a2TiBMb "2bi B+i BM~ KK iBQM M/ T Qi2+]
H p27 QK a?B;2HH BM72+iBQM

JXCXJ xQM@JQvV - X X gBHHBb- oBM+2MxQ hQ " + -

a?2MQv- 1KK *QHm++B@:mvQM-a2 ;2 JQbi

hQ +Bi2 i?Bb p2 ' bBQM,

JXCX J xQM@JQvVv - X_X gqBHHBb- oBM+2MxQ hQ™" + - G m 2Mi "Qm+Q
“2bi'B+i BM~ KK iBQM M/ T Qi2+i x2#  }b? H "p 2 7°QK a?B;2HH BM7
GB# 'vQ7a+B2M+2- kyRd-RjUeV-TTX2Ryye9edX IRYyXRjdRfDQm ™M H

> G A/, T bizZm @yR8dykRYy
21iTbh,ff? H@T bi2zm X +?2Bp2b@Qmp2 i2bX7 fT bi2]
am#KBii2/ QM k3 CmH kyRd

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X

.Bbi'B#mi2/ mM/2  * 2 iBpR *EMOKIBRM% 9Xy AMi2 M iBQM H GB+2M


https://hal-pasteur.archives-ouvertes.fr/pasteur-01570210
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

@'PLOS | PATHOGENS

Check for
updates

G 23(1%&&(66

Citation:Mazon-MgaMJ, WillisAR,TorracaV,
Boucontet, ShenoyAR,Colucci-GyonE,etal.
(2017)Septingestrictinflammatiorandproted
zebrafisHarvaefrom Shigekinfection PLoS
Pathogdl3(6):e1006467https://cbi.org/10.1371
journal.ppal006467

Editor:Danal. Philpott,Univergty of Toronto,
CANADA

ReceivedMay11,2017
AcceptedJunel2,2017
Published:June26,2017

Copyright:< 2017Mazon-Myaetal. Thisis an
openaccesarticledistributedunderthetermsof
theCreativeCommongAttributian Licensewhich
permitsunrestrictel use,distribuion,and
reproductiorin anymediumprovidedheoriginal
authorandsourcearecredited.

DataAvailability StatementAllrelevantiataare
withinthe paperandits Supporing Information
files.

Funding ARWs supportecdhy aMedicaResear
CounciPhDstudentshipVTis supportel by a
MarieSkgodoska-Curié¢-ellowshiggH2020-
MSCA-IF-2@@.+ 700088) Workin the Mostovy
laboratorys supportel by a\WellcomeTrust
ResearciCareeDeveloprantFellowsip
(WT097411M) andthe ListerInstituteof
Preventig MedicineThefundershadnorolein

RESEARCH ARTICLE
Septins restrict inflammation and protect
zebrafish larvae from Shigellainfection

Maria J. Mazon-Moya *, Alexandra R. Willis %, Vincenzo Torraca®, Laurent Boucontet 2?3,
Avinash R. Shenoy !, Emma Colucci-Guyon 23, Serge Mostowy *

1 Section of Microbiology, MRC Centre for Molecular Bacteriology and Infection, Imperial College London,
London, United Kingdom, 2 Institut Pasteur, UnitdMacrophages et Développement de I''mmunité
Département de Biologie du Développement et des Cellules Souches, Paris, France, 3 CNRS, UMR 3738,
Paris, France

s.mostowy@imperial.ac.uk

Abstract

Shigella flexneri, a Gram-negative enteroinvasive pathogen, causes inflammatory destruc-
tion of the human intestinal epithelium. Infection by S. flexneri has been well-studied in vitro
and is a paradigm for bacterial interactions with the host immune system. Recent work has
revealed that components of the cytoskeleton have important functions in innate immunity
and inflammation control. Septins, highly conserved cytoskeletal proteins, have emerged as
key players in innate immunity to bacterial infection, yet septin function in vivo is poorly
understood. Here, we use S. flexneri infection of zebrafish (Danio rerio) larvae to study in
vivo the role of septins in inflammation and infection control. We found that depletion of
Septl5 or Sept7b, zebrafish orthologs of human SEPT7, significantly increased host sus-
ceptibility to bacterial infection. Live-cellimaging of Septl15-depleted larvae revealed
increasing bacterial burdens and a failure of neutrophils to control infection. Strikingly,
Septl5-depleted larvae present significantly increased activity of Caspase-1 and more cell
death upon S. flexneri infection. Dampening of the inflammatory response with anakinra, an
antagonist of interleukin-1 receptor (IL-1R), counteracts Sept15 deficiency in vivo by pro-
tecting zebrafish from hyper-inflammation and S. flexneri infection. These findings highlight
a new role for septins in host defence against bacterial infection, and suggest that septin
dysfunction may be an underlying factor in cases of hyper-inflammation.

Author summary

arehuman-adapted andcausebacillarydysenteryiainflamma-
tory destructionof the gut epithelium.In this study,weuseazebrafish )
modelof infectionto discovemewrolesfor the cytoskeletorin inflammationand
infection control. Septinsa poorly understoodcomponentof the cytoskeletonareimpor-
tantin numerousbiologicalprocessemcluding celldivision andhost-pathogerinterac-
tions.Here,weshowthat zebrafistseptinscanrestrictinflammationand
infection In the absencef septinsjarvaeinfectedwith exhibitincreased
mortality andbacteriaburdensassociatedith increasedCaspase-activityand
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neutrophildeath.Pharmacologicaduppressionf -1 signalingrescueseptin-deficiency

by reducingneutrophildeathandpreventinglarvalmortality. Thesdindingsreveal
anewlink betweerseptinsandinflammation,andhighlightthe cytoskeletorasastruc-
tural determinantof hostdefence.

Introduction

Septinsapoorly understoodcomponentof the cytoskeletonarehighly-conserveduanosine
triphosphatg GTP) binding proteinsorganizednto 4 groupsbasecn sequencéomology
(the SEPT2SEPT3SEPT6and SEPT roups).Septindrom differentgroupsassembl@to
hetero-oligomericomplexesvhich canform non-polarfilamentsandring-like structureq1].
By actingasscaffoldgor protein recruitmentanddiffusion barriersfor cellularcompartmen-
talization,septinshavekeyrolesin numerousbiologicalprocessedncluding celldivisionand
host-pathogerinteractiong[1, 2]. Studiesusinghumanepithelialcellshaverevealedmportant
rolesfor septingn cell-autonomousmmunity, showingthat septinsassembl@éto cage-like
structurego preventthe disseminatiorof cytosolichacterigpolymerizingactin tails[3+5].
Septincagedavealsobeenobserved usingbacteriainfection of zebrafish( )
larvae[6], yetrolesfor septingn innateimmunity remainlargelyunexplored.

Theinflammasomas anintracellularplatformthat assembles responséo infectionto
recruitandactivateCaspase-[I7]. Caspase-activationenableshe processingndsecretiorof
the proinflammatorycytokineinterleukin1 (IL-1 ) to controlinfection.How theinflamma-
someis triggeredandassembleds the subjectof intenseinvestigation 8, 9], andthe mecha-
nismsunderlyinginflammationregulationarepoorly understood5]. Newwork hasshown
that componentof the cytoskeletorplayimportant rolesin innateimmunity andarerequired
for inflammationcontrol [5]. Actin and otherproteinsinvolvedin actinpolymerizationregu-
latethe NLRP3(NACHT, LRRand PYD domains-containingprotein 3) inflammasomeby
interactingwith Caspase-&ndotherinflammasomecomponent§10+12].A separatestudy
showedhat actin depolymerizationasa consequencef mutationsin WD repeat-containing
protein (WDR1),cantriggerdiseasdy activationof the pyrin inflammasomd13, 14]. Other
componentf the cytoskeletonincluding microtubulesandthe intermediatefilamentprotein
vimentin, promoteNLRP3activity by helpingto recruit ASC(apoptosis-associategpeck-like
protein containinga caspase-recruitmemomain)andstabilizeNLRP3inflammasomes,
respectivelyl15, 16]. Therole of the septincytoskeletorin inflammationcontrol hasnot yet
beentested.

, aGram-negativenteroinvasivgathogengcausesearlyl65million illnessepi-
sodesandoverl million deathsannually[17]. Similarto other Gram-negativepathogensn
hospitalpatients case®f drug-resistant strainsarerising [18]. To exploretheinnate
immuneresponseo ,  severalnfectionmodelshavebeenvaluablehelpingto discover
keyrolesfor NOD-like receptordNLRs)[19], neutrophil extracellulatraps(NETs)[20], bac-
terialautophagyf21], andinflammasome$22] in hostdefenceRemarkablythe major patho-
geniceventghatleadto shigellosisn humans(i.e.,macrophageelldeath,invasionand
multiplication within epithelialcells cell-to-cellspreadjnflammatorydestructionof the host
epithelium),arefaithfully reproducedn azebrafishmodelof . infection [6]. Exploit-
ing the opticalaccessibilityf zebrafisHarvae we now havethe possibilityto spatio-temporally
examingthebiogenesisarchitecturecoordination,andresolutionof theinnateimmune
responseo .
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In this study,weusea . -zebrafish infectionmodelto discovemewrolesfor septins
in hostdefenceWe showthat zebrafistseptingrestrictinflammationandarerequiredfor neu-
trophil-mediatedimmunity. To rescueseptin-deficiency , weusedtherapeutidnhibi-
tion of II-1 signalingand preventneutrophil deathandlarvalmortality. Theseresults
demonstratea previouslyunknownrole for septingn inflammationandinfection control,and
highlightthe cytoskeletorasatargetfor suppressiomf inflammation.

Results

Establishment of localized S. flexneri infection in the zebrafish hindbrain
ventricle

Thehindbrain ventricle(HBV) of zebrafisHarvaeis uniquelysuitedto analyzeéhost-pathogen
interactionsbecausd is opticallyaccessiblandenablesanalysif adirectedleukocyte
responséo acompartmentalizedhfection (Fig 1A). We thereforecharacterizethe HBV of
zebrafisHarvaeasaninfection sitefor . M9O0T. Larvaeaged3 dayspostfertilization
(dpf) weremicroinjectedwith alow ( 3x 10° CFU)or high( 1x 10 CFU) doseof bacteria
andtheir survivalwasassesseavertime (Fig 1B).Larvaeinfectedwith alow doseof .
presented 00%survivalwhereas high doseof . resultedin the deathof ~40%of lar-
vaewithin 48hourspostinfection (hpi). We measuredhe bacterialoadof infectedzebrafish
larvaeovertime by platinghomogenatesf viablelarvae excludingthosethat hadalreadysuc-
cumbedto infection. Larvaeinfectedwith alow doseof . controlledbacterialreplica-
tion, whereagdarvaereceivinga high doseof . wereassociatedith anincreasing
bacteriaburden(Fig 1C).

To visualizethe courseof infection, larvaewereinfectedwith GFP- . M90T and
imagedby fluorescencenicroscopyln agreementith bacteriakenumerationslarvaethat
receivecalow doseinoculum showedimited proliferation of GFP- . (Fig1D).In con-
trast,larvaethat receiveda high doseinoculum showedncreasingbacteriaburdensat 24 and
48hpi (Fig 1D). Irrespectiveof the doseused, . remainedin the HBV andforebrain
anddid not causesystemidnfection. Histologicalanalysesf transverseectionof infected
larvaeconfirmedthe aggregatiorof . onwallsof the HBV (S1AFig).In humans,

infectionand pathogenesiss strictly dependentuponthetypelll secretiorsystem(T3SS)
[23]. To testtherole of the T3SSn our infectionmodel,larvaewereinjectedwith T3SS-defi-
cient(T3SS-). (7 strain). Thesurvivalof zebrafisHarvaeinfectedwith T3SS-.
atlow or high dosewas~100%(S1Band S1CFig),demonstratinghat the T3S on-
tributesto virulence

We nextusedthe zebrafistHHBV modelof infectionto studythe control of . byleu-
kocytesWe outcrossedg( Tg( : .mCherr y) ' (herein
referredtoas : :mCherry) with Tg( :GFP) (hereinreferredto as :GFP) to
generataloubletransgenizebrafisHarvaewith red macrophageandgreenneutrophils.Lar-
vaewereinfectedwith Crimson- . M9OT andleukocytebehaviorecordedby confocal
microscopyUsingalow doseof . , Weobservedapid aggregatiorof bacteriaon walls
of the HBV andby 12 hpi mostbacterighadbeencleared S1DFig,seealsoS1Video).Here,
macrophagewerethefirst leukocytego arrive (from 20mpi) andengulfbacteriahoweveras
we havepreviouslyshownusingcaudalveininjections, . wereableto proliferate
within macrophageandcauseheir death[6]. In contrast,neutrophilsaremassivelyecruited
within hoursandbecomehe predominantleukocyteandactivelyparticipatein the control of

by engulfingboth aggregatesf extracellulabacterisaand debrisfrom macrophages
unableto controlinfection. We thusinfectedTg( "#:dsRedf ® (hereinreferredto as "#:
dsRedyebrafisrembryosatransgenidine in which dsReds expressedpecificallyin
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Fig 1. S. flexneri infection of the zebrafi sh hindbrain ventricle. A. Cartoon of zebrafish larva (3 dpf) showing localization of neutrophils prior to
infection (red) and the site of S. flexneri MOOT (green) injection in the HBV. B. Survival curves of larvae infected with alow (3 x 10° CFU) or high( 1
x 10* CFU) dose of S. flexneri M90T. Pooled data from 5 independent experiments per inoculum class using at least 15 larvae per experiment.
Significance testing performed by Log Ranktest. , P 0.001. C. Enumeration of bacteria at 0, 24, or 48 hpi from surviving larvae infected with a low
(open circles) or high (closed circles) dose of S. flexneri M90T. Pooled data from 5 independent experiments per inoculum class using up to 3 larvae
per treatment. Circles represent individual larvae, and only larvae having survived the infection (thus far) included here (i.e., dead larvae not
homogenised for counts). Mean “SEM also shown (horizontal bars). Significance testing performed by Studentsttest. , P 0.001. D.
Representative images of larvae infected in the HBV with low or high dose of GFP-S. flexneri M90T. For each dose, the same larva was imaged at 0,
24, and 48 hpi using a fluorescent stereomicroscope. Scale bars, 100 m. E-F. Representative frames extracted from in vivo time-lapse confocal
imaging of lyz:dsRed larvae (3 dpf, red neutrophils) injected in the HBV with a (E) low dose or (F) high dose of GFP-S. flexneri M90T. First frame 20
mpi, followed by frames at 3, 7, and 11 hpi. Maximum intensity Z-projection images (2 m serial optical sections) are shown. Scale bars, 50 m. See
also S2 and S3 Videos.

https://doi.0g/10.1371§urnal.ppat.106467.g001
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neutrophils[24]. In the caseof alow dose heutrophilsarerecruitedhoursfollowing infection
andcontrol . proliferation (Fig 1LE,seealsoS2Video).In contrast,ahigh doseof .
resultsin uncontrolledbacterialproliferationand concomitantneutrophil celldeath
(Fig 1F,seealsoS3Video). Collectivelytheseresultsdemonstratehat infection of the zebra-
fishHBYV is avaluablesystento study the control of infection by neutrophils.

Septl5is required to control S. flexneri infection in vivo

Structuralanalysiof ahumanseptincomplexrevealedhat SEPT4s essentialor septinfila-
mentassemblyandfunction [25]. Zebrafishhaveorthologsfor membersof all 4 humanseptin
groups(S1Table),including Septl1snd Sept7twhich share88.7%and 92.5%dentity with
humanSEPT 7respectively26]. Confocalmicroscopyof zebrafisHarvaelabeledvith human
anti-SEPT 7antibodyshowshat Sept15and/or Sept7tarepresentin epithelialcellsmacro-
phagesandneutrophils(S2AFig). To investigateherole of septindgn hostdefence
zebrafisHarvaewereinjectedwith control or Sept15morpholino oligonucleotideandinfected
with . (Fig 2A). Ascomparedo infectedcontrol morphantsjnfectedSept15mor-
phantspresentignificantlyreducedsurvivaland higherbacterialoads(Fig 2Band 2C).Using
fluorescenmicroscopyweobservedhatin the absencef Sept15ebrafisHarvaefailedto
cleartheinfection,showingincreasingluorescencef GFP- overtime (Fig 2D, seealso
S4and S5Videos).In contrastto the ~40%mortality observedor Septl15norphantsinfected
with wild type . , Septlomorphantsinfectedwith avirulentT3SS-. present
~100%survival(S2Band S2CFig). Togethertheseresultsshowthat susceptibilityof Sept15
morphantsto . infectionis dependenbn the T3SSandsuggesthat septinshavean
importantrolein thecontrol of . infection . Totestif theseresultsarespecific
to Septl5we performedexperimentaisingamorpholino oligonucleotideagainstSept7(S2D
Fig). Similarto resultsobtainedfor Septl5norphants Sept7tmorphantsinfectedwith .
presentignificantlyreducedsurvivaland higherbacterialoadsascomparedo infected

control morphants(S2Eand S2H-ig). To testif theimpactof septindepletionis specificto
infection of the HBV, Sept15morphantsweresystemicallynfectedwith . viathe cau-
dalvein (S2Gand S2HFig).In the caseof caudalveininfection, Septl5morphantspresent
~40%mortality ascomparedo control morphantswhich showedl00%survival.

Neutrophilsarecrucialto control infection [6]. To characteriz¢he ability of
Septl5-depletedeutrophilsto clearGFP- . , weanalyzed. -neutrophil inter-
actionsatthelevelof the singlecellusinghigh-resolutionconfocalmicroscopy(Fig 2Eand 2F,
seealsoS6and S7Videos).In both control and Sept15morphants neutrophilsaremassively
recruitedto the infection sitewheretheyengulfbacteriaTime-lapsamoviesconfirmedthat
neutrophilsfrom control morphantsreliablyclearalow doseof GFP- . In contrastneu-
trophils from Septl5morphantsareunableto clearthe samedoseof , andarekilled
uponbacterialchallenge.

S. flexneri induces neutrophil death in Sept15 morphants

To investigatehe fateof neutrophilsduring infection of Sept15-depletezebrafishweused
live cellimagingandmonitoredneutrophilsin "#:dsRecaontrol or Sept15norphantsinfected
with GFP- . . Wequantifiedthe total numberof neutrophilsatthe wholeanimallevel
in control or Septl5morphantsat 3 dpf. Whereaseutrophilnumbersin control morphants
infectedfor 6 h with alow doseof . arenot significantlydifferentfrom PBS-injected
larvaeJarvaeinfectedfor 6 h with ahigh doseof . areneutropenic(Fig 3A). Septl5
morphantsdevelogfewerneutrophilsthan control morphants.andwheninfectedfor 6 h with
alow or high doseof . , nheutrophilswerereducedevenfurther (Fig 3B). Theinfection-
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Fig 2. Septl5 morpha nts show increased susceptibi lity to S. flexneri infection. A. Representative western blot of extracts from
larvae injected with control (Ctrl) or Sept15 morpholino (Mo) using antibodies against GAPDH (as control) or SEPT7. B. Survival
curves of Ctrl or Sept15 morphants infected with S. flexneri M9OT (low dose). Pooled data from 3 independent experiments per
treatment using at least 15 larvae per treatment. Significance testing performed by Log Ranktest. , P 0.01. C. Enumeration of
bacteria at 0, 24, or 48 hpi from Ctrl (open circles) or Septl5 (closed circles) morphants infected with S. flexneri MO0T (low dose).
Half-filled circles represent enumerations from larvae at time 0 and are representative of inoculums for both conditions. Pooled data
from 3 independent experiments using up to 3 larvae per treatment. Circles represent individual larvae, and only larvae having
survived the infection (thus far) included here (i.e., dead larvae not homogenised for counts). Mean “ SEM also shown (horizontal
bars). Significance testing performed by Student'sttest. , P 0.05; , P 0.001. D. Representative images of larvae injected with
Ctrl or Sept15 Mo and infected in the HBV with GFP-S. flexneri M9OT (low dose). For each treatment, the same larva was imaged at
0, 24, and 48 hpi using a fluorescent stereomicroscope. Scale bars, 100 m. See also S4 and S5 Videos. E-F. Representative frames
extracted from in vivo time-lapse confocal imaging of lyz:dsRed larvae (3 dpf, red neutrophils) injected with (E) Ctrl or (F) Sept15 Mo
and infected in the HBV with GFP-S. flexneri MO0T (low dose). First frame 20 mpi, followed by frames at 6, 15, and 20 hpi. Maximum
intensity Z-projection images (2 m serial optical sections) are shown. Scale bars, 50 m. See also S6 and S7 Videos.

https://dbi.org/10.137/journal.ppat206467.g002
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Fig 3. S.flexneri induces neutroph il death in Septl5 morphants. A-B. Quantification of neutrophilsin lyz:dsRed
larvae injected with (A) Ctrl or (B) Sept15 morpholino (Mo), uninfected (open circles) or infected for 6 h with a low (closed
circles) or high (grey circles) dose of S. flexneri M90T, from 4 or more larvae per treatment from 3 independent
experiments. Circles represent individual larvae. Mean “ SEM also shown (horizontal bars). Significance testing
performed by ANOVA with Bonferroni posttest. , P 0.01; , P 0.001. C. Representative images of lyz:dsRed larvae
injected with Ctrl, Sept15, or Sept15 + Irf8 Mo. Scale bar, 250 m. D. Quantification of neutrophilsin lyz:dsRed larvae
injected with Ctrl (open circles), Sept15 (closed circles), or Sept15 + Irf8 (grey circles) Mo. Circles represent individual
larvae. Mean “ SEM also shown (horizontal bars). Significance testing performed by ANOVA with Bonferroni posttest.

, P 0.001. E. Survival curves of Septl5 or Septl5 + Irf8 morphants infected with S. flexneri MOOT (low dose). Pooled
data from 3 independent experiments per treatment using at least 15 larvae per treatment. Significance testing
performed by Log Rank test. F. Enumeration of bacteria at 0, 24, or 48 hpi from Sept15 (open circles) or Sept15 + Irf8
(closed circles) morphants infected with S. flexneri M90T (low dose). Half-filled circles represent enumerations from
larvae at time 0 and are representative of inocula for both conditions. Pooled data from 3 independent experiments per
inoculum class using up to 3 larvae per treatment. Circles represent individual larvae, and only larvae having survived
the infection (thus far) included here (i.e., dead larvae not homogenised for counts). Mean “ SEM also shown (horizontal
bars). Significance testing performed by Student's t test.

https://da.org/10.137 1§urnal.ppa100646 9003
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mediateddecreas@ neutrophilsis dependenbn the T3SSasinfectionwith T3SS-.
hasno effecton neutrophilnumberin eithercontrol or Septl5morphants(S3Aand S3BFig).
To testif increasednortality in Sept15morphantsis aresultof neutropeniawe co-injected
control or Sept15morphantswith amorpholino oligonucleotideagainsirf8 (agenenvolved
in leukocytedifferentiation[27]) to skewthe myeloidcellbalancgowardsneutrophils,and
infectedlarvaewith . (Fig3Cand3D). Increasinghe numberof neutrophilsis unable
to rescueSeptlonorphantsfrom mortality or increasingbacteriaburdens suggestinghat
susceptibilityof Septl5morphantsto . is not becausef areductionin neutrophils
(Fig 3Eand 3F).Depletionof macrophageby Irf8 knockdown[27] mayalsocontribute
to the susceptibilityof Sept15norphants.indeed,the ablationof macrophageby exposureof
thetransgenidine Tg( :G/U:mCherry) to metronidazoleshowedhat macrophagepro-
vide someprotectionagainsthigh dose. infection (S3Cand S3DFig), likely because
macrophageareimplicatedin theinitial phagocytosisf andfacilitateneutrophil
scavengingrucialfor hostdefencd6].

Septl5 restricts the inflammatory response in vivo

iswellknownto induceinflammation % and [6,28,29]. To identify
source®f inflammationin septin-depletedebrafisHarvae wefollowedthe spatio-temporal
dynamicsofinterleukin1beta( ) inductionduring . infection. For this weout-

crossedrg( :GFP-F)* ® (hereinreferredtoas :GFP-F) atransgenidine which
expressefarnesylatedsFPundercontrol of the promoter[30], with "#:dsRedor live
cellanalysidy confocalmicroscopy(Fig 4A, seealsoS8and S9Videos).In both control and
Septl5norphantsinfectedwith Crimson- . , weobserved :GFP-F expressionn
neutrophils,macrophagesndepithelialcellssurroundingthe infection site,indicating that
leukocytesandother celltypescanbeasourceof during . infection. To under-
standwhy Septl5nmorphantssuccumhto . infection,wetestedCaspase-activity
(asareadoutofll-1 processingndmaturation[31]) in -infected larvaeusing
FAM-YVAD-FMK, afluorochrome-labeledhhibitor of Caspase-(FLICA) that bindsspecifi-
callyto activeCaspase-&nzyme Strikingly, Caspase-activityis significantlyincreasedn
Septl5morphantscomparedo control morphants(Fig 4B).Caspase-1-mediateignaling
pathwaysreclosely-linkedo hostcelldeath[32]. To testwhetherincreasednortality in
Septl5-depleteldrvaecorrelatesvith increasedostcelldeath wequantifieddying cellsin
the HBV of control and Sept15norphantsinfectedfor 6 h with . usingacridine
orange(AO), anucleicacid-bindingdyewhich marksdying cells(Fig4Cand4D). In agree-
mentwith increasedCaspase-activity, we detecteda significantincreasén numbersof AO-
positivecells(1.7 0.3fold)in . -infected Septl5morphantsascomparedo control
morphants.Togethertheseresultssuggesthat hyper-inflammationis an underlyingfactorin
the susceptibilityof Sept15-deficiernarvaeto . infection.

Previouswvork hasshownthat overexpressionf leukotrieneA4 hydrolasg % ) generates
inflammationdueto induction of tumor necrosidactoralpha(% ), makingzebrafishmore
susceptibléo infectionby &" % ' [33]. To distinguishbetweer?o and

inflammatorypathwaysn hostdefenceagainst. , weoverexpresse@o in zebra-
fishlarvag(S4Fig).Overexpressionf %  significantlyincreasedranscriptlevelsof %
without affectinglevelsof (S4Aand S4BFig).However theupregulationof%  failedto
increasesusceptibilityto alow doseof . infection (S4Cand S4DFig), stronglysuggest-
ing thatincreasedusceptibilityof Septl5morphantsto . infectionis dependenbn
theactivationof an signalingcascade.
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Fig 4. Septl5 restricts the inflamma tory response in vivo. A. Representative frames extracted from in vivo time-lapse confocal
imaging of Tg(il-1b:GFP-F) x Tg(lyz:dsRed) larvae (3 dpf) injected with Ctrl or Sept15 Mo and infected in the HBV with Crimson-S.
flexneri MOOT (low dose) at 19 hpi. Maximum intensity Z-projection images (2 m serial optical sections) are shown. Scale bars,

50 m. See also S8 and S9 Videos. B. Relative % of Caspase-1 activity levels measured in Ctrl and Sept15 morphants infected for 6
h with ~5 x 10° CFU of S. flexneri M90T. Mean “SEM from 3 independent experiments per treatment using 5+10 larvae per
experimental group. Significance testing performed by Student'sttest. ; P 0.01. C. Representative images of Ctrl and Sept15
morphants (Mo) infected with S. flexneri MOOT in the HBV and stained for acridine orange. Dotted line shows the area where cells
were quantified (i.e. the infected HBV). Scale bars, 100 m. E, eye. D. Number of acridine orange (AO) positive cells counted in the
HBV of Ctrl or Sept15 morphants 6 hpi with S. flexneri M90T. Significance testing performed by Student'sttest. , P 0.001. Pooled
data from 3 independent experiments per treatment using at least 6 larvae per treatment.

https://abi.org/10.137Aournal.ppat.Q06467.g004

Reduction of inflammation by anakinra rescues Septl15-deficiency in vivo

Anakinrais anantagonisof IL-1 receptor(IL-1R) usedto preventinflammatoryshock sepsis,
andauto-inflammatorysyndromesn humang[34, 35]. Anakinrais ananalogueof humaniL-
1RA(interleukin 1 receptorantagonist)anendogenoughibitor of IL-1 thatbindscompeti-
tivelyto thelL-1 receptor Althoughanendogenoudl-1 receptorantagonishasnot been
reportedin fish,anakinrapresentcomparablénomologyto both humanandzebrafishL-1
(31.0%and 29.7% espectively)We testedthe ability of anakinrato reduceinflammationand
increaseprotectionin our . -zebrafish infectionmodel. Treatmentwith anakinrares-
cuedthe survivalof neutrophilsandlarvaeinfectedwith ahigh doseof . (FigbAand
5B),without significantlyaffectingthe enumeration®f bacteriaburdenquantifiedfrom via-
blelarvae(Fig 5C).
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Fig 5. Anakinr atherapy protects neutroph ils and enhances host surviv al upon S. flexneri infection . A. Quantification of
neutrophils in lyz:dsRed larvae injected with Ctrl morpholino, uninfected (open circles) or infected for 6 h with a high dose of S. flexneri
MOO0T (closed circles) and treated with anakinra (grey circles), from 3 independent experiments using up to 5 larvae per treatment.
Circles represent individual larvae. Mean “ SEM also shown (horizontal bars). Significance testing performed by ANOVA with
Bonferroni posttest. , P 0.001. B. Survival curves of Ctrl morphants infected with S. flexneri MOOT (high dose), untreated (open
circles) or treated with anakinra (closed circles). Pooled data from 4 independent experiments per treatment using at least 15 larvae
per experiment. Significance testing performed by Log Ranktest. , P 0.01. C. Enumeration of bacteria at 0, 24, or 48 hpi from Citrl
morphants infected with S. flexneri M90T (high dose), untreated (open circles) or treated with anakinra (closed circles). Half-filled
circles represent enumerations from larvae at time 0 and are representative of inoculums for both conditions. Pooled data from 4
independent experiments per inoculum class using up to 3 larvae per treatment. Circles represent individual larvae, and only larvae
having survived the infection (thus far) included here (i.e., dead larvae not homogenised for counts). Mean “SEM also shown
(horizontal bars). Significance testing performed by Student's t test. D. Quantification of neutrophils in lyz:dsRed larvae injected with
Septl5 Mo, uninfected (open circles) or infected for 6 h with a low dose of S. flexneri M9OT (closed circles) and treated with anakinra
(grey circles), from 3 independent experiments using up to 3 larvae per treatment. Circles represent individual larvae. Mean “ SEM
also shown (horizontal bars). Significance testing performed by ANOVA with Bonferroni posttest. , P 0.01. E. Survival curves of
Septl5 morphants infected with S. flexneri MO0T (low dose), untreated (open circles) or treated with anakinra (closed circles). Pooled
data from 5 independent experiments per treatment using at least 15 larvae per experiment. Significance testing performed by Log
Ranktest. , P 0.01. F. Enumeration of bacteria at 0, 24, or 48 hpi from Sept15 morphants infected with S. flexneri M90T (low dose),
untreated (open circles) or treated with anakinra (closed circles). Half-filled circles represent enumerations from larvae at time 0 and
are representative of inoculums for both conditions. Pooled data from 7 independent experiments per treatment using up to 3 larvae
per experiment. Circles represent individual larvae, and only larvae having survived the infection (thus far) included here (i.e., dead
larvae not homogenised for counts). Mean “ SEM also shown (horizontal bars). Significance testing performed by Student's t test.

https://dbi.org/10.137/journal.ppat206467.g005

We nexttestedhe protectiveeffectof anakinrain Septl15norphants.in theabsencef
infection, neutrophilnumbersdo not differ betweercontrol and anakinra-treateagnorphants
(S5AFig). Remarkablyupon infection,anakinrapreventecheutrophildeathandsig-
nificantly reducedthe mortality of infectedSept15norphants(Fig 5D and 5E),without signifi-
cantlyaffectingenumerationof bacteriaburdenquantifiedfrom viablelarvae(Fig 5F).
Collectivelytheseresultsshowthat reductionof inflammation by therapycanpromoteneu-
trophil andzebrafistsurvivalduring . infection,andrescueseptin-deficiency

Discussion

Thezebrafishis apowerfulnon-mammalianvertebratanodelto studytheinnateimmune
responséo bacterialinfection[36, 37]. We havepreviouslyused infection of the
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zebrafistcaudalveinto studybacterialautophagy [6]. Here,using infection of
the zebrafistHBV, werevealthat septinshaveacrucialrole in restrictinginflammation
Strikingly,anakinrais ableto counteracteptin-deficiencyy preventingneutrophil
deathandreducingzebrafishmortality upon . infection. Thesdindingsrevealnovel
rolefor septingn inflammation control andhostdefence.
ThezebrafistHBV hasbeenusedto modelinfection by otherbacteriapathogensncluding

(% "% [38], Typhimurium [39],) * ' [40,41],
and&. ' [42]. Inthecaseof (. "% bacterian theHBV disseminat®+3
dpi, spreadingnfectionto thetrunk andtail muscle Although . iswellknown for
invasionandinflammatorydestructionof the humanintestinalepithelium,andsimilarly to

(- "% hasthe ability to form actintailsand spreadrom cell-to-cell[43], wedid not
observe. disseminatioroutsideof the zebrafistHBV or forebrainventricle.This
allowedusto analyze. -neutrophil interactionsin acompartmentalize@nvironment,

whereweobservedhat recruitedneutrophilsefficientlyengulfand eliminatealow doseof S.
Thisneutrophilbehaviorisin starkcontrastto HBV infectionsof non-pathogenic.

, whereneutrophilspoorly engulffluid-borne bacterig44]. Theseobservationsirelikely a
resultof . virulencefactorswhich promotebacteriakecognitionand engulfmentby
neutrophils.

Therabbitilealloop modelis commonlyusedto studythe hostresponsé¢o infec-
tion [28]. Recentlyamousemodelof shigellosiby intraperitonealinfectionhasbeen
described29]. In bothanimalmodels,. inducesthe expressiormf proinflammatory
cytokinesjncludingIL-1 andTNF- , asobservedn humanssufferingfrom shigellosi$45].
However mammalianmodelsremainpoorly suitedto spatio-temporallyexaminethe innate
immuneresponseo . Bycontrastthe naturaltranslucencyof zebrafisHarvae
enableson-invasive imagingat high resolutionthroughoutthe organismWe show
that :GFP-F larvaecanbeusedto visualizethe spatio-temporatlynamicsof during .

infection. In-depth investigationof infection by andotherbacteriathatinduce
inflammatorysignalsincluding(. "% and . Typhimurium, will helpto describe
more preciselythe coordinationbetweerseptinassembhandinflammation.

Whenappliedasamodelof vertebratedevelopmentthe zebrafisthasbeenkeyin linking
Sept9and Sept9tto growth defects [46]. In supportof ahighly conservedole for sep-
tins amongstvertebrateshe depletionof Septl5nducescelldifferentiationanddivision
defectsn the pancreatieendocrinecellsof zebrafisHarvae47]. More recently the zebrafish
hasbeenusedto highlightthe centralrole of Sept15n actin-basednyofibril and cardiacfunc-
tion [48]. Septinsareknown componentf theciliary diffusion barrierin humansandzebra-
fish Septéand Septl5morphantspreseniphenotypesesemblinghumanciliopathies,
highlightingtranslatabilityof the zebrafishtasa modelfor the studyof septinbiology
[26,49].Here,wereportdefectsn innateimmunity thatderivefrom Septl5epletion,includ-
ing inflammationandneutropeniaandshowthatinflammationincreaseshe susceptibilityof
neutrophilsto . infection. Themechanismsinderlyingcelldeathby in epithe-
lial cells[50] and macrophageéncluding apoptosig51], necrosig52], pyroptosig53], and
pyronecrosig§54]), havebeenthe subjectof intenseinvestigationThe zebrafishcanrepresent
aunigueexperimentabystento investigate  -neutrophil interactionsanddissecthe
molecularfeaturesunderlying -mediated hostcelldeath . Moreover,it is envi-
sionedthatinsightsinto neutrophilbiologyarisingfrom our . -zebrafish modelcan
enablenoveltherapeutiapproachetowardsdiseasewith animportant neutrophil
component.

Thedysregulatiorof IL-1 is associatewith awide varietyof inflammatorydiseasef5].
Interventioninto this pro-inflammatorypathway githerby blockinglL-1R or by preventing
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theprocessing secretiorof IL-1 , is critical for treatment[34]. For exampleanakinrahas
beenusedto reducelL-1 leveldn amousemodelof chronicgranulomatousliseaséCGD),
animmunodeficiencycharacterizedby defectiveproduction of ROS[56]. Anakinrahasalso
beeneffectivein treatmentof humanpatientswith Schnitzlersyndrome(an autoimmunedis-
order) or with mutationsin cold-inducedautoinflammatorysyndromel gene(CIAS1)[57].
Resultobtainedfrom our . -zebrafish HBV infection modelshowthat septinsplaya
keyrolein therestrictionof inflammationandneutrophilclearancef . . Otherstudies
performedin zebrafisthaveidentified arole for theinflammasomen leukocyteclearancef

(- "% and . Typhimurium [58,59]. Whatis the preciserole of septingn inflam-
mation?Septinsarea uniquecomponentof the cytoskeletorthat associatavith cellularmem-
branesactinfilaments,andmicrotubuleg[1]. Previousnvork hasdescribedarole for theactin
cytoskeletonn inflammation control, by regulatingthe NLRP3and pyrin inflammasomes
[10+14].We hypothesiz¢hat septinsinteractwith componentf theinflammasomendreg-
ulateassemblyf this multiprotein complex Althougha preciseole for septinan theassem-
bly andactivity of the inflammasomeawaitsinvestigationtheseresultsaddweightto previous
studiedinking inflammationandthe cytoskeletonand suggesthat targetingthe cytoskeleton
canrepresenanimportant anti-inflammatorystrategylt isincreasinglyecognizedhatinter-
actionsbetweerinflammationandthe cytoskeletorplayimportant rolesin determiningdis-
easautcomellt will now beof greatinterestto further studythelink betweerseptinsand
inflammation,and pursuecomponentf the cytoskeletorasnovelmoleculartargetsor inhi-
bition of inflammation.

Material and methods
Ethics statement

Animal experimentavereperformedaccordingto the Animals(ScientificProceduresfct
1986andapprovedoy the Home Office (ProjectlicensePPL70/7446).

Zebrafish care and maintenance

Wild type AB werepurchasedrom the ZebrafishinternationalResourc&enter(Eugene,
OR).Tg( :Gal4-FF)  /Tg( : .mCherry) ' Tg("#:dsRedf®, Tg( :

GFP) ,Tg( :YFP) **andTg( :GFP-F)* ® transgenizebrafisHinesaredescribed
previously[24, 30,60+62] Eggsvereobtainedby naturalspawningandrearedin Petridishes
containing0.5xE2watersupplementedvith 0.3 g/ml methyleneblue (embryomedium)
[63]. For microscopyembryomediumwassupplementedvith 0.003%d-phenyl-2-thiourea
(Sigma-Aldrich)from 1 dpfto preventmelanizationBothembryosandinfectedlarvaewere
rearedat 28.5ECAIl timingsin thetextreferto the developmentastageat the referenceem-
peratureof 28.5E(64]. Larvaewereanesthetizeavith 200 g/ml tricaine (Sigma-Aldrich)in
embryomediumfor injectionsandduring imaging.

Zebrafish bacterial infections

Bacteriabktrainsusedin this studywerewildtypeinvasive. serotypebaM90T express-
ing greenfluorescenprotein (GFP),mCherry,or Crimson(GFP- . ,  mCherry-.

, orCrimson- . respectivelypnd T3SS non-invasivevariant(i )  expressing
mCherry[6]. . wereculturedovernightin trypticasesoybroth, diluted 80xin fresh
trypticasesoybroth, and cultureduntil Aggonm= 0.6.Forinjection of zebrafisHarvae bacteria
wererecoveredy centrifugation washedandreconstitutecat the desiredconcentrationin
PBSwith 0.1%phenolred. At 3 dpf, zebrafisHarvaeweremicroinjectedin the HBV with up to
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1 nl bacterialsuspensiomsdescribedreviously[65]. A low dosewasdefinedas0.5+3.0« 10°
CFU:ahigh dosewasdefinedas1.0+2.% 10* CFU.Inoculumswerechecked % by
injectinginto PBSandplatingonto Luria Broth (LB) agar Larvaewveremaintainedin individ-
ualwellsof 24-wellculture dishescontainingembryomedium.

Measurement of bacterial burden

At indicatedtime points,larvaeweresacrificedwith tricaine,lysedin PBSwith 0.4%Triton X-
100andhomogenizedSerialdilutions of homogenatewereplatedonto LB agarsupple-
mentedwith the appropriateantibiotic and CFU enumeratedhfter24 h incubationat 37EC;
only fluorescentolonieswverescored Only viablelarvaewereusedfor CFU enumerations.

Morpholino and RNA injections

Antisensemorpholino oligonucleotidesvereobtainedfrom GeneToolgwww.gene-tools.
com).Morpholino sequenc&'-ACTCACCTTAAACAGGAAAGCAAGC-3wasdesignedo
targetzebrafisiSept 1 ENSDARG0000010288 Morpholino sequenc®'-GAAACATCTT
CACTTCGTACCTGAA-3wasdesignedo targetzebrafisiSept7dENSDARG00000052673).
A standardmorpholino sequencavith no known targetin the zebrafisrgenomewasusedasa
control [6]. To increaseneutrophilnumbers.embryoswereinjectedwith Irf8 spliceblocking
morpholino aspreviouslydescribed27]. Morpholinoswerediluted to the desiredfinal con-
centrationg0.5mM for Sept7tand Septl5norpholinos,1mM for Irf8 morpholino)in 0.1%
phenolred solution (Sigma-Aldrich)and0.8nl/embryoinjected.For LeukotrieneA4 hydro-
lase( % ) overexpressioexperimentsl.2nl of 200ng/ | RNA wasinjected,aspreviously
described33]. Morpholino and RNA injectionswereperformedon 1+8cellstageembryos.

Live imaging, image processing, and analysis

Whole-animal imagingwasperformedon anaesthetizedebrafisHarvaeémmobilized
in 1%Ilow melting point agarosén 60mm Petridishesaspreviouslydescribed65]. Transmis-
sionandfluorescencenicroscopywasdoneusingaLeicaM205FAfluorescenstereomicro-
scopelmagingwasperformedwith a 10x(NA 0.5)dry objective Multiple-field Z-stacksvere
acquiredeveryl5min for experimentsnvolving neutrophilrecruitmentto HBV infection.
For high resolutionconfocalmicroscopyjnfectedlarvaewerepositionedin 35mm glass-bot-
tom dishesandimmobilizedin 1%low meltingagarosesdescribedn [65]. Confocalmicros-
copywasperformedusingZeissLSM710,LeicaSPEpr LeicaSP8microscopesnd 10x,20x,
40xoil, or 63xoil immersionobjectivesFor time-courseacquisitionsjarvaeweremaintained
at28.5ECAVI/MOV fileswereprocessedndannotatedusinglmageJ/FlJsoftware.

Histologic sections

Zebrafisharvaewereinfectedwith . in theHBV at 3 dpf. At 6 hpi, embryoswere
fixedwith 4%paraformaldehydevernightat 4ECEmbryoswerewashed timesin PBSand
mountedin 1%agaroseTheagarosevasdehydratedn aserieof ethanolfrom 70to 100%
andthenin 100%xyleneandembeddedn paraffin. Transversasectionf the headwere
stainedwith hematoxylinandeosin(H&E). H&E-stainedtissuesvereimagedwith an Axio
Lab.AlmicroscopgCarl ZeissMicrolmagingGmbH, Germany)andimagesacquiredusing
anAxio CamERc5solourcameralmageswvereprocessedsingAxioVision (Carl Zeiss
Microlmaging GmbH, Germany).
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gRT-PCR

Total RNA from 5 snap-frozenarvaewasextractedusingRNAqueouit (Ambion). cDNA
wasobtainedusingQuantiTectreversaranscriptionkit (Qiagen).Primersfor and%
werepreviouslydescribed66]. For eachexperimentguantitativePCRwasperformedin tech-
nicalduplicateusinga Rotor-GeneQQiagen)thermocyclerand SYBRgreenreactionpower
mix (Applied Biosystems)T'o normalizecDNA amountsweusedthe housekeepingene

[6] andthe2 """ method[67].

Caspase-1 activity and cell death detection

Caspase-activitywasdeterminedusinga FAM-FLICA Caspase-AssayKit (Immuno-
ChemistryTechnologiesasdescribedreviously68]. Briefly,a 150xstocksolution of
FAM-YVAD-FMK waspreparedaccordingto the manufacturer'guidelinesThe stockwas
dilutedto 1xin embryomediumand5z10larvaeperexperimentabroupbathedin the stain-
ing solutionfrom 4.5hpi to 6 hpi at 28.5ECFor celldeathdetection Jarvaewerebathedat 6
hpiin 2 g/ml Acridine Orangein embryomediumfor 30min. Larvaewerewashe times
in embryomediumprior to imagingby confocalmicroscopy.

Whole-mountimmunostaining

Wholemountimmunostainingof zebrafishwasperformedusingastandardprotocol [65]. To
detectseptinsin neutrophilsandmacrophagesig( :GFP)  andTg( :YFP) **¥lar-
vaewerelabelledwith humananti-SEPT @antibody(IBL), respectively.

Immunoblotting

To extractzebrafishproteins,5t8larvaewerelysedin lysisbuffer (1 M Tris,5M NaCl,0.5M
EDTA, 0.01%Triton X-100)and homogenizedvith pestlesAfter centrifugationat 4ECfor 15
min, supernatantsvererun on 8%acrylamidegels Extractswereblottedwith anti-SEPT7
(IBL) or anti-GAPDH (GeneTexpsaloadingcontrol.

Drug treatments

Macrophagesvereablatecby exposureof Tg(  :Gal4-FF) /Tg(  : .mCher-

ry) ' larvaeto metronidazolg10mM, Sigma-Aldrich)in embryomediumsupplemented
with 1%DMSO (Sigma-Aldrich) Metronidazolewasadministeredat 2 dpf for 24h andlarvae
washed timesprior to infection. For anakinraexperimentsthe embryomediumwassupple-
mentedwith anakinra(10 M, Kineret)from 1dpfandrefreshedaily until completionof the
assayt48hpi.

Statistical analysis

Dataarerepresenteédismean SEM.StatisticakignificancevasdeterminedusingLogRank
test(survivalcurves)unpairedtwo-tail Student'test(on log10valuesof CFU counts,and
log2geneexpressiomata),or ANOVA with Bonferroniposttestisspecifiedn thefigureleg-
ends(neutrophil counts,Caspase-activity) usingPrismsoftwareGraphPadsoftwardnc).
DatawereconsideredignificantwhenP<0.05( ), P<0.01( ), or P<0.001( ).

Supporting information

S1Fig. . infection of the zebrafishhindbrain ventricle. A. Transverseectionof lar-
vae(3 dpf) infectedin the HBV with . M9O0T (low dose)for 6h. Arrow indicatesthe

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006467 June 26, 2017 14/22



@'PLOS | PATHOGENS

Zebrafish septins restrict Shigella infection in vivo

localisationof the bacteriainsidethe ventricle.Scalébar,50 m. E,eyeM, midbrain ventricle.
B. Survivalcurvesof larvaeinfectedwith low (  3x 10° CFU)or high( 1x 10* CFU)inocu-
lum of T3SS-. N strain)usingatleastl5larvaeperexperiment Significance
testingperformedby LogRanktest.C. Enumerationof bacteriaat 0, 24,or 48 hpi from larvae
infectedwith low (opencircles)or high (closedcircles)doseof . M9O0T usingupto 3
larvaepertreatment.Circlesrepresentndividual larvaeMean SEMalsoshown(horizontal
bars).Significancdestingperformedby Student's test. ,P<0.01; ,P<0.001.Notebacte-
rial loaddoesnot significantlydecreasé highly infectedfish becausef the high bacteria:leu-
kocyteratio andthusmoretime is requiredto clearthe bacteriaburden.D. Framesxtracted
from time-lapseconfocalimagingof : :mCherry X :GFP larvae(3dpf)
injectedin the HBV with low doseof Crimson- . . Firstframe20mpi, followedby
framesat 1, 3,and 12 hpi. Maximum intensity Z-projectionimageg2 m serialopticalsec-
tions) areshown.Scalébars,50 m. SeealsoS1Video.

(TIF)

S2Fig. Septl5and Sept7bmorphants showincreasedsusceptibility to . infection.
A. Immunostainingof zebrafisHarvaeat 3 dpf with antibodyagainstSEPT{red) in cellsof the
caudalffin epithelium(a),aneutrophil( :GFP labeled)b),andamacrophagé¢ :-)
labeled)c). Scaléars,10 m. B.Survivalcurvesof Ctrl or Septl5norphantsinfectedwith
T3SS-. . strain,low dose) Pooleddatafrom 3 independenexperimentgper
treatmentusingatleastl5larvaeper experimentSignificanceestingperformedby LogRank
test.C. Enumerationof bacteriaat 0, 24,0r 48 hpi from Ctrl (opencircles)or SeptlHclosedcir-
cles)morphantsinfectedwith T3SS-. (7 strain).Circlesrepresentndividual lar-
vaeandonly larvaehavingsurvivedthe infection (thusfar) includedhere(i.e.,deadlarvaenot
homogenisedor counts).Half-filled circlesrepresenenumerationdrom larvaeattime 0 and
arerepresentativef inoculumsfor both conditions.Pooleddatafrom 3 independenexperi-
mentsusingup to 3larvaepertreatmentMean SEMalsoshown(horizontalbars).Signifi-
canceestingperformedby Student's test.D. Representativevesterrblot of extractsrom
larvaeinjectedwith Ctrl or Sept7bmorpholino (Mo) usingantibodiesagainstGAPDH (ascon-
trol) or SEPT7E. Survivalcurvesof Ctrl or Sept7tmorphantsinfectedin the HBV with .
M9O0T (low dose) Pooleddatafrom 3independenexperimentgpertreatmentusingat
leastl5larvaepertreatment.Significancdestingperformedby LogRanktest. , P<0.001.
F.Enumerationof bacteriaat 0, 24,0r 48hpi from Ctrl (opencircles)or Sept7kclosedcircles)
morphantsinfectedwith . M9O0T (low dose) Half-filled circlesrepresenenumerations
from larvaeattime 0 andarerepresentativef inoculumsfor both conditions.Pooleddatafrom
3independenexperimentsisingup to 3 larvaepertreatment.Circlesrepresenindividual lar-
vaeandonly larvaehavingsurvivedthe infection (thusfar) includedhere(i.e.deadlarvaenot
homogenisedor counts).Mean SEMalsoshown(horizontalbars).Significanceestingper-
formedby Student's test. , P<0.05.G. Survivalcurvesof Ctrl or Septl5norphantsinfectedin
thecaudalveinwith . M9OT (low dose) Pooleddatafrom 3 or moreindependent
experimentgpertreatmentusingatleastl5larvaeper experimentSignificanceestingper-
formedby LogRanktest. , P<0.01.H. Enumerationof bacteriaat0, 24,or 48hpi from Cirl
(opencircles)or Septl5closedcircles)morphantsinfectedwith . M9O0T in the caudal
vein.Circlesrepresentndividual larvaeandonly larvaehavingsurvivedthe infection (thusfar)
includedhere(i.e.,deadlarvaenot homogenisedor counts).Half-filled circlesrepresentnu-
merationsfrom larvaeattime 0 andarerepresentativef inoculumsfor both conditions.Pooled
datafrom 3independenexperimentsisingup to 3 larvaepertreatmentMean SEMalso
shown(horizontalbars).Significanceestingperformedby Student's test. , P<0.01.
(TIF)
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S3Fig. Therole of the T3SSand macrophagesn . pathogenesis . A-B.
Quantificationof neutrophilsin "#:dsRedarvaeinjectedwith (A) Ctrl or (B) Septl5norpho-
lino (Mo), uninfected(opencircles)or infectedfor 6 h with alow (closedcircles)or high
(closedsquaresjloseof T3SS-. . strain),from 4 or morelarvaepertreatment
from 2independenexperimentsCirclesrepresentndividual larvae Significanceestingper-
formedby ANOVA with BonferroniposttestC. Survivalcurvesof Ctrl or macrophageblated
(metronidazolereatedTg( :Gal4-FF)/Tg( :nfsB.mCherry)) larvaeinfectedin the
HBV with . MOOT (low dose) Pooleddatafrom 3 independenexperimentspertreat-
mentusingatleastl5larvaepertreatment.Significanceestingperformedby LogRanktest.
,P<0.001.D. Enumerationof bacteriaat 0, 24,0r 48 hpi from Ctrl (opencircles)or macro-
phageablatedclosedcircles)larvaeinfectedwith . M9OT (low dose) Half-filled cir-
clesrepresenenumerationgrom larvaeattime 0 andarerepresentativef inoculumsfor both
conditions.Pooleddatafrom 3 independenexperimentaisingup to 3 larvaepertreatment.
Circlesrepresentndividual larvae andonly larvaehavingsurvivedthe infection (thusfar)
includedhere(i.e.,deadlarvaenot homogenisedor counts).Mean SEMalsoshown(hori-
zontalbars).Significanceestingperformedby Student'd test.

(TIF)
S4Fig. Upregulation of doesnot increasesusceptibilityto . infection. A-B.
Relativeexpressiomf% and in larvaeinjectedwith % RNA (% high).

Mean SEMfrom 3independenexperimentgpertreatmentusingatleasts larvaeperexperi-
ment. Significancdestingperformedby Student'd test. , P<0.05.C. Survivalcurvesof con-
trol and % high larvaeinfectedwith . MOOT (low dose) Pooleddatafrom 3
independenexperimentgpertreatmentusingatleastl5larvaepertreatment.Significance
testingperformedby Log Ranktest.D. Enumerationof bacteriaat 0,24, 0r 48 hpi from Cirl
(opencircles)or % high (closedcircles)larvaeinfectedwith . M9OOT (low dose).
Half-filled circlesrepresenenumerationgrom larvaeattime 0 andarerepresentativef inoc-
ulafor both conditions.Pooleddatafrom 3 independenexperimentgperinoculum class
usingup to 3larvaepertreatment.Circlesrepresentndividual larvae andonly larvaehaving
survivedtheinfection (thusfar) includedhere(i.e.,deadlarvaenot homogenisedor counts).
Mean SEMalsoshown(horizontalbars).Significanceestingperformedby Student'd test.
(TIF)

S5Fig. Anakinra therapy doesnot restoreneutrophil numberin Septl5morphants. A.
Quantificationof neutrophilsin "#:dsRedarvaeinjectedwith Sept15norpholino, untreated
(opencircles)or treatedwith anakinra(greycircles) from 3independenexperimentsising
up to 5larvaepertreatment.Control valuesalsorepresentedh Fig5D. Circlesandsquares
represenindividual larvaeMean SEMalsoshown(horizontalbars).Significanceesting
performedby ANOVA with Bonferroniposttest.

(TIF)

Si1Table.Classificationof zebrafishseptins.Zebrafishseptinsveredeterminedusingthe
EnsembHdatabas¢éensembl.org)by searchinghe zebrafislgenomeassemblyversion
GRCz10¥or proteinscontainingthe septin-typeguaninenucleotide-binding({G) domain
(IPR0O30379)Thecloseshumanhomologswereidentified by BLASTof individual protein
sequence® UNIPROT databasévww.uniprot.org).When multiple isoformsof zebrafish
septinsarereportedin Ensemblthe onereferencedn RefSedwww.nchi.nim.nih.go/refseq/)
isreportedhereandadoptedfor protein searchln case®sf multiple isoformsreferencedn
RefSeqweselectedhe principalisoformaccordingto annotationsreportedby Ensembl
(APPRISannotationshttp://appris.bioinfo.cnio.esPoidentity representshe identity of
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individual zebrafistseptinsto the canonicaisoform of the closeshumanseptin.Positionof
the septin-typeG-domainwaspredictedusinghttp://prosite.expasy.org.partial sequence;
Incompleteseptin-typeG-domain.

(TIF)

S1Video. Macrophageand neutrophil interactions with . in the zebrafishhind-
brain ventricle (relatedto S1DFig). Doubletransgenic : :mCherry x :GFP zeb-
rafishlarvainfectedat 3 dpfin the HBV with alow doseof Crimson- . M9OT andlive

imagedat confocalmicroscopesveryl min 30secfrom 20mpi (t = 0 on the movie)until 16
hpi (t = 15h 45min on the movie).At the beginningof the acquisitionfewmacrophages
(mCherry+cells)havealreadybeenrecruitedto theinjected . (white). Notethe mac-
rophagefull of bacteriglmCherry+cellfull of white bacteria) At t = 1 h 36min on the movie,
this macrophageoundsup, dies,andis rapidly engulfedby neutrophils(GFP+cells) Neutro-
philsarerecruitedto theinjectedbacteriafrom 1 hpi, theyaccumulatgorogressivelyn the
HBYV interactingwith theinjectedbacteriaNotethatthe bacteriaclusterandaggregaten the
wallsof the ventriclewheretheyareengulfedoy neutrophils.Maximum intensity projection
(2 m Z serialsections)s shown.

(MOV)

S2Video. Neutrophils control . infection in the hindbrain ventricle (relatedto Fig
1E). "#.dsRedebrafisHarvainfectedat 3 dpfin the HBV with alow doseof GFP- .

M9O0T andlive imagedeveryl min from 20mpi (t = 0 on themovie)to 20hpi (t = 19h 30min
on themovie)usingconfocalmicroscopyNeutrophilsarerecruitedto the bacterisand effi-
cientlyengulfthemastheyclusterandaggregaten the wallsof the ventricle.Note that neutro-
philsactasaswarmin engulfingthe bacteriaMaximum intensityprojection(2 m serialZ
sections)s shown.

(MOV)

S3Video. Neutrophils succumbto a high doseof GFP- . infection in the hindbrain
ventricle (relatedto Fig 1F). "#:dsRedebrafisHarvainfectedat 3 dpfin the HBV with ahigh
doseof GFP- . M90T andimagedeveryl min 31secfrom 20mpi to 20hpi usingcon-
focalmicroscopyNeutrophils(dsRed+cells)arerecruitedto the bacteriafrom 1 hpi and
engulfthem.By3h 30mpi (3 h 00min on the movie),neutrophilsfail to eliminatethe
engulfedbacteriaandstartto die, presumablhkilled by . overtime. Notetheaccumu-
lation of greenbacteriansidedsRed-+eutrophils,andeventualdeathof the larvae Maximum
intensityprojection(2 m serialZ opticalsections)s shown.

(MOV)

S4Video. Neutrophils control . in the hindbrain ventricle (relatedto Fig 2D). "#:
dsRedzebrafisrembryoswereinjectedwith Ctrl morpholino andinfectedat 3 dpfin theHBV
with alow doseof GFP- . M90T,andimagedeveryl5min for 45h usingfluorescent
stereomicroscopy.

(MOV)

S5Video. Neutrophils in Septl15morphantsfail to control . in the hindbrain ven-
tricle (relatedto Fig 2D). "#:dsRedebrafisrembryoswereinjectedwith Septl5norpholino
andinfectedat 3 dpfin the HBV with alow doseof GFP- . M90T,andimagedevery
15min for 45h usingfluorescenstereomicroscopy.

(MOV)

S6Video. High resolution imaging of neutrophils controlling . infection (related

to Fig 2E). "#:dsReaebrafisrembryoswereinjectedwith Ctrl morpholino andinfectedat 3
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dpfin theHBV with alow doseof GFP- . M9OT andlive imagedevery2 min from 20
mpi (t = 0 onthemovie)to 20h 30mpi (t = 20h on the movie)usingconfocalmicroscopy As
shownin S2Video,neutrophils(dsRed+cells)arerecruitedto the HBV by 1 hpi wherethey
interactwith GFP . clusterecand aggregatedlongthe HBV wall. Neutrophilspro-
gressivelgngulfandeliminate . , aswellasdyinginfectedmacrophageg&sRed-GFP
+ cells).Maximum intensityprojection(2 m serialZ opticalsections)s shown.

(MOV)

S7Video. High resolution imaging of neutrophils in Septl5morphants failing to control
infection (relatedto Fig 2F). "#:dsRedebrafisrembryoswereinjectedwith
Septl5morpholino andinfectedat 3 dpfin the HBV with alow doseof GFP- . MOOT
andimagedevery2 min from 20mpi (t = 0 on themovie)to 20h 30mpi (t = 20h on the
movie)usingconfocalmicroscopy S6and S7Videoswereacquiredatthe sametime. Note
thatatthe beginningof this movie,neutrophil behavioufrom Septl5norphantis similarto
that of Ctrl morphant:neutrophilsarerecruitedby 1 hpi andinteractwith . , and
engulfthe bacteriaand dying macrophage&sRed-GFP+cells).However by 6 hpi neutro-
philsfail to control the infection (fail to engulfbacteriafail to engulfdying macrophagesjon-
comitantwith massiveproliferation of the bacteriaMaximum intensity projection(2 m serial
Z opticalsections)s shown.
(MOV)

S8Video. Spatio-temporalinduction of in control morphant infected with .
(relatedto Fig 4A). DoubletransgenicTg(  :GFP-F) x Tg( "#:dsRedzebrafistembryos
injectedwith Ctrl morpholino andinfectedat 3 dpfin the HBV with alow doseof Crimson- .
M9OT (labelledgreenin the movie)andimagedevery3 min from 20mpi to 20h 20
mpi usingconfocalmicroscopyNeutrophil (dsRed+cells)arerecruitedto theinjectedbacte-
ria. :GFP expressingells(labelledwhitein the movie)startto appeafrom 3h 30mpi.
Cellswhichare + (membranelanddsRed-arepresumablymacrophagesCellswhichare
+ (membrane)anddsRed+cytoplasmicarepresumablyneutrophils.At theendof the
acquisitionbacterishavebeenengulfedby leukocytesandtheinfectionis controlled.Maxi-
mum intensity projection(2 m serialZ opticalsectionsjs shown.
(MOV)

S9Video. Spatio-temporalinduction of in Septl5morphant infectedwith .
(relatedto Fig 4A). DoubletransgenicTg( :GFP-F) x Tg( "#:dsRedzebrafishembryos
wereinjectedwith Sept15norpholino andinfectedat 3 dpfin the HBV with alow doseof
Crimson- . M9O0T (labelledgreenin the movie)andimagedevery3 min from 20mpi
to 20h 20mpi usingconfocalmicroscopy S8and S9Videoswereacquiredat the sametime.
Neutrophils(dsRed+cells)arerecruitedto the injectedbacteriaHoweverSeptl5norphants
progressivelyail to control . , andneutrophilsdie concomitantwith bacterialprolifer-
ation. Thefirst producingcells(herelabelledn white) areleukocyte®bservedrom 3
hpi. Strikingly,in contrastto Ctrl morphants Septl5morphantsshowincreasing induc-
tion in neutrophils,macrophagesndepithelialcellssurroundingtheinfection site.Maximum
intensityprojection(2 m serialZ opticalsections)s shown.

(MOV)
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