (i) heterogeneity
in the shape of macrophages, (ii) variability in the number of Mtb in a
cell, and (iii) heterogeneity of distribution of Mtb cells in different
organelles, namely, phagosome, phagolysosome, autophagosome,
autolysosome and cytoplasm. Recently, micropatterning was
employed to address the issue of heterogeneity of macrophage
shape18. Several recently developed reporter strains have emphasized
the heterogeneity in mycobacterial cells during infection. These
include heterogeneity in intracellular pH19, intracellular Cl−20, MSH/
MSSM21, rate of replication22, NADH/NAD23, ATP/ADP24, etc. However,
the metabolic state, replication status, and drug tolerance vis à vis the
spatial localization of Mtb have not been analyzed.

In this study, we have defined the spatial localization of Mtb with
respect to the nucleus inside the macrophages. We have explored
whether virulence dictates spatial localization of Mtb inside the mac-
rophages and if it affects the mycobacterial survival inside macro-
phages. We have also characterized the effect of variable subcellular
localization on the metabolic state of Mtb, replication rate, and drug
tolerance. We have also analyzed whether changing mycobacterial
subcellular localization through genetic means or signaling molecules
affectsMtb’s intracellular survival and themolecular pathway involved
therein.

Results
Defining the spatial localization of mycobacteria in
macrophages
Mtbmay alter the spatial localization of cargoes harboring it or escape
from them into the cytoplasm to improve its survival. However, whe-
ther the spatial localization ofMtb influences its intracellular survival is
poorly defined. There are several ways to define the subcellular loca-
lization of an organelle25–27. These approaches orient organelles rela-
tive to the nucleus or Pericentrin. Since the subcellular localizations of
Mtb-laden phagosomes and cytoplasmic Mtb are unknown, we char-
acterized the localizationofMtb in reference to thenucleus. Asdefined
earlier for positioning of lysosomes25,27, we drew concentric rings from
the nucleus at 3 µm and 6 µm and measured mycobacterial fluores-
cence intensity within these rings to determine the perinuclear index.
These concentric rings are smaller than used in earlier studies exam-
iningHeLa cells, where concentric ringsof 5 µmand 10 µmwereusedas
the THP-1 macrophages (400–1000 µm2) are smaller than the HeLa
cells (800–2500 µm2). Nuclear fluorescence was excluded, and per-
ipheral (I > 6) and perinuclear (I < 3) fluorescence of Mtb were nor-
malized using whole cell fluorescence (Itotal). The perinuclear index
was calculated as I < 3 − I > 6 (Fig. 1a). In this method, positive values
indicate closer localization ofMtb to the nucleus, while negative values
indicate a peripheral Mtb localization. In an independent measure, we
have recently defined fractional distance as a method for defining the
spatial localization of lysosomes in cells28. Herein, we adapted this

method todefine the spatial localizationofMtb. In this approach, a line
is drawn from the nucleus to the cell’s periphery. Next, the plot profile
tool extracts all lysosomal/Mtb fluorescence intensities and distance
values along the line. The distance of the lysosomes/Mtb cell from the
nuclear membrane is transformed to a fractional distance by dividing
all the values by the line’s total distance (Fig. 1b). In this method, the
distance of Mtb cells from the nucleus ranges from 0 to 1. A smaller
fractional distance indicates perinuclear localization ofMtb cells, while
a higher value (closer to 1) suggests that Mtb cells are peripheral.

Mycobacterium actively modulates its retrograde transport to
avert delivery to the lysosomes
To analyze whether Mtb modulates its subcellular localization, we
infected THP-1 monocyte-derived macrophages with live and heat-
killed MtbH37Rv cells. THP-1 macrophages were infected with Mtb at
an MOI of 1:10. In order to get an accurate measurement of the spatial
organization of Mtb within the cell; we excluded macrophages har-
boring more than five bacilli from the analysis. This is critical as mac-
rophages with a larger number of bacilli show crowding within the
limited cytoplasmic area, thereby influencing the relative distance
measurements. We have also excluded the macrophages with more
than one nucleus. We observed thatmost live Mtb cells localized away
from the nucleus in the cell periphery, while most heat-killedMtb cells
localized in close proximity to the nucleus (Fig. 1c). We measured the
perinuclear index and fractional distance to quantify the subcellular
localization of live and heat-killed Mtb cells. We observed that the
perinuclear index of live Mtb was significantly lower than the heat-
killedbacilli (Fig. 1d). Fractional distanceanalysis revealed that liveMtb
cells have higher fractional distances compared to heat-killedMtb cells
(Fig. 1e). We also measured the distance of Mtb from the nucleus and
normalized it with the cell perimeter. Again, we observed that live Mtb
cells reside towards the periphery. In contrast, the heat-killedMtb cells
reside in the perinuclear region (Supplementary Fig. 1a).

The analysis of spatial localization revealed an inherent cellular
heterogeneity amongst live intracellular Mtb cells. Next, we examined
whether heterogeneity affects intracellular bacilli’s fate. Toward this,
we infected THP-1 monocyte-derived macrophages with Mtb over-
expressing GFP and stained the lysosomes/phagolysosomes with
antibodies against the lysosomal-associated membrane protein 1
(LAMP-1). We determined the Mtb colocalization with lysosomes in
perinuclear and peripheral regions. We found that perinuclear Mtb
cells were more likely to be in lysosomes than peripheral ones (Fig. 1f,
g). To validate the significance of these findings in tuberculosis
pathogenesis, we infected mice with Mtb for two weeks, and lung
tissue sections were analyzed for the subcellular distribution of Mtb
and their propensity for delivery to lysosomes. This time point was
chosen to avoid the overwhelming influence of adaptive immune
system activation on the mycobacterial positioning. Importantly, the
lung cells (100–200 µm2) are considerably smaller than the THP-1 cells
(average surface area of 400–1000 µm2) (Supplementary Fig. 1b). To
define the perinuclear region, wemeasured the ratio of the perinuclear
region and total cell area. A 3 µmconcentric ring in THP-1 cells gives an
area of concentric ring/area of cell of 0.36. A similar ratiowasobserved
with a 1 µm concentric ring in the lung tissue (Supplementary Fig. 1c).
Thus, we binned the mycobacterial cells around the nucleus within
increasing distance by 1 µm in the lung cells. We observed that the
mycobacterial cells were distributed relatively evenly in the lung cells
(Fig. 1h), and only a small fraction of mycobacterial cells (around 20%)
localized with LAMP-1 marked lysosomes (Fig. 1i and Supplementary
Fig. 1d). A large fraction of Mtb cells that colocalized with the lyso-
somes were within 1 µm from the nucleus (Fig. 1j). These findings show
thatMtb resists the retrogrademovement of phagosomes towards the
perinuclear cloud of lysosomes, wherein the propensity of delivery to
the lysosomes is higher.
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Subcellular localization of intracellular mycobacteria is tightly
associated with its bioenergetics, replication rate, and drug
tolerance
We recently re-engineered the ATP/ADP sensor Perceval HR (PHR)29

into PHR-mCherry for monitoring bioenergetics of slow and fast-
growingMycobacterium24. We used Mtb overexpressing PHR-mCherry
to see if Mtb’s sub-cellular location relative to the nucleus affects
mycobacterial bioenergetics. We infected THP-1 with Mtb over-
expressing PHR-mCherry and determined the ATP/ADP levels in Mtb
cells localized within concentric rings of 3, 6, 9 µm, and beyond 9 µm
from the nucleus. Mtb cells in the perinuclear region havemuch lower

ATP/ADP levels compared to those residing in the cellular periphery
(Fig. 2a, b). Since Mtb’s cellular bioenergetics state is tightly linked to
its replication state, we also investigated whether Mtb’s sub-cellular
localization affects its replication. We usedMtb episomally expressing
replication probe SSB-GFP, smyc′::mCherry22, wherein GFP is fused
with single-stranded binding protein (SSB) that marks the replication
fork and disappears in the absence of replication30. Expression of SSB-
GFP was normalized bymCherry. We observed that a small fraction of
Mtb cells undergo DNA replication within 6 µm of the nucleus
(Fig. 2c, d). In contrast, a much larger percentage of cells beyond 6 µm
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Fig. 1 | M. tuberculosis modulates its retrograde transport to the perinuclear
region to avert delivery to the lysosomes. a Calculation of perinuclear index of
Mtb distribution inside macrophages. Green- Mtb cells, red- 3μm concentric ring,
and blue- 6μm concentric ring. b Fractional distance of Mtb distribution inside
macrophages. Green—bacterial cells. a, b were created using BioRender.com.
c THP-1 macrophages were infected with GFP-MtbH37Rv (live and heat-killed) for
3 h. The figure shows the representative images of THP-1 macrophages infected
with GFP-MtbH37Rv (live and heat-killed). Violin plots depicting perinuclear index
(d, n = 70–75) and fractional distance (e, n > 90) of GFP-MtbH37Rv in cells were
quantified from experiments described in (c) (One-tailed, Mann–Whitney U test,
Confidence Interval-95%). Values are represented as arbitrary units (A.U.) in violin
plots. f THP-1 macrophages were infected with GFP-MtbH37Rv to analyze whether
Mtb’s spatial localization affects its delivery to lysosomes. Inset shows an enlarged
region of interest containing Mtb. g Percent colocalization of GFP-MtbH37Rv with

lysosomes (stained with anti-LAMP1) at different distances from the nucleus
(stained with Hoechst dye) (n = 110). Data were quantified from experiments
described in f (One-tailed, unpaired Student’s t test, CI-95%). h C3HeB/FeJ mice
were infected with MtbH37Rv for two weeks. The representative image shows lung
cells infected with MtbH37Rv (green) and its distance from the nucleus (blue,
stainedwith DAPI). i Lung sections described in h were utilized for immunostaining
against LAMP-1 protein. j Percent colocalization of MtbH37Rv with lysosomes at
different distances from the nucleus (n = 45) was quantified from experiments
described in (i) (One-tailed, unpaired Student’s t test, CI-95%). Data ind, e represent
Mtb distribution in four quarters with median (central line), first quartile (upper
line), and third quartile (lower line) from three independent biological experi-
ments. Data in g, j represent mean ± SEM from three independent biological
experiments. Scale Bar: 10μm for c, f and 2μm for h, i.
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Fig. 2 | Subcellular localization of intracellular M. tuberculosis governs its
bioenergetic state, replication rate, and response to drugs. a A representative
image of THP-1 macrophages infectedwithMtb-overexpressing PHR-mCherry. The
inset shows the ratiometric viewof perinuclear andperipheral bacilli.b Plot of ATP/
ADP ratio ofmycobacteria infecting THP-1macrophages at different distances from
the nucleus (n = 60) (One-tailed, Mann–Whitney U test, CI-95%). c THP-1 macro-
phages were infectedwithMtbH37Rv (SSB-GFP, smyc’:: mCherry). The figure shows
the representative image of THP-1 macrophages infected with Mtb-overexpressing
SSB-GFP. d PercentMtbH37Rv expressing SSB-GFP (n = 60) foci located at different

distances from the nucleus was quantified from experiments described in (c) (One-
tailed, unpaired Student’s t test, CI-95%). e THP-1 macrophages were infected with
GFP-MtbH37Rv for 3 h and treated with Rifampicin or Isoniazid for 48h post-
infection. The figure shows the representative image of GFP-MtbH37Rv in
untreated, Rifampicin-treated, and Isoniazid-treated macrophages. f Percent
populationofGFP-MtbH37Rv survivedatdifferent distances from thenucleus upon
antibiotic treatments (n > 200) was quantified from experiments described in (e)
(One-tailed, unpaired Student’s t test, CI-95%). Data in b, d, f represent mean± SEM
from three independent biological experiments. Scale Bar: 10μm.
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from the nucleus had SSB-GFP puncta, indicatingmore replicativeMtb
cells in the periphery (Fig. 2c, d).

Metabolism and replication rates are associated with the cap-
ability of Mtb to tolerate drugs31. Given that sub-cellular localization
dictates the metabolic state and replication status of Mtb, we next
analyzed if intracellular drug tolerance is associated with subcellular
localization ofMtb.We infected THP-1 cells withMtb and treated them
independently with front-line anti-tuberculosis drugs, namely Iso-
niazid and Rifampicin, for 48 h. Subcellular localization of surviving
Mtb cells was determined. Mtb cells that survive the drug treatment
with either of the drugs localized primarily in the perinuclear region
(Fig. 2e, f). These observations suggest that the Mtb cells in the peri-
nuclear region are persisterwith lowermetabolic and replication rates,
while those in the peripheral region are actively replicating, have
higher metabolic rates, and are susceptible to drugs.

Virulence of mycobacteria is tightly associated with its sub-
cellular localization
We infected THP-1 monocyte-derived macrophages with virulent
MtbH37Rv and avirulent MtbH37Ra to determine if Mtb pathogenicity
is linked to phagosome subcellular mobility. We observed that aviru-
lentMtbH37Ra localizes close to the nucleus, while virulentMtbH37Rv
localizes away from the nucleus (Fig. 3a–c). A significant fraction of the
avirulent Mtb population was within 3–6 µm from the nucleus. On the
contrary, a substantial portion of the virulent MtbH37Rv population
was away from the nucleus (Fig. 3d). Importantly,MtbH37Rv cells were
studied for 12 hrs, and they were found to be in the peripheral region
(Supplementary Fig. 2a, b). Since these analyses were based on images
taken at one focal plane while the cell is three-dimensional, these
findings were confirmed in 3-D images obtained through confocal
imaging (Supplementary Fig. 3a) and transmission electron micro-
scopy (Supplementary Fig. 3b). We also checked the subcellular loca-
lization of another virulent strain, Mtb CDC1551, and compared it with
the avirulent strain MtbH37Ra. We found that Mtb CDC1551 also has
peripheral localization (Supplementary Fig. 3c–e). These observations
suggest that the sub-cellular localization of Mtb is tightly associated
with its virulence.

Mtb sheds several lipids in macrophages32. Many of these lipids
alter phagosome maturation33. Thus, Mtb could modulate the
maturation of all the phagosomes. However, proteinaceous virulence
factors like ESAT-6/CFP-10 are localized on cell surface34 and thus
modulate only the maturation of phagosomes harboring it. To test
these possibilities, we co-infected THP-1 cells with MtbH37Rv over-
expressing mCherry and MtbH37Ra overexpressing GFP. Even during
coinfection, the virulent MtbH37Rv localizes away from the nucleus,
while the avirulent MtbH37Ra localizes close to the nucleus (Supple-
mentary Fig. 3f–i).

We next analyzed the sub-cellular localization of MtbΔPhoP, an
attenuated deletionmutant ofMtb35, and compared it withMtbH37Rv.
We observed that MtbΔPhoP localizes close to the nucleus while the
virulent MtbH37Rv localized to the cellular periphery (Fig. 3e–g). We
then examined the subcellular location of MtbΔRD1, a significantly
attenuated strain that lacks RD1, a 9.5 Kb genomic locus essential for
mycobacterial survival inmacrophages. This locus is part ofMtb’s ESX-
1 Type VII secretion system involved in the secretion of virulence fac-
tors ESAT-6 and CFP-1036. We observed that MtbΔRD1 localizes in the
perinuclear region (Fig. 3h–j). The perinuclear localization ofMtbΔRD1
was confirmed using a 3-dimensional confocal image rendering and
electron microscopy (Supplementary Fig. 3j, k). Since PhoP regulates
the secretion of ESAT-6 and CFP-1037 and because the MtbΔRD1 is
localized in the perinuclear region, we analyzed the specific role of
ESAT-6 and CFP-10 in modulating the spatial localization of intracel-
lular Mtb. Towards this, we utilized the knockout strain of Mtb
(MtbΔCE) wherein specifically CFP-10 (Rv3874) and ESAT-6 (Rv3875)
have been deleted38. Again, we observed that the MtbΔCE localizes in

the perinuclear region while the parent strain localizes in the cellular
periphery (Fig. 3k–m and Supplementary Fig. 3l).

Perinuclear localization of M. tuberculosis is critical for its
delivery to lysosomes and killing
Since Mtb-laden cargo fuses with lysosomes mainly in the perinuclear
region, we investigated whether decreasing retrograde transport of
the avirulent MtbH37Ra reduces its killing. Toward this, we utilized
knockdown of the large subunit of dynein motor (DHC) and small-
molecule inhibitor Ciliobrevin D39. DHC knockdown resulted in dis-
ruption of perinuclear lysosomal distribution (Supplementary Fig. 4a)
as reported earlier28. Interestingly, DHC knockdown (Fig. 4a–c) and
Ciliobrevin D treatment (Supplementary Fig. 4b–d) inhibited retro-
grade transport of MtbH37Ra. Ciliobrevin D treatment also hampered
the retrograde transport of mCherry-MtbΔRD1-laden cargoes (Sup-
plementary Fig. 4e–g). LAMP1 staining showed that dynein subunit
knockdown inhibits delivery ofMtbH37Ra to the lysosomes (Fig. 4d, e).
We then examined how dynein’s large subunit knockdown affected
MtbH37Ra intracellular survival inmacrophages.We found that dynein
knockdown significantly reduces MtbH37Ra killing inside macro-
phages (Fig. 4f).

Wehypothesized thatgenetically inducedperinuclear localization
of phagosomes containing virulent Mtb could enhance mycobacterial
delivery to lysosomes and reduce intracellular mycobacterial survival.
We utilized knockdown of ADP-ribosylation factor like protein 8B
(ARL8B). ARL8B plays an important role in the anterograde transport
of lysosomes by recruiting SifA and kinesin interacting protein and
kinesin 140,41. Its knockdown is known to induce perinuclear clustering
of lysosomes41. ARL8B ablation was confirmed through western blot
analysis (Supplementary Fig. 5a). ARL8B ablation leads to perinuclear
localization of Mtb (Fig. 4g–i) and increased delivery to lysosomes
(Fig. 4j, k). ARL8B ablation significantly killed virulent Mtb (Fig. 4l).
These results were verified using a knockdown of ARL8A (Supple-
mentary Fig. 5b–h), which is functionally similar to ARL8B42. We also
observed that ARL8B ablation in macrophages does not improve the
killing of avirulent MtbH37Ra (Supplementary Fig. 5i). In conclusion,
Mtb killing depends on the perinuclear localization of Mtb-laden
phagosomes.

IFN-γ induces perinuclear localization of lysosomes
IFN-γ activates naïve macrophages43,44 leading to maturation and
acidification of the phagosome45, induction of autophagy flux2, and
lysosomal proteases46. However, its effect on lysosomal positioning is
unknown. To examine the effect of IFN-γ on lysosome positioning, we
treated bone marrow-derived macrophages (BMDMs) with IFN-γ for
3 h and analyzed lysosomal positioning using immunostaining of
LAMP1. We observed that treatment with IFN-γ results in juxtanuclear
clustering of lysosomes (Supplementary Fig. 6a–c). These observa-
tions were confirmed in the THP-1-derived macrophages (Supple-
mentary Fig. 6d–f). We performed live-cell imaging to determine the
kinetics of IFN-γ-induced perinuclear clustering of lysosomes. IFN-γ
treatment induces lysosome clustering in the juxtanuclear area within
15min (910 s panel) (Supplementary Fig. 6g and Supplementary
Video 1a, b). IFN-γ treatment increases lysosome size (Supplementary
Fig. 6h) concomitant to their movement toward the nucleus but does
not modulate their speed or displacement rate (Supplementary
Fig. 6i, j). Activation of phagocytosis is known to result in an expansion
of lysosomal volume47. It is well known that lysosomes have a variable
pH. Thus, we analyzed the acidification of lysosomes vis-à-vis their
perinuclear localization upon treatment with IFN-γ. We labeled the
lysosomes overnight with Dextran coupled to Alexa Fluor 647, a
pH-insensitive far-red emitting fluorophore as described previously26.
After that, cells were exposed to LysoTracker Green, a dye that accu-
mulates in acidic organelles. We observed that IFN-γ treatment
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mediated perinuclear localization of lysosomes is also associated with
their acidification (Supplementary Fig. 6k–m).

IFN-γ induces perinuclear positioning of virulent mycobacteria
and its delivery to lysosomes
IFN-γ can alleviate Mtb-mediated suppression of the phagosome-
lysosome fusion48. Next, we examined if IFN-γ affects the cellular

positioning of Mtb. Treatment of THP-1 macrophages with IFN-γ
results in the perinuclear localization of Mtb (Fig. 5a–c). We evaluated
the relative location of Mtb and found that IFN-γ promotes Mtb’s
clustering within 3μm from the nucleus (Fig. 5d). Mouse BMDMs
similarly showed IFN-γ-mediated perinuclear clustering of Mtb (Sup-
plementary Fig. 7a–c). IFN-γ induces perinuclear clustering of the
lysosomes andMtb-laden cargoes, whichmay enhance their fusion. To
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examine this, we infected THP-1 macrophages with GFP-MtbH37Rv
and stained lysosomes with LAMP1. As expected, IFN-γ promotes
the delivery of MtbH37Rv into lysosomes in the perinuclear area
(Fig. 5e, f). The majority of Mtb-lysosome colocalization takes place
within 0–3 μm from the nucleus. Importantly, even in the control
macrophages, Mtb colocalizes with lysosomes, primarily in the
perinuclear area (Fig. 5e, f). Next, we examined if inhibiting Mtb’s
perinuclear location affects IFN-γ-mediated MtbH37Rv killing.
Knocking down dynein inhibits IFN-γ-mediated perinuclear localiza-
tion of Mtb (Fig. 5g–i) and delivery to lysosomes (Fig. 5j, k). The
ablation of dynein function by siRNA or Ciliobrevin D inhibits IFN-γ
mediated killing of intracellularMtb cells (Fig. 5l, m). Given that RAB7
facilitates the recruitment of RILP, which is an adapter of tethering
lysosomes onto dynein motor, next we analyzed the role of RILP in
IFN-γ mediated perinuclear localization of Mtb. Towards this, we
used siRNA-based knockdown of RILP. We observed that RILP
knockdown does not affect the IFN-γ-mediated perinuclear localiza-
tion of Mtb (Supplementary Fig. 8a–d). These observations suggest
that a non-canonical signaling axis may work in the IFN-γ-mediated
perinuclear localization of Mtb.

TFEB regulates IFN-γ mediated retrograde transport of
mycobacteria through enhanced expression and interaction of
TMEM55B and JIP4
Wehave earlier demonstrated that IFN-γ induces nuclear translocation
of TFEB, which modulates the fusion of phagosomes and autophago-
somes with lysosomes to restrict intracellular mycobacterial growth49.
We used TFEB knockdown to investigate if TFEB affects Mtb’s cen-
tripetal movement and intracellular Mtb survival in response to IFN-γ.
We found that TFEB ablation (confirmed using western blot analysis,
Fig. 6f) inhibits IFN-γ-induced migration of MtbH37Rv toward the
nucleus (Fig. 6a–c). Colony-forming unit (CFU) analysis suggested that
TFEB is critical for IFN-γ-mediated mycobacterial killing (Fig. 6d).
Recently, TFEB was shown to upregulate TMEM55B (also known as
PIP4P1), which recruits the dynein adapter JIP4 to the lysosome. JIP4
then recruits the dynein-dynactin motor complex to transport lyso-
somes toward the microtubules at minus-end50. Considering these
findings, we investigated if IFN-γ-induced macrophage activation
results in TMEM55B upregulation. IFN-γ treatment leads to TFEB-
dependent upregulation of TMEM55BmRNA and TMEM55B protein in
THP-1 macrophages, as shown by qRT-PCR and western blot analysis
(Fig. 6e, f). Since the JIP4 promoter also harbors the coordinated
lysosomal expression and regulation motif51 (Supplementary Fig. 9a),
we also analyzed the expression of JIP4 in IFN-γ-treated THP-1 macro-
phages. Similar to TMEM55B, we observed that JIP4 expression is
induced upon IFN-γ treatment (Fig. 6g). To confirm this, we also per-
formed ChIP PCR with DNA enriched through TFEB antibodies and
found that TFEB binds to the JIP4 promoter upon treatment with IFN-γ
(Fig. 6h and Supplementary Fig. 9b). We used lysosome enrichment
and immunoprecipitation to investigate if IFN-γ enhances JIP4 and
TMEM55B levels and their interaction on lysosomes. Upon treatment

with IFN-γ, JIP4, and TMEM55B levels increased on lysosomes (Fig. 6i),
and their interaction was greatly enhanced (Fig. 6j).

TFEB-TMEM55B-JIP4 axis drives retrograde lysosomal traffick-
ing mediated by IFN-γ
Up-regulation of expression of TMEM55B could modulate the spatial
localization of Mtb-laden cargoes, through their interaction with
dynein adapter JIP4. Thus, next, we analyzed the role of TMEM55B in
IFN-γ-mediated delivery of Mtb to the perinuclear space and lyso-
somes. We knocked down TMEM55B (confirmed through western blot
analysis, Supplementary Fig. 9c). TMEM55B knockdown resulted in
attenuation of IFN-γ-mediated retrograde transport of virulent
MtbH37Rv (Fig. 7a–c) and their delivery to lysosomes (Fig. 7d, e). This
also reduces the killing of intracellular MtbH37Rv in response to IFN-γ
(Fig. 7f). Next, we analyzed whether the expression of dynein adapter
JIP4 is critical in IFN-γ-inducedperinuclearpositioning ofMtb.Weused
siRNA-based knockdown to confirm the role of JIP4 in the retrograde
trafficking of MtbH37Rv via IFN-γ (confirmed through western blot
analysis, Supplementary Fig. 9d). JIP4 knockdown reduced IFN-γ-
mediated centripetal movement of MtbH37Rv (Fig. 7g–i). JIP4 knock-
down also resulted in reduced colocalization ofMtbH37Rvwith LAMP1
(Fig. 7j, k) and reduced IFN-γ-mediated killing of intracellular
MtbH37Rv (Fig. 7l). Theseobservations suggest that the recruitment of
TMEM55B onto Mtb-laden cargoes enables their loading onto dynein
motors through JIP4. This leads to the centripetal movement of Mtb
and its delivery to lysosomes, wherein Mtb is killed.

Discussion
After infectingmacrophages, Mtb cells are distributed in phagosomes,
autophagosomes, phagolysosomes, and cytoplasm. However, their
spatial localization and its relevance to the infection have remained
unclear. Here, we have demonstrated that pathogenic MtbH37Rv and
Mtb CDC1551 localize in the cellular periphery while avirulent H37Ra
and virulence gene deletion-mediated attenuated MtbH37Rv strains
are transported to perinuclear cloud where they are delivered to the
lysosomes. This spatial distribution and delivery to lysosomes is also
observed in lungs duringmice aerosol infection. Importantly,Mtb cells
in the perinuclear region are metabolically quiescent, non-replicating,
and display drug tolerance, while those in the peripheral region are
metabolically active, replicating, and drug-responsive. Furthermore,
we demonstrated that IFN-γ activation in macrophages leads to ret-
rograde transport of virulent MtbH37Rv to the juxtanuclear region,
where MtbH37Rv cells are killed, whereas inhibiting this transport
affects the IFN-γ-mediated killing of MtbH37Rv. In agreement with
these findings, we discovered that ARL8B silencing promoted retro-
grade trafficking of lysosomes and Mtb-laden cargoes, boosting
MtbH37Rv’s perinuclear localization and killing. Earlier, the Rab7-RILP
axis has been shown to transport the phagosome towards the
nucleus52. Here, we have defined the TFEB-regulated TMEM55B-JIP4
axis that plays a critical role in IFN-γ-mediated retrograde trafficking of
lysosomes and MtbH37Rv. The findings of this study are summarized

Fig. 3 | Virulence of M. tuberculosis is tightly associated with its subcellular
localization. a THP-1 macrophages were infected with mCherry-MtbH37Rv and
GFP-MtbH37Ra for 3 h. Violin plots depicting the distribution of mCherry-
MtbH37Rv and GFP-MtbH37Ra in cells as perinuclear index (b, n = 88–91) and
fractional distance (c, n > 90) (One-tailed, Mann–Whitney U test, CI-95%). d The
percent population of mCherry-MtbH37Rv and GFP-MtbH37Ra in infected macro-
phage cells (n = 43–55) at different distances from the nucleus was quantified from
experiments described in (a) (One-tailed, unpaired Student’s t test, CI-95%). eTHP-1
macrophages were infected with MtbH37Rv, MtbΔPhoP and complementary strain
and proceeded similarly as in (a). Mtb cells were stained with anti-Mtb antibody,
and the nucleus was counterstained with Hoechst dye. Violin plot for the dis-
tribution of MtbH37Rv, MtbΔPhoP and complementary strain in macrophage cells
as perinuclear index (f, n > 90) and fractional distance (g, n > 90) (One-tailed,

Mann–Whitney U test, CI-95%). h THP-1 macrophages were infected with GFP-
MtbH37Rv and mCherry-MtbΔRD1. Violin plots depicting the distribution of GFP-
MtbH37Rv and mCherry-MtbΔRD1 in macrophages and visualized as perinuclear
index (i, n > 80) and fractional distance (j, n > 90) (One-tailed, Mann–Whitney U
test, CI-95%). k THP-1 macrophages were infected with MtbH37Rv, MtbΔCE, and
complementary strain (1:10 MOI) and proceeded similarly as in (e). Violin plots
depicting the distribution of MtbH37Rv, MtbΔCE, and complementary strain in
macrophage cells as perinuclear index (l, n > 55) and fractional distance (m, n > 90)
(One-tailed, Mann–Whitney U test, CI-95%). Data in b, c, f, g, i, j, l,m represent Mtb
distribution in four quarters (with median (central line), first quartile (upper line),
and thirdquartile (lower line) from three independent biological experiments. Data
in d represents mean ± SEM from two independent biological experiments. Scale
Bar: 10μm.
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Fig. 4 | Perinuclear localization ofM. tuberculosis-laden cargo is critical its
delivery to lysosomes and killing. a THP-1 macrophages were treated with
control siRNA and Dynein heavy chain (DHC) siRNA for 48 h and infected with
GFP-MtbH37Ra for 3 h. Violin plots depicting the distribution of GFP-MtbH37Ra in
macrophage cells as perinuclear index (b, n = 69) and fractional distance
(c, n > 90) (One-tailed, Mann–Whitney U test, CI-95%). d THP-1 macrophages were
treated with control and DHC siRNA followed by infection with GFP-MtbH37Ra.
Cells were stained with anti-LAMP1 antibody for visualizing lysosomes. The inset
shows an enlarged region of interest for examining Mtb’s delivery to lysosomes.
e The graph depicts the percent colocalization of GFP-MtbH37Ra with lysosomes
(stained with anti-LAMP1 antibody) (n = 48–51) (One-tailed, unpaired Student’s t
test, CI-95%). f MtbH37Ra survival in THP-1 macrophages treated with control
siRNA or DHC siRNA was calculated through CFU estimation (One-tailed,
unpaired Student’s t test, CI-95%). g THP-1macrophages were treatedwith control
and ARL8B siRNA, followed by infection with GFP-MtbH37Rv for 3 h. Violin plots

depicting the distribution of GFP-MtbH37Rv in macrophage cells as perinuclear
index (h, n > 60) and fractional distance (i, n > 90) (One-tailed, Mann–Whitney U
test, CI-95%). j THP-1 macrophages were treated with control siRNA or ARL8B
siRNA and infected with GFP-MtbH37Rv. Cells were stained for lysosomes with
anti-LAMP1 antibody. The inset shows an enlarged region of interest for exam-
ining Mtb’s delivery to lysosomes. k The graph depicts the percent colocalization
of GFP-MtbH37Rv with lysosomes (stained with anti-LAMP1 antibody) (n = 55)
were quantified from experiments described in (j) (One-tailed, unpaired Student’s
t test, CI-95%). l MtbH37Rv survival in THP-1 macrophages treated with control
siRNA or ARL8B siRNA post-infection was calculated through CFU estimation
(One-tailed, unpaired Student’s t test, CI-95%). Data in b, c, h, i represent Mtb
distribution in four quarters (withmedian (central line), first quartile (upper line),
and third quartile (lower line) from three independent biological experiments.
Data in e, f, k, l are represented in mean ± SEM from three independent biological
experiments. Scale Bar: 10 µm.
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in Fig. 8, which provides a working model for the current spatial
understanding of Mtb inside the macrophages.

This study revealed that only a few of the virulent Mtb cells are
delivered to the perinuclear region upon phagocytosis, while the
majority of the virulent Mtb cells can resist such perinuclear localiza-
tion. This kind of heterogeneity in spatial distribution was not known
earlier. Earlier, Mtb’s metabolism24 and redox homeostasis21 hetero-
geneity were linked to drug tolerance of Mtb in different subcellular
compartments, such as phagosomes and phagolysosomes, etc. We
have shown that the differences in spatial localization led to marked
heterogeneity of intracellular Mtb in terms of metabolism, replication,

intracellular survival, and susceptibility/resistance to drugs. These
observations provide another dimension towards explaining the
enhanced drug tolerance observed inside the macrophages. Earlier,
the heterogeneity of mycobacterial cells during infection in animal
tissue was appreciated. Such heterogeneity arose from different
microenvironment perceived by Mtb in different regions and types of
granulomas inside animal15,53–56. This heterogeneitywas ascribed asone
of the reasons for the requirement of prolonged treatment for tuber-
culosis. The factors that regulate such heterogeneity remain unknown.
In this study, we have described the inherent heterogeneity in the
intracellularmycobacteria arising fromdifferential spatial localization.
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This heterogeneity may represent a betting hedge strategy used by
Mtb to ensure a successful and prolonged infection. The observation
that perinuclear Mtb cells are likely to be delivered to lysosomes,
which can kill intracellular Mtb, is interesting and can lead to the
development of new small molecules that could selectively alter the
host trafficking to facilitate the perinuclear localization of Mtb and its
killing for the amelioration of tuberculosis.

We further demonstrated thatMtb’s subcellular position is largely
governed by its virulence. Confocal microscopy and TEM analysis
suggested that heat-killed, avirulent, and attenuated Mtb strains can-
not impede their retrograde transport, while live virulent Mtb strains
restrict their retrograde movement. Earlier studies have suggested
several virulence factors secreted by MtbH37Rv that modulate pha-
gosome maturation, such as mycobacterial protein tyrosine phos-
phatase A, PtpA57, serine-threonine kinase protein kinase G (PknG)58,59,
etc. However, whether these mycobacterial factors modulate spatial
positioning was not known. We used a series of experiments utilizing
avirulent strain MtbH37Ra and gene deletion attenuated strains,
namely, MtbΔPhoP, MtbΔRD1, and MtbΔCE, to delineate an important
role of secretory virulence factors ESAT-6 and CFP-10 and Region of
difference 1 (RD 1) encoded type VII secretion system to define the role
of these virulence factors in subcellular positioning of MtbH37Rv.
These experiments suggest that virulence factors ESAT-6 and CFP-10
secreted by RD1, encoded type VII secretion system regulated by PhoP,
play a critical role in the inhibition of retrograde transport of Mtb.
ESAT-6 and CFP-10 are known to form a tight heterodimer60, which
could dissociate at acidic pH61. At acidic pH, ESAT-6 can form a
homotetramer capable of interacting with cellmembranes61. However,
which host factors are specifically modulated by ESAT-6 and CFP-10
heterodimer and ESAT-6 tetramer remain to be ascertained and is
beyond the scope of this study. Further studies are required to deci-
pher the exact molecular mechanism behind the ESAT-6 and CFP-10-
mediated inhibition of retrograde transport of Mtb-laden cargoes.
These studies could include the proteome analysis ofMtbH37Ra-laden
andMtbH37Rv-laden cargoes. Findings described in this study support
an earlier study suggesting that a highly virulent strain of Mtb Beijing
alters lysosomal positioning to avoid starvation-induced autophagy-
mediated growth restriction62. The positioning of cargo containing
Mtb couldbe influencedby loading theMtb-laden cargoes ontodynein
or the kinesinmotors.We suggest thatMtbmay inhibit the association
of theMtb-laden cargowith the dyneinmotor andprefer its interaction
with the kinesin motor and these events are governed by factors
associated with Mtb’s virulence, including ESAT-6 and CFP-10. Earlier
investigations suggest that Salmonella enterica serovar Typhimurium
recruits the kinesin motor63–66 to push vacuoles harboring it to the cell
periphery. This recruitment of Salmonella-containing vacuole towards
the MTOC in the perinuclear region is critical for the growth of

Salmonella67–69. On the contrary, we found that virulent MtbH37Rv
actively inhibits phagosome loading onto the dynein-dynactin motor
to impede retrograde transport. Various pathogens alsoprevent fusion
with the lysosomes and block the centripetal movement of pathogen-
loaded phagosomes, boosting their survival70.

Currently, the Rab7-RILP axis is known to derive the retrograde
movement of the phagosome71. However, mycobacterial cells are
known to inhibit the Rab7 recruitment72 and its activation52 on the
phagosomes. Furthermore, we observed that IFN-γ-mediated activa-
tion does not utilize the Rab7-RILP axis for perinuclear localization and
clearance of Mtb. We demonstrated that the TMEM55B-JIP4 axis is
essential in the IFN-γ-induced retrograde transport of Mtb-laden pha-
gosomes. However, the role of this pathway in the retrograde trans-
port of other intracellular pathogens and their killing remains to be
analyzed. Furthermore, it remains unknown which adapter proteins
facilitate the recruitment of MtbH37Ra-laden phagosomes onto the
Dynein-dynactin motors. Identifying such adapters and MtbH37Rv
effectors that disrupt such recruitment will be a major milestone in
the field.

Methods
Animal ethics statement
The experiments with mice were approved by the Institutional Animal
Ethics Committee of Council of Scientific and Industrial Research-
Institute of Microbial Technology (Approval no IAEC/19/07) or Insti-
tutional Animal Ethics Committee of Council of National Center for
Biological Sciences, Bangalore (Approval no NCBS-IAE-2020/12/(R1)).
Theseexperimentswereperformedaccording to theGuidelines issued
by the Committee for the Purpose of Supervision of Experiments on
Animals (No.55/1999/CPCSEA) under the Prevention of Cruelty to
Animals Act 1960 and amendments introduced in 1982 by theMinistry
of Environment and Forest, Govt. of India. Animal infections and
subsequent studies were performed at the Animal BSL-3 facility of
NCBS, Bangalore.

Antibodies, chemicals, and siRNA. All the antibodies and chemicals
used in the study are listed in Supplementary Tables 1, 2, and 3,
respectively.

Bacterial strain and growth conditions
MtbH37Rv (ATCC, 27294), GFP-MtbH37Rv, mCherry-MtbH37Rv,
MtbH37Ra (ATCC, 25177), GFP-MtbH37Ra, MtbΔRD1 (a kind gift of Dr.
David Sherman), mCherry-MtbΔRD1, MtbΔCE and MtbΔCE
Complementary38 phoPR disruption mutant (MtbΔPhoP) and
MtbΔPhoP_Complementary strain ofM. tuberculosisH37Rv (phoPR-KO
and complemented strain, a kind gift of Dr. Issar Smith)35, MtbH37Rv
integratedwith roGFP2 (kind gift of Dr. Amit Singh), ATP/ADP reporter

Fig. 5 | IFN-γ induces perinuclear positioning ofM. tuberculosis and its delivery
to lysosomes. a THP-1 macrophages were infected with GFP-MtbH37Rv and sti-
mulated with IFN-γ for 3 h. Violin plots depicting the distribution of GFP-MtbH37Rv
in macrophage cells as perinuclear index (b, n = 52) and fractional distance
(c, n > 90) (One-tailed,Mann–Whitney U test, CI-95%).d Percent population of GFP-
MtbH37Rv in THP-1 macrophages treated with or without IFN-γ at different dis-
tances from the nucleus (n = 60) (One-tailed, unpaired Student’s t test, CI-95%).
e THP-1 macrophages were infected with GFP-MtbH37Rv and stimulated with IFN-γ
and stained with anti-LAMP1 antibody for marking lysosomes. The inset shows an
enlarged region of interest for examining Mtb’s delivery to lysosomes. f Percent
colocalization of GFP-MtbH37Rv with lysosomes (stained with anti-LAMP1) at dif-
ferent distances from the nucleus (stained with Hoechst dye) (n = 63–75) (One-
tailed, unpaired Student’s t test, CI-95%). g THP-1 macrophages were treated with
control siRNA or DHC siRNA and infected with GFP-MtbH37Rv. Cells were treated
with or without IFN-γ. Violin plots depicting the distribution of GFP-MtbH37Rv in
macrophage cells as perinuclear index (h, n = 32–40) and fractional distance

(i, n > 90) (One-tailed, Mann–Whitney U test, CI-95%). j THP-1 macrophages were
treated with control siRNA or DHC siRNA, infected with GFP-MtbH37Rv and sti-
mulated with IFN-γ and stained with anti-LAMP1 antibody. The inset shows an
enlarged region of interest for examining Mtb’s delivery to lysosomes. k Percent
colocalization of GFP-MtbH37Rv with lysosomes (stained with anti-LAMP1 anti-
body) (n = 64–85) (One-tailed, unpaired Student’s t test, CI-95%). l MtbH37Rv sur-
vival in THP-1 macrophages treated with control siRNA or DHC siRNA and
stimulated with or without IFN-γ post-infection was calculated through CFU esti-
mation (One-tailed, unpaired Student’s t test, CI-95%).mCellswerepre-treatedwith
Ciliobrevin D (20 µM/ml for 2 h) and infected with MtbH37Rv. Mycobacterial sur-
vival was calculated through CFU estimation (One-tailed, unpaired Student’s t test,
CI-95%). Data in b, c, h, i represent Mtb distribution in four quarters (with median
(central line), first quartile (upper line), and third quartile (lower line) from three
independent biological experiments. Data in d represent mean± SEM from two
independent biological experiments. Data in f, k, l, m represent mean± SEM from
three independent biological experiments. Scale Bar: 10 µm.
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Fig. 6 | TFEB regulates IFN-γ mediated retrograde transport ofM. tuberculosis
through enhanced expression and interaction of TMEM55B and JIP4.
a Representative Images depicting the spatial positioning of Mtb in THP-1 macro-
phages stimulated with IFN-γ and treated with control or TFEB siRNA. Violin plots
depicting the distribution of GFP-MtbH37Rv as the perinuclear index (b, n-50) and
fractional distance (c, n> 60) (One-tailed, Mann–Whitney U test, CI-95%).
d MtbH37Rv survival computed through CFU analysis in THP-1 macrophages trea-
ted with control siRNA or TFEB siRNA and stimulated with or without IFN-γ post-
infection (One-tailed, unpaired Student’s t test, CI-95%). e Total RNA was isolated
from cells treated with Control siRNA or TFEB siRNA (48h) stimulated with or
without IFN-γ and subjected to qRT-PCR. The graph depicts TMEM55B RNA-fold
change (relative to β actin) (One-tailed, unpaired Student’s t test, CI-95%).
f Immunoblotting was performed to measure TMEM55B level in Control siRNA or
TFEB siRNA-treated cells (48 h) stimulated with or without IFN-γ. The numbers
below indicate the fold change of TMEM55B and TFEB relative to β actin. g RNAwas

isolated from cells treated with control siRNA or TFEB siRNA (48 h) stimulated with
or without IFN-γ and subjected to qRT-PCR. The graph depicts JIP4 RNA-fold change
(relative to β actin) (One-tailed, unpaired Student’s t test, CI-95%). h THP-1 macro-
phages were stimulated with or without IFN-γ for 3 h. ChIP assay was performed to
analyze the binding of TFEB to the promoter region of JIP4. β actin was used as an
internal control (One-tailed, unpaired Student’s t test, CI-95%). i Lysosome enrich-
ment was performed on cells treated with or without IFN-γ. Fractions 1–6 from
untreated and IFN-γ treated cells were immunoblotted. j Lysates of THP-1 macro-
phages treated with or without IFN-γ were subjected to endogenous immunopre-
cipitation using JIP4 antibody, and the precipitates were immunoblotted with the
indicated antibodies. The number below indicates the fold change of TMEM55B
relative to the IP: JIP4 signal. Data inb, c representsMtb distribution in four quarters
(with median (central line), first quartile (upper line), and third quartile (lower line)
from three independent biological experiments. Data in d, e, g, h represent
mean ± SEM from three independent biological experiments. Scale Bar: 10 µm.
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strain of Mtb expressing the PHR-mCherry sensor described earlier24,
Mtb episomally expressing replication probe SSB-GFP22, a kind gift
from Dr. David Russell, CDC1551 clinical strain of Mtb (NR-13649, BEI
resource). All these strains were cultured in 7H9 medium (Becton
Dickinson, Difco, 271310) containing 0.2% glycerol, 0.1% Tween 80 (MP
Biomedical, 103170), and 10% OADC (Oleic acid, BSA fraction V, Dex-
trose, Catalase, and NaCl), till the optical density reached 0.8–1.0 at

600 nm. The culture was centrifuged at 3220 x g for 10min, followed
by resuspension of the pellet in a freezing medium (complete
7H9 + 20% glycerol [Fisher Scientific, 15457]). Cultures were main-
tained using antibiotics such as Hygromycin (Hyg, 50 µg/ml), and
Kanamycin (Kan, 20 µg/ml). CFUplatingwasperformed toestimate the
number of viable cells. Cultures were aliquoted and stored at −80 °C.
All the experimentswereperformedusing these stocks. For heat killing
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of MtbH37Rv, stocks were centrifuged at 3200 x g for 10min, and the
pellet obtained was resuspended in RPMI 1640. The resuspended
pellet was kept at 80 °C for 30min and used for the experiment. All
Mtb experiments were conducted in a BSL-3 facility (CSIR-IMTech,
Chandigarh), strictly following standard operating procedures
approved by institutional biosafety committee of CSIR-Institute of
Microbial Technology.

Generation of mCherry-MtbH37Rv
MtbH37Rv strain was transformed with a pMV762-mCherry plasmid
(episomal plasmid use hsp60 promoter in mycobacteria), and bacteria
were selected on 7H11 agar plate containing hygromycin B (50 µg/ml)
and 10% OADC. A single transformed bacterial colony was inoculated
in 7H9medium supplemented with 0.2% glycerol, 0.1% Tween 80, and
10% OADC with 50 µg/ml of hygromycin B.

Fig. 7 | TFEB-TMEM55B-JIP4 axis drives retrograde lysosomal trafficking
mediated by IFN-γ. a THP-1 macrophages were treated with control siRNA or
TMEM55B siRNA infected with GFP-MtbH37Rv. Cells were stimulated with or
without IFN-γ. Violin plots depicting the distribution of GFP-MtbH37Rv in macro-
phage cells as perinuclear index (b, n > 44) and fractional distance (c, n > 90) (One-
tailed, Mann–Whitney U test, CI-95%). d THP-1 macrophages were treated with
control siRNA or TMEM55B siRNA, infected with GFP-MtbH37Rv, and stimulated
with or without IFN-γ. Cells were stained for lysosomes with anti-LAMP1 antibody,
and colocalization with Mtb-laden cargoes was monitored. The inset shows an
enlarged region of interest containingMtb to examineMtb’s delivery to lysosomes.
ePercent colocalizationofGFP-MtbH37Rvwith lysosomes (stainedwith anti-LAMP1
antibody) (n = 60) was quantified from experiments described in panel d (One-
tailed, unpaired Student’s t test, CI-95%). f MtbH37Rv survival in THP-1 macro-
phages treated with control siRNA or TMEM55B siRNA and stimulated with or
without IFN-γ post-infection was calculated through CFU estimation (One-tailed,
unpaired Student’s t test, CI-95%). g THP-1 macrophages were treated with control

siRNA or JIP4 siRNA, infected with GFP-MtbH37Rv, and stimulated with or without
IFN-γ. Violin plots depicting the distribution of GFP-MtbH37Rv as a perinuclear
index (h, n > 55) and fractional distance (i, n > 90) (One-tailed, Mann–Whitney U
test, CI-95%). j THP-1 macrophages were treated with control siRNA or JIP4 siRNA,
infected with GFP-MtbH37Rv and stimulated with or without IFN-γ. Cells were
stained for lysosomeswith anti-LAMP1 antibody, and colocalizationwithMtb-laden
cargoeswasmonitored. k Percent colocalization of GFP-MtbH37Rvwith lysosomes
(stained with anti-LAMP1 antibody) (n = 36–50) was quantified from experiments
described in j (One-tailed, unpaired Student’s t test, CI-95%). lMtbH37Rv survival in
THP-1 macrophages treated with control or JIP4 siRNA and stimulated with or
without IFN-γ post-infection was calculated through CFU estimation (One-tailed,
unpaired Student’s t test, CI-95%).Data inb, c,h, i representMtbdistribution in four
quarters (with median (central line), first quartile (upper line), and third quartile
(lower line) from three independent biological experiments. Data in
e, f, k, l represent mean± SEM from three independent biological experiments.
Scale Bar: 10 µm.
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Fig. 8 | Model depicting effect of spatial localization ofM. tuberculosis on its
physiology, delivery to lysosomes, and survival inside macrophages. (i) Pha-
gocytosis of avirulent strains of mycobacteria, i.e., MtbH37Ra, MtbΔRD1, MtbΔCE,
andMtbΔPhoP. (ii and iii) Retrograde transport of avirulent strains ofmycobacteria
towards the perinuclear region of the cell and their fusion with lysosomes. The
avirulent strain of mycobacteria is unable to inhibit the retrograde transport
towards the perinuclear region where the fusion rate of phagosomes and lyso-
somes is higher, and hence the chance of its killing increases. (iv) Phagocytosis of
virulent strains of mycobacteria, i.e., MtbH37Rv and CDC1551. (v) Virulent strains
inhibit the retrograde transport of cargo containing it. (vi)Mtb cells localized at the
cell periphery have higher metabolic rates (ATP/ADP levels), higher replication
rates, and are drug-susceptible. (vii) Mtb cells localizing in the perinuclear region

have a lower metabolic rate (ATP/ADP levels), replication rate, and are drug-toler-
ant, thus representing the persister population. (viii) IFN-γ induces de-
phosphorylation of TFEB, inducing its translocation into the nucleus, where it binds
to the CLEAR motif of the JIP4 and TMEM55B promoter region and starts their
transcription. (ix and x) JIP4 and TMEM55B mediate the retrograde transport of
Mtb-laden cargo towards the perinuclear region where fusion with lysosomes
occurs. This figure illustrates the role of virulence factors regulating the subcellular
localization of mycobacteria, which dictates its bioenergetic state and replication
status; this in turn is responsible for differential response towards the anti-TB drug
in the samemacrophage. This figure also depicts the TMEM55B-JIP4-dynein axis for
regulating IFN-γ-mediated perinuclear localization of Mtb-laden cargo. The model
shown in the figure was created using BioRender.com.
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In vivo, infection and lung perfusion. 8-week-old C3HeB/FeJ mice
(breeding pairs) were procured from Jackson Laboratory (USA) and
bred at Animal Colony Maintenance facility, under specific pathogen-
free containment. Threemice requiredwere shifted toAnimal-BSL3 for
infection and further experiments. Animals were kept in an Individual
Ventilated Cages (IVC) system with a 60 air change per hour cycle.
Cages were kept in a room having controlled temperature (22 ± 2 °C)
and light: dark cycle (14:10 h) and humidity of 45–60%. Ad libitum
water and food pellets (SAFE® D131) were provided. Mice infections
were performed using the Glas-Col inhalation exposure systemwith an
initial dose leading to around 200CFU/lung deposition in eachmouse.
Mice were sacrificed 2 weeks post-infection. During the sacrifice pro-
cess, the mice’s lungs were perfused with PBS through the right ven-
tricle of the heart to remove blood from the lungs. After perfusion, the
lungs were dissected out and fixed with 4% formaldehyde overnight
for further experiments.

Lung tissue sectioning, immunostaining, imaging, and analysis.
Formaldehyde fixed lungs were sectioned (20 µm) using Cryostat-
MEV (SLEEMedical). For immunofluorescence staining, lung sections
were permeabilized using SAP buffer (0.2% saponin (Sigma-Aldrich
S4521)), and 0.2% gelatin (HiMedia Laboratories TC041) in PBS for
15min at room temperature. Primary antibody (LAMP1 (DSHB, 1D4B)
was prepared in SG-PBS (0.02% saponin and 0.2% gelatin in PBS)) and
incubated for 1 h at room temperature. Saponin in these buffers was
used as a detergent and gelatin as a blocking agent. Tissue sections
were washed with SG-PBS and incubated with Alexa-tagged second-
ary antibodies that were prepared in SG-PBS for 1 h at room tem-
perature. After washing with SG-PBS, sections were counterstained
with DAPI and phalloidin, and slides were mounted with Mowiol
(Sigma-Aldrich) and imaged using a confocal microscope, Olympus-
FV3000.

BMDMs isolation and culture
BMDMs were isolated from the femur, tibia, and fibula of the C57BL6
mice (male). Mice were first sacrificed by cervical dislocation, and then
the desired bones were isolated and disinfected with 70% ethanol.
Disinfected bones were punctured using a syringe by passing 1× PBS
(NaCl, KCl, Na2HPO4, and KH2PO4, pH 7.4). Isolated bone marrow was
centrifuged at 69 x g for 5min, and the pellet was treated with ACK
lysis buffer to remove red blood cells. Followed by 1× PBS washing and
culturing BMDMs in RPMI 1640 media supplemented with 10% fetal
bovine serum (FBS), 1% Penicillin-Streptomycin, β-mercaptoethanol,
essential amino acids, and 20 ng/ml of purified macrophage colony-
stimulating factor.

Cell culture
Human THP1-monocytes were procured from ATCC (ATCC TIB-202)
and were cultured in RPMI 1640 media supplemented with 10% FBS at
37 °C under 5% CO2. Monocytes were differentiated for 24h with
30 ng/ml of phorbol 12-myristate 13-acetate (PMA) and after 48 h of
recovery in PMA-free RPMI medium, further experiments were
performed.

Transfection and treatments
The desired siRNA was transfected into THP1 macrophages using
Lipofectamine™ RNAiMax transfection reagent as per the manu-
facturer’s protocol. Briefly, the siRNA and Lipofectamine™ RNAiMax
were prepared in Opti-MEM and added to the cells drop-wise. Com-
pletemediawas addedbefore the addition of the transfectionmixture.
The list of siRNAs used is enlisted in Supplementary Table 3.

Recombinant human IFN-γ and mouse IFN-γ were procured from
R&D systems. THP1 macrophages were treated with human IFN-γ (500
units/ml) for 3 h. Followed by washing the cells with 1× PBS. Similarly,
BMDMmacrophages were treatedwithmouse IFN-γ (200 units/ml) for

3 h. THP1-macrophages were treated with Ciliobrevin D (20 µM for 2 h)
before infection.

Antibiotics treatment
THP1 macrophages (0.10 × 106) were plated in 24-well plates and
infectedwithGFP-MtbH37Rv, (1:10MOI) for 3 h, treatedwith 100 µg/ml
gentamicin for 30min (to remove extracellular bacilli) and then trea-
ted with anti-tuberculosis drugs such as Rifampicin (Himedia Labora-
tories, CMS1889), Isoniazid (MedChemExpress, HY-B0329) at (5×
Minimal Inhibitory Concentration) containing 20 µg/ml gentamicin
media for 48 h. Forty eight hours post-infection, cells were washed
with 1X PBS and fixed with 4% paraformaldehyde (PFA). Further
nucleus was counterstainedwith DAPI for 15min at room temperature.
After washing with PBS, the coverslips weremounted using Slowfade™
Diamond Antifade Mountant. Confocal images were acquired using a
Nikon A1R Confocal laser Scanning Microscope using a 60×/1.0 NA oil
immersion objective. NIS element software was used to acquire the
images. Images were analyzed through Fiji software.

Lysate preparation, immunoblotting and immunoprecipitation
Following treatments, cells were washed thrice with 1× PBS. Cells lysis
was done using ice-cold RIPA lysis buffer (10mM Tris-Cl pH 8.0, 1mM
EDTA, 0.5mM EGTA,1% Triton X-100, 140mM NaCl, 0.1% sodium
deoxycholate, and 0.1% SDS, containing protease inhibitor cocktail
(Roche, 589270001) for 5min on ice. Lysed cells were centrifuged at
30,000 x g for 10min at 4 °C, and the supernatant was collected. A
bicinchoninic acid assay (BCA) kit was used for protein estimation,
containing BCA solution (B9643) and CuSO4 (C2284) from Sigma
Aldrich. Samples were prepared by boiling the desired concentration
of protein with 4× Laemmli buffer (Tris-Cl 1.0M, pH= 6.8); 40% gly-
cerol; SDS; β-mercaptoethanol; bromophenol blue). Boiled samples
were run on SDS-PAGE and transferred to PVDF membrane (MDI
Membrane Technologies, SVFX8301XXXX101). Membrane was
blocked using 5%BSA for 2 h at room temperature. Themembranewas
then washed thrice with PBST (0.1% Tween20) and incubated with
primary antibodies against TFEB, JIP4, TMEM55B, and β-actin anti-
bodies overnight at 4 °C. Post washing, blots were incubated with
respective secondary antibodies: Goat Anti-Rabbit IgG (H + L)-HRP
Conjugate andRabbit Anti-Mouse IgG (wholemolecule)-HRPantibody.
Blots were developed using enhanced chemiluminescence (ECL)
Luminata forte (Merck, WBLUF0500) and exposed to X-ray retina film
(XBE X-ray film, 6574958) to visualize bands.

To perform co-immunoprecipitation, cells from 10 cm dishes
were subjected to lysis buffer (150mM NaCl [Invitrogen, AM9759],
50mM Tris [Invitrogen, AM9850G], pH 7.0, 1mM EDTA [Invitrogen,
AM9260G], and 1% Triton X-100 [Sigma Aldrich,78787]) containing
protease inhibitor cocktail and incubated overnight with JIP4 antibody
conjugated to amino linked beads at 4 °C with gentle rotation. Co-
immunoprecipitation was performed as per the manufacturer’s pro-
tocol using an amino link co-immunoprecipitation kit. Immunocom-
plexes were separated by SDS-PAGE and detected through
immunoblotting using JIP4 and TMEM55B as primary antibodies. Sec-
ondary Goat Anti-Rabbit IgG (H+ L)-HRP Conjugate and Rabbit Anti-
Mouse IgG (whole molecule)-HRP antibody were used to detect the
bands. Blots were developed using ECL Luminata Forte and exposed to
X-ray retina film for visualization of bands.

ChIP assay
Monocytesweredifferentiated for 24 hwith 30 ng/ml of PMAand after
48 h of recovery in PMA-free RPMI medium, cells were treated with
IFN-γ for 3 h. Further, cross-linking of the protein-DNA complex was
performed using 1% formaldehyde for 10min. Crosslinking was quen-
ched by adding 125mM glycine for 5min at room temperature. Sub-
sequently, prior to cell lysis, the cells were washed thrice with cold 1×
PBS. Cells were resuspended in ChIP lysis buffer (50mM Tris pH 8.1,
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85mMKCl, 0.5% NP40, and 1× PIC) and sonicated in bath sonicator for
20min (30 s Off-On, on low amplitude) till 200–500 base pair DNA
fragment were achieved. Lysate was ultracentrifuged at 12,000 x g at
4 °C, and supernatant was collected. Supernatant was diluted in 2× IP
dilution buffer (0.02% SDS, 2.2% Triton X 100, 2.4mM EDTA, 33.4mM
Tris pH 8.1, 167mM NaCl,167mM LiCl) and the pre-clearing was per-
formed using equal amount of Protein A&G beads for 1 h, respectively.
Out of the total volume, 10% of it was kept as input and the rest was
kept for binding with 10 µg Anti-TFEB antibody overnight. Next day,
mixture of A&G magnetic beads (BIO-RAD G beads Cat. #161-4023 A
beads #161-4013) was added to each tube and kept on nutator at 4 °C
3 h. Beads were washed twice for 5min at room temperature with 1× IP
Dialysis Buffer (2mMEDTA and 50mMTris pH 8) and three times with
IP wash buffer (100mM Tris pH 8, 250mM LiCl, 1% NP-40, and 1% Na-
deoxycholate) for 5min at room temperature. Quick wash with 1× TE
Buffer (10mM Tris-HCl pH 8 and 1mM EDTA) and bound DNA frag-
ments were eluted twice using elution buffer (50mM NaHCO3 and 1%
SDS) at 65 °C. Input and eluted DNAwere heated at 65 °Covernight for
reverse crosslinking, which was followed by RNase treatment and
finally the proteinase K treatment. DNA samples were purified using
Phenol Chloroform extraction method. Samples were run on 1.2%
agarose gel in 1× TAE buffer.

Colony forming unit assay
THP1-monocytes (1 × 106) were plated in a 6-well plate and incubated
for 24 h in a CO2 incubator at 37 °C. Cells were transfected with the
desired siRNA, and knockdown was performed for 48 h. siRNA-treated
cells were infected with MtbH37Rv and MtbH37Ra (1:10 MOI) for 3 h
and treated with 100 µg/ml gentamicin (Gibco, 15710064) for 30min
(to remove extracellular bacilli) and then stimulated with IFN-γ (500
units/ml) containing 20 µg/ml gentamicin media. After 48 h cells were
lysed using 0.06% SDS, serially diluted in PBS, and plated on Mid-
dlebrook 7H11(Becton Dickinson DifcoTM, 212203) plates supple-
mented with 10% OADC. The plates were incubated at 37 °C, and
bacterial colonies were counted after 2–3 weeks. CFUwas enumerated
and plotted using GraphPad Prism v8.0.

Immunostaining and confocal microscopy
After fixation with 4% PFA, cells were incubated in the primary anti-
body (Anti-LAMP1 antibody), at room temperature for 2 h (described in
legends) which was prepared in staining solution (0.25% saponin w/v
and 1% bovine serum albumin w/v in PBS), followed by three washes
and then incubated in Alexa-Fluor conjugated 488/568/647 goat anti
rabbit-IgG prepared in staining solution for 45min at room tempera-
ture. The nucleus was counterstained with Hoechst for 15min at room
temperature. After washing with PBS, coverslips were mounted using
Slowfade™ Diamond Antifade mountant. Confocal images were
acquired using a Nikon A1R Confocal laser ScanningMicroscope using
a 60×/1.0 NA oil immersion objective. NIS element software was used
to acquire the images. Images were analyzed through Fiji software.

Transmission electron microscopy
THP1 macrophages were infected with MtbH37Rv, MtbH37Ra, and
MtbΔRD1 (1:10 MOI) for 3 h, treated with 100 µg/ml gentamycin for
30min (to remove extracellular bacilli) and then incubated in 20 µg/ml
gentamicin containing media for 3 h. Similarly, for another experi-
ment, cells were infected with MtbH37Rv, as mentioned above and
then stimulated with IFN-γ (500 units/ml) containing 20 µg/ml genta-
mycin media. DPBS was used for washing after treatment. Cells were
then fixed in PBS containing 4% PFA and 2% glutaraldehyde (Sigma
Aldrich, 111308) for 1 h at 4 °C. Postfixation, cellswere collectedusing a
cell scraper, pelleted down at 800 x g for 10min and proceeded for
TEM processing at CSIR-IMTech, Chandigarh. Cells were washed twice
in 0.1M cacodylate buffer and subjected to dehydration with an
acetone gradient (30%, 50%, 70%, 80%, and 90%) for 30min. Briefly,

the specimen was kept in absolute acetone for 1 h at 4 °C. The speci-
men was embedded in epoxy resin for 36h at 55 °C. Ultrathin sections
(80 nm) were prepared using an ultramicrotome (LEICA EM UC7) and
collected on copper grids. Sections were stained with 2% uranyl acet-
ate (alcoholic) and examined in TEM (JEOL JEM-2100).

Dextran trafficking assay
Cells were incubated with Alexa-Fluor 647 conjugated Dextran
(0.25mg/ml) to label the lysosomes (pulse) overnight at 37 °C under
5% CO2 condition. Treated cells were washed thrice with DPBS and
kept in complete RPMI 1640media for 3 h for the chase. Briefly, to label
the acidic lysosomes, IFN-γ-treated and untreated cells were incubated
with LysoTracker Red (100nM) for 1 h at 37 °C under 5%CO2. After the
incubation, cells were washed with PBS, followed by fixation and
mounting, as explained earlier. The colocalization index (Pearson’s
coefficient and Mander’s coefficient) of dextran with LysoTracker-
labeled lysosomes was obtained through the JACoP plugin in Fiji
software.

Time-lapse imaging
For live cell imaging, the cells were seeded on the 8-chambered glass
slide. For imaging, cells were incubated with Alexa-Fluor 647 con-
jugated Dextran (0.25mg/ml) to label the lysosomes (pulse) over-
night at 37 °C under 5% CO2. After the treatment cells were washed
thrice with DPBS and kept in complete RPMI 1640 media for 3 h for
the chase. Imaging of cells was performed in a Nikon A1R Confocal
laser ScanningMicroscope using 60×/1.0 NA oil immersion objective.
Live cell imaging of untreated cells was carried out for 5min, after
which the same chambered glass slide was incubated with the IFN-γ-
containing media, and then the imaging was performed for the IFN-γ
panel. The images were acquired at a rate of 10 s for each
frame for 1 h.

RNA isolation and qRT-PCR
RNAwas isolated after the IFN-γ treatment by using the TRIzol reagent
method. The cDNA synthesis and qRT-PCR were performed using
SuperScript III Platinum™ SYBR™ Green One-Step qRT-PCR Kit using
50 ng of total RNA as a template. TMEM55B, and JIP4 gene expression
levels were analyzed by qRT-PCR using gene-specific primers enlisted
in SupplementaryTable 4usingβ actin as a housekeeping gene. Briefly,
cDNA synthesis was performed at 50 °C for 3min. The qRT-PCR cycle
comprises initial denaturation at 95 °C for 5min, 45 cycles of dena-
turation at 95 °C for 15 s, annealing at 60 °C for 45 s, and extension at
40 °C for 45 s (using Bio-Rad CFX96 Touch Real-Time PCR Detection
System). Themelt curve was performed from60 to 90 °C with a 0.3 °C
increase per step. The relative quantification in gene expression levels
was determined using the ΔΔCt method73.

Lysosomal enrichment
The enrichment of lysosomes was performed by using Lysosome
Enrichment Kit (Thermo Scientific, 89839) for tissues and cultured
cells. IFN-γ-treated (500 Units) and untreated THP-1 macrophages
were collected and washed thrice with 1× PBS. Cells were detached by
using PBS-EDTA (10mM), scraped, and harvested at 850× g for 5min.
Cells were lysed by resuspending the pellet in buffer A (protease
inhibitor cocktail, PIC dissolved), and syringe passed around 15 times
(until 8 out of every 10 cells were found to be ruptured). The lysatewas
subjected to lysis by adding buffer B + PIC. The lysate was then cen-
trifuged at 500 × g for 10min at 4 °C. The obtained supernatant was
loaded onto a pre-laid Opti density gradient (30%/27%/24%) in an
ultracentrifuge tube. The gradientwas centrifuged at 53,300 x g for 4 h
at 4 °C. The topmost layer of organelles was then carefully pipetted
out and proceeded to the western blot for confirmation (anti-JIP4,
anti-LAMP1 antibody, anti-Cytoplasmic Dynein Intermediate Chain
antibody and anti-TMEM55B). Secondary Rabbit Anti-Mouse IgG
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(whole molecule)-HRP antibody and Goat Anti-Rabbit IgG (H + L)-HRP
Conjugate were used to detect the bands.

Analysis of lysosome distribution
The methodology for the calculation of the perinuclear index was
adapted from ref. 27. Fiji softwarewasused to quantify the distribution
of lysosomes based on LAMP1 signal intensity. Lysosome distribution
was analyzed in macrophages with an area above 500μm2. Cell
boundary was drawn by making the region of interest (ROI) (first ROI)
using a freehand selection tool, and nearby LAMP1 intensity was
removed using the clear outside function of Fiji software. LAMP1
intensity for the whole cell was termed as Itotal. Next nuclear ROI
(second ROI) was also drawn using Hoechst intensity. The same ROI
was expanded by 3 µm (third ROI) and 6 µm (fourth ROI). The LAMP1
intensity was measured for perinuclear (Iperinuclear) (subtracting the
LAMP1 intensity of the secondROI from the third) and the area beyond
6 µm from the nucleus was denoted as Iperipheral (by subtracting the
intensity of the fourth ROI from the first). The perinuclear and per-
ipheral intensities were normalized as I < 3 = Iperinuclear/Itotal – 100 and
I > 6 = Iperipheral/Itotal – 100, respectively. The perinuclear index was
calculated by subtracting the normalized intensity within 3μm dis-
tance from the normalized intensity beyond 6μm distance
(I < 3 – I > 6). Same data was plotted using Graph Pad Prism v8.0.

Analysis of Mtb distribution in infected macrophages
The perinuclear index analysis was performed similar to the analysis of
lysosome distribution. Here, the total intensity of GFP-Mtb/mCherry-
Mtb was calculated within the specified ROI, and the perinuclear index
was calculated by subtracting the normalized intensity within 3μm
distance to the normalized intensity beyond 6μm distance
(I < 3 – I > 6). The same was plotted using Graph Pad Prism v8.0.

For the fractional distance analysis,wedrew a linear distance from
the nucleus to the cellular periphery, followed by the extraction of the
fluorescence plot profile from which fluorescence intensity and dis-
tance values along the linewere taken out for calculation. The distance
from nucleus to cellular periphery was ranged between 0 and 1. Frac-
tional distance was calculated by dividing all the values from the total
cell distance. Mtb cells with greater than 300 Gray values were utilized
in this calculation. The same was plotted using Graph Pad Prism v8.0.

Calculation of ATP/ADP levels of MtbH37Rv spatially in
macrophages
Infected macrophages with PHR-mCherry strain of MtbH37Rv were
randomly chosen, ROI was drawn for the bacteria and its localization
wasmeasured by drawing concentric rings around the nucleus of 3 µm,
6 µm, 9 µm, and beyond 9 µm. Through this, we were able to mark the
bacterial location in the macrophages. After this, we calculated the
integrated density coming from the bacteria at 488 nm channels (PHR)
and 561 nm channels (mCherry). These values were extracted from
ImageJ. Ratiometric values were calculated by dividing 488/561 inte-
grated density values, which denotes the ATP/ADP ratio of that bac-
teria. The number of bacteriawas randomly chosen as describedbelow
through an online platform. This way, the level of ATP/ADP was cal-
culated for the bacteria localized at different distances and plotted
using GraphPad Prism v8.0.

Calculation of % MtbH37Rv showing SSB replication foci spa-
tially in macrophages
Infected macrophages with SSB- MtbH37Rv were randomly chosen,
ROI was drawn for the bacteria, and its localization was measured by
drawing concentric rings around the nucleus of 3 µm, 6 µm, 9 µm and
beyond9 µm.Through this,wewere able tomark the bacterial location
in the macrophages. We calculated the bacteria showing SSB replica-
tion foci and marked them as 1, and the bacteria not showing SSB
replication foci as 0. The number of bacteria showing foci was divided

by the total number of bacteria in that concentric ring. The number of
bacteria was randomly chosen as described below through an online
platform, and the percentage of bacteria showing SSB replication foci
was plotted using GraphPad Prism v8.0.

Analysis of percentage population of GFP-Mtb in macrophages
GFP-MtbH37Rv distribution was quantified using Fiji software, where
macrophages with an area above 500μm2 were selected. Cell bound-
ary wasmade by drawing the ROI (first ROI) using a freehand selection
tool, and intensity from surrounding GFP-Mtb was removed using the
clear outside function in Fiji software. Next nuclear ROI (second ROI)
was drawn using Hoechst intensity. The same ROI was expanded by
3 µm (third ROI), 6 µm (fourth ROI), 9 µm (fifth ROI), and beyond 9 µm.
The number of bacteria in each ROI was manually calculated and
plotted in terms of percentage in GraphPad Prism v8.0.

Analysis of colocalization of lysosome with GFP-Mtb in infected
macrophages
Colocalization ofGFP-MtbH37Rv and lysosomeswas analyzed through
percent colocalization, Pearson’s coefficient, andMander’s coefficient.
Lysosomes in infected macrophages were stained with LAMP1 anti-
body, as mentioned above. For percent colocalization, the number of
yellow (colocalized) bacteria and green bacteria was calculated.

Percent colocalization=
Number of yellowbacteria
Total number of bacteria

X100

JACoP plugin from Fiji was used for calculating Pearson’s coeffi-
cient and Mander’s coefficient.

Analysis of lysosome area
Cells were randomly chosen to calculate the lysosomal area. Cell
boundary was made by drawing the ROI using the freehand selection
tool, and nearby LAMP1 intensity was removed using the clear outside
function of Fiji software. The threshold of LAMP1positive punctatewas
adjusted accordingly to cover all the lysosomes in the selected ROI.
Analyzed particles were used to measure the area of all the lysosomes
in the cell. Graph Pad Prism v8.0 was used to plot the average of all the
lysosome’s area from a particular cell.

Analysis of linear distance of GFP-MtbH37Rv in macrophages
Infected macrophages were randomly chosen, and a linear distance
from the center of the nucleus to the bacteria (first ROI) and cell per-
iphery (second ROI) was drawn. The relative distance of bacteria was
calculated by dividing the first ROI by the second ROI.

Analysis of live cell imaging
Time-lapse imaging was performed as described above. To measure
the displacement andmaximumspeed attained by the lysosomes from
time-lapse images, the TrackMate plugin74 from Fiji was used with the
below-mentioned parameters:

Vesicle diameter: 3 µm
Quality threshold: 7
Detector: DoG
Initial thresholding: Auto
Tracker: Simple LAP tracker
Linking max distance: 15 µm
Gap closing max distance: 15 µm
Gap closing max frame gap: 4
Filters: none
Data were exported in the file format of .csv which was converted

into a Microsoft excel spreadsheet (2013).
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Randomization of the number of Mycobacteria using an
online tool
During the calculation of ATP/ADP levels or % of Mtb showing SSB
replication foci at different distances with respect to the nucleus of
macrophages i.e., 0–3 µm, 3–6 µm, 6–9 µm and beyond 9 µm from
different biological replicates, we found a different number of bac-
teria at each distance. So, to nullify the biases, we opted for an online
randomization (https://usegalaxy.org/) tool where the number of
bacteria to be selected from all the biological replicates was fixed,
and the command was set to choose that particular number of bac-
teria from each distance and the values were plotted using GraphPad
Prism v8.0.

Violin plot preparation
Violin plots were generated using ggplot2 command lines for quartile
violin plots in R software. Violin plots shown in the manuscript
represents median line (central line), first quartile (lower line), and 3rd
quartile (upper line) for the respective distribution.

Software used in the study
The statistical test and graphs were prepared using GraphPad Prism 8.
Manuscript figures were prepared in Corel Draw 2020 and Biorender:
scientific and image illustration software. Representative confocal
images were adjusted for brightness and contrast using Image soft-
ware (Fiji v 2.3.0).

Statistical analysis
The statistical significance was determined by applying an unpaired,
non-parametric Mann–Whitney U test for data in PNI and fractional
distance calculation (n < 30) and unpaired, parametric Student’s t test
for data in percentage population, percent colocalisation and CFU
analysis (n > 10). *p <0.05, **p <0.01, ***p <0.001 and ****p <0.0001
were considered statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All relevant information supporting the findings of this study is pre-
sented in the manuscript and supplementary materials. A source file
comprising raw data and western blot images that have not been
cropped is included in the manuscript. Source data are provided with
this paper.
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