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Abstract

Listeria monocytogenes causes listeriosis, a foodborne disease that poses serious risks to

fetuses, newborns and immunocompromised adults. This intracellular bacterial pathogen

proliferates in the host cytosol and exploits the host actin polymerization machinery to

spread from cell-to-cell and disseminate in the host. Here, we report that during several

days of infection in human hepatocytes or trophoblast cells, L. monocytogenes switches

from this active motile lifestyle to a stage of persistence in vacuoles. Upon intercellular

spread, bacteria gradually stopped producing the actin-nucleating protein ActA and became

trapped in lysosome-like vacuoles termed Listeria-Containing Vacuoles (LisCVs). Subpopu-

lations of bacteria resisted degradation in LisCVs and entered a slow/non-replicative state.

During the subculture of host cells harboring LisCVs, bacteria showed a capacity to cycle

between the vacuolar and the actin-based motility stages. When ActA was absent, such as

in �ûactAmutants, vacuolar bacteria parasitized host cells in the so-called ªviable but non-

culturableº state (VBNC), preventing their detection by conventional colony counting meth-

ods. The exposure of infected cells to high doses of gentamicin did not trigger the formation

of LisCVs, but selected for vacuolar and VBNC bacteria. Together, these results reveal the

ability of L. monocytogenes to enter a persistent state in a subset of epithelial cells, which

may favor the asymptomatic carriage of this pathogen, lengthen the incubation period of lis-

teriosis, and promote bacterial survival during antibiotic therapy.

Author summary

�. ���������	�	
 isamodelintracellularpathogenthat replicatesin thecytoplasmof
mammaliancellsanddisseminatein thehostusingactin-basedmotility. Here,wereveal
that �. ���������	�	
 changesits lifestyleandpersistsin lysosomalvacuolesduring long-
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term infectionof humanhepatocytesandtrophoblastcells.Whenthevirulencefactor
ActA isnot expressed,subpopulationsof vacuolarbacteriaenteradormantviablebut
non-culturable(VBNC) state.Thisnovelfacetof the�. ���������	�	
 intracellularlife
couldcontributeto theasymptomaticcarriageof thispathogenin epithelialtissuesand
renderit tolerantto antibiotic therapyandundetectableby routineculturetechniques.

Introduction
Overthepastthreedecades,thestudyof thefacultativeintracellularpathogen�. ���������
�	�	
 hasprovidedimportant insightsinto infectionbiology,immunity andhostcellbiology
[1±5].�. �������ogenes isaGram-positivebacteriumthatbelongsto thecategoryof patho-
gensthatescapefrom aninternalizationvacuoleandproliferatein thecytosolof mammalian
cells[6±8].Followingphagocytosisor receptor-mediatedendocytosis,bacteriadisrupt the
invasionvacuoleandenterthecytoplasm,wheretheyreplicateandusetheactincytoskeleton
to propelthemselvesfrom cell-to-cell,therebyescapingintracellularautophagyandextracellu-
lar humoralimmuneresponses[4, 5,9]. To achievethiscytosoliclifestyle,��
�	�� deploysvir-
ulenceeffectorsthatspecificallycontrol arepertoireof hostmoleculesandhijackcellular
processes[4, 5]. For instance,theinvasionproteinsInlA andInlB promotebacterialentry into
non-phagocyticcellsby interactingwith thesurfacereceptorsE-cadherinandc-Met,respec-
tively [10]; thecytolysinlisteriolysinO (LLO) disruptstheinternalizationvacuoleandtriggers
varioushostcellresponses[11,12];thelisteriallocomotionfactorActA mimicsthehost's
actinnucleationmachineryto stimulateactinpolymerization,therebypromotingbacterial
motility andintercellularspreading[13]. ActA alsoprotectscytosolicbacteriafrom autophagic
recognitionbymaskingthebacterialsurface[14,15].

Despitepotentvirulencefactorsandthecapacityto invadeavarietyof celltypes,�. �������
���	�	
 causesarelativelyraredisease.Invasivelisteriosisischaracterizedbysevereclinical
manifestations(septicemia,meningitisandmiscarriages)andahigh fatalityrate(20±30%of
cases),but its incidenceremainslow (1 to 10casesperonemillion individuals[16]). Thepro-
posedexplanationfor this low incidenceis thatcell-mediatedimmunity ishighlyprotectivein
healthyindividuals.Accordingly,conditionsthatweakentheimmunesystem,suchaspreg-
nancy,agingor immunosuppressivetreatments,predisposeindividualsto listerialinfection.
However,evenin susceptibleindividuals,theincubationperiodof listeriosismaybelong,par-
ticularly in pregnancy-associatedcasesfor whichit canlastup to threemonths[17]. In addi-
tion, �. ���������	�	
 isubiquitouslydistributedin theenvironmentandexposureto this
pathogenappearsto berelativelycommon,with 1±5%of peoplesheddingthesebacteriain
their feceswithout developingsymptoms[18]. Together,thesedatasuggestthatcolonization
of humansby �. ���������	�	
 involvesanasymptomaticsilentphase.

Until now,only afewstudiessupporttheexistenceof asymptomatic�. ���������	�	
 res-
ervoirs.ImmunodeficientSCIDmicedevelopachronic��
�	�� infection,particularlyin
hepaticmacrophages,in whichbacteriaresidewithin largevacuoles[19]. Spacious��
�	��-
containingvacuoleshavealsobeendescribedin murine bone-marrowderivedandRAW
264.7macrophagescultured�� ���� [20,21].Thesevacuoles,termedSpacious��
�	��-con-
tainingphagosomes(SLAPs),arephagosomesthatdo not matureinto phagolysosomesand
thusderivefrom asubpopulationof bacteriathatneverenterthecytosol.SLAPsareproposed
to constituteanichefor �. ���������	�	
 survivalin thehost.Thebonemarrowandgallblad-
derarealsopotentialasymptomaticreservoirsof �. ���������	�	
, asrevealedbybiolumines-
cenceimagingstudiesin mice[22,23].

L. monocytogenes persists in vacuoles
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However,all theseobservationsweremadein murine models.Althoughstudying��
�	��
infectionin themousehasledto thediscoveryof most�. ���������	�	
 virulencefactors[4],
thismodelhassomelimitationssincemurine listeriosisdoesnot recapitulateall thecharacter-
isticsof humanlisteriosis.In themouse,oral infectionwith �. ���������	�	
 isnot veryeffi-
cientandbacteriado not appearto haveanelectivetropismfor thecentralnervoussystemand
thefetoplacentalunit. Thelow efficiencyof �. ���������	�	
 in crossingmurineepithelialbar-
riersis in partdueto thelackof interactionbetweentheinvasionprotein InlA andmouseE-
cadherin,impairing bacterialentry in murine epithelialcells[24]. In addition,differencesin
mucosalimmunity betweenmiceandhumans[25] maychangethewaythesespeciesrespond
to �. ���������	�	
 infection.For instance,�. ���������	�	
 activatesexpressionof IFN-�� in
humanhepatocytes[26] andmodulatesIFN-�� responses[27], but hepatocytesdo not respond
to IFN-�� in themouse[28]. Suchspecies-specificdifferencesmaypreventthecharacterization
of someof themechanismsinvolvedin prolonged�. ���������	�	
 infectionin humans,par-
ticularly in epithelialtissues.

Humancellsgrown�� ���� canbeusedto modelthebehaviorof thispathogenduring a
long-terminfection.However,rapidmultiplication anddisseminationof ��
�	�� inducescell
deathanddetachment,therebyforming lytic plaques.Thus,�� ���� infectionswith �. �������
���	�	
 havebeenrestrictedto shorttime courses(usuallyfrom afewminutesto oneday).
Here,wehavedevelopedanewexperimentalprotocolfor studying�. ���������	�	
 during
prolongedinfectionsof non-phagocytichumancellsandfound that,in hepatocytesandtro-
phoblastcells,bacteriaceaseto polymerizeactinandareenclosedin vacuolesaftertheactin-
dependentmotility phase.Thisphenotypicswitchiscorrelatedwith adecreasedexpressionof
ActA at thebacterialsurface.In addition,�ï���� mutantsenteraviablebut non-culturable
(VBNC) stateduring long-terminfection.Theformationof LisCVscouldpotentiallyenable
thepersistenceof thispathogenin epithelialtissues.

Results

L. monocytogenes localizes to LAMP1-associated compartments during
a prolonged infection of human hepatocytes and trophoblast cells
In orderto studylong-terminfectionof epithelialcellsby �. ���������	�	
, thestandardinva-
sionprotocol[29] wasmodifiedto reducecytotoxicity.Bacterialinoculawerepreparedatsta-
tionaryphaseinsteadof exponentialphase,whichpreventedrapid replicationof bacteriaat
theonsetof infectionandincreasedtheexpressionof invasionproteinsInlA andInlB [30].
Thisenabledtheuseof alowermultiplicity of infection(MOI) andreducedcelldamages
causedby thebacterialtoxin LLO. In addition,ahighconcentrationof themembrane-imper-
meantantibioticgentamicinwasusedfor ashorttime (100�g/ml for 10minutes)to rapidly
eliminateextracellularbacteriaaftertheinitial bacterialuptake.At thisconcentration,genta-
micin doesnot enterthecellsfor at least60minutes[31]. Cellswerethenincubatedin com-
pletemediumcontaining25�g/ml gentamicin,whicheliminatesextracellularbacteriaand
preventscellreinfectionbybacteriareleasedfrom deadcells.Intracellularbacteriawereenu-
meratedbycolonyforming unit (CFU)atdifferenttime pointsfor up to threedays.Usingthis
protocolwith �. ���������	�	
 strainEGDe[32], markeddifferenceswereobservedbetween
theinfectionof HeLacellsandHepG2hepatocytes(Fig1A).Bacterialinternalizationwas
100-foldhigherin HepG2cellsthanin HeLacells,in agreementwith thefactthatboth InlA
andInlB mediate�. ���������	�	
 entry in HepG2hepatocytes,whereasonly theInlB path-
wayis functionalin HeLacells[33]. Followingentry,bacterialloadssharplyincreasedfor 48h
andthendramaticallydroppedin HeLacells.In contrast,bacterialcountsincreasedfor 24h

L. monocytogenes persists in vacuoles
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Fig 1. L. monocyt ogenes switches from actin- based motility to a vacuolar phase in human hepatocy tes and trophob last cells. A-C
HepG2 or HeLa cells were infected with L. monocytogenes EGDe (MOI ~ 1±5), counted or lysed to determine bacterial intracellular loads by
CFU counts, or processed for microscopy at the indicated time. A. Kinetics of bacterial and cell growth. Results are mean�“SD of triplicate
experiments. B. Micrographs of HepG2 cells infected for 6h (left panel) or 72h (right panel) with EGDe. Images are overlays of Listeria
(green), F-actin or LAMP1 (red) and DAPI (blue) signals. Bars: 10 ��m. High magnifications of the squared regions are shown beside with
merged signals (on top) or single F-actin or LAMP1 signal (on bottom). Bars: 0.5 ��m. C. Histograms of the percentage of intracellular
bacteria associated with F-actin (left) or LAMP1 (right). At least 200 bacteria were examined per time-point. Results are mean�“SD of
triplicate experiments. D. Micrograph of primary human hepatocytes infected with L. monocytogenes 10403S for 72h (MOI ~ 5) and stained
with LAMP1 (red in the overlay) and Listeria (green in the overlay) antibodies. Bar: 1 ��m. E. Quantification of 10403S bacteria in different
phenotypes at 72h p.i. in primary hepatocytes from three human donors. ªnº indicates the number of scored bacteria. F. Ultrastructure of
representative LisCVs at 72 h p.i. observed by TEM in HepG2 (images 1±3) or JEG3 cells (images 4±9). The nucleus (Nuc.), the nuclear
envelope (Nuc. Env.), the membrane of the vacuole (Mb. LisCV), mitochondria (Mito.) and membranous structures (Mbs) are indicated.
Images 1±3: a cluster of three Listeria (Lm.) sectioned along their short axis is enclosed within a single-membrane vacuole (LisCV). Three
magnifications are shown: scale bars: 1 ��m (1), 500nm (2) and 100nm (3). Image 4: three rod-shaped bacteria sectioned along their long
axis within a LisCV. Bar: 500nm. Images 5±6: two LisCVs near the nucleus. The septum of a dividing bacterium is pointed with a white arrow
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andonly slightlydecreasedthereafterin HepG2cells.No majordifferencesin thenumberof
infectedcellsperwellwereobservedbetweenthesetwo celllines(Fig1A).

Microscopicexaminationof infectedHepG2cellsrevealedastriking declinein thenumber
of bacteriaassociatedwith filamentousactin(F-actin)from 6hto 72hpost-infection(p.i.) (Fig
1B).At thesametime, therewasanincreasein thenumberof bacteriathatcolocalizewith the
lateendosomal/lysosomalmarkerLAMP1(Fig1B).Thepercentageof bacteriaassociatedwith
actincloudsor tails(Actin+) droppedfrom 70%to 5%between6hand72hp.i.,whiletheper-
centageof LAMP1+ bacteriaincreasedfrom 3%to 80%(Fig1C).In contrast,thepercentageof
Actin+ bacteriadid not changeovertime (30±50%of Actin+) andthepercentageof LAMP1+

bacteriaremainedconsistentlylow (5±10%)in HeLacells(Fig1CandS1AFig).Theseresults
suggestedthatduring long-terminfectionof HepG2cells,bacteriastoppedpolymerizingactin
andwereincorporatedinto LAMP1+ vacuolarcompartments.

Similarresultswereobtainedin Huh7 hepatocytes(S1BFig)aswellasin JEG3andBeWo
trophoblastcells(S1CandS1DFig),but not in HEK293humanembryonickidneycells.
Thisphenomenonwasnot strain-specificandwasalsoobservedwith 10403S,theother
widelyused�. ���������	�	
 modelstrain[32], aswellaswith alisteriosisoutbreakstrain
(CLIP63713,responsiblefor materno-fetalinfections[34]) (S1CFig):at72hp.i in JEG3cells,
wequantified80�5% of 10403Sand92�6% of CLIP63713bacteriain LAMP1+ compartments.
Thereafter,strainsEGDeand10403Swereusedfor thestudyof this intracellularphenotypeof
�. ���������	�	
.

L. monocytogenes also localizes to LAMP1+ compartments after long-
term infection of primary human hepatocytes
In orderto ruleout thepossibilitythat thisphenotypicswitchwasspecificto transformedcell
lines,experimentswereperformedin primary cells.Hepatocytesfrom theliversof three
humandonorswereinfectedwith strain10403S.Theefficiencyof �. ���������	�	
 entry in
primary hepatocyteswaslowerthanin immortalizedhepatocytesor HeLacells(S1EFig),as
noticedfor otherprimary cells[35], but bacterialloadswereincreased200-foldafterthree
daysof infection(S1FFig).Microscopicexaminationof hepatocytesinfectedfor 72hwith
10403Srevealedthat themajority of bacteriawereenclosedin LAMP1+ compartments(Fig1D
andS1GFig).More specifically,63�3% of intracellularbacteriawerepositivefor LAMP1,
whilemostof theotherbacteriawereLAMP1-negative,but actin-free(36�2% of Actin-

LAMP1-). Only 1�0.5%of bacteriawereassociatedwith actinfilaments(Actin+ LAMP1-)
(Fig1E).Theseresultsindicatethat �. ���������	�	
 stopspolymerizingactinandentered
LAMP1+ compartmentduring long-terminfectionof primary humanhepatocytes.

Ultrastructure of the Listeria-containing vacuole
Transmissionelectronmicroscopy(TEM) analysisof cellsinfectedfor 72hrevealedthat
LAMP1+ compartmentsweresingle-membraneboundvacuolesfound in closeproximity to

(Sept.) and shown at a higher magnification in image 6. Bars: 2 ��m and 100nm. Images 7±9: LisCVs in JEG3 cells containing clusters of
bacteria, electron-dense heterogeneous materials and membranous structures (shown at a higher magnification in image 9). Altered
bacteria are marked with �. Bars: 500 nm. G. Quantification of TEM-observed 10403S bacteria in JEG3 cells at 72h p.i. On the left, % of
bacteria in LisCVs, in the cytosol (Cyto) either actin-free ªActin-ºor polymerizing actin ªActin+º,and in protusions (PT) or secondary vacuoles
(SecV) (also see S2 Fig). On the right, % of intact, degraded or dividing bacteria among vacuolar bacteria. Data are mean�“SD of triplicate
experiments. ªnº indicate the total number of bacteria per category. H. Confocal micrographs of a LisCV. HepG2 cells were infected for 72h
with Listeria EGDe-GFP (green) and processed for immunofluorescence with LAMP1 antibodies (red) and DAPI (blue). GFP stains the
bacterial cytosol of bacteria in a LAMP1+ compartment. Bar: 1 ��m. The arrow points the septum of a dividing bacterium, magnified in the
black and white image.

https://doi.org/10.1371/journal.ppat.1006734.g001
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thenucleus(Fig1F,images1±3).These��
�	��-Containing Vacuoles(LisCVs)enclosedvari-
ousamountsof bacteria(varyingfrom oneto twelve),whichwererod-shapedin their longitu-
dinal axis(Fig1F,image4).Only rarebacteriashowedadivisionseptum(Fig1F,images5±6).
Thesevacuolesalsocontaineddamagedbacteria,electron-denseheterogeneousmaterialsand
membranousstructures(Fig1F,images7±9).Of all intracellularbacteriaobservedwith this
technique(n = 591),80%werein single-membranevacuoles(mean� SDof 3 � 1bacteriaper
vacuole).Theotherbacteriawerecytosolic,eitheractin-freeor associatedwith actinfilaments,
in membraneprotrusionsor within secondaryvacuoles(Fig1G).Examplesof bacteriaof each
categoryareshownin S2Fig.Importantly,73%of vacuolarbacteriaweremorphologically
intact,1%exhibitedadivisionseptum,and26%appeareddegraded(Fig1G).Of note,LisCVs
wereoftencloseto compartmentsresemblingelectron-densegranularsecondarylysosomes
andto mitochondria(Fig1FandS2Fig).

Observationbyconfocalmicroscopyof GFP-expressingbacteriarevealedstainingof GFP
in thebacterialcytosol,which indicatesthat theintegrity of theenvelopewaspreservedin
mostvacuolarbacteria(Fig1H). Aswith TEM, rarebacteriahadadivisionseptum.Hence,
vacuolar��
�	�� havetheability to divide,albeitslowly.This isconsistentwith theobservation
thatLisCVsemergedafterthephaseof activecytosolicproliferation,whichoccurson thefirst
dayof infection(Fig1A).

LisCVs are formed after the actin-based motility stage of L.
monocytogenes
Experimentswerethenperformedto investigatewhetherLisCVsareformedin thefirst
infectedcells,suchasSLAPsin macrophages,or in cellsthataresecondarilyinfectedfollow-
ing cell-to-cellspread.JEG3cellswerepreferentiallyusedto addressthis questionasthese
cellsgrowin amonolayer,which is suitableto observecell-to-cellspreadwith microscopy.
Theeffectsof differentstrainsandMOIs on theviability of JEG3cellswasfirst examined.As
shownin S3AFig,thebestcondition to limit cytotoxicityovertime wasto infectmonolayers
of JEG3cellswith strain10403Susingaverylow MOI (0.1).At theonsetof infection(2hp.
i.), themeannumberof intracellularbacteriapercellwas0.05�0.01.This low internalization
rateallowedmonitoring bacterialdisseminationfrom isolatedinfectedcellsto neighboring
uninfectedcells.After 2hof infection,only afewcellswereinfectedby atmostoneintracel-
lular bacterium,asshownwith adouble-immunofluorescencestainingthatdistinguishes
betweenextracellularandintracellularbacteria(S3BFig).Low-magnificationmicroscopy
highlightedthedisseminationof bacteriafrom theinitially infectedcell(2hp.i.) to adjacent
cellsforming isolatedinfectionfoci (6hp.i.),whichassembledthereafter(24hp.i.),consistent
with theactivemultiplication andspreadingof bacteria(S3CFig).At 72hp.i.,mostcells
wereinfectedandtheintegrity of thecellularmonolayerwaslargelypreserved,asrevealed
byDAPI andactinstaining.Only fewlytic plaqueswereobserved,although20±30%of nuclei
lookeddamaged(S3DFig).In themeantime,therewasa50-foldreductionin CFUbetween
24hand72hp.i. (S3EFig).High-magnificationmicroscopyandquantificationof actin±and
LAMP1±associatedbacteriaconfirmedthatbacteriaswitchedfrom actin-basedmotility at
6hp.i. (66�4% of Actin+ LAMP1- bacteria)to LisCVsat72hp.i. (79�2% of Actin- LAMP1+

bacteria)(S3FFig).
In orderto getadynamicviewof theprocess,infectionof JEG3cellsby fluorescent

mCherry-expressing10403Sbacteriawasmonitoredusinglivecellimaging.Theresultscon-
firmed thatbacteriadisseminatedfrom theinitially infectedcellsto theentirecellmonolayer
during thefirst dayof infection.Thereafter,bacteriabecameprogressivelyconfinedto peri-
nuclearregions(S1Movie).Highly infectedcellsroundedup anddetachedfrom thecoverslip.
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In contrast,secondarilyinfectedcellsspreadon thecoverslipandharboredperinuclearbacte-
ria, asobservedin fixedcells(threerepresentativecellsareindicatedwith arrowsin S1Movie,
from 28hto 73hp.i.).TheseresultssuggestedthatLisCVsarenot formedin thefirst infected
cellsand,consequently,do not originatefrom internalizationvacuoles.

To confirm thatLisCVsarenot internalizationvacuoles,wealsostudiedthefateof a���
mutantstrain,whichdoesnot producethecytolysinLLO andfailsto escapetheentryvacuole
in mostcelltypes[36]. Thestrain10403S-�ï��� enteredJEG3cellsasefficientlyaswild type
(WT) bacteria(Fig2A),but theintracellularloadof 10403S-�ï��� bacteriadeclinedafter6h
andwasabout100-foldlessthanthatof wild-typebacteriaat72hp.i. Low-magnification
microscopyconfirmedthat the10403S-�ï��� mutantdid not disseminatein thecellmonolayer
(Fig2B).Thefew�ï��� bacteriaremainingafter3 daysof infectionwereisolatedbacteria

Fig 2. LLO-deficient bacteria remain confined in internalizatio n vacuoles . JEG3 cells were infected with L. monocytogenes 10403S
wild type (WT) or 10403S-�ûhly bacteria (MOI ~ 0.1) and lysed to determine bacterial intracellular loads by CFU counts, or processed for
microscopy at the indicated time. A. Bacterial growth curves. Results are mean�“SD of triplicate experiments. B. Low magnification
micrographs of JEG3 cells infected for 2h or 72h. Images are overlays of Listeria (green) and F-actin (red) signals. Circles highlight a single
bacterium within a host cell. Images have been digitally processed to enhance the green fluorescent signal. Bars: 20 ��m. C. High
magnification micrographs of infected cells at 72h p.i. show a representative LAMP1+ compartment encircling a single �ûhlybacterium
(arrow), or several LisCVs encircling several WT bacteria (triangles). Overlays show Listeria (green), LAMP1 (red) and Hoechst (blue)
signals. Bars: 2 ��m. D. Histograms of the number of intracellular bacteria per cell (left) or per LAMP1+ compartment (right). At least 1000
cells were examined per experiment. Results represent mean�“SD of triplicate experiments.

https://doi.org/10.1371/journal.ppat.1006734.g002
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enclosedin LAMP1+ compartments(Fig2Cand2D). In contrast,WT bacteriathathadspread
in thecellmonolayer(Fig2B)wereenclosedin severalLisCVs(6 � 2LisCVspercell),each
LisCVcontainingseveralbacteria(meanof 3bacteriaperLisCV,Fig2Cand2D).Theseresults
indicatethatLLO-deficientbacteriaremainconfinedin entryvacuoles,whichfusewith
LAMP1+ compartmentsasin macrophages[37], but do not form LisCVs.

To demonstratethatbacteriapresentin LisCVshaveenteredthecytosolatsomepoint dur-
ing theinfectionprocess,weemployedtheCBD-YFPprobethatspecificallydetectscytosolic
�. ���������	�	
, asdescribedpreviously[37±39].At 6hpi, CBD-YFP-labeledbacteriawere
efficientlydetectedin transfectedcells(S4AFig),aswellasin surroundingnon-transfected
cells,indicatingthat theproberemainedat thesurfaceof motilebacteriaduring cell-to-cell
spread.Accordingly,infectionfoci alsocontainedCBD-YFP-labeledbacteriaafter24hof
infection.At 72hp.i., theCBD-YFPsignalassociatedwith intracellularbacteriadecreased,but
CBD-YFPdotsremainedvisibleon thesurfaceof bacteriafoundwithin LAMP1+ compart-
ments,particularlyatbacterialpoles(S4AandS4BFig).Takentogether,theseresultsshow
that �. ���������	�	
 escapesinto thehostcytosolandspreadsfrom cellto cellbeforebeing
engulfedin vacuoles.

The formation of LisCVs coincides with the disappearance of ActA from
the bacterial surface
Theexpressionof thegeneencodingtheactin-nucleatingfactorActA is significantly
inducedwhenbacteriaescapefrom theprimary vacuoleandenterinto thehostcytosol[40],
but thefateof ActA during aprolongedinfection is unknown.Sincebacteriatrappedin
LisCVswerenot associatedwith F-actin,wehypothesizedthat thesebacteriano longer
expressActA. Immunostainingfor ActA revealedthat thepercentageof ActA-positive
(ActA+) bacteriadecreasedfrom about70%to 5%in bothHepG2andJEG3cellsbetween
6hand72hp.i. (Fig3A and3B).At 72hp.i.,no LAMP1+ bacteriawerelabeledwith ActA
antibodies(Fig3C).Thedecreasein thenumberof ActA+ bacteriaovertime matchedthe
declinein Actin+ bacteriaandbeganat24hp.i.,beforethedrasticincreasein LAMP1+ bac-
teriaobservedbetween48hand72hp.i. (Fig1C).Theseresultssuggestthatbacteriaenter
thecytosolandnon-synchronouslyceaseproducingActA, beforebeingincorporatedin
LAMP1+ compartments.

�ûactAmutant bacteria also occupy vacuoles after long-term infection
Thetransitionof �. ���������	�	
 from thehostcytosolto LAMP1+ compartmentscorrelated
with adecreasein ActA expressionduring long-terminfection.However,it waspossiblethat
LisCVsderivedfrom secondaryvacuolesfollowingcell-to-cellspread.To testthishypothesis,
long-terminfectionswereperformedwith 10403S-�ï����, astraindefectivein actin-based
motility andcell-to-cellspread.CFUcountsindicatedthat ����-deficient bacteriareplicated
for thefirst 6 hoursof infection.Thenthenumberof intracellularbacteriadecreasedin the
sameproportion (40-fold)astheWT bacteriaat72hp.i. (Fig3D).Surprisingly,observationof
bacteriabymicroscopydid not showanydecreasein thenumberof �ï���� bacterialabeled
with ��
�	�� antibodies.Moreover,thoughnon-motile,�ï���� bacteriawerenot constrainedto
theinitially infectedcellsandspreadto afewneighboringcells(S5Fig),forming smallinfec-
tiousfoci at72hp.i.Thesefoci showedbacteriatrappedin LAMP1+ compartments,which
wereoftenlargerandcontainedmorebacteriathanthosegeneratedduring infectionby the
WT strain(Fig3E).Electronmicroscopyconfirmedthat �ï���� bacteriawerepresentwithin
single-membranevacuoles,enclosingmixedpopulationsof intactanddamagedbacteria(Fig
3F).A possiblecauseof theslightintercellulardisseminationof �ï���� bacteriacouldbea
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transportof vacuolesduring thedivisionof hostcells,assuggestedby thedetectionof
LAMP1+ WT and�ï���� bacteriain somemitotic cells(Fig3G).Together,theseresultsindi-
catethat,during aprolongedinfection,����-deficient bacteriabecometrappedin LisCVs,
whichmaybetransferredfrom cell-to-cellduring mitosis.

Fig 3. The formation of LisCVs is associat ed with ActA deficie ncy. A-C Cells were infected with Listeria EGDe for 72h (HepG2, MOI ~ 1;
JEG3 MOI ~ 0.1) and labeled with Listeria polyclonal and ActA monoclonal antibodies. A. Histograms of the percentage of ActA±positive
bacteria. Data are mean�“SD of triplicate experiments. At least 500 bacteria were observed per time-point. B-C. Micrographs show
representative cells labeled with antibodies against Listeria, ActA and/or LAMP1 and DAPI to visualize bacterial nucleoid and cell nuclei. For
the overlay images, the color of each staining is indicated on the panel headlines. Arrows point groups of ActA-negative bacteria in LisCVs.
Stars (�) indicate examples of ActA±positive bacteria. Bars: 10 ��m. D-E. JEG3 cells monolayers were infected for 72h with L. monocytogenes
10403S wild type (WT) or 104033S-�ûactAstrain (MOI ~ 0.1) in triplicate experiments. D. Intracellular growth of bacteria assessed by CFU
counts. E. Representative LisCVs in cells infected with WT or �ûactAbacteria. Arrows point LisCVs showed at a higher magnification on the
right. Bars: 2 ��m. F. TEM micrographs show EGDe-�ûactA bacteria in a vacuole at three magnifications. Bars: 1 ��m; 0.2 ��m; 0.1 ��m. Black
arrows point the single membrane of the vacuole (Mb. LisCV) and the double-membrane of a neighboring mitochondrion (Mb. mito.) The
white arrow points the peptidoglycan (PG) of an intact Listeria. Altered bacteria are indicated by �. Nuc., nucleus; Cyt., cytosol. G. LAMP1+

bacteria in mitotic cells. Micrographs are overlays of Listeria (green), LAMP1 (red), F-actin (white) and DAPI (blue) signals and are
representative of mitotic cells observed in 10 independent experiments. Bars: 2 ��m. White arrows point to LAMP1+ Listeria.

https://doi.org/10.1371/journal.ppat.1006734.g003
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LisCVs have characteristics of lysosome-like organelles
Thesequestrationof cytosolic��
�	�� byhostendomembranesresembledanautophagicpro-
cess.Thishypothesiswassupportedby thefactthat �ï���� mutantsaretargetedbyautophagy-
relatedprocessesin MDCK cells[14] andmacrophages[15]. In addition,�ï���� mutanthave
beenshownto replicateasefficientlyastheir parentstrainswithin thefirst dayof infectionin
macrophages,suggestingthat,if takenby theautophagypathway,theyavoiddestructionin
autolysosomes[41]. Sincethelink between��
�	�� andtheautophagymachineryhasnot
yetbeenstudiedin humanepithelialcells,weexaminedthecolocalisationof theautophagy
markerLC3with 10403Sor EGDe.Strain10403Sdisplayednegligiblerecruitmentof LC3
throughoutthethree-dayinfectionin JEG3cells(S6AandS6BFig).Similarly,at72hp.i.,
EGDebacteriadid not recruit LC3in HepG2cells(99�0.5%of bacteriawereLC3-negative;
n = 3). In JEG3cellsexpressingGFP-LC3,afusionprotein thatmarksautophagicmembranes
[14,15,38],therewasno noticeableoverlapbetweenGFP-LC3andLAMP1+ EGDebacteria
(S6CFig).Theroleof autophagyin theformationof LisCVswasalsotestedbyknockingdown
BECLIN1or ATG7,whichareinvolvedin thenucleationandelongationstepsof autophago-
someformation,respectively[42]. Transfectionwith BECLIN1or ATG7siRNAwasefficient
in reducingtheexpressionlevelsof ����� and���� transcripts(S6DFig),aspreviously
described[43], but did not reducethenumberof LAMP1+ bacteria(S6EFig)anddid not
impacton CFUcountsat72hp.i. (S6FFig).Overall,theseresultssuggestthatcanonicalautop-
hagyisnot involvedin theformationof LisCVs,but do not excludearole for anon-canonical
pathway.

LisCVsareboundbyasinglemembraneandcontainelectron-denseheterogeneousmateri-
alsandmembranesstructures(Fig1FandS2Fig),suggestingthat thesecompartmentshave
fusedwith lysosomes.In addition,TEM studieshighlightedsomebacteriathatmaybein the
processof beingcapturedbyelectron-denseorganellesresemblingsecondarylysosomes(S2
Fig,lane3).To further characterizethesevacuoles,weusedLysoTracker,adyethatmarks
acidicorganellesincluding lysosomes[44], andanantibodythatdetectsthelysosomalprotease
cathepsinD. In fixedJEG3cellsinfectedfor 72hwith 10403S,85%and89%of LisCVswere
stainedwith LysoTrackerandthecathepsinD antibody,respectively(Fig4A).Theseresults
wereconfirmedin liveJEG3cellsinfectedwith eitherGFP-expressingWT or �ï���� bacteria
(S7AFig),andin fixedJEG3cellsinfectedwith �ï���� bacteria(S7BFig).Thus,LisCVshave
lysosomalfeatures.

Sincelysosomesaredegradativeorganelles,wealsoaskedwhether�. ���������	�	
 could
survivein LisCVs.Aspreviouslynoticed,thebacterialGFPfluorescencewaspreservedin many
vacuolarbacteria,indicatingthat thesebacteriawerenot werenot lysed(Fig1H;S7AFig).At
thesametime,quantitativeTEM indicatedthat26%of vacuolarbacteriaweredegraded(Fig
1G).Theviability of intravacuolarbacteriawasassessedwith theLIVE/DEAD BacLightassay.
Thisassayisbasedon thediscriminativelabelingof two fluorescentnucleicacid-stains:the
greenmembrane-permeantdyeSYTO9andtheredmembrane-impermeantdyepropidium
iodide(PI), whichonly crossesdamagedcellmembranes.Bothdyespenetratedeadcells,but
SYTO9fluorescenceis reducedin presenceof PI.Assuch,livebacteriaappeargreen,while
thosewith damagedmembranesappearred[45,46].To allowthedyesto reachvacuolar��
�
�	��, thisstainingprotocolwasperformedin thepresenceof 0.1%Triton X100,whichpermea-
bilizeshostcellmembranes,includingvacuolescontainingbacteria[47].Theefficiencyof
permeabilizationwasdemonstratedby thebright stainingof hostcellnucleiwith PI,asthe
dyecrossedthedouble-membraneof thenuclearenvelope.Bothwild typeand�ï���� strains
formedclustersof greenandredbacteriain perinuclearregions,indicatingthatLisCVscontain
mixedpopulationsof bacteriawith intactanddamagedmembranes(Fig4B),in agreementwith
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quantitativeTEM data(Fig1G).Theseresultsrevealthatasignificantportion of bacteriathat
residein LisCVsresistthedegradativefunction of theselysosome-likeorganelles.

L. monocytogenes can return to an active state of replication and motility
following subculture of host cells
Wethensoughtto determinewhether�. ���������	�	
 hastheability to survivein LisCVs
for alongerperiodof time.Consideringthathumancellsneedto besubculturedregularlyin

Fig 4. LisCVs have lysosoma l features . JEG3 cells monolayers were infected for 72h with the indicated L. monocytogenes strain (MOI ~
0.1). A. Cells infected with 10403S were fixed and labeled with Hoechst or Listeria antibody (to detect bacteria), LysoTracker or cathepsin D
antibody, and a LAMP1 antibody. Histograms represent the % of LisCVs positive or negative for the indicated marker. Results are mean�“SD
of triplicate experiments. Representative micrographs are shown beside. The color of each staining is indicated on the panel headlines
(bars: 5 ��m). A framed LisCV is shown at a higher magnification in the upper right corner. The arrow points a cathepsin D-negative
bacterium. B. Cells were infected with the indicated WT or �ûactAstrains, permeabilized with 0.1% Triton X-100, double-labeled with SYTO9
and Propidium Iodide (PI) and examined under the microscope. Phase contrast shows groups of cells. Bacteria with intact membranes are
stained in green, while the host cell nuclear DNA and damaged bacteria are stained in red. Bar: 5 ��m. High-magnifications of regions pointed
by arrows are shown on the right. Images are representative of 3 independent experiments. Bar: 1 ��m.

https://doi.org/10.1371/journal.ppat.1006734.g004
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orderto remainalivefor alongtime,afluorescence-activatedcellsorting(FACS)-basedproto-
colwasdevelopedto enrichandsubculturecellshostingEGDe-GFPin LisCVs(Fig5A and
5B).SortedHepG2infectedcellswereplatedin completemediumcontaining25�g/mL genta-
micin, whichpreventsreinfectionbyextracellularbacteria.Onehour afterpassaging,all sorted
cellsmainlycontainedLAMP1+ bacteria(85�5%; n = 3) (Fig5C).After 8hof growth,cells
weresurprisinglydividedinto two distinctpopulations:thosethatstill containedamajority of
LAMP1+ bacteria,andthosethatcontainedamajority (over50%)of actin-polymerizingbacte-
ria (Fig5D).Sincebacterialdegradationwasnot observedin thecytosolof thesecells,it was
concludedthatbacteriahadescapedLisCVsandre-enteredthecytosolicstageof their intracel-
lular lifecycle.Thesecellsweresubsequentlymonitoredfor threedays(d6),during whichonly
remainedapopulationof cellscontainingamajority of LAMP1+ bacteria(80�3%, n = 3) (Fig
5E).After anothercellpassageand24hof growth(d7),therewereagaintwo cellpopulations,

Fig 5. L. monocyt ogenes cycles from vacuolar to cytosolic stages during cell subculturi ng. A. Experimental design of cell
subculturing. (ªdº: day). B-C. HepG2 cells containing EGDe-GFP bacteria entrapped in LisCVs were purified by FACS (B), plated and
examined by microscopy 1h later (d3+1h, C). (C) GFP-positive bacteria (green) are present in LAMP1+ compartments (red) near nuclei
(blue). Bar: 10 ��m. D-E. The same cells were examined 8h (d3+8h) and 3 days later (d6). Micrographs show representative images of cells
stained with Listeria antibodies (red), fluorescent phalloidin to label F-actin or LAMP1 antibodies (green) and DAPI (blue). Bar: 10 ��m. The
framed regions are shown at a higher magnification in the upper right corner. F. The same cells were examined after another cell passage
and 1 day of growth (d7) and labeled with ActA antibodies, fluorescent phalloidin and DAPI. Bar: 10 ��m. G. JEG3 cells were infected with
Listeria EGDe and grown as in (A) up to d7. The overlay images show confocal micrographs of Listeria or F-actin (green), Listeria or LAMP1
(red) and DAPI (blue). Bacteria heavily replicated in the cytosol, were concentrated at the edge of the host cell and were associated with
short actin tails. Bar: 10 ��m. A magnified image of the region pointed by an arrow is shown on the right.

https://doi.org/10.1371/journal.ppat.1006734.g005
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onecarryingvacuolarbacteriaandtheotherharboringmorethan50%of bacteriapolymeriz-
ing actin(S8Fig),whichwereActA-positive(Fig5F).Byreproducingthisexperimentfive
times,wefound that,intriguingly, theproportion of eachcellpopulationvariedwidelyfrom
oneexperimentto another(from 10%to 50%).Theseresultsshowedthatvacuolarbacteria
couldsurviveaftermorethanthreedaysof infection,but alsohadtheability to exit vacuoles
andreturn to theactivemotility phase.Similarresultswereobtainedin JEG3cellsinfected
with EGDeandsubculturedfollowingdetachmentwith trypsin(without theFACSprocedure).
At day7,from 20%to 80%of cellscontainedlargeamountsof actin-associatedbacteria.Con-
focalmicroscopyhighlightedbacteriawith smallactintailsmostlyconcentratedat theleading
edgeof thecell(Fig5G).Theseresultsrevealthatsubcultureof infectedcellspromotesahet-
erogeneouscyclingof �. ���������	�	
 betweenvacuolarandcytosolicphases.

ActA-deficient bacteria persist in host cells as VBNC forms
In contrastto wild typebacteria,�ï���� bacteriacannotswitchbackto actin-basedmotility
during cellsubculturing.Bystudyingthebehaviorof �ï���� mutantswithin cellspropagated
viaseveralpassages,onemaystudythelong-termfateof vacuolar�. ���������	�	
 in thelong
term.JEG3cellsinfectedwith EGDe-�ï���� or 10403S-�ï���� bacteriaweregrownfor three
cyclesof threeto four days(Fig6A).On dayten,manycellsremainedinfectedby �ï���� bacilli
associatedwith LAMP1(Fig6B).Someof thesevacuolarbacteriawereobservedin dividing
cellsatdifferentstagesof mitosis(S9Fig),aspreviouslyobservedafterthreedaysof infection
(Fig3G).Theseresultssuggestedthatbacteriain vacuolesmight betransmitteduponhostcell
division.

Wequantifiedthenumberof vacuolar�ï���� bacteriaatday10byplatingcell lysateson
BHI agarplates.Thisgeneratedveryfew(EGDe-�ï����) or no (10403S-�ï����) bacterialcolo-
nies,evenafteroneweekof incubationat37ÊC.However,at thesametime intact intracellu-
lar bacilli wereobservedby microscopy.In comparisonto thequantificationof bacteria
usingmicroscopy,CFUcountsseverelyunderestimatedthenumberof intracellularbacteria
(Fig6C).Theseresultssuggestedthat ����-deficient bacteriawerestill viablebut unableto
growon BHI plates.Theinability of bacteriato growon standardculturemedia,although
theyarestill viableandmaintainalow metabolicactivity,definestheVBNCstate[48,49].
Theviability of intracellular�ï���� bacteriawasassessedwith theuseof theLIVE/DEAD
BacLightassay,whichdetectVBNCbacteria[50]. At day10,mostintracellular�ï���� bacte-
ria stainedgreen,indicatedthat thesebacteriawerenot damaged(Fig6D).Yet,bacteriapres-
ent in cell lysatesfrom parallelexperimentsdid not growon BHI agarplatesor in BHI liquid
medium.

Assumingthat if thesebacteriawerealive,theyshouldnot beeliminatedafteranothercell
passage,infectedcellswerefurther propagatedfor atotalof 13daysof infection(4 cyclesof
subculturing,Fig6A).LAMP1+ bacteriawerestill observedat this time-point,but no colonies
weredetectedon BHI agarplates.Quantificationof intracellularbacteriaby immunofluores-
cencestainingindicatedameanof 0.051� 0.007bacteriapercell(~ 2000cellswereanalyzed
in eachindependentexperiment;n = 3) for atotalof about50000bacteriaperwell.Of these
bacteria,53%werefound in bacterialclumps,46%wereisolatedand0.5%showedadivision
septum(Fig6E).Thissuggestedthat �ï���� bacteriafound in cellsafter13daysof infection
hadalow metabolicactivityanddividedslowly.Infectedcellsweresubsequentlypropagated
for manygenerationsin orderto determinewhetherVBNCbacteriaareultimatelyeliminated
alongcellpassages.Rod-shaped�. ���������	�	
 bacteriawerestill detectedin hostcells
after25daysof subculture(sevenpassages),but no coloniesweredetectedon BHI agarplates.
Theseresultsindicatethat �ï���� �. ���������	�	
 persistedin hostcellsin aVBNCstate.
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Fig 6. ActA deficiency promot es intracellular persistenc e of Listeria in a VBNC state. A. JEG3 cells were infected with �ûactAstrains
(MOI ~ 1) for 3 days (d3) then passed and propagated as indicated. B. Representative micrographs of EGDe-�ûactA or 10403S-�ûactA
subcultured for 10 days (d10), with two cell passages (at d3 and d6). The color of each staining is indicated on the panel headlines. Bars:
10 ��m. C. Comparison of CFU- and microscopic-count methods for the quantification of intracellular �ûactAbacteria at d10. Data are mean
�“SD from three wells in two independent experiments. 10403S-�ûactA did not form any colony (nd: not detectable). D. Infected JEG3 cells at
d10 were permeabilized with 0.1% Triton X-100 and double-labeled with SYTO9 and PI. Intact Listeria cells are stained in green (arrows),
while damaged bacteria (�) and nuclei are stained in red. Bar: 1 ��m. Squared boxes show higher magnifications. Images are representative
of 3 independent experiments. E. Micrographs of JEG3 cells harboring EGDe-�ûactAat day 13. Two representative fields of independent
experiments are shown. The color of each staining is indicated on the panel headlines. Bars: 10 ��m. Bacteria pointed by arrows are shown at
a higher magnification below. A dividing bacterium is highlighted in white. Bars: 2 ��m. The % of each bacterial category is indicated as mean
�“SD of triplicate experiments. F. JEG3 cells were infected with EGDe-�ûactAor EGDe-�ûactA+actA at MOI ~ 1. Infected cells were
propagated for 13 days with cell passages at d3, d6 and d10 and cell lysates were plated before each passage and at d13. Data are
mean �“ SD of triplicate experiments. EGDe-�ûactA is in a VBNC state from d6 to d13. nd: not detectable. G. Representative micrographs of
JEG3 cells infected with EGDe-�ûactA or EGDe-�ûactA+actA at d13, after staining with DAPI (blue) and Listeria antibodies (green). H.
Quantification of wild type intracellular L. monocytogenes by CFU or immunofluorescence-labeling of bacteria. HepG2 cells were infected
with strain EGDe (same experiment as in Fig 1A) and JEG3 cells were infected with strain 10403S (same experiment as in S3C Fig).
Intracellular bacteria were quantified by CFU counts or microscopy. Data are mean �“ SD of triplicate experiments.

https://doi.org/10.1371/journal.ppat.1006734.g006
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Weassessedwhetherthisphenotypewasreversibleuponre-expressionof the���� genein
theEGDe-�ï���� mutant,bysite-specificchromosomalintegrationof ���� in thetRNAArg

locus[51,52].Wenoticedthat in thisstrain(EGDe-�ï���������) , ���� wasnot regulatedasin
thewild typeEGDestrain,sinceafter3 daysof infectionin JEG3cells,mostEGDe-�ï����
����� bacteriaproducedActA at thebacterialsurfaceandpolymerizedactin,in contrastto the
wild typestrain(S10Fig).Thisdiscrepancyin ActA expressionbetweenEGDeandthecom-
plementedstrainmight beexplainedby thecomplexregulationof ���� expression[51]. This
strainthatproducedsustainedlevelsof ActA wasusedto assesstheimportanceof ActA repres-
sionfor theacquisitionof anintracellularVBNCstateby �. ���������	�	
. In contrastto
EGDe-�ï���� bacteria,EGDe-�ï��������� bacteriawerestill culturableon BHI platesafter13
daysof cellpropagation(Fig6F)andcontinuedreplicating,polymerizingactinandspreading
from cell-to-cellleadingto manyinfectedcellfoci andlytic plaques(Fig6G).Together,these
resultsdemonstratethat therepressionof ActA is requiredfor theacquisitionandmainte-
nanceof theVBNCstateduring long-terminfectionof hostcellsby �. ���������	�	
.

Evidence for the emergence of VBNC bacteria during prolonged
infection of epithelial cells with wild-type L. monocytogenes
Similarlyto �ï���� mutants,wespeculatedthatwild-typestrainsof �. ���������	�	
 alsoenter
aVBNCstateduring long-termintracellularinfection.Sincecellularsubculturinginducedthe
reactivationof wild-type�. ���������	�	
, propagationof cellswasavoidedandthenumber
of intracellularbacteriawasestimatedafterathree-dayinfection,bothbyCFUcountsandby
microscopy.Thenumberof EGDebacteriafound in HepG2cellsasevaluatedbyCFUswas
7-fold lowerthanthatdeterminedbymicroscopy.Thediscrepancybetweenthesetwo quanti-
ficationmethodswasevenlargerduring theinfectionof JEG3cellsby10403S(i.e.on theorder
of 2 logs)(Fig6H). ThesedatasupportthehypothesisthatLisCVscontainbacteriain different
physiologicalstates,includingbacteriathatgrewon plates,bacteriathathavereachedaVBNC
stateanddeadbacteria.

Gentamicin selects persistent forms of L. monocytogenes
Thelong-terminfectionprotocoldescribedabovemadeuseof arelativelyhighconcentration
of gentamicin(i.e.25�g/mL, ªGenta-25º)in theculturemedium,in orderto avoidtheextra-
cellularsurvivalof bacteriaandre-internalizationevents,aswellasto limit thecytoxicityof
theinfection.However,it waspossiblethatat thisconcentration,gentamicinaccumulatedin
epithelialcellsandreducedthesurvivalof intracellularbacteria,aspreviouslyreportedin mac-
rophages[53]. Thishypothesiswasexaminedin JEG3cellsinfectedwith �. ���������	�	

10403Swithout (ªGenta-0º)or with lowerconcentrationsof extracellulargentamicin(1 �g/
mL, ªGenta-1ºor 5 �g/mL, ªGenta-5º).In addition,weusedalow MOI (0.1),whichenablesto
skipthe10-minutepretreatmentof cellswith gentamicin100�g/mL at theonsetof infection.
Asshownin Fig7A, thelowertheantibioticdose,themorebacteriawerepresentin theextra-
cellularmediumandthemoretheviability of hostcellswasaltered.Infectionreducedcellvia-
bility by100%with Genta-0,95%with Genta-1,84%with Genta-5,but only 18%with Genta-
25(Fig7A).At Genta-1or Genta-5,cellsthatsurvivedinfectioncontainedmorebacteriathan
thosegrownwith Genta-25,but thesebacteriawereeitheractin-freein thecytosolor in
LisCVs,indicatingthat thephenotypicswitchoccurredindependentlyof theconcentrationof
gentamicin(Fig7B).Similarresultswereobtainedwith EGDe(S11AFig)andtheswitchwas
associatedwith thelossof ActA (S11BFig).

Weperformedaquantitativeassessmentof theeffectof decreasinggentamicinconcentra-
tion from 25�g/mL to 5 �g/mL on thenumberandphenotypesof bacteriaat72hpi. There
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wereabout5-foldmorebacteriain cellsculturedwith Genta-5thanwith Genta-25(Fig7C),
indicatingthatatahighdose,gentamicinpenetratedwithin cellsandaffectedthegrowthof
intracellularbacteria.However,theLisCVphenomenonwasnot dueto thepresenceof ahigh
concentrationof gentamicinsincewith thelow dose(Genta-5),therewere4-foldmoreLisCVs

Fig 7. A high concentrat ion of gentamici n favors the selection of L. monocyt ogenes persisten t forms. A-F. JEG3 cells were infected
with L. monocytogenes 10403S (MOI ~ 0.1; without 10-min exposure to gentamicin 100 ��g/mL), and incubated 72h in presence of different
concentrations of gentamicin (0, 1, 5 or 25 ��g/mL). Experiments were performed in triplicates. A. Number of bacteria in the extracellular
medium (by CFU counts) and viability of host cells (represented as a percentage of infected versus uninfected live cells scored by a trypan
blue assay). B. Representative micrographs of infected cells grown in 1 or 5 ��g/mL gentamicin. White arrows show groups of LisCVs;
triangles point actin-free cytosolic bacteria. Bar: 10 ��m. C-F. Effect of the concentration of gentamicin (5 or 25 ��g/mL) on the number of
bacteria per cell (C), the number of bacteria per phenotype (D), the number of bacteria per LisCV (E) and the proportion of bacteria in
different phenotypes (F) (��� p��0.0005, ªnsº, non-significant, Student t-test). G. Emergence of VBNC bacteria during the subculture of
10403S-�ûactA-infected cells grown in 5 or 25 ��g/mL gentamicin (as in Fig 6). Infected cells were propagated for 13 days with passages at
d3, d6 and d10. Cell lysates were plated before each passage and at d13. Each dot represents the number of bacteria forming colonies
(CFU) in the lysate of a well. nd: not detectable. The results are from triplicate experiments (two wells per experiment).

https://doi.org/10.1371/journal.ppat.1006734.g007
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thanwith thehighdose(Genta-25)(Fig7D). Interestingly,thenumberof bacteriaperLisCV
wasnot significantlyaffectedbyahighconcentrationof gentamicin(Fig7E),whichsuggested
thatbacteriathat residedin thesevacuoleswereprotectedfrom theactionof gentamicin.More-
over,theproportion of vacuolarbacteriawashigherwith Genta-25(79%)thanwith Genta-5
(56%),whiletheproportion of actin-freecytosolic��
�	�� wasconverselylower(Fig7F).

Altogether,theseresultsshowthatduring prolongedinfectionswith �. ���������	�	
, gen-
tamicincontrolsthegrowthof cytosolicbacteriabut isnot responsiblefor theformationof
LisCVs.Theseresultsalsosuggestthatgentamicinselectsfor vacuolarbacteriaby inhibiting
thegrowthof bacteriathat replicatein thecytosolof hostcells.

Wehypothesizedthatahighdoseof gentamicinalsopromotestheselectionof VBNC
bacteriaduring thesubcultureof cellsinfectedwith ����-deficient bacteria.Thesubculture
experimentdescribedin Fig6 wasthereforereproducedwith strain10403S-�ï����, this time
propagatingtheinfectedcellsin thepresenceof Genta-5or Genta-25.Asshownin Fig7G,
theVBNCphenotypestill occurreddespitethedecreasein theconcentrationof gentamicinat
5 �g/mL, but in alessreproduciblemannerthanwith 25�g/mL gentamicin.Therewasan
inter-experimentalandinter-wellvariationin theability of ����-deficient �. ���������	�	
 to
entertheVBNCstate,whenhostcellsweresubculturedin presenceof Genta-5.At day13,the
VBNCphenotypeappearedin 4 out of 6experiments,whereasin 2 of theseexperiments,the
bacteriadid not entertheVBNCstate(Fig7G).Accordingly,JEG3cellspropagatedwith
Genta-5containedeitherLAMP1+ bacteriathatdid not form colonieson BHI plates,asin
Genta-25(S12AFig),or LAMP1-negativebacteriathatmassivelyreplicatedin thecytosoland
wereculturablewhenplatedon BHI agarplates(S12BFig).Takentogether,theseresultsindi-
catethatahighconcentrationof gentamicindoesnot cause,but selects,thevacuolarand
VBNCphenotypes,byspecificallyinhibiting thegrowthof cytosolicbacteria.

Discussion
Thisstudypresentsthefirst �� ���� modelof intracellularpersistenceof �. ���������	�	
 in
humancells,andparticularlydescribesavacuolarphasein theinfectiousprocessof �. �������
���	�	
 in hepatocytesandplacentalcells(Fig8).During intercellulardissemination,bacteria
non-synchronouslystopproducingActA andpolymerizingactin.Actin-freecytosolicbacteria
areengulfedin lysosome-likevacuoles,wheretheyenteraslow/non-replicativestate.Bacteria
havethecapacityto exit this restingphasewhenthehostcellsaresubcultured.However,if the
ActA deficiencyismaintained,abacterialpopulationsurvivesin aquiescentstateknownas
VBNC.Theantibioticgentamicinselectsvacuolarpersistentformsof �. ���������	�	
 by
eliminatingcytosolicbacteria.This �� ���� modelshouldbevaluableto studythemolecular
determinantsof theasymptomaticcarriage�. ���������	�	
 in epithelialtissuesandto estab-
lish testsfor thedetectionof dormant��
�	�� in clinicalsamples.

Listeria life in vacuoles
Severalspeciesof bacterialpathogensproliferatein thecytosolof mammaliancellsanduse
actin-basedmotility to propagatefrom cellto cell[8]. �. ���������	�	
 isoneof themoststud-
iedspeciesof cytosolicbacterialpathogens.However,theintracellularlifecycleof thisbacte-
rium needsto berevisitedin light of studiesshowingthat �. ���������	�	
 evolvedmeansof
living in vacuoles.Theinitially describedmechanismtakesplacein murine macrophages,
whereasubsetof bacteriaremainsconfinedin non-degradativephagosomes,knownasSLAPs
[20,21,39].Here,wereportanothermechanismleadingto theformationof ��
�	��-contain-
ing vacuoles(LisCVs),whichcouldrepresentanadaptivestrategyfor thispathogento establish
long-termquiescentinfectionsin epithelialtissues.In contrastto SLAPs,whicharecoupledto
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phagocytosisat theonsetof infection,LisCVsareformedatalaterstage(48h-72h)following
theengulfmentof actin-freebacteriabyendomembranes.In addition,SLAPsarenot acidic
compartments,in contrastto LisCVsthatdisplaylysosomalfeatures.

Thesegregationof cytosolicbacteriainto LisCVsmayoccurbyamechanismrelatedto
xenophagy,aselectiveautophagyprocessthat restrictsthegrowthof intracellularmicrobes
[44,54].Intracellularpathogenshaveevolvedseveralstrategiesto bypassor subvertxenophagy
andproliferatein hostcells[54±59].In particular,�. ���������	�	
 usesvariousmechanisms
to evadekilling byxenophagyat theearlyonsetof anintracellularinfection,suchasmanipula-
tion of themTORpathway[54], stallingof thephagophoresbybacterialphospholipases[15,
60]andcamouflageof thebacteriabysurfaceproteins,particularlybyActA [14,15,38].While
xenophagyavoidanceisanimportant meansfor �. ���������	�	
 to promoteits intracellular
growth,hijackingthehostautophagymachinerymight alsopromoteintracellularpersistence,

Fig 8. Model for the intracellu lar life cycle of L. monocyt ogenes in hepatocy tes and tropho blastic cells. 1±4. The active stage. After
bacterial internalization into the host cell and transient residence within a primary vacuole (1), bacteria escape into the cytoplasm, multiply
and induce expression of the actin-polymerizing factor ActA (2). Actin recruitment and polymerization promotes bacterial motility (3) and cell-
to-cell spread via the generation of membrane protrusions from the primary infected cell to neighbor cells (4). After resolution of the
protrusions (5), bacteria are in double-membrane secondary vacuoles, from which they escape and start a new cycle of infection (6). 7±8.
The phenotypi c switch. During the dissemination stage, bacteria stop producing ActA by an unknown asynchronous mechanism. ActA-
free cytosolic bacteria (beige bacteria) multiply in the cytosol (7). A xenophagy-like process captures actin-free cytosolic bacteria into tertiary
Listeria-containing vacuoles (LisCV) (8). 9. The LisCV stage. LisCVs are lysosome-like compartments, in which subpopulations of bacteria
resist stress and degradation and enter a slow/non-replicative state (dark orange bacteria), others are sensitive to stress and die (white
bacteria with a ª�º), and others enter a VBNC state (yellow bacteria). 10±11. The reactivation stage. Unidentified stimuli induce reactivation
of bacteria, which exit from the vacuoles (10). Production of ActA at the bacterial surface re-initiates a novel cycle of actin-polymerization
and spreading (11). 12±14. Behavio r of ActA-defic ient bacteria. actA mutants escape from the primary vacuole, replicate in the cytosol
(12) and are captured by a xenophagy-like process (13). In LisCVs, bacteria enter a slow/non-replicative state (dark orange), or die (�) or
enter a VBNC state (yellow) (14). 15. The dormant stage. �ûactAbacteria are propagated during host cell divisions as VBNC contaminants.
In absence of a reactivation signal, wild type bacteria may behave similarly to �ûactAbacteria and acquire the VBNC state. 16. Gentamicin
selects vacuolar and VBNC L. monocytogenes by inhibiting the growth of cytosolic bacteria.

https://doi.org/10.1371/journal.ppat.1006734.g008

L. monocytogenes persists in vacuoles

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006734 November 30, 2017 18 / 31



assuggestedfor SLAPs[39]. However,althoughLisCVsareformedby theentrapmentof cyto-
solicbacteriain membrane-boundcompartments,wedid not find anyevidencethatsupports
aroleof thecanonicalautophagymachineryin theformationof thesevacuoles.It is interesting
to notethat thecytosolicpathogen��������	��� ������ canalsobecapturedin vacuoles
with lysosomalcharacteristicsbyamechanismindependentof canonicalautophagy[61].
LisCVscouldthereforebeformedthroughanuncharacterizedimmuneprocessthatallows
hostcellsto sequestermicrobial invadersfrom thecytosol.Futurework will aimatcharacteriz-
ing themechanismof LisCVsformationaswellasits relevanceto otherinfectiousdiseases.

Emergence of VBNC L. monocytogenes during intracellular infection
LisCVscontainmixedpopulationsof stress-sensitiveandstress-resistantbacteria,asevidenced
by thecoexistenceof damagedandintactbacteria.Thelattersurvivetheharshconditionsof
lysosome-likeorganelles,like theintravacuolarpathogen����	��� ���	��� [62]. Thisresistance
probablyresultsfrom theability of �. ���������	�	
 to withstandvariousstresses,including
low pH conditions[63]. ManystressestriggertheVBNCstateof bacteria[50]. Here,wepro-
videthefirst evidencethat �. ���������	�	
 canenteraVBNCstateduring infection,aprop-
erty thathadonly beenobservedfor ��
�	�� in environmentalconditions[64±67].This
conclusionisbasedon thephenotypeof ���� mutants,whichmodelthebehaviorof ��
�	��
unableto switchbackto amotilestate.�. ���������	�	
 VBNCbacteriamayrepresentador-
mant form of intracellularparasitesthatcouldbepassivelypropagatedduring mitosisor by
othermechanisms,suchasdirectcytosolictransferbetweentwo adjacentcells[68]. Impor-
tantly,wild type�. ���������	�	
 retaintheability to exit from LisCVsandreturn to theactive
proliferationanddisseminationphaseuponsubcultureof hostcells.Wesuggestthat thisphe-
notypicswitchingallows�. ���������	�	
 to disseminateor hidein tissuesduring theacuteor
asymptomaticphasesof theinfection,respectively.Theidentificationof themoleculardeter-
minantsrequiredfor thetransitionto theVBNCstateduring infectioncouldleadto thedevel-
opmentof therapeuticsthat targetasymptomaticinfections.

Antibiotic tolerance and pathogenic potential of persistent forms of L.
monocytogenes
Vacuolarpathogensmaypersistin thehostfor longperiods,sometimesfor theentirelife of
thehost.For instance,thepersistenceof ��������	��� ���	����
�
 in lungs,designatedas
ªlatencyºor ªdormancyº,is responsiblefor thesilentcarriageof thispathogenbynearlytwo
billion peopleworldwide[69,70].�. ���������	�	
 isnot describedasapathogenleadingto
subclinicalinfections,but it cannotbeexcludedthat thisbacteriummight hideandpersist
in tissues.It hasbeenshownthathigh-riskfactorsfor sporadicnon-perinatallisteriosisare
mainly immunosuppressivediseasesratherthantheingestionof particularfoods[71]. In light
of our results,thereactivationof dormantintracellular�. ���������	�	
, longaftertheinges-
tion of contaminatedfoods,shouldbeexaminedasapotentialcauseof sporadiclisteriosis.
Theexistenceof adormantsubpopulationof �. ���������	�	
 might alsobeinvolvedin
recurrentlisteriosis[72±74]andrecurrentspontaneousmiscarriagesduring thefirst weeksof
pregnancy[75]. Moreover,not only silentinfectionmayaffecthumans,but alsoanimals.The
phenotypedescribedheremayhaverelevancefor animalreservoirsthatcouldbeignored
becauseof anasymptomaticintracellularcarriageof �. ���������	�	
.

Entry into anintracellularpersistentstatemaypromotetoleranceof �. ���������	�	
 to
antibiotic treatmentduring infection,asshownfor severalbacterialpathogens[76,77].The
occurrenceof non-replicatingbacteriathatsurviveexposureto antibioticsisproposedto
accountfor theability of pathogensto causedifficult-to-treat infections.Here,wefound that
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gentamicinalterstheintracellulargrowthof cytosolic�. ���������	�	
 but doesnot seemto
acton vacuolar��
�	��. TheacidicLisCVcouldbeanichewhere��
�	�� isprotectedagainst
gentamicinandotherantibiotics.It isof notethataminoglycosides,suchasgentamicin,are
almostdevoidof activityat theacidicpH of lysosomes[78]. Bacteriafoundwithin LisCVs
might alsosharecharacteristicswith small-colonyvariants,whicharetolerantto aminoglyco-
sides[79], and/orwith ��
�	�� persistersthatemergeduring bacterialgrowthin cell-freebroth
supplementedwith bactericidalantibiotics[80]. Theresultspresentedhereshouldhaveasig-
nificant clinical impactsincetheprimary treatmentfor listeriosisconsistsof acombination
regimenof gentamicinandampicillin [81]. Besidetoleranceto antibiotics,it ispossiblethat
cellscarryingdormant�. ���������	�	
 arenot effectivelypresenting��
�	�� antigensand
arenot efficientlyrecognizedanddestroyedby immunecells.

Thephysiologicalrelevanceof vacuolarformsof �. ���������	�	
 in epithelialtissuesnow
needsto bedemonstratedby �� ���� studies.It isworth mentioningthathepatocytesof mice
infectedfor 24hwith �. ���������	�	
 mostlycontainactin-freecytosolicbacteria[82], which
couldbein theearlyprocessof beingsequesteredin LisCVs.However,dueto thelow internal-
izationrateof ��
�	�� in murine epithelialcells[24] andto differencesin mucosalimmunity
betweenmiceandhumans[25], themurinemodelof listeriosismaynot beoptimal for investi-
gatingthepersistenceof �. ���������	�	
 in epithelialtissues.Moreover,asymptomaticper-
sistentformsof ��
�	�� arelikely to bein averylow numberin tissuesanddifficult to observe.
In conclusion,thereisaneedto developanimalmodelsandeasy-to-usediagnosticmethods
for thedetectionandstudyof VBNC��
�	�� in tissuesamples.Thepossibilitythat �. �������
���	�	
 persistentformscouldbetolerantto antibioticsandundetectableby routineculture
methodswouldclearlybeaconcernfor publichealthsafetyassessment.

Materials and methods

Ethics statement
Primaryhumanhepatocyteswerepurchasedfrom LifeTechnologies.Theseliver cellswere
derivedfrom tissueobtainedfrom accreditedinstitutions.Theseinstitutionsobtainedconsent
from thedonorsfor useof thetissueandits derivativefor researchpurpose.

Bacterial strains and human cells
Weused�. ���������	�	
 wild typestrainsEGDe(BUG1600,ATCCBAA-679)[32], 10403S
[83] andCLIP63713(BUG1559,[34]), andmutantstrains10403S-�ï��� (DP-L2161)[84] and
10403S-�ï���� (DP-L1942,BUG1362[83]). EGDe-�ï���� (BUG2167)wasgeneratedbyallelic
exchange,asdescribedpreviously[85]. Theresultingin-framedeletionmutant lackingthe
regionencodingtheActA proteinwasverifiedbyDNA sequenceanalysisof thechromosomal
deletion.BUG2167wasusedto constructEGDe-�ï���������, whichisdescribedin [52].
Fluorescence-expressingstrainsof �. ���������	�	
 were10403S-mCherry[86], EGDe-GFP
(BUG2538)[87] and10403S-GFP,EGDe-�ï�����GFP and10403S-�ï�����GFP (HBSC43,
HBSC155andHBSC44,respectively),whichweregeneratedbychromosomalintegrationof
plasmidpAD1-cGFP,asdescribedpreviously[87]. Bacterialstrainsweregrownat37ÊCin
brain heartinfusion(BHI) broth (with agitation)or on BHI agarplates.Humancelllineswere
HepG2hepatocytes(ATCC HB-8065),Huh7 hepatocytes(JapanHealthScienceResearch
ResourcesBank,JCRB0403),HeLaepithelialcervixcells(ATCC CCL-2.2),JEG3andBEWO
trophoblastcells(ATCC HTB-36andATCCCCL-98),andHEK293embryonickidneycells
(ATCC CRL1573).Cellsweregrownunderstandardcell-cultureconditionsfollowing the
AmericanTypeCultureCollection(ATCC) recommendations.Humanprimary hepatocytes
werecryopreservedHumanPlateableHepatocytesMetabolismQualified(HMCPMS)from
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threehumandonors(lotsHU1530,HU1583,HU8272,qualitycertificatedbyLifeTechnolo-
gies).Hepatocyteswerethawedin thawingmedium(CM7000,Life Technologies),seededin
24-wellCollagenI-coatedplates(A1142802,Life Technologies)at2.5x105 cells/mlin Williams'
Medium Esupplementedwith 10%FBS,usingsupplementhepatocytemaintenanceandplat-
ing supplementpacks(CM3000,LifeTechnologies)andprotocolprovidedby thesupplier.
Hepatocyteswereinfectedafter48hof growth.

Antibodies, reagents, transfection and RT-QPCR
Theprimary antibodiesusedin thisstudywereagainst�. ���������	�	
 (polyclonalantibod-
iesR11or R97[88]), ActA (polyclonalantibodyR32[89] or monoclonalantibodyA16[90]),
LAMP1(PEMouseAnti-Human CD107a,BD Bioscience#555801;mouseantibodyH4A3,
Abcamab25630),cathepsinD Goatpolyclonalantibody(C-20,SantaCruz,sc-6486)andLC3
(clone4E12,152±3MBL or clone2G6,Nanotools).Fluorescentsecondaryantibodieswere
AlexaFluor488-conjugated(Life Technologies),Cy3-conjugatedandCy5-conjugated(Jack-
sonImmunoResearchLaboratories)goatanti-mouseor anti-rabbitantibodies,or Donkey
anti-mouseor anti-rabbitantibodies.WealsousedAlexafluor 488-,568or 647-conjugated
phalloidin (Life Technologies),DAPI (RocheAppliedSciences),Hoechst(ThermoFisherSci-
entific) andmountingmediaFluoromount-G(Interchim,Montlucon).Gentamicinwasfrom
Sigma.pCBD-YFPplasmid(BUG2305)isdescribedin [37]. pEGFP-LC3plasmid(BUG
3046)isdescribedin [38]. siRNAswereSilencerselectsiRNAATG7(IDS20650)andBECN1
(IDS16537)asdescribedin [43]. pCBD-YFPor siRNAsweretransientlytransfectedin cells
with LipofectamineLTX or LipofectamineRNAiMax(Life Technologies),respectively,
accordingto themanufacturer'sinstruction.pCBD-YFPwastransfected24hprior to infec-
tion. pEGFP-LC3wastransfectedeither6hprior infectionandinfectedfor 3 days,or trans-
fectedafter1 dayof infectionandincubatedfor 2 otherdays.Bothexperimentalprocedures
gavethesameresults.ForsiRNAassays,infectedcellsweresubmittedto two successivesiRNA
treatments,at24hand48hp.i. andfixedor processedfor CFUcountsor RNA extractionat
72hp.i.Proceduresfor RNA extractionandquantificationbyReal-TimeqPCR,and�� !"
and#$"�% PCRprimers,aredescribedin [91]. PCRprimersfor ���� areAtg7-Fw,5'-
GATCCGGGGATTTCTTTCACG-3'andAtg7-Rv,5'-CAGCAATGTAAGACCAGTCAA
GT-3',andfor �	�����, BECN1-Fw5'-GGCTGAGAGACTGGATCAGG-3'andBECN1-Rv5'-
CTGCGTCTGGGCATAACG-3'.

Bacterial infections, bacterial viability and LysoTracker assays
Humancellswereseededinto 6- or 24-wellplates(with or without coverslips)2±4daysprior
infectionin orderto reach50±80%confluency(for all celllinesexceptJEG3,andfor transfec-
tion assays)or 90±100%confluency(JEG3monolayerassays).A detailprotocolfor studying
LisCVsin JEG3cellmonolayersisavailablein &������.�� (dx.doi.org/10.17504/protocols.io.
kwmcxc6).Bacterialcoloniesfrom freshlystreakedagarplateswereculturedin BHI broth and
incubatedovernightat37ÊCin ashakingincubator.Stationary-phasebacteriawerewashed
oncein PBSanddiluted in culturemediumwithout serum.After awashingstep,cellswere
infectedwith bacteriaatamultiplicity of infection(MOI) of 0.1to 5andcentrifuged2min at
300gto synchronizethebacterialuptake.Cellswereinfectedfor 1h.WhenusingMOI of 1±5,
cellswereexposedto a10-min treatmentwith amediumcontaining100�g/ml gentamicin,
whichensuresthatextracellularbacteriaarerapidlykilled.For thelowerMOI of 0.1,this
stepcanbeskippedandreplacedby two washingsteps.Cellswerewashedonceandsubse-
quentlyincubatedin completemediumwith 25�g/ml gentamicin.Whenindicated,lower
concentrationsof gentamicinwereapplied(0,1or 5 �g/ml). Cellswereprocessedfor
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immunofluorescence(seebelow)or lysedatvarioustime pointsusingcolddistilledwater.Via-
blebacterialcountsof intracellularbacteriaweredeterminedbyplatingserialdilutionsonto
BHI agarandnumberingcolony-formingunits (CFU).Cellswereenumeratedin parallelwells
following trypsindetachmentandtrypan-bluestaining.To distinguishlivebacteriawith intact
membranesfrom deadbacteriawith compromisedmembranes,theLive/DeadBacLightBacte-
rial Viability kit (Life Technologies)wasusedwith aprotocoladaptedfrom [47] and[46] with
somemodifications.JEG3cellsinfectedwith bacteriain 6-wellplatescontainingcoverslips
weregentlywashedtwicein MOPS/MgCl2 (0.1M 3-(N-morpholino)propanesulfonicacid
(MOPS),pH 7.4;1mM MgCl2). Then1 ml of theLive/Deadstainingsolution(1.6�M SYTO9,
20�M PropidiumIodide,0.1%Triton X100in MOPS/MgCl2.) wasaddedto thewellsand
incubatedfor 15min (10min with centrifugationat300gto preventcelldetachmentand5
min at room temperaturein thedark).Cellswerethengentlywashedin MOPS/MgCl2 solu-
tion. Forstainingacidiccompartments,1 ml of theinfectedcellmediumwassupplemented
with 0.5�l of LysoTracker(Life technologies)and1 �l of Hoechst,mixedandaddedbackto
thewell.Cellswereincubatedfor 30min at37ÊCat10%CO2, washedin MEM andincubated
for 5 min in MEM in thedark.ForbothBacLightandLysoTrackerassays,coverslipswere
mountedonto glassslidesandsealed2min with clearnail polishandimmediatelyexamined
underthemicroscopefor amaximumof 10minutes.

Epifluorescence microscopy and quantifications
Cellscontainingcoverslipswerefixedin 4%paraformaldehyde(PFA)in 1XPBSfor 30min at
room temperature,gentlywashedin 1XPBS,incubatedin blockingsolution(2%BSAin PBS,
pH 7.4),or in methanolfor 10min on icewhenusingthecathepsinD antibody,permeabilized
using0.4%Triton X-100in PBSfor 4 min, washedthreetime in PBSandprocessedfor immu-
nofluorescencewith theindicatedantibodydiluted in 2%BSA.Fluorescentphalloidinand
DAPI (or Hoechst)wereaddedwith thesecondaryantibodiesto labelF-actinandnuclei,
respectively.To discriminateintracellularfrom extracellularbacteria,adualstainingwasper-
formed,wherebyextracellularbacteriawerestainedwith anti-��
�	�� antibodiesprior to cell
permeabilization.Samplesweremountedon glasscoverslipsandanalyzedwith fluorescent
microscopes(CarlZeissAxiovert135,AxioObserver.Z1,KEYENCEBZ-X710or Yokogawa
CSU-X1spinningdiskconfocalsystem).Imageswereacquiredwith a10xnon-immersion
objective,or 40x,63xor 100xoil immersionobjectives,andimageswereprocessedwith Zen
(CarlZeiss),MetaMorph(UniversalImaging)or ImageJsoftwares.For time-lapsemicros-
copy,JEG3cellswereseededin a35mmdish(MatTek)andinfectedwith 10403S-mCherry
bacteria(MOI 0.1).Imagingwasperformedin mediawithout phenolredcontainingProLong
AntifadeReagentsfor LiveCells(Life Technologies)andusingtheKEYENCEfluorescent
microscopeBZ-X710equippedwith anincubationchamber(37ÊCand5%CO2). Imageswere
acquiredwith anon-immersion40xobjective.To quantifythenumberof bacteriathatassoci-
atedwith theindicatedmarkers,aswellasthenumberof nuclei,10to 50microscopicfields
wereexaminedfrom coverslipsof at leastthreeindependentexperiments.Dueto thefrequent
overlapof bacterialimmunofluorescencesignals,thenumberof bacteriaper infectedcellwas
estimatedby theratio (T/I)/C, whereªTº is thetotal immunofluorescencesignalof thearea
occupiedbybacteria,ªIº ismeanintensityvaluesof representativesinglebacteriaandªCº is
numberof cells/nucleiis theareaof interest.

Cell sorting and subculturing of infected cells
For theFACSassays,HepG2cellsinfected3 dayswith GFP-expressingEGDebacteriawere
trypsinized,washedoncein PBS,resuspendedin DMEM andsubjectedto cellsortingusinga
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FACSAriaII CellSorter(BD Bioscience).Foreachof threeindependentexperiments,about
5x105 GFP-positivecellswerecollectedandseededonto polylysine-coated6-wellplates(1x105

cellsperwell) in completemediumcontaining25�g/ml gentamicinandwereexamined1h,8h
or 3 daysafterFACS.For thepropagationassaysusingtrypsindetachment,cellsweredissoci-
atedwith trypsin(200�l of Trypsin-EDTAsolution,LifeTechnologies),counted,diluted5-or
10-foldin completemediumsupplementedwith gentamicin25�g/ml andseededin 6-well
plates(containingor not coverslips).Cellswerethenincubatedfor theindicatedtime and
eitherfixedto proceedto immunofluorescenceassays,lysedwith distilledwaterfor CFU
counting,or detachedandsubculturedagain.It isof notethat trypsinizationandflow sorting
mayselectfor cellsubpopulations.This isalimit of thisassay.

Transmission electron microscopy
Firstanalyticexperimentswereperformedat theUltrapoleplatformof Institut Pasteur,as
follows.Cellswerefixedovernightwith 2.5%Glutaraldehydein 0.1Msodiumcacodylate
bufferatpH 7.2.Thensampleswererinsedin 0.1Msodiumcacodylate(pH 7.2)andpost-
fixedin a1%osmiumtetroxydeat room temperaturewith thesamebufferfor 1h.Samples
wererinsedwith wateranddehydratedwith agradedethanolconcentrations(10±100%),
followedbyamixture of ethanolandembeddedin anepoxyresin.Ultrathin sections(50±
60nm) wereperformedwith anultramicrotome«Ultracut UC7»(LeicaMicrosystems,
Vienna,Austria),stainedwith uranylacetateandReynold'sleadcitrate,andthenobserved
with atecnaiT12(FEIcompany)at100-kVacceleratingvoltage.Imageswererecorded
usingus4000gatancameraanddigital micrographsoftwareor Eaglecameraandtia soft-
ware.Quantitativeexperimentswereperformedat theMIMA2 platform(Jouy-en-Josas)or
ImagGifplatform(Gif-sur-Yvette),with similarproceduresandthefollowingmodifications:
cellswerefixedovernightwith 2%Glutaraldehyde,counterstainedon blockwith 0.5%OTE
(OolongTeaExtract)in 0.1Msodiumcacodylatebufferandpost-fixedin asolutionof con-
taining1%osmiumtetroxydeand1.5%potassiumferrocyanate;sampleswererinsedwith
wateranddehydratedwith agraded30±100%ethanolconcentrations.Ultrathin sections
wereobservedwith Hitachi HT7700or Jeol1400(JeolÐAllemagne)at80-kVaccelerating
voltage.

Supporting information
S1Fig.LisCVsareformed in asubsetof epithelial cells.Cellswereinfectedwith theindi-
cated�. ���������	�	
 strain(MOI ~ 1±5)andprocessedfor epifluorescencemicroscopyat
72hp.i.Thecolorof eachstainingis indicatedon panelheadlines.A. LAMP1-negativeand
Actin-positiveEGDebacteriain HeLacells.Bar:10�m. B.LAMP1-positiveEGDebacteriain
Huh7 hepatocytes.Bar:5 �m. C.StrainsEGDe(serotype1/2a),10403S(serotype1/2a)and
CLIP63713(serotype4b) in JEG3cells.Sampleswerelabeledwith monoclonalantibodies
againstLAMP1,polyclonalantibodiesagainst��
�	�� serotype1/2a(whichdo not labeled
serotype4b),phalloidin-Cy5andDAPI. All strainsstoppolymerizingactinandbecome
enclosedin LAMP1-positivecompartments.Twomagnificationsareshownfor eachstrain:on
top panels,bars:5 �m; on bottompanels,whichhighlightbacteriapointedbyarrows,bars:
1 �m. Thephasecontrastimageshighlight intactbacilli.D. LAMP1-positive10403Sbacteria
in BeWocells.Bar:20�m. E-G.Primaryhumanhepatocytesgrownon collagen-coatedplates
wereinfectedwith �. ���������	�	
 10403Sbacteria(MOI ~ 5) andlysedat2hand72hp.i. to
determinebacterialintracellularloadsbyCFUcounts.E.Theefficiencyof bacterialentry in
primary hepatocytesiscomparedto that in HepG2hepatocytesor HeLacellsat thesame
MOI (~ 5) after2hof infection.Resultsaremean�SDof triplicateexperiments.F. Intracellular
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loadsof 10403Sbacteriain primary hepatocytesat2hand72hp.i.G.Micrographsof primary
hepatocytesinfectedfor 72hwith 10403S.Overlaysshow��
�	�� (green),LAMP1(red),F-
actin(white)andDAPI (blue)signals.Bars:5 �m. A highmagnificationof theregionpointed
with anarrowisshownbelow.Bar:2 �m.
(TIF)

S2Fig.Structureof the ��������-containing vacuoles.Transmissionelectronmicroscopy
studyof bacteriaafterthreedaysof infectionin JEG3cells.Thesedataareassociatedwith Fig
1Fand1G.Eachmicrographshowsarepresentativestageof the�. ���������	�	
 cellular
invasionprocess,aslabeledin theblackboxon theleft corner.Thetwo micrographslabeled
ªpre-LisCVºhighlightbacteriathatmight bein theprocessof beingcapturedbyelectron-
densecompartments.L.m,�. ���������	�	
; F-actin,filamentousactin;Nuc.,nucleus;Lys.,
secondarylysosomes;Mito., mitochondria;Mbs.,membranousintravacuolarstructures;Dou-
blemb.vacuole:secondaryvacuolederivedfrom abacterialprotrusion;LisCV:single-mem-
brane��
�	��-containing vacuole.Bars:1 �m.
(TIF)

S3Fig.LisCVsareformed at a late stageof bacterialdissemination.A. JEG3cellsmonolay-
erswereinfectedfor 72hwith �. ���������	�	
 with 10403Sor EGDestrainatMOI ~ 1 or ~
0.1andviablecellswerenumberedatdifferenttime points.B-D. Micrographsof cellsinfected
with 10403S(MOI ~ 0.1)at low magnifications.B.At 2hp.i.,bacteriawerelabeledwith anti-
bodiesbefore(in red)andafter(in green)cellpermeabilization.Extracellular��
�	�� (both
redandgreen)appearin yellowandintracellular��
�	�� in green.F-actinstaining(in white)
delimitatecelljunctions(asexemplifiedfor onecellwith adashedline).Bar:20�m. Bacteria
pointedwith arrowsareshownatahighermagnificationon theright (Bar:5 �m). Imageshave
beendigitallyprocessedto enhancethefluorescentsignalsin orderto visualizeeachsinglebac-
terium.C.Micrographsof cellsinfectedfor 2,6,24or 72handvisualizedwith theobjective
10X.Imagesareoverlaysof ��
�	�� (green)andF-actin(red)signals.Circleshighlightanindi-
vidualbacteriumat2hp.i.,andaninfectionfocusat6hp.i.Bar:100�m. D. DAPI stainingof
non-infected(NI) and10403S-infectedJEG3cellsat72hp.i.Thearrowsindicatealtered
nuclei.Bar:100�m. E.Intracellulargrowthof 10403Sbacteriain JEG3cellsassessedbyCFU
counts(mean�SDof triplicateexperiments).F.Quantificationof 10403Sbacteriain different
phenotypesat6hand72hp.i (mean�SDof triplicateexperiments).
(TIF)

S4Fig.LisCVsareformed after �. �	
	���	�
�� haspassedthrough acytosolicstage.
JEG3cellsweretransientlytransfectedwith aplasmidencodingthe�. ���������	�	
 cell-wall
probeCBD-YFPandinfectedwith �. ���������	�	
 10403S(MOI ~ 0.1)for 6h,24hand72h.
Sampleswereprocessedfor epifluorescencemicroscopy.Themicrographsarerepresentative
of resultsfrom threeindependentexperiments.Thecolorof eachstainingis indicatedon
panelheadlines.Squaredregionsareshownatahighermagnificationon theright (A), aswell
asbelowfor 72hp.i. (B). Arrowspoint CBD-YFPdotsat thesurfaceof bacteriawithin LisCVs.
Bars:10�m and2 �m.
(TIF)

S5Fig.Long-term infection of JEG3cell monolayerswith �. �	
	���	�
�� 10403S-�ï����
bacteria.Micrographsof JEG3cellsinfectedwith 10403S-�ï���� (MOI ~ 0.1)at low (on top)
or high (on bottom)magnification.Imagesareoverlaysof ��
�	�� (green),F-actin(red)sig-
nals.Circleshighlightanindividual bacteriumat2hp.i.,andaninfectionfocusat72hp.i.
(TIF)
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S6Fig.Thecanonicalautophagypathwayis not necessaryfor the formation of LisCVs.
A-B. JEG3cellswereinfectedwith ��
�	�� 10403S(MOI ~ 0.1)andprocessedfor immunoflu-
orescencewith LC3and��
�	�� antibodiesatdifferenttime post-infection.A. Thehistograms
representthepercentageof LC3-positiveor LC3-negativebacteria(mean�SDof triplicate
experiments).B.A representativeimageof theimmunolabelingof LC3and��
�	�� at72hp.i.
C.JEG3cellsexpressingGFP-LC3wereinfectedwith ��
�	�� EGDeandprocessedfor immu-
nofluorescenceassayswith ��
�	�� andLAMP1antibodies.Thearrowspoint regions,which
areshownatahighermagnificationbelow.Bars:10�m and1 �m. D-F JEG3cellswereinfected
with 10403Sbacteria,exposedto two successivesiRNAtreatmentswith ����, ����� or con-
trol siRNAs,oneat24hp.i.,andoneat48hp.i.At 72hp.i.,sampleswereprocessedfor tran-
scriptquantification(D), or immunofluorescenceassayswith LAMP1and��
�	�� antibodies
andDAPI (E),or CFUandJEG3cellcounting(F). In D, thefold changeof transcriptlevelis
relativeto valuesnormalizedto �� !" referencegene.#$"�% wasusedasacontrol gene.
(TIF)

S7Fig.LisCVsarestainedby lysosomalmarkers.A. JEG3cellsmonolayerswereinfectedfor
72hwith theindicatedstrainandprocessedfor microscopyanalysis.Thecolorof eachstaining
is indicatedon thepanelheadlines.A. Micrographsof livecellsinfectedwith GFP-expressing
�. ���������	�	
 WT or �ï���� strainsandstainedwith LysotrackerandHoechst.Bars:5 �m.
Arrowspoint representativeLysoTracker-positiveLisCVs.B.Micrographsof fixedcells
infectedwith EGDe-�ï���� or 10403S-�ï���� bacteria,andstainedwith ��
�	��, cathepsinD
andLAMP1antibodies.Arrowspoint representativecathepsinD-positiveLisCVs.Bars:2 �m.
(TIF)

S8Fig.Bacteriareturn to the replicative-motility phasein asubpopulationof cellsafter
cell passaging.HepG2cellscontainingEGDebacteriaentrappedin LisCVsatday6 (asin Fig
5) weredetachedwith trypsin,dilutedto 2 x 105 cell/mLandgrownfor 24hin complete
mediumwith gentamicin25�g/mL. Themicrograph,whichis representativeof 5 experiments,
isanoverlayimageof cellsstainedwith ��
�	�� andLAMP1antibodies,fluorescentphalloidin
to labelF-actinandHoechstto marknuclei.Bar:50�m. Examplesof cellsin eachof thetwo
populations,eithercarryingpersistentvacuolar��
�	�� (ªPº) or carryingactiveActin-associ-
ated��
�	�� (ªAº), areframedandrepresentedatahighermagnificationbelow.Bar:5 �m.
Thecolorof eachstainingis indicatedon thepanelheadlines.
(TIF)

S9Fig.LAMP1+ bacteriaarepresentin dividing hostcellsat different stagesof mitosis.
Cellswereinfectedwith EGDe-�ï���� andsubculturedasin Fig6A.At day10,cellswerepro-
cessedfor immunofluorescencewith ��
�	�� andLAMP1antibodiesandDAPI. LAMP1+

compartmentscontainingbacteriaarepointedin cellsatdifferentstepsof mitosis.Micro-
graphsarerepresentativeof sixindependentexperiments.Bars:10�m.
(TIF)

S10Fig.Re-expressionof ���� in the EGDe-�ï���� mutant promotesthe motile stageof �.
�	
	���	�
��. JEG3cellswereinfectedwith �. ���������	�	
 EGDeor EGDe-�ï���������
strainsfor threedaysandstainedwith DAPI, ActA antibodiesand647-conjugated-phalloidin
to labelF-actin.Bar:10�m.
(TIF)

S11Fig.The �. �	
	���	�
�� phenotypicswitchoccursin cellsgrown with a low concen-
tration of gentamicin.Representativemicrographsof JEG3cellsinfectedwith �. ���������
�	�	
 EGDe(MOI ~ 0.1;without 10-minexposureto gentamicin100�g/mL) for 72hin
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presenceof gentamicin5 or 25�g/mL. Cellswerelabeledwith ��
�	�� polyclonalantibodies
(greenin theoverlay),LAMP1(A) or ActA (B) monoclonalantibodies(red in theoverlay)and
Hoechst(Bluein theoverlay).White arrowspoint LisCVs.Bar:10�m.
(TIF)

S12Fig.Variability of the phenotypeof 10403S-�ï���� bacteriain JEG3cellssubcultured
in gentamicin5 �g/mL for 13days.JEG3cellsinfectedwith �. ���������	�	
 10403S-�ï����
(MOI ~ 1) andpropagatedup to d13in presenceof gentamicin5 or 25�g/mL. A 12mm cov-
erslipplacedin thewellwasrecoveredjustbeforelysingthecells,in orderto processthesame
cellsfor immunofluorescenceandCFUcounts.Micrographsshowrepresentativecellsfrom
(A) wellsleadingto VBNCbacteria(not detectablecolony,ªndº) or (B) bacteriaforming colo-
nies(1.3105 CFU/well).Cellswerelabeledwith ��
�	�� polyclonalantibodies(green),LAMP1
monoclonalantibodies(red),fluorescentphalloidin (white)andHoechst(Blue).White arrows
point LAMP1+ bacteria.Bar:5 �m.
(TIF)

S1Movie.Time-lapsemicrographsof JEG3cellsinfectedwith mCherry-expressing
10403S.Cellswereinfectedasdescribedin theMaterialsandMethodssection.Bright field
andfluorescentsignalswereobtainedfrom 5 Z-positionscovering5 �m of thicknessat1h
intervalusinganautofocussystem.Bestfocusimagesweremanuallyselectedandpost-treated.
Threerepresentativecellsthatshowformationof LisCVsarepointedwith arrows.Time is
indicatedin theupperright corner(h:m).Scalebar is50�m.
(MOV)
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