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Survival of intracellular pathogens in response to 
mTORC1- or TRPML1-TFEB-induced xenophagy
Mariana I. Capurroa, Akriti Prashara, Xiaodong Gaoa and Nicola L. Jonesa,b,c

aProgram in Cell Biology, Peter Gilgan Centre for Research and Learning, The Hospital for Sick 
Children, Toronto, Ontario, Canada; bDivision of Gastroenterology, Hepatology and Nutrition, 
The Hospital for Sick Children, Toronto, Ontario, Canada; cDepartments of Paediatrics and 
Physiology, University of Toronto, Toronto, Ontario, Canada

ABSTRACT
Intracellular pathogens establish persistent infections by generating reservoirs 
that protect them from the action of antibiotics and the host immune response. 
Novel therapeutics should then target the host pathways exploited by the 
pathogens to form these intracellular niches. An attractive strategy to achieve 
this is inducing xenophagy, the selective autophagy that recognizes and targets 
invading pathogens for degradation. However, some bacteria have evolved 
mechanisms to co-opt xenophagy for their own benefit. Therefore, in this study 
we determine the effect of inducing xenophagy by different pathways, namely 
the inhibition of MTOR or through TRPML1-TFEB activation, on the fate of patho
gens that are either susceptible to, evade or require autophagy for intracellular 
survival. We identified a dose of rapamycin that exclusively induces autophagy 
through MTOR inhibition and used ML-SA1 to activate the TRPML1-TFEB pathway, 
which also increases lysosomal biogenesis. We found that ML-SA1 induced 
greater autophagy flux than rapamycin. By performing in vitro infections with 
H. pylori, S. Typhimurium, S. flexneri, L. monocytogenes and S. aureus, we estab
lished that ML-SA1 had a more potent effect than rapamycin in restricting the 
growth of pathogens susceptible to xenophagy. In the case of pathogens that 
produce effectors to block xenophagy, ML-SA1, but not rapamycin, resulted in 
bacterial killing. During S. aureus infection, which depends on autophagy for 
intracellular survival, ML-SA1 administration potentiated bacterial growth. We 
suggest that while targeting the xenophagy pathway holds promise for treatment 
of intracellular pathogens, a precision approach to select the correct target to 
induce effective bacterial killing is warranted.

Abbreviations: 3-MA: 3-methyladenine, ATG: autophagy-related protein, Baf: 
bafilomycin A1; Ca2+: calcium, CFU: colony-forming units, DMSO: dimethyl 
sulfoxide, h: hour, Hp: Helicobacter pylori, hpi: hours post-infection, Lamp1: 
lysosomal-associated membrane protein 1, LC3: microtubule-associated protein 
1A/1B-light chain, Lm: Listeria monocytogenes, LSD: lysosomal storage disorder,  
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min: minutes, mTOR: mechanistic target of rapamycin; mTORC1: mechanistic 
target of rapamycin complex 1, MEF: mouse embryonic fibroblast, μM: micro
molar, moi: multiplicity of infection, nM: nanomolar, OD: optical density, PBS: 
phosphate buffer saline, Sa: Staphylococcus aureus, SCV: Salmonella containing 
vacuole, Sifs: Salmonella-induced filaments, Sf: Shigella flexneri, SLAPs: Spacious 
Listeria containing phagosomes, St: Salmonella Typhimurium TFEB: transcrip
tion factor EB, TRPML1: transient receptor potential membrane channel 1, VacA: 
vacuolating cytotoxin, wt: wild-type.
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Introduction

Infectious diseases pose a major threat to human health 1. Of special concern 
for treatment failure is the rise of antibiotic-resistant bacteria 2. In addition, 
some susceptible pathogens establish persistent infections due to their abil
ity to invade host cells and generate intracellular reservoirs that protect them 
from the action of antibiotics and the immune response. Therefore, alterna
tive approaches to target pathogens while preventing antibiotic resistance 
are needed. There is currently great interest in host-directed therapeutics that 
target the specific host pathways that are exploited by a pathogen to mediate 
their intracellular survival. These host-directed therapeutics are expected to 
overcome antibacterial resistance 3,4.

Invasive bacteria enter the host cell via phagocytosis, endocytosis or micro
pinocytosis and encounter two main pathways involved in degradation of 
intracellular pathogens, the lysosomal and the autophagy pathways 5. A variety 
of pathogens have evolved mechanisms to avoid lysosomal killing such as 
escaping the lysosome, blocking fusion of the bacteria-containing compartment 
with lysosomes or altering the degradative capacity of lysosomes 6,7. The pre
sence of intracellular bacteria can also trigger the cell autophagic response. 
Autophagy is initiated by the formation and expansion of a membrane enclosing 
the cargo, called phagophore; followed by the fusion of its edges to make the 
autophagosome. The autophagosome then fuses with lysosomes to form the 
autolysosome where the captured material, along with the inner membrane, is 
degraded 8. The selective autophagy that recognizes and targets invading 
pathogens is named xenophagy 9, and is considered a part of the innate immune 
response 9–11. Thus, xenophagy induction has been proposed as an attractive 
strategy to eliminate intracellular pathogens 10,11. However, several pathogens 
have evolved mechanisms to evade or block the xenophagic response. Some 
pathogens even actively trigger xenophagy and hijack its components to pro
mote their survival 10,90,12–15. Thus, understanding the complex pathogen-host
interaction is needed to effectively target and kill intracellular pathogens.
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The most common way to modulate autophagy is via MTOR (mechanistic 
target of rapamycin). The kinase complex mTORC1 represses autophagy 
through the phosphorylation of multiple autophagy-related proteins (ATG) 
involved in phagophore initiation, elongation and autophagosome formation 
16–18. Therefore, pharmacologic inhibition of mTORC1 triggers autophagy by 
inducing autophagosome formation. However, overcoming persistent infec
tions in vivo needs a sustained autophagy-mediated killing of intracellular 
bacteria, requiring concomitant lysosomal activation, reformation and bio
genesis to process the increase in autophagosome formation 19–21. 
Consequently, the induction of autophagy by mTORC1 inhibition might not 
be a sufficient strategy. Similarly, in the case of pathogens that impair 
lysosomal function, autophagy induction alone is unlikely to induce 
a sustained autophagic flux and bacterial clearance 6,7,22.

Studies performed in several lysosomal storage disorder (LSD) and neuro
degenerative disease models suggest that enhancing both lysosomal and 
autophagic functions by overexpression/activation of Transcription Factor EB 
(TFEB) could be a more beneficial therapeutic approach 21,23–25. TFEB is the 
master regulator of the lysosome to nucleus signaling pathway that jointly 
coordinates autophagy and lysosomal gene expression 21,26,27. TFEB phos
phorylation status controls its subcellular localization and activity. While 
phosphorylated (inactive) TFEB is mainly cytoplasmic, it rapidly translocates 
to the nucleus upon de-phosphorylation by the phosphatase calcineurin 28,29. 
In response to lysosomal perturbations, the endolysosomal calcium (Ca2+) 
channel TRPML1 (transient receptor potential membrane channel 1) mediates 
the transient, localized Ca2+ release that leads to calcineurin activation and 
TFEB dephosphorylation 29. TRPML1 activity is essential for maintaining lyso
somal ion homeostasis and membrane trafficking events between lysosomes 
and autophagosomes, late endosomes and plasma membrane 30,31. Thus, 
TRPML1 activation enhances lysosomal function and calcineurin-mediated 
TFEB activation resulting in induction of TFEB target genes and autophagy 
flux enhancement.

Rapamycin is the most commonly used drug to experimentally induce 
autophagy due to its inhibitory effect on mTORC1. Rapamycin specifically 
binds to mTORC1 with high affinity (nanomolar (nM) range) and allosterically 
inhibits its kinase activity 22,32,33. Although rapamycin has been used in 
several in vitro models of infection with promising effects on intracellular 
bacterial clearance 34–38, it was recently reported that rapamycin at micro
molar (μM) concentrations directly binds and activates TRPML1 22. As most 
studies on xenophagy are performed with μM doses of rapamycin 34–38, 
a reinterpretation of these results is needed since the beneficial effect of 
rapamycin attributed to mTOR pathway may indeed be TRPML1-TFEB- 
mediated. Furthermore, rapamycin is also used for immunosuppression to
prevent solid organ rejection39 and may have unwanted effects during 
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infection. Therefore, if the effects of rapamycin on pathogen clearance were 
indeed a consequence of TRPML1 activation, a TRPML1 agonist with no effect 
on mTORC1 activity would be a more suitable drug to treat infections.

Here, we assessed the effect of inducing xenophagy in a mTORC1- 
dependent vs. TRPML1-TFEB-mediated manner on the fate of pathogens 
that are susceptible to, evade or require autophagy for intracellular survival.

Results

Micromolar dose of rapamycin and TRPML1 agonist ML-SA1 activate 
TRPML1-TFEB axis

To dissect the effect of xenophagy mediated through either the mTORC1 or 
TRPML1-TFEB axes, we first identified exclusive inducers of each pathway. In 
general, mTORC1 is inhibited by rapamycin and TRPML1 activated by small 
molecules agonists like ML-SA1 40. However, based on the recently reported 
effect of high dose rapamycin on TRPML1 22, we first established a rapamycin 
concentration that inhibited mTORC1 with no effect on TRPML1, and con
firmed that the TRPML1 agonist ML-SA1 does not modify mTORC1 activity.

We compared the effect of rapamycin at high (20 μM) and low (100 nM) 
concentrations on TFEB activation by assessing its nuclear translocation using 
immunofluorescence staining. We found that rapamycin at μM concentration 
induced a strong nuclear translocation of TFEB comparable to the effects of the 
TRPML1 agonist ML-SA1 and starvation, both known activators of TFEB. Of note, 
mTORC1-inhibiting nM concentrations of rapamycin did not induce TFEB nuclear 
translocation (Figure 1A,B).

Next, in complementary studies we investigated the effect of the two 
different concentrations of rapamycin using a direct readout of TRPML1 
activation. We previously established that the vacuolating toxin (VacA) 
secreted by Helicobacter pylori (Hp) impairs TRPML1 activity and induces 
cell vacuolation in AGS (gastric adenocarcinoma) cells, as assessed by 
Lamp1 (lysosomal-associated membrane protein 1) immunolabelling 
(Figure 1C) 41–43. TRPML1 activation by ML-SA1 rapidly restores vesicu
lar trafficking and reverses vacuolation leading to the formation of 
functional lysosomes (Figure 1C) 41–43. In addition, ML-SA1 leads to 
TFEB activation in AGS cells as assessed by its nuclear translocation 
and phosphorylation status (Figure S1). We found that administration of 
rapamycin at high (μM), but not low (nM) concentrations reversed VacA 
vacuolation, confirming that rapamycin at high dose activates TRPML1 
(Figure 1C). As a control, Torin, a strong catalytic inhibitor of mTORC1 
that does not interact with TRPML122 has no effect on VacA-induced 
vacuolation (Figure S2A). Finally, we verified that ML-SA1 does not
affect mTORC1 activity by assessing the relative levels of MTOR and 
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p70S6K phosphorylation, commonly used markers for monitoring 
mTORC1 kinase activity44 following ML-SA1 treatment (Figure 1D,E). As 
controls, both 100 nM rapamycin and Torin displayed an mTORC1 
inhibitory effect (Figure 1D,E). Altogether, we established that 100 nM 
rapamycin inhibits mTORC1 without activating the TRPML1-TFEB axis
whereas 20 μM ML-SA1 activates TRPML1 with no effect on mTORC1.

A

C

D E

B

Figure 1. Micromolar dose of rapamycin and TRPML1 agonist ML-SA1 activate TRPML1- 
TFEB axis. (A) TFEB staining of HeLa cells after 2 h starvation or treatment with ML-SA1 
(20 μM), rapamycin (Rapa) (100 nM or 20 μM) or vehicle control (DMSO). (B) 
Quantification of cells from A, expressed as percentage of cells with nuclear TFEB 
(n=3); each color corresponds to 1 experiment, big symbol represent the mean and 
small symbols the scatter dot plot. Lines show the mean +/- SEM. (C) Lamp1 staining of 
AGS cells after 4h VacA- or VacA+ incubation followed by 3h of DMSO, ML-SA1 or 
rapamycin (Rapa) treatment. (D) Western blotting for p70S6K and MTOR phosphoryla
tion after 3h treatment with DMSO, ML-SA1 (20 μM), rapamycin (Rapa, 100 nM) or Torin 
(1 μM). (E) Graphs show quantification of phospho-proteins normalized to total protein 
levels (mean +/- SEM of 3 (for p70S6K) or 4 (for mTOR) different experiments).
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TRPML1-TFEB activation, but not MTOR inhibition, increases 
autophagy flux

We next compared the effect of rapamycin-mTORC1 and ML-SA1-TRPML1 
pathways on autophagy induction by measuring the levels of the phago
phore and autophagosomal membrane-associated protein LC3II (microtu
bule-associated protein 1A/1B-light chain) by immunoblotting and 
immunofluorescence staining. We found that ML-SA1 administration to 
HeLa cells produced a stronger effect on autophagy induction than nM levels 
of rapamycin (Figure 2A,B and S3). ML-SA1 displayed a dose-dependent effect 
with greater LC3II accumulation detected at 20 μM (Figure 2C), the concen
tration chosen for further experiments. As LC3II accumulation may also occur 
due to a block in autophagosome degradation, to properly assess autophagic 
flux HeLa cells treated with ML-SA1 or rapamycin (100 nM) were then 
exposed to the vacuolar H+-ATPase inhibitor bafilomycin A1 (Baf), which 
blocks lysosomal function 45. Baf administration after ML-SA1, but not rapa
mycin (100 nM) treatment, produced an increase in LC3II levels as compared 
to Baf alone (Figure 2D), confirming that TRPML1-TFEB activation by ML-SA1 
indeed increased autophagy flux. In contrast, mTORC1 inhibition by rapamy
cin (100 nM) was sufficient to induce autophagy but not to increase autop
hagy flux (Figure 2A,D). To complement these findings, we compared the 
effect of ML-SA1 and rapamycin (100 nM) treatments in HeLa cells transfected 
with a GFP-RFP-LC3 tandem construct. As GFP loses fluorescence in the acidic 
lysosomal environment, but RFP does not, the GFP-RFP LC3 tandem is com
monly used to study the maturation of autophagosomes (GFP and RFP signal) 
into autolysosomes (RFP signal only) 46. We found that administration of ML- 
SA1 to cells produced an increased number of autolysosomes vs. autophago
somes in comparison with cells treated with rapamycin (100 nM) (Figure 2E). 
In agreement with this observation, Lamp1 staining revealed that ML-SA1, 
but not rapamycin (100 nM), triggered lysosomal biogenesis (Figure 2F). 
Studies performed in TRPML1 knockout (KO) murine embryonic fibroblasts 
(MEFs) confirmed that the effect of ML-SA1 on lysosomal numbers is TRPML1- 
dependent, as ML-SA1 treatment did not result in an increase in lysosomes in 
TRPML1 knockout cells (Figure 2G). Collectively, we showed that activation of 
the TRPML1-TFEB axis by ML-SA1 increased autophagy flux as compared with 
rapamycin (100 nM)-mediated mTORC1 inhibition.

Differential effect of autophagy induction by TRPML1 activation or 
mTORC1 inhibition on Hp intracellular survival

Hp growth is restricted by xenophagy 47,48. Autophagy-deficient Atg5 KO 
(Atg5-/-) MEFs are more permissive for Hp intracellular survival than the wild- 
type (wt) counterparts, and individuals with Atg16L1 mutation show an
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Figure 2. TRPML1-TFEB activation, but not MTOR inhibition, increases autophagy flux. 
(A) LC3 western blotting of HeLa cells treated with DMSO, ML-SA1 (20 μM) or rapamycin 
(Rapa, 100 nM) for 4h using actin as loading control. The graph shows quantification of 
LC3II normalized to actin (mean +/- SEM of 5 different experiments). (B) LC3 staining of 
cells treated as in (A). Graphs show the autophagosome quantification indicating the 
number of LC3 puncta/cell (left) and total LC3 staining/cell (right), (n=3; each color 
corresponds to 1 experiment, big symbol representing the mean and small symbols the 
scatter dot plot. Lines show the mean +/- SEM). (C) LC3 western blotting of HeLa cells 
treated with different concentrations of ML-SA1 for 4h using actin as loading control. 
Graph shows the dose-dependent LC3II induction. (D) LC3 western blotting of cells after 
4h treatment with DMSO, ML-SA1 (20 μM) or rapamycin (Rapa, 100 nM), followed with 2 
h Bafilomycin A1 (Baf, 100 nM) incubation. The graph shows quantification of LC3II 
normalized to actin (mean +/- SEM of 3 different experiments). (E) Images of HeLa cells 
expressing the tandem eGFPRFP-LC3 reporter treated as in (B). Yellow puncta  
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increased susceptibility to Hp infections 48. However, the Hp virulence factor 
VacA inhibits TRPML1, thereby, disrupting lysosomal trafficking and autopha
gosome maturation to generate an intracellular niche for Hp 41,43,48,49. 
Therefore, Hp infection represents an ideal model to compare, as proof of 
principle, the differential effect of TRPML1- and mTORC1-mediated xeno
phagy on intracellular bacterial clearance. We have previously reported that 
TRPML1 activation by ML-SA1 in Hp-infected AGS cells reverses the effects of 
VacA resulting in restoration of endolysosomal and xenophagy pathways, 
leading to the efficient killing of intracellular Hp 43. Furthermore, we con
firmed previously that ML-SA1 effect on bacterial killing is mediated by 
TRPML1, as ML-SA1 had no effect on bacterial eradication when administered 
to Hp-infected gastric organoids obtained from TRPML1 KO mice 43. 
Therefore, we performed gentamycin protection assays to compare the 
intracellular survival of Hp in infected AGS cells treated with ML-SA1 or 
doses of rapamycin that either inactivated mTORC1 (100nM) or activated 
TRPML1 (μM) using colony forming units (CFU).

Although both doses of rapamycin significantly reduced CFU counts in 
Hp infected cells, the effect of rapamycin at μM concentration was more 
pronounced, and comparable to the reduction in CFU caused by ML-SA1 
administration (Figure 3A). LC3 and Lamp1 staining of cells exposed to 
VacA toxin and treated under the different conditions confirmed that 
rapamycin (μM) restores vesicular trafficking (Figure 1C) and autophagy 
flux (Figure 3B) at levels comparable to treatment with ML-SA1 (Figure 1C, 
and 3B). Importantly, we confirmed that the effect of ML-SA1 on intracel
lular bacterial killing was not due to a direct antimicrobial action since Hp 
was able to grow in the presence of the compound (Figure S4). Altogether, 
these data indicate that similar to ML-SA1, the more potent effect of 
rapamycin at μM levels on intracellular bacterial killing is mediated by 
TRPML1 activation. By contrast, restricting the effect of rapamycin to 
mTORC1 inhibition, by using nM concentrations, leads only to a limited 
reduction of Hp growth. Consistent with these observations, inducing 
xenophagy by the mTORC1 catalytic inhibitor Torin, at doses that inhibited 
mTOR to a similar extent as μM Rapamycin (Figure S2B), produced 
a limited decrease in CFU counts that was comparable to rapamycin

correspond to autophagosomes (AP), red puncta correspond to autolysosomes (AL). 
Graphs show the number of AP and AL/cell and AL/AP ratio. (F) Lamp1 staining of cells 
treated as in (B). Graph shows lysosome quantification (total Lamp1 staining/cell, n=3; 
each color corresponds to 1 experiment, big symbol representing the mean and small 
symbols the scatter dot plot. Lines show the mean +/- SEM). (G) Lamp1 staining of 
TRPML1 KO and wild-type MEFs treated with DMSO and ML-SA1 (20 μM). Lysosome 
quantification performed as is (F).
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treatment at the nM level (Figure S2C). As expected, ML-SA1-mediated Hp 
eradication correlated with reduced levels of CagA, the main Hp virulence 
factor associated with carcinogenesis, in the cell lysate. (Figure S2D).

Effect of MTOR- or TRPML1- dependent pathways on bacteria 
susceptible to xenophagy

We next investigated the effect of ML-SA1 and mTORC1-inhibiting rapamycin 
dose (100 nM) on the fate of Salmonella Typhimurium (St) and Listeria mono
cytogenes (Lm), two pathogens that are restricted by xenophagy during the 
early phase of their intracellular lifestyle, but escape xenophagy at later time 
points. St is transiently susceptible to autophagy, but then hijacks the 
mTORC1 complex to evade xenophagy. Early after infection (1h post- 
infection [hpi]), St that has invaded epithelial cells resides in Salmonella- 
containing vacuoles (SCV). A proportion of SCVs are damaged via the type 
III secretion system (T3SS) allowing the bacteria to access cytosolic nutrients, 
resulting in acute amino acid starvation, mTORC1 inhibition and induction of 
autophagy that targets the damaged vacuole and bacteria within 50,12. By 4 
hpi, the cytosolic amino acid pool is restored and mTORC1 is reactivated. St 
then promotes the recruitment of the mTORC1 complex to the SCV mem
brane, thus inhibiting xenophagy 36,51 and replicating in the SCV 52. At later

A B

Figure 3. Differential effect of autophagy induction by TRPML1 activation or mTORC1 
inhibition on Hp intracellular survival. (A) AGS cells infected with wild-type (VacA+) Hp 
were incubated with gentamycin to kill extracellular bacteria and treated with ML-SA1 
(20 μM), rapamycin (Rapa, 20 μM [μM] or 100 nM [nM]) or vehicle control (DMSO). 
Intracellular bacteria were retrieved and CFUs quantified. Graph shows relative percen
tage of CFU (mean +/- SEM of 5 independent experiments) considering 100 the bacteria 
retrieved from DMSO-treated cells. (B) LC3 staining of AGS cells after 4h VacA+ incuba
tion followed by 3h of DMSO, ML-SA1 or rapamycin treatment.
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stages of infection (> 8 hpi) tubular membranous extensions, called 
Salmonella-induced filaments (Sifs), protrude from the SCV.

Enhancing TRPML1-dependent xenophagy by ML-SA1 in St-infected HeLa 
cells did not affect bacterial survival during short-term infections (5 h), but 
significantly limited intracellular St growth in long-term (24 h) infections 
(Figure 4A). In contrast, inhibition of mTORC1 by rapamycin (100 nM) did 
not affect St growth at either time point (Figure 4A). We confirmed that ML- 
SA1 effect on St growth was dependent on autophagy activation, as ML-SA1 
failed to alter St survival in the presence of the autophagy inhibitor 3-methy
ladenine (3-MA) (Figure 4B). Furthermore, ML-SA1 increased the recruitment 
of LC3 to intracellular bacteria (Figure 4C). Efficient xenophagy of St requires 
the autophagy adaptor SQSTM1/p62 (p62) that binds ubiquitinated bacteria 
via its ubiquitin associated domain (UBA) and LC3 through a LC3 interacting 
region (LIR) 53. Phosphorylation of S403 in the UBA domain of p62 by TBK1 
(TANK-binding kinase 1) increases the binding of p62 to ubiquitinated car
goes. Activation of TBK1 involves its phosphorylation at S172 54. Therefore, 
we determined the recruitment of p62, S403-P-p62 and S172-P-TBK1 to St to 
further assess the capture of ubiquitinated St by autophagosomes. As shown 
in Figure 4D and S5A,B, ML-SA1 administration significantly increased the 
amount of p62-, P-p62- and P-TBK1-positive St. Altogether, these results 
indicate that TRPML1 activation by ML-SA1 increased the cellular xenophagic 
response to St infection. We then performed LC3 and Lamp1 immunostaining 
to determine the identity of the bacterial-containing compartment at 24 hpi. 
Of note, most of the intracellular St in control (DMSO-treated) infected cells 
were not captured in LC3 positive autophagosomes at this time point 
(Figure 4E), but instead were present within Lamp1-positive SCV/Sifs 
(Figure 4F). Notably, in comparison with non-infected neighbouring cells, St- 
infected cells had markedly reduced number of lysosomes and instead 
Lamp1-positive membranes were located on the SCVs/Sifs (Figure 4F). 
These results suggest that the beneficial effect of ML-SA1 may be due to 
the TRPML1-TFEB-mediated increase in lysosomal population, leading to 
a reduction in the number and/or size of SCVs/Sifs. The lack of effect of 
rapamycin on St clearance may reflect its inability to activate TRPML1-TFEB 
axis at nM concentration. In agreement with this possibility, when adminis
tered at TRPML1-activating μM doses, rapamycin was as effective as ML-SA1 
in reducing intracellular bacterial survival (Figure S5C).

Lm is another prototypical pathogen that is transiently susceptible to 
autophagy. Lm infection induces an early xenophagic response that inhibits 
the growth of the bacteria, as demonstrated by the 4 h growth delay reported 
in Atg5 wt compared to Atg5-/- MEFs 55. However, at later time points, Lm is 
able to evade xenophagy 56. Lm escapes from the phagosome by using the 
pore-forming toxin listeriolysin O (LLO), and once in the cytosol the effector 
ActA recruits host actin to the bacterial surface masking Lm from xenophagy
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Figure 4. Effect of MTOR and TRPML1 pathways on St intracellular survival. (A) HeLa cells 
infected with St were treated for 5h or 24 h with ML-SA1 (20 μM), rapamycin (Rapa, 100 nM) 
or vehicle control (DMSO). Intracellular bacteria were retrieved and CFU quantified. Graph 
shows relative percentage of CFU (mean +/- SEM of 3 independent experiments) considering 
100 the bacteria retrieved from DMSO-treated cells. (B) HeLa cells infected with St were 
treated with DMSO, ML-SA1 (20 μM), 3-methyladenine (3-MA) or 3-MA containing 20 μM 
ML-SA1 (3-MA + ML-SA1). Intracellular bacteria were retrieved and CFU quantified as in (A). 
(C-D) LC3 (C) or p62 (D) staining of HeLa cells infected with St and treated with DMSO or ML- 
SA1 (20 μM) for 4h. DAPI staining used to visualize bacteria. Higher magnifications of the 
selected area in the separate channels are included to the right. Graphs show the percentage 
of bacteria positive for each marker. Each color corresponds to 1 experiment, big symbols 
represent the mean and the small symbols the scatter dot plot/experiment. Lines show the 
mean +/- SEM. (E) LC3 staining of St-infected cells treated with DMSO or ML-SA1 (20 μM) for 
24h. Images of DAPI channel to visualize bacteria are included at the right. (F) Lamp1 
staining of cells infected and treated as in (E). Arrows point to non-infected cells, arrowheads 
to SCV and Sifs. Images from the separate channels included at the right.
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recognition and allowing rapid bacterial replication 13,56. Lm that express low 
LLO levels fail to sufficiently damage the phagosome or escape into the 
cytosol and LC3 is recruited to these damaged phagosomes. However, the 
small LLO-generated pores uncouple the pH gradient preventing acidification 
of the compartment, thereby preventing maturation and bacterial degrada
tion 56. As a consequence, a percentage of Lm is found in large Lamp1+, LC3+ 
compartments named Spacious Listeria containing phagosomes (SLAPs), 
which allow slow bacterial replication and persistent infection 56.

We first assessed the effect of triggering xenophagy in Lm-infected 
HeLa cells at early time points (1 hpi). Both TRPML1 activation and 
mTORC1 inhibition significantly reduced intracellular bacterial survival 
as quantified by CFU assay (Figure 5A). However, treatment with ML-SA1 
reduced bacterial survival to a greater extent than rapamycin (100 nM), 
which is consistent with the observation that ML-SA1 is a more potent 
autophagy inducer as assessed by increased LC3 (Figure 5B). The effect 
of ML-SA1 on Lm growth was significantly reduced in the presence of 
3-MA, indicating its dependence on autophagy activation (Figure S6A). 
In agreement with the reduction in bacterial survival, Lamp1 and LC3 
immunostaining revealed a decrease in SLAP formation (Figure 5C,D). In 
comparison to the control (DMSO-treated) group where several SLAPs 
per cell were detected (Figure 5C, arrows), ML-SA1 treatment reduced 
SLAP formation to a greater extent (Figure 5C,D) than rapamycin (100 
nM) administration. We next assessed whether xenophagy induction 
plays a beneficial role in bacterial killing at later time points when 
SLAP formation was more significant, by administering the treatments 
4 hpi. Figures 5C,D and S6B show that ML-SA1, but not rapamycin (100 
nM), significantly reduced the number of SLAPs at this time point. In 
rapamycin-treated cells the number of SLAPs were similar to DMSO- 
treated control cells, but the SLAPs were smaller in size and contained 
a lower number of Lm per SLAP (Figure 5C). Consistent with this 
observation, a small decrease in CFU was detected when rapamycin 
(100 nM) was added 4 hpi but was not as marked as the reduction in 
CFU caused by ML-SA1 treatment (Figure S6C). Altogether these results 
indicate that mTORC1-induced xenophagy can target Lm during the 
early phase of infection, however, TRPML1 activation is more effective 
at targeting Lm both during early and later stages of infection when 
SLAPs are more prominent.

Next, we determined whether TRPML1 activation by ML-SA1 increased the 
cellular xenophagic response by enhancing p62 recognition of ubiquitinated 
Lm. Figure S7 shows that ML-SA1 administration increased the number of 
LC3-positive Lm, without modifying the recruitment of p62, P-p62 or P-TBK1 
to intracellular Lm indicating an alternate mechanism for enhancing LC3
recruitment.

12 M. I. CAPURRO ET AL.



A B

C

D

Figure 5. Effect of MTOR or TRPML1-dependent pathways on Lm intracellular 
survival. (A) HeLa cells infected with Lm were incubated with gentamycin and 
treated for 23 h with ML-SA1 (20 μM), rapamycin (Rapa, 100 nM) or vehicle control 
(DMSO). Intracellular bacteria were retrieved and CFUs quantified. Graph shows 
relative percentage of CFU (mean +/- SEM of 6 independent experiments) con
sidering 100 the bacteria retrieved from DMSO-treated cells. (B) LC3 western 
blotting of Lm-infected (Lm) and non-infected control cells (Non-infection) treated 
as in (A) using actin as loading control. Graph shows quantification of LC3II 
normalized to actin (mean +/- SEM of 4 different experiments). (C) LC3 and 
Lamp1 staining of cells infected and treated as in (A). For rapamycin-treated 
cells, panels with drug added 1 h (Rapa 1 hpi) or 4 h (Rapa 4 hpi) after infection 
are included. Arrows indicate SLAPs. (D) SLAP quantification in Lm-infected HeLa 
cells and treated as (C), with drugs added 1h and 4h post-infection (n=3, each 
color corresponds to 1 experiment, big symbol represent the mean and small 
symbols the scatter dot plot. Lines show the mean +/- SEM).

AUTOPHAGY REPORTS 13



Effect of MTOR or TRPML1 pathways on bacteria that depend on 
autophagy for intracellular survival

Staphylococcus aureus (Sa) requires autophagy to generate its intracellular 
replicative niche. The current model contends that Sa secretes the pore- 
forming toxin alpha-hemolysin (Hla) that promotes xenophagy, but after Sa 
is engulfed by an autophagosome, Hla prevents autophagosome maturation 
and fusion with lysosomes 9,57. Thus, Sa replicates in a double membrane LC3- 
positive autophagosome for 3 to 12 hpi. Following replication, the bacteria 
escape into the cytosol and induce apoptosis of host cells 13. In agreement 
with this model, Sa cannot replicate in Atg5-/- MEFs. Similarly, Hla-mutant 
bacteria, unable to trigger xenophagy, are delivered to and degraded within 
lysosomes 12,57.

Triggering xenophagy in Sa-infected HeLa cells by TRPML1 activation or 
mTORC1 inhibition did not affect Sa intracellular survival at short times (4 hpi) 
(Figure 6A). However, ML-SA1 administration caused a large increase in CFU 
counts following long term infection (20 hpi), whereas rapamycin (100 nM) 
did not have an effect (Figure 6A). Although ML-SA1 produced a marked 
increase in the number of LC3 positive autophagosomes (Figure 6B) and 
increased LC3II levels by Western Blot (Figure 6C), most intracellular Sa 
were located in enlarged Lamp1-positive compartments at 20 hpi 
(Figure 6B and S8A,B). Indeed, ML-SA1 treatment increased the size and 
number of these compartments, which contained numerous bacteria 
(Figure S8B,C). Thus, the effect of TRPML1 on lysosomal biogenesis in the 
presence of Hla-expressing Sa promotes the formation of a Lamp1-positive 
intracellular reservoir that promotes Sa growth. Nevertheless, ML-SA1 effect 
depended on autophagy, as its administration was unable to increase Sa 
counts in the presence of 3-MA (Figure 6D).

Effect of MTOR or TRPML1 pathways on bacteria that evade xenophagy 
recognition

Shigella flexneri (Sf) invades host cells and rapidly ruptures the endocytic 
vacuole to access the host cytosol, where the bacteria evade xenophagy 
and undergo replication. Sf secretes IcsA/VirG to promote intracellular actin- 
based motility. However, IcsA is recognized by Atg5, which promotes xeno
phagy. To counteract this, Sf secretes IcsB which binds to IcsA/VirG thereby 
preventing recognition by Atg5 9,58. Furthermore, IscB also prevents the 
formation of septin cages, necessary for the recruitment of ubiquitin and 
autophagy receptors p62 and NDP52 58. Thus, intracellular growth of 
a mutant Sf lacking IscB is restricted by xenophagy 58.

Given the ability of the bacterium to hide from the xenophagy machinery, 
we suspected that neither inhibiting mTORC1 with rapamycin (nM), nor
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Figure 6. Effect of MTOR and TRPML1 pathways on Sa intracellular survival. (A) HeLa 
cells infected with Sa were incubated with gentamycin and treated for 4h or 20h with 
ML-SA1 (20 μM), rapamycin (Rapa, 100 nM) or vehicle control (DMSO). Intracellular 
bacteria were retrieved and CFU quantified. Graph shows relative percentage of CFU 
(mean +/- SEM of 4 independent experiments) considering 100 the bacteria retrieved 
from DMSO-treated cells. (B) LC3 and Lamp1 staining of cells infected and treated for 
20h with ML-SA1 or rapamycin. Images in the separate channels are included at the 
right. (C) LC3 western blotting of Sa-infected cells treated as in (B) using actin as loading 
control. Graph shows quantification of LC3II normalized to actin (mean +/- SEM of 3 
different experiments). (D) HeLa cells infected with Lm were treated with DMSO, ML-SA1 
(20 μM), 3-methyladenine (3-MA) or 3-MA containing 20 μM ML-SA1 (3-MA + ML-SA1). 
Intracellular bacteria were retrieved and CFU quantified as in (A)
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activating TRPML1 by ML-SA1 would enhance Sf killing through xenophagy. 
Indeed, there was no difference in Sf viability in cells treated with ML-SA1 or 
rapamycin (100 nM) in comparison with control cells (Figure 7).

Discussion

Autophagy is a key player in innate immunity. In fact, in vivo models of 
infection highlight the role of xenophagy in intracellular pathogen clearance, 
as knocking down essential autophagy genes, like Atg5 or Atg16L1, increases 
bacterial load in mice infected with Salmonella 59,60. The importance of both 
MTOR and TRPML1-TFEB pathways in clearing intracellular bacteria is under
scored by the numerous ways in which pathogens manipulate these path
ways to establish a successful infection. For example, Hp toxin VacA inhibits 
TRPML141,43, St maintains TFEB in an inactive state in the cytoplasm54 and 
mTORC1 active on the SCV36, and Sf effector OspB activates mTORC1 to 
inhibit autophagy and induce cell proliferation providing more cells for the 
bacteria to infect 61.

Targeting the xenophagy pathway as a therapeutic strategy during infec
tion with intracellular pathogens is an attractive concept 10,11. However, due 
to the myriad ways that intracellular pathogens manipulate this pathway, 
a precision approach is likely required. Therefore, in this study we investi
gated the effect of xenophagy induction by mTORC1 or TRPML1-TFEB on 
bacterial survival during infection with prototypic intracellular pathogens 
that are either susceptible to, evade or depend on autophagy for intracellular
survival.

Figure 7. Effect of MTOR and TRPML1 pathways on Sf intracellular survival. (A) HeLa 
cells infected with Sf were incubated with gentamycin and treated for 4h with ML-SA1 
(20 μM), rapamycin (Rapa, 100 nM) or vehicle control (DMSO). Intracellular bacteria 
were retrieved and CFU quantified. Graph shows relative percentage of CFU (mean +/- 
SEM of 4 independent experiments) considering 100 the bacteria retrieved from 
DMSO-treated cells.
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Rapamycin is commonly employed to induce autophagy experimen
tally, an effect that is mechanistically attributed to its inhibitory effect on 
mTORC1 32,33. However, as rapamycin also activates TRPML1 22, studies 
performed with micromolar doses of rapamycin may have led to an 
overestimation of the beneficial effects of mTORC1 inhibition on autop
hagy without considering the contribution of the TRPML1-TFEB axis. 
mTORC1 directly regulates the initiation of autophagy 16–18, whereas 
TRPML1-TFEB axis jointly triggers the biogenesis of both autophago
somes and lysosomes 26. The concomitant increase in lysosomal genes 
achieved by TRPML1 activation is especially relevant in pathological con
ditions with compromised lysosomal function, like LSD, neurodegenera
tive diseases, aging and intracellular pathogen infections 6,7,21,25. Thus, 
the effect of higher dose of rapamycin on TRPML1 activation may explain, 
in part, why micromolar doses of rapamycin are required for antiaging 
and neuroprotective effects 62. This may also explain why genetic abla
tion of MTOR does not phenocopy rapamycin, and why Torin, a much 
stronger mTORC1 inhibitor that does not activate TRPML1 22, lacks pro
tective effects on neuron death in in vivo models of Parkinson disease 63. 
Indeed, the activation of TRPML1 by higher dose rapamycin may provide 
an explanation for the studies by Zullo et at. (2014), who reported that 
μM concentrations of rapamycin were required to mediate Mycobacterium 
smegmatis killing, effect that still occurred in LC3B- and Atg5-deficient 
bone marrow derived macrophages 64.

In this study, we first confirmed that micromolar doses of rapamycin indeed 
activate the TRPML1-TFEB axis. We next differentiated the specific effect of MTOR 
and TRPML1 pathways on autophagy by using rapamycin concentrations that 
inhibit mTORC1 but are unable to activate TRPML1; and the TRPML1 agonist ML- 
SA1 that does not affect mTORC1 activity. We showed that unlike the MTOR 
pathway, the TRPML1-TFEB axis strongly increased autophagic flux (Figure 8A).

During infection, the context in which the pathogen modulates xenophagy 
impacted the effects of activation of xenophagy pathway on intracellular survival. 
Not surprisingly, when the effect of rapamycin was limited to mTORC1 inhibition, 
the impact on bacterial clearance was limited as well. For pathogens susceptible 
to xenophagy, TRPML1 activation by ML-SA1 exhibited a stronger antibacterial 
effect than mTORC1 inhibition by rapamycin at nM doses (Figure 8B). We found 
that TRPML1 activation enhanced the capture of pathogens by xenophagy and 
restored endolysosmal vesicular trafficking, thereby increasing the lysosome 
population. Thus, unlike mTORC1 inhibition, TRPML1 activation increased bacter
ial killing of Hp in vacuoles, Lm in SLAPs and St in SCV/Sifs. However, in the case of 
Sa, TRPML1 activation increased the formation of intracellular bacterial reservoir, 
potentiating bacterial growth (Figure 8B).

Notably, for some pathogens a significant effect of TRPML1-TFEB axis on 
bacterial growth was identified at longer time points than the commonly 
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Figure 8. (A) Model for the differential effect of 100 nM rapamycin and ML-SA1 on 
autophagy pathway. (B) Working model illustrating the effect of inducing autophagy 
by TRPML1 activation (ML-SA1) or mTORC1 inhibition (Rapamycin) on bacterial growth 
for pathogens that are susceptible to, block, evade, or require autophagy for intracel
lular survival. Green arrow indicates a reduction, and red arrow an increase in 
intracellular bacterial growth; size of the arrow is proportional to the magnitude of 
the effect. –: no effect.
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employed time frames used in vitro studies of infection. For example, after 
prolonged treatment, ML-SA1 decreased St CFU and enhanced Sa numbers. 
Therefore, the timing of infection is another variable to be evaluated when 
studying the response of intracellular infection to drugs. In these studies, we 
employed a reductionist approach using in vitro model systems to delineate 
the impact of TRPML1-TFEB versus mTORC1-mediated xenophagy on bacter
ial survival. However, future studies will be required to determine the impact 
of these pathways during infection in vivo.

In summary, using prototypical pathogens that are susceptible to, evade or 
require autophagy for intracellular survival, we showed that the outcome of 
inducing xenophagy on pathogen growth is highly variable; and is strongly 
influenced by the host cell pathways used to activate xenophagy. While 
autophagy is an attractive host-directed therapeutic to target intracellular 
pathogens without increasing antibacterial resistance, a deep understanding 
of the host-pathogen interaction and the autophagy modulator used is 
required to properly curb infection. We suggest that a precision approach to 
modulation of xenophagy for therapeutic purposes is warranted.

Materials and methods

Cell lines and bacterial strains

HeLa cells and TRPML1 KO and wild-type MEFs were grown in Dulbecco’s 
Modified Eagle’s Medium (DMEM; Wisent Inc., 319-005-CL) supplemented with 
10% fetal bovine serum (FBS, Wisent Inc., 080150), and human gastric epithelial 
AGS cells (ATCC, CRL-1739) were cultured in Ham’s F-12 (Wisent Inc., 318-021-CL) 
containing 10% FBS. All cell lines were maintained in 5% CO2 at 37°C. H. pylori 
strain 60190 (VacA [s1i1m1], CagA) and the isogenic VacA- mutant were provided 
by R. Peek Jr (Vanderbilt University School of Medicine, Nashville); S. 
Typhimurium, L. monocytogenes and S. flexneri were a kind gift from D. Philpott 
(University of Toronto, Toronto); and S. aureus was obtained from M. Terebiznik 
(University of Toronto). St and Sa were grown from single colony in LB broth 
(Fisher Scientific BP1426-500), Lm in brain heart infusion broth medium (BHI; BBL 
BD, 211059) supplemented with chloramphenicol (Bioshop, CLR201) and Sf in 
tryptic soy broth (TSB; BD, Df0373-17-3) containing spectinomycin (Sigma 
Aldrich, S0692). Hp was grown on Columbia Blood agar plates (Oxoid) for 2-3 
days and then transferred to Brucella broth (Fluka, B3051) supplemented with 
10% FBS for 16-24h. Hp cultures were maintained at 37°C under microaerophilic 
conditions (5% O2, 10% CO2, 85% N2). To prepare VacA+ or VacA- concentrated 
conditioned culture media (CCMS), broth cultures were grown to optical density 
(OD) of 1.0 at 600 nm, and the supernatants concentrated 10 times using a 30
kDa-cut off Amicon Ultra centrifugal filters (Ultracel, Millipore, UFC903024).
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Cell treatments

Cells plated on glass coverslips for immunofluorescence studies, or on 6-well 
plates for Western Blotting, were subjected to starvation (briefly washed 
twice in PBS and cultured in Earle’s balanced salt solution [Gibco, 24010- 
043]), or treated with ML-SA1 (Sigma Aldrich, SML0627; 20 μM), Rapamycin 
(Stemcell Technologies, 73362; 100 nM or 20 μM), Torin (EMD Millipore Corp., 
475991; 250 nM or 1 μM), Bafilomycin A1 (Cayman Chemical company, 11038; 
100 nM) or same volume of DMSO (Sigma Aldrich, D4540) as vehicle control. 
Alternatively, ML-SA1 was prepared in cell culture medium containing 5 mM 
3-methyladenine (3-MA, Sigma Aldrich, M9281). When indicated, VacA CCMS 
(1X final concentration) was added, bacterial infections were performed or 
eGFPmRFP-LC3 construct transfected into HeLa cells using Lipofectamine 
2000 prior to the treatment administrations.

Cell Infections

For Hp infections, overnight bacterial cultures were pelleted and Hp resus
pended to an OD of 1 in cell culture media (OD 600 nm of 1= 2x108 bacteria/ 
ml). Bacteria were added to AGS cells at a multiplicity of infection (moi) of 50 
for 4h, unattached bacteria were removed by phosphate buffered saline (PBS, 
Wisent Inc. 311-010-CL) washes, and cell culture medium supplemented with 
100 μg/ml gentamycin (Wisent Inc., 450-135-XL) was added for 1h. 
Monolayers were washed PBS, and gentamycin reduced to 10 μg/ml in the 
presence of the indicated treatments for the remaining infection time. 
Intracellular bacteria were retrieved by lysing the infected cells in 0.1% 
saponin (Sigma Aldrich, S4521) in cell culture medium during 12 min; serial 
dilutions of Hp suspension were prepared in Brucella broth and drop-plated 
(50 μl drops) on Columbia Blood agar plates for CFU determinations.

For the other pathogens, overnight cultures were grown from single 
colonies and then sub-cultured (1%-2% inoculum) for an additional ~3h 
until reaching OD of 0.6-0.8. Bacteria were added to HeLa cells at a moi of 
10 for Sf, 20 for St, and 50 for Lm and Sa for CFU determination; and moi of 
100 for St and 50 for Lm for immunolabeling at 4hpi; and the plates spun 
down at 500g for 5min. Infections were performed for 30 min at 37°C, 
unattached bacteria removed by washing with PBS and medium containing 
high dose of gentamycin (50 μg/ml for St and 100 μg/ml for Sa, Lm and Sf) 
was added for 40 min. After 4 washes with PBS, medium containing low dose 
of gentamycin (5 μg/ml for St and 10 μg/ml for Sa, Lm and Sf) in the presence 
of the indicated treatment was added for additional 4h or ~22h. Intracellular 
bacteria were retrieved by lysing the infected cells in 0.1% Triton X100 (Sigma 
Aldrich, X-100) in PBS; serial dilutions were prepared in PBS and drop-plated
(10 μl drops) on the corresponding agar plates for CFU determinations.
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Western blotting

Cell were lysed in RIPA buffer, samples run on SDS-PAGE gels and 
transferred to nitrocellulose membranes (BioRad, 1620115). Membranes 
were blocked in 5% skimmed milkor 5% BSA (for phospho-p70S6K and 
phospho-mTOR antibodies) dissolved in Tris buffer saline containing 0.1% 
Tween 20 (BioShop, TWN510.100) and primary antibodies were incubated 
over night at 4°C in blocking solution. HRP-conjugated secondary anti
bodies were then added for 1-2h at room temperature, signals were 
obtained using chemiluminescence substrate (Santa Cruz, SC-2048) and 
densitometry analyses were performed using Li-Cor Odyssey Fc imaging 
system. Primary antibodies utilized in this study include LC3 (Novus 
Biologicals, NB600-1384; 1:1000), TFEB (Cell Signaling Technologies, 
4240; 1:1000), actin (Sigma Aldrich clone AC-15, A5441; 1:5000), 
P-p70S6K (Cell Signaling, 9205; 1:1000), p70S6K (Cell Signaling, 9202; 
1:1000), P-mTOR (Cell Signaling, 2971; 1:1000) and mTOR (Cell Signaling, 
2972; 1:1000). Secondary antibodies used were HRP-conjugated goat anti- 
rabbit (Cedarlane, 111-035-144; 1:5000) and HRP-conjugated goat anti- 
mouse (Cedarlane,111-035-003; 1:5000).

Immunofluorescence microscopy

Cells were fixed in 4% paraformaldehyde (Electron Microscopy Sciences, 
15710) for 20 min, permeabilized with ice-cold methanol for 15 min (LC3, 
TFEB and Lamp1 staining) or 0.25% Triton X100 in PBS (p62, P-p62 and 
P-TBK1 staining) and blocked with 5% BSA (Sigma Aldrich, A7906) pre
pared in PBS for 1h. Incubations with primary antibodies resuspended in 
blocking buffer were then performed overnight at 4°C, secondary antibo
dies were added for 1h at room temperature, and nuclei/bacteria visua
lized by DAPI (4’,6’-diamidino-2-phenylindole, 1μg/ml Thermo Fisher 
Scientific, D1306) staining. Coverslips were mounted using Dako 
Fluorescence Mounting Medium (Agilent Technologies, S3023). Primary 
antibodies used include LC3 (1:200), TFEB (1:500), Lamp1 (Developmental 
Studies Hybridoma bank, H4A3; 1:75), p62 (abcam, ab564116; 1:50), 
Phospho-p62(Ser403) (MBL, D343-3; 1:100) and Phospho-TBK1(Ser172) 
(Cell Signaling Technologies, 5483; 1:100). Alexa-Fluor-568-conjugated 
goat-anti-rabbit and Alexa-Fluor-488-conjugated goat-anti-mouse or goat 
anti-rat (Thermo Fisher Scientific A-11036 and A-11029 respectively; both 
1:1000) were used as secondary antibodies. All images were acquired using 
a Quorum spinning-disc confocal microscopy, controlled by Volocity acqui
sition software (Perkin Elmer). For quantification purposes, images were
captured in randomly selected fields by focusing on DAPI signal, or ran
domly selected transfected cells.
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Statistical analysis

The sample size (n) of each experiment is included in the corresponding 
figure legend. GraphPad Prism software was used for all statistical analysis. 
All histograms present the mean +/- standard error of the mean (represented 
as error bars) and include the scatter plot data. A one-way analysis of variance 
with multiple comparisons (Tukey correction) was used for comparisons 
among groups. Statistical significance was set at P<0.05.
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