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Abstract  

The autophagy pathway is an essential component of the innate immune response, 

capable of rapidly targeting intracellular bacteria, which are subsequently degraded by 

lysosomal enzymes. Recent work has begun to elucidate the regulatory signalling for 

autophagy induction in response to pathogenic bacteria.  However, the initial signalling 

regulating autophagy induction in response to the detection of pathogens remains 

largely unclear. Here we report that AMPK, an important upstream activator of the 

autophagy pathway, is rapidly stimulated upon detection of pathogenic bacteria, prior to 

bacterial invasion. Bacterial recognition is initially achieved through detection of outer 

membrane vesicles (OMVs). Additionally, we show that AMPK signalling relieves 

mTORC1-mediated repression of the autophagy pathway in response to Salmonella 

infection, positioning the cell for a rapid induction of autophagy.  Surprisingly, we found 

that the activation of AMPK and inhibition of mTORC1 in response to extracellular 

Salmonella are not accompanied by an induction of bulk autophagy.  However, upon 

Salmonella invasion AMPK signalling is required for efficient and selective targeting of 

bacteria-containing vesicles by the autophagy pathway through activation of pro-

autophagic kinase complexes.  Collectively, these results demonstrate a key role for 

AMPK signalling in coordinating the rapid autophagic response prior to invasion of 

pathogenic bacteria. 
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Introduction 

Macroautophagy (hereafter referred to as autophagy) is a heavily regulated 

degradative process activated by a range of cellular stressors including nutrient 

starvation, proteotoxic aggregates, and pathogen infection1.  Autophagy is driven by a 

set of highly conserved ‘AuTophaGy-related’ (abbreviated ATG) proteins, which 

stimulate the de novo formation of a double-membraned vesicle called an 

autophagosome2.  The fully formed autophagosome achieves its degradative potential 

after fusion with the lysosome, which provides the acid hydrolases responsible for the 

breakdown of sequestered macromolecules2.   

I.1 History of autophagy 

In 1949, Christian de Duve, a scientist at the University of Louvain in Belgium 

and father of Cell Biology, was working with his colleagues to study carbohydrate 

metabolism and the mechanism of insulin3. Specifically, they were curious to 

characterize the distribution of an enzyme called glucose-6-phosphatase or hexose 

phosphatase, which regulates blood sugar3. De Duve group adapted a protocol, which 

used acid phosphatase as a control and utilized centrifugation to fractionate subcellular 

organelles without disrupting their integrity3. However, they found the activity of the acid 

phosphatase in all off the fractions was too low compared to their experimentally 

expected value3. Frustrated, the researchers stored the samples in the refrigerator for 

later analysis4. Five days later, the group decided to re-examine the samples and to 

their surprise, they found that the enzymatic activities of the acid phosphatase 

increased proportionally in all of the fractions4. In order to confirm there was no mistake 

they repeated the experiments several times4. Every time, the scientists observed that 

the fresh samples gave them very low enzymatic activities while old samples (five days 

in the fridge) showed expectedly proportionally increased levels, which led them 

hypothesize that the enzyme (acid phosphatase) was contained in membrane-like sacs, 

which prevented it to access to substrates and freeze-thaw cycles disrupted the 

membrane and allowed the enzyme to diffuse4.  
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Fig 1. Scheme of lysosome hypothesis: Detergent, freeze-thawing, or hypotonic media 

permeabilizes the lysosomal membrane, which releases enzymes and substrate5. 

Later, four additional acid hydrolases – β-glucuronidase, cathepsin D, 

ribonuclease, and DNase – were found in these membrane-bound organelles, which led 

de Duve to name them “lysosome” to demonstrate their lytic nature4. In 1955, du Duve 

collaborated with Alex Novikoff, an expert microscopist from the University of Vermont, 

to capture the first electron microscopic image of lysosomes6. Additionally, du Duve and 

Novikoff confirmed the presence of acid phosphatases in the lysosome through light 

and electron microscope6. In 1974, du Duve was deservingly awarded the Nobel Prize 

in Physiology or Medicine for his discovery of lysosomes7. The finding of the lysosomes 

opened the gate to more interesting questions and great discoveries. 

Next, the most critical question was what the biological function of the lysosomes 

was. Originally, du Duve suggested that the lysosomes may be involved in intracellular 

digestion of macromolecules in his first paper on activity of acid phosphatase8. 

Interestingly, the first convincing evidence for the digestive functions of lysosomes 
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emerged from the work of Werner Straus, who was a scientist at the University of North 

Carolina and was close to co-discovering lysosomes8. In the mid-1950s, Straus, who 

was interested in renal endocytosis, observed that the droplets of the proximal tubule of 

the kidney responsible for storage and degradation of reabsorbed proteins were 

lysosomes which were rich in acid hydrolases shown in liver lysosomes9. In addition, in 

the 1960s, when Zanvil Cohn and James Hirsch infected macrophages with 

radiolabeled bacteria, they discovered that bacterial components such as lipids or 

proteins accumulated in the lysosomes10. Together, these were the first data linking 

lysosomal digestion to endocytotic uptake of materials such as pathogens or cellular 

debris. During the same time, Marilyn Farquhar and her colleagues, scientists at the 

University of California, observed vesicles containing engulfed cytoplasmic material and 

were the first to hypothesize that theses vesicles were pre-lysosomes8. In the 

cytoplasm, purported pre-lysosomes emerge from a cup-shaped membrane called a 

phagophore, which expands and fuses its edges to form a double-membraned structure 

called autophagosomes11. Autophagosomes engulf damaged molecules or organelles 

and recruit these to the lysosomes11. When de Duve recognized that the cells were 

capable of breaking down their own components through autophagosomes, he coined 

the term “autophagy” to describe this process for the first time12. 
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Fig 2. The formation of phagolysosomes8. 

I.2 Autophagy biogenesis 

I.2.1 Autophagy initiators  

Autophagy is an evolutionarily conserved degradative process from yeast to 

mammals and plays important roles in maintaining normal cellular homeostasis1. 

Nevertheless, the pathway leading to autophagosome formation remained enigmatic 

until 1993 when Yoshinori Oshumi, a scientist at University of Tokyo, discovered at least 

15 now-called ATG genes associated with the pathway through a high content genetic 

screen in yeast treated with nitrogen withdrawal13. This fascinating discovery not only 

opened up the gate for further understanding autophagy mechanisms, but it also won 

Oshumi the Nobel Prize in Physiology or Medicine 201613. Currently, over 41 ATG 

genes have been discovered14. 

I.2.1.1 ULK kinases 

ATG1 is the most upstream autophagy protein identified in yeast and has two 

homologues in mammals, ULK1 and 2 (Unc-51-like kinase).  ULK kinases are the only 

protein kinases in the autophagy pathway and are critical for autophagy initiation15. 

ULK1 and ULK2 are functionally redundant for autophagy induction and are collectively 
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referred to as ULK1 hereafter. Autophagic ULK1 complex consists of ULK1 itself, 

ATG13, FIP200 (focal adhesion kinase family interacting protein of 200 kDa and 

homologue of yeast Atg17), and ATG10116. Binding of ULK1 with ATG13 or FIP200 has 

been shown to increase stability and subsequent kinase activity of ULK1, which is 

essential for autophagy initiation16.  

The structure of the entire ULK1 complex remains unclear, although we have 

partial crystallographic data on specific subunits.  ULK1 has been described to contain a 

relatively standard kinase fold with multiple unique features including a large and 

positively charged loop between the N- and C-terminal lobes17. In addition, ULK1 also 

possesses an autophosphorylation site on T180 in the activation loop, which is required 

for its catalytic activity18. 

 

 

 

 

 

 

 

 

Fig 3. Overall structure of ULK117. 

Crystal structures of the ATG13-ATG101 heterodimer have recently been 

characterized. ATG13 possesses a HORMA (Hop1, Rev7, Mad2) domain in its N 

terminus while ATG101 is encoded by a HORMA domain entirely19. ATG101 has been 

shown to recruit downstream components to the site of autophagy initiation20. 

Interaction with ATG101 promotes stabilization of mammalian ATG13 HORMA19. 

Moreover, ATG13-ATG101 heterodimer functions to bridge the interaction of ULK1 to 
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FIP200, which enhances enzymatic activity of ULK1 complex21. Disruption of any of 

these binding sites result in autophagy impairment21.  

 

 

 

  

 

 

Fig 4. The overall structure of the Atg101 and Atg13 HORMA dimer shown in a ribbon 

representation colored as above. From left to right: Atg101-Atg13 (green and cyan)19. 

AMPK (AMP activated kinase) and mTORC1 (mTOR complex 1) are stress-

sensitive kinases that are upstream regulators of autophagy and ULK122. ULK1 activity 

is tightly regulated through inhibitory phosphorylation by the mTORC1 kinase and 

activating phosphorylation by AMPK22.  Different cellular stressors including; nutrient 

starvation, ROS (reactive oxygen species) accumulation, and reduced cytokine 

signalling are capable of activating autophagy by shifting the balance of activating and 

inhibitory phosphorylation of ULK1 by mTORC1 (on S757) and AMPK (on S317, S467, 

S555, S574, S637, S659 and/or S777)23. 

I.2.1.2 mTORC1 

mTOR (mechanistic target of Rapamycin) is a master regulator of eukaryotic cell 

growth and metabolism that responds to a variety of intracellular and environmental 

stresses such as nutrient starvation, hypoxia, or DNA damage24. mTORC1 consists of 

three core components: mTOR, Raptor (regulatory associated protein of mTOR), and 

mLST8 (mammalian lethal with Sec13 protein 8, also known as GL)25. mTOR is a 

member of the PIKK (phosphatidylinositol-kinase-related kinase) family of serine and 

threonine kinases25. The kinase domain is located at the C-terminus following HEAT 

(Huntington, EF3A, ATM, TOR) and TPR (tetratricopeptide) repeats25. Raptor functions 
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as a scaffold to recruit substrates including S6K1 (p70S6 kinase) and 4EBP1 (eIF4E 

binding protein) to the complex through interacting with the TOS (TOR signaling) motif 

on canonical mTORC1 substrates and is essential for the correct localization of 

mTORC126. mLST8 has been described to promote catalytic function although recent 

studies suggest it is dispensable for the critical role of mTORC127. Besides three core 

factors, mTORC1 also possesses two inhibitory subunits including PRAS40 (proline-rich 

Akt substrate of 40 kDa) and DEPTOR (DEP domain containing mTOR interacting 

protein)25. 

 

 

 

 

 

 

 

Fig 5. Overall structure of mTORC1. The proposed locations of the N- and C-terminal 

domains (marked “N” and “C”) and the kinase domain of mTOR (purple star). The black 

lines labeled “I” and “II” delineate the two interaction interfaces formed by each mTOR 

molecule with the two raptor subunits28. 

It has been discovered that under nutrient rich conditions mTORC1 is recruited to 

the lysosomal membrane and this is required for its activation29. Perturbation of 

mTORC1 localization to the lysosomes mostly abrogates its amino acid-mediated 

activation30. Interestingly, synthetically tethering mTORC1 to lysosomes promotes 

constitutive mTORC1 activation independently of nutrient availability30. In addition, 

mTORC1 activation also depends on Rheb (Ras homolog enriched in brain)31. As a 

small GTPase protein, Rheb is sensitive to the change in GTP (guanosine 5'-

triphosphate) and GDP (guanosine 5'-diphosphate) levels31. When GTP is available, 

Rheb works as a potent activator of mTORC1 kinase activity31. Previous studies have 
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demonstrated that Rheb localizes on several cellular compartments through 

farnesylation on its “CAAX” motif32. The mutation of cysteine in this motif interferes with 

the membrane localization of Rheb and subsequently inhibits Rheb function to activate 

mTORC132. However, the exact mechanism how Rheb stimulates mTORC1 kinase 

activity remains unclear33. 

The well-known negative regulator of mTORC1 signaling is the Tuberous 

Sclerosis Complex (TSC), which is a heterotrimeric complex consisting of TSC1, TSC2, 

and TBC1D7 (Tre2-Bub2-CDC16 (TBC) 1 domain family member 7)34. Among the listed 

subunits, TSC2 possesses a GTPase activating protein (GAP) domain, which converts 

Rheb from the GTP-bound active form to GDP-bound inactive form34. Under basal 

conditions, several growth factor and mitogen-dependent pathways promotes Akt 

(Protein kinase B)-mediated phosphorylation of TSC2 on at least four serine and 

threonine residues35. This phosphorylation enhances TSC dissociation from the 

lysosomes and eventually its inactivation, which protects mTORC1 activity35. 

In addition to regulating synthesis of macromolecules, mTORC1 is also known to 

inhibit catabolic pathways such as autophagy, establishing the balance between 

anabolism and catabolism in response to several environmental conditions24. An early 

key event in autophagy initiation is the activation of ULK complex16. Under basal 

conditions, mTORC1 phosphorylates ULK directly and inhibits AMPK-mediated 

activation of ULK22. Therefore, the level of autophagy induction depends on the relative 

activity of mTORC1 and AMPK in a variety of cellular contexts. 

I.2.1.3 AMPK 

AMPK exists as a heterotrimer including a catalytic  subunit and two regulatory 

 and  subunits36. In humans, each of these subunits exist in several isoforms encoded 

by distinct genes36.  
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Table 1: Characteristics of AMPK subunits36. 

The AMPK subunit contains a typical serine or threonine kinase domain at the 

N-terminus consisting a small N-lobe and a larger C-lobe and a critical T172 residue in 

the activation loop, whose phosphorylation increases activity of AMPK by more than 

100-fold37. The  subunit possesses two conserved regions including the carbohydrate-

binding module (CBM) and the C-terminus38. The CBM functions to recruit AMPK to the 

surface of glycogen particles, although the physiological significance of this binding 

remains unclear38. The  subunit has regulatory binding sites consisting of four tandem 

cystathione -synthase (CBS) repeats, which allows AMPK to respond to changes in 

the ATP (adenosine triphosphate)-to-AMP (adenosine monophosphate) ratio38. 
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Fig 6. Proposed structure of complete α2β1γ1 heterotrimer of AMPK. The α, β and γ 

subunits are shown with different domains color coded, while the activator 991, the 

kinase inhibitor staurosporine, the three bound molecules of AMP, and phospho-Thr172 

are shown in “sphere view” with C atoms green, O red, N blue and P orange39. 

There are three proposed mechanisms for AMPK activation. First, LKB1 (liver 

kinase B1) or CAMKK (Calcium/calmodulin-dependent protein kinase) can directly 

activate AMPK through phosphorylation of T17240. In addition, AMPK is sensitive to 

changes in intracellular adenosine nucleotide levels due to stresses41. Upon low 

intracellular ATP levels, AMP or ADP (adenosine diphosphate) can induce a 

conformational change in AMPK through direct binding to the  subunits, thereby 

protecting the activating phosphorylation T172 from protein phosphatases and 

enhancing kinase activity of AMPK41. Finally, interacting with AMP, but not ATP, can 

lead to allosteric activation of the kinase and the level of this activation can significantly 

increase42. Together, AMP and ADP interaction with the nucleotide binding pockets in 

the  subunits of AMPK provides the mechanistic link between AMPK activation and a 

variety of cellular stresses41. 
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Under conditions where nutrients are limited, AMPK functions as a metabolic 

checkpoint preventing cellular growth and promotes catabolic pathways such as 

autophagy to produce more ATP41. AMPK regulates cell growth and initiates autophagy 

primarily through repression of mTORC1-signalling22. In response to nutrient 

withdrawal, AMPK suppresses mTORC1 activity through AMPK-mediated 

phosphorylation of the human tumor suppressor TSC2 on S1387 resulting in the 

inhibition of the small GTPase Rheb, mTORC1 activator43. Interestingly, cells lacking 

TSC2 can still respond to nutrient starvation (mTORC1 inhibition following AMPK 

activation), which led to the recognition of another mode of AMPK-mediated mTORC1 

inhibition44.  AMPK can directly inhibit mTORC1 activity though phosphorylation of the 

Raptor subunit on conserved serines44. Besides mTORC1, active AMPK can initiate 

autophagy through direct regulation of ULK141. Therefore, AMPK activation can induce 

autophagy through a two-fold mechanism, which consists of not only suppression of 

mTORC1 but also direct stimulation of ULK1 activity. 

I.2.2 Critical autophagy-associated complexes 

In addition to ULK, there are four critical sets of proteins required for 

autophagosome formation including: 1) the class III phosphoinositide 3-kinase/VPS34 

complex I, 2) two ubiquitin-like protein conjugation systems (ATG12–ATG5-ATG16L1 

and MAP1LC3 (LC3), the mammalian ortholog of yeast Atg8), 3) WIPI proteins, and 4) 

transmembrane proteins including ATG945. 
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Table 2: The core molecular complexes of autophagosome formation46. 

I.2.2.1 The class III phosphoinositide (PtdIns) 3-kinase/VPS34 complex I 

The Class III PtdIns 3-kinase plays a variety of essential functions in autophagy, 

endocytic trafficking, cytokinesis, phagocytosis, and nutrient sensing47. VPS34 (vacuolar 
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protein sorting 34) is a member of the PtdIns 3-kinase family of lipid kinases and exists 

in several different complexes to regulate a wide range of cellular processes47. The 

VPS34 complexes associated with the autophagy pathway consist of the catalytic 

subunit VPS34 itself, the VPS15 scaffold, and the regulatory beclin-1 (homologue of the 

yeast Atg6), and either ATG14 or UVRAG (UV resistance-associated gene) subunits48. 

Activity of pro-autophagic VPS34 complexes have been described to be regulated by 

three upstream initiators mTORC1, ULK, and AMPK15. Under nutrient rich conditions, 

while ULK and AMPK signaling is inhibited, active mTORC1 directly represses pro-

autophagic VPS34 complexes through phosphorylation of subunit ATG1449. 

Interestingly, incubation of mTORC1 with VPS34-VPS15-beclin-1 complexes in vitro 

has no effect on the activity of the lipid kinase50.  However, supplementation of 

recombinant ATG14 to the VPS34 complex results in inhibition of lipid kinase activity 

through mTORC1-mediated phosphorylation51. This suggests the critical role of ATG14 

in linking the VPS34 complex substrate to the kinase51. In amino acid-withdrawn cells, 

ULK has been shown to phosphorylate pro-autophagic VPS34 complex subunit beclin-1 

on S14, which results in phosphorylation of phosphatidylinositol (PtdIns) at the 3′ 

position on the inositol ring to produce pool of phosphatidylinositol(3)phosphate 

(PtdIns(3)P)52. PtdIns(3)P production is responsible for the recruitment of downstream 

components of the autophagy pathway and is indispensable for autophagosome 

formation53. In addition, upon starvation, AMPK phosphorylates beclin-1 on S91/94, 

which is sufficient to induce lipid kinase activity of VPS34 complexes54.  

Bcl-2 (B-cell lymphoma 2) and Rubicon (RUN domain Beclin 1-interacting and 

cysteine-rich containing protein) are two known negative regulators of VPS34 

complexes55. Under nutrient-enriched conditions, the hydrophobic groove in Bcl-2 

interacts with the BH3 domain of beclin-1, which disrupts the beclin-1/VPS34 binding, 

reduces lipid kinase activity, and subsequently inhibits autophagy induction56. In 

contrast, upon stresses, Bcl-2 dissociates from beclin-156. In addition, UVRAG induces 

the autophagy pathway by enhancing interaction of released beclin-1 with VPS34 and 

upregulates activity of VPS34 complexes57. Besides early stages of autophagy, UVRAG 

has been described to mediate autophagosome maturation via binding to the HOPS 

(homotypic fusion and vacuole protein sorting) complex58. This interaction promotes 
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lysosomal fusion with autophagosome58.  Under basal conditions, Rubicon binds to the 

UVRAG subunit of VPS34 complexes, which results in disruption of the UVRAG-HOPS 

interaction and decreases VPS34 lipid kinase activity58. In addition, nutrient-activated 

mTORC1 has been shown to enhance Rubicon-UVRAG-containing VPS34 complexes 

through direct phosphorylation of UVRAG50. Taken together, mTORC1, ULK, and 

AMPK have been described to directly regulate the activity of the pro-autophagic VPS34 

kinases, thus ensuring a tightly controlled burst of autophagy initiation in response to 

cellular stresses and underscoring the importance of VPS34 regulation. 

I.2.2.2 Two ubiquitin-like protein conjugation systems (ATG12–ATG5-

ATG16L1 and MAP1LC3 (LC3) 

ATG12 and microtubule-associated protein 1 light chain 3 LC3 (the best 

characterized homologue of the yeast ATG8), involved in the autophagy pathway, are 

structurally related to ubiquitin59. Each of these proteins forms a distinct ubiquitin-like 

conjugation system, which is critical for autophagosome biogenesis59. 

First, ATG12 is activated by the E1-like enzyme ATG7 through the formation of a 

thioester bond60. Active ATG12 is recruited to the E2-like enzyme ATG10, which results 

in ATG12 conjugation to its target protein ATG561. This interaction is irreversible, so 

ATG12 and ATG5 primarily exist in conjugated forms61. ATG5 recruits the complex to 

the coiled-coil protein ATG16L1 to form a trimeric ATG16L1-ATG5-ATG12 complex, 

which is essential for the formation and elongation of the autophagosomes through its 

function in LC3 lipidation62. 

The second ubiquitin-like conjugation system involves the conjugation of LC3 to 

the lipid PtdEth (phosphatidylethanolamine), which is commonly referred to as LC3- 

lipidation63. The C-terminus of ubiquitin-like protein LC3 is cleaved by ATG4 to form 

LC3-I, which allows it to be transferred to and activated by E1-like enzyme ATG763. The 

active LC3-I is then transferred to E2-like enzyme ATG363. ATG16L1-ATG5-ATG12 

complex acts as an E3-like enzyme and recruits LC3-I to the membrane lipid PtdEth to 

form LC3-II, lipidated form of LC364.  Each subunit of the trimeric ATG16L1-ATG5-

ATG12 has a distinct function in the processing of LC364. ATG12 binds to ATG3 of the 

LC3-I complex, ATG5 functions as a catalytic subunit, and ATG16L1 is responsible for 
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the localization of the complex to the phagophore site59. LC3 lipidation catalyzed by 

ATG16L1 complex is critical to the autophagy pathway and is used as the measurement 

for autophagy induction59. 

I.2.2.3 WIPI proteins 

WIPI (WD-repeat protein interacting with phosphoinositides) proteins belong to 

the human PROPPIN (-propellers that bind phosphoinositides) family and consist of 

four members (WIPI1 to WIPI4) along with their splice variants65. WIPI1 and WIPI2 have 

been shown to localize at the inner and outer membrane of autophagosomes, which 

can be the result of their specific interaction with PtdIns(3)P through evolutionarily 

conserved residues65. In addition to PtdIns(3)P binding, WIPI proteins also function as 

essential PtdIns(3)P effectors at the nascent autophagosome66. More specifically, 

WIPI2 has been demonstrated to recruit the downstream ATG16L1 complex to the 

phagophore site for LC3 lipidation66.  

I.2.2.4 Transmembrane proteins 

The two transmembrane proteins required for the autophagy pathway are ATG9 

and VMP1 (vacuole membrane protein 1)67. Upon starvation conditions, ATG9 

translocates from the Golgi network and late endosomes to peripheral sites overlapped 

with LC3-positive autophagosomes68. Starvation-mediated cycling of ATG9 requires 

ULK as well as VPS34 complexes69,70. ATG9 cycling has been shown to contribute to 

the delivery of membrane source to the autophagosome formation71.  

The induction of autophagy in response to stresses such as starvation or 

rapamycin treatment is VMP1-dependent and overexpression of VMP1 drives 

autophagy even under nutrient-enriched conditions72. In addition, VMP1 has been 

described to bind to the VPS34 complex subunit beclin-172. Interestingly, a study has 

recently shown that TP53INP2 (tumor protein 53-induced nuclear protein 2), a novel 

VMP1-binding protein, translocates from the nucleus to autophagosomes and is 

responsible for recruiting beclin-1 and LC3 to autophagosomal sites, potentially via its 

interaction with VMP173. Moreover, TP53INP2 only binds to LC3 and VMP1, but not 
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beclin-173. Taken together, VMP1 might act as a transmembrane protein that targets 

downstream components to the phagophore during the process of autophagy. 

I.3 Bulk versus selective autophagy 

Autophagy has long been thought of as an essential but non-selective bulk 

degradation pathway triggered by nutrient deprivation74. However, research over the 

past decade has shown that autophagy also plays roles in maintaining intracellular 

homeostasis in non-starved cells by selectively breaking down cargo such as 

dysfunctional organelles, aberrant protein aggregates, lipid droplets, excess 

peroxisomes and invading pathogens2. Specific autophagy adapters are required for 

selective autophagy to recruit cargo to the site of autophagosome75. Moreover, it has 

been described that post-translational modifications add additional selectivity to 

substrate recognition and clearance75.   

 

 

 

 

 

 

Fig 7. Bulk autophagy and selective autophagy76. 

I.4 Pathogens versus the host cells 

I.4.1 Model pathogen 

The genus Salmonella, a Gram-negative facultative intracellular anaerobic 

pathogen, consists of 2 species, S. bongori and S. enterica (Salmonella bongori and 

Salmonella enterica, respectively)77. Most of the Salmonella causing diseases in 

humans and animals are members of S. enterica78. S. enterica has been classified into 

6 subspecies, which are further subdivided into over 2500 serovars differentiated by 

their flagellar, carbohydrate, and LPS (lipopolysaccharides) components77. Among the 
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studied bacterial strains, Salmonella enterica serovar Typhimurium (hereafter referred 

to as Salmonella) is perhaps the best characterized example of bacterial interaction with 

the host autophagic machinery and was therefore selected as a model pathogen for this 

study79. Salmonella can infect several phagocytic and non-phagocytic cells, including 

macrophages, dendritic cells, neutrophils, M cells, enterocytes, and epithelial cells78. 

Critical virulence genes in Salmonella have been mapped to SPIs 

(Salmonella pathogenicity islands)80. Of the 22 discovered SPIs in the genus 

Salmonella, SPI-1 and SPI-2 are the best-characterized80. SPI-1, which contains 40 kb 

of DNA, is responsible for injecting bacterial proteins into the cytosol of host cell and 

promoting cytoskeletal perturbation, thereby allowing bacterial invasion of host81. SPI-2 

also consists of about 40 kb of DNA and is required for intracellular replication and 

survival of the bacteria82. SPI-1 and SPI-2 encode 2 distinct T3SS-1 and T3SS-2 (type 

III secretion system 1 and 2), which are syringe-like protein complexes capable of 

delivering virulence bacterial effectors into host cells and interfering with normal host 

cell signalling pathways83. Following insertion of effectors in the host, Salmonella are 

internalized and reside in a unique membrane-bound compartment, termed SCVs 

(Salmonella-containing vacuoles), a protected niche where they can replicate84. 

In addition, Salmonella can translocate virulence factors into host cells via 

production of OMVs (outer membrane vesicles) independently of SPI-1 T3SS and SPI-2 

T3SS85. OMVs are produced from the surface of Gram-negative bacteria and consist of 

several outer membrane and periplasmic components, including proteins, LPS, 

phospholipids, and DNA. The vesicle sizes range from 10 to 300 nm85. OMVs not only 

disseminate toxins and protease-protected virulence factors distantly into the hosts to 

promote bacterial survival, but also function as bacterium-like decoys to uptake 

antimicrobial peptides to neutralize host immune responses86.  

I.4.2 Intracellular Salmonella fate 

Following invasion into the host cell the majority of Salmonella reside in the SCV, 

an intracellular replicative niche adapted and modified by actions of both T3SS-1 and 

T3SS-2, to avoid the host defense systems87. The SCVs form a tubular network of long 
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and membranous structures termed Salmonella-induced filaments (Sifs), which 

promotes bacterial growth88.  

Intracellular Salmonella cause membrane damage to the SCV due to the pore-

forming activity of T3SS-1 shortly after internalization to enter the host cytosol89. 

However, Salmonella can maintain the integrity of the SCV membrane through the 

function of a SPI-2 effector, SifA88.  If damage to the SCV by T3SS-1 is not repaired, it 

may be cleared by the host cell innate immune response.  Salmonella that escape the 

SCV are also capable of replicating in the cytosol; however, cytosolic growth is cell-

dependent90. Cytosolic Salmonella in epithelial cells have been shown to hyper-

proliferate, while replication is severely limited in the hostile cytosolic environment of 

macrophages90. While escape from the SCVs and cytosolic growth is a critical step for 

Salmonella infectious cycle91, Salmonella with ruptured SCVs are targeted for 

ubiquitination and subsequently degradation in the autophagosomes92. Salmonella can 

also be recruited to the lysosomal compartment through a process called LC3-

associated phagocytosis (LAP)93. LAP is a biologically and mechanistically distinct 

pathway from autophagy and is independent of core autophagy proteins including ULK1 

and autophagy adaptors93. 

I.4.3 Salmonella-mediated induction of inflammation  

The immune system induces a diverse array of inflammatory and antimicrobial 

responses to defend against invading pathogens94. The first line of defense is regulated 

by host-derived pattern recognition receptors (PRRs), which are capable of detecting 

pathogen-associated molecular pattern molecules (PAMPs)95.  

Among discovered PRRs, Toll-like receptors (TLRs) are the best-characterized96. 

Human TLR family consists of 10 isoforms (TLR1 to TLR10) located on the outer 

membrane of the cell (TLR1, 2, 4, 5, 6, and 10) or in intracellular compartments (TLR3, 

7, 8, or 9)96. TLRs are the first PRRs to sense the presence of Salmonella and can 

detect several extracellular and endosomal Salmonella-derived PAMPs, including LPS 

(sensed by TLR4), peptidoglycan (sensed by TLR1/2), lipoproteins (sensed by 

TLR1/2/6), flagellin (sensed by TLR5), and DNA (sensed by TLR9)97. Upon recognition 

of PAMPs, TLRs recruit the downstream adaptors MyD88 and TRIF, which initiate 
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signal transduction pathways leading to the activation of the transcription factor NF-B 

(nuclear factor-B) or MAP (mitogen-activated protein) kinases to trigger the production 

of inflammatory cytokines, chemokines, and type I IFNs (interferon)98. 

In addition to TLRs which can detect the extracellular and intracellular PAMPs, 

NOD-like receptors (NLRs) are PRRs that sense infection and stress exclusively in the 

intracellular compartments97. Of the 22 human NLR genes, NOD1 and NOD2 are key 

sensors of distinct cytosolic bacterial peptidoglycan (PGN) fragments and are critical for 

host protection against pathogens99. NOD1 is activated in response to intracellular -D-

glutamyl-meso-diaminopimelic acid (iE-DAP) present on Gram-negative bacteria and 

some Gram-positive bacteria100. NOD2 detects cytosolic muramyl dipeptide (MDP) 

found in all bacterial cell walls101. Upon binding to PAMPs, NOD1 and NOD2 self-

oligomerize and recruit the CARD-containing adaptor RIP2 (receptor-interacting protein 

kinase 2) through homotypic CARD-CARD interactions, which initiates signalling 

cascades resulting in downstream NF-B and MAPK-mediated inflammatory and 

antimicrobial responses102.  

I.4.4 Anti-bacterial autophagy (xenophagy)  

Ubiquitination of Salmonella signals to the host cell defense triggering activation 

of inflammation and anti-bacterial responses92. Ubiquitination is a reversible enzymatic 

cascade reaction resulting in covalent binding of ubiquitin (Ub) to protein substrates, 

catalyzed by E1 (Ub-activating enzyme), E2 (Ub-conjugating enzyme), and E3 (Ub 

ligase enzyme)103. Ub can oligomerize through isopeptide bonds to create 8 unique 

chain patterns, including 7 lysine-branched chains (K6, 11, 27, 29, 33, 48, and 63) or a 

linear methionine chain M1104. Different Ub chains recruit different autophagy 

receptors105. Salmonella with damaged SCVs are marked with M1- and K63-linked Ub 

chains, which are detected by Ub-binding autophagy receptors, subsequently resulting 

in autophagic degradation of the bacteria92.  

Anti-bacterial autophagy (hereafter referred to as xenophagy) requires the core 

autophagy machinery as well as specialized mechanisms for targeting the pathogens2. 

The autophagy receptors p62 (sequesterosome 1), NDP52 (nuclear domain 10 

protein52), and OPTN (Optineurin) consist of a LC3-interacting region (LIR) and a Ub-
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binding motif, which can bind to ubiquitinated Salmonella106. LC3 is found on the 

autophagosomal membrane66. As such, upon infection, the autophagy adaptors serve 

as a platform to recruit the bacteria to the autophagosome site for degradation107. p62 

was the first discovered mammalian autophagy cargo and plays a critical role in several 

autophagy pathways, including the selective degradation of protein aggregates and the 

removal of intracellular pathogens108. In addition to the ubiquitination pathway, ruptured 

SCVs can also be recognized by galectin-8, a cytosolic lectin109. NDP52 selectively 

binds and recruits galectin-8 to LC3 through LIR motif, thereby bridging the bacteria to 

phagophores to induce autophagy109. NDP52 has also been shown to work with OPTN 

to regulate Salmonella degradation110. 

Emerging evidence suggests a significant overlap between signalling in 

starvation- and pathogen-induced autophagy.  For example, membrane damage from 

Salmonella has been described to induce a transient reduction in intracellular amino 

acid levels, which alleviates mTORC1-mediated repression of the autophagy 

pathway111.  Additionally, xenophagy-specific protein IRGM (immunity-related GTPase 

M) has been shown to bind and/or regulate several factors involved in autophagy 

initiation including the VPS34 kinase complex, ULK1, and AMPK112.  Importantly, loss of 

IRGM does not abrogate starvation-induced autophagy, but is required for efficient 

clearance of bacteria and is the most commonly targeted component of the autophagy 

pathway by RNA viruses113.  Together these studies highlight that the induction of 

xenophagy involves several of the same upstream signalling regulators used in 

starvation-induced autophagy that are coupled with bacterial stress-specific factors 

including IRGM and galectins to coordinate the cellular response to pathogen. However, 

the precise signalling upstream of the autophagy pathway in response to bacterial 

infection and the specificity of these signals remain to be elucidated.  
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Materials and Methods  

Antibodies and Reagents 

Anti-PtdIns(3)P antibody was a generous gift from Millennium Pharmaceuticals. Anti-

Beclin-1 (Cat#3495 for WB), phospho-Beclin-1 S15 (Cat#84966), phospho-Beclin-1 S93 

(Cat#14717), phospho-ULK1 S757 (Cat#6888), phospho-ULK1 S317 (Cat#12753), 

ACC (Cat#3676), phospho-ACC S79 (Cat#11818), Raptor (Cat#2280), phospho-Raptor 

S792 (Cat#2083), mTOR (Cat#2983 for immunostaining), S6 (Cat#2317), phospho-S6 

S235/236 (Cat#4858), phospho-S6K T389 (Cat#9234), phospho-p38 T180/182 

(Cat#4511), and phospho-NF-κB S536 (Cat#3033) antibodies were purchased from Cell 

Signaling Technology. Anti-LC3B (Cat#PM036 for immunofluorescence) antibody was 

purchased from MBL. Anti-Vinculin (Cat#V9131), beta-Actin (Cat#A5441 clone AC-15) 

antibodies, lipopolysaccharides from Escherichia coli 0111:B4 (Cat#L4391-1MG), 

Resiquimod (Cat#SML0196-10MG), and Filipin III from Streptomyces filipinensis (Cat# 

F4767-1MG) were obtained from Sigma. Anti-LC3B (Cat#NB100-2220 for WB) and 

DYKDDDDK Epitope Tag (Cat#NBP1-06712 for WB) antibodies were purchased from 

Novus Biologicals. Anti-LPS FITC (Cat#SC-52223), VPS34 (Cat#SC-365404), and GST 

(Cat#SC-138) antibodies were purchased from Santa Cruz Biotechnology. Anti-p62 

(Cat#ab207305 for immunofluorescence), S6K (Cat#ab32529), ATG14 (Cat#ab139727 

for immunoprecipitation and WB), ULK1 555 (Cat#ab206612 for immunofluorescence), 

LAMP1 (Cat#ab25245 for immunofluorescence) antibodies, and dynasore (Cat# 

ab120192) were obtained from Abcam. Anti-p62 (Cat#GP62-C for WB) antibody was 

purchased from Progen Biotechnik. Anti-Sirtuin-1 (Cat#07-131) was obtained from 

Upstate/Millipore. Proteinase K (Cat# P8107S) was obtained from New England 

BioLabs. Digitonin (Cat#10188-874) was obtained from VWR. Neuron-derived 

exosomes were a kind gift from Dr. Gibbings, University of Ottawa. 

Cell Culture 

MEFs, HEK293A, and HCT116 were cultured in DMEM supplemented with 10% Bovine 

Calf Serum (VWR Life Science Seradigm). A549 cells were cultured in F-12K medium 

supplemented with 10% Fetal Bovine Serum (Hyclone). MCF-7 were cultured in EMEM 
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supplemented with 10% Fetal Bovine Serum (Hyclone). Amino acid free medium was 

made according to Gibco standard recipe omitting all amino acids and supplemented as 

above without addition of non-essential amino acids and substitution with dialyzed FBS 

(Invitrogen). Media was changed 1 hour before experiments. Bone marrow deprived 

macrophages (BMDMs) were a kind gift from Dr. Fullerton, University of Ottawa. LKB1 

wild-type and knock-out MEF cell were a generous gift from Russell Jones. NOD1 

knock-out and NOD1/2 knock-out HCT116 cells were a kind gift from Dr. Girardin, 

University of Toronto. 

Generation of Stable Cell Line 

Flag ULK1 with puromycin resistance was used to create a stable polyclonal population 

of cells expressing near endogenous level of ULK1. The cells expressing tagged ULK1 

were maintained by 1 µg/mL. 

Generation of knock-out cell lines using CRISPR/Cas9 

HCT116 IRAK, TRAF6, STING, and NOD2 knockouts were generated using 

CRISPR/Cas9 targeting exon 1. IRAK guide RNA sequences: 

CACCGTCTTGTACGAGGTGCCGCCC and CACCGCCGACTGGTGCCAGTTCGGT. 

TRAF6 guide RNA sequence: CACCGTGTTACAGCGCTACAGGAGC. STING guide 

RNA sequences: CACCGAGAGCACACTCTCCGGTACC and 

CACCGCTGGGACTGCTGTTAAACG.  

Bacterial and Viral Strains 

Wild-type (SL1344), Inva mutant, and SsaR mutant Salmonella were kind gifts from Dr. 

Sad, University of Ottawa. Wild-type Shigella was obtained from Dr. Campbell-Valois, 

University of Ottawa. AIEC was a generous gift from Dr. Coombes, McMaster 

University. Bacteria were grown in Luria-Bertani broth (Fisher). Murine norovirus (MNV) 

were generous gifts from Dr. Thomas Smith, University of Texas.  

Bacterial Infection 

Overnight bacterial cultures of Salmonella were diluted 30-fold and grown to log phase 

(OD600 = 1.5), collected by centrifugation 10,000 g for 2 min, and resuspended in 1 mL 
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of PBS. Bacterial stock was then diluted 10-fold (MOI = 450) in DMEM supplemented 

with heat-inactivated BCS for infection. Cells cultured in antibiotic-free medium were 

infected with Salmonella and incubated at 37 degrees Celsius in 5% CO2 for the 

indicated time. Cells were washed in PBS once before lysis. For gentamycin assays, 

the cells were infected, preceded or followed by incubation with gentamicin (50 µg/mL) 

for 0.5 hour. Gentamicin was added before and after bacterial infection to control for 

potential off-target effects of the drug (for example: the possibility that mTORC1 

signalling may be altered by gentamycin addition). Bacteria were killed by incubation 

with 4% PFA for 15 min. 

Preparation of bacterial supernatant  

Overnight bacterial cultures of Salmonella were diluted 30-fold and grown to log phase 

(OD600 = 1.5), 1ml was collected by centrifugation at 10,000 g for 2 min, and 

resuspended in 5 mL of heat-inactivated DMEM. Salmonella-containing media was then 

shaken at 250 rpm for the indicate time points. Following the incubation, the bacteria 

were removed by centrifugation (10000 g for 2 min) and supernatant was filtered 

through a 0.45 uM filter. 

OMV Purification 

Wild-type Salmonella was grown in 4 mL of LB broth supplemented with carbenicillin at 

37 degrees Celsius at 250 rpm. After 16-18 hours of incubation, all of bacteria were 

transferred to 1.5 L of LB and were shaken for extra 18 hours. The bacteria were then 

removed by centrifugation (15000 rpm, 30 min, 4 degrees Celsius). The collected 

supernatant was vacuum filtered and incubated overnight with OMV precipitation 

solution (300g of PEG, 43.9g NaCl in water up to 1L, 3x stock) at 4 degrees Celsius. 

OMVs were harvested by two centrifugations (4200 rpm, 30 min, 4 degrees Celsius) 

and one ultracentrifugation (28500 rpm, 3 hours, 4 degrees Celsius). The pellets were 

suspended in clear DMEM and stored at 4 degrees Celsius for future use. The size of 

OMV was determined by Nanoparticle Tracking Analysis using a Particle Metrix 

Zetasizer (Particle Metrix GmbH, Meerbusch, Germany). OMV samples diluted 

1:100000 in PBS were captured with 11 positions. Data were analysed with the 

ZetaView 8.02.31 software. The concentration of OMV stock is 3.6*1011 particles/mL.  
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OMV modifications 

Heat shock 

Heat-inactivated OMVs were warmed at 55oC for 5 minutes and diluted in complete 

media prior to treatment.  

Paraformaldehyde Fixation 

OMVs were fixed with 4% PFA for 20 min followed by inactivation with 1M Tris pH-8 for 

30 min. Fixed OMVs were ultracentrifuged at 100 000g for 30 min, washed 2x with 1M 

Tris pH=8, and re-suspended in complete media prior to treatment.  

Proteinase Treatment 

OMVs were incubated in the presence or absence of proteinase K (1.6 units), or buffer 

alone for 30 mins prior to nucleofection (Lonza, used X-001 setting). The nucleofected 

OMVs were resuspended, washed 3x with PBS, and harvested by ultracentrifugation 

(100 000g for 30 min). 

Western blot and Immunoprecipitation 

Whole cell lysates were generated by direct lysis with 1X denaturing SDS sample 

buffer. Samples were boiled for 10 min at 95 degrees Celsius and resolved by SDS-

PAGE. Immune complexes were obtained from cells lysed in mild lysis buffer [10mM 

Tris pH 7.5, 10 mM EDTA, 100 mM NaCl, 50 mM NaF, 1% NP-40, supplemented at 

time of lysis with protease and phosphatase inhibitor cocktails –EDTA (APExBIO)]. 

Protein A beads (Repligen) were washed 1X with MLB and mixed with antibodies and 

cleared cell lysates for 1.5-3 hours followed by one wash with MLB and inhibitors and 4 

washes with MLB alone. Beads were boiled in 1X denaturing sample buffer for 10 min 

before resolving by SDS-PAGE. 

Immunofluorescence 

Cells were plated on IBDI-treated coverslips the night before treatments. Cells were 

fixed by 4% paraformaldehyde in PBS for 15 min, followed by permeabilization with 50 

µg/mL digitonin in PBS for 10 min. Cells were blocked in blocking buffer (1% BSA and 
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2% serum in PBS) for 30 min then incubated with primary antibodies in the same buffer 

for one hour at room temperature. Slides were washed 2X in PBS and 1X in blocking 

buffer followed by incubation of secondary antibodies in blocking buffer for one hour at 

room temperature. Slides were washed 3X in PBS, stained with DAPI, and mounted. 

Images were captured with inverted epifluorescent Zeiss AxioObserver.Z1. In the case 

of outside/inside bacterial staining, before permeabilization, the cells were incubated 

with primary and following secondary antibodies in blocking buffer, accompanied by 3X 

PBS washes in between. 

Quantification of immunofluorescence  

Epifluorescent microscopy images were used to determine colocalization using an 

automated protocol built in the Volocity PerkinElmer imaging software to reduce bias. 

The same protocol was applied to each field of view and across samples. Quantification 

was performed on representative experiments with an average of 27 unique fields of 

view. 

In vitro ULK1 Kinase Assay  

ULK1 proteins were immunoprecipitated and extensively washed with MLB (once) and 

RIPA buffer (50 mM Tris at pH 7.5, 150 mM NaCl, 50 mM NaF, 1 mM EDTA, 1 mM 

EGTA, 1% SDS, 1% Triton X-100 and 0.5% deoxycholate) once, followed by washing 

with MLB buffer once followed by equilibration with ULK1 assay buffer (kinase base 

buffer supplemented with 0.05 mM DTT and 10 μM cold ATP per reaction). Reactions 

were rocked at 250 rpm at 37 degrees Celsius for 30 min and quenched by direct 

addition of 4X sample buffer followed by 10 min boiling and resolution by SDS-PAGE. 

The analysis of kinase reactions necessitated the separation of the kinase and 

substrate. In vitro kinase reactions were analyzed by western blot with the phospho-

Beclin-1 antibody. 

In vitro VPS34 Lipid Kinase Assay 

Immunoprecipitated proteins were incubated with 40 µL of 1X kinase base buffer (200 

mM HEPES pH 7.4, 50 mM MgCl₂, 10 mM EGTA, and 4 mM EDTA) supplemented with 

0.5 mg/mL phosphatidylinositol, 0.25 mM cold ATP, 25 mM MnCl2, and 0.25 mM DTT at 
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37 degrees Celsius for 30 min with vigorous shaking. After the reaction, the supernatant 

was separated from the beads and analyzed by dot blot. Beads were boiled in 1X 

denaturing sample buffer for 10 min before resolving by SDS-PAGE for the inputs.  

Colony Forming Unit (CFU) Assay 

Cells were infected with Salmonella for 1 hour. The infected cells were washed 2X and 

incubated with media containing 100 µg/mL Gentamicin for 0.5 hour, followed by 4-hour 

incubation with media containing 50 µg/mL Gentamicin. The samples were rinsed 3X 

with PBS and lysed with CFU buffer (0.1% Triton X-100 and 0.01% SDS in PBS). The 

lysates were serially diluted and plated onto LB agar plates containing Streptomycin. 

The plates were incubated at 37 degrees Celsius for 16-18 hours and the colonies were 

counted to determine the number of CFU. 

Statistical analysis 

Statistical analysis was performed on biological repeats using Image J. Error bars 

represent the standard deviation in normalized fold changes in observed induction or 

repression. Statistical significance was determined using paired Student’s one-tailed T-

test for two data sets. 
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Results 

AMPK is activated by Salmonella and directly inhibits mTORC1  

AMPK and mTORC1 signalling are critical upstream regulators in starvation-

induced autophagy22.  Previous reports have described that Salmonella infection can 

result in either mTORC1 activation or inhibition111,114.  In order to determine the key 

upstream signalling events regulating xenophagy induction we first infected colon 

epithelial cells (HCT116) and bone marrow-derived macrophages (BMDM) with 

Salmonella and determined the phosphorylation status of established AMPK-target 

acetyl-CoA carboxylase (ACC) and mTORC1-target ribosomal protein S6 kinase (S6K), 

which migrates as doublet in some cell lines.  Consistent with previous reports we found 

that mTORC1 activity is inhibited in colon epithelial cells, but activated in macrophages 

(Fig 8)111,114.  Interestingly, we found that AMPK is activated in both colon epithelial cells 

and macrophages upon Salmonella infection by measuring changes in the AMPK-

mediated phosphorylation of ACC (Fig 8).  

                                                                    

Fig 8. HCT116 cells and bone marrow-derived macrophages (BMDM) were infected 

with log phase Salmonella (ST) (unless otherwise stated a MOI of 450 was used) for 1 

hour. Samples were immunoblotted for targets of mTORC1 (phospho-S6K) and AMPK 

(phospho-ACC). 

Since both epithelial cells and macrophages are capable of inducing xenophagy, 

this raises the possibility that AMPK activation may be the primary signalling pathway 

responsible for activation of the autophagy kinases in the response to infection. 
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Therefore, we next sought to expand the analysis of AMPK regulation by Salmonella 

infection in multiple cell lineages including: kidney (HEK293A), lung (A549), fibroblast 

(MEF), and breast epithelia (MCF-7).  We observed a potent activation of AMPK and 

repression of mTORC1 signalling as measured by downstream target phosphorylation 

in all cell lines tested (Fig 9).  These results suggest that aside from macrophages 

AMPK activation and mTORC1 inhibition are the conserved response to Salmonella 

infection.   

 

 

 

 

 

 

Fig 9. HEK293A, A549, MEF, and MCF-7 cells were treated with Salmonella for 1 hour 

to 1.3 hours. Whole cell lysates were immunoblotted using the antibodies indicated. 

Importantly, we found that other gram negative bacteria including Shigella 

flexneri and adherent invasive Escherichia coli (AIEC) also elicited a potent activation of 

AMPK (Fig S1).  As the xenophagic response is better defined in Salmonella than in 

Shigella or AIEC, we continued our characterization of xenophagy regulation using 

Salmonella as our model pathogen. We next confirmed that regulation of AMPK and 

mTORC1 signalling by Salmonella was consistent across various MOI used in literature.  

We found consistent effects on signalling from an MOI of 10 to 450, with a delay in 

signalling at lower MOI (Fig S2).  However, the amplitude signalling changes at each 

MOI were consistent at peak induction (Fig S3).  We moved forward with an MOI of 450, 

which in HCT116 cells at 1hr, gives an infection rate of 10 percent (Fig S4).   

A previous report in macrophages suggested that Sirt-1 stability is an important 

regulator of mTORC1 activity, having maximal effect at 4-5 hours post infection, which 

is considerably later than the 1-hour time point we had used. In order to determine if 
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Sirt-1 stability is playing a role in non-macrophages at a later time point we performed a 

temporal analysis of AMPK and mTORC1 signalling in response to Salmonella infection.  

We found that the activation of AMPK and inhibition of mTORC1 begin at 1 hour post 

infection and occur in the absence of changes to Sirt-1 levels in all time points tested 

(Fig 10).  These results indicate regulation of mTORC1 in epithelial cells does not 

require destabilization of Sirt-1. 

 

 

 

 

 

 

Fig 10. HCT116 cells were treated with Salmonella and lysed at the indicated 

timepoints. Samples were immunoblotted using the antibodies indicated.  

Membrane damage caused by Salmonella infection has been shown to result in 

amino acid loss and mTORC1 inhibition111.  However, AMPK is also known to inhibit 

mTORC1 directly and indirectly in an amino acid-independent manner44.  This led us to 

ask if AMPK signalling contributes to mTORC1 inhibition upon infection.  To monitor the 

effects of AMPK signalling on mTORC1 we infected cells in the absence or presence of 

AMPK inhibitor compound C, which is a potent inhibitor of AMPK most often used in 

conjunction with the AMPK activators such as salicylate115,116. Surprisingly, we found 

that Salmonella-induced inhibition of mTORC1 is blocked by AMPK inhibitors, indicating 

that AMPK signalling contributes to the inhibition of mTORC1 independently of 

regulation by amino acids (Fig 11).   
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Fig 11. AMPK was activated by salicylate (Sal.) and HCT116 cells were infected with 

Salmonella in the presence or absence of AMPK inhibitor Compound C (C.C). Whole 

cell lysates were immunoblotted using the antibodies indicated.  

In order to confirm that AMPK signalling is responsible for the reduction in 

mTORC1 signalling we infected the AMPK 1 and 2 (the catalytic subunits of AMPK) 

double knock-out MEF and analyzed mTORC1 activity. We found that Salmonella-

induced inhibition of mTORC1 signalling is greatly reduced in the AMPK double knock-

out MEF, indicating AMPK signalling promotes the inhibition of mTORC1 upon infection 

independent of amino acid loss (Fig 12).   

 

 

 

 

 

 

 

 

Fig 12. AMPK wild-type (WT) and deficient (AMPK alpha 1/2 knockout) MEF cells were 

infected with Salmonella for 1.3 hours. mTORC1 and AMPK activities were analyzed 

using the indicated antibodies.  

AMPK can inhibit mTORC1 through multiple mechanisms. Arguably, the most 

potent and direct mechanism is AMPK-mediated inhibitory phosphorylation of the 
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mTORC1 subunit Raptor44.  Therefore, we sought to determine if Salmonella infection 

results in an increase in direct inhibition of the mTORC1 kinase by AMPK.  Cells were 

infected with Salmonella and inhibitory phosphorylation of the mTORC1 subunit Raptor 

by AMPK was analyzed in conjunction with AMPK and mTORC1 target genes.  We 

found that Salmonella infection results in a potent upregulation of Raptor 

phosphorylation and mTORC1 inhibition (Fig 13).  

 

 

 

 

 

 

 

Fig 13. HEK293A cells were infected with Salmonella for 1.3 hours. AMPK-mediated 

inhibition of the mTORC1 subunit Raptor (phosphorylation of Raptor at S792) was 

analyzed by western blot.  

Finally, we determined that LKB1, an upstream activator of AMPK, is required for 

activation of AMPK and inhibition of mTORC1 in response to Salmonella (Fig S5).  

Collectively, these experiments establish that in response to Salmonella mammalian 

cells activate AMPK (an upstream activator of the autophagy pathway), which in turn 

directly inhibits mTORC1 (a potent repressor of autophagy initiation), thereby setting the 

stage for autophagy initiation (Fig 14).  
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Fig 14. Diagram of signalling (A)-(F). 

Salmonella-induced changes to AMPK-mTORC1 signalling do not require 

bacterial entry or SCV damage 

Changes in mTORC1 signalling and the resulting activation of xenophagy have 

been described exclusively in the context of internalized bacteria111.  Inhibition of 

mTORC1 upon infection has been shown to promote clearance of intracellular bacteria 

by xenophagy117.  Similarly, AMPK activation has been proposed to be a result of 

membrane damage caused by bacterial internalization, which leads to loss in 

intracellular ATP levels thereby activating AMPK114.  Intracellular expansion of 

Salmonella is promoted by 2 type three secretion systems (T3SS), encoded by two 

pathogenicity islands (SPI-1 and SPI-2), which promote invasion and intracellular 

survival respectively80.  Membrane damage caused by Salmonella occurs during 

invasion as well as through the disruption of the SCV118.   

To determine if membrane damage is responsible for the activation of AMPK we 

infected cells with wild-type Salmonella, invasion-deficient SPI-1 mutants (InvA null)119, 

or replication-compromised SPI-2 mutants (SsaR null)120 and assayed for AMPK 



  33 

activation and mTORC1 inhibition. Colony forming assays were performed from cell 

lysates 1 hour post infection to confirm the invasion deficiency of SPI-1 mutants (Fig 15, 

right panel).   Surprisingly, we found that AMPK activation was still observed in 

Salmonella defective for invasion and SCV disruption (Fig 15, S6).  Similarly, mTORC1 

inhibition is also observed upon infection with all three Salmonella strains (Fig 15).  This 

indicates that AMPK activation likely does not require membrane damage associated 

with bacterial entry or disruption of the SCV.   

 

 

 

 

 

 

 

 

Fig 15. HCT116 cells were infected with wild-type, invasion-deficient (InvA mutant), or 

replication-deficient (SsaR mutant) Salmonella (unless otherwise stated a MOI of 450 

was used) for 1 hour. Xenophagy rates were examined through Colony Forming Unit 

(CFU) assays. Whole cell lysates were immunoblotted for AMPK and mTORC1 

activities using the antibodies indicated.  

To analyze AMPK activation by Salmonella at a single cell level we infected cells 

immunostained for AMPK-mediated phosphorylation of ACC and Salmonella.  Using 

identical acquisition settings we saw a clear increase in AMPK-target phosphorylation 

upon treatment with Salmonella (Fig 16).  Importantly, in Salmonella-treated cells we 

observed AMPK activation homogenously throughout the sample with no difference 

between cells with or without internalized bacteria (Fig 16, bottom right panel).  These 

data further support the notion that AMPK activation is due to extracellular bacteria 

independent of invasion or pathogenicity.  
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Fig 16. MEF cells were infected with Salmonella for 1 hour. Immunostaining was 

performed for AMPK-mediated phosphorylation of ACC and LPS.  

Next, we sought to determine if removing extracellular Salmonella is sufficient to 

return AMPK and mTORC1 signalling to basal levels.  Extracellular bacteria were 

removed in one set of samples or left on in another, prior to lysis.  However, cells were 

infected and treated with gentamycin for the same duration, which controlled for 

potential effects of the antibiotic on signalling and produced an equivalent rate of 

infection (Fig S7).  Consistent with previous data, we observed that removal of 

extracellular Salmonella results in a loss of AMPK activity and restoration of mTORC1 

signalling (Fig S7).   

Finally, we sought to show mathematically the independence of AMPK/mTORC1 

signalling and bacterial entry through analysis of infection rates and mTORC1 inhibition.  

As in the previous sets of experiments we analyzed samples by western and IF using 

duplicated plates.  However, in order to obtain the highest possible estimate for the 

percentage of infected cells we infected the cells in the presence of an inhibitor of 

autophagic flux Bafilomycin A1, thereby blocking autophagic clearance of bacteria, 

which could cause an under-representation of the actual number of infected cells.  

Using these stringent conditions we found that approximately 10% of cells contain 

internalized bacteria and that mTORC1 activity is inhibited over 90% (Fig 17). Under 

these conditions, we would expect that if internalized bacteria were required for 
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mTORC1 inhibition that the inhibition should only approach 10% (the proportion of cells 

infected) rather than the 90% we observed. 

 

 

 

 

 

 

 

Fig 17. Inhibition of mTORC1 was quantified from western blot data derived from 

biological replicates and compared to overall infection rate to examine if mTORC1 

inhibition could be explained by the proportion of cells with bacterial internalization. 

Finally, we determined that AMPK activation could be elicited by the filtered 

supernatant from pelleted Salmonella, indicating a bacterially-released factor is 

sufficient for activation of AMPK in mammalian cells (Fig S8). 

Collectively, our data show that regulation of AMPK and mTORC1 signalling can 

occur independently of Salmonella pathogenicity and invasion. Conceptually, this is 

extremely interesting as it means that the cell is poised to activate xenophagy even 

before the bacteria enter the cell.   

Salmonella-induced signalling to AMPK and mTORC1 does not result in 

an induction of bulk autophagy 

mTORC1 is a potent repressor of mammalian autophagy and directly inhibits the 

ULK1 and VPS34 kinase complexes, which are required for autophagy initiation22,50.  

Removal of amino acids is sufficient to dissociate mTORC1 from the lysosome and 

potently activate autophagy.  We therefore sought to observe whether mTORC1 

localization and autophagy induction are similarly affected by host cell detection of 

Salmonella.  First, we treated cells either with Salmonella or amino acid withdrawal. As 

expected the localization of mTORC1 is primary lysosomal under basal conditions as 
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determined by colocalization between mTOR and lysosomal marker LAMP1 (Fig 18).  

Interestingly, we found that both amino acid starvation and extracellular Salmonella 

greatly reduce the localization of mTOR to the lysosome (Fig 18).  The observed loss of 

mTORC1 localization from lysosomes under starvation or infection should both result in 

a de-repression of autophagy initiation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 18. MEF cells were treated with either full medium, starvation medium (HBSS), or 

Salmonella for 1 hour. LAMP1 (red, lysosomal marker) and mTOR (green) co-

localization was visualized and quantified by immunofluorescence. 
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We next sought to determine if inhibition of mTORC1 by Salmonella results in an 

increase in autophagy in uninfected cells.  As expected, amino acid withdrawal results 

in a potent increase in autophagosome formation in the majority of cells as determined 

quantification of immunostaining for endogenous LC3B puncta (Fig 19).  Surprisingly, 

we did not observe a similar induction in bulk autophagy in Salmonella-treated cells (Fig 

19).  Moreover, while we observed endogenous LC3B colocalization to internalized 

bacteria, infected cells similarly do not display an increase in bulk autophagy (Fig 19, 

S9). These data indicate mTORC1 inhibition in response to Salmonella is not sufficient 

to induce autophagy and the autophagic activity we observe is largely limited to the 

targeting of pathogen, sparing cytoplasmic constituents.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 19. MEF cells were treated with either full medium, starvation medium (HBSS), or 

Salmonella for 1 hour. LC3B (green) puncta were visualized and quantified by 

immunofluorescence. 
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To further verify the regulation of autophagy in response to Salmonella we 

analyzed the autophagic adaptor p62, which will mark bacteria targeted for clearance by 

autophagy (as well as starvation-induced autophagosomes) but not bacteria captured 

by LC3-associated phagocytosis (LAP).  Immunostaining for endogenous p62 shows a 

dramatic induction of bulk autophagy upon amino acid starvation (Fig 20).  However, 

consistent with our LC3B staining we did not observe any increase in p62-associated 

bulk autophagy in Salmonella-treated cells even with internalized bacteria (Fig 20, S10).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 20. MEF cells were treated with either full medium, starvation medium (HBSS), or 

Salmonella for 1 hour. p62 (green) were visualized and quantified by 

immunofluorescence. 
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We next sought to confirm the effects of infection on the autophagy pathway 

through measurement of autophagy flux.  Cells were treated with Salmonella or amino 

acid withdrawal in the presence or absence of an inhibitor for autophagosomal turnover 

(Chloroquine) and measured the accumulation of lipidated LC3B by western blot.  We 

observed a robust accumulation of lipidated LC3B upon amino acid starvation, but not 

Salmonella treatment when compared to untreated samples (Fig 21).   

 

 

 

 

Fig 21. MEF cells were treated with either full medium, Salmonella, or starvation 

medium and with or without 50 𝜇M chloroquine for 1 hour. LC3B signaling was then 

analyzed by western blot. 

We next sought to compare autophagy induction to the levels of AMPK activation 

and mTORC1 inhibition by established methods to induce bulk autophagy to that 

induced by Salmonella.  We observed that AMPK activation by glucose starvation was 

higher, but comparable, to that induced by infection (Fig 22).  Similarly, mTORC1 

signalling was undetectable after Torin-1 treatment, but still comparable to the inhibition 

elicited by Salmonella (Fig 22).  However, analysis of the clearance of the autophagy 

adaptor p62 obviously showed the induction of bulk autophagy was absent in the cells 

infected with either wild-type or invasion-deficient Salmonella.  This indicates that the 

blockage of autophagy induction occurs downstream of mTORC1 and AMPK. 
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Fig 22. MEF cells were treated with either Salmonella (wild-type), Salmonella (InvA 

mutant), glucose starvation medium, or 0.2 𝜇M Torin-1 (mTORC1 inhibitor) for 1 hour. 

Western blot was used to examine autophagy flux (LC3B-lipidation and p62 clearance). 

ULK1 kinase is a direct downstream target of both AMPK and mTORC1.  Under 

starvation ULK1 is activated and localizes to newly forming autophagosomers to 

phosphorylate downstream targets required to promote autophagosome formation.  

Therefore, we next analyzed the localization of ULK1 to determine if autophagy initiation 

may be blocked under infection, downstream of mTORC1.  As expected when mTORC1 

was inhibited by amino acid starvation we found a robust increase in punctate ULK1 

structures, which is indicative of bulk autophagy121. However, under infection we 

observed ULK1 puncta were largely limited to bacterial-containing vesicles, indicating 

that the Salmonella-induced autophagy block is at or upstream of ULK1 (Fig 23). 
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Fig 23. HEK293A transiently expressing GST HA ULK1 were treated with either full 

medium, amino acid starvation medium, or Salmonella for 1.33 hours. HA tag was 

immunostained to demonstrate ULK1 localization. 

Next, in order to examine whether Torin-1 could rescue bulk autophagy under 

infection we treated cells with wild-type or InvA mutant Salmonella in the presence or 

absence of Torin-1. Surprisingly, we observed that both wild-type and InvA-null bacteria 

eliminate Torin-1-induced bulk autophagy independently of mTORC1 regulation and 

cellular invasion (Fig 24, S11).  
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Fig 24. MEF cells were treated with either Salmonella (wild-type) or Salmonella (InvA 

mutant) in the presence or absence of Torin-1 for 1 hour. Autophagy markers LC3B and 

p62 were then analyzed by western blot. 

Collectively, these data reveal a surprising level of specificity in the regulation of 

xenophagy induction.  To our knowledge this is the first demonstration of mTORC1 

inhibition, which is not accompanied by autophagy induction. This raises the exciting 

possibility that in response to Salmonella detection the cell initiates signalling events 

that ‘prime’ the cell for autophagic clearance of the bacteria without needlessly 

degrading components of the cytosol through induction of bulk autophagy. 

AMPK activates ULK1 and VPS34 kinases in response to Salmonella  

 In order to determine if regulation of mTORC1 and AMPK signalling is capable of 

activating autophagy-promoting enzymes in the absence of bulk autophagy induction 

we first looked at phosphorylation of the ULK1 protein kinase.  ULK1 activity has been 

described to be inhibited by mTORC1-mediated phosphorylation (Ser757) and activated 

by AMPK-mediated phosphorylation (Ser317) under nutrient starvation122.  Using 293A 

cells stably expressing tagged ULK1 we immunoprecipitated ULK1 treated with or 

without Salmonella and immunoblotted for activating or inhibitory ULK1 phosphorylation.  

We observed that despite the lack of bulk autophagy induction ULK1 is phosphorylated 
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by AMPK and has a reduction in mTORC1-mediated phosphorylation, both of which 

should lead to activation of the kinase activity (Fig 25).  

 

 

 

 

 

 

 

 

 

Fig 25. HEK293A cells stably expressing flag-ULK1 were infected with Salmonella for 1 

hour, followed by flag-ULK1 pull down. AMPK-mediated activation (S317) and 

mTORC1-mediated inhibition (S757) of ULK1 were examined by western blot.  

In order to ascertain if ULK1 activity is induced and whether this activity is 

dependent on AMPK signalling we transfected tagged ULK1 into AMPK wild-type and 

1/2 knockout MEF and performed an in vitro kinase assay using bacterially purified 

beclin-1, a known downstream target52, as substrate. We observed that the kinase 

activity of ULK1, measured by beclin-1 (Ser15) phosphorylation, is increased upon 

infection in wild-type MEF but not AMPK-deficient cells (Fig 26), indicating that AMPK 

signalling promotes ULK1 activation in response to Salmonella detection.   
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Fig 26. AMPK wild-type and AMPK alpha 1/2 knockout MEF cells transfected with flag-

ULK1 were treated with or without Salmonella for 1 hour, followed by flag-ULK1 

pulldown. An in vitro kinase assay was then performed using bacterially purified beclin-

1, a known downstream target of ULK1, as substrate. ULK1 activity was then 

determined by measurement of phosphorylation of beclin-1 at S15. 

In addition to regulating ULK1 activity AMPK has been shown to promote the 

activity of proautophagic VPS34 lipid kinase complexes through direct 

phosphorylation54. Therefore, we next sought to determine if autophagy promoting 

signalling from AMPK extends to VPS34, which is downstream of ULK1 in autophagy 

initiation.  In response to glucose deprivation AMPK was previously shown to 

phosphorylate VPS34 component beclin-1 (on Ser93), which is sufficient to increase the 

activity of VPS34 containing enzymes13.  We found that Salmonella treatment results in 

a robust increase in endogenous beclin-1 phosphorylation by AMPK (Fig 27). 
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Fig 27. HCT116 cells were infected with Salmonella for 1 hour in duplicate. AMPK-

mediated phosphorylation of the VPS34 subunit beclin-1 at S93 was determined by 

western blot.  

Next, we wished to examine the activation of ULK1 and VPS34 kinases in 

comparison with amino acid and energy starvation.  We observed that ULK1 activation 

as measured by increase in AMPK-mediated phosphorylation (S317) and loss of 

mTORC1-mediated inhibitory phosphorylation (S757) was similar to that induced by 

glucose starvation (Fig 28). Consistently, we observed a roughly equivalent AMPK-

mediated activation of VPS34, indicating that AMPK-driven autophagy by energy 

starvation and Salmonella infection were comparable in promoting activation of 

autophagy kinases (Fig 28).   
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Fig 28. MEF cells were treated with either full medium, Salmonella, amino acid 

starvation medium, HBSS, or glucose deprivation medium for 1 hour. The regulation of 

ULK1 and the VPS34 subunit beclin-1 was determined by western blot. 

We then sought to determine if the activity of proautophagic VPS34 complexes 

(those that contain beclin-1 and ATG14) is increased upon treatment with Salmonella.  

293A cells transiently transfected with tagged ATG14 were treated with or without 

Salmonella and ATG14-containing VPS34 complexes were immunoprecipitated and 

analyzed by an in vitro lipid kinase assay at dot-blot assay as previously described121.  

We found that Salmonella treatment results in a significant upregulation of VPS34 

activity as measured by the production of phosphatidylinositol(3)phosphate (PtdIns(3)P) 

from phosphatidylinositol (PtdIns) (Fig 29).   
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Fig 29. HEK293A cells transfected with flag-ATG14 were treated with or without 

Salmonella for 1 hour, followed by flag-ATG14 pulldown. The activity of ATG14-

containing VPS34 complexes was analyzed by an in vitro lipid kinase assay and dot-blot 

assay blotting for PtdIns(3)P. Whole cell lysates were immunoblotted for analysis of 

AMPK and mTORC1-signalling. 

Next we sought to show the regulation of VPS34 activity endogenously. MEF 

were treated with or without Salmonella and endogenous ATG14-containing VPS34 

complexes were immunoprecipitated and subjected to an in vitro lipid kinase assay.  

Consistent with our observation that Salmonella infection promotes AMPK-mediated 

activation of beclin-1-containing VPS34 complexes we observed that the activity of 

VPS34 is enhanced upon exposure to Salmonella (Fig 30).   
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Fig 30. HEK293A wild-type cells were treated with or without Salmonella for 1 hour, 

followed by immunoprecipitation of endogenous ATG14. The activity of ATG14-

containing VPS34 complexes was analyzed by an in vitro lipid kinase assay and dot-blot 

assay as described above. Whole cell lysates were immunoblotted for analysis of AMPK 

and mTORC1 signalling. 

Together, our data indicate AMPK-mediated phosphorylation of the ULK1 and 

VPS34 kinase complexes results in their activation in response to Salmonella treatment, 

despite the absence of bulk autophagy induction (Fig 31). Moreover, we found that 

similar to wild-type, InvA-mutant Salmonella is also capable of activating ULK1 and 

VPS34 kinases in both epithelial cells and macrophages (Fig S12, S13, S14, S15).  This 

raises the possibility that detection of pathogen results in an AMPK-dependent “priming” 

of key autophagy kinases responsible for induction of xenophagy, which may act to 

enhance the rate of bacterial capture by the autophagy pathway should invasion occur.   
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Fig 31. Model of AMPK-mediated activation of autophagy kinases upon detection of 

Salmonella. 

Detection of pathogen-derived outer membrane vesicles (OMVs) 

promotes AMPK activation 

 We next sought to determine the mechanism by which the host cell detects 

Salmonella and activates AMPK.  Mammalian cells have several pathogen recognition 

receptors (PRRs), which are capable of detecting a range of bacterial macromolecules 

and activate the host immune response97.  The best characterized of these receptors 

are the Toll-like receptors (TLRs), which are capable of detecting LPS, bacterial DNA, 

or bacterial proteins including flagellin96.  To determine if activation of TLRs was 

required for AMPK upregulation in response to extracellular bacteria we activated TLR 

receptors with lipopolysaccharide (LPS), R848 (resiquimod), and murine norovirus 1 

(MNV1) that activate TLR4, TLR7/8, and TLR3/7/8, respectively123. Analysis of AMPK 

activation by western blot clearly showed that TLR ligands and MNV1 were not capable 

of activating AMPK signalling (Fig 32).   
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Fig 32. MEF cells were treated with Salmonella, lipopolysaccharide (LPS, 2 ug/mL), 

Resiquimod (R848, indicated concentrations) and murine noroviruses (MNV, indicated 

MOI) for 1 hour. Whole cell lysates were immunoblotted using the antibodies indicated.  

Next, we attempted to activate the host response with an unbiased approach for 

bacterial antigens by treating cells with Salmonella that were killed by paraformaldehyde 

fixation to preserve bacterial PAMPs (pathogen-associated molecular patterns).  We 

observed that fixed bacteria were unable to activate AMPK or inhibit mTORC1 (Fig 33), 

indicating that viable bacteria are required to stimulate AMPK-mediated signalling to the 

autophagy kinases.   

 

 

 

 

 

Fig 33. MEF cells were infected with either Salmonella (wild-type) or PFA-treated 

Salmonella for 1 hour. Whole cell lysates were immunoblotted for AMPK and mTORC1 

activities using the antibodies indicated.  

Upon re-analysis of our IF images we noted that cells that did not contain 

internalized bacteria contained small LPS-positive puncta, which were not present in the 

untreated samples (Fig S16).  We hypothesized that these small puncta may be 



  51 

Salmonella-derived outer membrane vesicles (OMVs).  OMVs are produced by budding 

of the outer membrane of gram negative bacteria, which contain a diverse array of 

periplasmic cargo including proteins, nucleic acids, lipids and small molecules85.  

Pathogenic bacteria have also been described to deliver virulence factors to cells via 

OMVs and Salmonella have been shown to selectively load OMVs with different cargo 

depending on environmental stimuli85.  Importantly, OMV production is independent of 

the T3SS and requires viable bacteria, which is consistent with the retention of AMPK 

activation in the T3SS-mutant Salmonella and failure of paraformaldehyde-inactivated 

Salmonella to activate signalling to the autophagy pathway.  Therefore, we next sought 

to determine directly if Salmonella OMVs were responsible for AMPK activation by 

extracellular bacteria.  OMVs from Salmonella were purified using a combination of 

established protocols, which included filtration, polyethylene glycol enrichment, and 

ultracentrifugation85,124.  Purified OMVs were analyzed by laser scatter microscopy and 

were found to have an average diameter 140nm and were free of intact bacteria (Fig 

34).   

 

 

 

 

 

 

 

 

Fig 34. Purified OMVs were analyzed by ZetaView Nanoparticle Tracking Analysis 

showing distribution of OMV particle size (left panel) and showing a representative 

image of OMV particles (middle panel). OMVs were confirmed to be free of intact 

bacteria via CFU assays (right panel). 

We next sought to determine if our purified OMVs were capable of entering 

mammalian cells and if OMVs produced during our standard Salmonella assay were 

entering the cell.  Using sequential staining against Salmonella LPS (prior and post 
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permeabilization) we observed that OMVs were entering the cells during the infection or 

using our purified fraction (Fig 35, S17).  Of note in Salmonella-treated cells both 

internal and external OMVs were observed in cells that did not harbour internalized 

bacteria (Fig 35, upper panels).    

 

 

 

 

 

 

 

 

 

 

Fig 35. MEF cells were infected with Salmonella or purified OMVs (unless otherwise 

stated 3.6*1010 particles/mL were added) for 1 hour. External and total LPS were 

stained to highlight internalized OMVs and analyzed by immunofluorescence. Arrows 

with ɸ mark internalized OMVs. 

We then treated cells with Salmonella or OMVs and analyzed AMPK activation 

and OMV entry by immunofluorescence and found that OMV treatment was sufficient to 

activate AMPK (Fig 36, S18).  
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Fig 36. MEF cells were treated with Salmonella or purified OMVs for 1 hour. AMPK-

mediated phosphorylation of ACC and LPS were stained and analyzed by 

immunofluorescence.  

Next, AMPK activation and mTORC1 inhibition were analyzed by western blot 

after treatment with Salmonella or purified OMVs.  We observed OMV-treatment 

triggered both AMPK activation and mTORC1 inhibition (Fig 37).  Additionally, we found 

that OMVs purified from InvA-mutant Salmonella are also capable of inducing AMPK 

and mTORC1 signalling (Fig S19). Collectively, these data show that AMPK signalling is 

induced by Salmonella-derived OMVs, which can occur independently of bacterial 

invasion. 
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Fig 37. MEF cells were treated with either Salmonella or purified OMVs for 1 hour. 

Whole cell lysate was immunoblotted for the activities of AMPK and mTORC1. 

OMV entry into host cells has been described to multiple entry points into 

mammalian cells125. In order to determine whether OMV uptake was required for AMPK 

signalling, we infected cells in the presence or absence of either Filipin III or dynasore, 

which are reported to inhibit OMV entry. We observed that Filipin-III activates AMPK 

independently of infection while dynasore fails to block OMV entry in cells treated with 

either OMVs or Salmonella, precluding their use for our study (Fig S20, S21). However, 

we found that fixation of OMVs by paraformaldehyde followed by stringent washing 

prevents entry without disrupting the integrity of the OMVs (Fig S22).  We then treated 

cells with either control or fixed OMVs and analyzed downstream signalling.  Fixation of 

OMVs resulted in a profound loss in AMPK activation despite retaining the ability to 

activate p38, indicating that OMV entry is required for detection and activation of the 

autophagy pathway (Fig S22).  Membrane disruption caused by Salmonella infection 

has been described to result in amino acid loss and mTORC1 inhibition111. Therefore, 

we attempted to examine whether OMV-mediated membrane perturbation contributed 

to the regulation of AMPK and mTORC1. Using digitonin at previously reported levels 

for studying the effects of pathogen-induced membrane disruption we observed a 

decrease in membrane integrity, as measured by trypan blue uptake, and alterations in 

AMPK and mTORC1 signalling (Fig S23).  However, OMV treatment did not increase 

membrane permeability indicating that OMVs may not induce stress signalling through 

disruption of the plasma membrane (Fig S23).  We next reasoned that if stress 

signalling was due to membrane disruption then exosomes, mammalian-derived 
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secretory vesicles of similar size, should also activate AMPK.  Therefore, we added an 

equal number of Salmonella-derived OMVs and neuron-derived exosomes to cells and 

analyzed AMPK and mTORC1 signalling.  We observed that OMVs and not exosomes 

were capable of activating AMPK, which strongly indicates that AMPK and mTORC1 

regulation is not a result of membrane perturbation (Fig 38). 

 

 

 

 

 

 

Fig 38. MEF cells were treated with either purified exosomes or OMVs for 1 hour. 

Whole cell lysate was immunoblotted for analysis of AMPK and mTORC1 signalling. 

Next, in order to identify the PRR responsible for AMPK activation we used 

CRISPR/Cas9 to knock out genes involved in detecting pathogenic macromolecules 

and activating the host immune response, including IRAK, TRAF6, NOD1, NOD2, and 

STING. However, we observed no difference in AMPK regulation in the knock-out cell 

lines compared to the wild-type, which may suggest that signalling can be stimulated by 

more than one PAMP or sensed by more than one PRR (Fig S24, S25, S26). We next 

attempted to examine the biological properties of OMV-secreted PAMPs involved in 

AMPK signalling. We treated OMVs with a mild heat shock to denature proteins (55oC) 

and observed that the heat-shocked OMVs are incapable of inducing AMPK signalling, 

even though they retained their structural integrity and the majority of their cargo (Fig 

39, S27). The loss of AMPK activation by mild heat shock indicates that the PAMP(s) 

responsible may be protein, which has denatured under these conditions.   
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Fig 39. MEF cells were treated with either wild-type OMVs or 55oC-treated OMVs for 1 

hour. Whole cell lysates were immunoblotted using the antibodies indicated (top left 

panel).  Heat-treated OMVs were analyzed by laser scattering microscopy and a graph 

generated by ZetaView Nanoparticle Tracking Analysis compares size distribution of 

wild-type and heat-treated OMV particles (top right panel). OMV internalization rates 

were quantified by immunofluorescence (bottom panel). 

To directly test if the OMV-derived PAMP was a protein we introduced proteinase 

K into OMVs by electroporation and tested their ability to activate AMPK.  We found 

OMVs electroporated with buffer alone maintained normal signalling indicating the 

electroporation itself did not affect OMV detection (Fig 40).  However, we observed that 

proteinase K treatment resulted in a potent reduction in AMPK activation (Fig 40). 
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Taken together our data strongly indicate protein(s) from the OMVs are responsible for 

inducing AMPK signalling.   

 

 

 

 

 

Fig 40. Proteinase K was inserted into OMVs via nucleofection. OMVs were repelleted 

and excess proteinase K removed by washing. MEF cells were then treated with wild-

type OMVs, control nucleofected OMVs, or proteinase K-containing OMVs for 1 hour. 

Whole cell lysates were immunoblotted using the antibodies indicated.  

AMPK signalling promotes xenophagy 

 A key prediction from our model linking Salmonella-induced AMPK signalling to 

activation of the xenophagic response is that cells lacking AMPK activity should have a 

reduction in autophagic capture of internalized Salmonella.  To test this hypothesis and 

determine the biological contribution of AMPK signalling to the promotion of xenophagy 

we first quantified Salmonella incorporation into LC3B-positive vesicles in AMPK wild-

type and deficient MEF.  Unbiased quantification of LC3B-positive internalized bacteria 

was achieved using the blinded application of Volocity program object detection from IF 

images of triple stained for external bacteria (anti-LPS prior to permeabilization), total 

bacteria (anti-LPS after permeabilization) and LC3B-positive puncta (Fig S28).  In 

agreement with our prediction we observed a reduction in the number of LC3B-positive 

internalized Salmonella in the AMPK double-knockout background (Fig 41).   
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Fig 41. AMPK wild-type and alpha 1/2 knockout MEF cells were infected with 

Salmonella for 1 hour in the presence of 0.2 𝜇M Bafilomycin A1. Bacteria were stained 

using anti-LPS antibodies to analyze localization in addition to the autophagy marker 

LC3B. Quantification of bacteria undergoing autophagic clearance is demonstrated in 

the bottom panel.  

In order to determine whether the increase in LC3B-positive bacteria is a result of 

increased capture by autophagy or LAP we repeated the experiment using the same 

triple staining technique detailed above substituting LC3B for p62. p62 is reported not to 

localize to LAP vesicles93 and is an established marker of bacteria that are targeted for 

autophagic degradation126. Quantification of p62-positive Salmonella showed a marked 

defect in the efficiency of AMPK-deficient cells in the targeting of Salmonella to p62 

positive structures that was similar to the reduction observed from LC3B co-staining (Fig 

42), indicating a defect in xenophagy in AMPK deficient cells.   
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Fig 42. AMPK wild-type and alpha 1/2 knockout MEF cells were infected with 

Salmonella for 1 hour in the presence of 0.2 𝜇M Bafilomycin A1. Bacteria were stained 

using anti-LPS antibodies to analyze localization in addition to the autophagy marker 

p62. Quantification of bacteria undergoing autophagic clearance is demonstrated in the 

bottom panel.  

Next, in order to confirm if AMPK signalling promotes xenophagy we infected 

AMPK wild-type and deficient MEF with Salmonella and performed a colony forming unit 

(CFU) assay. Consistent with our previous data we found that AMPK deficient cells had 

significantly higher numbers of internalized bacteria at 4 hours post infection than AMPK 

wild-type cells, despite both lines starting out with an equal rate of infection (Fig 43).  
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Fig 43. AMPK wild-type and alpha 1/2 knockout MEF cells were infected with 

Salmonella for 1 hour. Xenophagy rates were examined through CFU assays. 

Quantification of infection rates by immunofluorescence is demonstrated in the right 

panel. 

Lastly, we wished to examine if OMVs from other gram negative bacteria, both 

infectious and non-infectious, could enhance the xenophagy rate of Salmonella.  We 

found that 4 hours post infection priming with OMVs purified from Shigella, AIEC, or 

DH5 E. coli promotes bacterial clearance compared to samples without OMVs pre-

incubation (Fig 44).  

 

 

 

 

 

 

Fig 44. MEF cells were infected with Salmonella in the absence or presence of OMVs 

purified from Shigella, AIEC, or DH5α E.coli for 1 hour. Xenophagy rates were 

examined through CFU assays. Initial infection rates were quantified by 

immunofluorescence and is shown in the right panel. 
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Taken together, our data indicate that OMV-stimulated AMPK signalling plays an 

important role in the autophagic suppression of invading Salmonella (Fig 45).  

 

 

 

 

 

 

 

 

 

Fig 45. A working model of AMPK signalling through ULK1 / VPS34 complexes in 

response to Salmonella infection. 
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Discussion 

As part of the innate immune system, xenophagy plays a key role in the 

restriction of intracellular bacterial growth.  Here we describe a novel signalling pathway 

that promotes xenophagy through AMPK signalling. Previous studies showed that 

bacterial invasion contributes to amino acids leakage, which inactivates mTORC1 and 

subsequently induces autophagy111. We found that independently of amino acid loss 

AMPK is capable of inhibiting mTORC1 directly and robustly in response to infection. 

Additionally, we observed that detection of extracellular bacteria resulted in regulation of 

AMPK and mTORC1 activity as well as an activation of autophagy kinase complexes, 

but did not lead to an increase in bulk autophagy.  

Several studies have shown that once Salmonella is internalized there are many 

events that contribute to bacterial capture by the autophagosome, including, but not 

limited to, targeting of damaged membranes, transient loss of nutrients, and 

ubiquitination of bacterial proteins80,108,111.  Here we showed that AMPK signalling not 

only pre-activates the ULK1 and VPS34 kinase complexes, but is required for efficient 

xenophagy induction.  Therefore, it will be of interest in future studies to determine if or 

how activation of the ULK1 and VPS34 kinase complexes is important for specific 

events associated with bacterial capture by autophagosomes. 

Torin-1 has been shown to potently activate autophagy through inhibition of 

mTORC1127. Here we observed that co-treatment with Salmonella abolishes Torin-1-

mediated autophagy induction. This led us to hypothesize that Salmonella may trigger a 

secondary signalling pathway to repress autophagy. It will be of great interest to the 

field to discover the identity of this autophagy inhibiting pathway as there are a lack of 

specific autophagy inhibitors available.  Chloroquine, a lysosomal inhibitor, is usually 

used to repress autophagy, but results in several off-target effects. Therefore, 

characterizing T3SS effector(s) responsible for blocking autophagy induction is 

extremely beneficial for studies focusing on developing efficient and effective autophagy 

inhibitors. 
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While we do not yet have the full picture of how the cell selectively induces 

autophagy downstream of mTORC1 in response to Salmonella, the potential benefits to 

the cell are more obvious.  Autophagy has a tremendous degradative capacity, capable 

of turning over up to 3% of total cellular proteins per hour when mTORC1 is inhibited by 

amino acid withdrawal33. If every cell that encountered pathogen, especially those never 

destined to be infected, began indiscriminate degradation of their cytoplasm this would 

be an enormously wasteful and inefficient way to target pathogens for clearance.  

Instead we have found the cell has developed a sophisticated method utilizing AMPK 

signalling to selectively ‘prime’ the autophagy pathway for clearance of pathogens even 

before the bacteria have a chance to enter the cell.   

 Moreover, we showed that OMVs shed by gram negative bacteria are 

responsible for AMPK and mTORC1 regulation, independently of bacterial invasion and 

internalization. Additionally, our data suggested that OMV-derived proteins are PAMPs 

that play a role in mediating host signalling. The demonstration that OMVs are capable 

of evoking signalling responses that have previously been attributed to cellular damage 

caused by bacterial invasion was unexpected.  Therefore, it will be interesting to 

determine if other autophagy-related aspects of the innate immune response may be 

similarly affected by OMV-detection.  For example, autophagy proteins have been 

described to influence the secretion of inflammatory cytokines128.  It would be interesting 

to see if OMV-mediated activation of the autophagy pathway plays a role in the 

regulation of the inflammatory response.   

Finally, we have established that activation of AMPK also occurs with other 

gram-negative pathogenic bacteria. It was interesting to observe that OMVs from 

different species, pathogenic or not, is capable of activating the autophagy pathway.  

OMVs from infectious bacteria have also been described to harbour virulence factors 

that can enhance pathogenicity128.  Therefore, one might imagine that there is a trade-

off for the bacteria where OMV production will lead to activation of xenophagy, but also 

act as a vehicle to deliver factors that will promote growth.  In the course of this study 

we observed several instances where internalized bacteria were surrounded by OMVs 

and these bacteria were seldom targeted by autophagosomes.  The Red Queen race 
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between host and pathogen makes it quite likely that Salmonella and other gram 

negative bacteria have already developed measures designed to circumvent or exploit 

the detection of OMVs and the characterization of this potential interplay warrants 

further investigation. 
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Appendices  

Supplemental data 

AMPK is activated by Salmonella and directly inhibits mTORC1  

 

 

 

 

Fig S1.  HCT116 were infected with Salmonella, Shigella, or AIEC for 1 hour. Whole cell 

lysates were immunoblotted for AMPK activity using the antibodies indicated. The 

vertical line demarcates discontinuous lanes from the same exposure of a single gel. 

 

 

 

 

 

 

 

 

 

 

 

Fig S2. MEF cells were infected with increased amount of Salmonella for the indicated 

time points. Whole cell lysates were immunoblotted for AMPK and mTORC1 activity 

using the antibodies indicated.  
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Fig S3. MEF cells were infected with increased amount of Salmonella for the indicated 

time points. Whole cell lysates were immunoblotted for AMPK and mTORC1 activity 

using the antibodies indicated.  

 

 

 

 

Fig S4. MEF cells were infected with Salmonella in a time course experiment. AMPK 

activity was analyzed by western blot.  

 

 

 

 

 

 

Fig S5. Wild-type and LKB1 knock-out MEF cells were infected with Salmonella for 1 

hour. Whole cell lysates were immunoblotted for AMPK and mTORC1 activity using the 

antibodies indicated. 
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Salmonella-induced changes to AMPK-mTORC1 signalling do not require 

bacterial entry or SCV damage 

 
 

 

 

 

 

Fig S6.  BMDM were infected with wild-type, invasion-deficient (InvA mutant), or 

replication-deficient (SsaR mutant) Salmonella for 1 hour. Whole cell lysates were 

immunoblotted for AMPK activity using the antibodies indicated.  

 

 

 

 

 

 

 

 

 

Fig S7. MEF cells were infected with Salmonella for 1 hour, which was preceded or 

followed by Gentamycin-containing media change for 0.5 hour. MOI of 450 and 900 

were used. Infection rates were quantified by immunofluorescence and AMPK activation 

was determined by western blot.  
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Fig S8. MEF cells were treated with either Salmonella or filtered bacterial supernatant 

harvested at the indicated time points for 1 hour. Whole cell lysates were immunoblotted 

for AMPK and mTORC1 activity using the antibodies indicated.  

Salmonella-induced signalling to AMPK and mTORC1 does not result in 

an induction of bulk autophagy 

 
 

 

 

 

 

 

Fig S9. Full field of view for images shown in Fig 19. 

 

 

 

 

 

Fig S10. Full field of view for images shown in Fig 20. 
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Fig S11. MEF cells were treated with Salmonella in the presence or absence of 0.2 μM 

Torin-1 for 1 hour. Whole cell lysates were immunoblotted using the antibodies 

indicated. Autophagy induction was analyzed by analysis of p62 clearance and LC3B-

lipidation.  
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AMPK activates ULK1 and VPS34 kinases in response to Salmonella  

 

 

 

 

 

 

 

 

 

 

 

 

Fig S12. MEF cells were treated with either 0.2 μM Torin-1, Salmonella (wild-type), or 

Salmonella (InvA mutant) for 1 hour. Western blot was used to examine the regulation 

of ULK1. 

 

 

 

 

 

 

 

 

Fig S13. MEF cells were treated with either Salmonella (wild-type), Salmonella (InvA 

mutant), or glucose starvation medium for 1 hour. AMPK-mediated activation of the 

VPS34 complexes through beclin-1 phosphorylation was analyzed using western blot. 
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Fig S14. BMDM were treated with either Salmonella (wild-type) or Salmonella (InvA 

mutant) for 1 hour. Western blot was used to examine the regulation of ULK1. 

 

 

 

 

 

 

 

Fig S15. BMDM were treated with either Salmonella (wild-type) or Salmonella (InvA 

mutant) for 2 hours. AMPK-mediated activation of the VPS34 subunit beclin-1 was 

analyzed using western blot. 
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Detection of pathogen-derived outer membrane vesicles (OMVs) 

promotes AMPK activation 

 

 

 

 

Fig S16. MEF cells were treated with Salmonella for 1 hour. Bacteria were stained 

using anti-LPS antibodies and visualized by immunofluorescence. The image was 

enlarged to demonstrate bacteria and LPS-positive OMVs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig S17. Full field of view from image shown in Fig 35 is shown. Dashed boxes 

represent selected regions for main figure. 
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Fig S18. Full field of view from image shown in Fig 36 is shown. Dashed boxes 

represent selected regions for main figure. 
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Fig S19. MEF cells were infected with either Salmonella (wild-type or InvA mutant), or 

their corresponding OMVs for 1 hour. Whole cell lysate was immunoblotted to analyze 

AMPK and mTORC1 signalling. 

 

 

 

 

 

 

Fig S20. MEF cells were treated with Salmonella (wild-type) in the presence or absence 

of filipin III (7.5 or 10 μg/mL) for 1 hour. Whole cell lysates were immunoblotted for 

AMPK and mTORC1 activity using the antibodies indicated. 
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Fig S21. MEF cells were treated with purified OMVs in the presence or absence of 100 

μM dynasore for 1 hour. Whole cell lysates were immunoblotted for the activities of 

AMPK and mTORC1. Internalization rates were determined by immunofluorescence. 

Arrows with ɸ mark internalized OMVs. 
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Fig S22. MEFs were treated with either wild-type or 4% PFA-treated OMVs for 1 hour. 

Whole cell lysates were immunoblotted using the antibodies indicated. Internalization 

rates were determined by immunofluorescence.  

 

 

 

 

 

 

 

 

 

 

Fig S23. MEF cells were treated with either 10 μg/mL digitonin or purified OMVs for 20 

min. Samples were analyzed by western blot or trypan blue staining using duplicate 

plates. Whole cell lysate was immunoblotted for analysis of AMPK and mTORC1 

signalling. Trypan blue stain (0.04%) was added directly to samples and ZOE 

fluorescent cell imager was used to visualize and quantify permeabilized cells. 
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Fig S24. Wild-type, IRAK knock-out (KO), TRAF6 KO, NOD1 KO, NOD2 KO, NOD1/2 

KO (dKO), and STING KO HCT116 cells were treated with purified OMVs for 1 hour. 

Whole cell lysates were immunoblotted using the antibodies indicated. 
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Fig S25. Wild-type, IRAK knock-out (KO), TRAF6 KO, NOD1 KO, NOD2 KO, NOD1/2 

KO (dKO), and STING KO HCT116 cells were infected with Salmonella for 1 hour. 

Whole cell lysates were immunoblotted using the antibodies indicated. 
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Fig S26. Knock-out cells were validated by either western blot or sequencing. NOD1 

KO and NOD1/2 KO cells were previously characterized by Scott D. Gray-Owen129. 
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Fig S27. MEF cells were treated with either wild-type OMVs or 55oC-treated OMVs for 1 

hour. Internal and total LPS were stained and analyzed by immunofluorescence. Wild-

type and heat-treated OMVs were run on native gels to examine the amount of released 

proteins. Arrows with ɸ mark internalized OMVs. 
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AMPK signalling promotes xenophagy 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig S28. Example of triple stained for external bacteria (anti-LPS before 

permeabilization), total bacteria (anti-LPS after permeabilization) and LC3B-positive 

puncta. 

 

 

 

 

 

 

 

 


