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Abstract

The initial host response to fungal pathogen invasion is critical to infection establishment
and outcome. However, the diversity of leukocytexpathogen interactions is only recently
being appreciated. We describe a new form of interleukocyte conidial exchange called 2shut-
tling.° In Talaromyces marneffei and Aspergillus fumigatus zebrafish in vivo infections, live
imaging demonstrated conidia initially phagocytosed by neutrophils were transferred to mac-
rophages. Shuttling is unidirectional, not a chance event, and involves alterations of phago-
cyte mobility, intercellular tethering, and phagosome transfer. Shuttling kinetics were fungal-
specieszspecific, implicating a fungal determinant. -glucan serves as a fungal-derived sig-
nal sufficient for shuttling. Murine phagocytes also shuttled in vitro. The impact of shuttling
for microbiological outcomes of in vivo infections is difficult to specifically assess experimen-
tally, but for these two pathogens, shuttling augments initial conidial redistribution away from
fungicidal neutrophils into the favorable macrophage intracellular niche. Shuttling is a fre-
quent hosttpathogen interaction contributing to fungal infection establishment patterns.

Introduction

In vertebrateswo phagocyticelltypeshavelong beenrecognizedaskeyplayersn theinitial
hostdefenseesponseo infection: neutrophil granulocytesnd macrophagegL]. Neutrophils
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andmacrophagesharemanyfeaturestheyareboth migratory cells theyphagocytosenicro-
organismn encounteringhem,andtheyhaveintracellularmechanismsor killing microor-
ganismsHowever althoughboth phagocytéypesengulfmicroorganismsindividual
microorganismsnteractwith neutrophilsand macrophagewith differentspecies-specific
preferencedn differentwaysandusingdifferentmolecularmechanisms$2]. Converselythe
hosthasevolveddiversecellularstrategiesor thesetwo differentphagocyteto protectagainst
the panoplyof potentiallypathogenianicroorganisms.

The exchangef cytoplasmianaterialthrough contact-dependennhechanismbetween
adjacentellsis currentlyatopicalfield in cellbiology.An examples the contact-dependent
exchangef cytoplasmfrom macrophagéo tumor cellsasametastasis-promotingiechanism
[3], distinctfrom the cytoplasmiexchangdetweermacrophageandtumor cellsthatoccur
viaextracellulavesiclesndnanotubeg4+6].

During infections,neutrophilsand macrophagealsoengagén intercellularexchanges.
Somemicroorganismsdaveevolvedmechanismshat exploittheseto enhanceheir pathoge-
nicity and promotetheir spreadbetweerphagocyted-or example, and

promastigotesnduceapoptosisn hostneutrophilsto thenexploitefferocytosis,
wherebyclearancef deadneutrophilsby macrophagekadso subsequeninfection of this
less-hostildostcell[7+9]. Converselyneutrophil phagocytosisf debrisfrom dying macro-
phagess arecentlydemonstratednethodof mycobacteriatlisseminatior{10].

[11]and [12] canbeejectedrom hostmacrophageby nonlytic
exocytosiswhile macrophage-resident [13]and . [14] alsocan
enternewhostmacrophagethroughlateraltransfer(recentlytermedmetaforosig15]). The
gram-negativédacteria and aretransferredoetween
macrophageby aprocesselatedto trogocytosi§16]. Thesescenariogrecharacterizedby
deathof the donor cell,expulsionof the pathogerfrom the donor cellwithout direct contact
betweerdonor andrecipientphagocyteor transferbetweerthe sameypeof phagocyteNone
involvetransferby directcontactfrom aliving neutrophilto aliving macrophage.

Suchinteractionsprovidean opportunity for intracellularpathogendgo transferto anew
hostcellwhile minimizing exposurdo apotentiallyhostileextracellulaenvironment.As anti-
biotic resistancéecomes growingproblem,thereis anever-increasingnterestin host-path-
wayzdirectedinti-infectivetherapiesHost-dependenprocessefor pathogerdissemination
represenkeypotentialtargetg17].

Zebrafishhaveemergedasanidealmodelfor intravitalimagingof leukocytebehaviorgdur-
ing infection[18]. Theycombinethe advantagesf smallsize ppticaltransparencyparticu-
larly asembryosandlarvae) andsuitabilityfor geneticmanipulation.Zebrafishphagocytes
havebeencomprehensivelgharacterizedn developmentalgeneticandfunctionalstudies
[19].

Our recentmodelingof fungalinfectionsin zebrafishmodelshavefocusedon high spatio-
temporalresolutionintravitalimagingof theinitial leukocyte+pathogeimteractions[20].
During thesestudieswe observed form of microorganismexchangdetweemeutrophils
andmacrophagethat webelieveto be previouslyundescribedwhich wehavenamed?®shut-
tling.° In shuttling,aliving donor neutrophilladenwith previouslyphagocytosefungalspore
(s)transferghis cargoto arecipientmacrophagehroughatethereddirect contactwithout
deathof the donor neutrophil. Shuttlingis thereforedifferentfrom all the previouslydescribed
microorganismexchangebetweerphagocytes.

In the presentstudy,wecomprehensivelgescribeneutrophil-to-macrophge?shuttling.°
Studyingshuttlegpresenteatonsiderabléechnicalchallengebecausg¢heycouldonly beiden-
tified by directly observinghemretrospectivelyn in vivo live-imagingdatasetsTo recognize
ashuttle,all threephase®f the procesdiadto becapturedn theimagedvolume:initial
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carriageof aphagocytosedporewithin amobile,living donor neutrophil;the momentof
intercellularcontactandtransferbetweemeutrophiland macrophageandthe departureof
the previouslyunladenrecipientmacrophagenow carryingits newlyacquiredcargo.All three
shuttle-definingstepseededo haveoccurredwithin theimagedvolume,despitethe high
mobility of the participatingcells.Despitethis challengewecomprehensivelgdescribghe
morphologyof shuttling,quantifykeyparameter®f the dynamictransferprocessandidentify
akeymechanistideterminantby demonstratinghat the conidial cell-wallcomponent -glu-
canis afungal-derivedmolecularsignalsufficientto triggershuttling of particles Additionally,
by replicatingthis phenomenorusingmurine phagocyte@ vitro, we provideevidencehat
shuttlingis aconservedehaviorof both fishandmammalianphagocytes.

Results

Some. conidia phagocytosedy neutrophils are@shuttled® to
macrophages

While studyingleukocytebehaviorduring the establishmenof . infection follow-

ing inoculationof live conidiainto zebrafisH20], weunexpectedlpbservedherecurrent
directtransferof conidiafrom live neutrophilsto adjacentive macrophageé~ig 1; S1A
andS1BMovie). Thephenomenorwasrevealedy combininga3-colorfluorescenteporter
systen(labelingneutrophilsin greenwith enhancedyreenfluorescenprotein [EGFP],macro-
phagesn red[mCherry], andconidiain blue[calcofluor]) with high-spatiotemporaltresolu-
tion live confocalimaging.We calledthis newform of interphagocyteathogertransfer
ashuttling.° Two defining featuresof shuttlingdistinguishedt from other previouslydescribed
formsof pathogertransfer.Firstly, shuttlingoccurredbetweerlive leukocytesgemonstrated
by the mobility of both donor neutrophilandrecipientmacrophagdefore during, andafter
shuttles Secondlythe dynamicmorphologyof shuttling suggestegurposefukratherthanran-
dom exchangehroughatetheredcell-to-cellcontact.

To characterizéhe dynamicmorphologyof shuttlingcomprehensivelywe systematically
collectedmultiple unselecte@xampledrom extensiveonfocalive-imagingmicroscopy
experimentsTo ensurethat shuttlesvereunequivocallydistinguishedrom all othermodesof
intercellularpathogertransfer stringentcriteriawereappliedfor eventgo beincludedin this
initial panel.Forinclusionasashuttle all threephase®f donation,transfer,andreceiptwere
requiredto beunequivocallyisualized seeMaterialsand methodsfor full details).Theresult-
ing collectionof unequivocakhuttlescomprisedl3example®flive . conidialshut-
tling (S1Fig),andasshuttlingmechanismsvereexplored anotherl7unequivocabxamples
of conidialshuttlingand 18 example®f the shuttling of other particlesmeetingall stringent
definition criteriawerecollected S1Table).

Shuttlingof live . conidiaoccurredonly in thefirst 2 h of infection establish-
ment(mediantime of shuttle,33min [rangel14+97]from commencemenofimaging; =13
shuttlescollectedn 69movies;S1AFig).In contrastno . shuttlesoccurredduring
>181 h of imagingafter2 h postinoculation.

These. shuttlingexamplegxhibitedmorphologicalfeaturesvith mechanistic
implications.In severataseghedonor neutrophiland/or recipientmacrophagdormeda
highly polarizedshapeaesultingfrom cell-to-celltetheringaroundthetime of shuttling (Figs
1A, 1Fand2A; S1B+S1Movie). Thesedrawn-outtetheredextension®f neutrophiland mac-
rophagecytoplasmbefore during, or aftershuttlingindicatedafocalratherthanawhole-of
cellthuggingPinteractionbetweerthem.Furthermore this tetheringconfirmsthatthe cells
comeinto directphysicalcontactfor the shuttleratherthan merelymovinginto closeproxim-
ity andtransferringthe conidium by expulsioninto the extracellulaspaceandrephagocytosis.
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Fig 1. Shuttling of individu al . conidia from neutrophil to macrophage(A) A representave
standardshuttleof acalcofluor-staiedconidium (blue)froma  : ! neutrophil(greenjtoa ™
#1$8% " &' ! macrophag (red), corresponéhg to theexamplen S1AMovie.Panels

includeisometricorthogona ( and ( viewscorresponihgtothe maximalintensityprojectionandindicate
thetime in min from startof movie.Thetime point coloredwhite-on-blckis the momentof transfer.Colored
arrowheadindicatethe conidiumwithin donor neutrophil (green) atthe point of intercellulartransfer(white) andin
therecipientmacrophag (red). (B+D) Volume+enderedviewsof the standardshuttlein (A), detailedbefore(B), at
themomentof transfer(C), andafterwardgD), demonstréing theintracellula locationof the shuttledsporein donor
neutrophi andrecipientmacrophae,thefocalintercellularcontactatthe momentof transfe. Cii istheimagein Ci
rotated45Earoundacentralverticalaxisin the direction shown.lmagesBii, Ciii, andDii aresectioned/olume-
renderedviews;asectiond planeis representd by ared box. (E+F)Shuttledemonstating tetherirg of the departing
recipientmacrophag following ashuttle.PanelE presentatiororganizedasin panelA. Thetetherednomentof
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transferis detailedby volume-randeringin F, presentedsin panelsB+D.Scalesisshown.Stillsin A andE correspond

to S1Aand S1BMovie,respectively. .& , nitroredudase EGFP gnhancedyreenfluorescent
protein; # , engineeredorm of ) Gal4transcripfonalactivator; ", macrophag-
expressedenel; , myeloid-sgcificperoxidase;, transgenic% ", upstreamactivatingsequencéusedto

minimal adenoviusElbpromoter.

https://abi.org/10.1371djurnal.pbic3000113.g001

Althoughsingleconidiawereusuallyshuttled(Fig 1, S1Table),occasionallynorethan
oneconidiumwastransferred2/13instancesi-ig 2Band2C;S1E+S1KMovie). Oneexample
of thiswasin quick successioFig 2B,S1EMovie). However the nonsynchronougransfer
of 2 shuttledconidiain seriefrom the samedonor neutrophilin anotherexamplgFig 2C,
S1FMovie) indicatedthatthe signalingmechanisndriving eachshuttlecould operate
independently.

Shuttling alsooccurswith . conidia

To testwhetherconidial shuttlingwasspecificto . or ageneraphenomenorof

fungalinfection establishmentyve assayeébr shuttlingfollowinginoculationwith live .
conidia,anotherfunguswhosenteractionswith leukocytesarewell studiedin

zebrafisrmodels[20+23]but for which shuttlinghasnot previouslybeendescribedSeven

unequivocakhuttlesof live . conidiaoccurredin 6/22imagingsequenceg-ig 2D
and2F,S1BFig,S2Movie). Themediantime of shuttlingwas121min (range30+199¥ollow-
ing commencementdfimaging. . shuttlesexhibitedsimilar featurego .

shuttlesjncluding cell-to-celltethering(S2DMovie). In 1/7 examples? shuttlesoccurredin
the samemagedvolumebetweerdifferentdonor neutrophilsand macrophageseparatedhy
anintervalof 10min (Fig 2F).

To excludethe possibilitythat shuttlingwasan artifactof labelingconidiawith calcofluor,
wetestedconidiawith analternatdabel. . conidialabeledwith AlexaFluor 405
werealsoshuttled(Fig 2E,S2CMovie). All shuttlesoccurredfrom donor neutrophilto recipi-
entmacrophagelNo macrophage-to-neutrophghuttlesvereobservedlespitdooking care-
fully for them.

Collectivelytheseobservationgstablistthat shuttlingis arecurrentform of unidirectional
pathogertransferfrom neutrophilsto macrophagethat occursearlyin fungalinfection estab-
lishment.It is not apeculiarityof the hostresponséo aparticularfungalpathogerbecausé
occurswith two fungalspecies.

Incidenceof shuttling

Shuttlingeventameetingour stringentcriteriawereobservedn 20/91(22%)unselectedmag-
ing sequencesf >60 min duration (S1Fig). While this ascertainmentateprovidedascorable
surrogatecategoricalariablefor shuttlingincidence amore biologicallyrelevantmeasureof
theincidenceof shuttlingwould addweightto its biologicalsignificance.
Onesuchbiologicallyrelevantguantificationis the shuttlingincidenceper conidium at risk
of shuttling. This measureregardlessf anymacrophagg@hagocytiactivity andrecruitment
of nonphagocytosingeukocytesis denominatedsolelyby the numberof spore-lademeutro-
philsin theimagedvolumeavailabldo actasdonors.While this is impossibleto determine
exactlyfor anysingleimageseriedecausef neutrophil flux throughtheimagedvolume,it is
possibleo computeanaverageestimateFor both thesefungi, wehavepreviouslyexamined
phagocytosigluring infection establishmenand previouslyreportedthat macrophagehago-
cytosispredominateverneutrophil phagocytosig thefirst 3 h following inoculation[20].
Thesephagocytosigataresultedfrom analysif a subsebf imagingfilesof the current
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Fig 2. Variant shuttlesof fungal conidiafrom neutrophil to macrophage.A varietyof shuttlesof conidia(blue)
from : ! neutrophis (green)to RIS " & ! macrophageged).In
eachexamplepanelsncludeisometricorthogonal ( and ( viewscorrespondingo the maximalintensity
projection andindicatethetime in min from startof movie.Time pointscoloredwhite-on-blackarethe momentsof
transfer(A,C,E)includevolume-rendeed viewscorresponihg to the maximalintensityprojection;wherethis
volumeis sectionedasin panelA), theframingboxis shownin red.Coloredarrowheadsndicatethe conidium
within donor neutrophil (green) atthe point of intercellulartransfer(white),andin therecipientmacrophag (red).
(AxC) Shuttlesof . conidia.(A) Shuttledemonstating tethering of thedonor neutrophi atthe momentof
transfer(B) Shuttleof multiple conidiafrom onedonor neutrophi in quick successiorfirsttwo framesshowdonor
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neutrophi ladenwith multiple conidiaattwo preshuttletime points.Framedrom = 96:49+100:48in aremaximal
intensityprojectimmsonly, encompasag the shuttlingtransferof 3 conidiaover4 min Upperrow of panelshowsed
(macrophage)andblue (conidia) channelonly; lowerrow of panelsncludesthe greenchannel(donor neutrophi).
(C) Shuttleof 2 conidiafrom onedonor neutrophi oneafterthe otheratanintervalof 2 min 13s.Volume-rerdered
imagesorresponéhg to maximalintensityprojectiors showthe 2 shuttledconidia(labeledl and 2) before during,
andaftertheshuttle.(D+F) Shuttlef . conidia.(D) Standardshuttleof singleconidium. (E) Standard
shuttleof conidium labeledwith AlexaFluor 405ratherthan calcofluoraccomparedby volumerenderedmageghat
focusattentiononto the conidium anddonor neutrophi of interest.(F) Two independenshuttlesby different donor
neutrophisoccurringin the samefield. In this seriesthe courseof eachshuttledsporeis followedby white andyellow
arrowhead.Scalessshown.Stillsin AxFcorrespondo S1ICS1ES1FS2A,S2Cand S2EMovies respectively. .

& , . nitroredudase EGFP enhancedyreenfluorescet protein; # , engineeedformof . ) Gal4
transcrigional activator; ", macrophag-expressedenel; , myeloid-sgcificperoxidase;, transgenic;
% ", upstreamactivatingsequenefusedto minimal adenoviru€1bpromoter.

https://i.org/10.1371durnal.pbic3000113.9002

dataseaindsoprovideabasidor estimatingan averagedhuttlingincidencebasedn aver-
agedspore-lademeutrophil phagocytosisates For . , anaveragef 1.34conidia-
loadedneutrophils(67 neutrophilsat 50time points) werepresentatanytime in theimaged
volumeto beavailableasdonorsthroughoutthefirst 180min afterinoculation(derivedfrom
= 10imagingseriespeingthoselOseriexlosesto 180min in length).Hence,13shuttlesn
69imagingserieameanghaton averagel4%of sporesavailablén neutrophilsfor donation
wereshuttledin 3 h. Alsoof noteisthefactthat5/10imagingserieshadonly 1 spore-laden
neutrophil presentin theimagedvolumeduring thefirst 180min, andhencethesemaging

seriegprovidedlittle opportunity for shuttlingto occur.For . , neutrophil phagocy-
tosisof conidiawasmuchrarer,asalsoobservedy others[20,21].An analogousveraged
calculationgivesan averagéncidenceof 44%for shuttlingof . sporeghatwere

availablefor donationby loadedneutrophilsin the 3 h afterinoculation (36 neutrophils/50
time points= 0.72spore-lademeutrophilson averagat anytime point over3 h; 7 shuttlesn
22movies).

Calculatingtherealshuttleincidenceis challengingandtheseratesarecertainlyunderesti-
matesTheratedependon the sensitivityof ascertainmentwhichis constrainedy the limita-
tions of the detectionmethodandour stringentdefinition of shuttling. Thesewo factors
togetherconspireto underestimateshuttleincidence.

Challenge#n shuttledetectionthat contributedto underestimatingncidenceincluded
(1) shuttlescancurrentlyonly berecognizedy the laboriousmethodof manuallyobserving
themin retrospectivanalysiof imagingdatasets(2) atthe magnificationrequiredfor the
subcellularesolutionneededo seeshuttlestheimagedvolumeis only asmallfraction of the
infectedvolume;and (3) theleukocytesnvolvedarehighly mobileandfrequentlymoveout
of theimagedvolume,andhencethe denominatorsfor computingincidenceareconstantly
changing.

Severabtherobservationgndicatethat shuttlesarenot rare.If shuttleswererare, it would
beunlikely that multiple examplesvould occurtogetheror in the samamagingsequence.
However 5/20datasetsontainedexample®f multiple shuttleseither2+3sporedeingshut-
tledtogetheror in quick successionr asynchronouslyrom the sameor severatiifferent
donor neutrophils(Figs2B,2C,2Fand 3; S1ES2F S2Eand S3A+S3Movies).

Thestringentcriteriaappliedto ensureonly unequivocakhuttleswvereincludedalsomeans
thatthe shuttleincidenceis likely to beunderestimatedMultiple eventghatwereprobably
shuttlesvereexcludedrom thisinitial panelof unequivocakhuttlegseeexamplesn S2Fig,
S4Movie). Therewereprobableshuttlesfor which the conidium could not unequivocallybe
resolvedaswithin thedonor neutrophilratherthanadherento it (S2AFig, S4AMovie). The
criterion mostoftennot metwasclearvisualizationof the donor+recipientcell-to-cellcontact
atthe point of conidialtransfer(S2Cand S2DFig, S4C+S4D/ovie). Thisscenariancluded
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Fig 3. Shuttling of . conidia betweenneutrophils and macrophagsinvolvesphagasometransfer. (A) Shuttleof calcofluorstained
conidium (blue)from ! neutrophils(green)to " * macrophags(red). Theseeporterlineshavemembrare-
localizedluorophoreexpressionPanelsncludeisometrc orthogond ( and ( viewscorresponihgtothe maximalintensityprojectionand
indicatethetime in min from startof the movie.Coloredarrowhead indicatea conidium beforeit is phagocyvsedby the donor neutrophi (red),
conidiawithin thedonor neutrophil (yellow),andthe conidium atthe point of intercellula transferandwithin therecipientmacrophag (white). (Bi)
Detail of the boxedareaof the donor neutrophi in (A), 6-min panel.Yellowdottedline indicatesthe position of the cross-seatin for the 3-color
fluorescenc@ntensityplotsin (ii) and (iii). Bothshuttledandnonshuttledconidiaareflankedby peakf greenfluorescencegonsistentvith their
locationin amembrare-linedphagosore.(C,D) Cross-sectiosfluorescencéntensityprofiles(ii) correspondingo theyellowlinesin (i) for 2
macrophagsthatreceivedasporefrom aneutrophil in this datasetwhich contained3 indeperdentsporeshuttlesThearrowedEGFP-chanel signal
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demonstratethe transferof neutrophil-derivedEGFP-taggethembrarein thevicinity of the spore(bluechannekignal).Scalessshown.Stillsin A
correspondo S3AMovie.EGFP enhancedyreenfluorescet protein; ", macrofhage-expresdgenel; , myeloid-speific peroxidae; ,
transgenic.

https://doi.0g/10.1371§urnal.pbio.300113.9g003

instancesn which aphagocytosegarticleappearedo bedepositeddy the neutrophilinto
extracellulaspaceandwasthen subsequentlyakenup by amacrophageln someimagedvol-
umesalargenumberof highly activeneutrophilsand macrophagewereattractedto theinoc-
ulatedsporesandit wasimpossibleio separatevhatwashappeningalthoughmanyspores
wereinitially within neutrophilsthatendedup in macrophage€S2DFig, S4DMovie). All
imagingdatasetsollectedfor thesestudieshavebeenincludedin the denominatorof our
unselectederieglespitesuchfeature{S1Fig,S1Table).

From thesedataand considerationsywe concludethat althoughthe detectionof shuttlingis
laboriousandchallengingshuttlingitselfis not ararephenomenonFor both thesefungal
pathogensthosesporeghatareinitially phagocytosetly neutrophilshavea substantial
chanceof beingshuttledto macrophagem thefirst 3 h of infection establishment.

Shuttling involvesphagosomeransfer

We previouslyreportedthe transferof neutrophil cytoplasnmto macrophagem the contextof
inflammation[24]. We thereforehypothesizedhat shuttling could alscinvolvetransferof
donor neutrophil cytoplasmiaccomponentgo the recipientmacrophageTo testspecifically
whetherneutrophilmembranewasalsotransferredweimagedshuttlingin transgeniq )
macrophage-expressgdnel ( "): *+myeloid-specific peroxidasé ):

* embryosjn whichthefluorescentabelingof neutrophilsand macrophageis
localizedto the membraneviaa prenylationmotif (Fig 3, S3Movie). Cross-sectiondluores-
cencantensityprofiling of conidiain theseransgenidinesdemonstratedhat prior to shut-
tling, about-to-beshuttledconidiaresidewithin membrane-bounadompartmentswithin the
neutrophil (Fig 3B).Observatiorof shuttledconidiain macrophagesnmediatelyfollowing
transferdemonstratedhat greenfluorescensignalsurroundingthe spore attributableto the
neutrophilmembranewasalsotransferredo the macrophagérig 3C).

This providesdirectevidencehat shuttledconidiaarelocatedin amembrane-linedsubcel-
lular neutrophilcompartmentjikely to beaneutrophil phagosomethatis shuttledin its
entiretyto therecipientmacrophageTherapid decayof the cytoplasmiameutrophilreporter
fluorophoresignalfollowing shuttling suggestthat within the macrophagé is either
quenchedecausef pH changeor thatthe structureof the shuttledphagosomendits com-
ponentproteinsarerapidly destroyedy the macrophager-urtherevidencehat shuttledparti-
clesresidewithin the acidifiedphagolysosomenvironmentof donor neutrophilsbefore
shuttlingandrecipientmacrophageaftershuttlingwasgeneratedrom anin vitro assayising
murine leukocytegseebelow).

Phagocytemotility confirms that living cellsparticipate in shuttling

Our previousstudiesdemonstratedhat phagocytesxhibitlineage-andsite-specifispatio-
temporalresponseduring establishmenof fungalinfection [20]. We askedvhethershuttling
occurred?on the fly°® betweerfast-movingcellsor whethercellssloweddown and2parked®to
engagen thisintercellularinteraction.

Wefirst focusedn the scenarian which . conidiaweredeliverednto the
somite.To characterize¢he overallpicture of leukocytemovementin which shuttlingoccurred,
weusedd-dimensionakelltrackingin Imaris softwarg(Bitplane;Andor TechnologyBelfast,
UK) to extractandplot cellcoordinatesn time and spaceWe interrogatedthesedatausing
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the opensourceprogramminglanguager ashasbeenusedto analyzdeukocyteswarming
[25]. In this scenarioneutrophilsstartedto migratetowardsthe infection sitesoonafterinoc-
ulation with conidia,while macrophagenigration initiated later,during the seconchour post-
infection.Overall,neutrophilsexhibitedmorerapid motility thanmacrophageatall times
andin all directions( < 0.0001)Phagocytosief conidiaupon arrival atthe siteof infection
wasassociate@ith areductionin migration velocityfor both neutrophilsand macrophages
(Fig4A).

To focuson the subsebf phagocytegngagingn shuttlingwithin this meleeof phagocyte
activity,wedevelopedShuttleFinder,.a MATLAB (The MathWorks,Natick, MA, USA)pro-
grambasedn 2PhagoSightf26] that performsspatiotemporatrackingof conidiaandreports
the color of theirimmediatesurroundingenvironment(Fig 4B).ShuttleFindedid not facili-
tateautomaticshuttlediscovenbecausef the high numberof disjointedtracksandahigh
numberof falsepositivesHowever jt enabledhe pathsof conidiathat wereshuttledto bedis-
playedin 2-dimensionakpaceandtime (Fig 4Bi) and 3-dimensionakpaceFig 4Bii). This
demonstratiorof conidialtranslocationrshowedhe extentto whichthe donor neutrophils
andrecipientmacrophagem which shuttledsporegesidedweremobile prior to andfollow-
ing the shuttle(Fig4Band4C).

We nextassessadhethercellvelocitychangedluring shuttling by manuallyexamining
thedisplacemenbf neutrophilsand macrophagegelativeto the shuttlesiteoverfixed 5-min
intervalsfor the 20-min period beforeand aftershuttles Neutrophil displacementvassignifi-
cantlylessfor the 5-min periodimmediatelybeforeashuttlethanthe periodjust aftershut-
tling, indicating afastemeutrophil directionalvelocityimmediatelyfollowing shuttling (Fig
4C).Furthermore neutrophildisplacementrom the shuttlesiteby 20min aftershuttlingwas
atleastasgreatasthatat20min before confirming that shuttlingneutrophilsremainedas
activelymobile asbefore(Fig 4C). Theongoingmovementof neutrophilsaftershuttling
stronglyindicatesthat the donor neutrophilremainedalive.

Macrophageslsomovedtowardsandawayfrom the shuttlepoint, confirming their viabil-
ity (Fig 4C).Asexpectedfor shuttlesof both conidialtypes macrophageaveragelirectional
velocityoverthe 20min aftershuttlingwassignificantlyslowerthanthat of the departingneu-
trophils ( . : 1.1 0.5versu.0 1.2 m/min, =0.0251;. : 1.1 04
versusl.8 1.0 m/min, =0.0388pne-tailed test)(Fig4C).Overlongerperiodsoftime,
recipientmacrophagewerehighly mobile (Fig 4B),alsoconfirming their ongoingviability
throughoutthe shuttlingprocess.

The 20shuttlesof live sporegameetingall stringentdefinition criteria (Fig 5A) suggested
that shuttling continuesthe proces®f conidialdisseminationin 16/20caseshedonor neu-
trophil enteredthefield during theimagingperiod,andhencejt hadpickedup its sporefor
donationelsewherd-urthermore,in 18/20caseshe recipientmacrophageeparatedrom the
donor neutrophilbeforetheimagesequencéinished(Fig 5A).

In summary thesedatashowthat neutrophilsslowdownto donateconidiafor shuttling
andspeedip on departing remainingviablethroughoutthe processTherecipientmacro-
phageslsoremainactivelymobile throughoutthe shuttling processThe mobility of shuttling
cellsbeforeandaftershuttling contributesto the ongoingproces®of sporedisseminatiordur-
ing infection establishment.

Shuttling is apurposefulinteraction that involvessustainedintercellular
communication

We consideredhe possibilityshuttlingmight bea chancesventratherthan purposefulinter-
action.If shuttlingoccurredby chancealone thenthe numberof shuttleswvould beexpected
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Fig 4. Phagocytemobilit y during shuttling. (A) Celltrackinganalysi®f neutrophi andmacrophag following
intramuscularinoculationof . conidia.A chemotact index(red, movementowardsinfection;blue,
movemat away)andvelocity(thicknesof theline). Neutrophi migrationtowardsthe infectionis earlierandfaster;
macrophag migrationis laterandslower.(B) Output of ShuttleFnder softwarefor the shuttleshownin Fig 1A. Track
colorindicatesthe cellularcontextof the conidium (green neutrophi; red, macrophag). (i) showshe shuttledspore
trackin  dimensbnsandtime. (ii) showst in ( dimensionsThetwo outputscollectivelyshowthatthe shuttle
occurredbetweerdonor andrecipientphagociesthatweremobilein both spacendtime. Imagingparameers: , ,
1.31pixels/ m; ( interval,3.3 m/slice; framerate,28.0s/frame (C) Plotsof donor neutrophi andrecipient
macrophag celldisplacemst from the shuttlesporelocationoverthe 20-min period beforeand afterthe momentof
shuttlefor . (i) and . (i) shuttlesNotethatdisplacenentis ameasuredlistancewithout
directionalinformation. Dataaremean SEMateachtime point (i, =10;ii, =7). -valuesfrom two-tailedpairedt
testg(all +20and-20min vsO comparisois),otherwisefrom one-tailedpairedt tests Datasets$or C areprovidedin
S1Data.ns,not significart.

https://abi.org/10.1371djurnal.pbic3000113.g004
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Fig 5. Dynamicsof neutrophil-to -macrophageconidial shuttles.(A) Time mapsof cellularcontactduring shuttles.
Chartsarealignedwith = 0atthepoint of initial donortrecipentcellcontact.Chartshowgime of conidialresiderte
in donor neutrophil prior to intercellularcontact(greenline; verticalbar indicatesresidentat startof imaging;
otherwise line startindicatespoint of neutrophil phagocytois), time of generaintercellularcontact(blueline), and
periodof contactduring actualconidialtransfer(orange bars).Chartsarefor eachof 20stringentlydefined
unequiwocalshuttley =13 . , =7. ) tabulatedandidentifiedasin S1Fig.Theentiresequene
from phagocytosifo cellseparatioris shownunlessverticalbarsat beginningor endof linesindicatethe startor end
of theimagingfile; blueandgreennumbersindicateendpointtimeswherelineshavebeenclipped.(B,C)For .
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(B)andA. (C) infections histogramsf numberof experimats with andwithout observed
shuttlesareshownby numberof conidiapresenin theinitial imagingvolume.(D) For conidia-lade neutrophis,
duration of shuttlingcontacty = 20shuttles)comparedo randomnonshuttling contact( = 34)isshown.Dataare
summaizedby medianandrange (E) Distribution of timesof shuttleafterimagingcommencedor . and

. = 0.016for categoricaVariableof shuttlesoccurringat 60 and>60 min betweerthetwo fungal
speciegFisher'sexactest).Dataset$or A+Eareprovidedin S1Data.

https://cbi.org/10.1371djurnal.pbic3000113.g005

to beafunction of the numberof conidiadeliveredHowever shuttlesoccurredin fieldsthat
hadinitially asfewas<4 conidiaandasmanyas75+10Conidiafor both fungalspeciesand
wecouldnot resolveatrend basedn the numberof conidiainitially in theimagedvolume
(Fig5Band5C).

We alsohypothesizedhatif shuttlingwerepurposefulratherthanarandomeventthen
thiswould bereflectedby purposefulintercellularinteractions Shuttlingis characterizedy
multiple polarizedinteractionsbetweerthe donor neutrophilandtherecipientmacrophage
prior to the shuttle,indicating sustainedand purposefulprior celltcelcommunication(S1,
S2and S3Movies).To quantitativelytestthe hypothesighat the degreeof intercellularinter-
actionbetweershuttlingleukocytesvasunusuallyextensivewe comparedhe duration of
neutrophiltmacrophageontactghatendedwith ashuttleto randomlyselectechonshut-
tling contactsThis analysigevealedhat shuttling cellsstayin contactfor asignificantlylon-
gerperiodprior to shuttlingthanis otherwisethe casdor randomneutrophilmacrophage
interactions( < 0.0001)YFig5D). Thisobservatioris consistenwith therebeingsignals
bringing the donor andrecipientcellstogetherprior to shuttling.Furthermore,it indicates
thatthesesignalsaredifferentfrom thosethat attractedthe leukocyteso migrateto the site
of infection.

Pathogen-dependenshuttling kinetics indicatesa conidial determinant

We hypothesizedhat the molecularmechanisndriving shuttlinglikely involvedfungal
determinantslf thiswerethe casethis might resultin differentkineticsfor the shuttling
of conidiaof differentfungalspeciesAlthoughweobservedo obviousmorphological

differencebetweershuttlesof . and . conidia(suggestinghatthe
mechanisndriving shuttlingis fundamentallythe samefor both), the kineticsof shuttling
eventdifferedfor thetwo species. shuttlesoccurredpredominantlyin the
first hour afterinoculation,whereas. shuttleshappenedit latertime points

( =0.016)(Fig5E).Therewasno ascertainmenbiasfor shuttlesof oneor otherfungus
becaus¢he 2 moviedatasetsharedasimilar distribution of imagingdurations(S1Fig;the
two distributionsof movielengthsarenot significantlydifferent( = 0.1985Mann+Whit-
neyU test)).

Thisimportant observatiorindicatesthat althoughshuttlingis ageneraphenomenorin
fungalinfection establishmentyecaus¢hekineticsof shuttlingis specificto the fungalspecies,
determinantsof the molecularmechanisnresidein propertiesof the conidiathemselves.

Thefungal determinant of shuttling is not dependenton conidial viability

A fungaldeterminantof shuttling could beeitherachemicalconstituentof the conidiumor a
newlysynthesizednetaboliteof the germinatingfungi. To distinguishbetweerthesepossibili-
ties,wemicroinjectedconidiainactivatedby eitherfreezing( . ) or -irradiation (.

) andimagedfor shuttlingeventsWe observednultiple shuttlesof inactivatedfun-
galconidia(Figs3 and6A; S3Movie), confirming that shuttlingwasstimulatedby non-tem-
peraturexlabileomponentf the conidium ratherthan anewlysynthesizedignal.
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-glucanis afungal determinant sufficient for shuttling

Becausshuttlingwasindependenbf conidial viability, we hypothesizedhat the spore-
derivedsignalfor shuttlingwaseitherfrom the shapeor sizeof the particleor wasachemical
componentof the fungalcellwall suchaschitin or -glucan.

To testwhetherparticlesizewassufficientto triggershuttling,wemicroinjectedl.7-to
2.2- m fluorescenparticles(approximatingthe sizeof . and . conidia)
into thetail somiteof 2+3dayspostfertilization(dpf) zebrafisrembryos Althoughthe beads
wereactivelyphagocytosetly both neutrophilsand macrophages)o shuttlingeventsvere
observedapproximately60h of imaging,19experiments)Fig 6B).During theseexperiments,
wefrequentlyobservedfferocytosi®f entire bead-lademeutrophilsby macrophage&S3Fig,
S5BMovie). While the neutrophil EGFPfluorescensignalwasrapidly lostfollowing engulf-
ment,the bead-conjugatefluorophoresignalpersistedTheseexperimentsleterminedthat
beingaparticleof aparticularsizewasnot sufficientto induceshuttlingandthatleukocyte
phagocytidehaviortowardsinert beadsvasdemonstrablydifferentto their responséo fun-
galconidia.Thisindicatesthat shuttlingis abehaviordriven atleastin partby achemicakig-
nalresidingwithin the conidiumitself.

The cellwall of fungalconidiais primarily composef polysaccharideg&hitin andglu-
cans)andproteins[27]. The -glucanclasof polysaccharideareamajor componentof the
conidialwallandarehighlyimmunostimulatory,sotheyrepresente@ promisingcandidate
shuttlingmediator.We confirmedthat -glucanwasexposean the surfaceof the ungermi-
nated . and . conidiaaspreparedasfor shuttledinoculategS4Fig),
making -glucanacandidatgfungalstimulusfor shuttling.To testwhether -glucanwassuffi-
cientto induceshuttling,wefirst lookedfor shuttlingof zymosarparticlesZymosanparticles
areapproximately3 m in diameterandareaderivativeof the ) cell
wall,arich sourceof -glucanglucosegolymersWe observed unequivocakhuttlesrom
approximately30h of imagingover6 experimentgFig 6A and 6C).Becauseymosans pre-
dominantly -glucanthesedatasuggestethat -glucanmaybeaspore-derivedignalsuffi-
cientfor shuttling.

To morerigorouslytestthe ability of -glucanitselfto triggershuttling,wetestedwhether
coatingplasticbeadsn -glucanconferredon themtheability to beshuttled. While uncoated
beadsverenot shuttled(0 shuttlesin 19experiments)beadsoatedwith -glucanwereshut-
tled atrelativelyhigh frequency(10shuttlesduring 22 experiments)Fig 6Band 6D). Further-
more,treating -glucantcoatetbeadsvith amixture of -glucanasenzymegincluding endo/
exo-1,3- -D-glucanasend -glucosidaseignificantlyreducedtherateof shuttleascertain-
mentfrom 10shuttlesin 22experimentdo 3 shuttlesover24experimentgFig 6B).

Asageneticomodel,wealsotestedi "1 ,i . -glucosidasd.( - #")

sporeswhicharedeficientin their cell-wall -glucancontentbecausef mutation of their
-1,3-glucanosyltransfase( ) geneg62.6%and42%of wild typeat37 ECand
50 ECrespectively)28]. Theshuttleascertainmentatefor conidiafrom the mutantstrain
trendedlowercomparedo wild-type . (27.3%in wild typeversusl4.8%in mutant),
but this differencewasnot statisticallysignificant(Fig 6A), likely becaus¢he approximately
50%remaining -glucanon the conidial cellwall remainedsufficientto triggershuttling.

Collectivelythesedatasupportthe hypothesighat -glucanis afungal-walltderiveanole-

culethatis sufficientto triggershuttlingsignals.

Shuttling alsooccursbetweenmammalian neutrophils and macrophages

Our studiesin zebrafistrevealedhat shuttlingwasa conservedostresponséo different
specie®f fungi. We alsoobservedhuttlingbetweemmurine neutrophilsand macrophages,
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Fig6. -glucanisafungal determinant sufficient to trigger shuttling. (A,B) Relativefrequeng of shuttlesfor differentcargosincidencecomputed
for eachcondition asnumberof 3-himagingdatasetsvith shuttle(s)/tdal numberof imagingdatasetsBy chi-squaedanalysisthereareno significart

differencegor the comparisors:live sporesf thetwo specieg¢ = 0.38)Jiveanddead . ( =0.31),anddeadsporeof thetwo species
( =0.34).-valuesindicatethe numberof datasetin eachcategory(C,D) Imagesf representatlveﬁhuttlesof zymosarpartlcle(C) and -glucant
coatedplasticbeadqD). Shuttleof particlegblue)arefrom  : ! neutrophils (green)to HIS% " &' !

macrophags(red).In eachexamplepanelsncludeisometricorthogond ( and ( wewscorrespon«hg tothe maximalintensityprojection and
indicatethetime in min from startof movie.Coloredarrowhead indicatethe conidiumwithin donor neutrophi (green) atthe point of intercellula
transfer(white) andin therecipientmacrophag (red). Scaleasshown.Stillsin C, D correspondo S5Aand S5CMovie, respectivelyDataset$or A+B
areprovidedin S1Data. .& , . nitroredudase EGFP enhancedyreenfluorescet protein; # , engineeedformof . ) Gald
transcriptioral activator; ", macrophge-expressegenel; , myeloid-spedic peroxidase;, transgaic;% ", upstreamactivating
sequencéusedto minimal adenoviusElbpromoter.

https://doi.0g/10.13716Hurnal.pbio.300113.9g006

indicatingthatthis behaviorwasconservedetweerphagocytefrom differenthostspecies,
including highervertebratesuchasmammals.

Shuttlingbetweermurine phagocytesvasobservedn anin vitro assayPrimarymouse
bonemarrowneutrophilswerepreloadedwith Alexa-Fluor-488+labeledymosaraddedto
mousebone-marrowzderivednacrophageandimagedovertime. Thetransferof zymosan
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Fig 7. Zymosanshuttlesby murine neutrophils and macrophages(A,B) Two sequenesdemonstrating neutrophil-to-macrophage
shuttlingof Alexa-Fluor488+labked zymosarparticlebetweemmurine phagocyte vitro. Pane((i) is aschematichowingthe elongated,
adherentecipientmacrophag. Panelgiitviii) arebright-field photomiaographswith greenfluorescencehanneloverlaid with time
pointsindicatedin min:s.Redarrowindicateghe shuttledparticlein donor neutrophi (paneldi+vi) andthen,following shuttling,within

therecipientmacrophag (panelsvii+viii) . Stillsfrom S6Movie.

https://doi.0g/10.1371§urnal.pbio.300113.9g007

particlesfrom living neutrophilsto macrophagesasobservedn asimilar fashionto that
observedn the zebrafishin vivo model(Fig 7A and 7B).

Theseadataindicatethat shuttlingis aconservedehaviorof phagocytes vertebratesrom
zebrafishto highermammalianmodelsandis relevantio host+pathogeinteractionsduring
establishmenof fungalinfectionsin mammals.

We employedhisin vitro systento verify that shuttledparticlesweretruly intracellular
prior to andaftertheir shuttling,usingzymosamarticledabeledwith pHrodo, adyethatis
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nonfluorescenatneutralpH but fluorescestacidicpH, asoccursin maturing phagosomes.
Thedatasetompriseswo independent-h imagingsequencesapturing3 fieldsperwell,
imagedat 3-min intervals,in which 164shuttleswereobservedFig 8A+8D).Initially, there
weremanynonfluorescentintracellularparticles but progressivelyall pHrodo-stainedzymo-
sanparticleswithin neutrophilsand macrophagefuorescedindicatingtheywerenow within
intracellularacidicenvironmentg(Fig 8A+8Cand 8E;S6C+S6/ovie). Consistentvith previ-
ousobservation$29,30],agenerallyweakempHrodo signalin neutrophilsthan macrophages
indicatedthatthe neutrophilphagosomewerelessacidicthan macrophag@hagosomeg-ig
8A+8Cand8E).All 164shuttledparticlesdisplayedoHrodo fluorescencén the donor neutro-
phil atalevelsignificantlyabovebackgroundjndicatingthat beforeshuttling,theywerewithin
anacidifiedintracellularenvironment(Fig 8E,S6C+S6[ovie). Within therecipientmacro-
phagethe shuttledparticleremainedin anacidicenvironmentthatbecameprogressively
moreacidic,reflectedby aprogressivelgtrongerpHrodo fluorescencsignal(Fig 8E,S6C+
S6EMovie). Thesadataconfirm that shuttledparticlesarenot merelyadheredo the donor
cellbut originatefrom within acidifieddonor neutrophilphagosomedg:urthermore theyare
transferredo macrophag@hagosomethat undergofurther maturationwith acidification.
Theincidenceof shuttlingwasdeterminedfor thesen vitro assayonditions.At the densi-
tiesof donor neutrophils,recipientmacrophagesnd zymosarparticleloadingratesusedin
theseexperimentsshuttlingratesover5 h were4.8and 20.0shuttlesper 100loadedneutro-
phils (S2Table).Asthe shuttlesoccurredthroughthe entire 5-h ascertainmenperiod (Fig
8D), thisaverageto 1 and4 shuttles/100oadedneutrophils/h.This providesfurther evidence
that shuttlingis a prevalentinteractionbetweerzymosan-lademeutrophilsand macrophages.
Dectin-lis consideredhemajor -glucanreceptorin mammaliansystemsalthoughother
cell-surface -glucanzbindingmoleculeslsoexist[31,32].Wethereforeusedour in vitro shut-
tling assayo testwhetherDectin-1expressiomwasrequiredfor recipientmacrophageto
accepizymosarshuttlesfrom neutrophilsby usingmacrophageffom Dectin-1knockout
mice.Shuttlesrom wild-type neutrophilsto Dectin-1’ macrophagesccurred ndicating
that Dectin-1is not absolutelyequiredfor zymosarshuttling (Fig 8F,S6FMovie). However,
theincidenceof shuttlingwasconsistentljjowerwhenrecipientmacrophagewereDectin-1+
deficient(Table1).In two independenexperimentsthe shuttlingrateswith Dectin-1’  mac-
rophagesvere23%and 36%of the wild-typerates.Thewild-typeratesin theseexperiments
(4.9and4.3shuttles/100oadedneutrophilsat 20.4min) correspondedvellwith theincidence
datain S2Table.Theseobservationindicatethat Dectin-1isindeedinvolvedin shuttlingsig-
naling,andthereis arequirementfor Dectin-1for optimal shuttling efficiency.

Discussion

We previouslyreportedthe exchang®f cytoplasmidragmentsrom living neutrophilsto
macrophageduring awound-stimulatednflammatoryresponsg24], althoughthe physiolog-
ical purposeof this processvasunknown. Thedatapresentedhererevealthat onepurposeof
cytoplasmiexchangdetweemeutrophilsandmacrophageis the transferof phagocytosed
microorganismsilt is readilyassumedhatwhenaconidiumis found within aparticular
phagocytaluring earlyinfection establishmenthenit wasthat particularphagocytehat first
phagocytosed. We showclearlythatis not the caseConidial shuttlingfrom living neutro-
philsto macrophagesarlyin fungalinfectionis anadditionalandsignificantaspecbf the cell
biologyof theinitial hosttpathogeimteractionin vivo.

Shuttlescould only beidentified by carefulretrospectivanalysif live in vivoimaging
files,which presentedh substantiathallengeo recognizingand studyingthemandtheir
mechanismFromthe 188independenimagingexperimentsn thisreport, weidentified 48
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Fig 8. Shuttling of pHrodo-labeled zymosanparticlesbetweenmurine phagocytesn vitro. (A+C) Threeexamplesf in vitro shuttlingof zymosan+
pHrodo particlesrepresentatieof 164shuttlingeventsNeutrophils,greenmacrophags,red; pHrodo+zynosan false-cabredblue.Scalesisshown.
Stillsfrom S6C+S6/ovie.(D) Distribution of thetime of shuttlingfor 164in vitro shuttlingeventsn panelC andS2Table(Experimet 1, =66;
Experiment2, =98).(E) pHrodo signalintensity (arbitrary units) for in vitro shuttledzymosanzplrodo particles = 164).Backgraind intensityis
for =100randoml selectegbointsclearlypositionedbetweercells( = 50from eachexperimet). Blackdotsshowthedistributionsof zymosan+
pHrodo intensitiesin neutrophis 6 min beforeshuttlingandin macrophags6 min aftershuttling;redlinesconnectpairedvalues.-valuesfrom
unpairedtwo-tailed test(backgroundversuseutrophi) andpairedtwo-tailed test(neutrophil versuamacropha@e).Greenline indicatesmedian.
Bluelines(1+3)correspondo the 3 exampleshownin panelsA+C. (F) Exampleof in vitro shuttlingof azymosangHrodo particlefrom awild-type
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donor neutrophil to aDectin-1’  recipientmacrophag. Scalesshown Stillsfrom S6FViovie. Coloredarrowhead (in A+C andD) indicatethe
conidiumwithin donor neutrophil (green),atthe point of intercellulartransfer(white),andin therecipientmacrophag (red). Dataset$or D+Eare
providedin S1Data.Exp,experimat; WT, wild type.

https://doi.0g/10.1371§urnal.pbio.300113.9g008

stringentlydefinedin vivo conidial shuttlesUsingshuttlingascertainmentatesasa surrogate
for shuttlingincidencewassufficientfor comparingconditionswhenexploringshuttling
mechanismg-or examplewe observedn overallascertainmentate of 21.4%(30/140data-
sets)or biologicalparticleg(live or deadfungalsporesandzymosarparticles) comparedo
45.59%10/22)for -glucantcoatetbeadsFromamorebiologicalperspectivefor in vivo
infectionsfollowing the deliveryof 50+ 10Qonidia/inoculum(of which only aminority are
initially phagocytosebly neutrophils) theaveragedhuttlingincidencewasatleast19.9%of
neutrophil-locatedsporesn thefirst 3 h of infection. Shuttlingwasalsosufficientlycommon
for multiple occurrenceso berecognizedn somemovies Collectivelytheseobservations
indicatethat shuttlingis a consistentrecurringphenomenorduring infection establishment.
Althoughit comprisenly aminority of overallphagocytieventsit still hasthe potentialto
impactthe outcomeof the hosttpathogeimteraction.

To differentiateshuttlingfrom othermechanism®f pathogerentry into macrophages
(suchasdirect phagocytosisfferocytosi$§9], metaforosis/lateratansfer[15], andtrogocyto-
sis[16]), it wascritical to observeboth the cellularorigin of shuttledconidium andthe
momentof transfer. Theonly possiblevayto do thiswasto perform high-resolution4-dimen-
sionalconfocalmicroscopywith both high spatialandtemporalresolution.Our in vivo zebra-
fish modelprovidedfluorescentabelingclearlydistinguishingthe two phagocytdineagesand
imagingconditionswereoptimizedfor low phototoxicity. While this enablechigh spatiotem-
poralresolutionimagingfor multiple hours,theimagingvolumesoften containedconsider-
ablebiologicalcomplexity(high celldensitiescellsentering/leavingmagingvolumeetc.),
which madeidentifying potentialinteractionsquite challenginglt shouldalsobenotedthat

Table1l. ZymosantpHodo shuttling involving Dectin-11deficient recipient murine macrophags.

Experimert Shuttling Cell Cell Number at Start Shuttles | -Value”®
Fifth movie frame Mean SD |Wild typeversus
Donor Recipient Neutrophils Macrophages | Number of Wells Dectin-1'
Neutrophils Macrophages Number/scoredarea| Number/scored Scored
Genotypebsource Genotype area
Loaded | Total |Loaded| Total
1 wild typeDBM wild type 22 204 31 81 1 2 n/a
wild typeDBM Dectin-1/ 38 405 36 61 1 1
wild typeDPB wild type 18 203 41 114 1 1 n/a
wild typeDPB Dectin-1/ 15 248 34 90 1 0
2 wild typeDBM wild type 356 150|822 251|60 15|76 17 3 17.3 4.7 0.0115
wild typeBBM Dectin-1/ 418 49 884 135 47 13|64 16 3 4.7 1.5
3 wild typeBBM wild type 432 84| 891 78 |36 14|54 25 2 18,5 35 0.0001
wild typeBBM Dectin-1/ 319 62| 661 93 |54 15/80 26 6 50 1.2

Experinentalconditions aredetailedasfollows:movielength(min)/frameinterval (min)/scoredareamm? (any other details) Experimert 1: 180min/1.5min/0.4328
mm? (shuttlesenumeraed asthe total numberin the singleimagedarea) Experiment2: 173min/4.1 min/0.44 mm? (shuttlesenumerate asthe total numberper
field, the centralfield of 5 fieldsimagedperwell). Experinent 3: 431min/4.1 min/0.4426mm? (shuttlesenumerate asthe total numberperfield, the centralfield of 5
fieldsimagedperwell;the 6 Dectin-1'  wellswererandomlyselectedrom 12imagedwells) 23Loaded’meanscell containedzymosanzpliodo particle.
*Two-tailedunpaired test.Datasetprovidedin S1Data.

Abbreviations:BM, bonemarrow; PB,peripherdblood.

https://da.org/10.1371¢urnal.pbic3000113.t00
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althoughthetotal numberof inoculatedconidiaperexperimentwvasonly 50+10@articles,
only afractionwerewithin theimagedvolume(Fig4Band4C).Forthesereasongndthose
mentionedearlier,the shuttlingincidencethat wereport certainlyunderestimatethe absolute
rate.

Thecollectiveattributesof shuttlesdistinguishshuttlingfrom all otherforms of previously
describectonidialtransferbetweerleukocytesln the scenariosveexaminedshuttleswere
unidirectional(neutrophilto macrophage)althoughwe cannotcategoricallyexcludethe pos-
sibility that shuttlingcouldoccurin the oppositedirection. Shuttlesoccurredonly in thefirst
hoursafterinoculation,andverydistinctively,donor neutrophilswerealiveand mobile before
andaftershuttlingand could shuttleoneor more conidia.Recipientmacrophagewerealso
aliveandmobileand couldbespore-na ver preloadedorior to shuttling.Shuttlesverepre-
cededby highly regionalizecheutrophil:macroplageinteractionsand occurredthroughfocal
cell-to-cellinteractionsanalogougo anintercellularsynapsehat sometimesesultedn teth-
eringof the 2 cellstogether Macrophagesometimeseceivedaliquotsof neutrophil cytoplasm
alongwith the donatedspore.Thiswasdemonstratedn somecases$o bethe concomitant
transferof neutrophilmembranearoundshuttledconidia,consistentith shuttlesbeingthe
transferof conidia-laderphagosomebetweerdonor neutrophilandrecipientmacrophage
ratherthanjust of conidiathemselvesThis transferof donor cellmembranealsodistinguishes
shuttlingfrom 2nonlytic exocytosis,asdescribedor the expulsionof previouslyphagocytosed

. from macrophagefl 3]. Furthermore althoughnonlytic exocytosiexpelshe
pathogerfrom amacrophagef hasnot yetbeendescribedn the contextof aconcurrent
interactionwith anotherleukocytdineage The cytoplasmiexchangelid not, howeverpro-
videadurablemarkerof shuttleoccurrencebecause¢he EGFPsignalrapidly disappeared,
mostlylikely becausef acidificationof the macrophag@hagolysosomesis dramatically
demonstratedy our exampleof the efferocytosi®f an entire bead-lademeutrophil (S3Fig,
S5Movie).

Emphasizinghe distinctivenatureof shuttling,our moviescapturedinstance®of other
formsof pathogerexchangdetweerphagocytethat wereclearlynot shuttlesjncluding (1)
neutrophil-to-neutrophiltransferfollowing completeconidial drop-off and departureby the
donor neutrophil (S5AFig, S7AMovie); (2) neutrophil-to-macrophagéransferfollowing
completeconidial drop-off anddepartureby the donor neutrophil,occurringin proximity
to abonafide shuttle(S5BFig, S7BMovie); and (3) neutrophil-to-neutrophiltransfervia
drop-off asin (1), followedby subsequenghuttling of the sameconidium from the second
neutrophilto amacrophag€S5CFig,S7CMovie). We did not observemacrophage-to-mac-
rophagdateraltransferof . conidiaashasbeenpreviouslydescribed14], likely
becausthisis alaterevent predominantlyoccurringlaterthan4 h following infectioniniti-
ation[14].

Bothdeadandlive conidia,labeledwith eithercalcofluoror AlexaFluor dye,wereshuttled.
Thiswasconsistentvith aconidium-directel chemicaltimulusdriving shuttlingand
excludedhe possibilitythat shuttlingwasa conidium-labelirg artefact Furthermore shuttling
of conidiawasconservedor two opportunisticfungalpathogerspecieshut the kineticsof
shuttlingwaspathogen-specificLhis suggestethat shuttlingwasdriven by acomponent
commonto the conidial cellwall of both specieshut onepresentat differentlevelsor exposed
to phagocyteso differentdegree$33]. Shuttlingof zymosarparticlesprovidedfurther evi-
dencedocatingashuttlingtriggerto the cellwall (Fig 5A and5C),leading -glucanto beidenti-
fied asafungal-derivedsignalsufficientto drive shuttling of plasticbeadgFig5Band5D). A
mutant . strainwith reduced -glucantrendedto lowershuttlingrates alsoconsis-
tentwith the hypothesighat conidial -glucandirectly drivesshuttling.Sincezymosarparti-
cleswereshuttledfrom murine neutrophilsto macrophagem vitro (Fig 7), shuttlingseemdo
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beaphenomenorwidely conservecdmongvertebratesnd,asfor otherhighly conserveghe-
nomenain hostdefensepossiblyplaysanimportantrole in the outcomeof infection.
Phagocytosisf fungalpathogendy mammalianleukocytesnvolvesa clusterof pathogen
recognitionreceptor{PRRs)including Dectin-1,Toll-like receptor2 (TLR2),and Macro-
phageMannoseRecepto(MMR) [34], anddownstreansignalingpathwaysincluding spleen
tyrosinekinase(Syk)and caspaseecruitmentdomainfamily member9 (CARD9)[35]. The
main mammalianreceptorfor -glucanis Dectin-1,althoughotherreceptorsarealsoinvolved
[31,32].Hence,it waslikely thatthis receptorandthe downstreansignalingpathwayst
engagewould beinvolvedin conidial shuttling (aswell asphagocytosis)A homologof
mammalianDectin-1lisyetto beidentifiedin the zebrafistgenomeput known downstream
signalingcomponentsuchasSykhavebeenstudied[36]. Our in vitro assaghowedhat for
zymosarshuttlingbetweermurine cells thereis not an absoluterequirementfor recipient
macrophageto expresPectin-1,but its absenceompromiseshuttling efficiency Other
shuttle-initiatingsignalsmustbeinvolved.Becaus¢he neutrophilis clearlyviablefollowing
theexchangeandbecausé¢etheringinvolvesonly asmallportion of the neutrophilmembrane,
it isimprobablethatthetriggersarebroadlydisplayedteatme®signalsof imminently apopto-
tic neutrophilssuchasphosphatidykerineor calreticulin[37]. However regionalizedisplay
of suchsignalamight be possibleTestingthesehypotheses vivo will bechallengingandwill
requirecell-specifi@ndtemporallyconstrainedapproachebecause¢heir globalinhibition
will inhibit initial neutrophil phagocytosisf conidia,whichis aprerequisitefor shuttling.Our
in vitro systemgprovidean alternativeapproachHor addressinghesemechanistiquestions.
Our currentmodelfor shuttlingbeginswith priming of the spore-laderdonor neutrophil
andits engagementvith the recipientmacrophagéehrough preshuttlecontactsWithin the
neutrophil,cytoskeletatearrangementelocateshe conidium within amembrane-linegha-
gosomeowardsthe sideof the neutrophil proximateto the recipientmacrophageThe conid-
ium, still within its phagosomeis thentransferredirom the donor neutrophilto therecipient
macrophage.-glucantdependennolecularsignalsarerequiredfor shuttlingandinvolve
Dectin-1signalingin therecipientmacrophagérig 9).
Neutrophil-to-macophageathogershuttling posetherintriguing mechanistiques-
tions.lsit uniqueto fungalinfection or doesit occurmorewidely?Neutrophil-to-macrophage
cytoplasntransferwasobservediuring inflammation[24], suggestinghat shuttlingmaybe
regulatedoy inflammatorycytokinesMacrophageytoplasntransferto melanomaumor
cellshasrecentlybeenshownto augmentmetastatiaisseminatiorand maybeanothermani-
festationof this behavior{3]. Is shuttlingachievedy repurposingof existingcellularmachin-
ery?Thetetheringof separatingarticipatingcellsimmediatelyafterthe interactionpointsto
potentialinvolvementof the neutrophiluropod,astructureundermuchtraction stressand
rich in activelyrearrangingcytoskeletatomponentsuchasactintmyosinbundles[38]. Shut-
tling maybeanothermanifestatiorof co-optedtrogocytosisnechanismsasdescribedor
macrophage-to-macrophagxchang®f gram-negativdacterig16]. However trogocytosis-
associatethtercellularbacterialexchangesannotinvolve -glucansignaling.
Themosttantalizingquestionis: whatis the impacton the microbiologicaloutcomeof the
infection?Tied up with thisis whethershuttlingservedo benefitthe hostor the pathogenWe
recentlyshowedn zebrafishmodelsthat macrophageprovideanintracellularniche protect-
ing . conidiafrom neutrophilfungicidalactivity [20]. . conidiaarealso
protectedby macrophagefom neutrophilfungicidalactivities[20,23].Hence fungal-driven
shuttlingmayhaveevolvedo optimizethelocationof invadingconidiainto the less-hostile
intracellularenvironmentof macrophage<Certainly,for thesewo pathogensshuttling
augmentsnitial conidialredistributionawayfrom the unfavorableneutrophilintracellular
environmentinto their viability-enhancingnacrophagéntracellularniche.Alternatively,
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Fig 9. Model of neutrophil-to-macrophageconidial shuttles. Theschemat indicatess stepsn neutrophi-to-macrophag conidial shuttlingthat
accommodatenorphologcaland mecharistic insightsfrom thesestudiesUndefinedsignalsslowthe donor neutrophil andrecipientmacrophagand
bring theminto proximity (A), leadingto -glucantdpendentintercellularshuttlingsignalsandsporerelocatia within the donor celltowardsthe
recipientmacrophage(B). An intercellularsynapséormswith tethering(C), leadingto phagosoméransfer(D) andits incorporationinto recipient
macrophagsby amechanisnpartiallydependenbn Dectin-1,atleastnitially retainingcomponentof the membrare-lineddonor cellphagosore
(E).Bothdonor andrecipientcellsremainactivefollowing shuttling,and eventuallyboth depart(E).

https://doi.0g/10.1371§urnal.pbio.300113.9g009

shuttlingmaybeahostdefensemechanisnmaidingadaptivammunity. Neutrophilsareineffec-
tive antigen-presentingells whereasnacrophagespecializén this; therefore the potential
outcomeof neutrophil-to-macrophagéansferwould beto makepathogerantigensaccessible
to theadaptivémmune systemDelineatingthe viability outcomefor shuttledconidiawill
requiretoolsfor tracingindividual shuttledsporefateand/or longitudinal viability throughout
theanimal(not justin thelimited high-magnificationimagedvolumerequiredto observets
occurrencepndfor selectivelympairing shuttlingbut not phagocytosigyeitherof whichis
currently possiblén vivo, whereshuttlingis observedn its mostphysiologicatontext.

Now thatthis additionalphagocytdehaviorduring fungalinfection establishmenhas
beenrecognizedits implicationsmustbefactoredinto future understandingof theinitial
hosttpathogeimteractionspecificallyandinto the viewof neutrophilandmacrophagédehav-
iorsgenerally.

Materials and methods
Zebrafish

Zebrafishstrainswerewild type(AB ) carryingsingletransgenesr combinationsof
[ 1) P 124 % tro& ! 0% (Zebrafish
InternatlonaIStockCentre LEugenePR,USA);and " *l 0 120];

* ' [20]. Fishwereheldin the FishCorg(MonashUniversity,Melbourne,
Austral|a)aquarlau3|ngstandarcbractlcesEmbryoswereheld at28ECin eggwater(0.06g/L
saltfRedSeaSydneyAustralia])or E3medium(5 mM NaCl,0.17mM KCI, 0.33mM CaCl,
0.33mM MgSQ,, equilibratedto pH 7.0);at 12 hpf, 0.003%L-phenyl-2-thiouregSigma-
Aldrich, St.Louis,MO, USA)wasaddedAll zebrafisrembryosandlarvaeusedin experiments
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wereyoungerthan 7 dpf. Zebrafishexhibitjuvenilehermaphroditism sogenderbalancén
embryonicandlarvalexperimentsvasnot aconsideratior{40].

Mice

Experimentperformedatthe Walterand ElizaHall Institute (Melbourne Australia)and Bos-
ton Children'sHospital(Boston MA, USA)usedC57BL/6nicebredin-house Experiments
atUniversityof CaliforniaSanDiego(LaJolla,CA, USA) usedB6.129S6-ClecTd43[41]
andC57BL/6nicesourceddirectlyfrom JacksorLaboratoriegBarHarbor, ME, USA)and
temporarilyhousedocally.

Ethicsand biosafetystatement

All animalexperimentdollowedappropriateNHMRC guidelinesZebrafishexperimentwere
conductedunder protocolsapprovedoy EthicsCommitteesof MonashUniversity (MAS/
2010/18MARP/2015/094)Zebrafishexperimentsvereperformedunder Institution Biosafety
CommitteeNotifiable Low RiskDealing(NLRD) approvalPC2-N23-1qMonashUniversity).

. and . wereassignedo risk group2 atthe time theseapprovalsvere
granted.In mostjurisdictions,including endemicregions, . isarisk group2
organism.Protocolsfor mouseexperimentsvereapprovedoy the Animal EthicsCommittee
of the WalterandElizaHall Institute (2010.007dr the Institutional Animal CareandUse
Committeesof BostonChildren'sHospital (16-07-3223br University of CaliforniaSanDiego
(S18236).

and .
The . strain SPM4usedin this studyis aderivativeof the FRR2161-typstrain [42].
For . , wild-type "1 [43]landmutanti "7 ,T-#" [28] triple-mutant
strainswereused.Throughoutthis report, the terms2spore®and@conidium® both referto
asexuafungalspores.
To preparefreshconidiafor injection, . and . conidialsuspensions

wereinoculatedonto solidified ANM mediumand culturedat 25ECfor 10+12dayswhenthe
cultureswereconidiating.Conidiawerewashedrom the platewith 0.001%TI'ween80solu-
tion, filtered, sedimented6,000rpm, 10min), resuspendeh 0.001%TI'ween80solution,and
storedat 4 EC Forinoculation,conidiawereresedimenteéndresuspendeih Phosphate-
BufferedSaling(PBS)Fungalcolony-formingunit (CFU) numbersperembryoweredeter-
minedaspreviouslydescribed20].

Coldinactivationof . conidiaand calcofluorstainingwasasdescribedrevi-
ously[20,24].To inactivate . conidia,theywere -irradiatedwith 10kGy [44] from
aGammacellOExactor(BestTheratronics Ottawa,Ontario, Canada)ppspreviouslydescribed
[20] andverifiedasdeadby lackof growth after5 daysincubation.Irradiatedconidiastill
stainedwellwith calcofluorandweremicroinjectedatthe samedilution of stockasusedfor
live conidia.

Zebrafishinfection with . and .

Freshlyprepared. and . conidiastocksfor theseexperimentsvere
storedat 4 ECfor <2 months.Forinoculation,52 hpf tricaine-anesthetizedmbryoswere
mountedon anagamold with head/yolkwithin the well andtail laid flat on the agar.Thefun-
galconidial suspensionvasinoculatedintramuscularlyinto asomitealignedto the yolk exten-
siontip for localinfection[24,45]usinga standardmicroinjection apparatugPico-Injector
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Microinjection SystemHarvardApparatusHolliston, MA, USA)andthin-wall filamentboro-
silicateglasscapillarymicroinjection needlgSDRClinical Technologypreparedusinga P-
2000micropipettepuller; Sutterinstruments Novato,CA, USA).Inoculatedembryoswere
heldat 28 EC The deliveredconidial dosagevasverifiedby immediateCFU enumerationon
agroupofinjectedembryoq20]. It took approximatelylOmin to commencémagingafter
inoculation;in thisreport,the zerotime point ( = 0) is takenasthe beginningof imaging.

Calcofluor and AlexaFluor 405staining of conidia

For calcofluorstaining,sporesvereincubatedin 10mM calcofluorWhite (Sigma-Aldrich)for
30min, followedby 2 washingstepsandresuspensioim distilledwater.

To stainfungalconidiawith AlexaFluor 405NHS SuccinimidylEster(Life Technologies,
CarlsbadCA, USA),10 L of AlexaFluor dyewasaddedto 200 L of suspendedonidiawith
gentleshakingatroom temperaturedor 30 min, followedby washingstepswith PBS(pH 8)
and25mM Tris (pH 8.5),andfinally resuspended PBS(pH 7),accordingto the supplier's
protocol.

-glucanimmunofluorescencemicroscopy

Detectionof -glucanexposureon nongerminated. (FRR2161and .
(CEA10)dormantconidiawasby immunofluorescencenicroscopyusinganti- -1,3glucan
linkageprimary antibody(mouselgG kappaBiosuppliesBundoora Australia)at 1:500dilu-
tion andagoatanti-mouselgG (AlexaFluor 488;Abcam,Cambridge UK) assecondaranti-
bodyat 1:750dilution. Fungalparticlesverepoststainedvith calcofluor.. ) cell-wall
ghostsvereusedasapositivecontrol [46], andno primary antibodyasnegativecontrols.Fluo-
rescencevasdetectecn aNikon C2confocalmicroscopgNikon, Tokyo,Japanandimages
processeth Imaristo generatanaximumintensityprojectionswith orthogonalviewsand
3-dimensional-surfacetrended images.

Zymosanparticles

ZymosanA particlesfrom . ) (Sigma-Aldrich)with anaverageizeof 3 m were
stainedby calcofluorasfor fungalconidiaprior to microinjection.

Plasticbeads

SPHERCiuorescentight yellowparticleshigh-intensitytsized..7+2.2m (SPHEROTECH,
LakeForest|L, USA)(concentrationl.0%w/v in deionizedwaterwith 0.02%sodiumazide),
wereused.Theseparticleswerekeptatroom temperatureExcitationand emissiorwavelengths
were400and450nm, respectivelyCustomizedccommerciallypreparedight yellowparticles
coatedwith laminarinasasourceof -glucan(SPHERCLaminarin Polysaccharideluorescent
ParticlesLight Yellow,1.5+1.99m, Catalogno. LPFP1545-2,0t no. AHO1; SPHEROTECH)
werealsoused Laminarinfor coatingwasfrom (primarily poly( -Glc-

[1!13]) with some -[1!6] interstrandlinkagesandbranchpoints;Sigma-Aldrich)[32,47].

In vitro studiesusingmurine phagocytes

Forthe experimentof Fig 7, primary C57BL/6dnousebonemarrowleukocytesverecollected
andpurified aspreviouslydescribed48,49].Macrophagesvereplatedat5 10°in an8-well
plateandincubatedin Dulbecco'snodified Eagle'snediumwith 10%fetalbovineserumand
20%L-929conditionedmediumfor 16 h. Primarybonemarrow neutrophilswerepreloaded
with Alexa-Fluor-488zlabelesbsonizedzymosarparticlesfor 1 h at37 ECin Dulbecco's
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modified Eagle'snediumand 10%fetalbovineserum.Preloadedeutrophilswereaddedto
adherentmacrophageat 10 cellsperwell.Imagingwasperformedon aNikon Biostation
IM-Q at37EC/10%CO..

Theexperimentof Fig 8 and S2Tablewereconductedn 96-wellplates Eitherbonemar-
row or peripheralblood neutrophils pooledfrom 8 donor mice,wereused(5 10%well and
3 10°/well, respectively)Neutrophilswerelabeledwith CellTrackerGreendye(200nM, 15
min, 37 ECThermoFisherScientific Waltham,MA, USA), primed with G-CSH100ng/mL
for 1 h to maintainviability), preloadedvith pHrodo RedZymosanBioparticleq1 h incuba-
tion at1:1particle/cellratio), andthenoverlaidon adherentone-marrowzderiedmacro-
phageg10¥well) labeledwith CellTrackeDeepReddye(1 M, 15min, 37ECThermoFisher
Scientific) ImagingusedanImageXpres#licro confocalmicroscopgMolecularDevicesSan
JoseCA, USA)operatingMetaXpresgVersion6.2.5)acquisitionsoftwareThreenonoverlap-
pingl.4 1.4mm zoneswithin eachwellwereimagedfor red,greenandfar-redfluorescence
(excitation/emissiorat 531/593475/536and 634/692hm, respectivelyat 3-min intervals
for up to 306min. Framesequencewereconstructedn Fiji andviewedin Imarisfor scoring.
To derivethe descriptivestatisticscelltypes(neutrophilsand macrophagedpadedand
unloaded)weremanuallycounted,aidedbya4 4 grid dividing thisregioninto 16squares,
eachsquarehavinganareaof 0.1225nm?. 2Loaded%phagocytesveredefinedashavingat
leastonepHrodo-positivezymosarpatrticle.

Experimentof Tablel usingDectin-1’  bone-marrow+derivedhacrophagessedsimilar
conditions,excepthatthe neutrophil concentrationsvereasfollows:Experimentl, bone
marrowneutrophils5  10%well and peripheralblood neutrophils10°/well; Experiment2,
bonemarrowneutrophils2  10°/well; Experiment3, bonemarrowneutrophils,1.5 10%/
well.Imagingusedthe following: Experimentl, UltraviewVox SpinningDisk Confocalmicro-
scopgPerkin Elmer,Waltham,MA, USA)usingaHamamatstEMCCD 14-bit1,000 1,000
cameraHamamatsLCity, Japan)collecting3 fluorescencehannelsat 1.5-minintervalsusing
Volocity (Quorum Technologied,eweslUK) software Experiment2 and 3, LeicaDMi8
ThundermicroscopgLeica,Wetzlar,Germany)running LASX software(version3.6).

Microscopyand imageprocessing

Routinebright-field andfluorescencémagingof zebrafistusedan OlympusMVX10 stereo
dissectingnicroscopgOlympus,Tokyo,Japanwith MV PLAPO1 and2 C objectivesfit-
tedwith an OlympusDP72cameraand Cellsensstandardsoftwareyersionl.11.

Confocalintravital microscopyuseda Zeiss SM5 Livewith aPlan-Apochromaf0 , 0.8NA
objective(Zeiss OberkochenGermany) ZEN softwareg(2012 blackedition, 64-bit) wasused
for acquisition,andimagesverel6-bit512 512pixels.Z-depthrangedfrom 35+130m (72
23 m) andwascomposedf 20+40sliceg31 4). Time intervalsbetweerz-stacksveresetas
zeroto perform continuousacquisition(z-stackacquisitiontook 33.24 9.50s).Excitatorylaser
wavelengthsvere405nm for calcofluor489nm for EGFP and561nm for mCherry.Emission
detectionuseda BP495-554ilter for calcofluorand EGFPandan LP575filter for mCherry.
Excitation/emissiorconditionsfor light yellowparticleswerethe sameasfor calcofluor.

Detailsof microscopeszamerasandacquisitionsoftwareusedfor otherexperimentsare
providedwith their respectivenethods.

Imageprocessingand analysis

All fluorescentmageanalysesvereperformedprimarily in Imaris (BitPlane)softwareversion
8.1.20n Venom(Intel Corei7-4770Processor3.4GHz) or Titan (Intel XeonProcessoES5-
2680v2[2 2.80GHz], 128GBRAM) computerg§MonashMicro Imagingfacility, Monash
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University).SomeanalysesisedFiji (ImageJL.46r)and MATLAB (The MathWorks).For Fig
4A, datawereanalyzedn the R programusingggplot2aspreviously[25,50].Figureswerecon-
structedusingAdobelllustrator CS5(version15.0.0).

Shuttle detectionand definition

All in vivo shuttleswveredetectedy systematienanualframe-by-framenspectionof movies.
For thesestudiesa2shuttle®wasstringentlydefinedasa sporetransfereventmeetingall of the
following criteria: (1) both donor andrecipientcellswereimagedin toto before during, andafter
the shuttle;(2) both donor andrecipientcellsdemonstratedheir viability beforeandaftershut-
tling by migration; (3) the momentof donor-to-recipientcelltransferwasvisualizedand (4) z-
stackviewingunequivocallyconfirmedthat conidiawerewithin donor andrecipientcellsprior
to andafterthe shuttle Experiencéaughtthat shuttlesveremosteasilyrecognizedy watching
moviesin reverseandtracingthe sourceof individual macrophage-locatetbnidia. Theidentity
of all46unequivocaln vivo shuttlesmeetingthesecriteria contributing to this reportis assigned
in S1FigandS1Tableandisindicatedthroughoutthereport. Whenreferringto 2unselected®
series/examples/imagirsgquencesyemeanthefull datasebf S1FigandSiTable.

ShuttleFindersoftware

Theconfocaltime seriesvereimportedinto MATLAB (version8.1.0.604R2013atilizing
thebioformatstoolbox[51], andthe conidiaweretrackedwith PhagoSighi26]. Thedata
input consistedf confocaltime serieswith threechannelsgachcontainingthe fluorescence
of onecelltype.PhagoSighivasdesignedo track phagocytem confocaltime seriesSince
conidiaaresmallerthan phagocyteghe reductionstepof PhagoSighivasonly appliedto
largefilesthat would havetakenmorethan 3 daysto processvithout it. To reducethe likeli-
hood of falsenegativesthe automaticdeterminedthresholdfor backgroundseparatiorby
PhagoSightvasloweredby 10%.For eactfile, only thelongestirackswereanalyzedupper
third of tracklengthovertime). PhagoSighivasusedin commandline modewithout user
interactionto allowfor automatedorocessingusingthe MASSIVEcluster[52].
PhagoSightalculates boundingbox,which describedhe volumesurroundingeach
trackedsporefor eachtime frame.Theintensity of the voxelsin thetwo channelsiescribing
neutrophilsand macrophagewassummedoverthis boundingbox,andaproportionalindex

r betweerboth wascalculated:

P . P e
o (2t o2

(2 a2 Lt

with 2describingtheintensity of onechannel Thisratio wassmoothedwith amovingaverage
filter overthreeimagingframesto removenoisecausedy imperfectionsn thetrackingpro-
cessSubsequenthgpoint in atrackwasdefinedasbeingin amacrophagéred channel)if the
valuedaybetweeril and0.2,converselyn aneutrophil (greenchannel)for avaluebetween
0.2 and 1. To beclassifiechsacandidateshuttleeventther-valuesfor aconidium trackhad
to pasdrom either 0.2 to 0.2(for aneutrophil-to-macrophagshuttle)or viceversa.
Thetime the trackedconidium reachedhe thresholdwasconsideredhe beginningof the
shuttle.The endof the shuttleeventwasdefinedby thetrack leavingthethresholdarea.

Statistics

Descriptiveand analyticalstatisticaverepreparedn Prism5.0c(GraphPadSoftwardnc., San
Diego,CA, USA).Unlessotherwisestateddataaremean SD,with -valuesgeneratedrom
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two-tailedunpaired testsfor normally distributedcontinuousvariablesandchi-squaredests
for categoricalariables.

Datasets

All numericaldatasetsireprovidedin S1Data(main figuresandtable)and S2Data(supple-
mentaryfiles).S1Tableliststheimagingfile datasetand correlateghe still imagesn all fig-
ureswith their respectivesourcemoviefiles.

Supporting information

S1Fig. Imaging datasetsDetailsof theimagingdatasetin which the defining setof shuttles
of13. (A)and7 . (B) conidiameetingstringentdefinition criteriawere
found. Graphsshowthe distribution of imagingfile lengthswhich filescontaineda shuttle
(blackcolumns) the shuttleID (#), the shuttlemovielength(L), andthetime of shuttle(yellow
markin blackcolumnandred numeralin min). Thetwo distributionsof movielengthsare
not significantlydifferent( = 0.1985MannzWhitneyU test).Corresponddo Figs1,2and4
andS1Table Datasetgareprovidedin S2Data.

(TIF)

SZFlg Examplesof probableshuttles. A varletyof shuttlesof conidiaor particles(blue)from
! neutrophils(green)to HIS% " & ! mac-
rophage:{red) In eachexamplepanelsncludeisometricorthogonal ( and ( viewscorre-
spondingto the maximalintensityprojectionandindicatethetime in min from startof
movie.Coloredarrowheadsndicatethe conidium/particlewithin donor neutrophil (green),at
the point of intercellulartransfer(white) andin therecipientmacrophagéred). (A+C) Proba-
ble shuttlesof conidia.(A) A probableshuttlein whichthe conidiumis not clearlyresolvedas
fully containedwithin the donor neutrophil. (B+C)Probableshuttlesof conidiain whichthe
point of cell-to-cellcontactis not clearlydisplayed(D) An exampleof acrowdedfield with
multiple neutrophilsand macrophages whichinitially thereareneutrophilsladenwith
conidiaandby the end conidiaaremostlywithin macrophageslthoughthe transferof
conidiais not clearlyseenScalesisshown.Stillsin A+D correspondo S4A+S4Movie,

respectively. .& , . nitroreductaseEGFP enhancedjreenfluorescenprotein;

# , engineeredormof . ) Galdtranscriptionalactivator; ", macrophage-
expressedenel; , myeloid-specifiperoxidase;, transgenic% ", upstreamacti-
vatingsequencéusedto minimal adenovirusE1bpromoter.

(TIF)

S3Fig. Efferocytosisof an entire bead-lademeutrophil. Phagocytosief inert 2- m plastic
beadgblue)by : ! neutrophils(green) followedby efferocytosisf the wholepar-
ticle-ladenneutrophilbya " # 1$% ": &' ! macrophage

(red). Subsequentithe EGFPsignalof the engulfedneutrophilis extinguishedalthoughthe
AlexaFluor signal(blue)of the plasticheadpersistgright panel).Panelsncludeisometric
orthogonal ( and ( viewscorrespondingothe maximalintensity projectionandindicate
thetime in min from startof movie.White arrowheadgollow the neutrophil of interest

throughthe processScaleasshown.Stillsfrom S5BMovie. .& , . nitroreductase;

EGFPenhancedyreenfluorescenprotein; # , engineeredormof . ) Gal4tran-
scriptionalactivator; ", macrophage-expressgdnel; , myeloid-specifiperoxidase;
, transgenic% ", upstreamactivatingsequencéusedto minimal adenoviru€E1lbpro-
moter.

(TIF)
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S4Fig. -glucanexposureon the surfaceof conidial inoculates.Immunofluorescenceetec-
tion of 1,3 -glucan(green)on the surfaceof . and . conidiaprepared
asinoculateqcounterstainedvith calcofluor blue),displayedasmaximumintensity projec-
tions (left) and surface-renderediews(right). Negativecontrolsomitted primary antibody. .

) ghostsserveasa positivetechnicalcontrol for -glucandetection.
(TIF)

S5Fig. Conidial transfer betweenphagocytesy processesther than shuttling. These
examplegrefrom experimentasing i "7 ,7-#" . conidia.(A) Neutro-
phil-to-neutrophil transferinvolving conidial drop-off and departureby the donor neutrophil
andreuptakeof the depositecconidium by aseconcdheutrophil, two examplesn the same
field of view.(B) Neutrophil-to-macrophag#éransferinvolving conidial drop-off and depar-
ture by thedonor neutrophilandreuptakeof the depositecconidium by amacrophagecoinci-
dentallyoccurringin proximity to abonafide shuttleoccurringslightlylater.(C) Neutrophil-
to-neutrophiltransferviadrop-off asin (A), followedby subsequenshuttling of the same
conidium from the seconcheutrophilto amacrophageArrowheadsndicatethe conidium of
interest(hnumberedl,2wherenecessaryyithin the neutrophil (green),during the extracellu-
lar drop-off period (blue),atthetime of shuttling (white), andwithin the macrophagéred).
Scaleasshown.Stillsfrom S7A+S7@/ovie. - #", . -glucosidasd;
-1,3-glucanosyltransferas

(TIF)

S1Movie. Sixexamplesof live . conidial shuttles.Shuttlesareof live calco-
fluor-stainedconidia(blue)froma : ! neutrophil (green)to a "#
$% ": &' ! macrophagéred). Moviesrun in seriesMoviesare

pausedatthe momentof shuttling,with the point of transferlabeledwhite arrow). (A)
Standardshuttle(corresponddo Fig 1A). (B) Standardshuttlewith tetheredrecipientmac-
rophaggcorresponddo Fig 1E).(C) Standardshuttlewith tethereddonor neutrophil (cor-
respondgo Fig2A). (D) Standardshuttlewith tethereddepartingdonor neutrophil. (E)
Standardshuttleof multiple sporesn quick successiofcorresponddo Fig 2B).(F) Two

conidiashuttledasynchronouslycorrespondgo Fig2C). .& , . nitroreductase;
EGFPenhancedyreenfluorescenprotein; # , engineeredormof . ) Gal4
transcriptionalactivator; ", macrophage-expresdgenel; , myeloid-specifiger-
oxidase;, transgenic% " upstreamactivatingsequencéusedto minimal adenovirus
Elbpromoter.
(MP4)
S2Movie. Sixexamplesof . conidial shuttles.Shuttlesareof live calcofluor-
stainedconidia(blue)froma : ! neutrophil(greenjtoa ™ # 1$%

L& ! macrophagéred). Moviesrun in seriesMoviesarepausecdatthe

momentof shuttling,with the point of transferlabeledwhite arrow). (A) Standardshuttle
(correspondsgo Fig2D). (B) Standardshuttle.(C) Standardshuttleof Alexa-Fluor-405tstaed
conidium (corresponddo Fig 2E).(D) Shuttlinginvolving a highly polarizedandtethered
neutrophiland macrophagénteraction.(E) Two independenshuttlesoccurringin the same
field. (corresponddo Fig 2F).(F) Two conidiashuttledtogether. .& ,

nitroreductaseEGFP enhancedyreenfluorescenprotein; # , engineeredorm of .

) Galdtranscriptionalactivator; ", macrophage-expressgenel; , myeloid-spe-
cific peroxidase;, transgenic% ", upstreamactivatingsequencéusedto minimal
adenoviru€Elbpromoter.

(MP4)
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S3Movie. Four examplesof dead . conidial shuttles. Shuttlesareof deadcalco-
fluor-stainedconidia(blue)froma * neutrophil(green)to a
* macrophagéred). Moviesrun in seriesMoviesarepausecdtthe moment

of shuttling,with the point of transferlabeledwhite arrow). Thesereporterlineslocalizethe
fluorophoreto the membranegnablingthesemoviesto displayvolume-renderedrersion

of donor neutrophilandrecipientmacrophagem parallel(right panels)(A+C) Threeinde-
pendentshuttlesof individual deadconidia,all occurringin the samemovie (shuttle(A)
correspondso Fig3A). (D) Standardshuttleof adeadconidium. EGFP gnhancedyreenfluo-

rescenprotein; ", macrophage-expressgdnel; , myeloid-specifiperoxidase;,
transgenic.

(MP4)

S4Movie. Four examplesof probableconidial shuttlesnot meetingall definition criteria.
Shuttlesareof live calcofluor-staineaonidia(blue)froma  : ! neutrophil (green)
toa " #I1$% ": &' ! macrophagéred). Moviesrun in series.

Moviesarepausedatthe momentof shuttling,with the point of transferlabeledwhite arrow).
(A) Probablyshuttlein whichthe conidiumis not unequivocallyresolvedasbeingwithin
thedonor neutrophil (correspondsvith S2AFig).(B,C)Probableshuttlesn whichdirect
intercellularcontactbetweerdonor neutrophilandrecipientmacrophagés not clearlydis-
played(correspondsvith S2Band S2CFig). (D) Crowdedfield in whichthereareinitially
neutrophil-ladenconidiaand,atthe end,macrophage-ladeconidia,but the crowding

obscuregprobableconidialshuttling (correspondsvith S2DFig). .& , . nitroreduc-
taseEGFPenhancedyreenfluorescenprotein; # , engineeredormof . ) Gal4d
transcriptionalactivator; ", macrophage-expressgenel; , myeloid-specifiqperoxi-
dase;, transgenic% ", upstreamactivatingsequencéusedto minimal adenoviruslb
promoter.

(MP4)

S5Movie. Examplesof shuttlesof nonconidial particles. Shuttlesarenonconidialparticles
(blue)froma : ! neutrophil(greenjtoa ™ #! % ": &'

! macrophagéred). Moviesrun in seriesMoviesarepauseditthe momentof shut-
tling, with the point of transferlabeledwhite arrow). (A) Shuttleof zymosarparticle(corre-
spondgo Fig 6C).(B) Efferocytosignot ashuttle)of wholeneutrophilladenwith plastic
beadqcorresponddo S3Fig).(C) Shuttleof -glucantcoateglasticbeadgcorrespondso

FigéD). .& , . nitroreductaseEGFP enhancedyreenfluorescenprotein; # ,
engineeredormof , ) Galdtranscriptionalactivator; ", macrophage-expressed
genel; , myeloid-specifiperoxidase;, transgenic% ", upstreamactivating
sequencéusedto minimal adenovirusE1bpromoter.

(MP4)

S6Movie. Examplesof zymosanshuttlesbetweenmurine neutrophils and macrophagesn
vitro. Two shuttlesof zymosarparticlesbetweermurine neutrophilspreloadedvith Alexa-
Fluor-488+labeledymosarandadherenimurine macrophages anin vitro assayPhotomi-
crographsarebright-field viewsoverlaidwith greenfluorescencehannel White arrowsin
pausedramesindicatethe shuttle. Time stampsareprovidedin the corresponding=ig 7 stills.
(A) Shuttle(arrowed)(correspondsvith Fig 7A). (B) Shuttle(arrowed)(correspondsvith Fig
7B).(CxE)Threeexample®f zymosantpHrodshuttlescorrespondingo Fig 8A+8C .Neutro-
phils,greenMacrophagesed;zymosantpHroddalse-coloredlue.(F) Shuttleof zymosan+
pHrodo from awild-type neutrophilto aDectinl’ macrophagécorrespondsvith Fig 8F).
(MP4)
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S7Movie. Examplesof conidial transfer betweenphagocytedy processesther than shut-
tling. Examplesrefrom experimentausing i "1 ,7-#" . conidia.(A) Neu-
trophil-to-neutrophil transferwith completeconidial drop-off and departureby the donor
neutrophil,two examplesn the samefield of view(correspondsvith S5AFig).(B) Neutro-
phil-to-macrophagéransferwith completeconidial drop-off and departureby the donor neu-
trophil, occurringin proximity to abonafide shuttleoccurringslightlylater(correspondsvith
S5BFig).(C) Neutrophil-to-neutrophl transferviadrop-off asin (A), followedby subsequent
shuttling of the sameconidium from the seconcheutrophilto amacrophagécorresponds
with S5CFig). White arrowsindicateconidiaof interestat keypointsin thetransferprocess.

-, -glucosidasd; , . -1,3-glucanosyltrarierase.
(MP4)

SlTable.List of shuttles.

(DOCX)

S2Table.Shuttling incidencefor in vitro assaysith zymosan+pHrodoand wild-type
murine neutrophils and macrophages.
(DOCX)

S1Data. Numerical datarelatedto main text figuresandtable.
(XLSM)

S2Data. Numerical datarelatedto supplementaryfiles.
(XLSX)
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