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Abstract

The initial host response to fungal pathogen invasion is critical to infection establishment

and outcome. However, the diversity of leukocyte±pathogen interactions is only recently

being appreciated. We describe a new form of interleukocyte conidial exchange called ªshut-

tling.º 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-

species±specific, 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 host±pathogen interaction contributing to fungal infection establishment patterns.

Introduction
In vertebrates,two phagocyticcelltypeshavelongbeenrecognizedaskeyplayersin theinitial
hostdefenseresponseto infection:neutrophilgranulocytesandmacrophages[1]. Neutrophils
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andmacrophagessharemanyfeatures:theyarebothmigratorycells,theyphagocytosemicro-
organismson encounteringthem,andtheyhaveintracellularmechanismsfor killing microor-
ganisms.However,althoughbothphagocytetypesengulfmicroorganisms,individual
microorganismsinteractwith neutrophilsandmacrophageswith differentspecies-specific
preferences,in differentways,andusingdifferentmolecularmechanisms[2]. Conversely,the
hosthasevolveddiversecellularstrategiesfor thesetwo differentphagocytesto protectagainst
thepanoplyof potentiallypathogenicmicroorganisms.

Theexchangeof cytoplasmicmaterialthroughcontact-dependentmechanismsbetween
adjacentcellsiscurrentlyatopicalfield in cellbiology.An exampleis thecontact-dependent
exchangeof cytoplasmfrom macrophageto tumor cellsasametastasis-promotingmechanism
[3], distinct from thecytoplasmicexchangebetweenmacrophagesandtumor cellsthatoccur
viaextracellularvesiclesandnanotubes[4±6].

During infections,neutrophilsandmacrophagesalsoengagein intercellularexchanges.
Somemicroorganismshaveevolvedmechanismsthatexploittheseto enhancetheir pathoge-
nicity andpromotetheir spreadbetweenphagocytes.Forexample,�������� ���	�� and
�����
���� promastigotesinduceapoptosisin hostneutrophilsto thenexploitefferocytosis,
wherebyclearanceof deadneutrophilsbymacrophagesleadsto subsequentinfectionof this
less-hostilehostcell[7±9].Conversely,neutrophilphagocytosisof debrisfrom dyingmacro-
phagesisarecentlydemonstratedmethodof mycobacterialdissemination[10]. ������� �����
���� [11] and����	������� ��������� [12] canbeejectedfrom hostmacrophagesbynonlytic
exocytosis,whilemacrophage-resident�. ��������� [13] and�. �����	�� [14] alsocan
enternewhostmacrophagesthroughlateraltransfer(recentlytermedmetaforosis[15]). The
gram-negativebacteria����������� 	�������� and��������� ��	����� aretransferredbetween
macrophagesbyaprocessrelatedto trogocytosis[16]. Thesescenariosarecharacterizedby
deathof thedonor cell,expulsionof thepathogenfrom thedonor cellwithout directcontact
betweendonor andrecipientphagocyte,or transferbetweenthesametypeof phagocyte.None
involvetransferbydirectcontactfrom aliving neutrophil to aliving macrophage.

Suchinteractionsprovideanopportunity for intracellularpathogensto transferto anew
hostcellwhileminimizing exposureto apotentiallyhostileextracellularenvironment.Asanti-
biotic resistancebecomesagrowingproblem,thereisanever-increasinginterestin host-path-
way±directedanti-infectivetherapies.Host-dependentprocessesfor pathogendissemination
representkeypotentialtargets[17].

Zebrafishhaveemergedasanidealmodelfor intravital imagingof leukocytebehaviorsdur-
ing infection[18]. Theycombinetheadvantagesof smallsize,opticaltransparency(particu-
larly asembryosandlarvae),andsuitabilityfor geneticmanipulation.Zebrafishphagocytes
havebeencomprehensivelycharacterizedin developmental,genetic,andfunctionalstudies
[19].

Our recentmodelingof fungalinfectionsin zebrafishmodelshavefocusedon highspatio-
temporalresolutionintravital imagingof theinitial leukocyte±pathogeninteractions[20].
During thesestudies,weobservedaform of microorganismexchangebetweenneutrophils
andmacrophagesthatwebelieveto bepreviouslyundescribed,whichwehavenamedªshut-
tling.º In shuttling,aliving donor neutrophil ladenwith previouslyphagocytosedfungalspore
(s)transfersthiscargoto arecipientmacrophagethroughatethereddirectcontact,without
deathof thedonor neutrophil.Shuttlingis thereforedifferentfrom all thepreviouslydescribed
microorganismexchangesbetweenphagocytes.

In thepresentstudy,wecomprehensivelydescribeneutrophil-to-macrophageªshuttling.º
Studyingshuttlespresentedconsiderabletechnicalchallengesbecausetheycouldonly beiden-
tified bydirectlyobservingthemretrospectivelyin in vivo live-imagingdatasets.To recognize
ashuttle,all threephasesof theprocesshadto becapturedin theimagedvolume:initial
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carriageof aphagocytosedsporewithin amobile,living donor neutrophil;themomentof
intercellularcontactandtransferbetweenneutrophilandmacrophage;andthedepartureof
thepreviouslyunladenrecipientmacrophage,nowcarryingits newlyacquiredcargo.All three
shuttle-definingstepsneededto haveoccurredwithin theimagedvolume,despitethehigh
mobility of theparticipatingcells.Despitethischallenge,wecomprehensivelydescribethe
morphologyof shuttling,quantifykeyparametersof thedynamictransferprocess,andidentify
akeymechanisticdeterminantbydemonstratingthat theconidialcell-wallcomponent��-glu-
canisafungal-derivedmolecularsignalsufficientto triggershuttlingof particles.Additionally,
by replicatingthisphenomenonusingmurinephagocytesin vitro, weprovideevidencethat
shuttlingisaconservedbehaviorof both fishandmammalianphagocytes.

Results

Some�. ��������� conidia phagocytosedby neutrophils areªshuttledº to
macrophages
While studyingleukocytebehaviorduring theestablishmentof �. �������� infectionfollow-
ing inoculationof liveconidiainto zebrafish[20], weunexpectedlyobservedtherecurrent
direct transferof conidiafrom liveneutrophilsto adjacentlivemacrophages(Fig1;S1A
andS1BMovie).Thephenomenonwasrevealedbycombininga3-colorfluorescentreporter
system(labelingneutrophilsin greenwith enhancedgreenfluorescentprotein [EGFP],macro-
phagesin red[mCherry],andconidiain blue[calcofluor])with high-spatiotemporal±resolu-
tion liveconfocalimaging.Wecalledthisnewform of interphagocytepathogentransfer
ªshuttling.ºTwo definingfeaturesof shuttlingdistinguishedit from otherpreviouslydescribed
formsof pathogentransfer.Firstly,shuttlingoccurredbetweenlive leukocytes,demonstrated
by themobility of bothdonor neutrophilandrecipientmacrophagebefore,during,andafter
shuttles.Secondly,thedynamicmorphologyof shuttlingsuggestedpurposefulratherthanran-
domexchangethroughatetheredcell-to-cellcontact.

To characterizethedynamicmorphologyof shuttlingcomprehensively,wesystematically
collectedmultiple unselectedexamplesfrom extensiveconfocallive-imagingmicroscopy
experiments.To ensurethatshuttleswereunequivocallydistinguishedfrom all othermodesof
intercellularpathogentransfer,stringentcriteriawereappliedfor eventsto beincludedin this
initial panel.For inclusionasashuttle,all threephasesof donation,transfer,andreceiptwere
requiredto beunequivocallyvisualized(seeMaterialsandmethodsfor full details).Theresult-
ing collectionof unequivocalshuttlescomprised13examplesof live �. �������� conidialshut-
tling (S1Fig),andasshuttlingmechanismswereexplored,another17unequivocalexamples
of conidialshuttlingand18examplesof theshuttlingof otherparticlesmeetingall stringent
definition criteriawerecollected(S1Table).

Shuttlingof live �. �������� conidiaoccurredonly in thefirst 2h of infectionestablish-
ment(mediantime of shuttle,33min [range14±97]from commencementof imaging;� = 13
shuttlescollectedin 69movies;S1AFig).In contrast,no �. �������� shuttlesoccurredduring
>181 h of imagingafter2 h postinoculation.

These�. �������� shuttlingexamplesexhibitedmorphologicalfeatureswith mechanistic
implications.In severalcases,thedonor neutrophiland/or recipientmacrophageformeda
highlypolarizedshaperesultingfrom cell-to-celltetheringaroundthetime of shuttling(Figs
1A,1Fand2A;S1B±S1DMovie).Thesedrawn-outtetheredextensionsof neutrophilandmac-
rophagecytoplasmbefore,during,or aftershuttlingindicatedafocalratherthanawhole-of
cellªhuggingºinteractionbetweenthem.Furthermore,this tetheringconfirmsthat thecells
comeinto directphysicalcontactfor theshuttleratherthanmerelymovinginto closeproxim-
ity andtransferringtheconidiumbyexpulsioninto theextracellularspaceandrephagocytosis.

Fungal spore shuttling between phagocytes
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Fig 1. Shuttling of individu al �. ��������� conidia from neutrophil to macrophage. (A) A representative
standardshuttleof acalcofluor-stainedconidium(blue)from a�����:��� ! neutrophil(green)to a������":
���#��!$�%����"�:���.&��'�������! macrophage(red),corresponding to theexamplein S1AMovie.Panels
includeisometricorthogonal �( and�( viewscorresponding to the�� maximalintensityprojectionandindicate
thetime in min from startof movie.Thetime point coloredwhite-on-blackis themomentof transfer.Colored
arrowheadsindicatetheconidiumwithin donorneutrophil(green),at thepoint of intercellulartransfer(white)andin
therecipientmacrophage(red).(B±D)Volume-renderedviewsof thestandardshuttlein (A), detailedbefore(B),at
themomentof transfer(C),andafterwards(D), demonstrating theintracellular locationof theshuttledsporein donor
neutrophil andrecipientmacrophage,thefocalintercellularcontactat themomentof transfer. Cii is theimagein Ci
rotated45Êaroundacentralverticalaxisin thedirectionshown.ImagesBii, Ciii, andDii aresectionedvolume-
renderedviews;asectioned planeis represented byaredbox.(E±F)Shuttledemonstrating tetheringof thedeparting
recipientmacrophagefollowingashuttle.PanelEpresentationorganizedasin panelA. Thetetheredmomentof

Fungal spore shuttling between phagocytes
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Althoughsingleconidiawereusuallyshuttled(Fig1,S1Table),occasionallymorethan
oneconidiumwastransferred(2/13instances;Fig2Band2C;S1E±S1FMovie).Oneexample
of this wasin quicksuccession(Fig2B,S1EMovie).However,thenonsynchronoustransfer
of 2 shuttledconidiain seriesfrom thesamedonor neutrophil in anotherexample(Fig2C,
S1FMovie) indicatedthat thesignalingmechanismdriving eachshuttlecouldoperate
independently.

Shuttling alsooccurswith 	. �
�����
 conidia
To testwhetherconidialshuttlingwasspecificto �. �������� or ageneralphenomenonof
fungalinfectionestablishment,weassayedfor shuttlingfollowing inoculationwith live �.
�����	�� conidia,anotherfunguswhoseinteractionswith leukocytesarewellstudiedin
zebrafishmodels[20±23]but for whichshuttlinghasnot previouslybeendescribed.Seven
unequivocalshuttlesof live �. �����	�� conidiaoccurredin 6/22imagingsequences(Fig2D
and2F,S1BFig,S2Movie).Themediantime of shuttlingwas121min (range30±199)follow-
ing commencementof imaging.�. �����	�� shuttlesexhibitedsimilar featuresto �. ��������
shuttles,includingcell-to-celltethering(S2DMovie).In 1/7examples,2 shuttlesoccurredin
thesameimagedvolumebetweendifferentdonor neutrophilsandmacrophages,separatedby
anintervalof 10min (Fig2F).

To excludethepossibilitythatshuttlingwasanartifactof labelingconidiawith calcofluor,
wetestedconidiawith analternatelabel.�. �����	�� conidialabeledwith AlexaFluor405
werealsoshuttled(Fig2E,S2CMovie).All shuttlesoccurredfrom donor neutrophil to recipi-
entmacrophage.No macrophage-to-neutrophilshuttleswereobserveddespitelookingcare-
fully for them.

Collectively,theseobservationsestablishthatshuttlingisarecurrentform of unidirectional
pathogentransferfrom neutrophilsto macrophagesthatoccursearlyin fungalinfectionestab-
lishment.It isnot apeculiarityof thehostresponseto aparticularfungalpathogenbecauseit
occurswith two fungalspecies.

Incidenceof shuttling
Shuttlingeventsmeetingour stringentcriteriawereobservedin 20/91(22%)unselectedimag-
ing sequencesof >60 min duration(S1Fig).While thisascertainmentrateprovidedascorable
surrogatecategoricalvariablefor shuttlingincidence,amorebiologicallyrelevantmeasureof
theincidenceof shuttlingwouldaddweightto its biologicalsignificance.

Onesuchbiologicallyrelevantquantificationis theshuttlingincidenceperconidiumat risk
of shuttling.Thismeasure,regardlessof anymacrophagephagocyticactivityandrecruitment
of nonphagocytosingleukocytes,isdenominatedsolelyby thenumberof spore-ladenneutro-
phils in theimagedvolumeavailableto actasdonors.While this is impossibleto determine
exactlyfor anysingleimageseriesbecauseof neutrophil flux throughtheimagedvolume,it is
possibleto computeanaveragedestimate.Forboth thesefungi,wehavepreviouslyexamined
phagocytosisduring infectionestablishmentandpreviouslyreportedthatmacrophagephago-
cytosispredominatesoverneutrophilphagocytosisin thefirst 3 h following inoculation[20].
Thesephagocytosisdataresultedfrom analysisof asubsetof imagingfilesof thecurrent

transferisdetailedbyvolume-renderingin F,presentedasin panelsB±D.Scalesasshown.Stillsin A andEcorrespond
to S1AandS1BMovie,respectively.���.&���, ����������� ���� nitroreductase;EGFP,enhancedgreenfluorescent
protein;���#��, engineeredform of ������������ ����)����� Gal4transcriptionalactivator;���", macrophage-
expressedgene1;��, myeloid-specificperoxidase;��, transgenic;%����"�, upstreamactivatingsequencefusedto
minimal adenovirusE1bpromoter.

https://doi.org/10.1371/journal.pbio.3000113.g001
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Fig 2. Variant shuttlesof fungal conidia from neutrophil to macrophage.A varietyof shuttlesof conidia(blue)
from �����:��� ! neutrophils(green)to ������":���#��!$�%����"�:���.&��'�������! macrophages(red).In
eachexample,panelsincludeisometricorthogonal�( and�( viewscorrespondingto the�� maximalintensity
projection andindicatethetime in min from startof movie.Timepointscoloredwhite-on-blackarethemomentsof
transfer.(A,C,E)includevolume-renderedviewscorresponding to themaximalintensityprojection;wherethis
volumeissectioned(asin panelA), theframingboxisshownin red.Coloredarrowheadsindicatetheconidium
within donorneutrophil (green),at thepoint of intercellulartransfer(white),andin therecipientmacrophage(red).
(A±C)Shuttlesof �. �������� conidia.(A) Shuttledemonstrating tetheringof thedonorneutrophil at themomentof
transfer.(B) Shuttleof multipleconidiafrom onedonorneutrophil in quicksuccession. First two framesshowdonor
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datasetandsoprovideabasisfor estimatinganaveragedshuttlingincidencebasedon aver-
agedspore-ladenneutrophilphagocytosisrates.For �. ��������, anaverageof 1.34conidia-
loadedneutrophils(67neutrophilsat50time points)werepresentatanytime in theimaged
volumeto beavailableasdonorsthroughoutthefirst 180min afterinoculation(derivedfrom
� = 10imagingseries,beingthose10seriesclosestto 180min in length).Hence,13shuttlesin
69imagingseriesmeansthaton average,14%of sporesavailablein neutrophilsfor donation
wereshuttledin 3 h. Alsoof noteis thefactthat5/10imagingserieshadonly �1 spore-laden
neutrophilpresentin theimagedvolumeduring thefirst 180min, andhence,theseimaging
seriesprovidedlittle opportunity for shuttlingto occur.For �. �����	��, neutrophilphagocy-
tosisof conidiawasmuchrarer,asalsoobservedbyothers[20,21].An analogousaveraged
calculationgivesanaverageincidenceof 44%for shuttlingof �. �����	�� sporesthatwere
availablefor donationby loadedneutrophilsin the3 h afterinoculation(36neutrophils/50
time points= 0.72spore-ladenneutrophilson averageatanytime point over3h; 7 shuttlesin
22movies).

Calculatingtherealshuttleincidenceischallenging,andtheseratesarecertainlyunderesti-
mates.Theratedependson thesensitivityof ascertainment,whichisconstrainedby thelimita-
tionsof thedetectionmethodandour stringentdefinition of shuttling.Thesetwo factors
togetherconspireto underestimateshuttleincidence.

Challengesin shuttledetectionthatcontributedto underestimatingincidenceincluded
(1) shuttlescancurrentlyonly berecognizedby thelaboriousmethodof manuallyobserving
themin retrospectiveanalysisof imagingdatasets;(2) at themagnificationrequiredfor the
subcellularresolutionneededto seeshuttles,theimagedvolumeisonly asmallfractionof the
infectedvolume;and(3) theleukocytesinvolvedarehighlymobileandfrequentlymoveout
of theimagedvolume,andhence,thedenominatorsfor computingincidenceareconstantly
changing.

Severalotherobservationsindicatethatshuttlesarenot rare.If shuttleswererare,it would
beunlikely thatmultiple exampleswouldoccurtogetheror in thesameimagingsequence.
However,5/20datasetscontainedexamplesof multiple shuttles:either2±3sporesbeingshut-
tledtogetheror in quicksuccessionor asynchronouslyfrom thesameor severaldifferent
donor neutrophils(Figs2B,2C,2Fand3;S1E,S2F,S2EandS3A±S3CMovies).

Thestringentcriteriaappliedto ensureonly unequivocalshuttleswereincludedalsomeans
that theshuttleincidenceis likely to beunderestimated.Multiple eventsthatwereprobably
shuttleswereexcludedfrom this initial panelof unequivocalshuttles(seeexamplesin S2Fig,
S4Movie).Therewereprobableshuttlesfor whichtheconidiumcouldnot unequivocallybe
resolvedaswithin thedonor neutrophil ratherthanadherentto it (S2AFig,S4AMovie).The
criterion mostoftennot metwasclearvisualizationof thedonor±recipientcell-to-cellcontact
at thepoint of conidialtransfer(S2CandS2DFig,S4C±S4DMovie).Thisscenarioincluded

neutrophil ladenwith multiple conidiaat two preshuttletime points.Framesfrom 	 = 96:49±100:48min aremaximal
intensityprojectionsonly,encompassing theshuttlingtransferof 3conidiaover4min Upperrow of panelsshowsred
(macrophage)andblue(conidia)channelsonly; lowerrow of panelsincludesthegreenchannel(donor neutrophil).
(C) Shuttleof 2conidiafrom onedonorneutrophil oneaftertheotheratanintervalof 2min 13s.Volume-rendered
imagescorresponding to maximalintensityprojectionsshowthe2shuttledconidia(labeled1and2) before,during,
andaftertheshuttle.(D±F)Shuttlesof �. �����	�� conidia.(D) Standardshuttleof singleconidium.(E)Standard
shuttleof conidiumlabeledwith AlexaFluor405ratherthancalcofluor,accompaniedbyvolume-renderedimagesthat
focusattentiononto theconidiumanddonorneutrophil of interest.(F) Two independent shuttlesbydifferent donor
neutrophilsoccurringin thesamefield.In thisseries,thecourseof eachshuttledsporeis followedbywhiteandyellow
arrowheads.Scalesasshown.Stillsin A±Fcorrespondto S1C,S1E,S1F,S2A,S2CandS2EMovies,respectively.���.
&���, �. ���� nitroreductase;EGFP,enhancedgreenfluorescent protein;���#��, engineeredform of �. ����)����� Gal4
transcriptional activator;���", macrophage-expressedgene1;��, myeloid-specificperoxidase;��, transgenic;
%����"�, upstreamactivatingsequencefusedto minimal adenovirusE1bpromoter.

https://doi.org/10.1371/journal.pbio.3000113.g002
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Fig 3. Shuttling of �. ��������� conidia betweenneutrophils andmacrophagesinvolvesphagosometransfer. (A) Shuttleof calcofluor-stained
conidium(blue)from �����:��� ����*! neutrophils(green)to ������":����������*! macrophages(red).Thesereporterlineshavemembrane-
localizedfluorophoreexpression.Panelsincludeisometric orthogonal �( and�( viewscorresponding to the�� maximalintensityprojectionand
indicatethetime in min from startof themovie.Coloredarrowheadsindicateaconidiumbeforeit isphagocytosedbythedonorneutrophil (red),
conidiawithin thedonorneutrophil (yellow),andtheconidiumat thepoint of intercellular transferandwithin therecipientmacrophage(white).(Bi)
Detailof theboxedareaof thedonorneutrophil in (A), 6-min panel.Yellowdottedline indicatestheposition of thecross-section for the3-color
fluorescenceintensityplotsin (ii) and(iii). Bothshuttledandnonshuttledconidiaareflankedbypeaksof greenfluorescence,consistentwith their
locationin amembrane-linedphagosome.(C,D) Cross-sectionsfluorescenceintensityprofiles(ii) correspondingto theyellowlinesin (i) for 2
macrophagesthat receivedasporefrom aneutrophil in thisdataset,whichcontained3 independentsporeshuttles.ThearrowedEGFP-channelsignal
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instancesin whichaphagocytosedparticleappearedto bedepositedby theneutrophil into
extracellularspaceandwasthensubsequentlytakenup byamacrophage.In someimagedvol-
umes,alargenumberof highlyactiveneutrophilsandmacrophageswereattractedto theinoc-
ulatedspores,andit wasimpossibleto separatewhatwashappening,althoughmanyspores
wereinitially within neutrophilsthatendedup in macrophages(S2DFig,S4DMovie).All
imagingdatasetscollectedfor thesestudieshavebeenincludedin thedenominatorof our
unselectedseriesdespitesuchfeatures(S1Fig,S1Table).

Fromthesedataandconsiderations,weconcludethatalthoughthedetectionof shuttlingis
laboriousandchallenging,shuttlingitselfisnot ararephenomenon.Forboth thesefungal
pathogens,thosesporesthatareinitially phagocytosedbyneutrophilshaveasubstantial
chanceof beingshuttledto macrophagesin thefirst 3 h of infectionestablishment.

Shuttling involvesphagosometransfer
Wepreviouslyreportedthetransferof neutrophilcytoplasmto macrophagesin thecontextof
inflammation[24]. Wethereforehypothesizedthatshuttlingcouldalsoinvolvetransferof
donor neutrophilcytoplasmiccomponentsto therecipientmacrophage.To testspecifically
whetherneutrophilmembranewasalsotransferred,weimagedshuttlingin transgenic(��)
macrophage-expressedgene1 (���"):����������*+myeloid-specific peroxidase(��):
��� ����*! embryos,in whichthefluorescentlabelingof neutrophilsandmacrophagesis
localizedto themembraneviaaprenylationmotif (Fig3,S3Movie).Cross-sectionalfluores-
cenceintensityprofiling of conidiain thesetransgeniclinesdemonstratedthatprior to shut-
tling, about-to-beshuttledconidiaresidewithin membrane-boundcompartmentswithin the
neutrophil (Fig3B).Observationof shuttledconidiain macrophagesimmediatelyfollowing
transferdemonstratedthatgreenfluorescentsignalsurroundingthespore,attributableto the
neutrophilmembrane,wasalsotransferredto themacrophage(Fig3C).

Thisprovidesdirectevidencethatshuttledconidiaarelocatedin amembrane-linedsubcel-
lular neutrophilcompartment,likely to beaneutrophilphagosome,that isshuttledin its
entiretyto therecipientmacrophage.Therapiddecayof thecytoplasmicneutrophil reporter
fluorophoresignalfollowingshuttlingsuggeststhatwithin themacrophageit iseither
quenchedbecauseof pH changeor that thestructureof theshuttledphagosomeandits com-
ponentproteinsarerapidlydestroyedby themacrophage.Furtherevidencethatshuttledparti-
clesresidewithin theacidifiedphagolysosomeenvironmentof donor neutrophilsbefore
shuttlingandrecipientmacrophagesaftershuttlingwasgeneratedfrom anin vitro assayusing
murine leukocytes(seebelow).

Phagocytemotility confirms that living cellsparticipate in shuttling
Our previousstudiesdemonstratedthatphagocytesexhibit lineage-andsite-specificspatio-
temporalresponsesduring establishmentof fungalinfection[20]. Weaskedwhethershuttling
occurredªon theflyº betweenfast-movingcellsor whethercellssloweddownandªparkedºto
engagein this intercellularinteraction.

Wefirst focusedon thescenarioin which �. �������� conidiaweredeliveredinto the
somite.To characterizetheoverallpictureof leukocytemovementin whichshuttlingoccurred,
weused4-dimensionalcelltrackingin Imarissoftware(Bitplane;Andor Technology,Belfast,
UK) to extractandplot cellcoordinatesin time andspace.Weinterrogatedthesedatausing

demonstratesthetransferof neutrophil-derivedEGFP-taggedmembranein thevicinity of thespore(bluechannelsignal).Scalesasshown.Stillsin A
correspondto S3AMovie.EGFP,enhancedgreenfluorescent protein;���", macrophage-expressed gene1;��, myeloid-specific peroxidase;��,
transgenic.

https://doi.org/10.1371/journal.pbio.3000113.g003
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theopensourceprogramminglanguageRashasbeenusedto analyzeleukocyteswarming
[25]. In thisscenario,neutrophilsstartedto migratetowardstheinfectionsitesoonafterinoc-
ulationwith conidia,whilemacrophagemigration initiated later,during thesecondhour post-
infection.Overall,neutrophilsexhibitedmorerapidmotility thanmacrophagesatall times
andin all directions(� < 0.0001).Phagocytosisof conidiauponarrivalat thesiteof infection
wasassociatedwith areductionin migrationvelocityfor bothneutrophilsandmacrophages
(Fig4A).

To focuson thesubsetof phagocytesengagingin shuttlingwithin thismeleeof phagocyte
activity,wedevelopedªShuttleFinder,ºaMATLAB (TheMathWorks,Natick,MA, USA)pro-
grambasedon ªPhagoSightº[26] thatperformsspatiotemporaltrackingof conidiaandreports
thecolorof their immediatesurroundingenvironment(Fig4B).ShuttleFinderdid not facili-
tateautomaticshuttlediscoverybecauseof thehighnumberof disjointedtracksandahigh
numberof falsepositives.However,it enabledthepathsof conidiathatwereshuttledto bedis-
playedin 2-dimensionalspaceandtime (Fig4Bi)and3-dimensionalspace(Fig4Bii).This
demonstrationof conidialtranslocationshowedtheextentto whichthedonor neutrophils
andrecipientmacrophagesin whichshuttledsporesresidedweremobileprior to andfollow-
ing theshuttle(Fig4Band4C).

Wenextassessedwhethercellvelocitychangedduring shuttlingbymanuallyexamining
thedisplacementof neutrophilsandmacrophagesrelativeto theshuttlesiteoverfixed5-min
intervalsfor the20-minperiodbeforeandaftershuttles.Neutrophildisplacementwassignifi-
cantlylessfor the5-min periodimmediatelybeforeashuttlethantheperiodjustaftershut-
tling, indicatingafasterneutrophildirectionalvelocityimmediatelyfollowingshuttling(Fig
4C).Furthermore,neutrophildisplacementfrom theshuttlesiteby20min aftershuttlingwas
at leastasgreatasthatat20min before,confirming thatshuttlingneutrophilsremainedas
activelymobileasbefore(Fig4C).Theongoingmovementof neutrophilsaftershuttling
stronglyindicatesthat thedonor neutrophil remainedalive.

Macrophagesalsomovedtowardsandawayfrom theshuttlepoint, confirming their viabil-
ity (Fig4C).Asexpected,for shuttlesof bothconidialtypes,macrophageaveragedirectional
velocityoverthe20min aftershuttlingwassignificantlyslowerthanthatof thedepartingneu-
trophils (�. ��������: 1.1� 0.5versus2.0� 1.2�m/min, � = 0.0251;�. �����	��: 1.1� 0.4
versus1.8� 1.0�m/min, � = 0.0388;one-tailed	 test)(Fig4C).Overlongerperiodsof time,
recipientmacrophageswerehighlymobile(Fig4B),alsoconfirming their ongoingviability
throughouttheshuttlingprocess.

The20shuttlesof livesporesmeetingall stringentdefinition criteria(Fig5A) suggested
thatshuttlingcontinuestheprocessof conidialdissemination.In 16/20cases,thedonor neu-
trophil enteredthefield during theimagingperiod,andhence,it hadpickedup its sporefor
donationelsewhere.Furthermore,in 18/20cases,therecipientmacrophageseparatedfrom the
donor neutrophilbeforetheimagesequencefinished(Fig5A).

In summary,thesedatashowthatneutrophilsslowdownto donateconidiafor shuttling
andspeedup on departing,remainingviablethroughouttheprocess.Therecipientmacro-
phagesalsoremainactivelymobilethroughouttheshuttlingprocess.Themobility of shuttling
cellsbeforeandaftershuttlingcontributesto theongoingprocessof sporedisseminationdur-
ing infectionestablishment.

Shuttling is apurposeful interaction that involvessustainedintercellular
communication
Weconsideredthepossibilityshuttlingmight beachanceeventratherthanpurposefulinter-
action.If shuttlingoccurredbychancealone,thenthenumberof shuttleswouldbeexpected
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Fig 4. Phagocytemobilit y during shuttling. (A) Celltrackinganalysisof neutrophil andmacrophagefollowing
intramuscularinoculationof �. �������� conidia.A chemotactic index(red,movementtowardsinfection;blue,
movement away)andvelocity(thicknessof theline).Neutrophil migrationtowardstheinfectionisearlierandfaster;
macrophagemigrationis laterandslower.(B) Output of ShuttleFindersoftwarefor theshuttleshownin Fig1A.Track
color indicatesthecellularcontextof theconidium(green,neutrophil; red,macrophage).(i) showstheshuttledspore
trackin �� dimensionsandtime.(ii) showsit in ��( dimensions.Thetwo outputscollectivelyshowthat theshuttle
occurredbetweendonorandrecipientphagocytesthatweremobilein bothspaceandtime.Imagingparameters:�, �,
1.31pixels/�m; ( interval,3.3�m/slice; framerate,28.0s/frame.(C) Plotsof donorneutrophil andrecipient
macrophagecelldisplacement from theshuttlesporelocationoverthe20-minperiodbeforeandafterthemomentof
shuttlefor �. �������� (i) and�. �����	�� (ii) shuttles.Notethatdisplacementisameasureddistancewithout
directional information.Dataaremean� SEMateachtimepoint (i, � = 10;ii, � = 7).  -valuesfrom two-tailedpairedt
tests(all +20and-20min vs0comparisons),otherwisefrom one-tailedpairedt tests.Datasetsfor C areprovidedin
S1Data.ns,not significant.

https://doi.org/10.1371/journal.pbio.3000113.g004
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Fig 5. Dynamicsof neutrophil-to -macrophageconidial shuttles.(A) Timemapsof cellularcontactduring shuttles.
Chartsarealignedwith 	 = 0at thepoint of initial donor±recipientcellcontact.Chartshowstime of conidialresidence
in donorneutrophilprior to intercellularcontact(greenline;verticalbarindicatesresidentatstartof imaging;
otherwise,line startindicatespoint of neutrophilphagocytosis), timeof generalintercellularcontact(blueline),and
periodof contactduring actualconidialtransfer(orangebars).Chartsarefor eachof 20stringentlydefined
unequivocalshuttles(� = 13�. ��������, � = 7 �. �����	��) tabulatedandidentifiedasin S1Fig.Theentiresequence
from phagocytosisto cellseparationisshownunlessverticalbarsatbeginningor endof linesindicatethestartor end
of theimagingfile;blueandgreennumbersindicateendpointtimeswherelineshavebeenclipped.(B,C)For �.
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to beafunction of thenumberof conidiadelivered.However,shuttlesoccurredin fieldsthat
hadinitially asfewas<4 conidiaandasmanyas75±100conidiafor both fungalspecies,and
wecouldnot resolveatrendbasedon thenumberof conidiainitially in theimagedvolume
(Fig5Band5C).

Wealsohypothesizedthat if shuttlingwerepurposefulratherthanarandomevent,then
thiswouldbereflectedby purposefulintercellularinteractions.Shuttlingis characterizedby
multiple polarizedinteractionsbetweenthedonor neutrophilandtherecipientmacrophage
prior to theshuttle,indicatingsustainedandpurposefulprior cell±cellcommunication(S1,
S2andS3Movies).To quantitativelytestthehypothesisthat thedegreeof intercellularinter-
actionbetweenshuttlingleukocyteswasunusuallyextensive,wecomparedthedurationof
neutrophil±macrophagecontactsthatendedwith ashuttleto randomlyselectednonshut-
tling contacts.Thisanalysisrevealedthatshuttlingcellsstayin contactfor asignificantlylon-
gerperiodprior to shuttlingthanis otherwisethecasefor randomneutrophil±macrophage
interactions(� < 0.0001)(Fig5D).Thisobservationisconsistentwith therebeingsignals
bringing thedonor andrecipientcellstogetherprior to shuttling.Furthermore,it indicates
that thesesignalsaredifferentfrom thosethatattractedtheleukocytesto migrateto thesite
of infection.

Pathogen-dependentshuttling kinetics indicatesaconidial determinant
Wehypothesizedthat themolecularmechanismdriving shuttlinglikely involvedfungal
determinants.If this werethecase,this might resultin differentkineticsfor theshuttling
of conidiaof differentfungalspecies.Althoughweobservedno obviousmorphological
differencebetweenshuttlesof �. �������� and�. �����	�� conidia(suggestingthat the
mechanismdriving shuttlingis fundamentallythesamefor both), thekineticsof shuttling
eventsdifferedfor thetwo species.�. �������� shuttlesoccurredpredominantlyin the
first hour afterinoculation,whereas�. �����	�� shuttleshappenedat latertime points
(� = 0.016)(Fig5E).Therewasno ascertainmentbiasfor shuttlesof oneor otherfungus
becausethe2 moviedatasetssharedasimilardistribution of imagingdurations(S1Fig;the
two distributionsof movielengthsarenot significantlydifferent(� = 0.1985,Mann±Whit-
neyU test)).

This important observationindicatesthatalthoughshuttlingisageneralphenomenonin
fungalinfectionestablishment,becausethekineticsof shuttlingisspecificto thefungalspecies,
determinantsof themolecularmechanismresidein propertiesof theconidiathemselves.

The fungal determinant of shuttling is not dependenton conidial viability
A fungaldeterminantof shuttlingcouldbeeitherachemicalconstituentof theconidiumor a
newlysynthesizedmetaboliteof thegerminatingfungi.To distinguishbetweenthesepossibili-
ties,wemicroinjectedconidiainactivatedbyeitherfreezing(�. ��������) or �-irradiation (�.
�����	��) andimagedfor shuttlingevents.Weobservedmultiple shuttlesof inactivatedfun-
galconidia(Figs3 and6A;S3Movie),confirming thatshuttlingwasstimulatedbynon-tem-
perature±labilecomponentsof theconidiumratherthananewlysynthesizedsignal.

�������� (B) andA. �����	�� (C) infections,histogramsof numberof experimentswith andwithout observed
shuttlesareshownbynumberof conidiapresentin theinitial imagingvolume.(D) Forconidia-laden neutrophils,
durationof shuttlingcontacts(� = 20shuttles)comparedto randomnonshuttlingcontact(� = 34)isshown.Dataare
summarizedbymedianandrange.(E)Distribution of timesof shuttleafterimagingcommencedfor �. �������� and
�. �����	��. � = 0.016for categoricalvariableof shuttlesoccurringat �60 and>60 min betweenthetwo fungal
species(Fisher'sexacttest).Datasetsfor A±Eareprovidedin S1Data.

https://doi.org/10.1371/journal.pbio.3000113.g005
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��-glucanis a fungal determinant sufficient for shuttling
Becauseshuttlingwasindependentof conidialviability,wehypothesizedthat thespore-
derivedsignalfor shuttlingwaseitherfrom theshapeor sizeof theparticleor wasachemical
componentof thefungalcellwallsuchaschitin or ��-glucan.

To testwhetherparticlesizewassufficientto triggershuttling,wemicroinjected1.7-to
2.2-�m fluorescentparticles(approximatingthesizeof �. �������� and�. �����	�� conidia)
into thetail somiteof 2±3dayspostfertilization(dpf) zebrafishembryos.Althoughthebeads
wereactivelyphagocytosedbybothneutrophilsandmacrophages,no shuttlingeventswere
observed(approximately60h of imaging,19experiments)(Fig6B).During theseexperiments,
wefrequentlyobservedefferocytosisof entirebead-ladenneutrophilsbymacrophages(S3Fig,
S5BMovie).While theneutrophilEGFPfluorescentsignalwasrapidly lostfollowingengulf-
ment,thebead-conjugatedfluorophoresignalpersisted.Theseexperimentsdeterminedthat
beingaparticleof aparticularsizewasnot sufficientto induceshuttlingandthat leukocyte
phagocyticbehaviortowardsinert beadswasdemonstrablydifferentto their responseto fun-
galconidia.This indicatesthatshuttlingisabehaviordrivenat leastin partbyachemicalsig-
nal residingwithin theconidium itself.

Thecellwallof fungalconidiaisprimarily composedof polysaccharides(chitin andglu-
cans)andproteins[27]. The��-glucanclassof polysaccharidesareamajorcomponentof the
conidialwallandarehighly immunostimulatory,sotheyrepresentedapromisingcandidate
shuttlingmediator.Weconfirmedthat ��-glucanwasexposedon thesurfaceof theungermi-
nated�. �������� and�. �����	�� conidiaaspreparedasfor shuttledinoculates(S4Fig),
making��-glucanacandidatefungalstimulusfor shuttling.To testwhether��-glucanwassuffi-
cientto induceshuttling,wefirst lookedfor shuttlingof zymosanparticles.Zymosanparticles
areapproximately3 �m in diameterandareaderivativeof the������������ ����)����� cell
wall,arich sourceof ��-glucanglucosepolymers.Weobserved3 unequivocalshuttlesfrom
approximately30h of imagingover6 experiments(Fig6A and6C).Becausezymosanispre-
dominantly��-glucan,thesedatasuggestedthat ��-glucanmaybeaspore-derivedsignalsuffi-
cientfor shuttling.

To morerigorouslytesttheability of ��-glucanitselfto triggershuttling,wetestedwhether
coatingplasticbeadsin ��-glucanconferredon themtheability to beshuttled.While uncoated
beadswerenot shuttled(0 shuttlesin 19experiments),beadscoatedwith ��-glucanwereshut-
tledat relativelyhigh frequency(10shuttlesduring 22experiments)(Fig6Band6D).Further-
more,treating��-glucan±coatedbeadswith amixture of ��-glucanaseenzymes(including endo/
exo-1,3-��-D-glucanaseand��-glucosidase)significantlyreducedtherateof shuttleascertain-
mentfrom 10shuttlesin 22experimentsto 3 shuttlesover24experiments(Fig6B).

Asageneticmodel,wealsotested�ï���"�ï���,�ï �. �����	�� ��-glucosidase1(�-�#") �. ����
��	�� spores,whicharedeficientin their cell-wall��-glucancontentbecauseof mutationof their
�. �����	�� ��-1,3-glucanosyltransferase(���) genes(62.6%and42%of wild typeat37ÊCand
50ÊC,respectively)[28]. Theshuttleascertainmentratefor conidiafrom themutantstrain
trendedlowercomparedto wild-type�. �����	�� (27.3%in wild typeversus14.8%in mutant),
but thisdifferencewasnot statisticallysignificant(Fig6A), likely becausetheapproximately
50%remaining��-glucanon theconidialcellwall remainedsufficientto triggershuttling.

Collectively,thesedatasupportthehypothesisthat ��-glucanisafungal-wall±derivedmole-
culethat issufficientto triggershuttlingsignals.

Shuttling alsooccursbetweenmammalianneutrophils andmacrophages
Our studiesin zebrafishrevealedthatshuttlingwasaconservedhostresponseto different
speciesof fungi.Wealsoobservedshuttlingbetweenmurineneutrophilsandmacrophages,
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indicatingthat thisbehaviorwasconservedbetweenphagocytesfrom differenthostspecies,
includinghighervertebratessuchasmammals.

Shuttlingbetweenmurine phagocyteswasobservedin anin vitro assay.Primarymouse
bonemarrowneutrophilswerepreloadedwith Alexa-Fluor-488±labeledzymosanaddedto
mousebone-marrow±derivedmacrophagesandimagedovertime.Thetransferof zymosan

Fig 6. ��-glucanis a fungal determinant sufficient to trigger shuttling. (A,B)Relativefrequency of shuttlesfor differentcargos,incidencecomputed
for eachconditionasnumberof 3-h imagingdatasetswith shuttle(s)/total numberof imagingdatasets.Bychi-squaredanalysis,thereareno significant
differencesfor thecomparisons:livesporesof thetwo species(� = 0.38),liveanddead�. �������� (� = 0.31),anddeadsporesof thetwo species
(� = 0.34).�-valuesindicatethenumberof datasetsin eachcategory. (C,D) Imagesof representativeshuttlesof zymosanparticle(C) and��-glucan±
coatedplasticbeads(D). Shuttlesof particles(blue)arefrom �����:��� ! neutrophils (green)to ������":���#��!$�%����"�:���.&��'�������!
macrophages(red).In eachexample,panelsincludeisometricorthogonal �( and�( viewscorresponding to the�� maximalintensityprojection and
indicatethetime in min from startof movie.Coloredarrowheadsindicatetheconidiumwithin donorneutrophil (green),at thepoint of intercellular
transfer(white)andin therecipientmacrophage(red).Scalesasshown.Stillsin C,D correspondto S5AandS5CMovie,respectively.Datasetsfor A±B
areprovidedin S1Data.���.&���, �. ���� nitroreductase;EGFP,enhancedgreenfluorescent protein;���#��, engineeredform of �. ����)����� Gal4
transcriptionalactivator;���", macrophage-expressedgene1;��, myeloid-specific peroxidase;��, transgenic;%����"�, upstreamactivating
sequencefusedto minimal adenovirusE1bpromoter.

https://doi.org/10.1371/journal.pbio.3000113.g006
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particlesfrom living neutrophilsto macrophageswasobservedin asimilar fashionto that
observedin thezebrafishin vivomodel(Fig7A and7B).

Thesedataindicatethatshuttlingisaconservedbehaviorof phagocytesin vertebratesfrom
zebrafishto highermammalianmodelsandis relevantto host±pathogeninteractionsduring
establishmentof fungalinfectionsin mammals.

Weemployedthis in vitro systemto verify thatshuttledparticlesweretruly intracellular
prior to andaftertheir shuttling,usingzymosanparticleslabeledwith pHrodo,adyethat is

Fig 7. Zymosanshuttlesby murine neutrophils andmacrophages.(A,B)Twosequencesdemonstratingneutrophil-to-macrophage
shuttlingof Alexa-Fluor-488±labeledzymosanparticlebetweenmurinephagocytesin vitro. Panel(i) isaschematicshowingtheelongated,
adherentrecipientmacrophage.Panels(ii±viii) arebright-field photomicrographswith greenfluorescencechanneloverlaid,with time
pointsindicatedin min:s.Redarrowindicatestheshuttledparticlein donorneutrophil (panelsii±vi) andthen,followingshuttling,within
therecipientmacrophage(panelsvii±viii) . Stillsfrom S6Movie.

https://doi.org/10.1371/journal.pbio.3000113.g007
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nonfluorescentatneutralpH but fluorescesatacidicpH, asoccursin maturingphagosomes.
Thedatasetcomprisestwo independent5-h imagingsequencescapturing3 fieldsperwell,
imagedat3-min intervals,in which164shuttleswereobserved(Fig8A±8D).Initially, there
weremanynonfluorescentintracellularparticles,but progressively,all pHrodo-stainedzymo-
sanparticleswithin neutrophilsandmacrophagesfluoresced,indicatingtheywerenowwithin
intracellularacidicenvironments(Fig8A±8Cand8E;S6C±S6EMovie).Consistentwith previ-
ousobservations[29,30],agenerallyweakerpHrodo signalin neutrophilsthanmacrophages
indicatedthat theneutrophilphagosomeswerelessacidicthanmacrophagephagosomes(Fig
8A±8Cand8E).All 164shuttledparticlesdisplayedpHrodo fluorescencein thedonor neutro-
phil atalevelsignificantlyabovebackground,indicatingthatbeforeshuttling,theywerewithin
anacidifiedintracellularenvironment(Fig8E,S6C±S6EMovie).Within therecipientmacro-
phage,theshuttledparticleremainedin anacidicenvironmentthatbecameprogressively
moreacidic,reflectedbyaprogressivelystrongerpHrodo fluorescencesignal(Fig8E,S6C±
S6EMovie).Thesedataconfirm thatshuttledparticlesarenot merelyadheredto thedonor
cellbut originatefrom within acidifieddonor neutrophilphagosomes.Furthermore,theyare
transferredto macrophagephagosomesthatundergofurther maturationwith acidification.

Theincidenceof shuttlingwasdeterminedfor thesein vitro assayconditions.At thedensi-
tiesof donor neutrophils,recipientmacrophages,andzymosanparticleloadingratesusedin
theseexperiments,shuttlingratesover5 h were4.8and20.0shuttlesper100loadedneutro-
phils(S2Table).Astheshuttlesoccurredthroughtheentire5-hascertainmentperiod(Fig
8D), thisaveragesto 1 and4 shuttles/100loadedneutrophils/h.Thisprovidesfurther evidence
thatshuttlingisaprevalentinteractionbetweenzymosan-ladenneutrophilsandmacrophages.

Dectin-1isconsideredthemajor ��-glucanreceptorin mammaliansystems,althoughother
cell-surface��-glucan±bindingmoleculesalsoexist[31,32].Wethereforeusedour in vitro shut-
tling assayto testwhetherDectin-1expressionwasrequiredfor recipientmacrophagesto
acceptzymosanshuttlesfrom neutrophilsbyusingmacrophagesfrom Dectin-1knockout
mice.Shuttlesfrom wild-typeneutrophilsto Dectin-1�/� macrophagesoccurred,indicating
thatDectin-1isnot absolutelyrequiredfor zymosanshuttling(Fig8F,S6FMovie).However,
theincidenceof shuttlingwasconsistentlylowerwhenrecipientmacrophageswereDectin-1±
deficient(Table1). In two independentexperiments,theshuttlingrateswith Dectin-1�/� mac-
rophageswere23%and36%of thewild-typerates.Thewild-typeratesin theseexperiments
(4.9and4.3shuttles/100loadedneutrophilsat20.4min) correspondedwellwith theincidence
datain S2Table.TheseobservationsindicatethatDectin-1is indeedinvolvedin shuttlingsig-
naling,andthereisarequirementfor Dectin-1for optimalshuttlingefficiency.

Discussion
Wepreviouslyreportedtheexchangeof cytoplasmicfragmentsfrom living neutrophilsto
macrophagesduring awound-stimulatedinflammatoryresponse[24], althoughthephysiolog-
icalpurposeof thisprocesswasunknown.Thedatapresentedhererevealthatonepurposeof
cytoplasmicexchangebetweenneutrophilsandmacrophagesis thetransferof phagocytosed
microorganisms.It is readilyassumedthatwhenaconidium is foundwithin aparticular
phagocyteduring earlyinfectionestablishment,thenit wasthatparticularphagocytethat first
phagocytosedit. Weshowclearlythat isnot thecase.Conidialshuttlingfrom living neutro-
philsto macrophagesearlyin fungalinfectionisanadditionalandsignificantaspectof thecell
biologyof theinitial host±pathogeninteractionin vivo.

Shuttlescouldonly beidentifiedbycarefulretrospectiveanalysisof live in vivo imaging
files,whichpresentedasubstantialchallengeto recognizingandstudyingthemandtheir
mechanism.Fromthe188independentimagingexperimentsin this report,weidentified48

Fungal spore shuttling between phagocytes

PLOS Biology | https://doi.org/10.1371/journal.pbio.3000113 September 4, 2019 17 / 33



Fig 8. Shuttling of pHrodo-labeled zymosanparticlesbetweenmurine phagocytesin vitro. (A±C)Threeexamplesof in vitro shuttlingof zymosan±
pHrodo particles,representativeof 164shuttlingevents.Neutrophils,green;macrophages,red;pHrodo±zymosan,false-coloredblue.Scalesasshown.
Stillsfrom S6C±S6EMovie.(D) Distribution of thetime of shuttlingfor 164in vitro shuttlingeventsin panelC andS2Table(Experiment 1,� = 66;
Experiment2,� = 98).(E)pHrodo signalintensity(arbitraryunits) for in vitro shuttledzymosan±pHrodo particles(� = 164).Background intensityis
for � = 100randomly selectedpointsclearlypositionedbetweencells(� = 50from eachexperiment). Blackdotsshowthedistributionsof zymosan±
pHrodo intensitiesin neutrophils6min beforeshuttlingandin macrophages6min aftershuttling;redlinesconnectpairedvalues.�-valuesfrom
unpairedtwo-tailed 	 test(backgroundversusneutrophil) andpairedtwo-tailed 	 test(neutrophil versusmacrophage).Greenline indicatesmedian.
Bluelines(1±3)correspondto the3examplesshownin panelsA±C.(F) Exampleof in vitro shuttlingof azymosan±pHrodo particlefrom awild-type
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stringentlydefinedin vivoconidialshuttles.Usingshuttlingascertainmentratesasasurrogate
for shuttlingincidencewassufficientfor comparingconditionswhenexploringshuttling
mechanisms.Forexample,weobservedanoverallascertainmentrateof 21.4%(30/140data-
sets)for biologicalparticles(liveor deadfungalsporesandzymosanparticles),comparedto
45.5%(10/22)for ��-glucan±coatedbeads.Fromamorebiologicalperspective,for in vivo
infectionsfollowing thedeliveryof 50±100conidia/inoculum(of whichonly aminority are
initially phagocytosedbyneutrophils),theaveragedshuttlingincidencewasat least19.9%of
neutrophil-locatedsporesin thefirst 3 h of infection.Shuttlingwasalsosufficientlycommon
for multiple occurrencesto berecognizedin somemovies.Collectively,theseobservations
indicatethatshuttlingisaconsistent,recurringphenomenonduring infectionestablishment.
Althoughit comprisesonly aminority of overallphagocyticevents,it still hasthepotentialto
impacttheoutcomeof thehost±pathogeninteraction.

To differentiateshuttlingfrom othermechanismsof pathogenentry into macrophages
(suchasdirectphagocytosis,efferocytosis[9], metaforosis/lateraltransfer[15], andtrogocyto-
sis[16]), it wascritical to observeboth thecellularorigin of shuttledconidiumandthe
momentof transfer.Theonly possiblewayto do thiswasto performhigh-resolution4-dimen-
sionalconfocalmicroscopywith bothhighspatialandtemporalresolution.Our in vivozebra-
fishmodelprovidedfluorescentlabelingclearlydistinguishingthetwo phagocytelineages,and
imagingconditionswereoptimizedfor low phototoxicity.While thisenabledhighspatiotem-
poralresolutionimagingfor multiple hours,theimagingvolumesoftencontainedconsider-
ablebiologicalcomplexity(high celldensities,cellsentering/leavingimagingvolume,etc.),
whichmadeidentifyingpotentialinteractionsquitechallenging.It shouldalsobenotedthat

donorneutrophil to aDectin-1�/� recipientmacrophage.Scaleasshown.Stillsfrom S6FMovie.Coloredarrowheads(in A±CandD) indicatethe
conidiumwithin donorneutrophil (green),at thepoint of intercellulartransfer(white),andin therecipientmacrophage(red).Datasetsfor D±Eare
providedin S1Data.Exp,experiment; WT, wild type.

https://doi.org/10.1371/journal.pbio.3000113.g008

Table1. Zymosan±pHrodo shuttling involving Dectin-1±deficient recipient murine macrophages.

Experiment� Shuttling Cell Cell Number at Start�

Fifth movie frame
Shuttles

Mean� SD
�-Value ²

Wild typeversus
Dectin-1�/�

Donor
Neutrophils

GenotypeÐsource

Recipient
Macrophages

Genotype

Neutrophils
Number/scoredarea

Macrophages
Number/scored

area

Number of Wells
Scored

Loaded Total Loaded Total

1 wild typeÐBM wild type 22 204 31 81 1 2 n/a

wild typeÐBM Dectin-1�/� 38 405 36 61 1 1

wild typeÐPB wild type 18 203 41 114 1 1 n/a

wild typeÐPB Dectin-1�/� 15 248 34 90 1 0

2 wild typeÐBM wild type 356� 150 822� 251 60� 15 76� 17 3 17.3� 4.7 0.0115

wild typeÐBM Dectin-1�/� 418� 49 884� 135 47� 13 64� 16 3 4.7� 1.5

3 wild typeÐBM wild type 432� 84 891� 78 36� 14 54� 25 2 18.5� 3.5 0.0001

wild typeÐBM Dectin-1�/� 319� 62 661� 93 54� 15 80� 26 6 5.0� 1.2

� Experimentalconditionsaredetailedasfollows:movielength(min)/frameinterval(min)/scoredareamm2 (anyotherdetails). Experiment 1:180min/1.5min/0.43428

mm2 (shuttlesenumeratedasthetotal numberin thesingleimagedarea).Experiment2:173min/4.1min/0.4426 mm2 (shuttlesenumerated asthetotal numberper

field, thecentralfield of 5 fieldsimagedperwell).Experiment3:431min/4.1min/0.4426mm2 (shuttlesenumerated asthetotal numberperfield, thecentralfield of 5

fieldsimagedperwell;the6 Dectin-1�/� wellswererandomlyselectedfrom 12imagedwells).ªLoadedºmeanscellcontainedzymosan±pHrodo particle.
²Two-tailedunpaired	 test.Datasetsprovidedin S1Data.

Abbreviations:BM, bonemarrow;PB,peripheral blood.

https://doi.org/10.1371/journal.pbio.3000113.t001
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althoughthetotalnumberof inoculatedconidiaperexperimentwasonly 50±100particles,
only afractionwerewithin theimagedvolume(Fig4Band4C).For thesereasonsandthose
mentionedearlier,theshuttlingincidencethatwereportcertainlyunderestimatestheabsolute
rate.

Thecollectiveattributesof shuttlesdistinguishshuttlingfrom all otherformsof previously
describedconidialtransferbetweenleukocytes.In thescenariosweexamined,shuttleswere
unidirectional(neutrophil to macrophage),althoughwecannotcategoricallyexcludethepos-
sibility thatshuttlingcouldoccurin theoppositedirection.Shuttlesoccurredonly in thefirst
hoursafterinoculation,andverydistinctively,donor neutrophilswerealiveandmobilebefore
andaftershuttlingandcouldshuttleoneor moreconidia.Recipientmacrophageswerealso
aliveandmobileandcouldbespore-na�veor preloadedprior to shuttling.Shuttleswerepre-
cededbyhighly regionalizedneutrophil±macrophageinteractionsandoccurredthroughfocal
cell-to-cellinteractions,analogousto anintercellularsynapse,thatsometimesresultedin teth-
eringof the2cellstogether.Macrophagessometimesreceivedaliquotsof neutrophilcytoplasm
alongwith thedonatedspore.Thiswasdemonstratedin somecasesto betheconcomitant
transferof neutrophilmembranearoundshuttledconidia,consistentwith shuttlesbeingthe
transferof conidia-ladenphagosomesbetweendonor neutrophilandrecipientmacrophage
ratherthanjustof conidiathemselves.This transferof donor cellmembranealsodistinguishes
shuttlingfrom ªnonlytic exocytosis,ºasdescribedfor theexpulsionof previouslyphagocytosed
�. ��������� from macrophages[13]. Furthermore,althoughnonlytic exocytosisexpelsthe
pathogenfrom amacrophage,it hasnot yetbeendescribedin thecontextof aconcurrent
interactionwith anotherleukocytelineage.Thecytoplasmicexchangedid not, however,pro-
videadurablemarkerof shuttleoccurrencebecausetheEGFPsignalrapidlydisappeared,
mostlylikely becauseof acidificationof themacrophagephagolysosome,asisdramatically
demonstratedbyour exampleof theefferocytosisof anentirebead-ladenneutrophil (S3Fig,
S5Movie).

Emphasizingthedistinctivenatureof shuttling,our moviescapturedinstancesof other
formsof pathogenexchangebetweenphagocytesthatwereclearlynot shuttles,including (1)
neutrophil-to-neutrophiltransferfollowingcompleteconidialdrop-off anddepartureby the
donor neutrophil (S5AFig,S7AMovie);(2) neutrophil-to-macrophagetransferfollowing
completeconidialdrop-off anddepartureby thedonor neutrophil,occurringin proximity
to abonafideshuttle(S5BFig,S7BMovie);and(3) neutrophil-to-neutrophiltransfervia
drop-off asin (1), followedbysubsequentshuttlingof thesameconidium from thesecond
neutrophil to amacrophage(S5CFig,S7CMovie).Wedid not observemacrophage-to-mac-
rophagelateraltransferof �. �����	�� conidiaashasbeenpreviouslydescribed[14], likely
becausethis is a laterevent,predominantlyoccurringlaterthan4 h following infection initi-
ation [14].

Bothdeadandliveconidia,labeledwith eithercalcofluoror AlexaFluor dye,wereshuttled.
Thiswasconsistentwith aconidium-directed chemicalstimulusdriving shuttlingand
excludedthepossibilitythatshuttlingwasaconidium-labelingartefact.Furthermore,shuttling
of conidiawasconservedfor two opportunisticfungalpathogenspecies,but thekineticsof
shuttlingwaspathogen-specific.Thissuggestedthatshuttlingwasdrivenbyacomponent
commonto theconidialcellwallof bothspecies,but onepresentatdifferentlevelsor exposed
to phagocytesto differentdegrees[33]. Shuttlingof zymosanparticlesprovidedfurther evi-
dencelocatingashuttlingtriggerto thecellwall (Fig5A and5C),leading��-glucanto beidenti-
fiedasafungal-derivedsignalsufficientto driveshuttlingof plasticbeads(Fig5Band5D).A
mutant �. �����	�� strainwith reduced��-glucantrendedto lowershuttlingrates,alsoconsis-
tentwith thehypothesisthatconidial��-glucandirectlydrivesshuttling.Sincezymosanparti-
cleswereshuttledfrom murineneutrophilsto macrophagesin vitro (Fig7),shuttlingseemsto
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beaphenomenonwidelyconservedamongvertebratesand,asfor otherhighlyconservedphe-
nomenain hostdefense,possiblyplaysanimportant role in theoutcomeof infection.

Phagocytosisof fungalpathogensbymammalianleukocytesinvolvesaclusterof pathogen
recognitionreceptors(PRRs),includingDectin-1,Toll-like receptor2 (TLR2),andMacro-
phageMannoseReceptor(MMR) [34], anddownstreamsignalingpathways,includingspleen
tyrosinekinase(Syk)andcaspaserecruitmentdomainfamily member9 (CARD9)[35]. The
mainmammalianreceptorfor ��-glucanisDectin-1,althoughotherreceptorsarealsoinvolved
[31,32].Hence,it waslikely that this receptorandthedownstreamsignalingpathwaysit
engageswouldbeinvolvedin conidialshuttling(aswellasphagocytosis).A homologof
mammalianDectin-1isyetto beidentifiedin thezebrafishgenome,but knowndownstream
signalingcomponentssuchasSykhavebeenstudied[36]. Our in vitro assayshowedthat for
zymosanshuttlingbetweenmurine cells,thereisnot anabsoluterequirementfor recipient
macrophagesto expressDectin-1,but its absencecompromisesshuttlingefficiency.Other
shuttle-initiatingsignalsmustbeinvolved.Becausetheneutrophil is clearlyviablefollowing
theexchange,andbecausetetheringinvolvesonly asmallportion of theneutrophilmembrane,
it is improbablethat thetriggersarebroadlydisplayedªeatmeºsignalsof imminently apopto-
tic neutrophilssuchasphosphatidylserineor calreticulin[37]. However,regionalizeddisplay
of suchsignalsmight bepossible.Testingthesehypothesesin vivowill bechallengingandwill
requirecell-specificandtemporallyconstrainedapproachesbecausetheir globalinhibition
will inhibit initial neutrophilphagocytosisof conidia,which isaprerequisitefor shuttling.Our
in vitro systemsprovideanalternativeapproachfor addressingthesemechanisticquestions.

Our currentmodelfor shuttlingbeginswith priming of thespore-ladendonor neutrophil
andits engagementwith therecipientmacrophagethroughpreshuttlecontacts.Within the
neutrophil,cytoskeletalrearrangementrelocatestheconidiumwithin amembrane-linedpha-
gosometowardsthesideof theneutrophilproximateto therecipientmacrophage.Theconid-
ium, still within its phagosome,is thentransferredfrom thedonor neutrophil to therecipient
macrophage.��-glucan±dependentmolecularsignalsarerequiredfor shuttlingandinvolve
Dectin-1signalingin therecipientmacrophage(Fig9).

Neutrophil-to-macrophagepathogenshuttlingposesotherintriguing mechanisticques-
tions.Is it uniqueto fungalinfectionor doesit occurmorewidely?Neutrophil-to-macrophage
cytoplasmtransferwasobservedduring inflammation[24], suggestingthatshuttlingmaybe
regulatedby inflammatorycytokines.Macrophagecytoplasmtransferto melanomatumor
cellshasrecentlybeenshownto augmentmetastaticdisseminationandmaybeanothermani-
festationof thisbehavior[3]. Is shuttlingachievedbyrepurposingof existingcellularmachin-
ery?Thetetheringof separatingparticipatingcellsimmediatelyaftertheinteractionpointsto
potentialinvolvementof theneutrophiluropod,astructureundermuchtractionstressand
rich in activelyrearrangingcytoskeletalcomponentssuchasactin±myosinbundles[38]. Shut-
tling maybeanothermanifestationof co-optedtrogocytosismechanisms,asdescribedfor
macrophage-to-macrophageexchangeof gram-negativebacteria[16]. However,trogocytosis-
associatedintercellularbacterialexchangescannotinvolve��-glucansignaling.

Themosttantalizingquestionis:whatis theimpacton themicrobiologicaloutcomeof the
infection?Tiedup with this iswhethershuttlingservesto benefitthehostor thepathogen.We
recentlyshowedin zebrafishmodelsthatmacrophagesprovideanintracellularnicheprotect-
ing �. �������� conidiafrom neutrophil fungicidalactivity[20]. �. �����	�� conidiaarealso
protectedbymacrophagesfrom neutrophil fungicidalactivities[20,23].Hence,fungal-driven
shuttlingmayhaveevolvedto optimizethelocationof invadingconidiainto theless-hostile
intracellularenvironmentof macrophages.Certainly,for thesetwo pathogens,shuttling
augmentsinitial conidialredistributionawayfrom theunfavorableneutrophil intracellular
environmentinto their viability-enhancingmacrophageintracellularniche.Alternatively,
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shuttlingmaybeahostdefensemechanismaidingadaptiveimmunity. Neutrophilsareineffec-
tiveantigen-presentingcells,whereasmacrophagesspecializein this;therefore,thepotential
outcomeof neutrophil-to-macrophagetransferwouldbeto makepathogenantigensaccessible
to theadaptiveimmunesystem.Delineatingtheviability outcomefor shuttledconidiawill
requiretoolsfor tracingindividual shuttledsporefateand/or longitudinalviability throughout
theanimal(not just in thelimited high-magnificationimagedvolumerequiredto observeits
occurrence)andfor selectivelyimpairing shuttlingbut not phagocytosis,neitherof whichis
currentlypossiblein vivo,whereshuttlingisobservedin its mostphysiologicalcontext.

Now that thisadditionalphagocytebehaviorduring fungalinfectionestablishmenthas
beenrecognized,its implicationsmustbefactoredinto futureunderstandingof theinitial
host±pathogeninteractionspecificallyandinto theviewof neutrophilandmacrophagebehav-
iorsgenerally.

Materials and methods

Zebrafish
Zebrafishstrainswerewild type(AB� ) carryingsingletransgenesor combinationsof �����:
��� ! �""# [39]; ������":���#��! ��./ [24]; ���%����"�:���.&��'�������! �.0# (Zebrafish
InternationalStockCentre,Eugene,OR,USA);and������":����������*! ��.0 [20]; ��
���:��� ����*! ��., [20]. Fishwereheldin theFishCore(MonashUniversity,Melbourne,
Australia)aquariausingstandardpractices.Embryoswereheldat28ÊCin eggwater(0.06g/L
salt[RedSea,Sydney,Australia])or E3medium(5 mM NaCl,0.17mM KCl, 0.33mM CaCl2,
0.33mM MgSO4, equilibratedto pH 7.0);at12hpf,0.003%1-phenyl-2-thiourea(Sigma-
Aldrich, St.Louis,MO, USA)wasadded.All zebrafishembryosandlarvaeusedin experiments

Fig 9. Model of neutrophil-to-macrophageconidial shuttles.Theschematic indicates5stepsin neutrophil-to-macrophageconidialshuttlingthat
accommodatemorphologicalandmechanistic insightsfrom thesestudies.Undefinedsignalsslowthedonorneutrophil andrecipientmacrophageand
bring theminto proximity (A), leadingto ��-glucan±dependentintercellularshuttlingsignalsandsporerelocation within thedonorcelltowardsthe
recipientmacrophage(B).An intercellularsynapseformswith tethering(C), leadingto phagosometransfer(D) andits incorporationinto recipient
macrophagesbyamechanismpartiallydependenton Dectin-1,at leastinitially retainingcomponentsof themembrane-lineddonorcellphagosome
(E).Bothdonorandrecipientcellsremainactivefollowingshuttling,andeventually,bothdepart(E).

https://doi.org/10.1371/journal.pbio.3000113.g009
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wereyoungerthan7dpf.Zebrafishexhibit juvenilehermaphroditism,sogenderbalancein
embryonicandlarvalexperimentswasnot aconsideration[40].

Mice
Experimentsperformedat theWalterandElizaHall Institute (Melbourne,Australia)andBos-
ton Children'sHospital(Boston,MA, USA)usedC57BL/6Jmicebredin-house.Experiments
atUniversityof CaliforniaSanDiego(LaJolla,CA,USA)usedB6.129S6-Clec7atm1Gdb/J[41]
andC57BL/6Jmicesourceddirectlyfrom JacksonLaboratories(BarHarbor,ME, USA)and
temporarilyhousedlocally.

Ethicsandbiosafetystatement
All animalexperimentsfollowedappropriateNHMRC guidelines.Zebrafishexperimentswere
conductedunderprotocolsapprovedbyEthicsCommitteesof MonashUniversity(MAS/
2010/18,MARP/2015/094).ZebrafishexperimentswereperformedunderInstitution Biosafety
CommitteeNotifiableLowRiskDealing(NLRD) approvalPC2-N23-10(MonashUniversity).
�. �������� and�. �����	�� wereassignedto risk group2 at thetime theseapprovalswere
granted.In mostjurisdictions,includingendemicregions,�. �������� isarisk group2
organism.Protocolsfor mouseexperimentswereapprovedby theAnimal EthicsCommittee
of theWalterandElizaHall Institute(2010.007)or theInstitutional Animal CareandUse
Committeesof BostonChildren'sHospital(16-07-3223)or Universityof CaliforniaSanDiego
(S18236).

�. ��������� and 	. �
�����

The�. �������� strainSPM4usedin thisstudyisaderivativeof theFRR2161-typestrain[42].
For �. �����	��, wild-type���"1 [43] andmutant �ï���"�ï���,�ï�-�#" [28] triple-mutant
strainswereused.Throughoutthis report,thetermsªsporeºandªconidiumº both referto
asexualfungalspores.

To preparefreshconidiafor injection,�. �������� and�. �����	�� conidialsuspensions
wereinoculatedonto solidifiedANM mediumandculturedat25ÊCfor 10±12dayswhenthe
cultureswereconidiating.Conidiawerewashedfrom theplatewith 0.001%Tween80solu-
tion, filtered,sedimented(6,000rpm, 10min), resuspendedin 0.001%Tween80solution,and
storedat4ÊC.For inoculation,conidiawereresedimentedandresuspendedin Phosphate-
BufferedSaline(PBS).Fungalcolony-formingunit (CFU)numbersperembryoweredeter-
minedaspreviouslydescribed[20].

Cold inactivationof �. �������� conidiaandcalcofluorstainingwasasdescribedprevi-
ously[20,24].To inactivate�. �����	�� conidia,theywere�-irradiatedwith 10kGy[44] from
aGammacell40Exactor(BestTheratronics,Ottawa,Ontario,Canada)aspreviouslydescribed
[20] andverifiedasdeadby lackof growthafter5 daysincubation.Irradiatedconidiastill
stainedwellwith calcofluorandweremicroinjectedat thesamedilution of stockasusedfor
liveconidia.

Zebrafishinfection with �. ��������� and 	. �
�����

Freshlyprepared�. �������� and�. �����	�� conidiastocksfor theseexperimentswere
storedat4ÊCfor <2 months.For inoculation,52hpf tricaine-anesthetizedembryoswere
mountedon anagarmold with head/yolkwithin thewellandtail laid flat on theagar.Thefun-
galconidialsuspensionwasinoculatedintramuscularlyinto asomitealignedto theyolk exten-
siontip for localinfection[24,45]usingastandardmicroinjectionapparatus(Pico-Injector
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Microinjection System;HarvardApparatus,Holliston,MA, USA)andthin-wall filamentboro-
silicateglasscapillarymicroinjectionneedle(SDRClinicalTechnology,preparedusingaP-
2000micropipettepuller;SutterInstruments,Novato,CA,USA).Inoculatedembryoswere
heldat28ÊC.Thedeliveredconidialdosagewasverifiedby immediateCFUenumerationon
agroupof injectedembryos[20]. It took approximately10min to commenceimagingafter
inoculation;in this report,thezerotime point (	 = 0) is takenasthebeginningof imaging.

Calcofluor andAlexaFluor 405staining of conidia
Forcalcofluorstaining,sporeswereincubatedin 10mM calcofluorWhite (Sigma-Aldrich)for
30min, followedby2washingstepsandresuspensionin distilledwater.

To stainfungalconidiawith AlexaFluor405NHSSuccinimidylEster(Life Technologies,
Carlsbad,CA,USA),10�L of AlexaFluordyewasaddedto 200�L of suspendedconidiawith
gentleshakingat room temperaturefor 30min, followedbywashingstepswith PBS(pH 8)
and25mM Tris (pH 8.5),andfinally resuspendedin PBS(pH 7),accordingto thesupplier's
protocol.

��-glucanimmunofluorescencemicroscopy
Detectionof ��-glucanexposureon nongerminated�. �������� (FRR2161)and�. �����	��
(CEA10)dormantconidiawasby immunofluorescencemicroscopyusinganti-��-1,3glucan
linkageprimary antibody(mouseIgGkappa;Biosupplies,Bundoora,Australia)at1:500dilu-
tion andagoatanti-mouseIgG(AlexaFluor488;Abcam,Cambridge,UK) assecondaryanti-
bodyat1:750dilution. Fungalparticleswerepoststainedwith calcofluor.�. ����)����� cell-wall
ghostswereusedasapositivecontrol [46], andno primaryantibodyasnegativecontrols.Fluo-
rescencewasdetectedon aNikon C2confocalmicroscope(Nikon, Tokyo,Japan)andimages
processedin Imaris to generatemaximumintensityprojectionswith orthogonalviewsand
3-dimensional-surface±renderedimages.

Zymosanparticles
ZymosanA particlesfrom �. ����)����� (Sigma-Aldrich)with anaveragesizeof 3 �m were
stainedbycalcofluorasfor fungalconidiaprior to microinjection.

Plasticbeads
SPHEROfluorescentlight yellowparticles,high-intensity±sized1.7±2.2�m (SPHEROTECH,
LakeForest,IL, USA)(concentration1.0%w/v in deionizedwaterwith 0.02%sodiumazide),
wereused.Theseparticleswerekeptat room temperature.Excitationandemissionwavelengths
were400and450nm, respectively.Customizedcommerciallypreparedlight yellowparticles
coatedwith laminarinasasourceof ��-glucan(SPHEROLaminarinPolysaccharideFluorescent
Particles,Light Yellow,1.5±1.99�m, Catalogno.LPFP1545-2,Lot no.AH01;SPHEROTECH)
werealsoused.Laminarinfor coatingwasfrom 
������� ����	�	� (primarily poly(��-Glc-
[1!3]) with some��-[1!6] interstrandlinkagesandbranchpoints;Sigma-Aldrich)[32,47].

In vitro studiesusingmurine phagocytes
For theexperimentsof Fig7,primaryC57BL/6Jmousebonemarrowleukocyteswerecollected
andpurified aspreviouslydescribed[48,49].Macrophageswereplatedat5 � 103 in an8-well
plateandincubatedin Dulbecco'smodifiedEagle'smediumwith 10%fetalbovineserumand
20%L-929conditionedmediumfor 16h. Primarybonemarrowneutrophilswerepreloaded
with Alexa-Fluor-488±labeledopsonizedzymosanparticlesfor 1 h at37ÊCin Dulbecco's
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modifiedEagle'smediumand10%fetalbovineserum.Preloadedneutrophilswereaddedto
adherentmacrophagesat105 cellsperwell.Imagingwasperformedon aNikon Biostation
IM-Q at37ÊC/10%CO2.

Theexperimentsof Fig8 andS2Tablewereconductedin 96-wellplates.Eitherbonemar-
row or peripheralbloodneutrophils,pooledfrom 8donor mice,wereused(5 � 104/well and
3 � 105/well, respectively).Neutrophilswerelabeledwith CellTrackerGreendye(200nM, 15
min, 37ÊC;ThermoFisherScientific,Waltham,MA, USA),primedwith G-CSF(100ng/mL
for 1 h to maintainviability),preloadedwith pHrodo RedZymosanBioparticles(1 h incuba-
tion at1:1particle/cellratio),andthenoverlaidon adherentbone-marrow±derivedmacro-
phages(104/well) labeledwith CellTrackerDeepReddye(1 �M, 15min, 37ÊC;ThermoFisher
Scientific).ImagingusedanImageXpressMicro confocalmicroscope(MolecularDevices,San
Jose,CA,USA)operatingMetaXpress(Version6.2.5)acquisitionsoftware.Threenonoverlap-
ping 1.4� 1.4mm zoneswithin eachwellwereimagedfor red,green,andfar-redfluorescence
(excitation/emissionat531/593,475/536,and634/692nm, respectively)at3-min intervals
for up to 306min. Framesequenceswereconstructedin Fiji andviewedin Imaris for scoring.
To derivethedescriptivestatistics,celltypes(neutrophilsandmacrophages,loadedand
unloaded)weremanuallycounted,aidedbya4 � 4grid dividing this regioninto 16squares,
eachsquarehavinganareaof 0.1225mm2. ªLoadedºphagocytesweredefinedashavingat
leastonepHrodo-positivezymosanparticle.

Experimentsof Table1 usingDectin-1�/� bone-marrow±derivedmacrophagesusedsimilar
conditions,exceptthat theneutrophilconcentrationswereasfollows:Experiment1,bone
marrowneutrophils5 � 104/well andperipheralbloodneutrophils105/well;Experiment2,
bonemarrowneutrophils2 � 105/well;Experiment3,bonemarrowneutrophils,1.5� 105/
well.Imagingusedthefollowing:Experiment1,UltraviewVox SpinningDisk Confocalmicro-
scope(PerkinElmer,Waltham,MA, USA)usingaHamamatsuEMCCD14-bit1,000� 1,000
camera(HamamatsuCity, Japan),collecting3 fluorescencechannelsat1.5-minintervalsusing
Volocity (QuorumTechnologies,Lewes,UK) software;Experiments2 and3,LeicaDMi8
Thundermicroscope(Leica,Wetzlar,Germany)running LASX software(version3.6).

Microscopyand imageprocessing
Routinebright-fieldandfluorescenceimagingof zebrafishusedanOlympusMVX10 stereo
dissectingmicroscope(Olympus,Tokyo,Japan)with MV PLAPO1� and2�C objectives,fit-
tedwith anOlympusDP72cameraandCellsensestandardsoftware,version1.11.

Confocalintravital microscopyusedaZeissLSM5Livewith aPlan-Apochromat20�, 0.8NA
objective(Zeiss,Oberkochen,Germany).ZENsoftware(2012,blackedition,64-bit)wasused
for acquisition,andimageswere16-bit512� 512pixels.Z-depthrangedfrom 35±130�m (72�
23�m) andwascomposedof 20±40slices(31� 4).Time intervalsbetweenz-stacksweresetas
zeroto performcontinuousacquisition(z-stackacquisitiontook33.24� 9.50s).Excitatorylaser
wavelengthswere405nm for calcofluor,489nm for EGFP,and561nm for mCherry.Emission
detectionusedaBP495-555filter for calcofluorandEGFPandanLP575filter for mCherry.
Excitation/emissionconditionsfor light yellowparticleswerethesameasfor calcofluor.

Detailsof microscopes,cameras,andacquisitionsoftwareusedfor otherexperimentsare
providedwith their respectivemethods.

Imageprocessingandanalysis
All fluorescentimageanalyseswereperformedprimarily in Imaris(BitPlane)softwareversion
8.1.2on Venom(Intel Corei7-4770Processor,3.4GHz)or Titan (Intel XeonProcessorE5-
2680v2[2 � 2.80GHz], 128GBRAM) computers(MonashMicro Imagingfacility,Monash
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University).SomeanalysesusedFiji (ImageJ1.46r)andMATLAB (TheMathWorks).ForFig
4A,datawereanalyzedin theRprogramusingggplot2aspreviously[25,50].Figureswerecon-
structedusingAdobeIllustrator CS5(version15.0.0).

Shuttledetectionanddefinition
All in vivoshuttlesweredetectedbysystematicmanualframe-by-frameinspectionof movies.
For thesestudies,aªshuttleºwasstringentlydefinedasasporetransfereventmeetingall of the
followingcriteria:(1) bothdonorandrecipientcellswereimagedin toto before,during,andafter
theshuttle;(2) bothdonorandrecipientcellsdemonstratedtheir viability beforeandaftershut-
tling bymigration;(3) themomentof donor-to-recipientcelltransferwasvisualized;and(4) z-
stackviewingunequivocallyconfirmedthatconidiawerewithin donorandrecipientcellsprior
to andaftertheshuttle.Experiencetaughtthatshuttlesweremosteasilyrecognizedbywatching
moviesin reverseandtracingthesourceof individual macrophage-locatedconidia.Theidentity
of all 46unequivocalin vivoshuttlesmeetingthesecriteriacontributingto this report isassigned
in S1FigandS1Tableandis indicatedthroughoutthereport.Whenreferringto ªunselectedº
series/examples/imagingsequences,wemeanthefull datasetof S1FigandS1Table.

ShuttleFindersoftware
Theconfocaltime serieswereimportedinto MATLAB (version8.1.0.604,R2013a)utilizing
thebioformatstoolbox[51], andtheconidiaweretrackedwith PhagoSight[26]. Thedata
input consistedof confocaltime serieswith threechannels,eachcontainingthefluorescence
of onecelltype.PhagoSightwasdesignedto trackphagocytesin confocaltime series.Since
conidiaaresmallerthanphagocytes,thereductionstepof PhagoSightwasonly appliedto
largefilesthatwouldhavetakenmorethan3daysto processwithout it. To reducethelikeli-
hoodof falsenegatives,theautomaticdeterminedthresholdfor backgroundseparationby
PhagoSightwasloweredby10%.Foreachfile,only thelongesttrackswereanalyzed(upper
third of tracklengthovertime).PhagoSightwasusedin commandline modewithout user
interactionto allowfor automatedprocessing,usingtheMASSIVEcluster[52].

PhagoSightcalculatesaboundingbox,whichdescribedthevolumesurroundingeach
trackedsporefor eachtime frame.Theintensityof thevoxelsin thetwo channelsdescribing
neutrophilsandmacrophageswassummedoverthisboundingbox,andaproportionalindex
r betweenbothwascalculated:

P
��( 2��� …�;�; (†�

P
��( 2	��� 
 …�;�; (†

P
��( 2��� …�;�; (†‡

P
��( 2	��� 
 …�;�; (†

;

with 2describingtheintensityof onechannel.Thisratio wassmoothedwith amovingaverage
filter overthreeimagingframesto removenoisecausedby imperfectionsin thetrackingpro-
cess.Subsequently,apoint in atrackwasdefinedasbeingin amacrophage(redchannel)if the
valueslaybetween1and0.2,converselyin aneutrophil (greenchannel)for avaluebetween
�0.2 and�1. To beclassifiedasacandidateshuttleevent,ther-valuesfor aconidiumtrackhad
to passfrom either�0.2 to 0.2(for aneutrophil-to-macrophageshuttle)or viceversa.

Thetime thetrackedconidiumreachedthethresholdwasconsideredthebeginningof the
shuttle.Theendof theshuttleeventwasdefinedby thetrackleavingthethresholdarea.

Statistics
Descriptiveandanalyticalstatisticswerepreparedin Prism5.0c(GraphPadSoftwareInc.,San
Diego,CA,USA).Unlessotherwisestated,dataaremean� SD,with �-valuesgeneratedfrom
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two-tailedunpaired	 testsfor normallydistributedcontinuousvariablesandchi-squaredtests
for categoricalvariables.

Datasets
All numericaldatasetsareprovidedin S1Data(main figuresandtable)andS2Data(supple-
mentaryfiles).S1Tableliststheimagingfile datasetsandcorrelatesthestill imagesin all fig-
ureswith their respectivesourcemoviefiles.

Supporting information
S1Fig. Imaging datasets.Detailsof theimagingdatasetsin whichthedefiningsetof shuttles
of 13�. �������� (A) and7 �. �����	�� (B) conidiameetingstringentdefinition criteriawere
found.Graphsshowthedistribution of imagingfile lengths,whichfilescontainedashuttle
(blackcolumns),theshuttleID (#), theshuttlemovielength(L), andthetime of shuttle(yellow
mark in blackcolumnandrednumeralin min). Thetwo distributionsof movielengthsare
not significantlydifferent(� = 0.1985,Mann±WhitneyU test).Correspondsto Figs1,2and4
andS1Table.Datasetsareprovidedin S2Data.
(TIF)

S2Fig.Examplesof probableshuttles.A varietyof shuttlesof conidiaor particles(blue)from
�����:��� ! neutrophils(green)to ������":���#��!$�%����"�:���.&��'�������! mac-
rophages(red).In eachexample,panelsincludeisometricorthogonal�( and�( viewscorre-
spondingto the�� maximalintensityprojectionandindicatethetime in min from startof
movie.Coloredarrowheadsindicatetheconidium/particlewithin donor neutrophil (green),at
thepoint of intercellulartransfer(white)andin therecipientmacrophage(red).(A±C)Proba-
bleshuttlesof conidia.(A) A probableshuttlein whichtheconidium isnot clearlyresolvedas
fully containedwithin thedonor neutrophil.(B±C)Probableshuttlesof conidiain whichthe
point of cell-to-cellcontactisnot clearlydisplayed.(D) An exampleof acrowdedfield with
multiple neutrophilsandmacrophagesin whichinitially thereareneutrophilsladenwith
conidiaandby theendconidiaaremostlywithin macrophages,althoughthetransferof
conidiaisnot clearlyseen.Scalesasshown.Stillsin A±D correspondto S4A±S4DMovie,
respectively.���.&���, �. ���� nitroreductase;EGFP,enhancedgreenfluorescentprotein;
���#��, engineeredform of �. ����)����� Gal4transcriptionalactivator;���", macrophage-
expressedgene1;��, myeloid-specificperoxidase;��, transgenic;%����"�, upstreamacti-
vatingsequencefusedto minimal adenovirusE1bpromoter.
(TIF)

S3Fig.Efferocytosisof an entire bead-ladenneutrophil. Phagocytosisof inert 2-�m plastic
beads(blue)by �����:��� ! neutrophils(green),followedbyefferocytosisof thewholepar-
ticle-ladenneutrophilbya������":���#��!$�%����"�:���.&��'�������! macrophage
(red).Subsequently,theEGFPsignalof theengulfedneutrophil isextinguishedalthoughthe
AlexaFluorsignal(blue)of theplasticbeadspersists(right panel).Panelsincludeisometric
orthogonal�( and�( viewscorrespondingto the�� maximalintensityprojectionandindicate
thetime in min from startof movie.White arrowheadsfollow theneutrophilof interest
throughtheprocess.Scaleasshown.Stillsfrom S5BMovie.���.&���, �. ���� nitroreductase;
EGFP,enhancedgreenfluorescentprotein;���#��, engineeredform of �. ����)����� Gal4tran-
scriptionalactivator;���", macrophage-expressedgene1;��, myeloid-specificperoxidase;
��, transgenic;%����"�, upstreamactivatingsequencefusedto minimal adenovirusE1bpro-
moter.
(TIF)
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S4Fig. ��-glucanexposureon the surfaceof conidial inoculates.Immunofluorescencedetec-
tion of 1,3��-glucan(green)on thesurfaceof �. �������� and�. �����	�� conidiaprepared
asinoculates(counterstainedwith calcofluor,blue),displayedasmaximumintensityprojec-
tions(left) andsurface-renderedviews(right). Negativecontrolsomittedprimary antibody.�.
����)����� ghostsserveasapositivetechnicalcontrol for ��-glucandetection.
(TIF)

S5Fig.Conidial transfer betweenphagocytesby processesother than shuttling. These
examplesarefrom experimentsusing�ï���"�ï���,�ï�-�#" �. �����	�� conidia.(A) Neutro-
phil-to-neutrophil transferinvolvingconidialdrop-off anddepartureby thedonor neutrophil
andreuptakeof thedepositedconidiumbyasecondneutrophil,two examplesin thesame
field of view.(B) Neutrophil-to-macrophagetransferinvolvingconidialdrop-off anddepar-
tureby thedonorneutrophilandreuptakeof thedepositedconidiumbyamacrophage,coinci-
dentallyoccurringin proximity to abonafideshuttleoccurringslightlylater.(C) Neutrophil-
to-neutrophil transferviadrop-off asin (A), followedbysubsequentshuttlingof thesame
conidiumfrom thesecondneutrophil to amacrophage.Arrowheadsindicatetheconidiumof
interest(numbered1,2wherenecessary)within theneutrophil (green),during theextracellu-
lar drop-off period(blue),at thetime of shuttling(white),andwithin themacrophage(red).
Scalesasshown.Stillsfrom S7A±S7CMovie.�-�#", �. �����	�� ��-glucosidase1;���, �. ����
��	�� ��-1,3-glucanosyltransferase.
(TIF)

S1Movie.Sixexamplesof live �. ��������� conidial shuttles.Shuttlesareof livecalco-
fluor-stainedconidia(blue)from a�����:��� ! neutrophil (green)to a������":���#��
�!$�%����"�:���.&��'�������! macrophage(red).Moviesrun in series.Moviesare
pausedat themomentof shuttling,with thepoint of transferlabeled(whitearrow).(A)
Standardshuttle(correspondsto Fig1A). (B) Standardshuttlewith tetheredrecipientmac-
rophage(correspondsto Fig1E).(C) Standardshuttlewith tethereddonor neutrophil (cor-
respondsto Fig2A). (D) Standardshuttlewith tethereddepartingdonor neutrophil.(E)
Standardshuttleof multiple sporesin quicksuccession(correspondsto Fig2B).(F) Two
conidiashuttledasynchronously(correspondsto Fig2C).���.&���, �. ���� nitroreductase;
EGFP,enhancedgreenfluorescentprotein;���#��, engineeredform of �. ����)����� Gal4
transcriptionalactivator;���", macrophage-expressedgene1; ��, myeloid-specificper-
oxidase;��, transgenic;%����"�, upstreamactivatingsequencefusedto minimal adenovirus
E1bpromoter.
(MP4)

S2Movie.Sixexamplesof 	. �
�����
 conidial shuttles.Shuttlesareof livecalcofluor-
stainedconidia(blue)from a�����:��� ! neutrophil (green)to a������":���#��!$�%��
���"�:���.&��'�������! macrophage(red).Moviesrun in series.Moviesarepausedat the
momentof shuttling,with thepoint of transferlabeled(whitearrow).(A) Standardshuttle
(correspondsto Fig2D). (B) Standardshuttle.(C) Standardshuttleof Alexa-Fluor-405±stained
conidium(correspondsto Fig2E).(D) Shuttlinginvolvingahighlypolarizedandtethered
neutrophilandmacrophageinteraction.(E) Two independentshuttlesoccurringin thesame
field.(correspondsto Fig2F).(F) Two conidiashuttledtogether.���.&���, ����������� ����
nitroreductase;EGFP,enhancedgreenfluorescentprotein;���#��, engineeredform of �. �����
)����� Gal4transcriptionalactivator;���", macrophage-expressed gene1;��, myeloid-spe-
cific peroxidase;��, transgenic;%����"�, upstreamactivatingsequencefusedto minimal
adenovirusE1bpromoter.
(MP4)
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S3Movie.Four examplesof dead�. ��������� conidial shuttles.Shuttlesareof deadcalco-
fluor-stainedconidia(blue)from a�����:��� ����*! neutrophil (green)to a������":
����������*! macrophage(red).Moviesrun in series.Moviesarepausedat themoment
of shuttling,with thepoint of transferlabeled(whitearrow).Thesereporterlineslocalizethe
fluorophoreto themembrane,enablingthesemoviesto displayvolume-renderedversion
of donor neutrophilandrecipientmacrophagesin parallel(right panels).(A±C) Threeinde-
pendentshuttlesof individual deadconidia,all occurringin thesamemovie(shuttle(A)
correspondsto Fig3A). (D) Standardshuttleof adeadconidium.EGFP,enhancedgreenfluo-
rescentprotein;���", macrophage-expressedgene1;��, myeloid-specificperoxidase;��,
transgenic.
(MP4)

S4Movie.Four examplesof probableconidial shuttlesnot meetingall definition criteria.
Shuttlesareof livecalcofluor-stainedconidia(blue)from a�����:��� ! neutrophil (green)
to a������":���#��!$�%����"�:���.&��'�������! macrophage(red).Moviesrun in series.
Moviesarepausedat themomentof shuttling,with thepoint of transferlabeled(whitearrow).
(A) Probablyshuttlein whichtheconidium isnot unequivocallyresolvedasbeingwithin
thedonor neutrophil (correspondswith S2AFig).(B,C)Probableshuttlesin whichdirect
intercellularcontactbetweendonor neutrophilandrecipientmacrophageisnot clearlydis-
played(correspondswith S2BandS2CFig).(D) Crowdedfield in whichthereareinitially
neutrophil-ladenconidiaand,at theend,macrophage-ladenconidia,but thecrowding
obscuresprobableconidialshuttling(correspondswith S2DFig).���.&���, �. ���� nitroreduc-
tase;EGFP,enhancedgreenfluorescentprotein;���#��, engineeredform of �. ����)����� Gal4
transcriptionalactivator;���", macrophage-expressed gene1;��, myeloid-specificperoxi-
dase;��, transgenic;%����"�, upstreamactivatingsequencefusedto minimal adenovirusE1b
promoter.
(MP4)

S5Movie.Examplesof shuttlesof nonconidial particles.Shuttlesarenonconidialparticles
(blue)from a�����:��� ! neutrophil (green)to a������":���#��!��%����"�:���.&��'�
������! macrophage(red).Moviesrun in series.Moviesarepausedat themomentof shut-
tling, with thepoint of transferlabeled(whitearrow).(A) Shuttleof zymosanparticle(corre-
spondsto Fig6C).(B) Efferocytosis(not ashuttle)of wholeneutrophil ladenwith plastic
beads(correspondsto S3Fig).(C) Shuttleof ��-glucan±coatedplasticbeads(correspondsto
Fig6D). ���.&���, �. ���� nitroreductase;EGFP,enhancedgreenfluorescentprotein;���#��,
engineeredform of �, ����)����� Gal4transcriptionalactivator;���", macrophage-expressed
gene1;��, myeloid-specificperoxidase;��, transgenic;%����"�, upstreamactivating
sequencefusedto minimal adenovirusE1bpromoter.
(MP4)

S6Movie.Examplesof zymosanshuttlesbetweenmurine neutrophils andmacrophagesin
vitro. Two shuttlesof zymosanparticlesbetweenmurineneutrophilspreloadedwith Alexa-
Fluor-488±labeledzymosanandadherentmurinemacrophagesin anin vitro assay.Photomi-
crographsarebright-fieldviewsoverlaidwith greenfluorescencechannel.White arrowsin
pausedframesindicatetheshuttle.Timestampsareprovidedin thecorrespondingFig7stills.
(A) Shuttle(arrowed)(correspondswith Fig7A). (B) Shuttle(arrowed)(correspondswith Fig
7B).(C±E)Threeexamplesof zymosan±pHrodoshuttlescorrespondingto Fig8A±8C.Neutro-
phils,green;Macrophages,red;zymosan±pHrodofalse-coloredblue.(F) Shuttleof zymosan±
pHrodo from awild-typeneutrophil to aDectin1�/� macrophage(correspondswith Fig8F).
(MP4)
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S7Movie.Examplesof conidial transfer betweenphagocytesby processesother than shut-
tling. Examplesarefrom experimentsusing�ï���"�ï���,�ï�-�#" �. �����	�� conidia.(A) Neu-
trophil-to-neutrophil transferwith completeconidialdrop-off anddepartureby thedonor
neutrophil,two examplesin thesamefield of view(correspondswith S5AFig).(B) Neutro-
phil-to-macrophagetransferwith completeconidialdrop-off anddepartureby thedonor neu-
trophil, occurringin proximity to abonafideshuttleoccurringslightlylater(correspondswith
S5BFig).(C) Neutrophil-to-neutrophil transferviadrop-off asin (A), followedbysubsequent
shuttlingof thesameconidiumfrom thesecondneutrophil to amacrophage(corresponds
with S5CFig).White arrowsindicateconidiaof interestatkeypointsin thetransferprocess.
�-�, �. �����	�� ��-glucosidase1;���, �. �����	�� ��-1,3-glucanosyltransferase.
(MP4)

S1Table.List of shuttles.
(DOCX)

S2Table.Shuttling incidencefor in vitro assayswith zymosan±pHrodoandwild-type
murine neutrophils andmacrophages.
(DOCX)

S1Data.Numerical datarelatedto main text figuresand table.
(XLSM)

S2Data.Numerical datarelatedto supplementaryfiles.
(XLSX)
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