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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

Sept15 or Sept7b, zebrafish orthologs of human SEPT7, significantly increased host sus-

ceptibility to bacterial infection. Live-cell imaging of Sept15-depleted larvae revealed

increasing bacterial burdens and a failure of neutrophils to control infection. Strikingly,

Sept15-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�	
����
��� 
��� andcausebacillarydysenteryvia inflamma-
tory destructionof thegutepithelium.In thisstudy,weuseazebrafish(���� �����)
modelof �������� infectionto discovernewrolesfor thecytoskeletonin inflammationand
infectioncontrol.Septins,apoorlyunderstoodcomponentof thecytoskeleton,areimpor-
tant in numerousbiologicalprocessesincludingcelldivisionandhost-pathogeninterac-
tions.Here,weshowthatzebrafishseptinscanrestrictinflammationand��������
infection�� ����. In theabsenceof septins,larvaeinfectedwith �������� exhibit increased
mortality andbacterialburdensassociatedwith increasedCaspase-1activityand
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neutrophildeath.Pharmacologicalsuppressionof Il-1�� signalingrescuesseptin-deficiency
�� ���� by reducingneutrophildeathandpreventinglarvalmortality.Thesefindingsreveal
anewlink betweenseptinsandinflammation,andhighlight thecytoskeletonasastruc-
tural determinantof hostdefence.

Introduction
Septins,apoorlyunderstoodcomponentof thecytoskeleton,arehighly-conservedguanosine
triphosphate(GTP)binding proteinsorganizedinto 4 groupsbasedon sequencehomology
(theSEPT2,SEPT3,SEPT6,andSEPT7groups).Septinsfrom differentgroupsassembleinto
hetero-oligomericcomplexeswhichcanform non-polarfilamentsandring-like structures[1].
Byactingasscaffoldsfor protein recruitmentanddiffusionbarriersfor cellularcompartmen-
talization,septinshavekeyrolesin numerousbiologicalprocesses,includingcelldivisionand
host-pathogeninteractions[1, 2]. Studiesusinghumanepithelialcellshaverevealedimportant
rolesfor septinsin cell-autonomousimmunity, showingthatseptinsassembleinto cage-like
structuresto preventthedisseminationof cytosolicbacteriapolymerizingactintails[3±5].
Septincageshavealsobeenobserved�� ���� usingbacterialinfectionof zebrafish(���� �����)
larvae[6], yetrolesfor septinsin innateimmunity �� ���� remainlargelyunexplored.

Theinflammasomeisanintracellularplatformthatassemblesin responseto infectionto
recruit andactivateCaspase-1[7]. Caspase-1activationenablestheprocessingandsecretionof
theproinflammatorycytokineinterleukin1�� (IL-1��) to control infection.How theinflamma-
someis triggeredandassembledis thesubjectof intenseinvestigation[8, 9], andthemecha-
nismsunderlyinginflammationregulationarepoorlyunderstood[5]. Newwork hasshown
thatcomponentsof thecytoskeletonplayimportant rolesin innateimmunity andarerequired
for inflammationcontrol [5]. Actin andotherproteinsinvolvedin actinpolymerizationregu-
latetheNLRP3(NACHT, LRRandPYDdomains-containingprotein3) inflammasomeby
interactingwith Caspase-1andotherinflammasomecomponents[10±12].A separatestudy
showedthatactindepolymerization,asaconsequenceof mutationsin WD repeat-containing
protein (WDR1),cantriggerdiseasebyactivationof thepyrin inflammasome[13,14].Other
componentsof thecytoskeleton,includingmicrotubulesandtheintermediatefilamentprotein
vimentin,promoteNLRP3activitybyhelpingto recruit ASC(apoptosis-associatedspeck-like
proteincontainingacaspase-recruitmentdomain)andstabilizeNLRP3inflammasomes,
respectively[15,16].Theroleof theseptincytoskeletonin inflammationcontrol hasnot yet
beentested.

��������, aGram-negativeenteroinvasivepathogen,causesnearly165million illnessepi-
sodesandover1 million deathsannually[17]. Similarto otherGram-negativepathogensin
hospitalpatients,casesof drug-resistant�������� strainsarerising [18]. To exploretheinnate
immuneresponseto ��������, severalinfectionmodelshavebeenvaluable,helpingto discover
keyrolesfor NOD-like receptors(NLRs)[19], neutrophilextracellulartraps(NETs)[20], bac-
terialautophagy[21], andinflammasomes[22] in hostdefence.Remarkably,themajorpatho-
geniceventsthat leadto shigellosisin humans(i.e.,macrophagecelldeath,invasionand
multiplication within epithelialcells,cell-to-cellspread,inflammatorydestructionof thehost
epithelium),arefaithfully reproducedin azebrafishmodelof �. �������� infection[6]. Exploit-
ing theopticalaccessibilityof zebrafishlarvae,wenowhavethepossibilityto spatio-temporally
examinethebiogenesis,architecture,coordination,andresolutionof theinnateimmune
responseto �. �������� �� ����.

Zebrafish septins restrict Shigella infection in vivo
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In thisstudy,weusea�. ��������-zebrafish infectionmodelto discovernewrolesfor septins
in hostdefence.Weshowthatzebrafishseptinsrestrictinflammationandarerequiredfor neu-
trophil-mediatedimmunity. To rescueseptin-deficiency�� ����, weusedtherapeuticinhibi-
tion of Il-1�� signalingandpreventneutrophildeathandlarvalmortality.Theseresults
demonstrateapreviouslyunknownrole for septinsin inflammationandinfectioncontrol,and
highlight thecytoskeletonasatargetfor suppressionof inflammation.

Results

Establishment of localized S. flexneri infection in the zebrafish hindbrain
ventricle
Thehindbrainventricle(HBV) of zebrafishlarvaeisuniquelysuitedto analyzehost-pathogen
interactionsbecauseit isopticallyaccessibleandenablesanalysisof adirectedleukocyte
responseto acompartmentalizedinfection(Fig1A).WethereforecharacterizedtheHBV of
zebrafishlarvaeasaninfectionsitefor �. �������� M90T.Larvaeaged3 dayspostfertilization
(dpf) weremicroinjectedwith alow (� 3 x 103 CFU)or high (� 1 x 104 CFU)doseof bacteria
andtheir survivalwasassessedovertime (Fig1B).Larvaeinfectedwith alow doseof �. ��������
presented100%survival,whereasahighdoseof �. �������� resultedin thedeathof ~40%of lar-
vaewithin 48hourspostinfection(hpi). Wemeasuredthebacterialloadof infectedzebrafish
larvaeovertime byplatinghomogenatesof viablelarvae,excludingthosethathadalreadysuc-
cumbedto infection.Larvaeinfectedwith alow doseof �. �������� controlledbacterialreplica-
tion, whereaslarvaereceivingahighdoseof �. �������� wereassociatedwith anincreasing
bacterialburden(Fig1C).

To visualizethecourseof infection,larvaewereinfectedwith GFP-�. �������� M90Tand
imagedby fluorescencemicroscopy.In agreementwith bacterialenumerations,larvaethat
receivedalow doseinoculumshowedlimited proliferationof GFP-�. �������� (Fig1D). In con-
trast,larvaethat receivedahighdoseinoculumshowedincreasingbacterialburdensat24and
48hpi (Fig1D). Irrespectiveof thedoseused,�. �������� remainedin theHBV andforebrain
anddid not causesystemicinfection.Histologicalanalysesof transversesectionsof infected
larvaeconfirmedtheaggregationof �. �������� on wallsof theHBV (S1AFig).In humans,����
����� infectionandpathogenesisisstrictlydependentuponthetypeIII secretionsystem(T3SS)
[23]. To testtheroleof theT3SSin our infectionmodel,larvaewereinjectedwith T3SS-defi-
cient(T3SS-)�. �������� (�ï��� strain).Thesurvivalof zebrafishlarvaeinfectedwith T3SS-�.
�������� at low or highdosewas~100%(S1BandS1CFig),demonstratingthat theT3SScon-
tributesto �������� virulence�� ����.

WenextusedthezebrafishHBV modelof infectionto studythecontrol of �. �������� by leu-
kocytes.WeoutcrossedTg(�����:�������� ���� �Tg(�������:��	 .mCherr y)
�!� (herein
referredto as�����:���:mCherry) with Tg(���:GFP) ���� (hereinreferredto as���:GFP) to
generatedoubletransgeniczebrafishlarvaewith redmacrophagesandgreenneutrophils.Lar-
vaewereinfectedwith Crimson-�. �������� M90Tandleukocytebehaviorrecordedbyconfocal
microscopy.Usingalow doseof �. ��������, weobservedrapidaggregationof bacteriaon walls
of theHBV andby12hpi mostbacteriahadbeencleared(S1DFig,seealsoS1Video).Here,
macrophageswerethefirst leukocytesto arrive(from 20mpi) andengulfbacteria,however,as
wehavepreviouslyshownusingcaudalveininjections,�. �������� wereableto proliferate
within macrophagesandcausetheir death[6]. In contrast,neutrophilsaremassivelyrecruited
within hoursandbecomethepredominantleukocyte,andactivelyparticipatein thecontrol of
�. �������� byengulfingbothaggregatesof extracellularbacteriaanddebrisfrom macrophages
unableto control infection.WethusinfectedTg(�"#:dsRed)�#�$ (hereinreferredto as�"#:
dsRed)zebrafishembryos,atransgenicline in whichdsRedisexpressedspecificallyin
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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 M90T (green) injection in the HBV. B. Survival curves of larvae infected with a low (� 3 x 103 CFU) or high (� 1
x 104 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 Rank test. ���, 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 Student's t test. ���, 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.org/10.1371/journal.ppat.1006467.g001
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neutrophils[24]. In thecaseof alow dose,neutrophilsarerecruitedhoursfollowing infection
andcontrol �. �������� proliferation(Fig1E,seealsoS2Video).In contrast,ahighdoseof �.
�������� resultsin uncontrolledbacterialproliferationandconcomitantneutrophilcelldeath
(Fig1F,seealsoS3Video).Collectively,theseresultsdemonstratethat infectionof thezebra-
fishHBV isavaluablesystemto study�� ���� thecontrol of �������� infectionbyneutrophils.

Sept15 is required to control S. flexneri infection in vivo
Structuralanalysisof ahumanseptincomplexrevealedthatSEPT7isessentialfor septinfila-
mentassemblyandfunction [25]. Zebrafishhaveorthologsfor membersof all 4 humanseptin
groups(S1Table),includingSept15andSept7bwhichshare88.7%and92.5%identity with
humanSEPT7,respectively[26]. Confocalmicroscopyof zebrafishlarvaelabeledwith human
anti-SEPT7antibodyshowsthatSept15and/orSept7barepresentin epithelialcells,macro-
phages,andneutrophils(S2AFig).To investigatetheroleof septinsin hostdefence�� ����,
zebrafishlarvaewereinjectedwith control or Sept15morpholinooligonucleotideandinfected
with �. �������� (Fig2A).Ascomparedto infectedcontrol morphants,infectedSept15mor-
phantspresentsignificantlyreducedsurvivalandhigherbacterialloads(Fig2Band2C).Using
fluorescentmicroscopyweobservedthat in theabsenceof Sept15zebrafishlarvaefailedto
cleartheinfection,showingincreasingfluorescenceof GFP-�������� overtime (Fig2D,seealso
S4andS5Videos).In contrastto the~40%mortality observedfor Sept15morphantsinfected
with wild type�. ��������, Sept15morphantsinfectedwith avirulentT3SS-�. �������� present
~100%survival(S2BandS2CFig).Together,theseresultsshowthatsusceptibilityof Sept15
morphantsto �. �������� infectionisdependenton theT3SS,andsuggestthatseptinshavean
important role in thecontrol of �. �������� infection�� ����. To testif theseresultsarespecific
to Sept15,weperformedexperimentsusingamorpholinooligonucleotideagainstSept7b(S2D
Fig).Similarto resultsobtainedfor Sept15morphants,Sept7bmorphantsinfectedwith �. �����
���� presentsignificantlyreducedsurvivalandhigherbacterialloadsascomparedto infected
control morphants(S2EandS2FFig).To testif theimpactof septindepletionisspecificto
infectionof theHBV, Sept15morphantsweresystemicallyinfectedwith �. �������� via thecau-
dalvein(S2GandS2HFig).In thecaseof caudalveininfection,Sept15morphantspresent
~40%mortality ascomparedto control morphantswhichshowed100%survival.

Neutrophilsarecrucialto control �������� infection�� ���� [6]. To characterizetheability of
Sept15-depletedneutrophilsto clearGFP-�. ��������, weanalyzed�. ��������-neutrophil inter-
actionsat thelevelof thesinglecellusinghigh-resolutionconfocalmicroscopy(Fig2Eand2F,
seealsoS6andS7Videos).In bothcontrol andSept15morphants,neutrophilsaremassively
recruitedto theinfectionsitewheretheyengulfbacteria.Time-lapsemoviesconfirmedthat
neutrophilsfrom control morphantsreliablyclearalow doseof GFP-��������. In contrast,neu-
trophils from Sept15morphantsareunableto clearthesamedoseof ��������, andarekilled
uponbacterialchallenge.

S. flexneri induces neutrophil death in Sept15 morphants
To investigatethefateof neutrophilsduring infectionof Sept15-depletedzebrafish,weused
livecellimagingandmonitoredneutrophilsin �"#:dsRedcontrol or Sept15morphantsinfected
with GFP-�. ��������. Wequantifiedthetotalnumberof neutrophilsat thewholeanimallevel
in control or Sept15morphantsat3 dpf.Whereasneutrophilnumbersin control morphants
infectedfor 6h with alow doseof �. �������� arenot significantlydifferentfrom PBS-injected
larvae,larvaeinfectedfor 6 h with ahighdoseof �. �������� areneutropenic(Fig3A).Sept15
morphantsdevelopfewerneutrophilsthancontrol morphants,andwheninfectedfor 6 h with
alow or highdoseof �. ��������, neutrophilswerereducedevenfurther (Fig3B).Theinfection-
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Fig 2. Sept15 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 M90T (low dose). Pooled data from 3 independent experiments per
treatment using at least 15 larvae per treatment. Significance testing performed by Log Rank test. ��, P��0.01. C. Enumeration of
bacteria at 0, 24, or 48 hpi from Ctrl (open circles) or Sept15 (closed circles) morphants infected with S. flexneri M90T (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's t test. �, 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 M90T (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 M90T (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://doi.org/10.1371/journal.ppat.1006467.g002
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Fig 3. S. flexneri induces neutroph il death in Sept15 morphants. A-B. Quantification of neutrophils in 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 neutrophils in 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 Sept15 or Sept15 + Irf8 morphants infected with S. flexneri M90T (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://doi.org/10.1371/journal.ppat.1006467.g003
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mediateddecreasein neutrophilsisdependenton theT3SS,asinfectionwith T3SS-�. ��������
hasno effecton neutrophilnumberin eithercontrol or Sept15morphants(S3AandS3BFig).
To testif increasedmortality in Sept15morphantsisaresultof neutropenia,weco-injected
control or Sept15morphantswith amorpholinooligonucleotideagainstIrf8 (ageneinvolved
in leukocytedifferentiation[27]) to skewthemyeloidcellbalancetowardsneutrophils,and
infectedlarvaewith �. �������� (Fig3Cand3D). Increasingthenumberof neutrophilsisunable
to rescueSept15morphantsfrom mortality or increasingbacterialburdens,suggestingthat
susceptibilityof Sept15morphantsto �. �������� isnot becauseof areductionin neutrophils
��� 	� (Fig3Eand3F).Depletionof macrophagesby Irf8 knockdown[27] mayalsocontribute
to thesusceptibilityof Sept15morphants.Indeed,theablationof macrophagesbyexposureof
thetransgenicline Tg(�����:G/U:mCherry) to metronidazoleshowedthatmacrophagespro-
videsomeprotectionagainsthighdose�. �������� infection(S3CandS3DFig),likely because
macrophagesareimplicatedin theinitial phagocytosisof �������� andfacilitateneutrophil
scavengingcrucialfor hostdefence[6].

Sept15 restricts the inflammatory response in vivo
�. �������� iswellknown to induceinflammation�� ��%�� and�� ���� [6, 28,29].To identify
sourcesof inflammationin septin-depletedzebrafishlarvae,wefollowedthespatio-temporal
dynamicsof interleukin1 beta(�����) induction during �. �������� infection.For thisweout-
crossedTg(�����:GFP-F) #���$ (hereinreferredto as�����:GFP-F) atransgenicline which
expressesfarnesylatedGFPundercontrol of the����� promoter[30], with �"#:dsRedfor live
cellanalysisbyconfocalmicroscopy(Fig4A,seealsoS8andS9Videos).In bothcontrol and
Sept15morphantsinfectedwith Crimson-�. ��������, weobserved�����:GFP-F expressionin
neutrophils,macrophages,andepithelialcellssurroundingtheinfectionsite,indicatingthat
leukocytesandothercelltypescanbeasourceof ����� during �. �������� infection.To under-
standwhySept15morphantssuccumbto �. �������� infection,wetestedCaspase-1activity
(asareadoutof Il-1�� processingandmaturation[31]) in ��������-infected larvaeusing
FAM-YVAD-FMK, afluorochrome-labeledinhibitor of Caspase-1(FLICA) thatbindsspecifi-
callyto activeCaspase-1enzyme.Strikingly,Caspase-1activityissignificantlyincreasedin
Sept15morphantscomparedto control morphants(Fig4B).Caspase-1-mediatedsignaling
pathwaysareclosely-linkedto hostcelldeath[32]. To testwhetherincreasedmortality in
Sept15-depletedlarvaecorrelateswith increasedhostcelldeath,wequantifieddyingcellsin
theHBV of control andSept15morphantsinfectedfor 6 h with �. �������� usingacridine
orange(AO), anucleicacid-bindingdyewhichmarksdyingcells(Fig4Cand4D). In agree-
mentwith increasedCaspase-1activity,wedetectedasignificantincreasein numbersof AO-
positivecells(1.7� 0.3fold) in �. ��������-infected Sept15morphantsascomparedto control
morphants.Together,theseresultssuggestthathyper-inflammationisanunderlyingfactorin
thesusceptibilityof Sept15-deficientlarvaeto �. �������� infection.

Previouswork hasshownthatoverexpressionof leukotrieneA4 hydrolase(�%���) generates
inflammationdueto induction of tumor necrosisfactoralpha(%����), makingzebrafishmore
susceptibleto infectionby&"
���
%���'� �����'� [33]. To distinguishbetween%���� and���
�� inflammatorypathwaysin hostdefenceagainst�. ��������, weoverexpressed�%��� in zebra-
fish larvae(S4Fig).Overexpressionof �%��� significantlyincreasedtranscriptlevelsof %����
without affectinglevelsof ����� (S4AandS4BFig).However,theupregulationof %���� failedto
increasesusceptibilityto alow doseof �. �������� infection(S4CandS4DFig),stronglysuggest-
ing that increasedsusceptibilityof Sept15morphantsto �. �������� infectionisdependenton
theactivationof an����� signalingcascade.
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Reduction of inflammation by anakinra rescues Sept15-deficiency in vivo
Anakinraisanantagonistof IL-1 receptor(IL-1R)usedto preventinflammatoryshock,sepsis,
andauto-inflammatorysyndromesin humans[34,35].Anakinraisananalogueof humanIL-
1RA(interleukin1 receptorantagonist),anendogenousinhibitor of IL-1 thatbindscompeti-
tively to theIL-1 receptor.AlthoughanendogenousIl-1�� receptorantagonisthasnot been
reportedin fish,anakinrapresentscomparablehomologyto bothhumanandzebrafishIL-1��
(31.0%and29.7%respectively).Wetestedtheability of anakinrato reduceinflammationand
increaseprotectionin our �. ��������-zebrafish infectionmodel.Treatmentwith anakinrares-
cuedthesurvivalof neutrophilsandlarvaeinfectedwith ahighdoseof �. �������� (Fig5A and
5B),without significantlyaffectingtheenumerationsof bacterialburdenquantifiedfrom via-
blelarvae(Fig5C).

Fig 4. Sept15 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 M90T (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 103 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's t test. ��; P��0.01. C. Representative images of Ctrl and Sept15
morphants (Mo) infected with S. flexneri M90T 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's t test. ��, P��0.001. Pooled
data from 3 independent experiments per treatment using at least 6 larvae per treatment.

https://doi.org/10.1371/journal.ppat.1006467.g004
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Wenexttestedtheprotectiveeffectof anakinrain Sept15morphants.In theabsenceof
infection,neutrophilnumbersdo not differ betweencontrol andanakinra-treatedmorphants
(S5AFig).Remarkably,upon�������� infection,anakinrapreventedneutrophildeathandsig-
nificantly reducedthemortality of infectedSept15morphants(Fig5D and5E),without signifi-
cantlyaffectingenumerationsof bacterialburdenquantifiedfrom viablelarvae(Fig5F).
Collectively,theseresultsshowthat reductionof inflammationby therapycanpromoteneu-
trophil andzebrafishsurvivalduring �. �������� infection,andrescueseptin-deficiency�� ����.

Discussion
Thezebrafishisapowerfulnon-mammalianvertebratemodelto studytheinnateimmune
responseto bacterialinfection[36,37].Wehavepreviouslyused�������� infectionof the

Fig 5. Anakinr a therapy 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
M90T (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 M90T (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 Rank test. ��, P��0.01. C. Enumeration of bacteria at 0, 24, or 48 hpi from Ctrl
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
Sept15 Mo, uninfected (open circles) or infected for 6 h with a low dose of S. flexneri M90T (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
Sept15 morphants infected with S. flexneri M90T (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
Rank test. ��, 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://doi.org/10.1371/journal.ppat.1006467.g005
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zebrafishcaudalveinto studybacterialautophagy�� ���� [6]. Here,using�������� infectionof
thezebrafishHBV, werevealthatseptinshaveacrucialrole in restrictinginflammation��
����. Strikingly,anakinraisableto counteractseptin-deficiencybypreventingneutrophil
deathandreducingzebrafishmortality upon�. �������� infection.Thesefindingsrevealanovel
role for septinsin inflammationcontrol andhostdefence.

ThezebrafishHBV hasbeenusedto modelinfectionbyotherbacterialpathogensincluding
(�	%���� ����
"%�����	 [38], ���������� Typhimurium [39], )	�'*�����	 ���'����	� [40,41],
and&. �����'� [42]. In thecaseof (. ����
"%�����	, bacteriain theHBV disseminate2±3
dpi, spreadinginfectionto thetrunk andtail muscle.Although�. �������� iswellknown for
invasionandinflammatorydestructionof thehumanintestinalepithelium,andsimilarly to
(. ����
"%�����	 hastheability to form actintailsandspreadfrom cell-to-cell[43], wedid not
observe�. �������� disseminationoutsideof thezebrafishHBV or forebrainventricle.This
allowedusto analyze�. ��������-neutrophil interactionsin acompartmentalizedenvironment,
whereweobservedthat recruitedneutrophilsefficientlyengulfandeliminatealow doseof S.
��������. Thisneutrophilbehavioris in starkcontrastto HBV infectionsof non-pathogenic�.

���, whereneutrophilspoorlyengulffluid-bornebacteria[44]. Theseobservationsarelikely a
resultof �. �������� virulencefactorswhichpromotebacterialrecognitionandengulfmentby
neutrophils.

Therabbit ilealloopmodeliscommonlyusedto studythehostresponseto �������� infec-
tion [28]. Recently,amousemodelof shigellosisby intraperitonealinfectionhasbeen
described[29]. In bothanimalmodels,�. �������� inducestheexpressionof proinflammatory
cytokines,including IL-1�� andTNF-��, asobservedin humanssufferingfrom shigellosis[45].
However,mammalianmodelsremainpoorlysuitedto spatio-temporallyexaminetheinnate
immuneresponseto �������� �� ����. Bycontrast,thenaturaltranslucencyof zebrafishlarvae
enablesnon-invasive�� ���� imagingathigh resolutionthroughouttheorganism.Weshow
that �����:GFP-F larvaecanbeusedto visualizethespatio-temporaldynamicsof ����� during �.
�������� infection.In-depth investigationof infectionby �������� andotherbacteriathat induce
inflammatorysignals,including (. ����
"%�����	 and�. Typhimurium, will helpto describe
morepreciselythecoordinationbetweenseptinassemblyandinflammation.

Whenappliedasamodelof vertebratedevelopment,thezebrafishhasbeenkeyin linking
Sept9aandSept9bto growthdefects�� ���� [46]. In supportof ahighlyconservedrolefor sep-
tins amongstvertebrates,thedepletionof Sept15inducescelldifferentiationanddivision
defectsin thepancreaticendocrinecellsof zebrafishlarvae[47]. More recently,thezebrafish
hasbeenusedto highlight thecentralroleof Sept15in actin-basedmyofibril andcardiacfunc-
tion [48]. Septinsareknowncomponentsof theciliary diffusionbarrier in humans,andzebra-
fishSept6andSept15morphantspresentphenotypesresemblinghumanciliopathies,
highlightingtranslatabilityof thezebrafishasamodelfor thestudyof septinbiology�� ����
[26,49].Here,wereportdefectsin innateimmunity thatderivefrom Sept15depletion,includ-
ing inflammationandneutropenia,andshowthat inflammationincreasesthesusceptibilityof
neutrophilsto �. �������� infection.Themechanismsunderlyingcelldeathby �������� in epithe-
lial cells[50] andmacrophages(including apoptosis[51], necrosis[52], pyroptosis[53], and
pyronecrosis[54]), havebeenthesubjectof intenseinvestigation.Thezebrafishcanrepresent
auniqueexperimentalsystemto investigate��������-neutrophil interactionsanddissectthe
molecularfeaturesunderlying��������-mediated hostcelldeath�� ����. Moreover,it isenvi-
sionedthat insightsinto neutrophilbiologyarisingfrom our �. ��������-zebrafish modelcan
enablenoveltherapeuticapproachestowardsdiseaseswith animportant neutrophil
component.

Thedysregulationof IL-1�� isassociatedwith awidevarietyof inflammatorydiseases[55].
Interventioninto thispro-inflammatorypathway,eitherbyblockingIL-1Ror bypreventing

Zebrafish septins restrict Shigella infection in vivo

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1006467 June 26, 2017 11 / 22



theprocessing/ secretionof IL-1��, iscritical for treatment[34]. Forexample,anakinrahas
beenusedto reduceIL-1�� levelsin amousemodelof chronicgranulomatousdisease(CGD),
animmunodeficiencycharacterizedbydefectiveproductionof ROS[56]. Anakinrahasalso
beeneffectivein treatmentof humanpatientswith Schnitzlersyndrome(anautoimmunedis-
order)or with mutationsin cold-inducedautoinflammatorysyndrome1 gene(CIAS1)[57].
Resultsobtainedfrom our �. ��������-zebrafish HBV infectionmodelshowthatseptinsplaya
keyrole in therestrictionof inflammationandneutrophilclearanceof �. ��������. Otherstudies
performedin zebrafishhaveidentifiedarole for theinflammasomein leukocyteclearanceof
(. ����
"%�����	 and�. Typhimurium [58,59].What is thepreciseroleof septinsin inflam-
mation?Septinsareauniquecomponentof thecytoskeletonthatassociatewith cellularmem-
branes,actinfilaments,andmicrotubules[1]. Previouswork hasdescribedarole for theactin
cytoskeletonin inflammationcontrol,by regulatingtheNLRP3andpyrin inflammasomes
[10±14].Wehypothesizethatseptinsinteractwith componentsof theinflammasomeandreg-
ulateassemblyof thismultiprotein complex.Althoughapreciserole for septinsin theassem-
bly andactivityof theinflammasomeawaitsinvestigation,theseresultsaddweightto previous
studieslinking inflammationandthecytoskeleton,andsuggestthat targetingthecytoskeleton
canrepresentanimportant anti-inflammatorystrategy.It is increasinglyrecognizedthat inter-
actionsbetweeninflammationandthecytoskeletonplayimportant rolesin determiningdis-
easeoutcome.It will nowbeof greatinterestto further studythelink betweenseptinsand
inflammation,andpursuecomponentsof thecytoskeletonasnovelmoleculartargetsfor inhi-
bition of inflammation.

Material and methods

Ethics statement
Animal experimentswereperformedaccordingto theAnimals(ScientificProcedures)Act
1986andapprovedby theHomeOffice(Projectlicense:PPL70/7446).

Zebrafish care and maintenance
Wild typeAB werepurchasedfrom theZebrafishInternationalResourceCenter(Eugene,
OR).Tg(�����:Gal4-FF) ���� /Tg(�������:��	 .mCherry) 
�!� , Tg(�"#:dsRed)�#�$ , Tg(���:
GFP)���� , Tg(�����:YFP) +�$$ andTg(�����:GFP-F) #���$ transgeniczebrafishlinesaredescribed
previously[24,30,60±62].Eggswereobtainedbynaturalspawningandrearedin Petridishes
containing0.5xE2watersupplementedwith 0.3�g/ml methyleneblue(embryomedium)
[63]. Formicroscopy,embryomediumwassupplementedwith 0.003%1-phenyl-2-thiourea
(Sigma-Aldrich)from 1 dpf to preventmelanization.Bothembryosandinfectedlarvaewere
rearedat28.5ÊC.All timingsin thetextreferto thedevelopmentalstageat thereferencetem-
peratureof 28.5ÊC[64]. Larvaewereanesthetizedwith 200�g/ml tricaine(Sigma-Aldrich)in
embryomediumfor injectionsandduring �� ���� imaging.

Zebrafish bacterial infections
Bacterialstrainsusedin thisstudywerewildtypeinvasive�. �������� serotype5aM90Texpress-
ing greenfluorescentprotein (GFP),mCherry,or Crimson(GFP-�. ��������, mCherry-�. �����
����, or Crimson-�. �������� respectively)andT3SS�non-invasivevariant(�ï���) expressing
mCherry[6]. �. �������� wereculturedovernightin trypticasesoybroth,diluted80xin fresh
trypticasesoybroth,andcultureduntil A600nm= 0.6.For injectionof zebrafishlarvae,bacteria
wererecoveredbycentrifugation,washedandreconstitutedat thedesiredconcentrationin
PBSwith 0.1%phenolred.At 3 dpf,zebrafishlarvaeweremicroinjectedin theHBV with up to
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1nl bacterialsuspensionasdescribedpreviously[65]. A low dosewasdefinedas0.5±3.0x 103

CFU;ahighdosewasdefinedas1.0±2.2x 104 CFU.Inoculumswerechecked� ��	%������ by
injectinginto PBSandplatingonto Luria Broth (LB) agar.Larvaeweremaintainedin individ-
ualwellsof 24-wellculturedishescontainingembryomedium.

Measurement of bacterial burden
At indicatedtime points,larvaeweresacrificedwith tricaine,lysedin PBSwith 0.4%Triton X-
100andhomogenized.Serialdilutionsof homogenateswereplatedonto LBagarsupple-
mentedwith theappropriateantibioticandCFUenumeratedafter24h incubationat37ÊC;
only fluorescentcolonieswerescored.Only viablelarvaewereusedfor CFUenumerations.

Morpholino and RNA injections
Antisensemorpholinooligonucleotideswereobtainedfrom GeneTools(www.gene-tools.
com).Morpholino sequence5'-ACTCACCTTAAACAGGAAAGCAAGC-3'wasdesignedto
targetzebrafishSept15(ENSDARG00000102889).Morpholino sequence5'-GAAACATCTT
CACTTCGTACCTGAA-3'wasdesignedto targetzebrafishSept7b(ENSDARG00000052673).
A standardmorpholinosequencewith no knowntargetin thezebrafishgenomewasusedasa
control [6]. To increaseneutrophilnumbers,embryoswereinjectedwith Irf8 spliceblocking
morpholinoaspreviouslydescribed[27]. Morpholinosweredilutedto thedesiredfinal con-
centrations(0.5mM for Sept7bandSept15morpholinos,1mM for Irf8 morpholino) in 0.1%
phenolredsolution(Sigma-Aldrich)and0.8nl/embryoinjected.ForLeukotrieneA4 hydro-
lase(�%���) overexpressionexperiments,1.2nl of 200ng/�l RNA wasinjected,aspreviously
described[33]. Morpholino andRNA injectionswereperformedon 1±8cellstageembryos.

Live imaging, image processing, and analysis
Whole-animal�� ���� imagingwasperformedon anaesthetizedzebrafishlarvaeimmobilized
in 1%low meltingpoint agarosein 60mm Petridishesaspreviouslydescribed[65]. Transmis-
sionandfluorescencemicroscopywasdoneusingaLeicaM205FAfluorescentstereomicro-
scope.Imagingwasperformedwith a10x(NA 0.5)dry objective.Multiple-field Z-stackswere
acquiredevery15min for experimentsinvolvingneutrophil recruitmentto HBV infection.
Forhigh resolutionconfocalmicroscopy,infectedlarvaewerepositionedin 35mm glass-bot-
tom dishesandimmobilizedin 1%low meltingagaroseasdescribedin [65]. Confocalmicros-
copywasperformedusingZeissLSM710,LeicaSPE,or LeicaSP8microscopesand10x,20x,
40xoil, or 63xoil immersionobjectives.For time-courseacquisitions,larvaeweremaintained
at28.5ÊC.AVI/MOV fileswereprocessedandannotatedusingImageJ/FIJIsoftware.

Histologic sections
Zebrafishlarvaewereinfectedwith �. �������� in theHBV at3dpf.At 6 hpi, embryoswere
fixedwith 4%paraformaldehydeovernightat4ÊC.Embryoswerewashed3 timesin PBSand
mountedin 1%agarose.Theagarosewasdehydratedin aseriesof ethanolfrom 70to 100%
andthenin 100%xyleneandembeddedin paraffin.Transversalsectionsof theheadwere
stainedwith hematoxylinandeosin(H&E). H&E-stainedtissueswereimagedwith anAxio
Lab.A1microscope(CarlZeissMicroImagingGmbH,Germany)andimagesacquiredusing
anAxio CamERc5scolourcamera.ImageswereprocessedusingAxioVision (CarlZeiss
MicroImagingGmbH,Germany).
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qRT-PCR
TotalRNA from 5 snap-frozenlarvaewasextractedusingRNAqueousKit (Ambion). cDNA
wasobtainedusingQuantiTectreversetranscriptionkit (Qiagen).Primersfor ����� and%����
werepreviouslydescribed[66]. Foreachexperiment,quantitativePCRwasperformedin tech-
nicalduplicateusingaRotor-GeneQ(Qiagen)thermocyclerandSYBRgreenreactionpower
mix (AppliedBiosystems).To normalizecDNA amounts,weusedthehousekeepinggene
������� [6] andthe2-�ï�ïCT method[67].

Caspase-1 activity and cell death detection
Caspase-1activitywasdeterminedusingaFAM-FLICA Caspase-1AssayKit (Immuno-
ChemistryTechnologies)asdescribedpreviously[68]. Briefly,a150xstocksolutionof
FAM-YVAD-FMK waspreparedaccordingto themanufacturer'sguidelines.Thestockwas
diluted to 1x in embryomediumand5±10larvaeperexperimentalgroupbathedin thestain-
ing solutionfrom 4.5hpi to 6 hpi at28.5ÊC.For celldeathdetection,larvaewerebathedat6
hpi in 2 �g/ml Acridine Orangein embryomediumfor 30min. Larvaewerewashed3 times
in embryomediumprior to imagingbyconfocalmicroscopy.

Whole-mount immunostaining
Wholemountimmunostainingof zebrafishwasperformedusingastandardprotocol[65]. To
detectseptinsin neutrophilsandmacrophages,Tg(���:GFP) ���� andTg(�����:YFP) +�$$ lar-
vaewerelabelledwith humananti-SEPT7antibody(IBL), respectively.

Immunoblotting
To extractzebrafishproteins,5±8larvaewerelysedin lysisbuffer(1 M Tris,5M NaCl,0.5M
EDTA,0.01%Triton X-100)andhomogenizedwith pestles.After centrifugationat4ÊCfor 15
min, supernatantswererun on 8%acrylamidegels.Extractswereblottedwith anti-SEPT7
(IBL) or anti-GAPDH(GeneTex)asaloadingcontrol.

Drug treatments
Macrophageswereablatedbyexposureof Tg(�����:Gal4-FF) ���� /Tg(�������:��	 .mCher-
ry)
�!� larvaeto metronidazole(10mM, Sigma-Aldrich)in embryomediumsupplemented
with 1%DMSO(Sigma-Aldrich).Metronidazolewasadministeredat2dpf for 24h andlarvae
washed3 timesprior to infection.Foranakinraexperiments,theembryomediumwassupple-
mentedwith anakinra(10�M, Kineret)from 1dpf andrefresheddailyuntil completionof the
assayat48hpi.

Statistical analysis
Dataarerepresentedasmean� SEM.StatisticalsignificancewasdeterminedusingLogRank
test(survivalcurves),unpairedtwo-tail Student's%test(on log10valuesof CFUcounts,and
log2geneexpressiondata),or ANOVA with Bonferroniposttestasspecifiedin thefigureleg-
ends(neutrophilcounts,Caspase-1activity)usingPrismsoftware(GraphPadSoftwareInc).
DatawereconsideredsignificantwhenP<0.05(� ), P<0.01(� � ), or P<0.001(� � � ).

Supporting information
S1Fig. �. �������� infection of the zebrafishhindbrain ventricle.A. Transversesectionof lar-
vae(3 dpf) infectedin theHBV with �. �������� M90T(low dose)for 6h.Arrow indicatesthe
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localisationof thebacteriainsidetheventricle.Scalebar,50�m. E,eye;M, midbrain ventricle.
B.Survivalcurvesof larvaeinfectedwith low (� 3x 103 CFU)or high (� 1 x 104 CFU) inocu-
lum of T3SS-�. �������� ,�ï��� strain)usingat least15larvaeperexperiment.Significance
testingperformedbyLogRanktest.C.Enumerationof bacteriaat0,24,or 48hpi from larvae
infectedwith low (opencircles)or high (closedcircles)doseof �. �������� M90Tusingup to 3
larvaepertreatment.Circlesrepresentindividual larvae.Mean� SEMalsoshown(horizontal
bars).SignificancetestingperformedbyStudent'st test.� � , P<0.01;� � � , P<0.001.Notebacte-
rial loaddoesnot significantlydecreasein highly infectedfishbecauseof thehighbacteria:leu-
kocyteratio andthusmoretime is requiredto clearthebacterialburden.D. Framesextracted
from �� ���� time-lapseconfocalimagingof �����:���:mCherry x ���:GFP larvae(3 dpf)
injectedin theHBV with low doseof Crimson-�. ��������. First frame20mpi, followedby
framesat1,3,and12hpi. MaximumintensityZ-projectionimages(2 �m serialopticalsec-
tions)areshown.Scalebars,50�m. SeealsoS1Video.
(TIF)

S2Fig.Sept15andSept7bmorphantsshowincreasedsusceptibility to �. �������� infection.
A. Immunostainingof zebrafishlarvaeat3dpf with antibodyagainstSEPT7(red) in cellsof the
caudalfin epithelium(a),aneutrophil (���:GFP labeled)(b), andamacrophage(�����:-�)
labeled)(c).Scalebars,10�m. B.Survivalcurvesof Ctrl or Sept15morphantsinfectedwith
T3SS-�. �������� ,�ï��� strain,low dose).Pooleddatafrom 3 independentexperimentsper
treatmentusingat least15larvaeperexperiment.SignificancetestingperformedbyLogRank
test.C.Enumerationof bacteriaat0,24,or 48hpi from Ctrl (opencircles)or Sept15(closedcir-
cles)morphantsinfectedwith T3SS-�. �������� (�ï��� strain).Circlesrepresentindividual lar-
vae,andonly larvaehavingsurvivedtheinfection(thusfar) includedhere(i.e.,deadlarvaenot
homogenisedfor counts).Half-filled circlesrepresentenumerationsfrom larvaeat time 0and
arerepresentativeof inoculumsfor bothconditions.Pooleddatafrom 3 independentexperi-
mentsusingup to 3 larvaepertreatment.Mean� SEMalsoshown(horizontalbars).Signifi-
cancetestingperformedbyStudent'st test.D. Representativewesternblot of extractsfrom
larvaeinjectedwith Ctrl or Sept7bmorpholino (Mo) usingantibodiesagainstGAPDH(ascon-
trol) or SEPT7.E.Survivalcurvesof Ctrl or Sept7bmorphantsinfectedin theHBV with �. �����
���� M90T(low dose).Pooleddatafrom 3 independentexperimentspertreatmentusingat
least15larvaepertreatment.SignificancetestingperformedbyLogRanktest.� � � , P<0.001.
F.Enumerationof bacteriaat0,24,or 48hpi from Ctrl (opencircles)or Sept7b(closedcircles)
morphantsinfectedwith �. �������� M90T(low dose).Half-filled circlesrepresentenumerations
from larvaeat time 0andarerepresentativeof inoculumsfor bothconditions.Pooleddatafrom
3 independentexperimentsusingup to 3 larvaepertreatment.Circlesrepresentindividual lar-
vae,andonly larvaehavingsurvivedtheinfection(thusfar) includedhere(i.e.deadlarvaenot
homogenisedfor counts).Mean� SEMalsoshown(horizontalbars).Significancetestingper-
formedbyStudent'st test.� , P<0.05.G.Survivalcurvesof Ctrl or Sept15morphantsinfectedin
thecaudalveinwith �. �������� M90T(low dose).Pooleddatafrom 3or moreindependent
experimentspertreatmentusingat least15larvaeperexperiment.Significancetestingper-
formedbyLogRanktest.� � , P<0.01.H. Enumerationof bacteriaat0,24,or 48hpi from Ctrl
(opencircles)or Sept15(closedcircles)morphantsinfectedwith �. �������� M90T in thecaudal
vein.Circlesrepresentindividual larvae,andonly larvaehavingsurvivedtheinfection(thusfar)
includedhere(i.e.,deadlarvaenot homogenisedfor counts).Half-filled circlesrepresentenu-
merationsfrom larvaeat time 0andarerepresentativeof inoculumsfor bothconditions.Pooled
datafrom 3 independentexperimentsusingup to 3 larvaepertreatment.Mean� SEMalso
shown(horizontalbars).SignificancetestingperformedbyStudent'st test.� � , P<0.01.
(TIF)
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S3Fig.The role of the T3SSandmacrophagesin �. �������� pathogenesis�� 	�	
. A-B.
Quantificationof neutrophilsin �"#:dsRedlarvaeinjectedwith (A) Ctrl or (B) Sept15morpho-
lino (Mo), uninfected(opencircles)or infectedfor 6 h with alow (closedcircles)or high
(closedsquares)doseof T3SS-�. �������� ,�ï��� strain),from 4 or morelarvaepertreatment
from 2 independentexperiments.Circlesrepresentindividual larvae.Significancetestingper-
formedbyANOVA with Bonferroniposttest.C.Survivalcurvesof Ctrl or macrophageablated
(metronidazoletreatedTg(�����:Gal4-FF)/Tg(��� ����:nfsB.mCherry)) larvaeinfectedin the
HBV with �. �������� M90T(low dose).Pooleddatafrom 3 independentexperimentspertreat-
mentusingat least15larvaepertreatment.SignificancetestingperformedbyLogRanktest.
� � � , P<0.001.D. Enumerationof bacteriaat0,24,or 48hpi from Ctrl (opencircles)or macro-
phageablated(closedcircles)larvaeinfectedwith �. �������� M90T(low dose).Half-filled cir-
clesrepresentenumerationsfrom larvaeat time 0 andarerepresentativeof inoculumsfor both
conditions.Pooleddatafrom 3 independentexperimentsusingup to 3 larvaepertreatment.
Circlesrepresentindividual larvae,andonly larvaehavingsurvivedtheinfection(thusfar)
includedhere(i.e.,deadlarvaenot homogenisedfor counts).Mean� SEMalsoshown(hori-
zontalbars).SignificancetestingperformedbyStudent'st test.
(TIF)

S4Fig.Upregulation of ���� doesnot increasesusceptibility to �. �������� infection. A-B.
Relativeexpressionof %���� and����� in larvaeinjectedwith �%��� RNA (�%��� high).
Mean� SEMfrom 3 independentexperimentspertreatmentusingat least5 larvaeperexperi-
ment.SignificancetestingperformedbyStudent'st test.� , P<0.05.C.Survivalcurvesof con-
trol and�%��� high larvaeinfectedwith �. �������� M90T(low dose).Pooleddatafrom 3
independentexperimentspertreatmentusingat least15larvaepertreatment.Significance
testingperformedbyLogRanktest.D. Enumerationof bacteriaat0,24,or 48hpi from Ctrl
(opencircles)or �%��� high (closedcircles)larvaeinfectedwith �. �������� M90T(low dose).
Half-filled circlesrepresentenumerationsfrom larvaeat time 0 andarerepresentativeof inoc-
ulafor bothconditions.Pooleddatafrom 3 independentexperimentsper inoculumclass
usingup to 3 larvaepertreatment.Circlesrepresentindividual larvae,andonly larvaehaving
survivedtheinfection(thusfar) includedhere(i.e.,deadlarvaenot homogenisedfor counts).
Mean� SEMalsoshown(horizontalbars).SignificancetestingperformedbyStudent'st test.
(TIF)

S5Fig.Anakinra therapydoesnot restoreneutrophil number in Sept15morphants.A.
Quantificationof neutrophilsin �"#:dsRedlarvaeinjectedwith Sept15morpholino,untreated
(opencircles)or treatedwith anakinra(greycircles),from 3 independentexperimentsusing
up to 5 larvaepertreatment.Control valuesalsorepresentedin Fig5D.Circlesandsquares
representindividual larvae.Mean� SEMalsoshown(horizontalbars).Significancetesting
performedbyANOVA with Bonferroniposttest.
(TIF)

S1Table.Classificationof zebrafishseptins.Zebrafishseptinsweredeterminedusingthe
Ensembldatabase(ensembl.org),bysearchingthezebrafishgenomeassembly(version
GRCz10)for proteinscontainingtheseptin-typeguaninenucleotide-binding(G) domain
(IPR030379).TheclosesthumanhomologswereidentifiedbyBLASTof individual protein
sequencesto UNIPROTdatabase(www.uniprot.org).Whenmultiple isoformsof zebrafish
septinsarereportedin Ensembl,theonereferencedin RefSeq(www.ncbi.nlm.nih.gov/refseq/)
is reportedhereandadoptedfor proteinsearch.In casesof multiple isoformsreferencedin
RefSeq,weselectedtheprincipal isoformaccordingto annotationsreportedbyEnsembl
(APPRISannotations,http://appris.bioinfo.cnio.es).%identity representstheidentity of
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individual zebrafishseptinsto thecanonicalisoformof theclosesthumanseptin.Positionof
theseptin-typeG-domainwaspredictedusinghttp://prosite.expasy.org.� partialsequence;
� � Incompleteseptin-typeG-domain.
(TIF)

S1Video. Macrophageandneutrophil interactions with �. �������� in the zebrafishhind-
brain ventricle (relatedto S1DFig). Doubletransgenic�����:���:mCherry x ���:GFP zeb-
rafishlarvainfectedat3dpf in theHBV with alow doseof Crimson-�. �������� M90Tandlive
imagedatconfocalmicroscopeevery1 min 30secfrom 20mpi (t = 0on themovie)until 16
hpi (t = 15h 45min on themovie).At thebeginningof theacquisitionfewmacrophages
(mCherry+cells)havealreadybeenrecruitedto theinjected�. �������� (white).Notethemac-
rophagefull of bacteria(mCherry+cellfull of whitebacteria).At t = 1 h 36min on themovie,
thismacrophageroundsup,dies,andis rapidlyengulfedbyneutrophils(GFP+cells).Neutro-
philsarerecruitedto theinjectedbacteriafrom 1 hpi, theyaccumulateprogressivelyin the
HBV interactingwith theinjectedbacteria.Notethat thebacteriaclusterandaggregateon the
wallsof theventriclewheretheyareengulfedbyneutrophils.Maximumintensityprojection
(2 �m Z serialsections)isshown.
(MOV)

S2Video. Neutrophils control �. �������� infection in the hindbrain ventricle (relatedto Fig
1E).�"#:dsRedzebrafishlarvainfectedat3 dpf in theHBV with alow doseof GFP-�. ��������
M90Tandlive imagedevery1 min from 20mpi (t = 0 on themovie)to 20hpi (t = 19h 30min
on themovie)usingconfocalmicroscopy.Neutrophilsarerecruitedto thebacteriaandeffi-
cientlyengulfthemastheyclusterandaggregateon thewallsof theventricle.Notethatneutro-
philsactasaswarmin engulfingthebacteria.Maximumintensityprojection(2 �m serialZ
sections)isshown.
(MOV)

S3Video. Neutrophils succumbto ahigh doseof GFP-�. �������� infection in the hindbrain
ventricle (relatedto Fig 1F). �"#:dsRedzebrafishlarvainfectedat3 dpf in theHBV with ahigh
doseof GFP-�. �������� M90Tandimagedevery1 min 31secfrom 20mpi to 20hpi usingcon-
focalmicroscopy.Neutrophils(dsRed+cells)arerecruitedto thebacteriafrom 1hpi and
engulfthem.By3 h 30mpi (3 h 00min on themovie),neutrophilsfail to eliminatethe
engulfedbacteriaandstartto die,presumablykilled by �. �������� overtime.Notetheaccumu-
lation of greenbacteriainsidedsRed+neutrophils,andeventualdeathof thelarvae.Maximum
intensityprojection(2 �m serialZ opticalsections)isshown.
(MOV)

S4Video. Neutrophils control �. �������� in the hindbrain ventricle (relatedto Fig 2D). �"#:
dsRedzebrafishembryoswereinjectedwith Ctrl morpholinoandinfectedat3dpf in theHBV
with alow doseof GFP-�. �������� M90T,andimagedevery15min for 45h usingfluorescent
stereomicroscopy.
(MOV)

S5Video. Neutrophils in Sept15morphants fail to control �. �������� in the hindbrain ven-
tricle (relatedto Fig 2D). �"#:dsRedzebrafishembryoswereinjectedwith Sept15morpholino
andinfectedat3 dpf in theHBV with alow doseof GFP-�. �������� M90T,andimagedevery
15min for 45h usingfluorescentstereomicroscopy.
(MOV)

S6Video. High resolution imaging of neutrophils controlling �. �������� infection (related
to Fig 2E).�"#:dsRedzebrafishembryoswereinjectedwith Ctrl morpholinoandinfectedat3
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dpf in theHBV with alow doseof GFP-�. �������� M90Tandlive imagedevery2 min from 20
mpi (t = 0 on themovie)to 20h 30mpi (t = 20h on themovie)usingconfocalmicroscopy.As
shownin S2Video,neutrophils(dsRed+cells)arerecruitedto theHBV by1 hpi wherethey
interactwith GFP�. �������� clusteredandaggregatedalongtheHBV wall.Neutrophilspro-
gressivelyengulfandeliminate�. ��������, aswellasdying infectedmacrophages(dsRed-GFP
+ cells).Maximum intensityprojection(2�m serialZ opticalsections)isshown.
(MOV)

S7Video. High resolution imaging of neutrophils in Sept15morphants failing to control
�. �������� infection (relatedto Fig 2F). �"#:dsRedzebrafishembryoswereinjectedwith
Sept15morpholinoandinfectedat3 dpf in theHBV with alow doseof GFP-�. �������� M90T
andimagedevery2 min from 20mpi (t = 0 on themovie)to 20h 30mpi (t = 20h on the
movie)usingconfocalmicroscopy.S6andS7Videoswereacquiredat thesametime.Note
thatat thebeginningof thismovie,neutrophilbehaviourfrom Sept15morphantissimilar to
thatof Ctrl morphant:neutrophilsarerecruitedby1 hpi andinteractwith �. ��������, and
engulfthebacteriaanddyingmacrophages(dsRed-GFP+cells).However,by6hpi neutro-
philsfail to control theinfection(fail to engulfbacteria,fail to engulfdyingmacrophages)con-
comitantwith massiveproliferationof thebacteria.Maximum intensityprojection(2�m serial
Z opticalsections)isshown.
(MOV)

S8Video. Spatio-temporalinduction of ����� in control morphant infectedwith �. ��������
(relatedto Fig 4A). DoubletransgenicTg(�����:GFP-F) x Tg(�"#:dsRed)zebrafishembryos
injectedwith Ctrl morpholinoandinfectedat3 dpf in theHBV with alow doseof Crimson-�.
�������� M90T(labelledgreenin themovie)andimagedevery3 min from 20mpi to 20h 20
mpi usingconfocalmicroscopy.Neutrophil (dsRed+cells)arerecruitedto theinjectedbacte-
ria. �����:GFP expressingcells(labelledwhite in themovie)startto appearfrom 3h30mpi.
Cellswhichare�����+ (membrane)anddsRed-arepresumablymacrophages.Cellswhichare
�����+ (membrane)anddsRed+(cytoplasmic)arepresumablyneutrophils.At theendof the
acquisitionbacteriahavebeenengulfedby leukocytesandtheinfectioniscontrolled.Maxi-
mum intensityprojection(2�m serialZ opticalsections)isshown.
(MOV)

S9Video. Spatio-temporalinduction of ����� in Sept15morphant infectedwith �. ��������
(relatedto Fig 4A). DoubletransgenicTg(�����:GFP-F) x Tg(�"#:dsRed)zebrafishembryos
wereinjectedwith Sept15morpholinoandinfectedat3dpf in theHBV with alow doseof
Crimson-�. �������� M90T(labelledgreenin themovie)andimagedevery3 min from 20mpi
to 20h 20mpi usingconfocalmicroscopy.S8andS9Videoswereacquiredat thesametime.
Neutrophils(dsRed+cells)arerecruitedto theinjectedbacteria.HoweverSept15morphants
progressivelyfail to control �. ��������, andneutrophilsdieconcomitantwith bacterialprolifer-
ation.Thefirst ����� producingcells(herelabelledin white)areleukocytesobservedfrom 3
hpi. Strikingly,in contrastto Ctrl morphants,Sept15morphantsshowincreasing����� induc-
tion in neutrophils,macrophages,andepithelialcellssurroundingtheinfectionsite.Maximum
intensityprojection(2�m serialZ opticalsections)isshown.
(MOV)
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