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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 GactAmutants, vacuolar bacteria parasitized host cells in the so-called 2viable but non-
culturable® 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

isamodelintracellularpathogerthat replicatesn the cytoplasmof
mammallancellsanddlssemlnatm the hostusingactin-basednotility. Here,wereveal
that . changedts lifestyleand persistsn lysosomavacuolegluring long-
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terminfection of humanhepatocyteandtrophoblastcells Whenthe virulencefactor
ActA is not expressedsubpopulation®f vacuolabacterisenteradormantviablebut
non-culturable(VBNC) state This novelfacetof the . intracellularlife
could contributeto the asymptomaticarriageof this pathogerin epithelialtissuesand
renderit tolerantto antibiotic therapyandundetectabléy routine culturetechniques.

Introduction

Overthe pastthreedecadeghe studyof the facultativeintracellularpathogen.

hasprovidedimportantinsightsinto infection biology,immunity and hostcellbiology
[1£5]. . ogenes isaGram-positivebacteriumthat belonggo the categoryof patho-
genghatescapérom aninternalizationvacuoleand proliferatein the cytosolof mammalian
cells[6+8]. Followingphagocytosisr receptor-mediate@ndocytosishacteriadisruptthe
invasionvacuoleandenterthe cytoplasmwheretheyreplicateand usethe actin cytoskeleton
to propelthemselvefrom cell-to-cell therebyescapingntracellularautophagyand extracellu-
lar humoralimmuneresponset, 5, 9]. To achievehis cytosoliclifestyle, deploysvir-
ulenceeffectorghat specificallycontrol arepertoireof hostmoleculesand hijack cellular
processegt, 5]. ForinstancetheinvasionproteinsinlA andInlB promotebacterialentryinto
non-phagocyticellshy interactingwith the surfacereceptorsE-cadherinand c-Met, respec-
tively [10]; the cytolysinlisteriolysinO (LLO) disruptsthe internalizationvacuoleandtriggers
varioushostcellresponsefl 1, 12]; thelisteriallocomotionfactor ActA mimicsthe host's
actinnucleationmachineryto stimulateactin polymerization therebypromoting bacterial
motility andintercellularspreadind13]. ActA alsoprotectscytosolicbacteriafrom autophagic
recognitionby maskingthe bacterialsurfacq14,15].

Despitepotentvirulencefactorsandthe capacityto invadeavarietyof celltypes,.

causesrelativelyrare diseaselnvasivelisteriosisis characterizedby severeslinical
manifestationgsepticemiameningitisand miscarriagesand a high fatality rate (20+30%of
cases)utitsincidenceremainslow (1 to 10caseperonemillion individuals[16]). Thepro-
posedexplanatiorfor this low incidenceis that cell-mediatedmmunity is highly protectivein
healthyindividuals.Accordingly,conditionsthatweakertheimmune systemsuchaspreg-
nancy,agingor immunosuppressivereatmentspredisposéndividualsto listerialinfection.
However evenin susceptibléndividuals,theincubationperiod of listeriosismaybelong, par-
ticularlyin pregnancy-associat@ase$or whichit canlastup to threemonths[17]. In addi-
tion, . is ubiquitouslydistributedin the environmentand exposureo this
pathogerappearso berelativelycommon,with 1+5%of peoplesheddinghesebacteriain
their feceswithout developingsymptomg18]. Togetherthesedatasuggesthat colonization
of humansby . involvesanasymptomaticilentphase.

Until now, only afewstudiessupportthe existencef asymptomatic.
ervoirs.ImmunodeficientSCID micedevelopachronic infection, particularlyin
hepaticmacrophagesn which bacteriaresidewithin largevacuole$19]. Spacious -
containingvacuole$havealsobeendescribedn murine bone-marrowderivedand RAW
264.7macrophagesultured [20,21]. ThesevacuolestermedSpacious  -con-
taining phagosome(SLAPSs)arephagosomethat do not matureinto phagolysosomeand
thusderivefrom asubpopulatiorof bacteriathat neverenterthe cytosol. SLAPsareproposed
to constituteanichefor . survivalin the host. Thebonemarrowandgallblad-
derarealsopotentialasymptomaticeservoirsof . , asrevealedy biolumines-
cencemagingstudiesn mice[22,23].

res-
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However all theseobservationsveremadein murine models Although studying
infectionin themousehasledto the discoveryof most . virulencefactorg[4],
this modelhassomelimitations sincemurine listeriosisdoesnot recapitulateall the character-
isticsof humanlisteriosisIn the mouse pralinfectionwith . isnot veryeffi-
cientandbacteriado not appearo haveanelectiveropismfor the centralnervoussystemand
thefetoplacentalinit. Thelow efficiencyof . in crossingnurine epithelialbar-
riersisin partdueto the lackof interactionbetweertheinvasionprotein InlA andmousek-
cadherinjmpairing bacterialentry in murine epithelialcells[24]. In addition, differencesn
mucosaimmunity betweemmiceandhumans[25] maychangehe waythesespeciesespond
to . infection.For instance,. activategxpressiorof IFN- in
humanhepatocytef?6] andmodulatedFN- responsef27], but hepatocytedo not respond
to IFN- in themouse[28]. Suchspecies-specifitifferencesnaypreventthe characterization
of someof the mechanisménvolvedin prolonged . infectionin humanspar-
ticularlyin epithelialtissues.

Human cellsgrown canbeusedto modelthe behaviorof this pathogerduring a
long-terminfection. However rapid multiplication and disseminatiorof inducescell
deathanddetachmenttherebyforming lytic plaquesThus, infectionswith .

havebeenrestrictedto shorttime coursegusuallyfrom afewminutesto oneday).
Here,wehavedevelopednewexperimentaprotocolfor studying . during
prolongedinfectionsof non-phagocytiliumancellsandfound that,in hepatocyteandtro-
phoblastcells bacteriaceaséo polymerizeactinandareenclosedn vacuolesfterthe actin-
dependenmotility phaseThis phenotypicswitchis correlatedwith adecreasedxpressiorof
ActA atthe bacterialsurfaceln addition, i mutantsenteraviablebut non-culturable
(VBNC) stateduring long-terminfection. Theformation of LisCVscould potentiallyenable
the persistencef this pathogerin epithelialtissues.

Results

L. monocytogenes localizes to LAMP1-associated compartments during
a prolonged infection of human hepatocytes and trophoblast cells

In orderto studylong-terminfection of epithelialcellsby . , the standardnva-
sionprotocol[29] wasmodified to reducecytotoxicity.Bacteriainoculawerepreparedat sta-
tionary phasénsteadof exponentiaphasewhich preventedapid replicationof bacteriaat
the onsetof infectionandincreasedhe expressiormf invasionproteinsinlA andIniIB [30].
Thisenabledhe useof alowermultiplicity of infection (MOI) andreducedcelldamages
causedy thebacteriatoxin LLO. In addition,ahigh concentrationof the membrane-imper-
meantantibiotic gentamicinwasusedfor ashorttime (100 g/ml for 20minutes)to rapidly
eliminateextracellulabacteriaaftertheinitial bacterialuptake.At this concentrationgenta-
micin doesnot enterthe cellsfor atleastt0minutes[31]. Cellswerethenincubatedn com-
pletemediumcontaining25 g/ml gentamicinwhich eliminatesextracellulabacteriaand
preventellreinfectionby bacteriareleasedrom deadcells.Intracellularbacteriawereenu-
meratedby colonyforming unit (CFU) at differenttime pointsfor up to threedays.Usingthis
protocolwith . strainEGDe[32], markeddifferencesvereobservedetween
theinfection of HeLacellsandHepG2hepatocyte§-ig 1A). Bacteriainternalizationwas
100-foldhigherin HepG2cellsthanin HeLacells,in agreementvith the factthatboth InlA
andInIB mediate. entryin HepG2hepatocytesyhereaonly the InIB path-
wayis functionalin HeLacells[33]. Followingentry, bacterialoadssharplyincreasedor 48h
andthendramaticallydroppedin HeLacells.In contrastbacterialcountsincreasedor 24h
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Fig 1. L. monocyt ogenes switches from actin- based motility to avacuolar phase in human hepatocy tes and trophob last cells. A-C
HepG2 or HelLa 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. 2n°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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(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 2Actin-° or polymerizing actin 2Actin+°, 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. @nindicate 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 bacteriain a LAMP1" compartment. Bar: 1 m. The arrow points the septum of a dividing bacterium, magnified in the
black and white image.

https://doi.0g/10.1371Hurnal.ppat.106734.g001

andonly slightlydecreasethereafteiin HepG2cells.No major differencesn the numberof
infectedcellsperwellwereobservedetweerthesewo celllines(Fig 1A).
Microscopicexaminationof infectedHepG2cellsrevealed striking declinein the number
of bacteriaassociatewvith filamentousactin (F-actin)from 6hto 72hpost-infection(p.i.) (Fig
1B).At the sameime, therewasanincreasen the numberof bacteriathat colocalizewith the
lateendosomal/lysosomaharkerLAMP1 (Fig 1B). The percentagef bacteriaassociatevith
actincloudsor tails(Actin™) droppedfrom 70%to 5%betweerbhand72hp.i.,whilethe per-
centagef LAMP1" bacteriaincreasedrom 3%to 80%(Fig 1C).In contrastthe percentagef
Actin® bacteriadid not changeovertime (30£50%of Actin*) andthe percentagef LAMP1*
bacteriaremainedconsistentijfow (5+10%jn HelLacells(Fig LCand S1AFig). Theseaesults
suggestethatduring long-terminfection of HepG2cells bacteriastoppedpolymerizingactin
andwereincorporatedinto LAMP1" vacuolarcompartments.
Similarresultswereobtainedin Huh7 hepatocyte$S1BFig) aswellasin JEG3andBeWo
trophoblastcells(S1Cand S1DFig),but not in HEK293humanembryonickidneycells.
This phenomenornwasnot strain-specifiandwasalsoobservedvith 10403Sthe other
widelyused. modelstrain[32], aswell aswith alisteriosisoutbreakstrain
(CLIP63713responsibldor materno-fetainfections[34]) (S1CFig):at72hp.iin JEG3ells,
wequantified80 5% of 10403%ind 92 6% of CLIP6371dacteriagn LAMP1" compartments.
ThereafterstrainsEGDeand 10403Svereusedfor the studyof this intracellularphenotypeof

L. monocytogenes also localizes to LAMP1* compartments after long-
term infection of primary human hepatocytes

In orderto rule out the possibilitythat this phenotypicswitchwasspecificto transformedcell
lines,experimentsvereperformedin primary cells Hepatocyte$rom theliversof three
humandonorswereinfectedwith strain 10403STheefficiencyof . entryin
primary hepatocytegvaslowerthanin immortalizedhepatocytesr HeLacells(S1EFig),as
noticedfor otherprimary cells[35], but bacterialoadswereincrease®00-foldafterthree
daysof infection (S1Fig). Microscopicexaminationof hepatocytegfectedfor 72hwith
104033evealedhatthe majority of bacteriavereenclosedn LAMP1" compartmentgFig 1D
and S1GFig).More specifically63 3% of intracellularbacteriaverepositivefor LAMP1,
while mostof the otherbacteriavereLAMP1-negativebut actin-free(36 2% of Actin
LAMP1). Only 1 0.5% of bacteriawereassociateaith actinfilaments(Actin” LAMP1)
(Fig 1E).Theseresultsindicatethat . stopspolymerizingactinandentered
LAMP1* compartmentduring long-terminfection of primary humanhepatocytes.

Ultrastructure of the Listeria-containing vacuole

Transmissiorelectronmicroscopy(TEM) analysigf cellsinfectedfor 72hrevealedhat
LAMP1" compartmentsveresingle-membran®&oundvacuolesound in closeproximity to
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thenucleug(Fig 1F,imagesl+3).These  -Containing VacuolegLisCVs)enclosedsari-
ousamountsof bacterialvaryingfrom oneto twelve) whichwererod-shapedn their longitu-
dinal axis(Fig 1F,image4). Only rarebacteriashowedadivision septum(Fig 1F,image$5+6).
Thesevacuoleslsocontaineddamagedacteriaglectron-denséeterogeneousaterialsand
membranousstructuregFig 1F,images/+9).0f all intracellularbacteriaobservedvith this
technique(n = 591),80%werein single-membrangacuolegmean SDof3 1bacterigper
vacuole)Theotherbacteriaverecytosolic eitheractin-freeor associatewith actinfilaments,
in membraneprotrusionsor within secondaryacuolegFig 1G).Example®f bacteriaof each
categoryareshownin S2Fig.Importantly, 73%of vacuolatbacteriaweremorphologically
intact, 1%exhibitedadivision septum,and 26%appearediegradedFig 1G).Of note,LisCVs
wereoftencloseto compartmentgesemblingelectron-densgranularsecondaryysosomes
andto mitochondria(Fig 1Fand S2Fig).

Observatiorby confocalmicroscopyof GFP-expressingacteriarevealedtainingof GFP
in the bacterialcytosolwhichindicatesthatthe integrity of the envelopavaspreservedn
mostvacuolamacteria(Fig 1H). Aswith TEM, rarebacterishadadivision septumHence,
vacuolar havethe ability to divide, albeitslowly.Thisis consistentvith the observation
that LisCVsemergedafterthe phaseof activecytosolicproliferation,which occurson thefirst
dayofinfection(Fig 1A).

LisCVs are formed after the actin-based motility stage of L.
monocytogenes

Experimentsverethenperformedto investigatavhetherLisCVsareformedin thefirst
infectedcells,suchasSLAPSn macrophageyr in cellsthat aresecondarilyinfectedfollow-
ing cell-to-cellspread JEG Xellswerepreferentiallyusedto addresghis questionasthese
cellsgrowin amonolayerwhichis suitableto observecell-to-cellspreadwvith microscopy.
Theeffectf differentstrainsand MOls on the viability of JEGXellswasfirst examined As
shownin S3AFig,the bestconditionto limit cytotoxicityovertime wasto infectmonolayers
of JEG3cellswith strain10403%uisingaverylow MOI (0.1).At the onsetof infection (2h p.
i.), themeannumberof intracellularbacterigper cellwas0.05 0.01.Thislow internalization
rateallowedmonitoring bacterialdisseminatiorfrom isolatedinfectedcellsto neighboring
uninfectedcells. After 2h of infection, only afewcellswereinfectedby at mostoneintracel-
lular bacterium,asshownwith adouble-immunofluoescencstainingthat distinguishes
betweerextracellulamndintracellularbacteria(S3BFig). Low-magnificationmicroscopy
highlightedthe disseminatiorof bacteriafrom theinitially infectedcell (2h p.i.) to adjacent
cellsforming isolatedinfectionfoci (6h p.i.), whichassemblethereafte24hp.i.), consistent
with the activemultiplication and spreadingof bacterig(S3CFig). At 72hp.i., mostcells
wereinfectedandtheintegrity of the cellularmonolayemwaslargelypreservedasrevealed
by DAPI andactin staining.Only fewlytic plaguesvereobservedalthough20+30%of nuclei
lookeddamagedS3DFig).In the meantime therewasa50-foldreductionin CFU between
24hand72hp.i. (S3EFig).High-magnificationmicroscopyand quantificationof actintand
LAMP1+associatedacteriaconfirmedthat bacteriaswitchedfrom actin-basednotility at
6hp.i. (66 4% of Actin® LAMPZ1 bacteria)o LisCVsat72hp.i. (79 2% of Actin" LAMP1"
bacteria) S3FFig).

In orderto getadynamicviewof the processinfection of JEG3cellsby fluorescent
mCherry-expressin@0403®acteriavasmonitored usinglive cellimaging.Theresultscon-
firmed thatbacteriadisseminatedrom theinitially infectedcellsto the entire cellmonolayer
during thefirst dayof infection. Thereafterpacterisdbecameprogressivelgonfinedto peri-
nuclearregions(S1Movie). Highly infectedcellsroundedup anddetachedrom the coverslip.
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Fig 2. LLO-deficient bacteria remain confined in internalizatio n vacuoles . JEG3 cells were infected with L. monocytogenes 10403S
wild type (WT) or 10403S- thly 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
magpnification micrographs of infected cells at 72h p.i. show a representative LAMP1* compartment encircling a single ahlybacterium
(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.0g/10.1371§urnal.ppat.106734.9g002

In contrast,secondarilyinfectedcellsspreadon the coverslipand harboredperinucleahacte-
ria, asobservedn fixed cells(threerepresentativeellsareindicatedwith arrowsin S1Movie,
from 28hto 73hp.i.). Theseesultssuggestethat LisCVsarenot formedin thefirst infected
cellsand,consequentlygo not originatefrom internalizationvacuoles.

To confirm that LisCVsarenot internalizationvacuoleswealsostudiedthe fateof a
mutantstrain,which doesnot producethe cytolysinLLO andfailsto escap¢he entry vacuole
in mostcelltypeg[36]. Thestrain10403S- 7 entered]JEG3tellsasefficientlyaswild type
(WT) bacteria(Fig 2A), but theintracellularloadof 10403S- i bacteriadeclinedafter6h
andwasabout100-foldlesghanthat of wild-type bacteriaat 72hp.i. Low-magnification
microscopyconfirmedthatthe10403S-1 mutantdid not disseminatén the cellmonolayer
(Fig2B).Thefew i bacteriaremainingafter3 daysof infection wereisolatedbacteria
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enclosedn LAMP1" compartmentgFig 2C and 2D). In contrast WT bacteriathat hadspread
in the cellmonolayern(Fig 2B)wereenclosedn severalLisCVs(6 2 LisCVspercell),each
LisCV containingseverabacteriagimeanof 3 bacterigoer LisCV,Fig2Cand2D). Thesaesults
indicatethat LLO-deficientbacteriaremainconfinedin entry vacuoleswhich fusewith
LAMP1" compartmentsasin macrophagef37], but do not form LisCVs.

To demonstratehat bacterigoresenin LisCVshaveenteredthe cytosolat somepoint dur-
ing theinfection processweemployedhe CBD-YFPprobethat specificallydetectxytosolic

, asdescribedoreviously[37+£39].At 6h pi, CBD-YFP-labelethacteriavere

efﬂmentlydetectedn transfectedatells(S4AFig),aswellasin surroundingnon-transfected
cellsindicatingthatthe proberemainedat the surfaceof motile bacteriaduring cell-to-cell
spreadAccordingly,infectionfoci alsocontainedCBD-Y FP-labelethacteriaafter24hof
infection.At 72hp.i.,the CBD-YFPsignalassociatewith intracellularbacteriadecreasedyut
CBD-YFPdotsremainedvisibleon the surfaceof bacteriafound within LAMP1" compart-
ments,particularlyat bacterialpoles(S4Aand S4BFig). Takentogether theseresultsshow
that . escapemto the hostcytosolandspreadgrom cellto cellbeforebeing
engulfedn vacuoles.

The formation of LisCVs coincides with the disappearance of ActA from
the bacterial surface

Theexpressiorof the geneencodingthe actin-nucleatingactor ActA is significantly
inducedwhenbacteriaescapdérom the primary vacuoleandenterinto the hostcytosol[40],
but thefateof ActA during aprolongedinfectionis unknown. Sincebacteriatrappedin
LisCVswerenot associatedvith F-actin,wehypothesizedhat thesebacteriano longer
expresActA. Immunostainingfor ActA revealedhatthe percentagef ActA-positive
(ActA™) bacteriadecreaseérom about70%to 5%in both HepG2and JEG Xellsbetween
6hand72hp.i. (Fig3A and3B).At 72hp.i.,no LAMP1" bacteriawerelabeledwith ActA
antibodies(Fig 3C). Thedecreas@ thenumberof ActA™ bacteriaovertime matchedthe
declinein Actin* bacteriaandbegarat 24hp.i., beforethe drasticincreasén LAMP1" bac-
teriaobservedetweem8hand72hp.i. (Fig 1C). Theseresultssuggesthat bacteriaenter
the cytosolandnon-synchronouslyeasgroducingActA, beforebeingincorporatedin
LAMP1" compartments.

dactAmutant bacteria also occupy vacuoles after long-term infection

Thetransitionof . from the hostcytosolto LAMP1" compartmentsorrelated
with adecreasé ActA expressiorduring long-terminfection. However it waspossiblehat
LisCVsderivedfrom secondaryacuolegollowing cell-to-cellspreadTo testthis hypothesis,
long-terminfectionswereperformedwith 10403S-7 , astraindefectiven actin-based
motility andcell-to-cellspread CFU countsindicatedthat -deficient bacteriareplicated
for thefirst 6 hoursof infection. Thenthe numberof intracellularbacteriadecreaseth the
sameproportion (40-fold) asthe WT bacteriaat 72hp.i. (Fig 3D). Surprisingly observatiorof
bacteriadby microscopydid not showanydecreasé the numberof i bacteridabeled
with antibodiesMoreover thoughnon-motile, 7 bacteriawerenot constrainedo
theinitially infectedcellsandspreado afewneighboringcells(S5Fig),forming smallinfec-
tiousfoci at 72hp.i. Thesdoci showedacteriarappedin LAMP1" compartmentswhich
wereoftenlargerand containedmore bacteriahanthosegeneratediuring infection by the
WT strain (Fig 3E).Electronmicroscopyconfirmedthat 1 bacteriaverepresentwithin
single-membran&acuolesenclosingmixed populationsof intactand damagedacteria(Fig
3F).A possiblecausef the slightintercellulardisseminatiorof i bacteriacouldbea
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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 ActAxpositive
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 ActAtpositive bacteria. Bars: 10 m. D-E. JEG3 cells monolayers were infected for 72h with L. monocytogenes
10403S wild type (WT) or 104033S- (actAstrain (MOl ~ 0.1) in triplicate experiments. D. Intracellular growth of bacteria assessed by CFU
counts. E. Representative LisCVs in cells infected with WT or GactAbacteria. Arrows point LisCVs showed at a higher magnification on the
right. Bars: 2 m. F. TEM micrographs show EGDe- (actA 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), LAMPL1 (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.0g/10.1371§urnal.ppat.106734.g003

transportof vacuolesluring the division of hostcells,assuggestetly the detectionof
LAMP1" WT and i bacterian somemitotic cells(Fig 3G). Togethertheseresultsindi-
catethat,during aprolongedinfection, -deficient bacterisdbecomerappedin LisCVs,
whichmaybetransferredrom cell-to-cellduring mitosis.
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LisCVs have characteristics of lysosome-like organelles

Thesequestratiomf cytosolic by hostendomembranesesemblecnautophagiqro-
cessThis hypothesisvassupportedby thefactthat 1 mutantsaretargetedoy autophagy-
relatedprocesses MDCK cells[14] andmacrophageEL5]. In addition, T mutanthave
beenshownto replicateasefficientlyastheir parentstrainswithin thefirst dayof infectionin
macrophagesuggestinghat, if takenby the autophagypathwaytheyavoiddestructionin
autolysosomeggl1]. Sincethelink between andthe autophagymachineryhasnot
yetbeenstudiedin humanepithelialcells we examinedhe colocalisatiorof the autophagy
markerLC3with 10403%r EGDe.Strain10403%lisplayedchegligiblerecruitmentof LC3
throughoutthethree-dayinfectionin JEG3cells(S6Aand S6BFig). Similarly,at 72hp.i.,
EGDebacteriadid not recruit LC3in HepG2cells(99 0.5% of bacteriawereLC3-negative;

n = 3).In JEG3ellsexpressingsFP-LC3afusionprotein that marksautophagianembranes
[14,15,38], therewasno noticeableoverlapbetweerGFP-LC3and LAMP1"™ EGDebacteria
(S6CFig). Therole of autophagyin theformation of LisCVswasalsotestedoy knockingdown
BECLINlor ATG7,whichareinvolvedin the nucleationand elongationstepsof autophago-
someformation, respectively42]. Transfectiorwith BECLIN1or ATG7 siRNAwasefficient
in reducingthe expressiornevelsof and transcripts(S6DFig), aspreviously
described43], but did not reducethe numberof LAMP1" bacteria S6EFig) anddid not
impacton CFU countsat 72hp.i. (S6F-Ig). Overall theseresultssuggesthat canonicalautop-
hagyis not involvedin the formation of LisCVs but do not excludearole for anon-canonical
pathway.

LisCVsareboundby asinglemembraneand containelectron-densdeterogeneousateri-
alsandmembranestructureqFig 1Fand S2Fig), suggestinghatthesecompartmenthave
fusedwith lysosomesdn addition, TEM studieshighlightedsomebacteriathat maybein the
proces®f beingcapturedby electron-denserganellesesemblingsecondaryysosome$S2
Fig,lane3). To further characterize¢hesevacuolesweusedLysoTrackeradyethat marks
acidicorganellesncluding lysosome§44], andanantibodythat detectdhe lysosomaprotease
cathepsirD. In fixed JEG3ellsinfectedfor 72hwith 10403S35%and 89%of LisCVswere
stainedwith LysoTrackeandthe cathepsirD antibody,respectivelyFig 4A). Theseesults

wereconfirmedin live JEGZXellsinfectedwith either GFP-expressingVT or 1 bacteria
(S7AFig),andin fixed JEGXellsinfectedwith i bacteria(S7BFig). Thus,LisCVshave
lysosomafeatures.

Sincelysosomesredegradativerganelleswealsoaskedvhether . could

survivein LisCVs.Aspreviouslynoticed,the bacterialGFPfluorescencevaspreservedn many
vacuolatbacteriajndicatingthat thesebacteriawerenot werenot lysed(Fig 1H; S7AFig). At
the sametime, quantitativeTEM indicatedthat 26%of vacuolabacteriaveredegradedFig
1G).Theviability of intravacuolahacteriavasassessedgith the LIVE/DEAD BacLightassay.
Thisassays basedn thediscriminativelabelingof two fluorescennucleicacid-stainsthe
greenmembrane-permeardyeSYTO9ndthe red membrane-impermeardyepropidium
iodide (PI), which only crosseslamagedellmembranesBoth dyespenetratedeadcells but
SYTO9%luorescencés reducedn presencef Pl. Assuch live bacterisappeagreenwhile
thosewith damagednembranesppeared[45,46]. To allowthe dyesto reachvacuolar

, thisstainingprotocolwasperformedin the presencef 0.1%Triton X100,whichpermea-
bilizeshostcellmembranesincluding vacuolegontainingbacterig47]. The efficiencyof
permeabilizatiorwasdemonstratedy the bright stainingof hostcellnucleiwith PI, asthe
dyecrossedhe double-membranef the nuclearenvelopeBothwild typeand 1 strains
formedclustersof greenandred bacterian perinuclearegionsjndicatingthat LisCVscontain
mixed populationsof bacteriawith intactand damagednembranegFig 4B),in agreementvith
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Fig 4. LisCVs have lysosoma | features . JEG3 cells monolayers were infected for 72h with the indicated L. monocytogenes strain (MOl ~
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). Aframed 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 (actAstrains, permeabilized with 0.1% Triton X-100, double-labeled with SYTO9
and Propidium lodide (P1) 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 inred. 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.0g/10.1371Hurnal.ppat.106734.g004

quantitativeTEM data(Fig 1G). Thesearesultsreveakhat a significantportion of bacteriathat
residein LisCVsresistthe degradativdunction of thesdysosome-likerganelles.

L. monocytogenes can return to an active state of replication and motility
following subculture of host cells

Wethensoughtto determinewhether . hasthe ability to survivein LisCVs
for alongerperiodof time. Consideringthathumancellsneedto besubculturedregularlyin
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Fig 5. L. monocyt ogenes cycles from vacuolar to cytosolic stages during cell subculturi ng. A. Experimental design of cell
subculturing. (3d°: 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.0g/10.1371§urnal.ppat.106734.9g005

orderto remainalivefor alongtime, afluorescence-activatentllsorting (FACS)-basegroto-
colwasdevelopedo enrichandsubculturecellshostingEGDe-GFRn LisCVs(Fig5A and
5B).SortedHepG2infectedcellswereplatedin completemediumcontaining25 g/mL genta-
micin, which preventgeinfectionby extracellulabacteriaOnehour afterpassagingll sorted
cellsmainly containedLAMP 1" bacteria(85 5%; n = 3) (Fig 5C). After 8h of growth, cells
weresurprisinglydividedinto two distinct populationsthosethat still containeda majority of
LAMP1" bacteriaandthosethat containedamajority (over50%)of actin-polymerizingbacte-
ria (Fig 5D). Sincebacterialdegradationwasnot observedn the cytosolof thesecells,it was
concludedhatbacterishadescapedisCVsandre-enteredhe cytosolicstageof their intracel-
lular lifecycle Thesecellsweresubsequentlynonitoredfor threedays(d6), during which only
remaineda populationof cellscontainingamajority of LAMP1" bacteria(80 3%, n = 3) (Fig
5E).After anothercellpassagand24hof growth (d7), therewereagaintwo cellpopulations,
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onecarryingvacuolatbacteriaandthe otherharboringmore than 50%o0f bacterigpolymeriz-
ing actin (S8Fig),whichwereActA-positive(Fig 5F).By reproducingthis experimentfive
times,wefound that, intriguingly, the proportion of eachcellpopulationvariedwidelyfrom
oneexperimento another(from 10%to 50%).Thesearesultsshowedhatvacuolatbacteria
couldsurviveaftermorethanthreedaysof infection, but alsohadthe ability to exit vacuoles
andreturn to theactivemotility phaseSimilarresultswereobtainedin JEG3cellsinfected
with EGDeandsubculturedollowing detachmentwvith trypsin (without the FACSprocedure).
At day7,from 20%to 80%of cellscontainedargeamountsof actin-associatedacteriaCon-
focalmicroscopyhighlightedbacteriawith smallactintails mostlyconcentratedattheleading
edgeof the cell(Fig 5G). Theseresultsrevealthat subcultureof infectedcellspromotesa het-
erogeneousyclingof . betweervacuolarand cytosolicphases.

ActA-deficient bacteria persist in host cells as VBNC forms

In contrastto wild typebacteria,i bacteriacannotswitchbackto actin-basednotility
during cellsubculturing By studyingthe behaviorof i mutantswithin cellspropagated
viaseverapassagesnemaystudythelong-termfateof vacuolar. in thelong
term. JEG3Xellsinfectedwith EGDe- i or10403S-i  bacteriaweregrownfor three
cyclef threeto four days(Fig 6A). On dayten, manycellsremainedinfectedby 1 bacilli
associatetith LAMP1 (Fig 6B).Someof thesevacuolatbacteriavereobservedn dividing
cellsat differentstage®f mitosis(S9Fig), aspreviouslyobservedafterthreedaysof infection
(Fig 3G).Theseesultssuggestethat bacterian vacuolesnight betransmittedupon hostcell
division.

We quantifiedthe numberof vacuolari bacteriaatday10by plating celllysatesn
BHI agarplatesThisgeneratederyfew(EGDe-1 ) orno(10403S-1 ) bacteriakolo-
nies,evenafteroneweekof incubationat 37ECHowever atthe sametime intactintracellu-
lar bacilliwereobservedy microscopyln comparisonto the quantificationof bacteria
usingmicroscopy CFU countsseverelyinderestimatedhe numberof intracellularbacteria
(Fig6C).Thesearesultssuggestethat -deficient bacteriawerestill viablebut unableto
growon BHI platesTheinability of bacteriato growon standardculture media,although
theyarestill viableand maintainalow metabolicactivity, definesthe VBNC state[48, 49].
Theviability of intracellular 1 bacteriavasassesseadith the useof the LIVE/DEAD
BacLightassaywhich detectVBNC bacterig50]. At day10,mostintracellular bacte-
ria stainedgreenjndicatedthatthesebacteriawerenot damagedFig 6D). Yet,bacterigpres-
entin celllysatedrom parallelexperimentslid not growon BHI agarplatesor in BHI liquid
medium.

Assumingthatif thesebacteriawerealive, theyshouldnot beeliminatedafteranothercell
passagénfectedcellswerefurther propagatedor atotal of 13daysof infection (4 cyclesof
subculturing,Fig 6A). LAMP1" bacteriawerestill observedat this time-point, but no colonies
weredetectecbn BHI agarplates Quantificationof intracellularbacteriaby immunofluores-
cencestainingindicatedameanof 0.051 0.007bacterigper cell(~ 2000cellswereanalyzed
in eachindependenexperimentn = 3) for atotal of about50000bacterigperwell. Of these
bacteria53%werefound in bacterialclumps,46%wereisolatedand 0.5%showedadivision
septum(Fig 6E).This suggestethat 1 bacteriafound in cellsafter 13daysof infection
hadalow metabolicactivityanddivided slowly.Infectedcellsweresubsequentlpropagated
for manygenerationsn orderto determinewhetherVBNC bacteriaareultimatelyeliminated

alongcellpassagefod-shaped. bacteriawverestill detectedn hostcells
after25daysof subculture(severpassageshut no coloniesweredetectecbn BHI agarplates.
Theseesultsindicatethat i . persistedn hostcellsin aVBNC state.
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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 OactAstrains
(MOI ~ 1) for 3 days (d3) then passed and propagated as indicated. B. Representative micrographs of EGDe- (actA or 10403S- (actA
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 dactAbacteria at d10. Data are mean
“SD from three wells in two independent experiments. 10403S- (actA 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 inred. Bar: 1 m. Squared boxes show higher magnifications. Images are representative
of 3 independent experiments. E. Micrographs of JEG3 cells harboring EGDe- GlactAat 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- GactAor EGDe- (adA+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- (ladA is in a VBNC state from d6 to d13. nd: not detectable. G. Representative micrographs of
JEGS3 cells infected with EGDe- GactA or EGDe- ladA+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.0g/10.1371§urnal.ppat.106734.9g006
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We assesseadhetherthis phenotypewasreversiblaiponre-expressiotf the genen
theEGDe- i mutant, by site-specifichromosomalntegrationof in thetRNAA™
locus[51,52]. We noticedthatin this strain(EGDe- ) , wasnot regulatedasin
thewild type EGDestrain,sinceafter3 daysof infectionin JEG3XellsmostEGDe- i

bacterigproducedActA atthe bacterialsurfaceand polymerizedactin,in contrastto the
wild typestrain (S10Fig). Thisdiscrepancyn ActA expressiorbetweerEGDeandthe com-
plementedstrainmight beexplainedoy the complexregulationof expressiolf51]. This
strainthat producedsustainedevelsof ActA wasusedto assestheimportanceof ActA repres-
sionfor the acquisitionof anintracellularVBNC stateby . . In contrastto
EGDe-1 bacteriaEGDe- i bacteriawerestill culturableon BHI platesafter13
daysof cellpropagation(Fig 6F)and continuedreplicating,polymerizingactinandspreading
from cell-to-cellleadingto manyinfectedcellfoci andlytic plaqueqFig 6G). Togetherthese
resultsdemonstrateéhattherepressiorof ActA is requiredfor the acquisitionand mainte-
nanceof the VBNC stateduring long-terminfection of hostcellsby .

Evidence for the emergence of VBNC bacteria during prolonged
infection of epithelial cells with wild-type L. monocytogenes

Similarlyto 1 mutants,wespeculatedhat wild-type strainsof . alsoenter
aVBNC stateduring long-termintracellularinfection. Sincecellularsubculturinginducedthe
reactivationof wild-type . , propagationof cellswasavoidedandthe number
of intracellularbacteriavasestimatedafterathree-dayinfection, both by CFU countsand by
microscopyThenumberof EGDebacterisgfound in HepG2cellsasevaluatedy CFUswas
7-fold lowerthanthat determinedby microscopyThediscrepancyetweerthesewo quanti-
fication methodswasevenlargerduring theinfection of JEG3ellsby 10403Si.e.on the order
of 2logs)(Fig 6H). Thesadatasupportthe hypothesighat LisCVscontainbacterian different
physiologicaktatesincluding bacteriathat grewon platespacteriahat havereacheca VBNC
stateanddeadbacteria.

Gentamicin selects persistent forms of L. monocytogenes

Thelong-terminfection protocoldescribedabovemadeuseof arelativelyhigh concentration
of gentamicin(i.e.25 g/mL, 2Genta-25°)in the culturemedium,in orderto avoidthe extra-
cellularsurvivalof bacteriaandre-internalizationeventsaswell asto limit the cytoxicity of
theinfection.However it waspossiblehat at this concentrationgentamicinaccumulatedn
epithelialcellsandreducedhe survivalof intracellularbacteriaaspreviouslyreportedin mac-
rophage$53]. This hypothesisvasexaminedn JEG3Xellsinfectedwith .
10403Ssvithout (*Genta-0°)or with lower concentrationf extracellulagentamicin(1 g/
mL,2Genta-1%r 5 g/mL, 2Genta-5°).In addition,weusedalow MOI (0.1),which enableto
skipthe 10-minutepretreatmenif cellswith gentamicin100 g/mL atthe onsetof infection.
Asshownin Fig 7A, thelowerthe antibiotic dose the more bacteriaverepresentin the extra-
cellularmediumandthe morethe viability of hostcellswasaltered Infectionreducedcellvia-
bility by 100%with Genta-095%with Genta-184%with Genta-5put only 18%with Genta-
25(Fig 7A). At Genta-lor Genta-5cellsthat survivedinfection containedmore bacteriathan
thosegrownwith Genta-25put thesebacteriawereeitheractin-freein the cytosolor in
LisCVs,indicatingthatthe phenotypicswitchoccurredindependentlyof the concentrationof
gentamicin(Fig 7B).Similarresultswereobtainedwith EGDe(S11AFig) andthe switchwas
associatewith thelossof ActA (S11BFig).

We performeda quantitativeassessmeraf the effectof decreasingentamicinconcentra-
tion from 25 g/mL to 5 g/mL onthenumberandphenotype®f bacteriaat 72hpi. There
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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 grownin 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, 2ns®, non-significant, Student t-test). G. Emergence of VBNC bacteria during the subculture of
10403s- (actA-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.0g/10.1371Hurnal.ppat.106734.9g007

wereabout5-fold morebacteriain cellsculturedwith Genta-Sthanwith Genta-25Fig 7C),
indicatingthat atahigh dose gentamicinpenetratedvithin cellsandaffectedhe growth of
intracellularbacteriaHowever the LisCV phenomenonwvasnot dueto the presencef ahigh
concentrationof gentamicinsincewith the low dose(Genta-5) therewere4-fold moreLisCVs
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thanwith the high dose(Genta-25)Fig 7D). Interestingly the numberof bacterigper LisCV
wasnot significantlyaffectedby a high concentrationof gentamicin(Fig 7E),which suggested
thatbacterigthatresidedn thesevacuolesvereprotectedfrom the actionof gentamicin.More-
over,the proportion of vacuolamacteriavashigherwith Genta-2579%)thanwith Genta-5
(56%),while the proportion of actin-freecytosolic wasconverselyower (Fig 7F).

Altogether theseresultsshowthat during prolongedinfectionswith . , gen-
tamicin controlsthe growth of cytosolichacterigbut is not responsibldor the formation of
LisCVs.Theseesultsalsosuggesthat gentamicinselect$or vacuolamacteriaby inhibiting
the growth of bacteriathatreplicatein the cytosolof hostcells.

We hypothesizedhat a high doseof gentamicinalsopromotesthe selectiorof VBNC
bacteriaduring the subcultureof cellsinfectedwith  -deficient bacteriaThesubculture
experimentdescribedn Fig 6 wasthereforereproducedwith strain10403S-71 , thistime
propagatingheinfectedcellsin the presencef Genta-50r Genta-25As shownin Fig 7G,
the VBNC phenotypestill occurreddespitethe decreas@n the concentrationof gentamicinat
5 g/mL, butin alessreproduciblemannerthanwith 25 g/mL gentamicin.Therewasan
inter-experimentalndinter-well variationin the ability of  -deficient . to
enterthe VBNC state whenhostcellsweresubculturedn presencef Genta-5At day13,the
VBNC phenotypeappearedn 4 out of 6 experimentsywhereasn 2 of theseexperimentsthe
bacteriadid not enterthe VBNC state(Fig 7G). Accordingly, JEGXellspropagatedvith
Genta-5containedeither LAMP1" bacteriathat did not form colonieson BHI platesasin
Genta-25S12AFig),or LAMP1-negativébacteriathat massivelyeplicatedn the cytosoland
wereculturablewhenplatedon BHI agarplategS12BFig). Takentogether theseresultsindi-
catethata high concentrationof gentamicindoesnot causebut selectsthe vacuolarand
VBNC phenotypesby specificallyinhibiting the growth of cytosolicbacteria.

Discussion

This studypresentghefirst modelof intracellularpersistencef . in
humancells,andparticularlydescribes vacuolamphasédn theinfectiousproces®f .

in hepatocyteandplacentakells(Fig 8). During intercellulardisseminationbacteria
non-synchronoushstopproducingActA andpolymerizingactin. Actin-free cytosolicbacteria
areengulfedn lysosome-likevacuoleswheretheyenteraslow/non-replicativestate Bacteria
havethe capacityto exitthis restingphasevhenthe hostcellsaresubculturedHowever f the
ActA deficiencyis maintained,abacterialpopulationsurvivesn aquiescenstateknown as
VBNC. Theantibiotic gentamicinselectvacuolapersistenformsof . by
eliminatingcytosolicbacteriaThis modelshouldbevaluablego studythe molecular
determinantsf the asymptomaticarriage. in epithelialtissuesandto estab-
lish testsfor the detectionof dormant in clinicalsamples.

Listeria life in vacuoles
Severatpeciesf bacteriapathogengroliferatein the cytosolof mammaliancellsanduse

actin-basednotility to propagatdrom cellto cell[8]. . isoneof themoststud-
ied specie®f cytosolichacterialpathogensHowever the intracellularlifecycleof this bacte-
rium needdo berevisitedin light of studiesshowingthat . evolvedneansof

living in vacuolesTheinitially describednechanisntakesplacein murine macrophages,
whereasubsebf bacteriaremainsconfinedin non-degradativgghagosomegnown asSLAPs
[20,21,39].Here,wereportanothermechanisnieadingto the formation of -contain-

ing vacuolegLisCVs),which couldrepresenanadaptivestrategyfor this pathogerto establish
long-termquiescentnfectionsin epithelialtissueslin contrastto SLAPswhicharecoupledto
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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 ¢ 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
bacteriawith a2°), and others enter a VBNC state (yellow bacteria). 10+11. The reactivation stage. Unidentified stimuliinduce 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. OactAbacteria are propagated during host cell divisions as VBNC contaminants.
In absence of a reactivation signal, wild type bacteria may behave similarly to GactAbacteria and acquire the VBNC state. 16. Gentamicin
selects vacuolar and VBNC L. monocytogenes by inhibiting the growth of cytosolic bacteria.

https://doi.0g/10.1371Hurnal.ppat. 106734.9g008

phagocytosiatthe onsetof infection, LisCVsareformedat alaterstagg48h-72h)following
the engulfmentof actin-freebacteriaby endomembranedn addition, SLAPsarenot acidic
compartmentsin contrastto LisCVsthatdisplaylysosomafeatures.

The segregatiomf cytosolichacteriainto LisCVsmayoccurby amechanisnrelatedto
xenophagyaselectivautophagyrocesshatrestrictsthe growth of intracellularmicrobes
[44,54]. Intracellularpathogensaveevolvedseverabtrategie$o bypassr subvertxenophagy
andproliferatein hostcells[54+59].In particular, . usesvariousmechanisms
to evadekilling by xenophagyat the earlyonsetof anintracellularinfection, suchasmanipula-
tion of themTOR pathway[54], stallingof the phagophoresy bacterialphospholipaseg. 5,
60]and camouflagef the bacteriaby surfaceproteins,particularlyby ActA [14,15,38]. While
xenophagyvoidancés animportant meangor . to promoteits intracellular
growth, hijackingthe hostautophagymachinerymight alsopromoteintracellularpersistence,
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assuggestetbr SLAPY39]. However althoughLisCVsareformedby the entrapmentof cyto-
solicbacteriain membrane-boundcompartmentsywedid not find anyevidencehat supports
arole of the canonicabutophagymachineryin theformation of thesevacuoleslt isinteresting
to notethatthe cytosolicpathogen canalsobecapturedin vacuoles
with lysosomatharacteristicby amechanisnindependenbf canonicalutophagy61].
LisCVscouldthereforebeformedthroughanuncharacterizeémmune procesghat allows
hostcellsto sequestemicrobialinvadersfrom the cytosol Futurework will aim at characteriz-
ing the mechanisnof LisCVsformation aswell asits relevancdo otherinfectiousdiseases.

Emergence of VBNC L. monocytogenes during intracellular infection

LisCVscontainmixed populationsof stress-sensitivend stress-resistartacteriaasevidenced
by the coexistencef damagedindintact bacteriaThelatter survivethe harshconditionsof

lysosome-likerganelledijke theintravacuolampathogen [62]. Thisresistance
probablyresultsfrom the ability of . to withstandvariousstressesncluding
low pH conditions[63]. Many stressetriggerthe VBNC stateof bacterig50]. Here,wepro-
videthefirst evidencehat . canenteraVBNC stateduring infection,aprop-
erty thathadonly beenobservedor in environmentalconditions[64+67].This
conclusionis basedn the phenotypeof mutants,whichmodelthe behaviorof

unableto switchbackto amotile state.. VBNC bacteriamayrepresentdor-

mantform of intracellularparasiteshat could be passivelypropagatediuring mitosisor by
othermechanismssuchasdirect cytosolictransferbetweerntwo adjacentells[68]. Impor-

tantly, wild type . retainthe ability to exitfrom LisCVsandreturn to the active
proliferation and disseminatiorphasaipon subcultureof hostcells We suggesthat this phe-
notypic switchingallows . to disseminater hidein tissuesluring the acuteor

asymptomatigphase®f theinfection,respectivelyTheidentification of the moleculardeter-
minantsrequiredfor thetransitionto the VBNC stateduring infection couldleadto the devel-
opmentof therapeuticghat targetasymptomatidnfections.

Antibiotic tolerance and pathogenic potential of persistent forms of L.
monocytogenes

Vacuolarpathogensnaypersistin the hostfor long periods,sometimedor the entirelife of

thehost.Forinstancethe persistencef in lungs,designatecs
3latency®or 2dormancy®,is responsibldor the silentcarriageof this pathogerby nearlytwo
billion peopleworldwide[69, 70]. . is not describedasa pathogereadingto

subclinicalinfections,but it cannotbeexcludedhatthis bacteriummight hide andpersist
in tissueslt hasbeenshownthat high-risk factorsfor sporadicnon-perinatallisteriosisare
mainly immunosuppressivdiseasestherthantheingestionof particularfoods[71]. In light

of our resultsthereactivationof dormantintracellular . , long aftertheinges-
tion of contaminatedoods,shouldbe examinedasa potentialcauseof sporadidisteriosis.
Theexistencef adormantsubpopulatiorof . might alsobeinvolvedin

recurrentlisteriosig 72+ 74]andrecurrentspontaneousniscarriagesluring the first weekof
pregnancy{75]. Moreover,not only silentinfection mayaffecthumans but alsoanimals.The
phenotypedescribecheremayhaverelevancdor animalreservoirghat couldbeignored
becausef anasymptomatidntracellularcarriageof .

Entry into anintracellularpersistenstatemaypromotetoleranceof . to
antibiotic treatmentduring infection,asshownfor severabacterialpathogen$76,77]. The
occurrenceof non-replicatingbacteriathat surviveexposureo antibioticsis proposedo
accountfor the ability of pathogengo causdlifficult-to-treat infections.Here, wefound that
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gentamicinalterstheintracellulargrowth of cytosolic . but doesnot seento
acton vacuolar . TheacidicLisCV couldbeanichewhere is protectedagainst
gentamicinandotherantibiotics.It is of notethataminoglycosidesuchasgentamicinare
almostdevoidof activity atthe acidicpH of lysosome§78]. Bacterifound within LisCVs
might alsosharecharacteristicsvith small-colonyariantswhich aretolerantto aminoglyco-
sideq79], and/orwith persistershatemergeduring bacterialgrowthin cell-freebroth
supplementedvith bactericidabntibiotics[80]. Theresultspresentedereshouldhaveasig-
nificant clinicalimpactsincethe primary treatmentfor listeriosisconsistsof acombination
regimenof gentamicinandampicillin [81]. Besidgoleranceo antibiotics,it is possiblehat
cellscarryingdormant . arenot effectivelypresenting antigensand
arenot efficientlyrecognizedanddestroyedy immunecells.

Thephysiologicatelevancef vacuolaformsof . in epithelialtissuesiow
needgo bedemonstratedy studieslt isworth mentioningthathepatocytesf mice
infectedfor 24hwith . mostlycontainactin-freecytosolicbacterig82], which
couldbein theearlyproces®f beingsequesterenh LisCVs.However dueto the low internal-
izationrateof in murine epithelialcells[24] andto differencesn mucosaimmunity
betweermiceand humans[25], the murine modelof listeriosismaynot beoptimal for investi-
gatingthe persistencef . in epithelialtissuesMoreover,asymptomatiger-
sistentforms of arelikely to bein averylow numberin tissuesanddifficult to observe.
In conclusionthereis aneedto developanimalmodelsand easy-to-usédiagnostionethods
for the detectionand studyof VBNC in tissuesamplesThe possibilitythat .

persistenformscouldbetolerantto antibioticsand undetectabléy routine culture
methodswould clearlybeaconcernfor public healthsafetyassessment.

Materials and methods
Ethics statement

Primary humanhepatocytesierepurchasedrom Life TechnologiesThesdiver cellswere
derivedfrom tissueobtainedfrom accreditednstitutions. Thesdnstitutions obtainedconsent
from the donorsfor useof thetissueandits derivativefor researctpurpose.

Bacterial strains and human cells

Weused. wild typestrainsEGDe(BUG1600ATCC BAA-679)[32], 10403S
[83]and CLIP63713BUG1559[34]), andmutantstrains10403S-i (DP-L2161)84] and
10403S-i  (DP-L1942BUG136483]). EGDe-i  (BUG2167)wasgeneratedy allelic
exchangeasdescribedreviously{85]. Theresultingin-frame deletionmutantlackingthe
regionencodingthe ActA protein wasverifiedby DNA sequencanalysi®f the chromosomal
deletion.BUG2164vasusedto constructEGDe- i , whichis describedn [52].
Fluorescence-expressiagjainsof . werel0403S-mCherri86], EGDe-GFP
(BUG2538)87] and10403S-GFREGDe-1 GFP and10403S-i GFP (HBSC43,
HBSC155:ndHBSC44respectivelywhich weregeneratedy chromosomalntegrationof
plasmidpAD1-cGFP asdescribedpreviously[87]. Bacteriaktrainsweregrownat 37EQn
brain heartinfusion (BHI) broth (with agitation)or on BHI agarplatesHuman celllineswere
HepG2hepatocyteATCC HB-8065) Huh7 hepatocyte§laparHealth Sciencdresearch
ResourceBank,JCRB0403};leLaepithelialcervixcells(ATCC CCL-2.2) JEG3andBEWO
trophoblastcells(ATCC HTB-36and ATCC CCL-98),and HEK293embryonickidneycells
(ATCC CRL1573) Cellsweregrownunder standardcell-cultureconditionsfollowing the
AmericanTypeCulture Collection(ATCC) recommendationsHuman primary hepatocytes
werecryopreservetHuman PlateablédepatocytedletabolismQualified(HMCPMS)from
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threehumandonors(lotsHU1530,HU1583,HU8272,quality certificatedby Life Technolo-
gies) Hepatocytesverethawedin thawingmedium (CM7000 Life Technologies)seededn
24-wellCollagen-coatedplates(A1142802L ife Technologiesit 2.5x18 cells/mlin Williams'
Medium E supplementedvith 10%FBS usingsupplementepatocytenaintenanceand plat-
ing supplemenpacks(CM3000 Life Technologiesand protocol providedby the supplier.
Hepatocytesvereinfectedafter48hof growth.

Antibodies, reagents, transfection and RT-QPCR

Theprimary antibodiesusedin this studywereagainst. (polyclonalantibod-
iesR11or R97[88]), ActA (polyclonalantibodyR32[89] or monoclonalantibodyA16[90]),
LAMP1 (PEMouseAnti-Human CD107aBD Biosciencét555801mouseantibodyH4A3,
Abcamab25630)¢athepsirD Goatpolyclonalantibody(C-20,SantaCruzsc-6486andLC3
(clone4E12,152+3MBL or clone2G6,Nanotools) Fluorescensecondarantibodiesvere
AlexaFluor 488-conjugatedLife Technologies)Cy3-conjugateénd Cy5-conjugatedJack-
sonlmmunoResearchaboratoriespoatanti-mouseor anti-rabbitantibodiespr Donkey
anti-mouseor anti-rabbitantibodiesWe alsousedAlexafluor 488-,5680r 647-conjugated
phalloidin (Life Technologies)DAPI (RocheApplied Sciences}loechst{ThermoFisherSci-
entific) and mounting mediaFluoromount-G(Interchim, Montlucon). Gentamicinwasfrom
SigmapCBD-YFPplasmid(BUG2305)s describedn [37]. pEGFP-LC3lasmid(BUG
3046)is describedn [38]. siRNAswereSilencerselecsiRNAATG7 (IDS20650pndBECN1
(IDS16537Rmsdescribedn [43]. pCBD-YFPor siRNAsweretransientlytransfectedn cells
with LipofectamineL TX or LipofectamineRNAiMax (Life Technologies)espectively,
accordingto the manufacturer'snstruction. pCBD-YFPwastransfected®4hprior to infec-
tion. pEGFP-LC3vastransfecteckither6h prior infection andinfectedfor 3 days.or trans-
fectedafter1 dayof infection andincubatedfor 2 otherdays Bothexperimentaprocedures
gavethe sameresults For siRNAassaysnfectedcellsweresubmittedto two successiveiRNA
treatmentsat 24hand48hp.i. andfixed or processefor CFU countsor RNA extractionat
72hp.i. Proceduresgor RNA extractionand quantificationby Real-TimegPCRand !
and#$"% PCRprimers,aredescribedn [91]. PCRprimersfor areAtg7-Fw,5'-
GATCCGGGGATTTCTTTCAG-3'andAtg7-Rv,5-CAGCAATGTAAGACCAGTCAA
GT-3',andfor ,  BECNI1-Fws'-GGCTGAGAGACTG@ATCAGG-3'andBECN1-R\5'-
CTGCGTCTGGGCATAACG-3'

Bacterial infections, bacterial viability and LysoTracker assays

Human cellswereseedednto 6- or 24-wellplates(with or without coverslipsp+4daysprior
infectionin orderto reach50+80%¢onfluency(for all celllinesexceptlEG3andfor transfec-
tion assaysyr 90+100%onfluency(JEG3monolayerassays)A detailprotocolfor studying
LisCVsin JEGZXellmonolayergsavailablen & . (dx.doi.org/10.17504/protmls.io.
kwmcxc6) Bacteriakoloniesfrom freshlystreakedagarplateswereculturedin BHI broth and
incubatedovernightat 37EQn ashakingincubator.Stationary-phasbacteriawverewashed
oncein PBSanddilutedin culturemediumwithout serum.After awashingstep,cellswere
infectedwith bacteriaatamultiplicity of infection(MOI) of 0.1to 5andcentrifuged2 min at
300gto synchronizehebacterialuptake.Cellswereinfectedfor 1h. WhenusingMOI of 115,
cellswereexposedo a 10-mintreatmentwith amediumcontaining100 g/ml gentamicin,
which ensureghat extracellulabacteriaarerapidly killed. For thelowerMOI of 0.1,this
stepcanbeskippedandreplacedy two washingstepsCellswerewashednceand subse-
quentlyincubatedin completemediumwith 25 g/ml gentamicin Whenindicated,lower
concentration®f gentamicinwereapplied(0,1or 5 g/ml). Cellswereprocessedor
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immunofluorescencéseebelow)or lysedatvarioustime pointsusingcold distilledwater.Via-
blebacterialcountsof intracellularbacteriaweredeterminedby plating serialdilutions onto
BHI agarandnumberingcolony-formingunits (CFU). Cellswereenumeratedn parallelwells
following trypsin detachmenandtrypan-bluestaining.To distinguishlive bacteriawith intact
membranegrom deadbacteriawith compromisednembranesthe Live/DeadBacLightBacte-
rial Viability kit (Life Technologiesyvasusedwith aprotocoladaptedrom [47] and[46] with
somemaodifications.JEG3Xellsinfectedwith bacteriain 6-wellplatescontainingcoverslips
weregentlywashedwicein MOPS/MgC} (0.1M 3-(N-morpholino) propanesulfoni@cid
(MOPS),pH 7.4;1 mM MgCl,). Then1 ml of the Live/Deadstainingsolution(1.6 M SYTOS9,
20 M Propidiumlodide,0.1%Triton X100in MOPS/MgC}) wasaddedto thewellsand
incubatedfor 15min (10min with centrifugationat 300gto preventcelldetachmenand5

min atroom temperaturdan the dark). Cellswerethengentlywashedn MOPS/MgC} solu-
tion. For stainingacidiccompartments1 ml of theinfectedcellmediumwassupplemented
with 0.5 | of LysoTracke(Life technologiesand1 | of Hoechstmixedandaddedbackto
thewell. Cellswereincubatedfor 30min at37ECat 10%CO,, washedn MEM andincubated
for 5min in MEM in the dark.For both BacLightandLysoTrackeassays;overslipsvere
mountedonto glassslidesandsealed® min with clearnail polishandimmediatelyexamined
underthe microscopdor amaximumof 10minutes.

Epifluorescence microscopy and quantifications

Cellscontainingcoverslipaverefixedin 4%paraformaldehydéPFA)in 1X PBSfor 30min at
room temperaturegentlywashedn 1X PBSjncubatedin blockingsolution(2%BSAin PBS,
pH 7.4),or in methanolfor 10min onicewhenusingthe cathepsirD antibody,permeabilized
using0.4%Triton X-100in PBSfor 4 min, washedhreetime in PBSand processedor immu-
nofluorescencwith theindicatedantibodydilutedin 2%BSA.Fluorescenphalloidinand
DAPI (or Hoechst)wereaddedwith the secondanantibodiesto labelF-actinandnuclei,
respectivelyTo discriminateintracellularfrom extracellulabacteriaa dual stainingwasper-
formed,wherebyextracellulabacteriawerestainedwith anti- antibodiesprior to cell
permeabilizationSamplesveremountedon glasscoverslipsand analyzeawith fluorescent
microscopegCarl ZeissAxiovert 135,AxioObserver.Z1KEYENCEBZ-X710or Yokogawa
CSU-X1spinningdisk confocalsystem)imageswvereacquiredwith a 10xnon-immersion
objective pr 40x,63xor 100xoil immersionobjectivesandimagesvereprocesseavith Zen
(Carl Zeiss) MetaMorph (Universallmaging)or ImageJsoftwareskor time-lapsemicros-
copy,JEGZellswereseededn a35mmdish(MatTek)andinfectedwith 10403S-mCherry
bacterig(MOI 0.1).Imagingwasperformedin mediawithout phenolred containingProLong
AntifadeReagent$or Live Cells(Life Technologiesandusingthe KEYENCEfluorescent
microscopeBZ-X710equippedwith anincubationchamber(37EGand5%C0,). Imagesvere
acquiredwith anon-immersion40xobjective To quantifythe numberof bacteriathat associ-
atedwith theindicatedmarkers aswell asthe numberof nuclei,10to 50microscopidields
wereexaminedrom coverslipof atleasthreeindependenexperimentsDueto the frequent
overlapof bacteriaimmunofluorescencsignalsthe numberof bacterigperinfectedcellwas
estimatedby theratio (T/1)/C, where®T? isthetotalimmunofluorescencsignalof thearea
occupiedby bacteria2l® is meanintensityvaluesof representativeinglebacterisand2C° is
numberof cells/nucleis the areaof interest.

Cell sorting and subculturing of infected cells

Forthe FACSassaydilepG2cellsinfected3 dayswith GFP-expressingGDebacteriawere
trypsinized washedncein PBSresuspendeth DMEM andsubjectedo cellsortingusinga
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FACSAriall CellSorter(BD Bioscience)ror eachof threeindependenexperimentsabout
5x1¢ GFP-positivecellswerecollectedand seedento polylysine-coateé-wellplate1x1F
cellsperwell)in completemediumcontaining25 g/ml gentamicinandwereexaminedLh, 8h
or 3daysafterFACS Forthe propagationassayssingtrypsin detachmentcellsweredissoci-
atedwith trypsin (200 | of Trypsin-EDTAsolution,Life Technologies);ounted diluted 5-or
10-foldin completemediumsupplementedavith gentamicin25 g/ml andseededn 6-well
plategcontainingor not coverslips)Cellswerethenincubatedfor theindicatedtime and
eitherfixedto proceedo immunofluorescencassaydysedwith distilled waterfor CFU
counting,or detachedandsubculturedagain.lt is of notethattrypsinizationandflow sorting
mayselecfor cellsubpopulationsThisis alimit of thisassay.

Transmission electron microscopy

Firstanalyticexperimentavereperformedat the Ultrapoleplatform of Institut Pasteuras
follows.Cellswerefixed overnightwith 2.5%Glutaraldehydeén 0.1Msodiumcacodylate
bufferatpH 7.2.Thensamplesvererinsedin 0.1MsodiumcacodylatépH 7.2)and post-
fixedin al%osmiumtetroxydeatroom temperaturewith the samebufferfor 1h.Samples
wererinsedwith waterand dehydratedvith agradedethanolconcentrationg10+100%),
followedby a mixture of ethanolandembeddedn anepoxyresin.Ultrathin sectiong50+
60nm) wereperformedwith an ultramicrotome«Ultracut UC7 » (LeicaMicrosystems,
Vienna,Austria),stainedwith uranylacetateand Reynold'deadcitrate,andthenobserved
with atecnaiT12(FEI company)at 100-kVacceleratingoltageImagesvererecorded
usingus4000gatancameraanddigital micrographsoftwareor Eaglecameraandtia soft-
ware.Quantitativeexperimentavereperformedatthe MIMA2 platform (Jouy-en-Josasy
ImagGifplatform (Gif-sur-Yvette) with similar proceduresandthe following modifications:
cellswerefixed overnightwith 2%Glutaraldehydegounterstainedon blockwith 0.5%0TE
(OolongTeaExtract)in 0.1Msodiumcacodylatdufferandpost-fixedin asolutionof con-
taining 1%o0smiumtetroxydeand 1.5%potassiunferrocyanatesamplesvererinsedwith
wateranddehydratedvith agraded30+100% thanolconcentrationsUltrathin sections
wereobservedvith Hitachi HT77000r Jeol1400(JeolbAllemagnent 80-kV accelerating
voltage.

Supporting information

S1Fig. LisCVsareformed in asubsetof epithelial cells.Cellswereinfectedwith theindi-
cated. strain(MOI ~ 1+5)andprocessedbor epifluorescenceicroscopyat
72hp.i. Thecolor of eachstainingisindicatedon panelheadlinesA. LAMP1-negativeand
Actin-positiveEGDebacteriain HeLacellsBar:10 m. B. LAMP1-positiveEGDebacteriain
Huh7 hepatocyteBar:5 m. C. StrainsEGDe(serotypel/2a),10403Fserotypel/2a)and
CLIP 63713 serotypedb)in JEGXells.Samplesverelabeledvith monoclonalantibodies
against.AMP1,polyclonalantibodiesagainst serotypel/2a(which do not labeled
serotypedb), phalloidin-Cy5and DAPI. All strainsstoppolymerizingactinandbecome
enclosedn LAMP1-positivecompartmentsTwo magnificationsareshownfor eachstrain:on
top panelspars:’5 m; on bottom panelswhich highlight bacterigpointedby arrows bars:

1 m. Thephasecontrastimagesighlightintactbacilli. D. LAMP1-positivel0403%acteria
in BeWocellsBar:20 m. E-G.Primaryhumanhepatocytegrownon collagen-coateglates
wereinfectedwith . 10403%acteriaMOI ~ 5) andlysedat 2hand72hp.i. to
determinebacteriaiintracellularloadsby CFU counts.E. The efficiencyof bacterialentry in
primary hepatocytess comparedo thatin HepG2hepatocytesr HeLacellsatthe same
MOI (~ 5) after2h of infection. Resultsaremean SD of triplicate experimentsF. Intracellular
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loadsof 10403%acteriain primary hepatocyteat2hand72hp.i. G. Micrographsof primary
hepatocytemfectedfor 72hwith 10403SOverlaysshow (green) LAMP1 (red),F-
actin(white) andDAPI (blue)signalsBars5 m. A high magnificationof theregionpointed
with anarrowis shownbelow.Bar:2 m.

(TIF)

S2Fig. Structure of the -containing  vacuolesTransmissiorelectronmicroscopy
studyof bacteriaafterthreedaysof infectionin JEG3Xells.Thesedataareassociatewith Fig
1Fand1G.Eachmicrographshowsarepresentativetageof the . cellular
invasionprocessaslabeledn the blackboxon theleft corner. Thetwo micrographdabeled
apre-LisCV°highlight bacteriathat might bein the proces®f beingcapturedby electron-
densecompartmentsL.m, . ; F-actin,filamentousactin;Nuc.,nucleusiys.,
secondaryysosomesdylito., mitochondria;Mbs.,membranousntravacuolarstructurespPou-
blemb. vacuolesecondarywacuolederivedfrom abacterialprotrusion;LisCV:single-mem-
brane -containing vacuoleBars:1 m.

(TIF)

S3Fig. LisCVsareformed at alate stageof bacterialdissemination.A. JEG3Zellsmonolay-
erswereinfectedfor 72hwith . with 10403%r EGDestrainatMOI ~ 1 or ~
0.1landviablecellswerenumberedat differenttime points.B-D. Micrographsof cellsinfected
with 10403§MOI ~ 0.1)atlow magnificationsB. At 2h p.i., bacteriawerelabeledwith anti-
bodiesbefore(in red) andafter(in green)cellpermeabilizationExtracellular (both
redandgreen)appeaiin yellowandintracellular in green F-actinstaining(in white)
delimitatecelljunctions(asexemplifiedfor onecellwith adashedine). Bar:20 m. Bacteria
pointedwith arrowsareshownat ahighermagnificationon theright (Bar:5 m). Imageshave
beendigitally processetb enhancehefluorescensignaldn orderto visualizeeachsinglebac-
terium. C. Micrographsof cellsinfectedfor 2,6, 24 or 72handvisualizedwith the objective
10X.Imagesareoverlaysof (green)andF-actin(red) signalsCircleshighlightanindi-
vidualbacteriumat 2h p.i.,andaninfectionfocusat 6h p.i. Bar:100 m. D. DAPI stainingof
non-infected(NI) and 10403S-infectedEG3cellsat 72hp.i. Thearrowsindicatealtered
nuclei.Bar:100 m. E.Intracellulargrowthof 10403%acteriain JEG3Xellsassesseoy CFU
counts(mean SD of triplicate experiments)F. Quantificationof 10403%acterian different
phenotypesat6hand72hp.i (mean SD of triplicate experiments).

(TIF)

S4Fig. LisCVsareformed after . haspassedhrough a cytosolicstage.
JEGZXellsweretransientlytransfectedvith aplasmidencodingthe . cell-wall
probeCBD-YFPandinfectedwith . 104033MOI ~ 0.1)for 6h,24hand72h.

Samplesvereprocessedbr epifluorescenceicroscopy Themicrographsarerepresentative
of resultsfrom threeindependenexperimentsThe color of eachstainingisindicatedon
panelheadlinesSquaredegionsareshownat ahighermagnificationon theright (A), aswell
asbelowfor 72hp.i. (B). Arrows point CBD-YFPdotsat the surfaceof bacteriawithin LisCVs.
Bars:10 m and2 m.

(TIF)

S5Fig. Long-term infection of JEG3cell monolayerswith . 10403S-i
bacteria.Micrographsof JEGXellsinfectedwith 10403S-7  (MOI ~ 0.1)atlow (on top)
or high (on bottom) magnification.Imagesareoverlayof (green) F-actin(red) sig-

nals.Circleshighlightanindividual bacteriumat 2h p.i.,andaninfectionfocusat 72hp.i.
(TIF)
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S6Fig. The canonicalautophagypathwayis not necessaryor the formation of LisCVs.
A-B. JEGZXellswereinfectedwith 104033§MOI ~ 0.1)andprocessedor immunoflu-
orescencavith LC3and antibodiesat differenttime post-infection A. The histograms
representhe percentagef LC3-positiveor LC3-negativdacterialmean SD of triplicate
experiments)B. A representativémageof theimmunolabelingof LC3and at72hp.i.
C.JEGZellsexpressingsFP-LC3wereinfectedwith EGDeandprocessefbr immu-
nofluorescencassaywiith andLAMP1 antibodiesThearrowspoint regionswhich
areshownatahighermagnificationbelow.Bars:10 m and1 m. D-F JEGXellswereinfected
with 10403 acteriagxposedo two successiveiRNAtreatmentsvith or con-
trol siRNAs,oneat24hp.i.,andoneat48hp.i. At 72hp.i., samplesvereprocessedbr tran-
scriptquantification(D), or immunofluorescencassayswith LAMP1and antibodies
andDAPI (E),or CFUandJEG3ellcounting(F). In D, thefold changeof transcriptlevelis
relativeto valuesnormalizedto ! referencegene#%$" % wasusedasacontrol gene.
(TIF)

S7Fig. LisCVsarestainedby lysosomalmarkers.A. JEG3Xellsmonolayersvereinfectedfor
72hwith theindicatedstrainandprocessedbr microscopyanalysisThe color of eachstaining
isindicatedon the panelheadlinesA. Micrographsof live cellsinfectedwith GFP-expressing

WTor i strainsandstainedwith LysotrackeandHoechstBars5 m.
Arrows point representativéysoTracker-positiveisCVs.B. Micrographsof fixed cells
infectedwith EGDe- i or 10403S-7  bacteriaandstainedwith , cathepsirD
andLAMP1 antibodies Arrows point representativeathepsirD-positiveLisCVs.Bars:2 m.
(TIF)

S8Fig. Bacteriareturn to the replicative-motility phasein asubpopulation of cellsafter
cell passagingHepG2cellscontainingEGDebacteriaentrappedn LisCVsatday®6 (asin Fig
5) weredetachedwith trypsin, dilutedto 2 x 10 cell/mL andgrownfor 24hin complete
mediumwith gentamicin25 g/mL. The micrograph,whichisrepresentativef 5 experiments,
isanoverlayimageof cellsstainedwith andLAMP1 antibodiesfluorescenphalloidin
to labelF-actinandHoechstto mark nuclei.Bar:50 m. Example®f cellsin eachof thetwo
populations githercarryingpersistenvacuolar (8P°) or carryingactiveActin-associ-
ated (®A9), areframedandrepresenteat ahighermagnificationbelow.Bar:5 m.
Thecolor of eachstainingis indicatedon the panelheadlines.

(TIF)

S9Fig. LAMP1" bacteriaare presentin dividing hostcellsat different stagesof mitosis.
Cellswereinfectedwith EGDe- i andsubculturedasin Fig 6A. At day10,cellswerepro-
cessedor immunofluorescencwvith andLAMP1 antibodiesand DAPI. LAMP1"
compartmentcontainingbacteriaarepointedin cellsat differentstepsof mitosis.Micro-
graphsarerepresentativef sixindependenexperimentsBars:10 m.

(TIF)

S10Fig. Re-expressiorof in the EGDe- i mutant promotesthe motile stageof .
JEGZXellswereinfectedwith . EGDeor EGDe- 1

strainsfor threedaysandstainedwith DAPI, ActA antibodiesand 647-conjugated-phaiidin

to labelF-actin.Bar:10 m.

(TIF)

S11Fig. The . phenotypicswitch occursin cellsgrown with alow concen-
tration of gentamicin. Representativeicrographsof JEG3Xellsinfectedwith .
EGDe(MOI ~ 0.1;without 10-min exposurdo gentamicin100 g/mL) for 72hin
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presencef gentamicin5 or 25 g/mL. Cellswerelabeledwith polyclonalantibodies
(greenin the overlay) LAMP1 (A) or ActA (B) monoclonalantibodieqredin the overlay)and
Hoechst(Bluein the overlay) White arrowspoint LisCVs.Bar:10 m.

(TIF)
S12Fig. Variability of the phenotypeof 10403S-1  bacteriain JEG3cellssubcultured
in gentamicin5 g/mL for 13days.JEG3ellsinfectedwith . 10403S- i

(MOI ~ 1) andpropagatedip to d13in presencef gentamicin5 or 25 g/mL. A 12mm cov-
erslipplacedn thewellwasrecoveredustbeforelysingthe cells,in orderto procesgshe same
cellsfor immunofluorescencand CFU counts.Micrographsshowrepresentativeellsfrom
(A) wellsleadingto VBNC bacteria(not detectableolony,2nd®) or (B) bacteriaforming colo-
nies(1.310° CFU/well).Cellswerelabeledwith polyclonalantibodieggreen) LAMP1
monoclonalantibodieqred), fluorescenphalloidin (white) and Hoechst(Blue).White arrows
point LAMP1" bacteriaBar:5 m.

(TIF)

S1Movie. Time-lapsemicrographsof JEG3cellsinfected with mCherry-expressing
10403SCellswereinfectedasdescribedn the Materialsand Methodssection Bright field
andfluorescensignalsvereobtainedfrom 5 Z-positionscoverings m of thicknessat 1h
intervalusingan autofocussystemBestfocusimagesveremanuallyselecte@dnd post-treated.
Threerepresentativeellsthat showformation of LisCVsarepointedwith arrows.Timeis
indicatedin the upperright corner(h:m). Scalébaris 50 m.

(MOV)
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