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Staphylococcus aureus Alpha-Toxin
Induces the Formation of Dynamic
Tubules Labeled with LC3 within Host
Cells in a Rab7 and
Rablb-Dependent Manner

Maria M. Lépez de Armentia, Maria C. Gauron and Maria I. Colomb o*

Laboratorio de Biologia Celular y Molecular, Instituto de btiologia y Embriologia, Facultad de Ciencias Médicas, CONET,
Universidad Nacional de Cuyo, Mendoza, Argentina

Staphylococcus aureus is a pathogen that causes severe infectious diseases that
eventually lead to septic and toxic shock.S. aureus infection is characterized by
the production of virulence factors, including enzymes andoxins. After internalization
S. aureus resides in a phagosome labeled with Rab7 protein. Here, we siw that
S. aureusgenerates tubular structures marked with the small GTPaseRablb and Rab7
and by the autophagic protein LC3 at early times post-infeédn. As shown by live cell
imaging these tubular structures are highly dynamic, extat) branch and grow in length.
We have named themsS. aureus induced filaments (Saf). Furthermore, we demonstrate
that the formation of these laments depends on the integrig of microtubules and
the activity of the motor protein Kinesin-1 (Kif5B) and the &b-interacting lysosomal
protein (RILP). Our group has previously reported that-hemolysin, a secreted toxin
of S. aureus is responsible of the activation of the autophagic pathwaynduced by
the bacteria. In the present report, we demonstrate that theautophagic protein LC3
is recruited to the membrane ofS. aureusinduced laments and that a-hemolysin is the
toxin that induces Saf formation. Interestingly, increasg the levels of intracellular cAMP
signi cantly inhibited Saf biogenesis. Remarkably in thieport we show the formation of
tubular structures that emerge from theS. aureus-containing phagosome and that these
tubules generation seems to be required for ef cient bactdr replication.

Keywords: , autophagy, bacterial pathogens, intracellular bacteria , bacteria-induced

tubules

Staphylococcus aureus

INTRODUCTION

Staphylococcus aurdss leading agent of severe bacterial infections. It mayecdisgases, such as
endocarditis, osteomyelitis, pneumonia and meningitisisigathogen has an important capacity
to invade the vascular system from local infection sites tmdisseminate passing across the
endothelial barrier, leading to bacteremia and sepsis.

Once the bacterium reaches the bloodstream it is phagoayttse polymorphonuclear
neutrophils (PMN) and macrophages. Recent publications havewshsohat S. aureus
also e ciently invade non-professional phagocytes, such pghelial and endothelial cells,
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broblasts, osteoblasts and keratinocytes leading to hmet  which inhibits autophagy Gallagher et al., 20).6 However,
death. S. aureusphagocytosis by non-professional cells isthe autophagic response induced By aureuds atypical and
mediated by a zipper-type mechanism including integrinsanvolves cAMP, EPAC (exchange protein activated by cAMP) and
and adhesins Kowler et al., 2000; Kintarak et al., 2004;the small GTPase Rap2b, excluding the canonical pathway of
Edwards et al.,, 20)1 Once internalized, it transits the PI3K/Beclin-1. We have previously demonstrated that incidat
phagosomal pathway avoiding lysosomal degradation to nallpf cells with dbcAMP and subsequent infection with aureus
scape from phagosomes in a toxin-dependent mechanisnmhibit the autophagy activation induced by the bacteriunat b
further replicating in the cytoplasm Grosz et al., 20)4 the cAMP-dependent protein kinase A (PKA) was not involved
Kurt and colleagues showed th& aureuscan localize into in the cAMP inhibition of Hla induced autophagy. Indeed,
autophagosomes but their maturation is blocked and the fusiowe have shown that this regulation mechanism involves EPAC
with lysosomes is inhibited, allowing bacterial replication (exchange protein activated by cAMP) and Rap2b that negatively
Afterwards, the bacteria induce apoptosis through a caspaseegulate the autophagic response induced by the tokie<gire
independent mechanism. Interesting§.,aureustrains de cient and Colombo, 2012

for agr, a global regulator d. aureusirulence, were nottargeted  Despite these evidences, the events that lea&.t@aureus

by autophagy and did not cause host-cell deathi{naith et al., replication avoiding its destruction are not clear yet. Here, w
2007). We have previously shown that autophagy inductionreport the formation of dynamic tubular structures induced
in infected cells is mediated by the staphylococcal-toain by S. aureus which protrude from the bacterial-containing
hemolysin (Hla), a pore forming protein secreted as a watephagosome toward the periphery of the cell. T8e aureus
soluble monomer capable to bind and oligomerize on the hosinduced laments (Safs) are labeled by host cell proteins, such
cell membrane lestre et al., 2010; Berube and Wardenburgas Rab7, Rablb and the autophagic protein LC3, which are
2013. When cells are exposed to the Hla puri ed toxin there isessential for Saf formation. Additionally, we demonstratatth
an increased accumulation of vesicles labeled with LC8htinge  Safs elongation requires microtubules and kinesinl. Reafdyk
characteristics of non-acidic and non-degradative comparits, the formation of Safs is dependent artoxin-competent bacteria
suggesting that the maturation of these autophagic str@sur and also they are induced by puri eethemolysin. In summary,

is blocked {estre et al., 20)01In addition, the toxin secreted we are showing thaS. aureusnduces lamentous structures

by the internalized bacteria also stimulated autophagy, ashich are critical for e cient bacterial replication.

cells infected with the wild-type strain db. aureusshowed

recruitment of LC3 to the phagosomal membrane but did not

accumulate lysotracker, dye that stains acidic compartmdnt MATERIALS AND METHODS
contrast, those phagosomes containBgaureustrain Hla (-), cM aterials

which is unable to produce the toxin, were include in an acidi . .
a-MEM cell culture medium was purchased from Gibco

compartment unlabeled by LCB3/gestre et al., 2090 k .
In the last few years there has been many studies focusilfvitrogen, 11965-175) and fetal bovine serum (A15-10df
AA (GE Healthcare Argentina S.A., Argentina). Nocodazole

on the molecules involved in the autophagic pathway an i . ) ;
genetic studies in yeast have led to the discovery of sevefaiioramphenicol, Gentamicin, Wortmannin ana-hemolysin

Atg (autophag related) genes, many of which have mammaliarffom Staphylococcus aureft#9395) were obtained from Sigma
orthologs Eiillgrabe et al., 20)6ULK1 (unc-51 like autophagy Aldrich  (Buenos .Alres, Argentlna). Ge;nencm (G418) was
activating kinase 1) activates the lipid kinase VPS34, dtiting ~ PUTchased from Gibco (Invitrogen, Argentina).
the synthesis of phosphatidylinositol 3-phosphate (PI13P) dued t
formation of an omegasome, at the region were Atg9 vesicldslasmids
align with the ER Karanasios et al., 20).6Atg5 interacts The pEGFP-LC3, pRFP-LC3, pEGFP-Rablb, pEGFP-Rabl1, and
with Atg12 (Atg5-Atg12 complex) covalently and non-covalgnt pEGFP-Rab24 constructs were obtained as described inrearlie
with Atgl6. The microtubule-associated protein-1 light tha publications {unafé and Colombo, 2002; Savina et al., 2005;
3 (MAP1-LC3/Atg8/LC3) is cleaved by Atg4 to form a solubleZoppino et al., 2010 The plasmid pEGFP- Rab7wt was a
protein that localizes into cytoplasm termed LC3-1. Then, EC3 generous gift from Bo van Deurs (University of Copenhagen)
| is lipidated to generate LC3-1l which is capable of bindingand the plasmid encoding enhanced GFP (EGFP)-Rab5wt
to membranes. LC3-ll is formed at the place where the Atgl2was kindly provided by Dr. Philip D. Stahl (Washington
Atg5-Atg16 complex is localized and is able to associate witbniversity). The pCDNA Kifswt, pCDNA Kif5T93N were
autophagosomal membranes, even when autophagosomes flgedly provided by Dr. Alfredo Caceres (Mercedes and Martin
with lysosomes to form autolysosomés.pinsztein et al., 2009  Ferreyra Institute, Cérdoba, Argentina). The pRFP-RILP and
Autophagy is classically regulated by two important proteinsmCherry-RILP N was gently provided by Dr. Walter Beron
one is the phosphatidylinositol-3-kinase (PI3K) Class lilieth (IHEM, Mendoza, Argentina). The pEGFP-Rab34 was gently
activates the autophagic pathway. The kinase Class Il PI3K amqtovided by Dr. Maximiliano Gutiérrez (Helmholtz Centre for
its human ortholog hVps34 interact with p150 myristoylatedinfection Research, Braunschweig, Germany). The pEGFPRab2
kinase and Beclin-1 to activate Atg proteins. The other on@and pEYFP-Rab32 were gently provided by Drs. Jorge Galan
is the serine/threonine kinase mTOR (mechanistic target o&nd Stefania Spano (Yale University School of Medicine, New
rapamycin), a sensor of cellular energy and amino acid lgvelslaven).
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Cell Culture and Transfection used for all acquisitions and settings for the live imagiRgr
CHO-K1 (ATCC) were grown ina-MEM supplemented with spinning disk acquisition, we used a Quorum Technologies
10% FBS, streptomycin (5@/ml) and penicillin (50U/ml). WaveFX Confocal Microscope with a Yokogawa CSU-X1
Stably transfected CHO cells overexpressing pEGFP-LCSpinning Disc Unit and a LCI Temperature Controller and
pPEGFP-Rablb or pEGFP-Rab7 wild type and pEGFP-Rab7T2ZD0D, Mixer for Live Cell Imaging (Neurobiology of Stress CNS,
were selected with 0.5 mg/ml of geneticin. Cells were tratese  University of Toronto at Scarborough, Canada). The resgltin
or cotransfected using Lipofectamine 2000 (Invitrogen)movies series were corrected to improve the contrast and

according to the manufacturer's instructions. resolution using the deconvolution plugin on ImageJ. The imag
. . . analysis of Saf growth and contraction was carried out using
Bacterial Strains and Growth Conditions ImageJ.

Staphylococcus auressrain wild type (8325-4), the mutant

de cient for a-hemolysin Hla (-) (DU1090) or the Hla Colocalization Analysis

(=) mutant complemented with aa-hemolysin plasmid For colocalization studies images were processed using thmplu
(DU1090/pDU1212) [HIaC)] were kindly provided by Dr. Colocalization analysis from ImageJ. Images were deconvolved
Claudia Sola (CBICI-CONICET, Cordoba, Argentina). Theseand then analyzed using Mander's Overlap Coe cient (MOC)
bacterial strains were grown overnight at & in 10ml of and Pearson Correlation Coe cient (PCC) to determine the
Luria-Bertani (LB) broth with appropriate antibiotics. Badte degree of overlap between images using the green and red
were resuspended in infection mediumMEM containing 10% channel. Data are representative of two di erent experiment
FBS) at an Olgsoof 0.4 (approximately 4 10° CFU) and then  (n D 20 cells/condition).

were diluted to achieve a multiplicity of infection (MOI) of 10

(bacteria:cell) in the infection medium. After 1 h of infem, the ~ Live Cell Imaging

medium was washed to remove extracellular bacteria and ne@ells were cultured in cover glasses of 25 mm of diameter and
infection medium was added to cells. Subsequently, cells wetransfected when required. Infection with ti& aureusstrains
incubated for di erent periods of times (2, 4, or 6h) and xed was performed as described above. After the proper infection
with 4% paraformaldehyde (PFA) or processedidag cellshy  time the medium was replaced by new infection medium and the
confocal microscopy. In all cases, after 1 h of infectiorsag#ire  cover glass was imaged at the required time-points afteciife.
washed and gentamicin (1@@/ml) was added for 30 min to kill The cover glasses were mounted on the microscope chamber
extracellular bacteria. equipped with a heating unit to maintain the temperature at

, , 37C.
Bacteria Labeling

For analysis in xed samples, bacterial DNA was labeled with 4CFU Determination
nM Hoechstin Mowiol. For live imaging, bacteriawere incudit CHO cells were infected for 2 or 4 h witB. aureusvt. In some
with Rhodamine-Red (Bg/ml) for 1 h at 37C, subsequently experiments CHO cells stably expressing EGPF-Rab7 or EGFP-
washed with PBS twice and then added to the cells. In somRab7T22N were used or CHO cells were transiently transfected
live experiments Hoechst or TOPRO was added to the infectiowith GFP-Rablb wt or GFP-Rablb S22N. In all cases, after 1 h
medium and visualized directly on the microscopy chamber.  of infection cells were washed and gentamicin (&@@0ml) was

.. added for 30 min to kill extracellular bacteria. After theenfion
Obtaining S. aureus Supernatant period (i.e., 2h) cells were washed with PBS and lysed with
Staphylococcus aurewsdrains wt, the mutant de cient for sierile double distilled water for 10 min at room temperature
a-hemolysin Hla(-) or the HlaC) mutant complemented with | ysates were diluted with PBS, plated in Brain Heart agar and
an a-hemolysin plasmid were grown at 3Z with shaking in jncubated for 12 h at 3T. Colonies were counted on the plate

10ml of LB broth with appropriate antibiotics to an optical wjth dilutions yielding 50-100 visible colonies.
density at 600 nm (OD600) of 2.0. After removal of the baeteri

cells by centrifugation at 12,000 g for 15 min a€4the obtained
supernatants were ltered using a 0.22mm Millipore Iter. RESULTS
The resulting ltrate was used as supernatant for experimentsS. aureus Induces Formation of Dynamic

Supernatants were checked for absence of bacteria by ¢ulgva Tubular Structures Decorated with Rab7 in
small aliquots on LB agar. Protein concentration was debeeh

CHO Cells
by the Bradford .
y the Bradiord assay It has been previously demonstrated th@t aureuseside in
Treatment with the Toxin an unique phagosomal compartment that poorly localizes with

CHO GFP-LC3 cells were incubated for 1h withri@ml of ~LAMP but is highly decorated by Rab®¢hnaith et al., 2007;
puried a-hemolysin fromS. aureugSigma). Live cells were Seto et al., 20)1Both publications present some contradictory

analyzed by uorescence microscopy. observations regarding the staining with lysosomal markers
_ ] however both conclude that th&. aureusesiding compartment
Fluorescence Microscopy and Imaging acquires Rab7. In order to analyze the sequence of evertts tha

CHO cells were analyzed by uorescence microscopy using dead to the recruitment of Rab7 to ti& aureuphagosome, CHO
Olympus Confocal FV1000. The program FV10-ASW 3.0 wasells stably overexpressing GFP-Rab7 were infectedBwithreus
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wild type (wt) and analyzed at four di erent post-infection tes  extracellular bacteria. Subsequently, cells were incubated
(1, 2, 4, and 6 hFigure 1A). From early post-infection times additional hour (2h.p.i) or 3h (4 h.p.i) and nally were lysed
the recruitment of Rab7 to th8. aureusontaining-phagosome with sterile water and plated on Brain Heart Agar for colony
was observed. Interestingly, at these post-infection tiweslso forming units (CFU) determination. As shown ikigure 1G
observed tubular like structures that were marked with Ra#i7 cells overexpressing Rab7-T22N presented a signi cant dsere
later post-infection times (4 h.p.i) these tubular structuresre  in bacterial replication compared to cells overexpressing Rab7
no longer visible. Instead, infected CHO cells presei®ealureus wt. These results indicate that Rab7 is essentialSoaureus
containing-phagosomes in a “honeycomb-like” distribution replication and suggest that Saf formation is also important for
Interestingly, the late endosomal/lysosomal protein LAMRels e cient bacteria replication.
recruited to S. aureusphagosome but no tubular structures
labeled with LAMP-1 were observed at 1-2h post-infection . . .
(Figure S1A). Microtubules, Kinesin-1 and RILP

In order to analyze the dynamics of these structures wéarticipate in Saf Elongation
observed living cells using confocal microscopy. For thippae, The role of the GTPase Rab7 has been extensively invesdtigate
CHO cells stably overexpressing GFP-Rab7 were infected widlmd it is well recognized to facilitate endosomal matunatio
S. aureuswt and living cells were imaged with confocal transport from the late endosome to the lysosome, and
microscopy in a temperature controlled chambEigure 1Band  positioning of the endosomes and lysosomes by regulating
Movie S1). We observed the formation of highly dynamic tubulesheir movement along the cytoskeletoiéng et al., 2011
that extended from theS. aureusontaining phagosome, thus Nocodazole is a pharmacological inhibitor of microtubul 8T
we named these tubular structur8saureusinduced flaments that a ects the cytoskeleton integrity. We tested the e ects
(Safs). Quanti cation analysis indicates that approximaf&% of nocodazole on the dynamic of Safs marked with Rab7
of the infected cells showed one or more Safs at 2h.p.(Figure 2A); treatment with nocodazole did result in the loss
(Figure 1Q. We next analyzed time-lapse series of living CHOof a large number of existing SafBigure 2B). It is important
cells stably transfected with GFP-Rab7 and infected 8itureus to take into account that cells were treated with nocodazole
wt and a representative cell is shown kigure 1D (see also after 30 min of infection to guarantee a proper internalizatiaf
Movie S1). We noted the formation of tubular GFP-Rab7 positiveS. aureusas microtubules and actin micro laments are necessary
structures extending from thé. aureusphagosomes toward for bacterial phagocytosisi¢von et al., 1999; Shi and Zhang,
the cell periphery as early as 1h after infectidgfigure 1D).  2012).
The number and the extension of these tubular structures With the purpose of determining if the inhibition of Safs
increased over time. Closer analyses of the time-lapse moviesused by nocodazole treatment a ected bacteria replicatien
indicated that individual Safs were highly dynamic showingnfected CHO cells witt8. aureusvt for 30 min and then 2nvi
not only extension but also contraction, branching or carita of nocodazole was added. After 2 or 4 h post-infection cells were
with another S. aureusontaining vacuoles. Linear growth of lysed and CFU was determined. As showifrigure 2Ba marked
Safs was observed as well as apparently random changes in tleerease in bacterial replication was observed in cells tteate
direction of Saf extensions. As a control, uninfected CHOPGF with the microtubule depolymerizing agent in contrast to canit
Rab7 living cells were observed to assure that the formatioconditions Figure 2B).
of the tubules was restricted to the infected cells (Figure Microtubule-based motors include kinesins, which move
S1B). toward the MT plus end, and dyneins that moves to the minus

Rab proteins are small GTPases regulated by speciend (Akhmanova and Hammer, 20).0Kinesins are a family
guanine nucleotide exchange factors (GEFs), which ca&alynf molecular motors that use the energy of ATP hydrolysis
the displacement of GDP and binding of GTP, by GTPas¢o travel along the surface of microtubule lament¥drhey
activating proteins (GAPs) which stimulate the GTP hydradys and Hammond, 2000 In order to determine if Kinesin-1 is
(Novick, 2019. We therefore studied the involvement of ainvolved in Saf elongation, CHO cells stably expressing Rab7
functional Rab7 in Saf generation and elongation. For thisvere cotransfected with pcDNA-Kif5 wt or pcDNA-Kif5 T93N,
purpose, CHO cells stably overexpressing an EGFP wildgx dominant negative mutant that has no ATPase activity. iAfte
type Rab7 or the dominant-negative mutant (Rab7-T22N)rotein expression cells were infected wigh aureuswt for
were infected with S. aureuswt (Figure1lB. After 1h 1h and images from living cells were analyzédg(re 20).
post-infection in Rab7 wt expressing cells we observed SAE shown in Figure 2C when Kif5 wt was overexpressed
formation; however, in cells overexpressing Rab7-T22N rfw/Ra we observed 70% of infected cells with Safs decorated with
tubular structures were observelligure 15, indicating thatan Rab7. In contrast, in cells overexpressing Kif5-T93N mutait
active Rab7 is required for the formation of the lamentouselongation was inhibited and no tubular structures markethw
structures. Rab7 were observe#igure 2B). These results indicated that Saf

With the purpose of determining the importance of a formation and elongation requires kinesin-1 motor to exten
functional Rab7 onS. aureusreplication, CHO cells stably toward the cellular periphery.
overexpressing GFP-Rab7 wt or GFP-Rab7 T22N were infected Rab7-interacting lysosomal protein (RILP) regulates
with S. aureuswt. After 1 h post-infection cells were washedmicrotubule minus-end directed transport by recruiting
with PBS and gentamicin (10fig/ml) was added to kill the dynein/dynactin motor complexv@n der Kant et al., 20)3
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FIGURE 1 | S. aureusinduces formation of tubular structures decorated with RaB. (A) GFP-Rab7wt stably transfected CHO cells were infected witl$. aureuswt for
1h (1h.p.i) and then washed and incubated for additional 1 2(h.p.i), 3h (4 h.p.i), or 5h (6 h.p.i) to allow bacteria repktion. Bacteria were labeled with
(Continued)
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FIGURE 1 | Continued

rhodamine-red (B) GFP-Rab7 CHO cells were infected for 30 min witls. aureusand living cells were imaged(C) Quanti cation of the percentage of infected cells
that presented Saf formation.(D) Movie showing CHO cells overexpressing GFP-Rab7 and infeetl with S. aureus Yellow arrow heads indicate Saf extension,
branching and phagosome contact. Relative time-points ar@xpressed as h:min:s.(E) CHO GFP-Rab7wt and CHO GFP-Rab7T22N (dominant negative mait)
stably transfected cells were infected for 1 h witt8. aureuswt. Bacteria were labeled with Hoechst(F) Quanti cation showing the percentage of cells with Rab7
positive Saf in cells overexpressing Rab7wt or Rab7 T22NG) The graph shows the quanti cation of the number of CFU/ml in CHQells stably transfected with
GFP-Rab7 (black bars) or GFP-Rab7T22N (gray bars) and infeecl with S. aureuswt for 2 or 4 h. In all cases data show mean SEM from three independent
experiments (1 D 150 cells/condition). P 0.01, **P  0.0001 from two-tailed Studentt-test. Scale bar: 20mm.

Control Nocodazole
Sl GFP-Rab7 GFP-Rab7 ¥ °GFP-Rab7
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FIGURE 2 | Microtubules, Kif5 and RILP are necessary for Saf elongatiofA) CHO GFP-Rab7 stably transfected cells were infected for 1 hith S. aureuswt. In the
left panel cells were incubated in control media and in theght panel after 30 min post-infection 2nM nocodazole was added and maintained for the rest of the
infection period. (B) The graph on the left shows quanti cation of the percentage ofnfected cells with Saf formation in control conditions (gty bar) or treated with
nocodazole (black bar). The graph on the right represents thquanti cation of the number of CFU/ml of CHO cells infected fo2 or 4h S. aureuswt. Grey bars
represent control conditions and black bars indicate cellsreated with 2mM nocodazole. (C) CHO cells stably overexpressing GFP-Rab7 were co-transféed with
RFP vector and pcDNA-Kif5 wt (Panel a) or with pcDNA-Kif5T98 (panel b), and then subsequently infected witls. aureuswt for 1 h. (D) CHO GFP-Rab7 stably
overexpressing cells were transfected with RFP-RILP wt (Paha) or with mCherry-RILP N (Panel b) and then infected witts. aureuswt for 1 h. Bacteria were labeled
with TOPRO. All conditiong/A,C,D) were observed as living cells using confocal microscopy. Inges are representative of two independent experimentsE) Graphs
show the percentage of cells with Rab7 and Kif5 double posite Safs and the percentage of cells with Safs marked with Rab@n RILP. In all cases data show mean
SEM of two independent experimentsi§ D 100 cells/condition). P 0.01, *P 0.001 ***  0.0001 from two-tailed Studentt-test. Scale bar: 20mm.

Thus, we transfected CHO cells stably overexpressing GBP-RaS. aureuswt for 1 h and images of living cells were analyzed

with RFP-RILP wt or mCherry-RILPN, a truncated mutant (Figure 2D). We observed colocalization of Rab7 and RILP

with an N-terminal deletion that retains the ability to bind in Safs membranes, suggesting that Rab7 is interacting with
to active Rab7 but is unable to bind to microtubule motorsRILP to promote Saf elongation. Interestingly, we observed
(Jordens et al., 20D1Subsequently, cells were infected withinhibition of Saf elongation when RIUPN was used. Taken
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together these ndings indicate th& aureusises the MT-motor post-infection by uorescence microscopy. Rab24 and Rab29
kinesin-1 and the protein RILP of the host cell to promote Safvere not recruited toS. aureusontaining vacuoles neither to

elongation. Safs whereas Rab5, Rabl1l, Rab32, and Rab34 were recruited
. to S. aureusphagosome but not to Saf membranes (Figure

Rablb Is Recruited to S. aureus -Induced S2). To our surprise, as depicted iRigure 3A S. aureus

Filaments phagosomes were decorated with Rablb and they presented

Next we were interested in determining the nature of thenumerous tubular structures also marked by the protein in
tubular-like structures using dierent sub-cellular marlser approximately 60% of the infected celBigure 3C). Analysis
To determine whetherS. aureuslaments are enriched in of video microscopy showed dynamic tubules marked with
endosomal associated membrane proteins, CHO cells weRablb emerging forns. aureuphagosomes that were able to
transiently transfected with dierent Rab proteins (Rablb,branch, contract, elongate and reach other bacteria-dnimg
Rab5, Rab7, Rabll, Rab24, Rab29, Rab32, or Rab34) phdgosomesHigure 3D and Movie S2). In order to study
infected withS. aureuswt. Living cells were analyzed after 1 hthe participation of a functional Rablb in Saf generation
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FIGURE 3 | Rablb is recruited toS. aureus-containing phagosomes and Safs.(A) CHO cells stably overexpressing GFP-Rablb were infected i S. aureuswt for
1h. Afterwards non-internalized bacteria were removed by ashing and living cells were observed by confocal microscop (B) CHO GFP-Rablb S22N transiently
transfected cells were infected for 1 h withS. aureuswt. Bacteria were labeled with rhodamine red(C) The total percentage of infected cells that generate
Rab1b-positive Safs was determined in cells overexpressinRablb wt (gray bar) or Rablb S22N (black bar). Data is represitative of three independent experiments.
(D) Images show CHO living cells stably overexpressing GFP-Rablinfected with S. aureusfor 1 h and visualized by confocal microscopy. White arrowted indicates
Saf branching and extension. Yellow arrowhead shows a RabZXpositive phagosome with Saf that extends toward the cell paphery and nally reaches other
bacteria-containing phagosome. Details of representates Saf phenotypes are shown, and the relative time-points arexpressed as h:min:s.(E) The graph shows the
quanti cation of the number of CFU/ml in CHO cells transfectedvith GFP vector alone (control, white bars), GFP-Rab1b (gysbars) or GFP-Rablb S22N (black bars)
and infected with S. aureuswt for 2 or 4 h. In all cases data show mean SEM of three independent experimentsr(D 150 cells/condition). P 0.01; ***  0.0001
from two-tailed Studentt-test. Scale bar: 20mm.
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and elongation, CHO cells were transfected with EGFP-RabiBaf Membranes Are Decorated with the
S22N (a dominant negative mutant locked in a GDP-boundAytophagic Protein LC3

conformation) and infected withS. aureuswt. As show in  \e have previously demonstrated that Rab7 is a critical protein
Figure 3B cells overexpressing Rablb S22N did not preseffyolved in the maturation of autophagic vacuoles and recgiire
Rab1lb positive Safs after 1 h post-infection. Next, we anatyweed for the progression of the pathways(itierrez et al., 2004 1n
importance of Rablb ir8. aureuseplication. Therefore, CHO addition, we have also shown that the small GTPase Rablb is
cells overexpressing GFP-Rablb wt or GFP-Rablb S22N wéfgolved in the formation of autophagosomegoppino et al.,
infected withS. aureus$or 2 or 4 h and CFU were determined. As 201(). Therefore, we were next interested in determining whethe
shown inFigure 3E cells overexpressing Rablb S22N presentatle lamentous structures generated By aureusvere related to

a signi cant decrease in bacterial replication compared tsce the autophagy pathway by assessing the autophagic protein LC3.
overexpressing Rablb wt. These results indicate that Rab1bTio analyze the presence of LC3 in Saf membranes CHO cells
present in Saf membranes and that the activity of this Raltably overexpressing GFP-LC3 were infected Bitwureusvt
GTPase is necessary for Saf formation and e cient bacterigor 1 h and living cells were observed by confocal microscépy.
replication. shown inFigure 4Awe noted the formation of tubular GFP-LC3

% of infected cells with LC3
positive Saf

v
00:01:20

»
v

Z projection-3D view

FIGURE 4 | Saf membranes are decorated by the autophagic protein LC3(A) CHO cells stably expressing GFP-LC3 were infected with rhamine red labeled

S. aureusfor 1 h. (B) Quanti cation of the percentage of infected cells that presated Saf formation. Data show mean SEM of three independent experimentsn( D
150 cells/condition).(C) Images show CHO living cells stably overexpressing GFP-LCBfected with S. aureusfor 1 h visualized by confocal microscopy. White
arrowheads indicates a Saf emerging from theéS. aureus-containing phagosome toward the perinuclear region and ylow arrowheads indicate Saf emerging toward
the opposite direction. Relative time-points are expressgas h:min:s. (D) CHO cells stably expressing GFP-LC3 were infected witls. aureuswt for 1 h. Z stack
images were processed using Image J to construct a 3D image. Beteria were labeled with rhodamine-red. Scale bar: 26mm.
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positive structures extending fror8. aureusautophagosomes We next studied if Safs marked with LC3 corresponded
(Movie S3). Time-lapse series show the extension of tubuldo the same structures marked with Rab7 or Rablb. For this
membrane emerging form the autophagosome that containpurpose, CHO cells stably overexpressing EGFP-Rab7 were
S. aureus(Figure 4B). Quanti cation analysis indicates that transfected with RFP-LC3 and infected wihaureusvt for 1 h.
approximately 35% of the infected cells showed one or more Sa&ab7 and LC3 showed a colocalization of 50% approximately,
marked with LC3 after 2 h.p.i.Rigure 40). In order to analyze indicating that both proteins are recruited to the same Saf
in more detail Safs structure, CHO GFP-LC3 cells were ieféct membrane. When cells were co-transfected with GFP-Rablb
with S. aureuswt for 1 h and Z stacks were acquired with aand RFP-LC3, and subsequently infected wih aureuswt
confocal microscopy, images were processed with the Imagr 1h, we also observed a high degree of colocalization
program, and a three dimensional reconstruction was perfatme(90% approximately) of both proteins at the Saf membranes
(Figure 4D). (Figures 5A,B. In contrast, in cells co-expressing LC3 and

FIGURE 5 | Saf formation requires active Rab7 and Ralb GTPases . (A) CHO cells stably expressing GFP-Rab7 were transfected witRFP-LC3 and infected
with S. aureuswt for 1 h. (B) CHO cells were co-transfected with GFP-Rab1b and RFP-LC3 ahsubsequently infected withS. aureuswt for 1 h. Colocalisation
analysis of image A and B was performed using Image J to determé Mander's Overlap Coef cient (MOC) and Pearson CorrelatioCoef cient (PCC).(C) CHO cells
stably expressing GFP-Rab7 T22N were transfected with RFRC3 and infected withS. aureuswt for 1 h. (D) CHO cells were co-transfected with GFP-Rablb S22N
and RFP-LC3 and subsequently infected witts. aureuswt. In all cases(A-D) bacteria were labelled with Hoechst and living cells were stialized by confocal
microscopy. Scale bar: 20mm. Images are representative of two different experiments.
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FIGURE 6 | S. aureusculture supernatant induces tubular structures formation(A) Left panel: CHO GFP-LC3 stably transfected cells were inféed with S. aureuswt
for 1 h. Right panel: CHO GFP-LC3 stably transfected cells we infected with S. aureuswt that was previously treated with chloramphenicol (Cm). &cteria were
(Continued)

Frontiers in Cellular and Infection Microbiology | www.frdiersin.org 10 October 2017 | Volume 7 | Article 431



Lépez de Armentia et al. S. aureus Generates LC3 Tubular Structures

FIGURE 6 | Continued

labeled with rhodamine red. The graph shows the percentage focells with Saf formation.(B) CHO cells stably expressing GFP-LC3 were incubated with imeasing
volumes (ml) ofS. aureuswt supernatant (free of bacteria). The graph shows the pergeage of cells with Saf formation(C) Panels a-c show cells treated with the
supernatant obtained from theS. aureusstrains wt, Hla (-) and Hla (-¢ p.Hla, respectively. Upper panel shows CHO GFP-LC3 stablyansfected cells; middle panel
CHO cells stably expressing GFP-Rab7 and lower panel CHO dsltransfected with GFP-Rab1b. Live imaging was performediall conditions by confocal microscopy.
In all cases data show mean SEM of two independent experimentsif D 100 cells/condition). **£  0.0001 from two-tailed Studentt-test. Scale bar: 20mm

Rab7 T22N infected withS. aureuswt for 1h no tubules the a-hemolysin is theS. aureusprotein responsible for Saf
labeled with LC3 were observed re ecting an impaired Saformation.
biogenesis Kigure 50). A similar e ect was observed when . .
CHO cells were cotransfected with RFP-LC3 and GFP Rab1bhe a-Hemolysin Induced Filaments Are
S22N and infected witl$. aureusvt for 1 h (Figure 5D). Taken Inhibited by cAMP
together, these results describe a particular phenotype gdibg ~ We have previously demonstrated that Hla secretion is nenessa
intracellularS. aureusvith the formation of tubular membrane for autophagy activation and the process occurs through a
structures that recruit Rablb, Rab7, and LC3 proteins antl th&I13K/Beclinl-independent mechanisrivi¢stre et al., 20)0To
depends on active conformation of the GTPases Rablb arubsess the role of Hla in Saf formation, we tested the e edtef t
Rab7. puried a-hemolysin in CHO cells stably expressing GFP-LC3
(Figure 7A). For this purpose, cells were treated withrig/ml
of the toxin for 1 h (Mestre et al., 20)0and living cells were
An S. aureus Secreted Factor Is Necessary analyzed by confocal microscopy. As depictedFigure 7A,
for Saf Formation 35% of cells show tubular structures decorated with LC3 pmnotei
Staphylococcus aureuproduces an extensive variety ofjust by the addition of the puried toxin Analysis of time
exoproteins that are secreted in the last exponential phadaps series show dynamic Safs marked with LC3 induced-by
of growth in a culture media@inges et al., 2000 In order hemolysin Figure 7B). To rule out that Saf formation could
to determine if the formation of tubular Safs is inducedbe an e ect of the activation of the autophagy pathway CHO
by an S. aureussecreted factor, we treatef. aureuswith  GFP-LC3 cells were incubated with starvation media and no
chloramphenicol (Cm), a bacteriostatic antibiotic that ibits  Safs were visualized (Figure S3A). It has been previousiyrsho
protein synthesis. As depicted ifigure 6A, in CHO cells that alpha hemolysin is recognized, in epithelial cells, by it
stably expressing GFP-LC3 that were infected v8thaureus super cial receptor ADAM10 \(Vilke and Bubeck Wardenburg,
pre-treated with Cm, Saf formation was drastically reduce®01(. Indeed, ADAM10 is internalized by clathrin-dependent
(only 7% of the cells presented tubules) compared to the contr@ndocytosis speci cally interacting with AP2 in neuronallse
condition (40%). To corroborate that Saf formation isindddsy  (Marcello et al., 2013 Taking these ndings into account, we
aS. aureusecreted protein we treated CHO GFP-LC3 cells witmext analyzed if the induction of Saf formation by Hla is a edte
di erent concentrations of ltered supernatant of 8. aureus when clathrin-dependent endocytosis is inhibited. Thus, we
culture (Figure 6B). Interestingly, cells treated with increasing treated CHO cells stably expressing GFP-LC3 with dynasore, a
concentrations of the supernatant (S) 8f aureushowed Saf GTPase inhibitor that targets dynaminvigcia et al., 20060r
formation after 30 min of incubation. We performed a dosePitStop 2, a clathrin terminal domain (TD) inhibitorvpn Kleist
curve of undiluted supernatant of a protein concentration ofet al., 201} and then added puri ed Hla. As shown in Figure
34mg/ml nal volume and determined that 0.1 ml was su cient S3B no Saf formation was observed when cells were treated with
to induce Saf formationKigure 6B). As a control, sterile culture the inhibitors. This result clearly indicates Hla inducesular
media was added to CHO cells in the same concentration ancompartments only when is endocytosed by a clathrin-dependent
no Safs were observed (Figure S3A). Hence, we next tested firecess.
culture supernatant of thre&. aureusstrains: wild type, Hla Previously we have reported that cAMP and the e ector
(-) (a mutant de cient for a-toxin), and Hla C) (a mutant proteins, EPAC (exchange protein activated by cAMP) and
complemented with thea-toxin-encoded plasmid). Strikingly, Rap2b, inhibit the autophagic response inducedablyemolysin
we observed that in the cells treated with the supernatanfVestre and Colombo, 20)2Hence, we next assessed the e ect
of the Hla (-) strain no Safs were visualized, in contrast thef wortmannin (PI3K inhibitor) and dbcAMP (a membrane
strains that producea-toxin did induce tubular structures permeable cAMP analog) on the formation of Sdfggy(re 70.
marked with LC3 Figure 6C). To determine if this e ect was As expected wortmannin had no e ect, on the contrary, docAMP
also observed in cells overexpressing Rab7 or Rablb, CH@hibited the formation ofS. aureuslaments induced by the
cells stably expressing GFP-Rab7 or cells transfected witlacteria or by the added supernatant. Thus, the inhibition of
EGFP-Rablb were treated with the supernatant obtained frorhe autophagic response generated by Hla seems to be su cient
the three strains: wt, Hla (=) and HlaC() and we observed to inhibit the formation of LC3 tubular structures. In addtn,
that in concordance with the results obtained above, Hlave analyzed the e ect of dbcAMP on Safs labeled with Rab7 or
(=) supernatant did not induced Saf formation marked with Rablb, for this purpose CHO cells stably expressing GFP-Rab7
Rab7 neither Rablb. These ndings strongly suggest thair GFP-Rablb were treated with 1 mM of dbcAMP for 30 min
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FIGURE 7 | a-hemolysin induces Saf formation that is hampered by incresing the cAMP levels.(A) CHO GFP-LC3 stably transfected cells treated with 1@ng/ml of
alpha hemolysin (Hla) o8. aureus. The graph shows quanti cation of percentage of cells treatedvith Hla that show Saf formation.(B) Movie depicting CHO cells
overexpressing GFP-LC3 treated with 1@ng/ml of alpha hemolysin (Hla). White arrowhead shows Saf extsion and subsequent fusion. Yellow arrowhead indicates
parallel Safs that contact. Relative time-points are expesed as h:min:s.(C) Upper Panel: CHO cells stably expressing GFP-LC3 were infeéed with S. aureuswt for
1h (a). CHO GFP-LC3 were infected witl8. aureuswt for 30 min and then wortmannin was added (b) or cells were &ated with dbocAMP for 30 min and then infected
(c). Lower Panel: CHO GFP-LC3 cells were incubated witB. aureussupernatant (d) or pre-treated with wortmannin (e) or dbcAM (f) for 30 min before adding the
S. aureussupernatant. (D) CHO GFP Rab7 stable cells (a) or CHO cells overexpressing Gfab1b (b) were treated with dbcAMP for 30 min and then infeetd with
S. aureuswt for 1 h. In all cases living cells were observed by confocal itroscopy.
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FIGURE 8 | Proposed model for intracellulaiS. aureustubular formation.(A) CHO GFP-LC3 cells were infected witt. aureuswt for 30 min, then, extracellular
bacteria were washed. One cell, was analyzed by spinning dismicroscopy during 4 h post-infection. Relative time-poits are expressed as h:min:s(B) Proposed
model: After 30 min of infectionS. aureusrecruits Rab7, Rablb, and LC3 proteins to the containing phgosome and Saf formation is induced. Rab7 interacts with
RILP and Kinesin-1 to promote membrane elongation via micrabules. S. aureusa-hemolysin induces Saf formation whereas nocodazole, CAMRI overexpression
of the dominant negative mutants Rab1b S22N and Rab7 T22N negfively regulate Saf formation and bacteria growth.
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and then infected withS. aureuswt. After 1 h post-infection membrane laments Figure 8B). These ndings are in
living cells were analyzed by confocal microscopy and no Saf®ncordance with a recent report that shows LC3 positive
were visualizedigure 7D). These ndings strongly indicate that membranes surrounding. aureuphagosomelNeumann et al.,
cAMP is a key regulator of th&. aureusnduced laments and 2016. Here we have shown the®. aureuss able to induce
that they are related to the autophagy pathway induced by theibular structures that emerge from the pathogen-containing
toxin. phagosome. These laments have autophagic characteristics,
Next, we performed live cell uorescence microscopy usingvidenced by the presence of LC3, Rab7, and Rablb, proteins
a spinning disk microscope to follow living cells infectedinvolved in the autophagic pathwayZ¢ppino et al., 2010;
with S. aureusfor prolonged periods of time (i.e., up to Amaya et al., 20)5Indeed, our results clearly indicate that Safs
4h). CHO GFP-LC3 cells were infected wif®. aureuswt biogenesis are Rablb and Rab7-dependent, as no LC3-tubular
for 30 min [indicated as time point 0 (00:00:00s)], to allowstructures were visualized when cells were cotransfectéd wi
bacteria internalization, and then cells were plated in aispec a Rablb S22N or Rab7 T22N (dominant negative mutants).
chamber at 37C with 5% of CQ. Images were acquired These ndings indicate tha$. aureuseeds a functional Rablb
every 30s during 4h. As depicted iRigure 8A, at initial and Rab7 to induce membrane elongation and Saf formation
times we observed LC3 recruited 8. aureusphagosomes (Figure 8B). A plausible explanation for these observations
and after 10 min approximately we visualized Saf formations that Rab7 exert this function by, interacting with motor
emerging from the phagosome. This phagosome after 15 miproteins involved in membrane tra cking Guerra and Bucci,
showed another Saf that contacted a neighbor phagosom201§. In concordance with these results we also presented
As visualized onFigure 8A and Movie S4 after 40min more evidence that an intact microtubule cytoskeleton is nemgss
Safs were visualized extending in dierent directions andfor proper Saf formation. Microtubules and the motor proteins,
continued until 1 h and 50 min of infection approximately. The kinesin and dynein, are essential for correct transport of
S. aureugontaining-phagosome was observed during the nextesicles Bananis et al., 2004 Kinesins use microtubules
2h and no Saf formation was detected until the end of theéo transport cargo toward the cell periphery; conventional
movie (4 h). kinesin (Kinesin-1 or Kif5B) is involved in early/late erstime
Staphylococcus aureasape from the phagosome dependdransport (Hirokawa et al., 2009 Dyneins use microtubules
on bacterial virulence factors, such as toxins, and it hanbe to drive minus end directed retrograde transport, and the
described to occur between 3 and 6h post-infectigdiece Rab7-interacting lysosomal protein (RILP) was found to intéra
et al., 2011; Minzenmayer et al., 2)1However, there is a with the dynein-dynactin motor complexJfrdens et al., 20)1
discrepancy whether the bacteria only replicates in the cggopl Hence, we have demonstrated that Kif5 and RILP are essential
(Grosz etal., 20)4%r in the phagosomal compartmentthroder  for Saf elongation; thus, it is likely that via the assocratiath
et al., 2006; Kubica et al., 2008; Flannagan et al.,)2ble5e  Rab7 these proteins facilitate the extension of the phagosomal
we have observed bacteria replication within the phagosomahembranes through microtubules. Both forces, toward the
compartment that shows Saf formation at early infection timegperiphery and the cell center are necessary to elongate Saf
(Figure 8). Taken together these results describe a particulanembrane Figure 8B). Other pathogens also regulate motor
intracellular phenotype induced I§y. aureusharacterized by the proteins in order to control intracellular transport and eslish a
formation of dynamic tubular membrane structures labelgthw replicative niche. For example, PipB3almonellgrotein which
Rablb, Rab7, and LC3 proteins that occur at early infectiors$im localizes to th&almonellecontaining vacuole, is associated with
(30 min-2 h post-infection) which are induced la¢hemolysin  tubular-vesicular structures at the cell peripheinpdler and
and regulated by cAMP levels. Steele-Mortimer, 2005PipB2 is a speci ¢ adaptor for Kinesin-1
that regulates the position of late endosomal compartments in
a microtubule dependent mannet.¢one and Méresse, 2018
DISCUSSION We believe thatS. aureussimilar to Salmonellanteracts with
motor proteins to control vesicular tra cking and membrane
In previous studies we have demonstrated tBaaureuinduces elongation allowing Saf formation induced by alpha toxintu¥e
autophagy activation in infected cells, generating LC3{pa@si studies will be designed to address this point. An important
vesicles I(lestre et al., 20)0 These results are consistentissue is that the&Salmonellanduced laments or SIF have been
with previous studies showing tha®. aureustransits via described as long tubular membrane compartments extending
autophagosomal compartments colocalizing with LE8f{naith  from the Salmonellecontaining vacuole (SCV) Garcia-del
et al., 200). These authors postulate that the autophagosome3ortillo et al., 1998 These structures are characterized by the
provide a protective niche for intracellular bacteria, allogvi presence of specic protein markers, such as Rab7, LAMP-1
replication and then, bacteria escape into the cytoplasm ynalland other lysosomal markerssércia-del Portillo et al., 1993;
inducing cell death through apoptosis. In addition, Koide andDrecktrah et al., 2008; Rajashekar et al., 2068rthermore,
collaborators have previously shown thataBreusrecruits in a  Hensel and collaborators have recently demonstrated thas Sl
high percentage the GTPase Rab7 to the phagosomal membraare not related to autophagosomes as they did not recruited LC3
(Setoetal., 2031 to the membrane Krieger et al., 2004 Taken together these
In the present study we have analyzeda8reusinfection features clearly indicate that the tubular laments®élmonella
in living cells displaying the formation of highly dynamic (SIF) are di erent from those induced b§. aureu¢Saf).
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We have previously reported that Rab1b, a regulatory proteidepolymerizes microtubules, to infected cells. The same e ect
that is required for the ER-to-Golgi tra c at a pre-Golgi stag was observed by the overexpression of Rab7 and Rab1b dominant
participates in autophagosome formation. Rablb wt coloddlizenegative mutants. Thus, these ndings clearly indicatedt tha
with LC3, either endogenous or overexpressed, but when Rab® aureushas the ability to induce tubular structures that are
dominant negative mutant or a siRNA to deplete this Rab wasecessary for its proper replication. Saf formation may playya ke
used a marked reduction in the formation of autophagosomesole in S. aureuseplication probably by providing membrane for
was observedZpppino et al., 2010 Indeed, our current results the replicative niche.
demonstrate that Rablb is present in Saf membranes and In summary, our study demonstrates th&t aureusnduces
when the dominant negative mutant was overexpressed no Sgifiking tubular structures that protrude from the bacteria
formation was observed, indicating that Rabl1b is involved i containing phagosome, and also branches and contact other
S. aureuslaments formation probably by its functional role in phagosomes in a microtubule- dependent manner. Importantly,
the autophagy pathway. Interestingly when a CFU assay wésese tubules are necessary for aureusreplication and the
performed bacteria replication was markedly reduced in Rablbexotoxin a-hemolysin is essential fod8. aureuslaments (Saf)
S22N and Rab7 T22N cells, suggesting that Saf formation fiermation. Thus, we believe that the present results contgb
important for proper bacterial growth and that Rab1lb and Rab#o our understanding of the intracellular survival and the
have a key role irs. aureudife cycle. A plausible explanation is importance of Hla in this pathogen infection.
that Safs are providing membranes and likely others companent
necessary for the maintenance of heaureusacuole. Similarto  AUTHOR CONTRIBUTIONS
our results, a recent publication indicates that depletioRablb
in Salmonellanfected cells leads to more cytoplasmic bacteria?L and MG Methodology and Investigation. ML and MC
replication and less permanence in vacuoles, compared to@ontr\Writing, Review and Editing. MC Funding Acquisitions,
conditions Huang et al., 2001 Resources and Supervision.

In the present report we have also demonstrated Shatureus
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