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Abstract

Background

Culex mosquitoes are vectors for a variety of pathogens of public health concern. New indi-
cators of exposure to Culex bites are needed to evaluate the risk of transmission of associ-
ated pathogens and to assess the efficacy of vector control strategies. An alternative to
entomological indices is the serological measure of antibodies specific to mosquito salivary
antigens. This study investigated whether the human IgG response to both the salivary
gland extract and the 30 kDa salivary protein of Culex quinquefasciatus may represent a
proxy of human exposure to Culex bites.

Methodology/Principal findings

A multidisciplinary survey was conducted with children aged 1 to 14 years living in neighbor-
hoods with varying exposure to Culex quinquefasciatus in the city of Bouakd, Céte d'lvoire.
Children living in sites with high exposure to Cx quinquefasciatus had a significantly higher
IgG response to both salivary antigens compared with children living in the control site
where only very few Culex were recorded. Moreover, children from any Culex-high exposed
sites had significantly higher IgG responses only to the salivary gland extract compared with
children from the control village, whereas no difference was noted in the anti-30 kDa IgG

response. No significant differences were noted in the specific IgG responses between age
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and gender. Sites and the use of a bed net were associated with the level of IgG response to
the salivary gland extract and to the 30 kDa antigen, respectively.

Conclusions/Significance

These findings suggest that the IgG response to Culex salivary gland extracts is suitable as
proxy of exposure; however, the specificity to the Culex genus needs further investigation.
The lower antigenicity of the 30 kDa recombinant protein represents a limitation to its use.
The high specificity of this protein to the Culex genus makes it an attractive candidate and
other specific antibody responses might be more relevant as a biomarker of exposure.
These epidemiological observations may form a starting point for additional work on devel-
oping serological biomarkers of Culex exposure.

Author summary

The evaluationof exposurgo mosquitoess akeyparametetin assessinthperisk of trans-
missionof associategathogensincluding zoonoses=ntomologicamethodsrepresent
the gold standardbut haveseveralimitations, and effortsarebeingmadeto developnew
indicatorsto accuratel\assessumanz contact.This studyshowedhe IgG response
to salivaryglandextractis suitableproxy of exposurego
bites.Thelowerantigenicityof the 30kDarecombinantprotein representslimitation to
its use.The high specificityof this proteinto the Culexgenusmakest anattractivecandi-
dateandotherisotypicantibodyresponsespecificto this salivaryantigenmight bemore
relevantasabiomarkerof exposure.

Introduction

mosquitoegDiptera: Culicidae)arewidespreadjlobally,excepin Antarctica.They
canbefoundin tropicalandtemperateareasyith morethan 770specieslescribecand
groupedinto 26subgeneralheycanfeedboth on humansandanimalg[1,2]increasingheir
potentialfor transmissiorof zoonoticdiseaseandtherebymakingthemarealthreatto public
health. isthe mostcommonmosquitospecie$n urbantropical settings
[3] andisresponsibldor thetransmissiorof awide varietyof pathogenssuchasfilaria para-
sitesincluding that causdymphaticfilariasis[4], andavianmalariapara-
sites( ). It canalsotransmitnumeroushumanvirusesjncluding West
Nile, JapanesencephalitisSaintLouis,and Rift Valleyfeverviruseg5]. Moreover,evenin the
absencef diseas¢éransmissionthesemosquitoesareaseriousuisanceasbiting pestswvorld-
wide[6].

mosquitoesarewidespreadn Céte d'lvoire [7] andahigh seroprev-

alenceof WestNile virus (WNV) hasbeenreportedin horseq8]. Human lymphaticfilariasis
isendemicin manydistricts[7] wheremasddrug administrationhasbeenintroducedsince
2014to stopthe spreadof theinfection,asrecommendedy the World HealthOrganization
[9]. Thus,in theabsencef humanvaccinesgainsmostofthe -borne diseaseandthe
difficultiesto coverall endemicareaswith drug treatment diseaséransmissiorcould bepre-
ventedthroughthereductionof populationsThe control of vectorpopulationconsists
of personalie.g. long-lastinginsecticide-treatedhosquitonets)andcollectivestrategiege.g.,
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improvementof the living environment,indoor residualsprayingof insecticidespr innova-
tive approachesuchastheradiation-basedterileinsecttechnique[10].

Themostcommonapproachefor evaluatingherisk of diseaséransmissiorandthe effec-
tivenesof vectorcontrol strategiesrebasedn entomologicamethodg11,12].However,
theyhavesomelimitations becausg¢heyarelabor-intensivefacebudgetaryandlogisticalcon-
straints,and haveethicallimitations whenhuman-landingcatchegHLCs) aredeployed13].
AlthoughHLCsarethe currentrelevantindicatorsof the intensity of contactbetweerhumans
andvectorsthesemeasuresregenerallyappliedto alimited area/populatioranddo not take
into accountthe heterogeneityf inter-individual exposureThereforethereis ademandfor
thedevelopmenbof alternativestrategie$o accuratelyevaluatdhumanexposurgo mos-
quito bitesatindividual level,andto estimatehe potentialrisk of ~ -borne pathogertrans-
missionin exposegopulations.

During blood-feedinggconcomitantlyto bloodintake, femalemosquitoesnject salivacon-
taining acocktailof biologicallyactiveproteinsthat counterachosthomeostasiand modulate
thevertebratémmuneresponsg14,15].Theinjection of vectorsalivacanalsoelicit ahost
antibodyrespons@againssomesalivaryproteinsandaninterestingapproachexploitsthe
immunologicalpropertiesof mosquitosalivain orderto developserologicabiomarkersof
exposurago mosquitobites[16+19].However the useof wholesalivaasan antigensource
presentsiumerouslimitations. Salivacollectionor salivaryglanddissectioris tediousand
time-consumingwork, andthe compositionof salivaryproteins(natureandamount)varies
dependingon the mosquitoageandthetime sinceblood-feedind20,21].Additionally, some
salivaryproteinsareubiquitousin variousvectorgenergd22+25],which canleadto human
antibodycross-reactionThus, it is necessarto identify antigenicsalivaryproteinsspecificto
agenusor with low homologyto otherblood-suckingarthropods Previousvork combining
immunoproteomicstudiesandbioinformatic predictionsledto theidentification of salivary
proteinsor peptidesspecifito main mosquitovectors SpecifiammunoglobulinG (IgG) anti-
bodyresponseto thesesalivarycomponentdhavebeenvalidatedasa serologicabiomarkerof
exposureo (IgG responseo gSG6or CE5salivaryproteins,or to the gSG6-P kalli-
varypeptide) the vectorof humanmalaria [26,27],andfor , thevectorof
arboviruseglgG to Nterm34-kDaa salivarypeptide)[28].

Theimmunogenicityof spp.salivahasbeenatopic of interest,but moststudies
focusedodn identifying the mainimmunogenicsalivaryproteinsresponsibldor allergysoasto
develophigh-sensitivitydiagnostidestsandimmunotherapy{29,30].Studiesdentified .

salivaryproteinsthatelicit an IgE and1gG responses humanswith the
major antigensheingthe D7-relatedproteins[30+33].

Only fewstudieshaveassessdaumanantibodyresponseto salivaryglandextract
(SGE)in relationto exposurdo . or . . Individualsliving in
regionendemicfor filariasiswhere . waspredominanthadhigherlgG and
IgE titersthan peopléiving in aregionwhere waslessprevalentandthe specificlgG
levelincreasedvith age[34]. Another studyhadreporteda seasonalynamicsin anti- SGE
IgG responsén anurbansettingwhere arepredominantlyanthropophilic,with the
highestevelduring thewarm seasorfi35]. More studiesarethereforeneededo confirm
whetherspecifdgG responseto salivaryglandextractd SGE)mayrepresentproxy of expo-
sureto bites.It is alsonecessarto identify aspecificsalivarycandidateto developasero-
logicaltool for assessingpecificalljthe exposureo bitesandthustherisk of
transmissiorof associategathogenst-ewdataon the sialotranscriptomeincluding .

, . , and . , havebeenpublished22,36,37thatenablethe
identification of species-specifr genus-specifiproteins.
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In this study,weselectedndtestedthe 30kDa salivaryglandallergen(gi|1700337013sa
pertinentcandidatemarkerof exposurdo . bites.This proteinbelonggo
the 30kDa antigen/GE-rich/Aegptin family of proteinsthatis abundantin the salivaryglands
of adultanophelineand culicinefemalemosquitoeg37] including . [22],

[38],and . [39]. Membersof this protein family
haveanti-homeostatigropertiesin binding collagerand preventingplateletaggregation
[18,40].Theywerereportedto behighly antigenicin inducingan IgE responsén humans
exposedo specie$30] andan IgG responsén vertebrategxposedo bites
[32,33].Previoushioinformaticswork showedalow sequencéentity betweerhomologous
memberf the 30kDaantigenfamily, suggestingveakcross-reactivityf humanigG
betweertherelatedsalivaryproteins[40].

This studyaimedto evaluatdy immuno-epidemiologicahpproachywhetherthe IgG anti-
bodylevelsagainst . SGEandthe 30kDasalivaryglandrecombinantallergen
aresuitableserologicabiomarkersof exposurego bites.A multidisciplinary surveywas
conductedwith childrenliving in areaswith variousexposurdo . estimated
by classicaéntomologicalndicesin the city of Bouak® Céte d'lvoire. The sequenc@omologyof
the 30kDa salivaryglandallergerproteinof . wasalsoassessedlith its differ-
entorthologsin the Arthropodaphylumto definethe specificityof this candidate.

Methods
Ethicsstatement

Thepresentstudyfollowedthe ethicalprinciplesrecommendedy the Edinburghrevisionof
the Declarationof Helsinki andwasapprovedy the EthicsCommitteeof the Céte d'lvoire
Ministry of Health(June2014No. 41/MSLS/CNER-dkn)Siteleadergprovidedprior permis-
sionto surveyon eachsiteandwritten informed consenf all parentsor guardianof children
who participatedin the studywasobtainedbeforeinclusion.

Studysites

Thestudywascarriedout in the city of Bouak&(7E41N5E01W)locatedapproximately350
km North from Abidjan, Coted'lvoire (Fig 1). The studyareaand studydesignhavebeenpre-
viouslydescribedn detail[41,42].Briefly, the climateis tropical humid with two seasonghe
dry seasomunsfrom Novemberto March,andtherainy seasorccursfrom April to October.
Therainy seasoris markedby two maximumrainfalls,onein Juneandonein September,
with anaverageannualrainfall of betweerl,000and 1,600mm.

Studypopulation

Theinitial cohortconsistedf 508childrenagedrom 6 monthsto 14yearsfrom 5 sitesand
enrolledin across-sectionatudywhichwascarriedout during the endof thedry season
(March-April 2015) Householdsaind childrenwererandomlyselectedndsocio-demograpic
(genderage sleepingor not underinsecticide-Treatedllets[ITNS]), geographicagntomological,
andclinical datawerecollected The presenistudywascarriedout on asub-samplef theinitial
cohortand consistedf 223childrenagedrom 12monthsto 14yeardrom 4 sites Dar-es-Salam,
N'Gattakro,Kennedy(threeneighborhood®f Boualdkity), and PetessolavillagenearBouald.

Forimmunologicalassaydjlood samplesverecollectedat the fingertipsin microtainer
tubes(microvette500serum-GelStarstedtMarnay,France)and serawereobtainedaftercen-
trifugation at 3,000rpm for 10min. Serawverefractionatednto aliquotsandthenfrozenat
-20EQuntil used.
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Fig 1. Map of study areasin the city of Bouak# Céte d'Ivoire. DifferentstudysitesarehatchedMap sourcehttps://
www.op@streetmap.m/export#map=12/7.68215.0039.

https://dbi.org/10.1371durnal.pntdd010004.g001

Mosquito collection

Adult mosquitoesverecollectedn March 2015 aspreviouslydescribed41,43].In eachof the
four sites six catchingpoints,threeindoor andthreeoutdoor wereusedto collectmosquitoes
by landingcatche®n adultvolunteerdor two consecutivaights(from 6.00pm to 06.00am).
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Twelveadultmosquitocatchergyaveprior informed consentandreceivedyellowfevervacci-
nation andanti-malarialchemoprophylaxissrecommendedy the NationalMalariaControl
Programof Cée d'lvoire. Adult mosquitoesverecollected countedandtheir speciesvere
morphologicallyclassifiedat the laboratory. The humanbiting rate (HBR) of eachmosquito
speciesvascalculatedasthe averageumberof mosquitoesollectedper personper night
(bites/human/night BHN).

Collection of salivarygland extracts

Salivaryglandextractd SGE)wereobtainedfrom 8-day-olduninfectedfemale .

(n = 673)rearedin aninsectary(Institut PierreRichet,Boual& Céte d'Ivoire). Eggs
wereobtainedfrom the Vectopolefacility from Montpellier. Two daysafterablood meal,the
mosquitoesveresedatedvith cold andthentheir salivaryglandsweredissectedut andtrans-
ferredinto atubecontaining30 | of phosphate-bufferedaline(PBS Gibcotablet)and5 | of
cocktailproteasenhibitor (Sigma,St.-LouisMO, USA).Thedissectedalivaryglandswere
thenpooledin 50pairsperbatchandfrozenat 80ECbeforeprotein extraction.To disrupt
the salivaryglandmembranesthreesuccessiviEeeze-thaveyclesveredoneandthe soluble
salivaryglandextract(SGE)fraction wasthenseparatedyy centrifugationfor 20min at 30000
gat+4ECTheprotein concentrationwasevaluatedn the supernatanby the Bradfordmethod
(Oz Biosciencesylarseille France)afterpooling the differentglandbatchego generatea
homogenousGEfor immmunologicalassessmenthefinal SGEpool containing208 g/mL of
proteinswasstoredat 80ECbeforeuse.

Expressionand purification of the 30kDa recombinantprotein

The codingsequencef 30kDa salivaryglandallergenAed a3isoform X1 (gi|170033701fyom
wasretrievedfrom NationalCenterfor Biotechnologyinformation
(NCBI) databaselhe cDNA of this selectegbrotein wassynthesizethy Genecusf{Genecust,
Dudelangel.uxembourg)with a C-terminal His-tagandclonedinto . expressiorvector
pET28b(Novagen)Thefidelity of the clonedsequencewasverifiedby DNA sequencing,
usingan ABI Prism3100analyzel(Applied Biosystems)lrheexpressiomplasmidspET28b
containingsequencedenesveretransformednto E-coliBL21(DE3)competentcells(Invi-
trogen).Bacteriapreculturesnvereperformedovernightandgrownin LB Broth Miller
medium (FisherScientific)at 37EGwith shaking(220rpm). Fifty (50) mL of the saturatecul-
ture werethentransferrednto 5 L of LB Broth Miller mediumandgrownup to 0.80Dggq
beforestartinginduction by IPTG (0.1mM). After 4 hoursof incubationat 30EGandshaking
(220rpm), cellswereharvested1,000 gfor 30minat4ECyndresuspendeih 200mL of lysis
buffercontaining50mMTris-HCI pH 8.0,300mM NaCl,and10mM Imidazoleand sonicated
onicefor 5 min. Celldebriswaspelletecby centrifugationat 13,000 gfor 1 hour at4ECThe
supernatantsverefilteredthrough0.45 M Duraporefilters (Millipore, Bedford,MA, USA).
Therecombinant30kDa protein presentsn the supernatantyaspurified undernative
conditionsaccordingto the manufacturer'snstruction usingHisTrap HP columns(AKTA
purifier 1L0GEH, GEHealthcareFrance) The30kDa protein wasloadedwith an Aektafast
proteinliquid chromatography{LC; GEHealthcareGlattbrugg,Switzerlandpnto aHis-Trap
HP 5-mL column (GE HealthcareCat.No. 17-5248-02)which wasequilibratedwith BufferA
(50mM Tris-HCI pH 8.0,300mM NaCl,and10mM Imidazole) After protein binding, the
columnwaswashedvith 10columnvolumesof Buffer A andthenre-equilibratedwith Buffer
B (50mM Tris-HCI pH 8.0,300mM NaCl,and500mM Imidazole).Boundproteinswere
elutedwith BufferB. Thefractionscontainingthe His-taggedecombinantproteinswere
selectedbasedn the profile obtainedby SDS-PAGEndwerethen pooled.To eliminate
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contaminantproteins,pooledfractionsof eachrecombinantprotein werefurther purified by
gelfiltration on HiLoad 26/60Superdex’5 pg (GE Healthcarepelfiltration columnin buffer
containing50mMTris-HCI pH 8.0,300mM NacCl.

After protein purification, fractionscontainingthe 30kDa protein werecollectedand con-
centratedusinga Centriconof 5 kDa cut off (Amicon, USA)andthenstoredat 4ECThe 30
kDa protein concentratiorwasmeasuredisingaLowry DC ProteinassayBio-RadHercules,
CA,USA).

SDS-PAGE]n-gel digestion,and massspectrometryanalysis

Thepuritiesof purified extractwereassessdaly SDS-PAGEand 30kDarecombinantprotein
positionwasverifiedby immunoblot usingan anti-His-Tagantibody(1/5000)(Invitrogen),as
previouslydescribed44]. Theidentity of the respectiveletectecbandwasconfirmedby mass
spectrometry{MS) aspreviouslydescribed45]. Briefly,5 g of the purified recombinantpro-
teinwasreducedn aTris buffercontainingdithiothreitol (1%w/v, Sigma)boiledfor 5min,
andloadedonto a12%polyacrylamidegelbeforebeingseparatedisingaMini PROTEANII
(Bio-Rad HerculesCA, USA).After electrophoresiggelswerestainedwith Coomassi®ril-
liant blue R-250(Imperial Protein Stain, Thermoscientific)and scannedvith ahigh-resolu-
tion densitometescannel(lmageScanne3, GEHealthcarelanddensitometryprofileswere
analyzedisingthe ImageQuanfTL softwareg(GE Healthcare)Proteinbandsfrom gelswere
excisedor further identification by massspectrometryMolecularweightswereestimatedoy
comparisornwith standardmolecularweightmarkers(Bio-Rad).
Excisecbandsweredigestecbvernightat 37EGwith sequencing-gradeypsin (12.5 g/mL;
PromegaMadison,WI, USA)in 50mM NH4HCO3 (Sigma).Theresultingpeptidesvere
extractedvith 25mM NH4HCO; for 15min, dehydratedwith acetonitrile(Sigma)jncubated
with 5%acidformic (Sigmajfor 15min underagitation,thendehydratedwvith acetonitrile,
andfinally completelydried usinga SpeedVacThe samplesverethenanalyzedn aMALDI--
TOF MS (BrukerDaltonics)for identification. The guantity of recombinantprotein produced
wasestimatedisingaNanoDropND-1000spectrophotometefNanoDrop Technologiesinc.,
Wilmington, DE). We alsoverifiedthat the 30kDasalivaryprotein is the main immunogenic
componentof therecombinantsolution.Westernblotswerecarriedout on serafrom individ-
ualsnaturallyexposedo biteswho werepreviouslytestedoy ELISA[35].

Evaluationof human IgG levelfor . SGEandthe 30
kDarecombinantprotein

IgG levelto SGEand 30kDarecombinantprotein wasmeasuredy indirect ELISA.Ninety-
six (96) well Maxisorpplates(Nunc, Roskilde Denmark)werecoatedwith SGEor the 30kDa
recombinantprotein atafinal concentrationof 1 g/ml in coatingbuffer(PBS)andincubated
for 150min at37ECPlatesvereblockedwith 200 L of protein-freeBlockingBuffer(Thermo
Scientific,Rockford,USA)andincubatedfor 60min at37EC. Individual seraweredilutedin
buffer (PBS-Tweer %)andincubatedat 4ECovernightatafinal dilution of 1/200.Monoclo-
nal mousebiotinylatedanti-humanigG (BD Pharmingen SanDiego,CA) wasaddedin atal/
2000dilution (PBS-Tweeri%)for 90min at 37ECPeroxidase-conjugatesireptavidin(GE
HealthcareQrsay Francewasthenadded(1/1000in PBS-Tweer %)for 60min at37EC.
Colorimetric developmentvascarriedout with 2,2'-azino-bisthylbenzothiazoliné-sulfonic
acid)diammoniumsalt(sigma,Saint-LouisMO, USA)in 50mM citratebuffer(pH = 4 con-
taining 0.003%H,0,) andabsorbancéopticaldensity[OD]) wasmeasurect405nm (Multi-
sakanGO ThermoScientific).Eachsamplewastestedn duplicatewellscontainingSGEor the
30kDaproteinandin awellwithout antigento measurenon-specifiaceactionsIndividual
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resultswereexpressedsthe 10D value:iOD = ODx ODn, whereODx representshe
meanof theindividual OD valuein both wellswith salivaryantigenand ODn theindividual
OD valuein ablankwell containingno antigen.

Protein sequenceanalysis

Arthropod protein sequencerelatedto the 30kDa protein sequencégi|170033701;
XP_001844715.Df . wereretrievedfrom the NCBI usingthe BLASTp
program.For eachspeciesyhenseverahits werefound, sequencegresentingnorethan 90%
identity wereexcludedandthe protein homologproducingthe bestscorewaschoserfor fur-
ther protein sequenceomparisondetweerorthologs, . . percentidentity andsequence
alignment.Thesequencesf . orthologsidentified previously[25] wereretrieved
manuallyfrom the NCBI nucleotidedatabase?SI-Blastterationswererun to retrieveall
sequencewith E-valuebelowthethresholdof 0.001 Multiple sequencalignmentwasper-
formedusingthe ClustalOmegaprogram(EMBL-EBIsearctandsequencanalysigools:
www.ebi.ac.uk/Tools/msa/club/) andthe multiple alignmentviewerMView 1.63
(EMBL-EBI).

Statisticaldataanalysis

StatisticahnalyzesveredoneusingGraphPadPrism5 softwarg(SanDiego,CA) andR (Ver-
sion3.5.3R CoreTeam,Vienna,Austria).After checkingthat our datadid not follow a Gauss-
ian distribution (normal distribution), the non-parametridMann-Whitneytestwasusedto
comparethe Ab levelsbetweerntwo independengroupsandthe non-parametricKruskal-Wal-
lis testusedto comparethe levelsof Absbetweemorethantwo groupsandthe Dunn's post-
hoctestwasalsoperformedfor two-by-twocomparisonsn morethanthreegroups.The
Spearman'sank correlationtestwasusedto analyzehe correlationbetweerthe OD of tested
serawith recombinant30kDa andtotal SGEin eachhigh exposedtudysiteto
Thehumanbiting rate (HBR) wascomparecdbetweersitesby usingthe prop. testtest-
ing the null hypothesighat the proportionsin severagroupsarethe same.
Univariateanalysisvasconductedwith eachcovariateand multivariatelinearregression
analysesvereperformedwith all covariatesvith a setat< 0.20in univariateanalysis.
Finalmodelswereadjustedy backwardselectiorandremovingnon-significantvariablesat
> 0.05.Maximum likelihood methodswereusedto identify the best-fittingmodels
accordingto AIC value(AkaikeInformation Criterion). All differencesvereconsideredsignif-
icantata <0.05.

Results
Specificity of the 30kDa salivaryprotein sequencen phylum Arthropoda

A BLASTpsearchor the 30kDa protein (gi|170033701i) the NCBI databaseetrievedthe
orthologoussequencem differentspecie®f the phylum Arthropoda.All sequencedisplaying
asignificantE-value(<0.001)wereproteinsof mosquitospecie®elongingto the
family. Amongthem, . and . orthologsshowedhigh sequence
identity (91%and 68% respectivelyandhigh protein coverag€96%and 92% respectively)
with the . protein sequenced\ll the otherproteinsencodedn the phylum
Arthropodadisplayedalowersequencéentity ( 39%).Outsidethe genusproteins
presentinghe highestidentitieswerefrom . and . (with 36%and 39%
identity, and 76%and49%for coveragesespectivelywhereashe orthologsfoundin
specieglisplayedaloweridentity (<34%). Alignment of the orthologoussequencesf the
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Fig 2. Alignment of arthropod protein orthologs of the 30 kDa protein from . . Speciesaccessionumbers percentag of protein
coveragécov),percentagef identicalaminoacidresiduegpid) andaminoacidpositionsareindicated Residuefdenticalto the referencesequencef
arehighlightedin differentcolorsaccordingto the aminoacidproperties For eachspecieshe protein homologproducing the bestscorewas

selectedor thealignment.

https://da.org/10.137 1§urnal.pntd®010004.g002

30kDaproteinin eachspeciepresentinghe bestscorevalueis presented
in F|g 2.UsingClustalOmegathe wholesequencef the proteinswasconsideredor the cal-
culationof the alignmentcoverandthe identity percentaged -hesedentity valuesdroppedto

about30%and 28%for . and . , respectivelyandto 19to 16%in thedif-
ferent species.

Apart from the different specieghe percentagef the orthologoussequencenatch-
ing the . sequencés below30%.No morethan4 to 5 consecutivédentical
residuesareobservedetweerthe . sequencandits orthologsin
speciespr speciesiespectivelyAltogether this suggestthatthe 30kDa protein
presents high specificityto the speciesor whichgenomicdataareavailable.

Production of the 30kDa recombinantprotein

Fractionscontainingpurified 30kDa protein wereseparate@ndanalyzedy SDS-PAGEA
representativeurified fractionis presentedn S1Fig. Therecombinant30kDa protein hasa
predictedmolecularmassof 27.71kDa (249aminoacids) andin-gel SDS-PAGE protein
bandatapproximately30kDawasdetectedThis protein bandof interestwasexcisedrom the
gelandsubmittedto MS analysisconfirming that the detectecdbandcorrespondedo the
expected0kDa salivaryrecombinantprotein (S1Table).Therelativeabundancef the
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Tablel. Studypopulation characteristcsand entomological dataaccording to the study sites.

Demographicdata

(%)
Age,mean®(95%CI)
Agegroup? (%)
[1£4]
[5+9]
[10+14]
Genderratio (male/femée)
ITNs usageate (%)°
Human biting rate (BHN)

a:years
b:insecticide-teatednet
c: bites/human/night

Dar-es-Saam

47(21.07)

6.23(5.44%7.02)

14(29.79)
29(61.70)
04(08.51)
0.95(23/24)
55.3

11.7
0.1
0.6
0.4

https://da.org/10.1371durnal.pntdd010004.t01

Kennedy N'Gattakro Petessou Total

57(25.56) 59(26.46) 60(26.91) 223

7.38(6.4+8.8) 8.26(7.34+918) 6.88(5.94+7.84) 7.23(6.77+770 0.022
14(24.56) 11(18.60) 20(33.30)

26(41.61) 20(33.90) 23(38.30) 0.021
17(29.82) 28(47.50) 17(28.30)

0.9(27/30) 1.27(33/2p 1.14(3228) 1.06(115/108) 0.640
49.1 64.4 63.3 58.3 0.787
9.8 9 0.2 <0.001
0.1 0 0.1 - 0.98
0.4 0.6 0.1 0.673
12 2.2 35.2 <0.001

30-kDaprotein wasanalyzedisinglmageQuanfT L softwareandresultsindicatedthatthe
purity of the protein wasgreaterthan 80% which wasconsideredsufficientlypurefor ELISA
experimentgS1Table).Immunoblotsshowedhe 30kDarecombinantprotein asthe main
immunogeniccomponentwithin the recombinantsolution (S2Fig).

Studypopulation characteristicsand entomologicaldata accordingto the
study sites

Populationdemographiadata(genderratio andagestructure)and entomologicallataarepre-
sentedor eachstudysitein Tablel. Thestudypopulationcomprised223childrenagedrom
1to 14yeardmeanage= 7.23:95%confidenceanterval[CI] [6.77+7.70])A statisticallysignifi-
cantdifferencein the meanageof the childrenwasobservedetweerstudysites( =0.022,
KruskaltWalligest),andtwo-by-twocomparisonusingDunn'stestindicatedthatthe mean
agewasonly significantlydifferentbetweerchildrenfrom Dar-es-Salamand N'Gattakro
(adjusted = 0.018Bonferronimethod).The populationagestructurewassignificantlydiffer-
entbetweerthefour sites( =0.021)Overall,mostchildrenwerein the5to 9 yearagegroup,
exceptn N'Gattakrowherea highernumberof childrenwerebetweerlOand 14yearsold.
VeryfewchildrenagedlO+14yearsvererecruitedin Dar-es-Salani = 4), representingnly
8%o0f thetotal numberof children. Thegenderratio wasnot significantlydifferentbetween
thestudysites( = 0.640Pearson’'shi-squaredest).

Therateof insecticide-treatedet (ITN) usewasmoderaterangingfrom 49.1%to 64.4%n
KennedyandN'Gattakro,respectivelyTherewereno statisticallysignificantdifferences
betweersites( =0.787)Entomologicakatcheshowedhe main anthropophagienosquito
specieshat wereactiveduring nighttimein eachsite(Tablel). wasthe
main mosquitospeciesaughtin N'Gattakro,and Dar-es-Salamyith ahumanbiting rate
(HBR) of 9and11.7bites/human/night{BHN), respectivelyOther speciesverealsocol-

lectedbut in amuchlower proportion ( . , . , and ). Onlyfour
mosquitoegtwo . , one . , andone . ) were
PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010004 December 13, 2021 10/20
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capturedin Petessouvillage. . wasalsorecordedin the studysitesand
hadthe highestHBRin Petesso(35.2BHN), while almostno . wascollectedn
Dar-es-SalanfHBR = 0.4BHN). In Kennedy, . wasthe main speciesaught(12
BHN) but HBRwashigh andsimilarto thosefrom N'Gattakro(9.8
BHN). Accordingto entomologicalata,Petessoganthusbeconsideredasacontrol village
with verylow exposuréo , andN'Gattakro,KennedyandDar-es-Salanasthe highly
exposedgites.

IgG responsego SGEandthe 30kDarecombinant

protein in children accordingto study sites

First,wetestedthe specificrecognitionof the SGEand of the recombinantproteinin sera
from individualsexposedo bites.We alsocomparedhelgG responsespecificto both
salivaryantigendn individualsaccordingto the site.Childrenfrom siteswith high exposureo
(Dar-es-SalankKennedy and N'Gattakro)andfrom sitewith low exposurgPetessou)

presentechwiderangeof IgG responseto SGE( iOD-SGE;Fig 3A) andto the 30kDarecom-
binantprotein (TOD-30 kDa; Fig 3B). The medianlevelof SGE-specifitgG wassignificantly
differentbetweersites( = 0.0005)Runningtwo-by-twocomparisondestwith Dunn'stest,
themedianlevelof SGE-specifitgG wasstatisticallyhigherin Dar-es-SalarandKennedy
thanin Petessovwillage( =0.005and = 0.001yespectively)No statisticadifferencewas
observedetweerN'GattakroandPetesso  0.290 .Thelevelof IgG responseo the 30
kDarecombinantprotein differedsignificantlyalsobetweerthefour studysites( = 0.0364),
but no significantdifferencewasnotedbetweersitesafteratwo-by-twocomparisonwith
Dunn'stest(adjustedp>0.05for all comparisons)The numberof participantsin eachvillage
wasquite small,sowe estimatedhe precisionof the two-by-twocomparisortestswith post
hocpoweranalysisThe statisticapowerof the analysi®n the IgG responseo the SGEranged
from 38,9%(PetessouNgattakro)to 93,4%Petessou-Kennedwhileiit rangedfrom 5,4%
(Petessou-Ngattakrad 25,4%Petessou-Kennedydr the recombinantprotein.

No significantdifferencesn specifidgG responsewerenotedbetweerchildrenfrom the
threesiteswith ahigh exposureo (Dar-es-SalanKennedy and N'Gattakro)usingSGE
( =0.134)r the30kDarecombinantprotein( = 0.098)asantigensource.

Fig 3. IgG responseso . SGEand the 30kDa recombinantprotein in the four study sites.
Eachdot representanindividual andboxplotsindicatethe medianvalue 25thand 75thpercentilelgG response
(7OD) againsiSGE(A) andthe30kDa(B). Thenumberof processederais indicatedbelow( ). Significant
areindicatedabovethe plots.

https://abi.org/10.1371durnal.pntdd010004.g003
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Fig4. 1gG responseso . SGEand the 30kDa recombinantprotein accordingto levelof
exposureof sites.Eachdot representshe anindividua andthe boxplotsindicatethe medianvalue 25thand 75th
percentilelgG responsg iOD) againstSGE(A) andthe 30kDa (B). Thenumberof processederais indicatedbelow
(). Significant areindicatedabovethe plots.

https://abi.org/10.1371durnal.pntdd010004.9g004

IgG responsego SGEandthe 30kDarecombinant
protein in children accordingto the levelof exposureto study sites

To assesthe capacityof the IgG responseto discriminatehigh exposureandlow exposurego
bites,wecomparedhelevelof specificlgG responsebetweerindividualsliving in sites
with high exposurdo (Dar-es-SalanKennedyand N'Gattakro)andfrom the control
village(Petessowith low exposurdo ). Thelevelsof IgG responsdéo SGE(Fig4A) and
the 30kDa protein (Fig 4B)weresignificantlyhigherin childrenwith high exposurdo .
bitesthanin childrenfrom the sitewith low exposurg = 0.0002and
=0.047respectively).

IgG responseso SGEandto 30kDa recombinantprotein accordingto
socio-demographidactors

ThespecifidgG responsewereanalyzedaccordingto major socio-demographicharacteris-
tics (agegender]TNs use)andsitesto identify thosethat could beassociatedith the anti-
salivalgG responsedfter univariateanalysisall covariatesvith a lowerthan0.20
wereretainedin thefinal multivariateanalysisTheresultsof the univariateanalysishowed
thatage(consideredascontinuousor categoricavariable)andgendemwerenot associated
with IgG responseo SGEandto therecombinantprotein (Table2). Therewasanassociation
betweerspecificgG responseandstudysitesandthe anti-30kDa IgG responseavassignifi-
cantlynegativelyassociatewvith the useof ITNs.

Multivariate linearregressioranalysisandfinal modelingshowedhat only the anti-SGE
IgG responseavasstatisticallysignificantlyassociatewith the studysite,with higherlgG levels
detectedn siteswith high exposureo (Dar-es-SalanKennedyand N'Gattakro)
(Table3).No associationwasfound betweersitesand anti-30kDa lgG responseThe useof
ITNs wasnegativelyassociatewith the IlgG antibodylevelsagainsthe two antigensbut the
effectwasonly significantfor the anti-30-kDalgG responséestimate= -0.192and =0.022).

Correlation betweenlgG levelagainstSGEand the 30 kDa protein

ThelgG antibodylevelsagainsthe two salivaryantigensaverecomparedor eachchild indi-
viduallyin thefour sitesusinga Spearman'sank correlationtest,andthe corresponding
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Table2. Univariate analysisof IgG Ab level(median) againstSGEand the 30kDa protein.

Agegroup (years)

[1£4] 59

[549] 98

[10+14] 66

Gender

Male 115
Female 108
ITNs use

No 93

Yes 130
Sites

Petessou 60

Dar-es-Skam a7

Kennedy 57

N'Gattakro 59

https://da.org/10.1371¢urnal.pntdd010004.t02

Median of IgG to SGE Median of 1I9gG to 30kDa

0.76 0.21
0.936 Reference 0.417 Referene
0.841 1 0.445 1
1.026 1 0.645 0.27

0.756 0.315
0.989 0.594
0.854 0.411

0.06 0.047
1.063 0.581
0.830 0.430

0.0005 0.036

0.332 Reference 0.268 Referene
1.120 0.002 0.736 0.079
1.348 0.0005 0.649 0.062
0.989 0.1451 0.344 1

weredetermined(Fig 5). A moderatelysignificantpositivecorrelationbetweerthe two
IgG responsewasfound whenall siteswereconsideredogether(r = +0.63,p<0.0001).

Discussion

Weinvestigatedhe Ab responseto salivarycomponentof in children
differentlyexposedo bitesin orderto asseswhetherthe specificlgG responsesepre-
sentaserologicabiomarkerof humanexposurdo bites.We analyzedgG responses
bothto wholeSGEandto the 30kDa salivaryrecombinantprotein. This protein belonggo
the 30kDafamily and orthologshavebeendescribedn and mosquitoeg23].
BLASTmultiple alignmentdndicatedthat this protein hasalow identity (<40%) andalow
numberof contiguousdenticalresidueg <5) with orthologsretrievedfrom or

mosquitoessuggestingpow cross-reactivityThe high sequencélentity observedetween
the . 30kDasalivaryproteinandorthologsin two others speciesug-
gestthatthe IgG responsespecificto the recombinantprotein couldbeabiomarkerto assess
theexposurdo various speciesdNeverthelesshelackof publishedgenomicdatafrom
others speciedimits the comparison.

Table3. Multivaria te analysisof specificlgG levelsto SGEandto the 30kDa in children.

Final model 2=0.06
Covariates Estimate
Sites

Petessou Reference
Dar-es-Skam 0.467
Kennedy 0.494
N'Gattakro 0.244
ITNs use

No Reference
Yes -0.144

https://da.org/10.1371durnal.pntd010004.t03

SGE 30kDa protein
=0.002 Adj. 2=0.019 =0.022

Estimate

0.002

0.003 - -

0.001 - -

0.1 - -
Reference

0.192 -0.193 0.022
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Fig 5. Correlation betweenlgG specificresponseo . SGEand the 30 kDa recombinant
protein. Scattemplot analysiof IgG responsgto both salivaryantigends presetied,andthe i1OD valuesamongthe
223childrenarereported.

https://abi.org/10.1371durnal.pntdd010004.g005

We detecteda mild-to-high reactivityto whole SGEandto the 30kDarecombinantprotein

amongthe children,thusindicating antigenicpropertiesin naturallyexposegopulationto

bites.Wethencomparedhe IgG levelshetweerchildrenliving in siteswith high expo-
sureor low exposureo mosquitoesSignificantlyhigherlgG responséo SGEandto the
30kDarecombinantprotein wasdetectedn childrenliving in siteswith ahigh exposurdo

(all2high exposedsitestakentogether) . The heterogeneitpf SGE-specifitgG levels
within the samesitemight reflectheterogeneousxposurdo bites.Theintensity of
exposuren agivenpopulationliving in the sameareacanobviouslyvarybetweerindividuals.
Indeed, abundances dependenbn the presencef breedingsitesand on the distanceof
thesesitesto the householdBiting intensitymaybealsorelatedto humanindividual charac-
teristicssuchasthe attractionof mosquitoespersonaprotectionto avoidbites,andactivities
(indoor, outdoor).

Unexpectedlychildrenfrom Petessouhe control villagewhereveryfew werecaught
during entomologicaktudiespresentedignificantandvaryinglevelsof IgG to SGEandto
the 30kDa protein. mosquitoesverethe main specieseportedin this
site,andwe cannotexcludecross-reactivityvith ubiquitousproteinspresentn the salivaof
othermosquitogenerajncluding . Thiscanbeareasorfor muchhigherantibody
responsd¢o SGEthanto 30kDaproteinin Kennedywhereboth and

werecapturedin high number.Entomologicatatchesverecarriedout at
night-time, whichis not suitablefor detectingthe presencef mosquitoeghatwere
probablyalsopresenin the sitesbut mostactiveduring the day-time.In addition,the HLC

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010004 December 13, 2021 14/20



PLOS NEGLECTED TROPICAL DISEASES Serological biomarker of Culex bite exposure

techniquemaylacksensitivityin alow exposureontextthat mayresultin anunderestimation
of HBRin Petessou.

Neverthelesghildrenfrom anyof the higherexposeditesto biteshadsignificantly
higherlgG levelsagainstSGEcomparedwith childrenfrom Petesso@with low exposure)sug-
gestinghatananti-SGHQgG responsenayhelpdetermineexposurgo bites.On the
contrary,theanti-30kDa IgG responsavaslowerin the control villagecomparedwith anyof
the siteswith high exposurdo but thedifferencesverenot significant.Thelow number
of participantslimited the powerof statisticanalysisvhenstudysitesareconsideredndivid-
ually,particularlyfor the IgG responséo the recombinantprotein. We alsoshowedhat the
IgG responseéo SGEor to the 30kDarecombinantprotein wassimilar betweerthethreesites
whereentomologicatiatareportedcomparableHBRfor .  Globalcorrelationanalysis
showedamoderatecorrelationbetweerthetwo IgG responses.

We assessadtifferentfactorsrelatedto the lgG responsavith univariateand multivariate
analysisAccordingto ageandgenderno significantdifferencewasnotedbetweerthe median
levelsof anti-SGEandanti-30kDa protein IgG, suggestinghat neitheragenor genderaffect
thelevelof specificlgG responses the presentstudy.Thisis surprisingbecaus¢heimmune
responséo specificantigends known to beacquiredprogressivelyith age Theabsencef an
associationvith agein our studysuggeshb responseto thesesalivaryantigenamaynot be
cumulativeovertime but wanerapidly. Previousstudiesshowedhe shorthalf-life of anti-
salivaAb responsén individualsnaturallyexposedo [17]or [46] bites.This
representshe main qualitywhenmonitoring exposureovertime. In our studypopulation,the
agerangedfrom 1to 14yearslimiting the comparisonof immune response oldergroups.

mosquitoesaremostactiveduring the night-time andthe useof ITNs couldhavea
majorimpacton humanzx contactandthuson anti-saliveAb responsesTheuseof bed
netswasnegativelassociatewith the IgG responsd¢o SGEandto the 30kDa protein, with
childrenwhoreportedsleepingunderabednethavingsignificantlylowerlgG levelsunivari-
ateanalysis)Therateof ITN usewassimilar betweersitesandthusmaynot explainthevaria-
tion in specificgG leveldbetweersites.

Finalmodelsfrom the multivariateanalysisndicatedthat IgG responséo SGEdepended
on the studysite,with ahigherlgG responsén siteswith ahighexposurdo . Theuseof
ITNs wasalsofoundin thefinal model,butit did not seento haveasignificanteffectwhereas
it wasthe only factorassociatewith the anti-30kDa IgG responseNeverthelessyedid not
considerthe physicalintegrity of the bednets,which mayalsoaltertheir efficacy Additional
factorscouldalsoinfluencethe Ab responsesuchasthe history of exposurego-infection,
genetichackgroundpr nutritional statug47+50].Suchdatawerenot availableén the present
studyandfuture epidemiologicaktudiesareneededo investigateadditionalfactors(biologi-
cal,environmental or behavioralthat mayinfluencetheimmune respons¢o salivary

antigens.
Altogether theseresultssuggesthatthe lgG responséo SGEmayrepresent proxy of
humanexposurdo bites.A limitation to its useis relatedto the low specificityof these

antigenswith probableubiquitousproteinssharedbetweerarthropods.ThelgG responsé¢o
the 30kDarecombinantprotein significantlyvariedbetweerchildrenwith high exposureo
(takentogether)andfrom the control village but not whenhigherexposedaitesare
takenindividually. However the negativeassociatiobetweend TNs useandthe IgG response
to the 30kDa cansuggesthatthe 30kDa protein might represent potentialbiomarkercandi-
datewhich canevaluatechildren'sexposurgo bitesin acertaincontext.Additional
studiesshouldevaluatehe 30kDa candidaten alargercohortof volunteerincluding older
individuals(adults)and/orin otherepidemiologicatontextghigher density).Ilt would
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bealsoof interestto testlgG isotypedo assess othersantibodyresponsewould bemorerel-
evantashiomarkerof exposure.

mosquitoesrevectorsof numerouspathogensparasitesandvirusesof humanand
livestock Theavailabilityof aserologicatool evaluatingndividual exposurgo bites
would bevaluabldor assessintiherisk of exposureandtransmissiorof relatedpathogens.
Similarserologicabiomarkershavebeendevelopedor and bitesandhave
shownpotentialapplicationfor the evaluationof vectorcontrol efficacy More studiesare
neededo assesthe sensitivityof suchserologicabiomarkersin orderto detectsmall-scale
spatialor temporalvariationin exposure.

Supporting information

S1Fig. Assessmenbf purification recombinantform of the 30 kDa protein from
expressedn . . Atotalof5 g ofthecollectedractionwasloadedperwell.

Bandidentity islistedin S1Table.Standardmolecularweightsareindicatedon theleft side

(MW: moleculamweight,kDa).

(TIF)

S2Fig. Assessmenbf Human 1gG responseagainstthe 30kD recombinant protein. (A)
Scatteiplotsof Human IgG antibodyresponseagainsthe purified recombinant30kD protein
from . . Serdrom sixindividualsper site(Marseille Fos/Merand
Camarguegxposedo . bitesweretestedby ELISA.Individualswith high andlow
levelof IgG responsewerefoundin eachsite.(B) Westernblot of Human IgG antibody
responseagainsthe purified recombinant30kDaproteinfrom . . A total
of 23 g of 30kDarecombinantprotein wasloadedonto a10%SDS-PAGHjel(1-wellof 7
cm). Theimmunoblotswereperformedby transferringthe SDS-PAGHjelonto a nitrocellu-
losemembrane Serarom the sameindividualsweretesteddiluted 1:100The secondaranti-
bodywasdiluted at 1:5000Control anti-His-tagantibodywasdiluted 1:5000Thearrowand
asteriskg ) indicatethe position of the 30kD recombinantprotein, detectedby seraand anti-
His-tagantibody,respectivelyThe numberof eachsampleareindicatedat the top of the WB.
Theindividualswith high 1gG responseagainsB80kDain ELISA wereindicatedin bold.
(TIF)

S1Table.Quantity of purified recombinantsalivaryprotein identified by massspectrome-

try.
(TIF)
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