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Summary 1 

Salmonella Typhimurium (S.Tm) is an enteropathogen requiring multiple virulence factors, including 2 

two type III secretion systems (T1, T2). T1 triggers epithelium invasion, while T2 is induced within 3 

"Salmonella-containing vacuoles" (SCV). Some bacteria escape into the cytosol and get eliminated by 4 

autophagy. Mechanisms controlling endosome membrane integrity or pathogen egress into the 5 

cytosol are incompletely understood. We used HeLa cell infections, S.Tm expressing a transcriptional 6 

T2-gfp reporter and siRNAs to screen for host cell factors controlling SCV maturation. This identified a 7 

novel role for autophagy in sealing damaged SCVs. Autophagy-deficient (atg5-/-) cells, marker assays 8 

and pathogen quantification established that autophagy enhances repair of the endosome damage 9 

inflicted by T1 during host cell invasion. Thereby, autophagy promotes SCV maturation and boosts T2-10 

expression. This establishes a novel role of autophagy at early stages of S.Tm infection. Autophagy-11 

mediated membrane-repair might be of general importance for invasive pathogens and endosomal 12 

membrane function.  13 
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Introduction 1 

Salmonella enterica serovar Typhimurium (S.Tm) can cause diarrhea by infecting the gut tissue. This is 2 

facilitated by virulence factors, i.e. the type three secretion systems T1 and T2 which inject "effector 3 

proteins" and thereby manipulate host-cell responses (Kaiser et al., 2012). However, the precise role 4 

of T1 and T2 in the pathogen-host interaction and the mechanisms maintaining host cell membrane 5 

integrity in face of T1 and T2 are not yet fully understood. 6 

The T1 effector proteins SipA, SopE, SopE2 and SopB trigger actin rearrangements and epithelial cell 7 

invasion (Table S1A; (Kaiser et al., 2012)). Initially, S.Tm lodges in endosomes. In wildtype (wt) epithelial 8 

cells, most S.Tm remain in "Salmonella-containing vacuoles" (SCV), which sequentially acquire early 9 

(Rab5) and late (Rab7, Rab9 and Lamp1) endosomal markers, acidify (thus triggering T2) but do not 10 

fuse with lysosomes (Bakowski et al., 2008; Smith et al., 2005; Yu et al., 2010). However, a small sub-11 

fraction egresses from the SCV and grows at high rates in the host cell cytosol ("hyper-replication", 12 

(Knodler et al., 2014; Knodler et al., 2010; Malik-Kale et al., 2012)). It is still not completely understood 13 

how SCV egress and cytosolic hyper-replication are limited by the host cell. 14 

Innate defenses allow mammalian cells to recognize and respond to bacteria (Fredlund and Enninga, 15 

2014). This includes autophagy. Autophagy proteins promote cellular homeostasis by delivering 16 

cytosolic cargo to lysosomal degradation. Starvation, stress and intracellular bacteria can induce 17 

autophagy (Huang and Brumell, 2014), trigger the uptake of cytosol- and phagophore-residing 18 

pathogens into autophagosomes and target them for lysosomal pathogen elimination (Levine et al., 19 

2011; Nakagawa et al., 2004; Shahnazari et al., 2011; Watson et al., 2012). Some pathogens can escape 20 

autophagic recognition (L. monocytogenes, S. flexneri) or subvert autophagy to their own benefit (C. 21 

burnetii, F. tularensis, B. abortus) (Baxt et al., 2013; Beron et al., 2002; Gutierrez et al., 2005; Ogawa et 22 

al., 2005; Romano et al., 2007; Starr et al., 2012; Yoshikawa et al., 2009). Thus, autophagy can impose 23 

important checkpoints for infection. However, the underlying mechanisms remain incompletely 24 

understood. 25 

Autophagy can restrict S.Tm infections (Huang and Brumell, 2014). Most work employed bulk assays 26 

and thereby focused on T1-mediated SCV damage/egress, cytosolic hyper-replication and the 27 

mechanisms activating autophagy. Ruptured SCVs are sensed by galectins, cytoplasmic lectins 28 

recognizing carbohydrate modifications within the ruptured SCV, which subsequently recruit adaptors 29 

and autophagosomes (Thurston et al., 2012). Moreover, autophagy targets cytoplasmic S.Tm for 30 

degradation (Thurston et al., 2009; Thurston et al., 2012; Wild et al., 2011; Zheng et al., 2009). Thereby, 31 

dysfunctional autophagy leads to hyper-replication within the host cytoplasm (Birmingham et al., 32 

2006; Kuballa et al., 2008; Tattoli et al., 2012). However, some contradictory evidence has been 33 

reported (Yu et al., 2014) and the precise role of autophagy in the infection is still not completely 34 

understood. 35 
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We employed an unbiased approach and a SCV-specific reporter to identify host cellular factors 1 

affecting the S.Tm infection process. This revealed a novel role for autophagy in the repair of T1-2 

mediated SCV membrane damage. 3 

Results 4 

RNAi screen identifies host cell factors affecting S.Tm infection 5 

To identify host cell factors affecting S.Tm infection, we conducted a genome‐wide RNAi screen (GWS), 6 

using the "modified gentamicin-protection assay" (termed "gfp‐reporter assay" from here on) and 7 

S.TmSopE, as described (Fig. 1A; Table S1A; (Misselwitz et al., 2011a)). S.TmSopE (SL1344, 8 

∆sopE2sipAsopB), which strictly requires SopE for host cell invasion (Schlumberger and Hardt, 2006), 9 

carried pssaG, a reporter plasmid expressing GFP from a T2 promotor (Schlumberger et al., 2007). 10 

Thus, GFP is induced only after invasion of the host cell, when the pathogen arrives in a properly 11 

matured SCV (Fig. 1A; Fig. S1A-D; Suppl. Exp. Proc.; Fig. S6). Automated microscopy and image analysis 12 

quantified the "percentage of cells harboring T2-gfp+ S.Tm". Thereby, host cell factors affecting any 13 

step of the infection pathway leading to SCV maturation could be identified, i.e. binding, effector 14 

translocation, ruffling, internalization, and the maturation of the SCV (Fig. S1A-D; (Misselwitz et al., 15 

2011a)). 16 

HeLa CCL‐2 cells were transfected with a genome‐wide siRNA library (Dharmacon ON‐TARGETplus 17 

SMART pool; 18.237 target genes; 3 independent replicates), kinase/phosphatase-targeting or 18 

customized siRNA libraries (Table S1B) and infected for 4h. Infection efficiencies were scored by an 19 

automated image analysis pipeline (1000-3500 cells/well; Fig. 1B,C; Suppl. Exp. Proc.). "Biological" 20 

siRNA controls (Kif11, ArpC3, Cdc42) served as controls to verify plate quality and high inter-screen 21 

reproducibility (R2 = 0.8 - 0.9; data not shown; (Misselwitz et al., 2011a) (Fig. S1E,F)). 22 

Phenotypic clustering and mapping of the 5000 strongest hits (z-score ≤ -0.5; i.e. ≥ 30% attenuation) 23 

onto KEGG pathways identified signaling modules of interest. This "re-discovered" actin cytoskeleton 24 

regulators (e.g. Rac1, Cdc42, N-WASP, CYFIP2, NCKAP1, ABI2, WAVE2,  Arp2/3 proteins, PFN; Fig. S1G), 25 

the COPI complex (Misselwitz et al., 2011a), the trafficking GTPases Rab5 and Rab7 and the vacuolar 26 

ATPases promoting SCV acidification and T2 induction (Rathman et al., 1996) (Table S1B). Strikingly, 27 

we also identified numerous strong autophagy hits affecting "Regulation and Recruitment", 28 

"Autophagy Initiation", and the "ATG12"- or the "ATG8" -conjugation system (Fig. 1D-H). Their silencing 29 

had only minor effects on the cell numbers (<<2-fold; Table S1B) and this effect did not affect our 30 

readout (data not shown). Some autophagy proteins (e.g. ATG10, ATG13, FIP200,) did not yield 31 

significant phenotypes. Most likely, this is explained by inefficient knockdown and/or masking by 32 

"positive" off-target effects (Franceschini et al., 2014). The ATG8-conjugation system yielded only 33 

subtle effects on S.Tm infection. It seems likely that this is explained by functional redundancy. Overall 34 
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however, silencing of most autophagy proteins reduced the number of cells harboring T2-gfp-1 

expressing S.Tm. This phenotype was apparently at odds with the established role of autophagy in 2 

restricting cytosolic pathogen growth ((Birmingham et al., 2006); Fig. S2A,B) and it was not explained 3 

by autophagy-controlled pathogen expulsion (Fig. S2E,F). Thus, autophagy may have an additional 4 

function in the infection process which had not been discovered so far. 5 

 6 

atg5-deficient murine fibroblasts verify the need for autophagy in SCV maturation 7 

Mouse embryonic fibroblasts (MEF) and an atg5-/- mutant (Kuma et al., 2004) were used to decipher 8 

the role of autophagy in SCV maturation and T2 induction. ATG5, ATG12 and ATG16L1 form an E3-9 

ubiquitin ligase of the ATG8-conjugation system involved in autophagosome elongation and closure 10 

(Fujita et al., 2008; Hanada et al., 2007; Mizushima et al., 2003; Mizushima et al., 2001). When infected 11 

with S.TmSopE, T2-gfp expression was reduced by 50% in the atg5-/- cells (p << 0.05; Fig. 2A). Equivalent 12 

data were obtained in infections with wt (S.Tm; Fig. S2G) or S.TmSipA, an isogenic mutant invading via 13 

SipA (data not shown). This confirmed that the atg5 phenotype is not limited to S.TmSopE, but of general 14 

relevance for Salmonella host cell infection. 15 

 16 

Infection steps preceding endosome/SCV maturation do not require atg5 17 

Infection-stage-specific assays were used to map the effect of atg5 deficiency. Docking, as measured 18 

by infecting atg5-/- and atg5+/+ MEF for 6 min with S.TmΔ4 (lacks sopE, sopE2, sopB, sipA; docks via T1 19 

and type I  fimbriae; (Misselwitz et al., 2011b)) did not differ significantly between atg5-/- and atg5+/+ 20 

MEF (p ≥ 0.05; Fig. 2B). Equivalent observations were made in HeLa CCL-2 cells (log2 docking index 0.5 21 

to -0.5; Fig. S2I). Also membrane ruffling, as analyzed 12 min p.i. with S.TmSopE, did not differ between 22 

atg5-/- and atg5+/+ MEF (p ≥ 0.05; Fig. 2C; Suppl. Exp. Proc.). Finally, at 1h p.i. a classical gentamicin-23 

protection assay yielded equivalent levels of S.TmSopE host cell invasion in atg5-/- and atg5+/+ MEF 24 

(p>0.05; Fig. 2D). Thus, autophagy does not affect the steps preceding endosome/SCV maturation. 25 

 26 

Different kinetics of autophagy-promoted T2-induction and cytosolic hyper-replication 27 

To delineate the onset of autophagy-promoted SCV maturation, atg5-/- and atg5+/+ MEF were infected 28 

for 1-12h with S.TmSopE (Fig. 2E). T2-gfp was expressed as early as 2h p.i. and atg5-/- cells revealed 29 

reduced induction levels (p < 0.05; Fig. 2E). Equivalent observations were made in wt S.Tm (Fig. S2G). 30 

In contrast, a classical gentamicin-protection assay yielded the well-described hyper-proliferation in 31 

atg5-/- cells. This assay detects "all" intracellular S.Tm, no matter whether they express T2-gfp or not. 32 
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As expected, the phenotype appeared later, i.e. by ≥ 4h p.i. ((Birmingham et al., 2006); Fig. 2F, Fig. 1 

S2A,B). After 5-6h, atg5-/- (but not the atg5+/+) cells showed massive intracellular pathogen growth (Fig. 2 

2G; (Brumell et al., 2002; Knodler et al., 2014; Knodler et al., 2010; Malik-Kale et al., 2012)). This was 3 

confirmed by fluorescence microscopy (Fig. S2J,K). Thus, cytoplasmic hyper-proliferation (at ≥ 4h p.i.) 4 

begins about 2h later than the autophagy-promoted SCV maturation (1-2h p.i.). Moreover, T2-gfp+ 5 

S.Tm were still observable in atg5-/- cells harboring massive amounts of hyper-proliferating (T2-gfp-) 6 

bacteria (Fig. 2H). This suggested that the effect of autophagy on SCV maturation/T2-induction is 7 

functionally distinct and can be studied specifically using the T2-gfp reporter assay. 8 

 9 

Interdependence of autophagy and endosome-to-SCV maturation 10 

To assess the interplay between autophagy, the endosome system and T2 induction, we infected atg5-11 

/- and atg5+/+ MEF expressing markers for early- (Rab5-RFP) or late endosomes (Rab7-RFP) or for 12 

lysosomes (Lamp1-RFP) for 2h or 4h with S.TmSopE. While atg5-/- cells harbored reduced numbers of T2-13 

gfp expressing S.TmSopE (Fig. 2A, data not shown), the Rab5- and Lamp1 association with the remaining 14 

T2-gfp expressing bacteria did not differ in atg5-/- vs. atg5+/+ MEF (p ≥ 0.05; Fig. 3A,C). Similar 15 

observations were made with respect to Rab7, except for a slight difference at 4h p.i. (Fig. 3B). Finally, 16 

bafilomycin-mediated inhibition of endosome acidification reduced T2-gfp induction in both, atg5-/- vs. 17 

atg5+/+ MEF by >10-fold (Fig. S3A). Overall, these data suggest that atg5-dependent and atg5-18 

independent SCV maturation proceed along similar pathways. 19 

Effects on SCV egress and cytosolic proliferation were assessed by quantifying Rab5, Rab7 and Lamp1 20 

association with "all" S.Tm (carrying a constitutive reporter). As expected when most bacteria lodge in 21 

intact SCV, the atg5+/+ data for "all" S.Tm was quite similar to that obtained for T2-gfp+ expressing S.Tm 22 

(compare Fig. 3A-C to D-F). In atg5-/- cells, "all" S.Tm showed reduced Rab7 and Lamp1 association by 23 

4h p.i.. This is consistent with SCV escape and cytoplasmic hyper-proliferation. Interestingly, the Rab7- 24 

and Lamp1-association was already reduced by 2h p.i. (Fig. 3E,F), a time point preceding the 25 

cytoplasmic hyper-proliferation (Fig. 2F-G; Fig. S2J,K). Thus, SCV-egress might occur already by 2h p.i. 26 

in atg5-/- cells and cytoplasmic bacteria might undergo a lag-phase of 1-2h before hyper-replication 27 

commences. 28 

To test the effect of SCV maturation-defects on egress, we infected atg5-/- and atg5+/+ MEF expressing 29 

wt, constitutively active (CA) or dominant negative (DN) Rab7-GFP mutants. As expected, (Harrison et 30 

al., 2004), the DN Rab7 failed to co-localize with bacteria in wt and mutant MEF (Fig. S3B). In contrast, 31 

CA Rab7 was recruited to "all" S.Tm with a higher efficiency than wt Rab7. However, even CA Rab7 was 32 

recruited with reduced efficiency in atg5-/- MEF. Thus, Rab7 activation is needed to recruit Rab7 to the 33 

SCV, but Rab7 activation cannot bypass the SCV maturation defect of atg5-/- cells. 34 



7 

 

Finally, we analyzed if Rab5-knockdown affects LC3-association with intracellular S.Tm. Supported by 1 

previous findings (Smith et al., 2007), combinatorial Rab5A/B/C knockdown reduced T2-gfp induction 2 

(Fig. S3C). Moreover, the knockdown had minor effects at best on the LC3-recruitment to "all" S.Tm 3 

(Fig. S3D). Thus, Rab5A/B/C contributes to the initial stages of SCV maturation, but seems dispensable 4 

for LC3-recruitment to leaky SCV and/or cytoplasmic S.Tm. 5 

 6 

T2-function is dispensable for induction of the T2-gfp reporter 7 

T2 is well known to manipulate host-cellular vesicle traffic (Figueira and Holden, 2012). To test if this 8 

activity contributes to T2-gfp induction, we infected atg5-/- and atg5+/+ MEF with S.TmΔT2 (SL1344 9 

sseD::aphT). T2-gfp induction kinetics did not differ significantly between S.TmΔT2, S.TmSopE and wt S.Tm 10 

(Fig. 4; compare to Fig. 2E, Fig. S2G). Thus, a functional T2 system does not further promote T2 11 

induction. Much rather, T2 appears to be induced by environmental cues (i.e. vacuolar acidification; 12 

Fig. S3A) emanating from the host-cellular endosome-to-SCV maturation process, at least during the 13 

first 6h of infection, in murine fibroblasts. 14 

 15 

In the absence of T1, atg5 is dispensable for T2 induction 16 

So far, it had remained unclear why autophagy promotes T2 expression. T1 can elicit SCV damage, 17 

transiently induce autophagy (by ≈1h p.i.) and initiate the restriction of cytosol-exposed S.Tm 18 

(Birmingham et al., 2006; Ivanov and Roy, 2009; Tattoli et al., 2012). To test if the autophagy-promoted 19 

T2-induction roots in T1-inflicted membrane damage, atg5-/- and atg5+/+ MEF were infected with 20 

S.TmΔT1 (SL1344, ΔinvG; T1 defective; Table S1A). S.TmΔT1 internalization was promoted by co-infection 21 

with S.TmSopE (=helper, 1:5 mixture with S.TmΔT1pT2-gfp; (Birmingham et al., 2006; Misselwitz et al., 22 

2011a; Steele-Mortimer et al., 2002)). Lamp1 staining suggested that S.TmΔT1 and S.TmSopE do generally 23 

reside in separate SCVs (Fig. S4A-C). Intriguingly, the time course of T2-gfp expression by S.TmΔT1 (Fig. 24 

5A) was similar to that of S.TmSopE (Fig. 2E), but did not differ between atg5-/- and atg5+/+ cells (p ≥ 25 

0.05). Moreover, plating indicated that S.TmΔT1 did not grow intracellularly, neither in atg5-/- nor in 26 

atg5+/+ cells for 6h p.i. (p ≥ 0.05; Fig. 5B,C). This suggested that, even in the absence of autophagy, 27 

S.TmΔT1 remained in a vacuolar compartment and therefore did not engage in cytosolic hyper-28 

replication (Fig. S2C,D). Equivalent data were obtained when internalization of S.TmΔT1 was driven by a 29 

plasmid expressing Invasin (Fig. S4D-F), a well-characterized adhesin from Yersinia pseudotuberculosis 30 

(Hardt et al., 1998; Isberg and Van Nhieu, 1995; Isberg et al., 1987). Taken together, these data imply 31 

that T1-inflicted SCV damage elicits not only the tagging and elimination of cytosol-exposed bacteria 32 
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(Braun et al., 2010; Malik-Kale et al., 2012; Mallo et al., 2008), but also the sealing of the damaged SCV 1 

which promotes T2-induction. 2 

 3 

LC3 is recruited in a T1-dependent fashion 4 

To establish the kinetics of T1-mediated autophagy-induction, we analyzed the time course of LC3 5 

recruitment. LC3 is recruited and conjugated in an ATG5-dependent fashion to S.Tm lodged in ruptured 6 

endosomes or the host cell cytosol (Birmingham et al., 2006; Fujita et al., 2008; Hanada et al., 2007). 7 

In S.TmSopE-infected wt (but not atg5-/-) MEF, LC3 was recruited as early as 40 min p.i., peaked at 40-60 8 

min and declined by 90-240 min p.i. (Fig. 6A,B). In contrast, "helped" invasion of S.TmΔT1 (helper = 9 

S.TmSopE) did not yield any LC3-recruitment, neither in the atg5-/- nor the atg5+/+ cells (Fig. S5A,B). These 10 

data verified that autophagy is activated already at early stages after invasion by T1-positive bacteria, 11 

while T1-deficient bacteria do not activate this host-cellular response. 12 

Interestingly, some internalized S.TmSopE cells acquired LC3, while others did not (Fig. 6A). We 13 

speculated that this is attributable to the "bimodal" T1 expression of S.Tm (Hautefort et al., 2003; Saini 14 

et al., 2010; Schlumberger et al., 2005; Sturm et al., 2011; Winnen et al., 2008). Thereby, the inoculum 15 

of wt S.Tm or S.TmSopE harbors about 30% of T1-expressing cells (T1-"on") and 70% T1-"off" cells. Only 16 

the T1-on bacteria trigger membrane ruffles (and inflict T1 damage; should lead to transient LC3 17 

recruitment and repair or to egress), while T1-off bacteria enter passively (i.e. like S.TmΔT1 in Fig. 5). 18 

When we infected atg5+/+ cells (atg5-/- = neg. control) for 40 min with S.TmSopE, the LC3 recruitment to 19 

the average invading bacterium was significantly higher at MOI = 1 than at MOI = 10 (p < 0.05; Fig. 6C). 20 

Similarly, in infections with S.TmSopE (T2-gfp reporter, MOI=1) the LC3 recruitment to the bacteria was 21 

strikingly similar between T2-gfp+ and "all" bacteria (constitutive reporter; p > 0.05; Fig. 6D). Similar 22 

observations were made with recruitment of Galectin-3, a cytosolic "danger receptor" (Fig. S5C-E). 23 

These data provided further support that T1-inflicts endosome damage and that autophagy promotes 24 

its repair thereby fostering endosome-to-SCV maturation and T2-induction. 25 

 26 

Fluid-phase marker retention confirmed the role of autophagy in SCV repair 27 

To verify delayed endosome repair in the autophagy-deficient cells, atg5-/- and atg5+/+ MEF were 28 

incubated with FITC-dextran (500kDa) and infected for 90 min with S.TmSopE. FITC-dextran retention in 29 

SCVs was more pronounced in atg5+/+ than in atg5-/- cells (p < 0.05; Fig. 7A). No such difference was 30 

observed in S.TmΔT1 infections (p ≥ 0.05; helper=S.TmSopE). We also quantified FITC-dextran retention 31 

in SCVs showing evidence of membrane damage. Galectin-3-mOrange expressing atg5-/- and atg5+/+ 32 

MEF were infected for 90 min with S.TmSopE. Galectin-3-positive SCVs yielded lower FITC-dextran 33 
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signals than the average SCV, both, in the atg5-/- and the atg5+/+ cells (Fig. 7A). This confirmed that T1-1 

compromises SCV-integrity and that autophagy supports the sealing of damaged SCV membranes. 2 

Finally, we analyzed the effect of osmotic shock-inflicted membrane damage. Atg5-/- and atg5+/+ MEF 3 

expressing Galectin-3-mOrange were treated with Blue-dextran (500kDa) and HGF to allow 4 

internalization of S.TmΔT1 (constitutive gfp). We inflicted membrane damage (10 min, 0.5M sucrose + 5 

10% PEG1000 followed by 3min in 60%PBS) and analyzed dye-dextran retention in the vicinity of gfp-6 

expressing bacteria. Osmotic shock slightly reduced dye-dextran retention in atg5+/+ controls (Fig. 7 

7B,C). More pronounced loss of dye-dextran retention was observed in atg5-/- cells. This may suggest 8 

a general role for autophagy in maintaining endosome membrane integrity. 9 

 10 

Discussion 11 

Our study identified a novel function of autophagy during repair of T1-inflicted SCV damage at the 12 

early stages of S.Tm infection. This fosters SCV maturation and thereby promotes T2-induction (see 13 

working model; Fig. 7D), which is distinct from the well-described function of autophagy in tagging 14 

ruptured endosomes and lysosomal killing of cytosolic S.Tm (Birmingham et al., 2006; Tattoli et al., 15 

2012; Thurston et al., 2012). Thus, autophagy controls two different effector mechanisms during 16 

infection. Both mechanisms are needed to confine the majority of the invading S.Tm cells to the SCV 17 

and thereby promote T2 expression by the vast majority of internalized bacteria. 18 

SCV-membrane sealing seem to require regulators (mTOR), recruitment factors (galectins, Optineurin), 19 

initiation factors (ULK1, PI3-kinase C3, Beclin-1, ATG2A, ATG9) as well as the ATG12- (ATG5, ATG7, 20 

ATG12, ATG16L1) and ATG8-conjugation systems. Individual elements (MAP1LC3A, MAP1LC3B, 21 

MAP1LC3C, GABARAPL1, GABARAPL2, and GABARAP) of the ATG8-conjugation system had only mild 22 

effects at best, which is likely attributable to functional redundancy. LC3 recruitment to S.Tm is thought 23 

to occur through the canonical autophagy pathway involving ULK1, Beclin1 and ATG9 or through LC3-24 

associated phagocytosis (LAP), requiring diacylglycerol (Shahnazari et al., 2010) and protein kinase Cδ 25 

(PKCδ)-mediated activation of NADPH oxidase and reactive oxygen species (ROS) (Fontayne et al., 26 

2002; Huang et al., 2009). Autophagy-dependent SCV repair required ULK1, Beclin1 and ATG9 (Fig. 1), 27 

suggesting that LC3 is recruited to the damaged SCV by canonical autophagy, not by LAP. 28 

Three lines of evidence exclude that cytoplasmic hyper-replication in autophagy-deficient cells affects 29 

our assessment of T2-expression by SCV-lodged bacteria. i) The diminished T2-induction was 30 

concurrent with the onset of the T2-gfp reporter expression (Fig. 2E; 1-3h p.i), ii) this preceded the 31 

onset of cytosolic S.Tm growth, which became apparent only much later (4-6h p.i.; Fig. 2F) and iii) the 32 

T2-gfp expression kinetics by S.TmΔT1 (which remains in the SCV even in atg5-/- cells) were not affected 33 
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by the cytoplasmic hyper-proliferation of the reporter-less "helper" strain S.TmSopE (Fig. 5C). Thus, both 1 

autophagy-dependent effector mechanisms can operate "in parallel" and cytoplasmic hyper-2 

replication does not interfere with the membrane sealing and T2 expression by SCV-lodged S.Tm. 3 

It is interesting to note that T1 is not only driving invasion of epithelial cells and fibroblasts, but also 4 

the prime cause for endosomal membrane damage. Thus, the T1-expressing bacteria rely on a host 5 

cellular system (i.e. autophagy), to initiate repair of this membrane damage before the SCV can mature 6 

further, acidify and allow the expression of T2. Strikingly, the T1-deficient bacteria (invading by helper-7 

triggered ruffling or by Invasin expression) can bypass this need for autophagy as they do not cause 8 

endosome membrane damage. This latter phenomenon may be of relevance for the wt S.Tm infection, 9 

as wt S.Tm forms 30% T1-expressing- and 70% non-expressing bacterial cells (Ackermann et al., 2008; 10 

Diard et al., 2013; Hautefort et al., 2003; Schlumberger et al., 2005; Sturm et al., 2011). The T1-on 11 

bacteria require autophagy-promoted SCV repair, while the T1-off bacteria are entering by "helped" 12 

invasion, do not compromise SCV integrity and thus bypass this need for autophagy. This is a striking 13 

example of an intricate pathogen-host interaction whereby the pathogen (i.e. the T1-on bacteria) relies 14 

on specific host responses in order to maintain an intracellular niche and coordinate virulence factor 15 

expression. 16 

The cellular processes sealing the damaged SCV membrane remain to be established. Clearly, the 17 

ATG12-conjugation system is involved and thereby promotes SCV maturation, vacuolar acidification, 18 

T2 expression and the secretion of SPI-2 effectors to facilitate downstream events of the infection 19 

process. In the absence of functional autophagy, the dynamics of SCV repair are impaired and stall the 20 

compromised SCVs in a Rab5-positive stage, which is prone to bacterial egress and subsequent hyper-21 

proliferation at cytosolic sites later during infection. 22 

Some evidence suggests that autophagy is of relevance for the infection in vivo. Enterocyte-specific 23 

ablation of atg5, atg16L1 or atg7 in mice affected mucosal inflammatory responses and rendered the 24 

animals prone to systemic pathogen dissemination by S.Tm (Benjamin et al., 2013; Conway et al., 2013) 25 

and other enteric pathogens (Marchiando et al., 2013). However, the exact role of autophagy and the 26 

relative contribution of SCV-repair, cytoplasmic pathogen elimination or undiscovered effector 27 

functions remains to be established. One might speculate if some Salmonella strains may express 28 

virulence factors manipulating such responses. Up to date, RavZ from Legionella pneumophila is the 29 

only bacterial effector known to manipulate autophagy, i.e. by irreversibly deconjugating LC3 from the 30 

surface of pre-autophagosomal membranes (Amer and Swanson, 2005; Choy et al., 2012). 31 

In the past years, there is accumulating evidence suggesting that autophagy can affect pathogen traffic 32 

in different ways. In case of Brucella abortus, the pathogen-containing vacuole matures into a 33 

reticulum-like compartment (BCV) fostering pathogen replication. In this case, pathogen release from 34 

the infected cell requires the recruitment of autophagy initiation factors like ULK1 and Beclin1 to the 35 
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BCV, while autophagy-elongation proteins (e.g. ATG5, ATG16L1, ATG4B, ATG7, and LC3B) were not 1 

needed (Starr et al., 2012). By contrast, the Coxiella-containing vacuole is decorated with LC3 2 

throughout all intracellular phases of the infection which is thought to delay the fusion with lysosomes 3 

(Beron et al., 2002; Gutierrez et al., 2005; Romano et al., 2007). These cases are yet clearly different 4 

from the role of autophagy in S.Tm infection. Our findings of autophagy-dependent repair of SCVs 5 

harboring the T1-expressing Salmonella population in infected cells extend the mechanisms that are 6 

subverted by bacterial pathogens and emphasize the central role of autophagy in the pathogen-host 7 

cell interaction. 8 

It has become clear that autophagy not only affects the handling of intracellular pathogens, but also 9 

"sterile" endosomes not harboring any bacteria (Thurston et al., 2012). In fact, endosome membrane 10 

defects in non-infected cells are efficiently tagged by Galectin-3, -8 and -9 (but not by Galectin-1, 11 

(Thurston et al., 2012)). Our osmotic-shock data (Fig. 7B,C) suggest that this might initiate endosome 12 

membrane repair. It will be interesting to find out if autophagy-mediated endosome membrane repair 13 

is of general importance for maintaining the endosomal membrane integrity in mammalian cells.   14 
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Experimental Procedures 1 

Cells and plasmids 2 

Wt S.Tm (SL1344), S.TmSopE (SL1344, sopE2sipAsopE), S.TmΔT1 (SL1344, invG), S.TmΔT2 (SL1344, sseD), HeLa CCL-2 3 

cells, atg5+/+ and atg5-/- mouse embryonic fibroblasts, the plasmids pM965, pM975 and pWRG435 and the 4 

expression constructs for wt and mutant forms of Rab5A, Rab7, Lamp1, Galectin-3, lentiviral transduction and 5 

transient transfection are described in the Supplement. Bacteria were grown under T1-inducing conditions in LB 6 

(0.3M NaCl) as described (Misselwitz et al., 2011a). 7 

 8 

siRNA screen 9 

Cell culture in 96 or 384-well format, reverse RNA transfection, controls, infection, staining, automated imaging 10 

and automated image analysis were performed in HeLa CCL-2 using the InfectX pipeline as described in the 11 

Supplement. RNA libraries included the Dharmacon ONTARGETplus SMART pool Library (18.237 genes), 12 

customized siRNA libraries (Ambion Silencer and Silencer Select; esiRNAs (Sigma)) and kinome-targeting siRNAs 13 

(see Supplement, Table S1B). The pathogen-specific control siRNAs present in every screening plate were ArpC3, 14 

Cdc42, ATP6V1A (reduced infection) and ITGAV and CFL1 (enhanced infection) (Misselwitz et al., 2011a). Cells 15 

were infected for 20min with S.TmSopE harboring pM975 (T2-gfp reporter; MOI=80), incubated 3h 40min in 16 

medium with 400μg/ml gentamicin, fixed (4% PFA, 4% sucrose) and stained with DAPI and DY‐547‐phalloidin. All 17 

liquid handling steps (infection, fixation and staining) were performed with a liquid handling robot (BioTek; 18 

EL406). After high-throughput image acquisition of the 384-well screening plates using the Molecular Devices 19 

ImageXpress microscope (10X S Fluor; 1000-3500 cells per well), a CellProfiler-based image analysis pipeline was 20 

applied. The analysis involved shading correction to compensate for uneven microscope-based illumination and 21 

detected SCV-residing S.Tm through a wavelet-based small particle detector CellProfiler module. Herewith, we 22 

extracted on average 550 features for five distinct objects (bacteria, nuclei, cells, perinuclei and voronoi cells) 23 

out of 1.8 million images and in total more than 100 million cells. 24 

 25 

Step-specific assays 26 

Assays were performed as described ((Misselwitz et al., 2011b) for details, see Supplement). Binding to MEF was 27 

analyzed by 6min S.TmΔ4 infection (MOI=125), washing and automated microscopy quantification of surface-28 

attached bacteria. Ruffling was quantified after 12min S.TmSopE (pM965; MOI=80) infection, phalloidin staining, 29 

Z-stack imaging and blinded quantification of membrane ruffles. The classical gentamicin-protection assay was 30 

performed in 20min infections (MOI=10), subsequent incubation in gentamicin-medium for the indicated times 31 

and plating-enumeration of the remaining intracellular bacteria. For helper assays and invasion-mediated 32 

invasion, higher MOI were applied (see Supplement).  33 

Statistics 34 

The number of biological replicates was sufficient to perform statistics using the non-parametric Mann-Whitney 35 

U test, comparing individual data points for experimental- and control samples.  36 

 37 

Fluorescence microcopy and quantitative analysis of co-localization 38 

Cells transfected or dye-dextran-loaded (FITC-dextran, 500kDa; Blue-dextran, 500kDa) were infected as 39 

indicated, and exposed to osmotic shock (as indicated), fixed and stained, imaged with a 100x‐objective, a 40 

spinning disc head and a Zeiss Axiovert 200m microscope and marker co-localization was analyzed with Volocity 41 

(quantitation module) as detailed in the Supplement.  42 
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Figure Legends 1 

Figure 1: Genome-wide RNAi screen implicating autophagy. A) T2-gfp reporter assay (see Supplement; 2 

(Misselwitz et al., 2011b). B,C) Image-based screen of HeLa nuclei (DAPI), actin (DY-547 phalloidin) and T2-gfp-3 

expression. Bar=10µm. CellProfiler-based identification of nuclei, cell borders and T2-gfp‐expressing S.TmSopE 4 

(Supplement). D) Results (data shown in Table S1B). Autophagy was identified by KEGG-pathway analysis (Luo 5 

and Brouwer, 2013) and phenotypic clustering of the 5000 strongest hits. Red frames=hits from earlier work 6 

(Misselwitz et al., 2011a) and inhibitors. E-H) Knockdown phenotypes (z‐scores) of autophagy hits from Table 7 

S1B. Dots=screen data (black=GWS; grey=Ambion; red=esiRNA; turquoise=Qiagen; dark/light blue=Dharmacon 8 

pooled/unpooled); bar=mean with SD. Color code as in D. Stippled line: cutoff=-0.5 z-score (≈30% attenuation). 9 

ATG7 is involved in ATG12- and ATG8 systems (G and H). 10 

Figure 2: Impact of atg5 on distinct stages of S.Tm infection. A) T2-gfp expression at 4h p.i. of atg5+/+ (dark) or 11 

atg5-/- (light grey) MEF with S.TmSopE (MOI=60). B) Binding of S.TmΔ4 (MOI=125; 6min p.i.). C) Ruffling triggered 12 

by S.TmSopE (MOI=80; 12min p.i.; 571 or 549 cells analyzed). D) Gentamicin-protection assay (S.TmSopE cfu; 1h p.i.; 13 

MOI=10). E) Time course of S.TmSopE infection (T2-gfp assay (1- 12h p.i.; MOI=40). F) Gentamicin-protection time 14 

course assay (S.TmSopE cfu; MOI=10). G) Intracellular growth ([cfu (6h p.i.)]/[cfu (2h p.i.]); data from F. H) 15 

Fluorescence microcopy of atg5+/+ of atg5-/- MEF 6h p.i. with S.TmSopE. red=α‐LPS-CY5 (="all S.Tm"); green= T2-16 

gfp; blue=DAPI. Bar=5μm. All data were from ≥5 independent replicates (whisker bar=mean and SD). 17 

Figure 3: Endosome marker localization to S.TmSopE in wt or atg5-/- MEF. MEF transfected with endosome-18 

reporters as indicated and analyzed at 2 or 4h p.i. with S.TmSopE (MOI=40; Volocity quantitation module). A) 19 

Association of Rab5, B) Rab7 and C) Lamp1 to T2-gfp+ S.TmSopE in atg5+/+ and atg5-/- MEF. D) Association of Rab5, 20 

E) Rab7 and F) Lamp1 to S.TmSopE expressing constitutive GFP in atg5+/+ and atg5-/- MEF. All data were from ≥2 21 

independent experiments. Circles=average fluorescence (AU=arbitrary unit) around 10 randomly picked S.Tm 22 

(mean and SEM). G) Representative fluorescence microscopy image of atg5+/+ MEF at 2h p.i. with S.TmSopE. 23 

Orange=stable LC3-RFP; green=transiently expressed Rab7-GFP; red=α-LPS-CY5 antibody staining "all" S.TmSopE. 24 

Bar=5μm. 25 

Figure 4: Time course of SCV maturation in S.Tm∆T2 infected cells. Atg5+/+ or atg5-/- MEF were infected with 26 

S.Tm∆T2 (T2-gfp assay (1-12h p.i.; MOI=40). Data were from ≥6 independent experiments (dots: data point; 27 

whisker bar=mean and SD). 28 

Figure 5: Time course of SCV maturation in S.Tm∆T1 infected cells. A) Atg5+/+ or atg5-/- MEF were infected with a 29 

mixture of S.TmSopE ("helper"; trigger ruffles; no gfp plasmid; MOI=40-60) and S.Tm∆T1 (T2-gfp reporter; MOI=150-30 

250). T2-gfp expression was analyzed as above (Fig. 2E). Data were from ≥6 independent experiments. B) 31 

Gentamicin-protection assay time course with a mixture of S.TmSopE ("helper"; no gfp plasmid; MOI=8) and 32 

S.Tm∆T1 (T2-gfp reporter; MOI=40). Pathogen loads were determined by plating. C) Intracellular growth ([cfu (6h 33 

p.i.)]/[cfu (2h p.i.]); data from B. Dots: data points; whisker bar=mean and SD. 34 

Figure 6: Autophagy impact on the T1-expressing S.Tm subpopulation. A) Representative images of atg5+/+ or 35 

atg5-/- MEF stably expressing LC3-GFP at 40min p.i. with S.TmSopE (constitutive mCherry; MOI≈30); bar=10μm. B) 36 

Time course of LC3-GFP recruitment to S.TmSopE (constitutive mCherry; 40-240min p.i.; MOI≈30). C) LC3-GFP 37 

recruitment to S.TmSopE at MOI=1 or 10 (constitutive mCherry 40min p.i.). D) LC3-RFP recruitment in atg5+/+ MEF 38 

to S.TmSopE at MOI=1 or 10 at 2h p.i.. Green=data for T2-gfp expressing S.TmSopE; Grey=data for S.TmSopE 39 

expressing constitutive GFP. Data are from ≥2 independent experiments. Dots=average LC3 fluorescence 40 

(AU=arbitrary unit) per 10 S.Tm; whisker bar=mean and SEM. 41 

Figure 7. Fluid phase marker retention in the SCV. A) Atg5+/+ or atg5-/- MEF were incubated with 500kDa FITC-42 

dextran during a 90 min infection with S.TmSopE (constitutive mCherry; MOI=40) or S.TmΔT1 (constitutive mCherry, 43 

MOI=150; unlabeled helper strain=S.TmSopE). The FITC-dextran signal surrounding S.TmSopE or S.TmΔT1 was 44 

quantified. Right side: same as left side, but using Gal3-mOrange expressing MEF and α-LPS-staining to detect 45 
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S.TmSopE. B) Osmotic shock assay. Atg5+/+ or atg5-/- MEF expressing Gal3-mOrange were incubated with 500kDa 1 

Blue-dextran during a 90 min infection with S.TmΔT1 (constitutive GFP) internalized via HGF-treatment. No 2 

infection = background; osmotic shock was inflicted after 57min, i.e. by 10min 0.5M sucrose (PBS, 10%PEG1000), 3 

3min in 60% PBS and 20min recovery in culture media. The Blue-dextran signal surrounding S.TmΔT1 was 4 

quantified. Extracellular S.TmΔT1, identified by α-LPS antibodies, were excluded from analysis. C) Representative 5 

images from B. bar=10μm. D) Model depicting the novel role of autophagy in promoting repair of T1-damaged 6 

endosome membranes Red: T1-expressing S.Tm; grey: S.Tm w/o T1 expression. Green: T2 expression. Yellow: 7 

autophagy proteins. 8 
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Figure S1, related to Figure 1: The specificity of the T2-gfp reporter assay for SCV-residing S.Tm. A) The 3 

endosomal acidification inhibitor Bafilomycin (200nM) was used to test its impact on the T2-gfp reporter assay 4 

at the indicated time points of S.Tm infection in HeLa cells (-1 = 1h before infection; 0 = together with infection; 5 

+1, +2, +3 = hours post infection; MOI=80). The data are normalized to the S.TmSopE infection rate of mock-treated 6 

cells and show a severe reduction of T2-induction when applied at the early stage of S.Tm infection. The results 7 

are derived from three independent experiments each consisting of two biological replicates. Individual data 8 

points are shown as circular symbols with their corresponding mean (bar) and SD. Stippled line: cut-off for 9 

defining the functionally important effects. B) Lamp1-expressing MEF were analyzed for the frequency of Lamp1 10 

association to T2-gfp+ and T2-gfp- S.TmSopE (MOI=40) at 2 and 4h p.i. C) The recruitment of Ubiquitin to 11 

intracellular S.TmSopE (MOI=40) was analyzed over the course of infection (2, 3, 4 and 6h p.i.) in atg5+/+ and atg5-12 
/- cells. The associated Ubiquitin signal (top panels) was separately quantified for "all" S.Tm (constitutive GFP; left 13 

side) and T2-gfp+S.Tm (right side), which allowed to obtain the relative frequency of Ubiquitin association to 14 

these different S.Tm subpopulations (bottom panels). Data are derived from four independent experiments. The 15 

average Ub fluorescence (AU = arbitrary unit) per 10 S.Tm is shown as circles. Bar: overall mean. The SEM is 16 

indicated. The frequency of Ub association is determined per 100 S.Tm (circles) and shown with their mean and 17 

SD. D) S.TmSopE-infected HeLa cells (MOI=50) were fixed at 4h p.i. and prepared for correlative light/electron 18 

microscopy according to the standard Tokuyasu techniques (Oorschot et al., 2014). Left panel: Light microscopy 19 

(LM) with immunofluorescence of Lamp1 (Red) and a GFP antibody against the T2-gfp reporter. Middle panel: 20 

Electron microscopy (EM). Right panel: Alignment of EM and LM using the Amira software. Scale bar of whole 21 

cell = 2µm; scale bar enlarged top images = 500nm. E) Effect of control siRNAs on the viability (number) of cells. 22 

Strong cytotoxicity was observed for all Kif11‐treated wells, whereas the pathogen‐specific controls and wells 23 

transfected with mock‐ or scrambled RNA had no or only slight effects on the cell numbers. F) Z‐scored infection 24 

by T2-gfp+ S.Tm of cells treated with siRNA controls in comparison to mock‐ and scrambled-treated wells. 25 

Reduction of cell numbers in Kif11‐treated wells led to a strong increase of cells harboring T2-gfp+ S.Tm. This was 26 

already observed in earlier work and is attributable to the enhanced infection efficiency of rounded cells 27 

(Misselwitz et al., 2012). The pathogen‐specific controls ARPC3, CDC42 and ATP6V1A led to a pronounced 28 

impairment of T2-gfp+ S.Tm infection, whereas knockdown of CFL1 and ITGAV resulted in slightly enhanced 29 

phenotypes. This is well in line with previous work (Misselwitz et al., 2011a). All data points refer to individual, 30 

siRNA-treated wells from three replicates of the genome-wide RNAi screen and their corresponding mean and 31 

SD. G) Results of the GWS were extracted for the KEGG pathway of Regulation of Actin Cytoskeleton (comparable 32 

to Figure 1D). Red frames: effects of the indicated inhibitors or observed in earlier screens (Qiagen; (Misselwitz 33 

et al., 2011a)). The values for Profilin (PFN) are derived from the four individual Profilin screening data (PFN1= -34 

0.6; PFN2= -0.04; PFN3= -0.8; PFN4= -0.4). 35 

 36 

Figure S2, related to Figure 2: A) - D) Working model for the role of autophagy in controlling the fate of wild 37 

type and T1 mutant S.Tm. A) Wt S.Tm infection of wt host cells. T1 triggers ruffling plus invasion and inflicts 38 

membrane damage to the early endosome. This damage is recognized by the autophagy system. This has two 39 

different consequences: 1. the tagging of S.Tm for degradation, a phenotype well established to limit pathogen 40 

replication in the host cell's cytosol. 2. An increased number of bacteria expressing T2. This is a new phenotype. 41 

The subsequent experiments suggest that the second, newly identified phenotype is attributable to autophagy-42 

dependent sealing of the endosomal membrane damage, which targets these endosomes for further maturation 43 

into SCV and thereby increases the number of T2-expressing bacteria per infected cell. A fraction of the wt S.Tm 44 

inoculum is not expressing T1 and therefore enters the host cell by "helped" invasion. The resulting endosomes 45 

are not damaged and do not require autophagy for maturation into SCV. B) Wt S.Tm infection of autophagy-46 

deficient host cells. Here, both autophagy-mediated effects are alleviated. Therefore, the T1-expressing bacteria 47 

do access the host cellular cytosol in large numbers and hyper-replicate. In addition, the endosome is not sealed. 48 

This reduces the number of mature SCVs harboring T2-expressing bacteria. S.Tm cells entering by "helped" 49 

invasion are handled as in wt host cells. C) and D) Infection by T1 mutant bacteria. This can only occur via "helped 50 
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invasion" or by Invasin expression (see, below). The endosome membrane remains intact. Therefore, there is 1 

little/no escape into the cytosol and the number of properly matured SCVs and the number of cells harboring T2-2 

expressing bacteria is equivalent in wild type and in autophagy-deficient host cells. Red: T1-expressing S.Tm cell; 3 

gray: S.Tm cell expressing neither T1 nor T2. Green: S.Tm cell expressing T2. This does only occur upon SCV 4 

maturation and proper acidification. Yellow: proteins of the autophagy system. E - F) Expulsion assay of S.TmSopE-5 

infected atg5+/+ and atg5-/- cells. E) Initial cfu recovered at 1h p.i. (MOI=80) are shown to define the rate of 6 

expelled bacteria after the addition of trimethoprim (25µg/ml) and α-methyl-mannose (100mM) as reported 7 

before (Miao et al., 2015). F) Expelled cfu were determined at 4.4 - and 6.4h p.i. in atg5+/+ and atg5-/- cells. Due 8 

to low numbers of recovered bacteria, the expulsion rate is not shown (<1%). G) - H) The role of atg5 during wt 9 

S.Tm infections. G) atg5+/+ and atg5-/- cells were infected for the indicated times with wt S.Tm carrying the T2-10 

gfp reporter (MOI=40). The reporter expression was analyzed by automated microscopy as described in Figure 1 11 

and Figure 2. H) Gentamicin-protection assay (MOI=10) was performed to analyze pathogen loads in the host cell 12 

cytoplasm at 2h and 6h p.i. in atg5+/+ and atg5-/- cells. The intracellular replication rate was calculated from these 13 

values. Circles illustrate the individual data points and the bars present their mean with corresponding SD. I) 14 

Phenotype of autophagy-related knockdowns on S.Tm binding. HeLa cells were transfected with a targeted 15 

library of autophagy-related hits (Qiagen; 3 to 5 individual siRNAs per gene). To assess the impact of respective 16 

knockdowns on binding, cells were infected with the non-invasive S.Tm∆4 mutant (MOI=125) for 6min and 17 

subsequently stained for analysis by indirect immunofluorescence microscopy. Data are grouped according to 18 

the function of the analyzed gene. Data are derived from five independent experiments and are shown as log2 19 

docking values normalized to mock-treated wells. Circles illustrate the individual data points per siRNA and bars 20 

present the mean with corresponding SD. J) - K) Single cell analysis for the numbers of T2-gfp+ (J) and T2-gfp- (K) 21 

S.TmSopE (MOI=40) harbored per infected atg5+/+ or atg5-/- cell; determined through manual quantification. 22 

Figure S3, related to Figure 3: A) Bafilomycin treatment in atg5+/+ and atg5-/- cells, which was added at distinct 23 

time points during S.TmSopE infection (MOI=40; see Figure S1A). The data were normalized to the mock-treated 24 

infection rate of S.TmSopE in atg5+/+ cells and are derived from at least three independent experiments each 25 

consisting of two biological replicates. Individual data points are shown as circular symbols with their 26 

corresponding mean (bar) and SD. B) Co‐localization of constitutively active or dominant negative Rab7 with S.Tm 27 

during infection of atg5+/+ and atg5-/- cells. To measure the association of distinct Rab7 versions with S.TmSopE, 28 

host cells were transfected with expression plasmids for constitutively active (CA; RAB7Q67L) or inactive (DN; 29 

RAB7T22N) Rab7. The cells were subsequently infected for 2h or 4h with S.TmSopE (MOI=60). Fluorescence 30 

microscopy was used to quantify the co-localization of the Rab7 constructs with "all" S.TmSopE (constitutive 31 

mCherry) in atg5+/+ and atg5-/- cells. Data are derived from at least three independent experiments and the circles 32 

represent the mean Rab7 fluorescence (AU = arbitrary unit) per 10 S.Tm with the overall mean of the experiment 33 

(bar) and their respective SEM. C) - D) The role of Rab5 in infection- and LC3 association with S.Tm. C) HeLa cells 34 

were treated with siRNAs (4 distinct siRNAs per gene, Qiagen) directed against Rab5A, B and/or C as indicated. 35 

The cells were infected for 4h with S.TmSopE (MOI=60) and the efficiency of SCV maturation was assessed by 36 

automated microscopy quantifying the expression of the T2-gfp reporter. The data are displayed as log2 values 37 

of cells harboring T2-gfp+ S.Tm in relation to mock-treated wells. Circles illustrate the individual data points per 38 

siRNA and bars present the mean with corresponding SD for the independent experiments performed (n=2-5). 39 

D) LC3 recruitment was assessed at 1h p.i. as described in Figure 6. Data are derived from two independent 40 

experiments and circles represent the mean fluorescence LC3 signal (AU = arbitrary unit) measured around 10 41 

S.Tm, with their mean (bars) and SEM. 42 

Figure S4, related to Figure 5: A) - C) Analysis of Lamp1 association during the helper assay. A) Representative 43 

images of Lamp1-(cherry) expressing cells infected with S.TmΔT1 (LPS staining; MOI=150) through the helper strain 44 

S.TmSopE (constitutive GFP; MOI=16) at 2h p.i. Enlarged image sections show that both S.Tm strains (helper and 45 

T1 mutant) can be found in separated Lamp1-positive vacuoles, as indicated by white arrows. B) Quantified 46 

frequency of Lamp1 around separated S.TmSopE (constitutive GFP) in a helper assay with S.TmΔT1 at 2h p.i.. C) 47 

Quantified frequency of Lamp1 around separated S.TmΔT1 (constitutive GFP) in a helper assay with S.TmSopE at 2h 48 

p.i.. D) - F) The impact of atg5 during Invasin‐mediated infection of S.TmΔT1. The Yersinia pseudotuberculosis-49 
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derived adhesin Invasin was used to facilitate invasion of the S.TmΔT1 mutant by a zipper‐like mechanism. D) The 1 

mutant (S.TmΔT1 + Invasin; MOI~120) was used to infect atg5+/+ and atg5-/- cells for the indicated times as described 2 

in Figure 5. The infection was analyzed using the automated microscopy assay. E) Gentamicin‐protection assay. 3 

Cells were infected for 2, 4 or 6h with S.TmΔT1 + Invasin (MOI~40) and the intracellular pathogen loads were analyzed 4 

by plating. In both cell types (atg5+/+ and atg5-/-), the intracellular pathogen loads remained constant throughout 5 

the time of the experiment. F) Intracellular replication rate derived from the data shown in panel E. Data are 6 

derived from at least five independent experiments. Circles illustrate the individual data points and the bars 7 

present their mean with corresponding SD. 8 

Figure S5, related to Figure 6: A) - B) Recruitment of LC3 during the course of a "helped" S.Tm∆T1 infection. To 9 

measure and quantify the association of the marker protein LC3 with intracellular S.Tm∆T1, atg5+/+ and atg5-/- cells 10 

(stable lentiviral LC3 expression) were infected with S.Tm∆T1 (MOI=200; constitutive mCherry) through a "helped" 11 

infection with S.TmSopE (MOI=40; unlabeled) for 30min. At subsequent time points (40min, 60min, 90min, 120min 12 

and 240min) the association of LC3 to S.Tm∆T1 was quantified by fluorescence microscopy. A) A representative 13 

image for LC3 association showing that there was no efficient recruitment of LC3 to S.Tm∆T1 neither in atg5+/+ nor 14 

in atg5-/- cells at 1hpi. Scale bar = 10μm. B) Quantitative analysis of LC3 recruitment to S.Tm∆T1 during the course 15 

of infection. Data are derived from three independent experiments. Circles represent the average fluorescence 16 

signal (AU = arbitrary unit) of LC3 per 10 S.Tm with their corresponding overall mean (bar) and SEM. C) - E) 17 

Galectin-3 associates with wt S.Tm, but not with S.TmΔT1. To verify that T1 compromises the SCV integrity, we 18 

employed the vacuolar damage marker Galectin-3. Galectin-3 belongs to a family of cytosolic "danger receptors", 19 

which can detect endosome rupture (Paz et al., 2010; Thurston et al., 2012). atg5+/+ cells were transfected with 20 

a Galectin-3-GFP expression plasmid and infected with either S.TmSopE (constitutive mCherry) or a "helped" 21 

infection of S.Tm∆T1 (constitutive mCherry + the unlabeled helper strain S.TmSopE). C) Representative fluorescence 22 

microscopy images of Galectin-3-expressing atg5+/+ cells infected with S.TmSopE (left) or S.Tm∆T1 (right) at 40min 23 

post infection. Recruitment of Galectin-3 to an S.Tm subpopulation was only detected in the case of S.TmSopE 24 

infection (see enlarged white boxes). Scale bar = 5μm. D) Time course (40min, 60min, 90min, 120min and 25 

240min) of Galectin-3 recruitment during S.TmSopE or S.Tm∆T1 infection in atg5+/+ cells. E)  MOI-dependence of 26 

Galectin-3 recruitment to S.TmSopE in atg5+/+ cells at 40min post infection. The data are derived from five 27 

independent experiments; circles show the average Galectin-3 fluorescence signal (AU = arbitrary unit) per 10 28 

S.Tm as well as their overall mean (bar) with SEM. 29 

Figure S6, related to Figure 7: Osmotic damage results in Ubiquitin association around T2-gfp+ S.Tm. MEFs were 30 

infected with either A) S.TmSopE (20min; MOI=40) or B) S.Tm∆T1 (HGF-induced internalization for 60min; 31 

MOI=120). 90min after infection, the cells were exposed to osmotic damage (see (Thurston et al., 2012)). Fixation 32 

took place at 2 h p.i. and the signal of Ubiquitin association to T2-gfp+ S.TmSopE (A) or S.Tm∆T1 (B) was compared 33 

to the unperturbed cells infected for 2h (see Figure S1C). 34 
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 1 

Table S1A: Details of the S.Tm strains used in this study  2 

Designation Strain Genotype Reference 

S.Tm SB300a SL1344 (wt) (Hoiseth and Stocker, 1981) 

S.TmSopE M701b ΔsopE2, ΔsopB, ΔsipA (Muller et al., 2009) 

S.TmSopE M2421b ΔsopE2, ΔsopB, ΔsipA (Hoffmann et al., 2010) 

S.TmSipA M516c ΔsopE, ΔsopE2, ΔsopB (Mirold et al., 2001) 

S.TmΔ4 M566 ΔsopE, ΔsopE2, ΔsopB, ΔsipA (Ehrbar et al., 2003) 

S.TmΔT1 SB161 ΔinvG (Kaniga et al., 1994) 

S.TmΔT2 M556 ΔsseD (Hapfelmeier et al., 2004) 

a wild type S.Tm employs four different T1 effectors (SopE, SipA, SopE2, SopB) to efficiently trigger membrane ruffles and 3 

invade into HeLa cells. 4 
b S.TmSopE relies largely on the T1 effector protein SopE, a G-nucleotide exchange factor for Rac1 and Cdc42, to trigger 5 

ruffling and host cell invasion (Hardt et al., 1998; Misselwitz et al., 2011a). 6 
c S.TmSipA invasion relies largely on the T1 effector protein SipA which binds and polymerizes actin directly. 7 
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Supplemental Experimental Procedures 1 

Bacterial strains and plasmids 2 

All S.Tm strains were isogenic derivatives of SL1344 (SB300), belonging to Salmonella enterica ssp. enterica 3 

serovar Typhimurium (S.Tm) (Hoiseth and Stocker, 1981); Genome re-sequenced (Diard et al., 2013) (Table S1A). 4 

Plasmids used for expression in S.Tm were pM965 (Stecher et al., 2004); pM975 (Hapfelmeier et al., 2005) and 5 

pWRG435 (Bender et al., 2013). Plasmids used for transfection into eukaryotic cells were Rab5A, Rab7, Rab7Q67L 6 

(CA) and Rab7T22N (DN) (Marino Zerial), Rab5Q79L (Pelkmans et al., 2004), Lamp1 (Jean Gruenberg) and 7 

Galectin-3 (Ehsani et al., 2012). When S.Tm were used for infection into tissue‐cultured cell lines, they were 8 

grown in LB broth supplemented with 0.3M NaCl, 50 μg/ml Streptomycin (Applichem) and ½ of the standard 9 

concentration of the respective antibiotic for ensuring plasmid maintenance in all bacterial cells. A 12h (37°C) 10 

S.Tm culture was sub‐cultured for 4h and then used for infection. 11 

Cell cultures 12 

HeLa CCL‐2 cells (ATCC) and ATG5 wildtype (atg5+/+) as well as knockout (atg5-/-) mouse embryonic fibroblasts 13 

(Kuma et al., 2004) were grown in DMEM (PAA laboratories) supplemented with 10% inactivated FCS (Invitrogen) 14 

and 50 μg/ml Streptomycin (AppliChem) at 37°C and 5% CO2. 15 

siRNA transfection 16 

Every siRNA screen consisted of screening plates and control plates (see (Ramo et al., 2014)). Screening plates 17 

contained the siRNAs targeting the host cell factors of interest. Control plates contained control siRNAs like Kif11 18 

and were used to assess the siRNA transfection efficiency. In addition, every plate (screening and control plates) 19 

contained siRNA controls in the two outer columns. Besides transfection efficiency controls (Kif11 and 20 

scrambled), these included pathogen-specific controls like ArpC3 and Cdc42, which are known to reduce the 21 

infectivity upon silencing (Misselwitz et al., 2011a). To silence a host cell factor via RNAi, we used a reverse 22 

transfection protocol. The experiments were performed in 384‐ or 96-well plate formats. The 384‐well plate 23 

format (Greiner‐bio‐one; μ‐clear plate TC 384) represented the standard InfectX screening approach and 24 

contained 1.6pmol siRNA (1pmol esiRNA) diluted in 5μl RNase‐free ddH20 per well. 25μl RNAiMAX 25 

(Invitrogen)/DMEM (0.1μl/ 24.9μl) were added to each well and then incubated for 1h at 37°C. Afterwards, 550 26 

HeLa CCL‐2 cells in 50μl DMEM/16% FCS were seeded into each well. The siRNA plates were incubated for 72 27 

hours at 37°C and 5% CO2. When using full‐size 96‐well plates (μ‐clear bottom, Greiner Bio One), the amounts of 28 

the different reagents were adapted to a final volume of 100μl and 2800 cells in 70μl DMEM/16% FCS. Control 29 

siRNA dilution series and cell dilution controls verified that changes in cell number of up to 6-fold did not affect 30 

the Salmonella infection efficiency. This was important to guarantee the robustness of our screen, as many 31 

siRNAs are known to slightly affect the cell number. 32 

siRNA libraries 33 

The genome‐wide screen was performed in three independent replicates using the Dharmacon ONTARGETplus 34 

SMART pool siRNA Library targeting 18.237 genes in 57 distinct 384-well plates. Furthermore, customized siRNA 35 

libraries from Ambion/LifeTechnologies (3 Ambion Silencer Select siRNAs and 3 Ambion Silencer siRNAs for each 36 

candidate), esiRNAs (Sigma) and siRNA libraries targeting kinases and phosphatases were tested screened (3 37 

siRNAs from Ambion/LifeTechnologies (SilencerSelect), 4 siRNAs from Dharmacon (Human ON‐TARGETplus) and 38 

a pool of 4 Dharmacon siRNA's in one well (Human ON‐TARGETplus SMARTpool)). All siRNAs and the screening 39 

data are shown in Table S1B. The pathogen‐specific siRNAs present in every screening plate were ArpC3, Cdc42, 40 

ATP6V1A (negative effect on S.Tm infection) and ITGAV and CFL1 as hits that are known to enhance S.Tm 41 

infection (Misselwitz et al., 2011a). 42 

T2-gfp reporter assay (siRNA GWS and follow-up assays) 43 

For infection of siRNA screening plates, the strain S.TmSopE (M2421, see Table S1A) was used, which harbored the 44 

plasmid pM975, a reporter for SPI‐2‐induced expression of GFP (ssaG‐promotor) (Hapfelmeier et al., 2005). To 45 

perform the infection, 16μl of S.TmSopE (MOI=80; 4h subculture diluted in DMEM) were added to the HeLa cells 46 

and incubated for 20min at 37°C and 5% CO2. Afterwards, the medium was replaced by 60μl DMEM/10% FCS 47 
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containing 400μg/ml gentamicin to kill all remaining extracellular bacteria. The cells were further incubated for 1 

3h 40min at 37°C and 5% CO2 and then fixed by adding 35μl 4% PFA, 4% sucrose in PBS for 20min at RT. Then, 2 

60μl PBS containing 400μg/ml gentamicin was used to replace the fixation solution. Permeabilization of cells was 3 

performed for 5min with 0.1% TritonX‐100, which was replaced by a staining solution containing 1μg/ml DAPI 4 

(Sigma‐Aldrich) and 1.2 U/ml DY‐547‐phalloidin (Dyomics). After an incubation of 1h at RT, the plates were 5 

washed 3x with PBS and stored for imaging using 60μl PBS containing 400μg/ml gentamicin per well (sealed with 6 

Platesealer; Greiner bio one). All liquid handing steps of infection, fixation, and immunofluorescence staining 7 

were performed on a liquid handling robot (BioTek; EL406). 8 

Performance of this assay: The key issue of interest is the ability of the T2-gfp reporter to monitor SCV 9 

maturation. This has been verified by blocking SCV acidification. This reduces T2-gfp reporter induction by >32-10 

fold in HeLa and MEF, the two key cell types used in our study (Figure S1A; Figure S3A). This blocking of T2-gfp 11 

expression by Bafilomycin is only effective, if the inhibitor is added before or at the time of infection. Adding it 12 

2h p.i. or later diminishes the effect. This clearly shows that SCV acidification, a key environmental signal 13 

produced during SCV maturation, is essential for T2-gfp reporter induction. 14 

Oher assays provide additional support, but are more tricky to interpret with respect to the requirement for SCV 15 

integrity, the time point of T2 expression, maturation or rupture. This is likely attributable to: 16 

- the formation of T1-on and T1-off subpopulations 17 

- the transient nature of the membrane damage (if repair occurs; see Figure S2A-D) 18 

- the small size of the membrane which is below the resolution limit of the light microscopy 19 

techniques employed 20 

- the difficulty of electron microscopy to follow membrane integrity in 3D-space 21 

- the interpretation of beta-lactamase reporter assays in the face of multiple bacteria per cell 22 

- the transient nature of breached SCV membranes and its relation to the access of cytosolic TEM 23 

substrates and/or cytosolic markers 24 

Nevertheless, this type of assay provides additional support for the importance of SCV integrity for inducing T2-25 

gfp expression: 26 

Knockdown of Rab-GTPases promoting endosome to lysosome maturation (and which should not affect cytosolic 27 

bacteria) and of the vacuolar H+-ATPase which drives endosome acidification (and which should not affect 28 

cytosolic bacteria) do significantly reduce T2-induction (Figure S1F, Figure S3C; Table S1B; (Misselwitz et al., 29 

2011a)). This phenotype is less pronounced than that of bafilomycin. Nevertheless, these observations support 30 

that SCV maturation and acidification are promoting T2-induction. 31 

S.TmSopE bacteria expressing the T2-gfp reporter show little association with Ubiquitin (as a proxy for cytoplasmic 32 

access; Figure S1C, right panels; ≥ 80% of the T2-gfp expressing bacteria remain clear of Ubiquitin), but are 33 

strongly associated with LAMP-1 (Figure S1B; 80% of T2-gfp expressing bacteria stain positive for LAMP1 by 4h 34 

p.i.). The opposite is observed for bacteria which fail to express the T2-gfp reporter (Figure S1B) or "all" bacteria, 35 

which, in atg5-/- cells, mostly represent T2-off bacteria by 6h p.i. (Figure S1C, left panels). This changes 36 

dramatically, if we apply the osmotic shock procedure for just 13 minutes. After inflicting membrane damage by 37 

osmotic shock, T2-gfp expressing bacteria do associate with Ubiquitin much more frequently than in the control 38 

cells (Figure S6A,B). This is consistent with the T2-gfp expression being induced when S.Tm is lodged in an intact 39 

SCV. Some of these induced bacteria may subsequently leave the endosomal compartment. However, the 40 

majority of the T2-gfp expressing bacteria remain shielded from the cytoplasmic ubiquitination machinery by 41 

intact endosomal membranes. This machinery only gets access, if endosomal membranes are ruptured by 42 

osmotic shock. 43 
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Significant SCV damage in S.TmΔT1 infected cells, as detected by the fluid phase dye-dextran marker assay, was 1 

only observed after infliction of osmotic membrane damage. The dye was well-retained in the absence of T1, in 2 

particular in atg5+/+ cells. In contrast, the dye was released when we applied the osmotic shock procedure (Figure 3 

7B,C). This went along with a significant increase in the Ubiquitin-association with the T2-gfp expressing S.TmΔT1 4 

(Figure S6B). This provides further evidence that the SCV membrane is indeed initially intact, but can be 5 

compromised by either T1- or osmotic shock inflicted damage. 6 

We performed correlative light/electron microscopy. These experiments confirmed that bacteria expressing the 7 

T2-gfp reporter are indeed lodged in an SCV. However, as it is technically challenging to demonstrate 8 

unequivocally that the SCV membrane is truly continuous in all 3 dimensions, we could only gain indirect evidence 9 

for SCV membrane integrity. The integrity of the SCV membrane enclosing T2-gfp expressing bacteria in 10 

unperturbed HeLa cells could be inferred from the absence of cytoplasmic material in the lumen of the 11 

endosome. An illustrative example is presented in the Figure S1D.  12 

Together, these lines of evidence confirm that T2-expression is indeed induced within intact endosomes when 13 

they mature into SCV. 14 

Finally, it is important to note that our assays are set up in a fashion which does not require that every single 15 

GFP-positive bacterium is indeed enclosed by a late endosomal membrane. The steps of SCV maturation, 16 

endosome membrane damage and autophagy are (as a good approximation) stochastic processes whose 17 

likelihoods are affected by the host cellular trafficking pathways, the pathogen's virulence factors and autophagy-18 

promoted endosome repair. The same is true for the nature of bacterial gene expression which occurs (largely) 19 

in response to the environmental signals perceived in the SCV lumen. Thus, it is well possible that a few GFP-20 

positive bacteria can end up in the host cellular cytosol or that some bacterial cells are leaving the SCV and retain 21 

the stable GFP reporter when they arrive in the cytosol. Nevertheless, the available data clearly shows that the 22 

bulk of the GFP-positive bacteria do emerge in response to the environmental cues perceived by S.Tm residing 23 

in intact SCV. The single cell data that we provide reflects this stochastic nature of the T2-induction and careful 24 

statistical analysis has allowed to work out the role of autophagy. 25 

Microscopy of screening plates 26 

The 384‐well screening plates were imaged in an automated manner using the Molecular Devices ImageXpress 27 

microscope. Robotic plate handling was used to load and unload the plates. The objective used for acquisition 28 

was a 10X S Fluor with 0.45NA. 9 sites per well were imaged in a 3x3 grid without spacing or overlap of the images 29 

using three channels for monitoring the cell's nuclei (DAPI stain), the cell's actin cytoskeleton (DY‐547‐phalloidin) 30 

and the GFP‐expressing S.Tm (pM975). 31 

Image analysis of screening plates 32 

All data generated during InfectX related screens - including raw and processed image data - are shared through 33 

the openBIS biology information system (Bauch et al., 2011). To achieve an efficient automated image‐analysis 34 

pipeline applicable to the distinct screening features exploited by the pathogens of the InfectX consortium, an 35 

open‐source workflow management based on CellProfiler was developed (Rouilly et al., 2012). This workflow 36 

manager can modularly apply all required image analysis steps in an efficient fashion. To allow for quantitative 37 

assessment of a very broad set of cellular and subcellular features on several segmented cellular compartments, 38 

several novel or enhanced image analysis and data normalization modules based on CellProfiler (Carpenter et 39 

al., 2006) have been implemented into a modular and generic image analysis framework. The analysis involved 40 

image correction through shading correction of images before object detection using CellProfiler. First, the 41 

"Nuclei" were detected in the DAPI channel using the IdentifyPrimAutomatic module of CellProfiler. In a second 42 

step, the "PeriNuclei" were defined by an eight pixel comprising extension of the nucleus objects and the 43 

CellProfiler modules ExpandOrShrink and IdentifyTertiary were used to remove the nuclear area from this 44 

extended region. The "Cell" was identified using the actin cytoskeleton surrounding the nucleus object (actin 45 

channel) using the BeeIdentifySecondaryInformed module. In addition, we used an actin-independent strategy 46 

through the extension of 25 pixels from the nucleus ("Voronoi Cells"). On all four segmented objects (Nuclei, 47 
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PeriNuclei, Cells, Voronoi Cells), more than 500 distinct features involving spatial, intensity, and texture 1 

measurements were extracted out of 1.8 million images and in total more than 100 million cells. To detect the 2 

cells that were infected by S.TmSopE, a wavelet‐based object detection was used to segment the GFP‐dots that 3 

compose candidate locations of bacteria within the host cell. On the segmented bacteria candidates, a novel 4 

CellProfiler module (BeeMeasureObjectSubCell) was used to measure spatial features and the GFP intensity, 5 

resulting in a quantitative assessment of S.TmSopE infection. To discriminate and remove false positives of 6 

segmented bacterial objects, a classification method based on a decision tree classifier has been applied. The 7 

decision tree classification has been optimized by a human expert, who identifies true internalized bacteria, and 8 

labels the parent cells as infected. This is the standard method to detect infection, applied to our presented data. 9 

To achieve best possible quality control of automated image‐analysis for the siRNA screens, a second method to 10 

score infection was applied. Here, infected cells were identified via CellClassifier (Ramo et al., 2009) using 11 

supervised machine‐based learning by a Support Vector Machine-(SVM) based classifier. As readout, the 12 

infection index defined the number of infected cells divided by the total numbers of cells in a well. To correct for 13 

potential plate- or batch effects within siRNA screens, a non‐control based z‐scored data normalization was 14 

performed to normalize for variations between distinct plates. After plate z‐scoring, the whole screen was z‐15 

score normalized in order to facilitate screen-wide data analysis. 16 

Phenotypic clustering of the hits 17 

KEGG pathway analysis (Luo and Brouwer, 2013) was performed in order to phenotypically cluster and map the 18 

strongest negative 5000 hits of the genome-wide siRNA screen (z-score of cells harboring T2-gfp+ S.Tm ≤ -0.5; 19 

corresponding to ≥ 30% decrease) according to their functional annotation. 20 

Binding assay 21 

The binding assay has been recently described (Misselwitz et al., 2011b). Briefly, 4.000 cells (atg5+/+ and atg5‐/‐) 22 

were seeded one day prior to experiment into "half‐size" 96‐well plates (Greiner Bio One). Cells were infected 23 

with S.TmΔ4 at an MOI=125 for 6min at 37°C and 5% CO2. This non-invasive mutant strain allows to measure the 24 

binding capacity of S.Tm. Afterwards, the cells were washed 3x with 60μl DMEM/10%FCS and fixed with 60μl 4% 25 

PFA. To visualize bound S.TmΔ4, immunofluorescence staining was performed using a primary anti‐LPS antibody 26 

(Difco) and a FITC‐conjugated secondary antibody (Jackson). Afterwards, cells were permeabilized and the nuclei 27 

were stained with DAPI. Image analysis was performed using CellProfiler-based Matlab scripts detecting the cell's 28 

nuclei and the bacterial GFP dots (Misselwitz et al., 2011a; Misselwitz et al., 2011b). 29 

Quantification of Membrane Ruffles 30 

To manually quantify S.Tm‐induced membrane ruffles on the host cell surface, 40.000 cells (atg5+/+ and atg5‐/‐) 31 

were seeded in 24-well plates (TPP) containing glass cover slips one day prior to infection. Cells were infected 32 

with 100μl S.TmSopE (pM965; MOI=80) for 12min. Afterwards, the cells were washed 2x with PBS and fixed for 33 

15min with 4% PFA. The cells were permeabilized with 0.1% Triton‐X100 for 5min and then stained with DAPI 34 

and Tritc‐Phalloidin (1μg/ml; Sigma) for 1h at RT. Quantification of induced membrane ruffles was achieved 35 

through the acquisition of z‐stacks with a 100x‐objective of the Zeiss Axiovert 200m inverted microscope. The 36 

fraction of cells with ruffles/total number of cells were quantified in a blinded fashion using the acquired image 37 

sections. 38 

Classical gentamicin‐protection assay 39 

40.000 cells were seeded one day before infection into 24-well plates (TPP). The cells were infected with the 40 

respective S.Tm strains at a low MOI (~10) for 20min. Afterwards, the cells were washed 3x with DMEM/10% FCS 41 

and incubated with DMEM/10% FCS containing 400μg/ml gentamicin. At the indicated times after infection (1hpi 42 

‐ 6hpi), the cells were washed 3x with PBS and then lysed with PBS containing 0.1% Deoxycholic acid. Serial 43 

dilutions were made with the lysed cell suspension in PBS. 50μl of the diluted cell suspensions were plated on LB 44 

agar containing the appropriate antibiotics. Colony forming units (cfu's) were enumerated after overnight 45 

incubation at 37°C. Gentamicin-protection assays with the S.TmΔT1 mutant expressing the Yersinia 46 

pseudotuberculosis Invasin were performed at an MOI=40 (to partially compensate for its lower invasion 47 
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capacity). A helped infection was performed with the helped S.TmΔT1 mutant (MOI=40) and the "helper" S.TmSopE 1 

(MOI=8). To determine the cfu's of both strains, differential plating on the appropriate antibiotics was performed. 2 

gfp‐reporter assay for the S.TmΔT1 mutant 3 

In case the gfp‐reporter assay was performed as a "helped" infection, the non‐invasive mutant strain S.TmΔT1 4 

(MOI=150-250; harbors the gfp‐reporter plasmid) and its respective "helper" strain S.TmSopE (MOI=40-60) were 5 

mixed prior to infection and then added to the host cells. The infection period was extended from 20min to 6 

60min. After additional 3h of incubation in presence of gentamicin-containing medium, the cells were fixed with 7 

4% PFA. Staining, microscopy and analysis was done as described above (S.Tm infection of siRNA screening 8 

plates). 9 

Inhibitor treatment 10 

Bafilomycin (200nM; Enzo Life Science) was diluted in DMEM/10% FCS and added to the cells at the indicated 11 

time points before or during infection with S.Tm. 12 

Lentiviral transduction of tissue culture cells 13 

One day before transduction, 7.000 cells were seeded in 24‐well plates (TPP). On the next day, cells were washed 14 

1x with PBS and replenished with fresh DMEM/10% FCS. Then, 2.5μg/ml Polybrene (Millipore) and the lentivirus 15 

(MOI=2.5) were sequentially added to each well. After 24h of incubation at 37°C and 5% CO2, the medium was 16 

replaced by fresh medium and further incubated for 24‐48h at 37°C and 5% CO2. 17 

Chemical transfection and nucleofection of plasmids into tissue culture cells 18 

For the transient overexpression of plasmids through chemical transfection, cells were seeded one day before 19 

transfection. On the next day, 1μg of plasmid DNA was first incubated with transfection reagent for 15min 20 

(Lipofectamine 2000 or RNAiMAX; Invitrogen) and then added dropwise to the cells. 3h after transfection, the 21 

medium was replaced with DMEM/10% FCS. After 24-48h, the experiment (infection, microscopic sampling) took 22 

place. For enhanced expression of plasmids in atg5+/+ and atg5-/- cells, nucleofection with the MEF Nucleofector 23 

Kit 1 (Amaxa) was performed as recommended by manufacturer. 24 

Statistics 25 

The number of biological replicates was sufficient to perform statistics using the non-parametric Mann-Whitney 26 

U test, comparing individual data points for experimental- and control samples.  27 

Fluorescence microcopy and quantitative analysis of co-localization 28 

The cells (HeLa cells, atg5+/+ and atg5-/- MEFs) were seeded on coverslips in 24-well plates (TPP) one day prior to 29 

the experiment. At the end of the assay, cells were fixed for 15min with 500μl 4% PFA and then permeabilized 30 

with 0.1% TritonX-100 (Sigma) for 5min at RT. Cells were first incubated with blocking buffer for 30min and then 31 

stained using the appropriate antibodies. The coverslips were then mounted with 5μl Mowiol (Sigma). Image 32 

acquisition was performed with the 100x‐objective using the Zeiss Axiovert 200m inverted microscope with a 33 

Yokogawa CSU‐X1 spinning‐disk confocal unit (Visitron) and a PLAN‐ Apochromat 100x oil objective with an 34 

aperture setting of 1.3 (Zeiss). To quantify co-localizations of host proteins with intracellular S.Tm, the 35 

quantitation module of Volocity was used. Here, the intensity of each individual bacterium was measured and 36 

then normalized to the background intensity in close proximity to the measured bacterium to achieve optimal 37 

normalization with reference to the respective background intensities. The detection threshold in the absence 38 

of measurable co-localizations was set to "zero". 39 

Correlative light/electron microscopy  40 

HeLa cells were grown in a 10cm dish and infected with S.TmSopE at an MOI=50 for 25min at 37°C in EM buffer 41 

(120 mM NaCl, 7 mM KCl, 1.8 mM CaCl2, 0.8 mM MgCl2, 5 mM glucose, 25 mM HEPES, pH 7.3). Cells were washed 42 

3x with EM, then placed in EM + 10% FBS + gentamycin 100 for 1h, at which point the media was switched to EM 43 

+10% FBS + gentamycin 10. At 4 h p.i., cells were rinsed once in EM and then fixed for 10min at RT in 2% PFA 44 

(EMS) + 0.05% glutaraldehyde in PHEM buffer (60 mM PIPES, 25mM HEPES, 10 mM EGTA, 2 mM MgCl2, pH 7.3). 45 

Fixative was then switched to 2% PFA in PHEM buffer for 1h. Cells were prepared for EM according to standard 46 
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Tokuyasu techniques (Oorschot et al., 2014). Briefly, before scraping, free aldehydes were quenched with 50 mM 1 

NH4Cl in PBS and the cell pellet was embedded in 12% gelatine (TAAB). After solidification of the gelatine, blocks 2 

of 1 mm3 were cut and infiltrated overnight with 2.1 M sucrose in PBS at 4°C. Blocks were mounted on pins and 3 

frozen by plunging in liquid nitrogen. Thin sections were cut with a thickness of 75 nm using a Leica UC6/FC6 4 

(Leica microsystems) at -120°C. Sections were collected on HF 15 finder grids (Agar) coated with a formvar and 5 

carbon film. Labeling for fluorescence was done according to Oorschot et al. (2014) using a rabbit anti GFP 6 

(Rockland, 1:100 in PBS + 1% BSA) and mouse anti lamp1 (BD Pharmigen, 1:100 in PBS +1% BSA) followed by anti-7 

mouse Cy3 and anti-rabbit AlexaFluor 488 (both Molecular Probes, 1:200 in PBS +1% BSA). Grids were then 8 

washed with PBS and water and stained with Hoechst (Molecular Probes, 1:1000 in water). After rinsing, grids 9 

were mounted on slides using 50% glycerol and imaged using a Perkin Elmer UltraView spinning disc confocal 10 

microscope, with a 60X/ 1.2NA water objective. After fluorescence imaging, sections were contrasted with 0.4% 11 

uranylacetate (Merck) in 1.8 methylcellulose and cells of interest were observed with a Tecnai G2 (FEI) run at 12 

120kV equipped with a US 4000 (Gatan). Alignment of EM and LM images was performed using Amira software 13 

(FEI).  14 

Expulsion Assay 15 

The expulsion assay was performed as described (Miao et al., 2015). atg5+/+ and atg5-/- cells were seeded in 24-16 

well dishes and infected with S.TmSopE at an MOI=100. After 20min, cells were washed 2x and treated with 17 

gentamicin-containing medium for 1h to kill extracellular S.Tm. At this time point, three wells from each cell line 18 

were washed and permeabilized (as indicated for the gentamicin-protection assay) to recover the initial bacterial 19 

loads. The remaining wells were replenished with fresh medium containing trimethoprim (25µg/ml; Sigma) and 20 

α-methyl-mannose (100mM). At 4h.40 and 6h.40 p.i., culture supernatant (50µl) was collected from each well 21 

and plated on LB agar plates to recover expelled bacteria. 22 

Fluid-phase marker analysis using FITC-dextran 23 

One day before experiment, 70.000 cells were seeded in 24‐well plates (TPP). 1mg/ml of FITC-dextran (TdB 24 

consultancy, 500kDa) in DMEM/10%FCS was added to atg5+/+ and atg5-/- cells together with S.TmSopE (pWRG435, 25 

MOI=40) during an infection time of 20min or with a helped infection of S.Tm∆T1 (pWRG435, MOI=120, S.TmSopE 26 

=unlabeled helper) during an infection time of 60min. Afterwards, cell were washed twice and DMEM/10%FCS 27 

containing 400µg/ml gentamicin was added. At 90min post infection, cells were washed twice with PBS and then 28 

fixed for 15min with 4%PFA at RT. Extracellular S.Tm were stained with an anti-LPS antibody (CY5). Afterwards, 29 

cells were permeabilized and the nuclei were stained with DAPI. The remaining steps and analysis were 30 

performed as described in Fluorescence Microscopy. 31 

Fluid-phase marker analysis using Blue-dextran after osmotic damage 32 

Two days before the experiment, atg5+/+ and atg5-/- cells were transfected with the Galectin-3-mOrange 33 

overexpression plasmid. 1mg/ml Blue-dextran (TdB consultancy, 500kDa) in DMEM/10%FCS was added to atg5+/+ 34 

and atg5-/- cells together with S.Tm∆T1 (pM965; constitutive GFP; MOI=120) through HGF-(10ng/ml) induced 35 

internalization for 60min. At this time point, endosomal damage was performed as described before (Thurston 36 

et al., 2012). Briefly, cells were exposed to hypertonic medium (0.5M sucrose in PBS, with or without 10% 37 

PEG1000) for 10min at 37°C, washed twice with PBS and then incubated in 60% PBS for 3min at 37°C. Afterwards, 38 

cells were recovered in fresh medium (DMEM+10%FCS) for 20min at 37°C and then fixed and stained for 39 

extracellular bacteria as described above. 40 

 41 
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