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Abstract

Background

Chikungunya virus (CHIKV) is the most common alphavirus infecting humans worldwide,
causing acute and chronically debilitating arthralgia at a great economic expense.

Methodology/Principal  findings

To facilitate our study of CHIKV, we generated a mCherry tagged replication-competent chi-
meric virus, CHIKV 37997-mCherry. Single particle cryoEM demonstrated icosahedral orga-
nization of the chimeric virus and the display of mCherry proteins on virus surface. CHIKV
37997-mCherry is attenuated in both IFN .R knockout and wild-type mice. Strong anti-
CHIKV and anti-mCherry antibody responses were induced in CHIKV 37997-mCherry

infected mice.

Conclusions/Significance

Our work suggests that chimeric alphaviruses displaying foreign antigen can serve as vac-
cines against both aphaviruses and other pathogens and diseases.

Author summary

Chikungunyavirus (CHIKV) is analphaviruscapableof causingongterm debilitating
joint andmusclepain at agreateconomicexpenseCurrently thereareno licensedvac-
cinesor treatmentfor CHIKV infection.We generated modified versionof the virus,
termedCHIKV 37997-mCherrystablyexpressin@fluorescentagon the surfaceof the
virus.To achievehis,aredfluorescenprotein,mCherry,wasfusedto thevirus envelope
protein E2.Structuralstudiesdemonstratedhe presencef mCherryon thevirus surface.
Infection of micewith CHIKV 37997-mCherrgausedessseveraliseasén theanimals
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Attenuated fluorescent CHIKV

comparedo wild-typevirus. Infectionwith CHIKV 37997-mCherrynducedimmune
responseagainsboth themCherryprotein andthevirus. Furthermore,CHIKV 37997-
mCherryis asattenuatedasthe vaccinestrain CHIKV 181/clone25in differentmouse
models causingesgoint swellingandreducedpersistencef viral genomesn tissue Our
work suggestthat chimericalphavirusesarryingforeignantigenon virus particlesmay
serveasvaccinesgainstboth aphaviruseandotherpathogensnddiseases.

Introduction
Chikungunyavirus (CHIKV) isamosquito-transmittedenvelopegositivestrandedRNA
virusthatbelonggo the genusof the family. CHIKV infectioncauses

anacutefebrileillnesstypicallyaccompaniedby severarthralgiawith relapse$or weekgo
months[1]. In the pastdecadeCHIKV hasspreadrom endemicareasof Africa and Asiato
newpopulationsin Europeandthe AmericasmakingCHIKV aglobalthreatandthe most
commonalphavirusnfectinghumans Millions of individualswereinfectedduring the 2000s,
resultingin thousandsf deathq2].

The CHIKV RNA genomesncodegour nonstructural(nsP1to nsP4)andfive structural
(C,E3,E2,6KandE1)proteins.All five structuralproteinsaretranslatedasasinglepolypro-
tein from whichthe capsid(C) proteinisreleasedia self-cleavag&heenvelopeolyprotein
precursor(E3-E2-6K-E1)stranslocatednto the endoplasmiceticulum (ER)and processed
by hostsignalasnto E1,6K andE3EZpolyprotein(p62).In the ER,E1andp62assemblato
heterodimersaand subsequentlyrimerizeto form viral spikesp62is cleavedy hostfurin or
furin-like proteasegto E3and E2during trafficking throughthe Golgiandtrans-Golginet-
work (TGN). ThematureCHIKV particlesbud atthe plasmamembraneandhaveT =4
quasi-icosahedralymmetrywith 240copiesof the ELE2heterodimerassemblecdhto 80
spikeson theviral surface240copiesof C form anicosahedrahucleocapsiadoreenclosing
viral genomicRNA within thelipid membrang3]. Elisatypell membranefusionprotein
andsitsatthe baseof the trimeric spikewith E2positionedon top of E1.The ectodomainof
Elconsistof threedomains[4]. Domain| links distaldomain|l andmembraneproximal
domainlll. A fusionloopis situatedatthe distalendof ELdomainll, andis protectedby
domainB of E2,locatedat the distalendof E2[4, 5]. After viral entryinto targetcells the
acidicenvironmentof endosometriggersconformationalrearrangementwithin E2,leading
to domainB dissociatingrom thefusionloop [6]. E1thenformsahomotrimer,further expos-
ing the fusionloopsof eachmonomeratthe end of the trimeric complexfor insertioninto the
hostmembrand7]. E3limits the movementof E2domainB until it is cleavedrom E2by
furin or furin-like proteaseto preventaccidentahctivationof the fusion peptidebeforethe
assembhandbudding of maturevirions [5, 8]. Studiesshowalphavirusesantolerateinser-
tion of foreignantigengo N-terminal of E2generatingchimericvirus presentingoreignanti-
geng9z11].Therearecurrentlyno licensedvaccine®r treatmentdor CHIKV infection.We
hypothesize¢hatanattenuatedCHIKV carryingforeignantigenamayinduceimmune
responseagainsboth CHIKV andtheforeignantigen.

In thecurrentstudy,wereportareplication-competenCHIKV with mCherryfusedto the
N-terminusof E2.Theresultingchimericvirus presentsnCherryon thevirion surfacen a
repetitivepatternandinducesstrongantibodyresponseagainstoth CHIKV andmCherry.
Thevirusis attenuated andprovidesasaferesearchool to studyCHIKV virology,as
wellasdemonstratingausefulvaccineplatform.
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Methods
Cell culture, virusesand proteins

Veroand BHK21cells(ATCC CRL-1586and CCL-10)weremaintainedat 37EQn afully
humidified atmospheravith 5%CO, in DMEM (Invitrogen) mediumsupplementedvith
penicillin andstreptomycin, 10mM HEPESnon-essentiahmino acidsand 10%FBS
(Hyclone).The CHIKV 37997andLaReunion(LR) strainvirus clonewasgift of S.Higgs
(KansasStateUniversity)andthe CHIKV vaccinestrain 181/clone25wasgift of S.Weaver
(University of TexasMedicalBranch).Viruseswereproducedfrom infectiouscDNA clonesas
previouslydescribed12, 13]. ThemCherrygenewasinsertedbetweerE3and E2afterthe
furin cleavagsitein CHIKV 37997genomeo makeCHIKV 37993-mCherrgDNA clone
[14]. mCherryprotein fusedwith 6xHis-tagatthe N-terminuswasexpresseth bacterialcells
andaffinity purified through Cobaltresins(ThermoFisheiScientific).

Confocalmicroscopy

Vero cellswereinfectedwith CHIKV 37993-mCherratamultiplicity of infection (MOI) of 5.
At 8 h postinfection, the cellswerefixed andimagedwith aNikon Ti invertedfluorescence
microscopesquippedwith aYokogawaC SU-22spinningdisk confocalwith a561nm laser.

Gelanalysisof purified viruses

Purifiedviruseswveresubjectedo electrophoresiwith 4+12%sodiumdodecylsulfate-poly-
acrylamidegel(ThermoFisheiScientific)followedby Coomassistainingwith SimpleBlue
SafeStaiiThermoFisheiScientific)or Westernblot analysiswith rabbit polyclonalanti-
CHIKV 181/2%(IBT Bioservicesandmousemonoclonalanti-mCherry(Sigma).

Mousestudies

C57BL/6dnicewerepurchasedrom The Jacksoraboratory(SacramentoCA). " mice
[15], on aC57BL/6backgroundwereagift from Dr. MichaelDiamond (WashingtonUniver-
sity) andbredin houseunder specific-pathogen-fregonditionsin microisolatorcageginno-
vivelnc., SanDiego,CA). To studyviral pathogenesig wild typemice,threeweek-oldC57BL/
6Jmicewereinoculatedwith CHIKV subcutaneouslin the left footpadwith 10° or 10° PFUof
CHIKV in PBSsupplementedvith 1%heatinactivated=BS Jointswellingwasmonitoredvia
left andright foot measurementatthe peritarsakegion(width x height)usingdigital calipers.
Serawerecollectedat day3 afterinfectionandrearankleswverecollectedat day7 afterinfection.
To studyviral pathogenesig alethalmousemodel,6+8week-old - micewereinoculated
with CHIKV subcutaneouslin theleft footpadwith 10,1000r 1,000PFUof CHIKV in PBS
supplementeavith 1%heatinactivated-BS Jointswellingwasmonitoredvialeft andright foot
measurementatthe peritarsakegion(width x height)usingdigital calipersandmousesurvival
wasmonitoredfor atleast3 weeksImmunization and challengevith CHIKV wereperformed
by injection of virus subcutaneouslin theleft footpad.To immunize micewith mCherry,8
week-o0ldC57BL/6dnicewereadministeredwith purified mCherryprotein viaintraperitoneal
injection. Mice wereprimeimmunizedwith 100 g of mCherryprotein mixedwith complete
Freund'sadjuvant(Sigma-Aldrich)followedby boostingwith 50 g of mCherryproteinsmixed
with incompleteFreund'sadjuvant(Sigma-Aldrich)2 weekdater.

Ethicsstatement

All animalexperimentsvereperformedwith the approvalof the Institutional Animal Care
andUseCommitteeat PMI Preclinical LLC (SanCarlos,CA), protocolnumberIAC 1705.
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Mice receivechumanecareaccordingto the criteriaoutlined by the NationalResearciCoun-
cil'sInstitute of LaboratoryAnimal Resources the2Guidefor the Careand Useof Labora-
tory Animals®.All injectionsof micewith virus wereperformedunderanesthesiavith
isofluraneor ketamineandxyalzine.

Viral Quantification by gRT-PCR

Viral RNAin culturesupernatanbr mousebloodwasextractedoy the QlAamp Viral RNA Mini
kit (Qiagen)following the manufacturer'protocol. To extractviral RNA in mousetissuestissues
werefirst lysedin TRIzol(ThermoFisheiScientific)usingQiagenTissuelLyserll (Qiagen) RNA
wasextractedollowing the manufacturer'rotocol.IsolatedRNA wasanalyzedy qRT-PCRand
comparedo astandardcurvegeneratedrom CHIKV-GLuc plasmid[16] with the following prim-
ers:CKV_For,5-TGGCCACCTTTGCAACTC-3,CKV_Rev5-GGGATGAACTCCATTGTA
GC-3';andCKV_Probe5'/56-FAM/AGGTACGQACTACAGCTACC/36TAMSp/3'.

Enzyme-Linkedimmunosorbentassay

Anti-CHIKV andanti-mCherryantibodiesn mouseserawerequantifiedusingvirion-based
ELISA.To detectanti-CHIKV antibodies)mmulon 4HBX plateg96-well, ThermoScientific)
werecoatedwith CHIKV 181/25virus purified through sucrosecushion(2.5x 16° genomecop-
ies/well).To detectanti-mCherryantibodies)mmulon 4HBX plateswverecoatedwith purified
6xHis-mCherryprotein (1 g/well). Serialdilutions of mouseserumwereaddecto the plates.
Serumof na vemicewasusedasthe backgroundcontrol. Next, plate-boundantibodiesvere
detectedvith biotin-conjugatedjoatanti-mousegG antibodiegSouthernBiotech) followed
with streptavidin-conjugatetiorseradistperoxidas€SouthernBiotech).Binding wasdetected
with 3,3'5,5'-tetramethylbenzidirgibstrat§Neogen) Endpointtiters weredefinedasthe recip-
rocalof thelastdilution to havean absorbancéwno timesgreaterthanthe backgroundcontrol.

Plagueassayand plaguereduction neutralization tests

Neutralizingactivity of mouseserumwasquantifiedusingaplaquereductionneutralization
test(PRNT).Serialdilutions of mouseserumwereincubatedwith 50 PFUsof challengervirus
for 1 hour at 37ECfollowedby infection of Vero cellsfor 1 hour at 37ECTo quantifyvirus by
plagueassayyero cellswereincubatedwith serialdilutions of virus containingsupernatant
for 1 hour at 37ECNext, cellswereoverlaidwith mediumcontaining2%FBSand 0.8%aga-
rose followedby cultureat 37ECPlaquesverecounted2 dayslater.

Purification of CHIK viruses

To coatELISAplatesCHIKV 181/25wasproducedin BHK21 cellsvirusandwaspelleted
througha20%sucrosecushion.To makegradient-purifiedvirusesfor singleparticlecryoEM
study,weadapteda publishedprotocol[17]. CHIKV 37997and CHIKV 37997-mCherry
viruseswereproducedin BHK21 cellsandfirst concentratedy pelletingthe culture superna-
tantthrougha20%sucrosecushion.Then,theresuspendesirus waslayeredonto 2 ml of
60%O0ptiPrep(Sigma-Aldrich)andspunat 50,000 for 1.5hour usinga SW28rotor. After
ultracentrifugationthe supernatantsvereremovedto leave4 ml abovethe virusband.The
remaining4 ml supernatantthe virus bandandthe underlayof 2 ml of 60%0OptiPrepwere
mixedto reachafinal concentrationof 20%0ptiPrep.Themixture wasspunat 360,00 g for
3.5hourswith aNVT65.2rotor. Thevirus bandwasextractedand bufferexchangedo NTE
buffer (20mM Tris, pH 8.0,120mM NaCl,1 mM EDTA) usingan Amicon Ultra-2 Centrifu-
galFilter Unit with Ultracel-100membrangMillipore).
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CryoEMreconstructionof CHIKV 37997-mCherry

Purified CHIKV 37997-mCherryirus wasflash-frozeron C-Flatcoppergrids (R2/2,200
mesh)in liquid ethane Themovie-modedataof CHIKV 37997-mCherryastakenon a
DE-20directelectrondetector(Direct Electron,LP,SanDiego,CA) on a200-kVJEOL
2200FSnicroscopaunderlow-doseconditions.We usedaframerateof 25frames/sand
1.52sexposurehatcorrespondedo *38 e/ ?dose/imagelndividual framesin each
imagewerealignedusingDE_process_frames.ggriptprovidedby Direct Electron(Direct
Electron,LP,SanDiego,CA) usingradiationdamageompensationo increasdow-fre-
guencycontentin thefinal imagesthusfacilitatingsubsequenparticlealignment.Particle
imagesvereautomaticallypoxedout usingthe E2BOXERprogramfrom the EMAN2 suite
[18]. EMAN2 wasusedfor CTFdeterminationandcorrection;the subsequenprocessing
(particlealignment,orientationsearchandrefinement,and 3D reconstruction)wasdonein
IMAGIC-5 [19].

Statisticalanalyses

All datawereanalyzedisingPrismsoftware(La Jolla,CA) andstatisticakignificancewvas
assignedvhen valueswere< 0.05.Neutralizationcurveswerecalculatedusingnon-lin-
earregressionMousesurvivalcurveswerecomparedwith Gehan-Breslow-Wilcoxotest.
Viral titersand mousejoint swellingwereanalyzedisingaone-wayor two-wayANOVA
test.

Results

Generationof areplication-competentCHIKV with fluorescentlylabeled
envelopeglycoprotein

To makeafluorescentlytaggedCHIKV, weinsertedDNA encodingmCherryinto acDNA
cloneimmediatelydownstreanof the furin cleavagsitebetweere3andE2in CHIKV 37997
(Fig 1A). TheresultingchimericCHIKV 37997-mCherryiruswasthen producedasprevi-
ouslydescribed16]. In CHIKV 37997-mCherrnynfectedcellsmCherry-E2displayedatypical
glycoproteinexpressiormpattern:from Golgiapparatuso endosome$o the plasmamembrane,
andalphavirus-inducedEnv positivemembraneextensionsvereobservedFig 1B). Next,we
comparedviral growth curvesof CHIKV 37997-mCherryvith the parentalCHIKV 37997
virus . Virusesreleasedh the culture supernatantsverequantifiedby viral RNA level
measuredy gRT-PCRandinfectiousparticlenumbermeasuredy plaqueassayln BHK21
cells,CHIKV 37997-mCherrglemonstratedlightly slowergrowthkineticscomparedo
parentalwild-type virus at earlytime points (beforel2 hourspost-infection) howevemo dif-
ferencesvereseeratlatertime points(after18hourspost-infection)(Fig 1C). CHIKV
37997-mCherryormedplaquessimilarto parentalviral plaqueqFig 1D) andhadasimilar
viral genomecopyto PFUratio (2.49x 10°) asthe parentalCHIKV 37997(2.75x 10°). In gra-
dient purified CHIKV 37997-mCherryirus Elandcapsidproteinswerepreseniatthe
expectedize(Fig 1E). The doublebandsthatreactwith both anti-mCherrymonoclonalanti-
bodyandanti-CHIKV polyclonalantibodyareprobablyE3-mCherry-EZrecursorand
mCherry-E2fusionproteins.Insertion of mCherrybetweerE3and E2might slowdownthe
furin cleavagef E3becausthe parentalCHIKV 3799 Wirus containsverylittle uncleaved
E3-E2(p62) precursor.Thesmallersizesof E3-mCherry-E2andmCherry-E2than expected
maydueto someglycosylatiordifferencewith mCherryinsertionratherthantruncation
within thefusionprotein asthe viral RNA genomewasintactin gradientpurified CHIKV
37997-mCherr{S1Fig).
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