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Abstract

Mononucleamphagocytesuchas monocytestissuespecific macrophageanddendriticcells are
primary actorsin both innate and adaptiveimmunity. These professionalphagocytescan be
parasitizedy intracellularbacteriaturningthemfrom housekeepeit® hiding placesandfavoring
chronic and/or disseminatednfection. One of the most infamousis the bacteriathat cause
tuberculosigTB), which is the mostpandemicandoneof the deadliestiseasesvith onethird of

thew o r Ipapdlaioninfected,andanaverageof 1.8 million deaths/yeaworldwide.

Here we demonstrateéhe effective targetingand intracellulardelivery of antibioticsto infected
macrophage$oth in vitro andin vivo, using pH sensitivenanoscopigolymersomesnade of

PMPGPDPA block copolymer. Polymersomeshowedthe ability to significantly enhancethe
efficacy of the antibioticskilling Mycobacteriunmbovis Mycobacteriuntuberculosisandanother
establishedntracellular pathogenthe Staphylococcusureus Moreover, they demonstratedo

easily accessTB-like granulomatissues- one of the harshestenvironmentsto penetrate- in

zebrafishmodels.We thus successfullyexploited this targetingfor the effective eradicationof

severaintracellularbacteriajncludingthe M. tuberculosis the etiologicalagentof humanTB.
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The humaninnateimmunesystem- our frontline defenseagainstpotentialpathogens includesa
rangeof effectorcells! Examplesareprofessionaphagocytessuchasgranulocytesi.e. basophils,
eosinophilsand neutrophils)and mononuclearphagocytes(macrophagesdendritic cells, and
monocytes)Phagocytesreresponsibldor the clearanceof bacterialpathogengrom the hostand
haveattractednuchinterestin the contextof focusedantimicrobialdrugdelivery.In parallel,some
of the deadliestpathogendiaveacquiredthe ability to evadethep h a g o pane¢lag modecular
defensesWhile phagocytedaveevolvedto eradicatenvading pathogensfew selectedbacteria
haveevolvedstraegiesto makemacrophageastheir preferentiahicheevadinghostkilling. Such
a strategyis knownasthed ma c r oppahr aagaleditxisithe productof millions of yearsof co-
evolution?® Pathogensmay inhabit different compartmentsin the macrophage.Listeria
monocytogenesshigellaflexneri andthe Rickettsiaerickettsii proliferatewithin the macrophage
cytosol? Listeria pneumophilacolonizesthe ER-like vacuoles, and Salmonellaentericaexploits
the late endosomalcompartment§. More recently, a similar strategy has been reported for
Staphylococcusureus suggestinghat thesebacteriaare capableof hiding within professional
phagocytes:® The most studied intracellular pathogenMycobacteriumtuberculosis survives
within macrophag@hagosomestherwisea detrimentalenvironmentfor mostpathogeng:*° Yet,
M. tuberculosishas evolved creatingproteinsthat hinder phagosomeanaturationpreventingits
fusion with lysosomes:!! The first-line therapyagainstTB includesan antibiotic combination
regimenof isoniazid,rifampicin, pyrazinamideandethambutofor long time (six to nine monthg.
Suchdurationof the therapiegpromoteda dramaticrisein multidrugresistan{MDR)-TB, despite
therecentapprovalof thebedaquilineasanalternativeapproactHor MDR-TB treatment?*3Also,
antibacterialdrugshave beendemonstratedo accumulatewithin specificcompartment®f host
cells,like thebedaquilinevhichis storedin hostlipid droplets!* Theseseemso actasanantibiotic
reservoirthatcould betransferredo bacteriaduringhostlipid consumptiont>161t is evidentthata
wayto improvedrugefficacyis to encapsulatéheactiveagentinto acarrierthatdeliversit into the
infectedcell. Also, the optimal drug delivery systemsshouldincorporatetargetingspecificity for
the hostcellstype andshouldbe ableto crossbiological barrierswith the aim to finally reachthe
intracellularnichewherethe microorganismside - evenmore critical todaywith the emergence
of drugresistanstrains.
We proposeherethe useof syntheticvesicles knownaspolymersomes! that cantargetinfected
phagocytesto reachintracellular pathogensn their sub-cellular compartmentand to locally
releasetheir antibacterialcargo. These polymersomesre formed throughthe selfassemblyof
amphiphiliccopolymersn agueousnediaandcombinethe advantagesf long-termstability with
the potentialto encapsulate broad rangecompounds(or cargos).®2? The pH-sensitiveblock
copolymer poly(2-(methacryloyloxy) ethylphosphorylcholinefo-poly(2-
(diisopropylamino)ethymethacrylateYPMPGPDPA) can combinespecific cellular targetingin
non-professionaphagocytiacells (throughthe PMP Caffinity towardthe scavengereceptor81),23
with effectiveendosomandcytosolicdrugdeliveryfollowing internalization(by thepH sensitive
PDPA)?1’24 27
In this work, we exploredthe dynamicsof the cellular uptakeof PMPGPDPA polymersomesn
professionalphagocytesand their intracellulartrafficking. As in vivo modelfor polymersomes
distribution and accumulation, we chose the transparentzebrafish embryo infected with
Mycobacteriummarinum?® In this system the availability of specificcell lines allows reattime
imagingof nanopatrticlesvith thecell of interestsuchasleucocytesHere,we describedhe ability
of polymersometo efficiently targetmacrophagei vivo, andto co-localizewith ther intracellular
pathoges. We madefurtherexperimentsn zebrafishthathaddevelopedyranulomasthehallmark
of tubercuosis?®2° and showedthat polymersomepenetratesuchenvironmentwhich is hardto
access®3! These evidencesled us to investigate the potential of antimicrobiatloaded
3



polymersomesdor intracellularpathogensleaance,bothin vitro andin vivo. We demonstrated
that PMPGPDPA polymersomedpadedwith antrmycobacteriablrugs(gentamicinJysostaphin,
vancomycin,rifampicin, andisoniazid),are ableto decreaseandin somecaseseveneradicate,
intracellularS.aureus M. bovisattenuatedacillus Calmetté Guérin(BCG), M. MarinumandM.
tuberculosis

Resultsand discussion

Polymersomeslrug releaseprofile and internalization dynamicsin human macrophages.

The selectivetargetingof specificimmunecells sub-populationsrepresentshe next paradigmin
precise nanomedicineand will have huge impact in fields like cancerimmunotherapiesor
infectiousdiseasesWe exploredin this work the possibility of targeing the immunesystemand
studied how polymersomescan be usedto deliver drugs for the treatmentof intracellular
pathogenswhich aremoredifficult to eradicatecomparedo extracellulatbacteria.

To do this, we synthesized®MPGPDPA copolymersusingatomtransferradical polymerization
(ATRP), andfully characterizedhe productsof the reactionby gel permeationchromatography
(GPC) (Figure Sla)andNMR spectroscopyFigure S1b). PMPGPDPAwasalsofunctionalized
with Cy5 dyeby click reactionto producefluorescengpolymers.Then,we usedthe film hydration
methodto inducetheself-assembl®f the PMPGPDPA copolymersnto vesiclesof about100 nm.
It is worth mentioningthat film hydration usually inducesthe formation of differently shaped
nanostructuresWe thus isolated monodispersespherical polymersomesy meansof density
gradientcentrifugation’? Transmissionelectron microscopy(TEM) confirmed the purification
processeswere successfulin isolating spherical polymersomeswith homogeneousshape
distributions(FigureSclandSc2).Theencapsulatiomf drugsdid not affectpolymersomeshape
(Figure Sd1 and Sd2) nor changedtheir size distribution (Figure S1f). Also, the polymer
functionalizationwith Cy5wasconfirmedto bestableunderharshacidiccondition(pH 2), acrucial
aspecfor correctcell uptakequantificationg FigureS1e).We thenstudiedthe drugreleaseprofile
of pH sensitive PMPGPDPA polymesomes during time. Free and rifampicin-loaded
polymersomesavebeenplacedin adialysisbagunderstirring (seematerialsandmethodssection
for details).Rifampicinloadedpolymersomeslo notreleaseghedrugat physiologicalpH (pH 7.4),
confirmingthe high stability in circulationtlike conditions(FigureS2, pink line). Thedropin pH
(pH 6) triggersa steadyreleaseof theencapsulatedrug (FigureS2,redline). Converselythereis
no control over free (nonencapsulatedjifampicin distribution, which just follows its gradient
concentratiorequilibrium (Figure S2, blue andcyanlines). This is a quite importantoutcome as
polymersomeseleasethe drug only upon internalizationin the cells and avoid undesireddrug
distributionin otherbodycompatments.At the sametime, the slow polymersomesirivenrelease
(c.a.20%of theinitial dose)makesthema powerfuldrugreservoirthatis constantlyandsteadily
releasedn thecellsfor longtimes

Wethenstudiedthekineticsof PMPGPDPApolymersomesternalizationn vitro in macrophages
usingthe monocytesderivedmacrophage3HP-1. Live cell confocallaserscanningmicroscopy
(CLSM) imagingof macrophagestainedby CellMask™ showsthat the uptake of PMPGPDPA
polymersomesccurswithin minutespostexposurgFigurela).We observedull saturatiorof the
membranewithin minutes after incubation, with severalinternalizationeventsoccurring few
secondsftertheinitial contactof the polymer®meswith the plasmamembraneThekinetic plots
of uptakefor four regionsof interest(ROI) confirm rapid bindingandendocytosisvith very little
differencebetweerthe plasmamembraneor cytosolicROIs (Figure 1b). Representativeonfocal
3D scans(Figure 1c) show the presenceof the polymersomeswithin the entire volume of the
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macrophagesWe then addressedhe intracellulartrafficking of polymersomesilt is important
mentioning that THP-1 macrophagesre challengng to be transfeceéd with external genetic
materials Hence,it is very difficult to createchimeraproteirs (e.g, GFP-fusion) with theaim to
carryout live cell imagng of (marked)intracellularorganellesandtheir possibleco-localization
with polymersomesFor THP-1, the two possibleoptions are thus postfixation methodslike
immunofluorescencer live imagingbasedon chemicalstaining(e.g, lysotracker).Cy5-labelled
polymersomesave beenincubatedwith macrophage$or a short period of time (30 minutes).
Immunofluorescencanalyses(Figure 1d) show no co-localization signal betweenthe Cy5-
polymersandthe early endosomentigen1l EEAL (which marksthe early endosomes)Similar
resultswereobservediuringlive-cell imaging whereTHP-1 cellswerefirst incubatedwith Cy5-
polymersomesgainfor 30 minutesandthenstainedwith LysoTracker(for markingall the acidic
compartments)The lack of co-localization suggestthat the Cy5-polymersdiffuse out of the
endocyticpathwaysWe thenspeculatedhattheslow sustaineMPGPDPAdrugreleasdFigure
S2)couldinduceaccumulatiorof polymersomes laterstageof endocytosissafunctionof both
(high) concentrationof polymersomesand incubation time. We tested this hypothesisand
confirmedthatCy5-polymersaccumulatén thelysosomakompartmentafterverylongincubation
time (24 and72 hours,FigureS3a-b). The questiornof timing is indeedanimportantaspecto boost
the amountof drug in the compartmentavhere bacteriahide and proliferate. We also CLSM-
imagedand quantifiedthe presenceof polymersomest 8, 24 and 72 hoursof incubationtime
(Figure $44). Calcein (green) staining further validated the efficient uptake and intracellular
distribution of polymersomedy macrophageswhich remainedviable for the incubationtime
tested We furtherquantifiedthe uptakeusinghigh performancdiquid chromatographyHPLC) of
thecell lysatesafterdifferentincubationtimes.HPLC-baseduptakequantificationgevealedabout

10* polymersomes/cedifter8 hours thenumberof polymersomesoseby 3 k10* after24handthis
remainecconstanup to 72 hoursof incubation(Figure $4b).
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Figure 1. PMPC polymersomesinteraction with phagocytesin vitro. (a) Reattime imagingof
polymersomesentering monocytederived macrophageqTHP-1 cells) using confocal laser
scanningmicroscopy(CLSM). Notethepolymersomeg¢redsignal)arelabelledusing Cy5, andthe
macrophagenembranggreensignal) is stainedusing CellMaskTM. (b) Polymersomesiptake
measuredn 4 differentregionsof interest(ROI) in (a) plottedasa function of time. (c) Confocal
3D scanof THP-1 cells incubatedwith Cy5 polymersaones.(d) Immunofluorescencanalyses
showingno co-localizationbetweerpolymersomesgred)andEEAL (green).(e) Live cell imaging
of polymersomeqred) and LysoTrackerstained(green)cells. (f) Polymersomesiptake after
inhibition of different cellular componentsCytochalasinB(actin inhibitor), Dynasore(dynamin
inhibitor), Fucoidan(ScavengeReceptorA andB inhibitor), and Polyinosinicacid (Scavenge
ReceptorA inhibitor and Toll-like 3 receptoragonistligand stimulator).(t-testcomparisorwith
*N <0.05.



We theninvestigatedhe driving force for polymersome internalizationandstudiedthe receptors
involvedin their uptake.To investigatethis, macrophagewereincubatedwith the actininhibitor
cytochalasinBWe observeda completeinhibition of polymersoms uptake,confirming thatthe
entry processis mediatedby actindependentransport(Figure 1f). Moreover,incubationwith
15 M and30 M dynasorg(a dynamininhibitor) reducedthe polymersomesiptakeby 40% and
60%, respectively but did not stop it completely(Figure 1f). The GTPasedynaminregulates
membrandissionin clathrirmediatedendocytosisaswell asin phage andmacropinocytosisn
eukaryoticcells 3 Fewdynaminindependengntrypathwaysavebeendescribedandtheyinclude
the CDC42 (the preferredentry route of choleratoxin B),** ARF1 and ARF62°3¢ andFlotillin 1
and2 pathways>"3 The polymersomesiptakein the presencef dynasoresuggesthatthey can
gain accesghroughdynaminindependenendocytosisScavengeReceptor{SR) and SR-B1 in
particular, are known receptorsfor PMPGPDPA polymersoms uptake in nonprofessional
phagocyteg® SR-B1 is knownto play ancritical role in pathogensecognitionandin cholesterol
homoeostasid” %! To testwhethermacrophagesiso internalize polymersomesising scavenger
receptorsywe incubatedhe cellswith fucoidan,aninhibitor of ScavengeReceptorglassA andB
(SR-A andB). Despitethe presencef theinhibitor, polymersomesvereablealsoin this caseto
acessmacrophagesalbeit with a considerablelecreasen uptakeof about40% (Figure 1f). In
orderto definethe contributionof the classA or B, macrophagesveretreatedwith polyinosinic
acid (PA), a selectiveinhibitor of SR-A. Surprisingly, PA led to a significant increasein
polymersomesiptake (Figure 2b), eventhoughthis can be explainedby the fact that PA can
improve uptakeactivities by binding to Toll-like receptor3.*? The inhibition studies,albeit not
conclusiveaboutthe exactendocyticprocessinvolved, suggestthat polymersomesiptakeis a
complexorchestraof multiple pathways.

Polymersomesre safedeliveryagents
Eventhoughmanypolymersomesvereinternalizedby the macrophagesyiability assaygMTT)
confirmedthat free- and antimicrobiatencapsulategholymersomesio not affect the metabolic
activity of THP-1 cells for concentrationsup to 1 mg/mL (Figure 2a). To provide a broader
overviewof potentialchangen cell metabolismwe investigatedhe expressiorof specificstress
relatedgenesuponpolymersomesncubation.We quantifiedthe expressiorprofiles of the (i) p21
andp53 geneskey regulatorsof cell cycle andapoptosispf the (i) superoxidedismutasgSOD)
andcatalasgCAT) to checkfor potentialO- radicalsinducedoxidative stress(likely to occurin
macrophagesgndof the (iii) detoxificationrelatedcytochromesCYP1AgandCYP1B1.We also
guantifiedthe expressionevelsof ATF4 andATF6, which are the sensor®f the unfoldedprotein
responsgathway(UPR). UPR is an adaptivecellular programusedby eukaryoticcells to cope
with proteinmisfolding stressWe thuscovereda broadpanelof stressrelatedpathwaysanddid
not detectany significantdifferential regulationsof genesbetweeruntreated andpolymersomes
treatedmacrophagegFigure2b). We confirmedthathigh amountof polymersome$l mg/mL) did
not trigger any inflammation in macrophagesas well. This has been validated by
immunofluoresenceanalysesywherethe localizationof the transcriptionfactor nuclearfactora B
(Nf-a Bbhasbeenassesse(Figure2c). It is indeedestablishedhatin norrinflamedconditions,
the majority of the Nf-a Bs localizedwithin the cytosol,while highernuclearpresencef Nf-a B
indicatesthat macrophagesre triggering inflammation.Being a transcriptionfactor, the Nf-a B
promote the expressionof a whole panel of pro-inflammatory cytokines that regulate the
inflammationprocess Our datashow that macr@hagesreatedwith polymersomegFigure 2d)
havethe samenuclearpresencef Nf-a Bof untreatectcells (Figure2c), while lipopolysaccharide
(LPS)treatedmacrophagebavea significantly highernuclearpresencef the transcriptionfactor
(Figure2e). Theco-localizationquantification(Figure2f) confirmsthe safetyof polymersomes.
7
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Figure 2. Polymersomeshiocompatibility. (a) Viability assaygMTT) of THP-1 cellsincubated
with un-loaded and with antibioticloaded (rifampicin, isoniazid, and combiration of both)
polymersomesCtrl-: Cellstreatedwith PBS;Ctrl+; DMSO 5%; [polymersomes]i mg/mL;[RIF]:
30° g/mL; [isoniazid]: 3 * g/mL. (b) QuantitativePCR(qPCR)for analyzingthe expressiorevels
of genesnvolvedin cell proliferation(p21andp53), cell stres{CYP1AlandCYP1B1),Unfolded
ProteinRespons€ATF4 and ATF6), and oxidative stress(CAT and SOD). (c-e) Representative
immunofluorescencenagingto assesslf-a Hbasednflammationin untreateé(c), polymersomes
treated (d), and LPS-treated(e) macrophagesRed: Nf-a b hlue: nucleus.(f) Co-localization
quantificationof theimagesin (c-e) usingthe Pearsn'scorrelationcoefficient
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Biodistribution of polymersome# zebrafish
Wemovedto arelevanin vivomodelandchoseheDaniorerio (zebrafishembryo.Theseanimals

areoptically transparentallowing observatiorof polymersomesargetinganddelivery overtime
in the same animal. The availability of fluorescenttransgeniclines labelling immune cell
populationsallows imaging of maaophagesand neutrophils*® Furthermore,there are well-
establishedzebrafishmodeb of humanrelevantinfectionsof S. aureus***° and M. marinum(a
close relative of humanTB complex, and a natural pathogenof fish speciesf®° In order to
evaluatethe potential of the polymersomesto target intracellular pathogenswe tested the
nanoparticlesin zebrafishinfected with M. marinum, the causativeagent of tuberculosisin
ectothermsand a closerelative of M. tuberculosis For this, about200 mycobacteriaexpressing
GFPwereinjectedintravenouslybloodinfection)atday?2 postfertilizationin therecombinantine
of zebrafishTg (mpegl:mcherrywhich hasmacrophagefiuorescentlhyabelled(Figure3a). After
24 hours,we injectedCy5 labelledpolymersomeandmonitoredtheir uptakeby macrophageasa
function of time. Polymersomesould be observedvithin thetargetcellsalreadyl0 minutesafter
injection, and their intracellularuptakeincreasedover the following 24 hours(Figure 3b). At 8
hourspostinjection, polymersomeslearly aggregateihto macrophagealreadyinfectedwith M.
marinum(Figure 3a, c andd). SupportingVideo 1 andFigure S7 showin detail the intracellular
localizationwithin macrophagesf bothpolymersomeandM. marinum We quantifiedthe caudal
regionof 3 zebrafishlarvaeandobservedolymersomesvithin 93% of their intendedtargets(40
outof 43M. marinuminfectedmacrophagesualitativeimagesalsoshowthatpolymersomeare
takenup by infectedmacrophagealreadyat 10 minutesandpersistup to threedaysin individually
infected macrophagegFig Sba-d). Moreover, polymersomeswvere seensurroundingand then
penetratingnot only individual macrophagedut also the first macrophageaggregateqearly
granulomasj}hatform by threeday postinfection (Figure Sd1-d3). At the sametime, neutrophils
were not targetedby the samepolymersomesgdemonstratinga high level of selectivity towards
macrophagesnly (FigureS6). Similar resultswereobtainedwhentheinfectingagentof zebrafish
wasS.aureus(FigureSbe,f). In this case fluorescentysostaphirdeliveredby polymersometo
infected phagocytesco-localized with intracellular S. aureus (Figure S5f). To evaluate if
polymersomesanenterbiggergranulomasywe employeda differentmodelof M. marinumwhere
thepathogens injecteddirectlyinto the neuraltubeof the zebrafishat day 3 postbirth (Figure3e).
This type of infection promotesthe formation of large granulomasmadeof hundredsof cells, a
hallmark of tuberculosisdisease Polymersomesnjected intravenouslyat day 4 post infection
clearly localize within the granulomaafter 8 hours (Fig 3e-g and SupportingVideo 2). Image
analysisconfirmedthatpolymer®mesquickly accumulatedvithin the granulomasluringthefirst
hourpostadministratiorandcontinuedo furtherconcentratealbeitslower,overtime (Figure3h).
This zebrafismeuraltubeinfectionmodeldevelopederehasthe advantagef possessg someof
thecharacteristicanissingin themousegranulomaswhicharepresentn humanTB. Thesdeatures
arelocal necrosis vascularthrombosis cavity formationand hypoxia® Also, thereare evidence
that zebrafishcan be efficiently usedto predictthe circulation of nanoparticlesn mice. It thus
representa valid alternativeto mammaliarmodelsfor pre-clinical screenings?

Efficacy of polymersomes eradicatingintracellular bacteria

After assessinghe polymersomedlistribution at cellular level andin zebrafish,we movedon
addressingheir efficacy in reducing bacterial burdenin infected cells. We usedthe model
intracellular pathogensS. aureus M.bovisBCG, M. tuberculosis and M. marinum First, we
confirmed that polymersomescan effectively load vancomycin, gentamicin, lysostaphin,
rifampicin andisoniazid(Figure4a). To this respectjt is importantto mentionthatthe different
drugshaveconsiderablaifferencesn molecularmass hydrophilicity,andmechanisnof action.
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Figure 3. Polymersomesaccumulation in macrophagesand granulomas in zebrafish
embryos infected with M. marinum. (a). A zebrafishembryo fluorescentlylabelled with
macrophagegqred) injected intravenouslywith M. marinum and the following day with
polymersomescontaining Cy5 (white). The image was taken 8 hours after polymersomes
injection.H, headregion;Y, Yolk sac.(b) Quantificationof polymersomesiptakeovertimein
macrophages zebrafishlarvae.(c) enlargedareain (a) where polymersomesare detected
within infected macrophagegblue arrows). DLAV, Dorsal longitudinal anastomoticvessel.
ISV, intersegmentalesselCA, CaudalArtery; CV, CaudalNein. (d) enlargedareain (c) where
macrophagesontainingM. marinumandpolymersomesareevident(bluearrows).(e) Zebrafish
embryosfluorescentlylabelledwith endothelialcells (green)wereinjectedwith M. marinum
(red) in the neuraltube. Four dayslater, polymersomegontainingCy5 (white) wereinjected
intravenouslyandthe whole zebrafishwasimagedeight hourslater. H, Headregion;Y, Yolk
sac.(f) showstheimagein (e) without the signalof greenendothelal cellsandred M. marinum
in orderto betterobservethe selectiveaccumulationof polymersomegblue arrows)in the
granulomaregion. The yellow box in (e) is seenenlargedin (g) for observingdetails of
polymersomesaccumulationin the granuloma.DLAV, Dorsal Longitudinal Anastomotic
Vessel;DA, DorsalAorta; PCV, PosteriorCardinalVein. A graphshowingaccumulatiorover
time of polymersomesn neuraltube granulomass shownin (h). Scalebars:(a), 300 um; (c)
100pum, (d) 25 um. (e), 300 pum, (f), 300 um, (g), 50 um.
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Lysostaphins a27 KDa glycylglycineendopeptidasenly solublein wateractingontheS.aureus
cell walls. Gentamicinis a highly hydrophilicaminoglycosidehatbindsto the 30Ssubunitof the
bacterialribosome.Vancomycinis a relatively hydrophilic glycosylatednon ribosomalpeptide
that inhibits cell wall synthesis. Rifampicin is a hydrophobic heterocyclic modified
naphthoquinonehat inhibits bacterial DNA-dependentRNA synthesis.Isoniazidis a small
syntheticderivativeof nicotinic acid with a poorwatersolubility thatuponenzymaticactivation
inhibitsthesynthesi®f mycoloicacids.Thesedrugsareusedclinically for thetreatmenbf several
infectionsandmakeaverydiversepopulationof moleculedo testtheversatilityof polymersomes.
We testedthe effectof theantimicrobialsn thetreatmenbf differentinfectionsby measuringhe
colony forming units (CFUs) after increasingncubationperiods.Treatmentwith polymersomes
loadedwith rifampicin or gentamicinmprovedthedrugefficacyandreducedhenumberof viable
S. aureusin THP-1 cells comparedwith controls (Figure 4b). Encapsulationof lysostaphinor
vancomycinwithin polymersomeslid not significantlyimproveor hinderdrugefficacy. For both
BTG andM. tuberculosiswe limited our screeningo rifampicin andisoniazideitheraloneor in
combination mirroring the most common therapeuticapproachused for the treatment of
tuberculosisWith respectto BCG infection, no significantdifferenceswere observedn CFUs
after 1 day of treatment(Figure 4c). Only the free rifampicin was able to reducethe bacterial
colonies.Howe\er, a significantdifferencewasobservedafter 72 hoursof treatmentwhereboth
rifampicin and isoniazidencapsulatedoolymersomeselicited a clear reduction in bacteria
comparedo thefreedrug(Figure4c). Notably,therifampicin/isoniazidco-loadedpolymersomes
completelyeradicatedhe intracellularBCG after 72 hours(no CFUs detected) Similar results
wereobservedvith M. tuberculosignfectedTHP-1 cells (Figure4d). In this case after 24 hours
of treatmentthe multiple drug co-loadedpolymersaonessignificantly reducedbacterialburden
comparedo the controls.Moreover,this drugformulationwasalsoableto eradicatantracellular
M. tuberculosisafter 72 hoursof treatment(Figure 4d). The intracellular CFUs are very-well
known to normally rise inside host macrophagesf no antimicrobialsare inoculatec?®> It is
importantmentioningthatan improvemenin polymersomesnediateddeliverywasnot detected
only upon using lysostaphin(againstS. aureug and isoniazid (againstM. tuberculosi}. Two
possiblehypothesesanbeinferredto explainthis behavior.First, the drugmechanisnof action
canbealteredby the cytosolicenvironmentSecond poth endelysosomalandcytosolicresident
bacteriaaretargetedThis canhavesignificantdifferentoutcomesiependingn the specificdrug
used For example while therewasnot anyimprovemenfor isoniazidtreatingM. tuberculosisa
one log improvementwas observedfor isoniazid treating M. bovis This suggest that M.
tuberculosiss moreefficientin escapingnto the cytosol® Also, isoniazidmay actbetterwithin
endcelysosomalcompartmentatherthanwithin the cytosol. Most importantly,the combination
isoniazidfifampicin is the most successfulwith full sterilizationin M. tuberculosisinfected
macrophage.
Wefinally validatethetherapeutigmpactalsoin zebrafishandtestedthe ability of polymersomes
encapsulatedntibioticsto reducebacterialburdenin vivo. Zebrafishembryoswereinfectedwith
mCherryexpressingM. marinum andwith GFP expressings. aureus In the S. aureusinfection
model,zebrafishreceivedaninjectionof 1200CFU, atwhich dosetheinfectionis eitherclearedor
leadsto rapid deathof thefish. Zebrafishbeginto succumizo theinfectionafter approximatelyt0
hourspostinfection, sothis time-point wasusedasan outputto determinethe extentof zebrafish
infection. To comparethe effect of encapsulatedntimicrobialsandfree antimicrobialsto treatS.
aureusinfection,zebrafishembryoswereinjectedwith S.aureusfollowed by a secondnjectionof
drugloadedpolymersome&0hourslater.We assessetheefficacyof thefour drugstestedn vitro,
lysostaphinyancomycingentamicinandrifampicin (FiguresSab). In agreementvith thein vitro
results,only encapsulatedfampicin andgentamicinreatmenimprovedthe outcomeof infection.
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