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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) isanalphaviruscapableof causinglongterm debilitating
joint andmusclepainatagreateconomicexpense.Currently thereareno licensedvac-
cinesor treatmentfor CHIKV infection.Wegeneratedamodifiedversionof thevirus,
termedCHIKV 37997-mCherry,stablyexpressingafluorescenttagon thesurfaceof the
virus.To achievethis,aredfluorescentprotein,mCherry,wasfusedto thevirusenvelope
proteinE2.Structuralstudiesdemonstratedthepresenceof mCherryon thevirussurface.
Infectionof micewith CHIKV 37997-mCherrycausedlessseverediseasein theanimals
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comparedto wild-typevirus.Infectionwith CHIKV 37997-mCherryinducedimmune
responsesagainstboth themCherryproteinandthevirus.Furthermore,CHIKV 37997-
mCherryisasattenuatedasthevaccinestrainCHIKV 181/clone25in differentmouse
models,causinglessjoint swellingandreducedpersistenceof viral genomesin tissue.Our
work suggeststhatchimericalphavirusescarryingforeignantigenon virusparticlesmay
serveasvaccinesagainstbothaphavirusesandotherpathogensanddiseases.

Introduction
Chikungunyavirus(CHIKV) isamosquito-transmitted,envelopedpositivestrandedRNA
virusthatbelongsto the��������	
 genusof the���������� family.CHIKV infectioncauses
anacutefebrileillnesstypicallyaccompaniedbyseverearthralgia,with relapsesfor weeksto
months[1]. In thepastdecade,CHIKV hasspreadfrom endemicareasof Africa andAsiato
newpopulationsin EuropeandtheAmericas,makingCHIKV aglobalthreatandthemost
commonalphavirusinfectinghumans.Millions of individualswereinfectedduring the2000s,
resultingin thousandsof deaths[2].

TheCHIKV RNA genomeencodesfour nonstructural(nsP1to nsP4)andfivestructural
(C,E3,E2,6K andE1)proteins.All fivestructuralproteinsaretranslatedasasinglepolypro-
tein from whichthecapsid(C) protein is releasedviaself-cleavage.Theenvelopepolyprotein
precursor(E3-E2-6K-E1)is translocatedinto theendoplasmicreticulum(ER)andprocessed
byhostsignalaseinto E1,6K andE3E2polyprotein(p62).In theER,E1andp62assembleinto
heterodimersandsubsequentlytrimerizeto form viral spikes.p62iscleavedbyhostfurin or
furin-like proteasesinto E3andE2during trafficking throughtheGolgiandtrans-Golginet-
work (TGN). ThematureCHIKV particlesbudat theplasmamembraneandhaveT = 4
quasi-icosahedralsymmetrywith 240copiesof theE1E2heterodimer,assembledinto 80
spikeson theviral surface;240copiesof C form anicosahedralnucleocapsidcoreenclosing
viral genomicRNA within thelipid membrane[3]. E1isatypeII membranefusionprotein
andsitsat thebaseof thetrimeric spikewith E2positionedon top of E1.Theectodomainof
E1consistsof threedomains[4]. DomainI links distaldomainII andmembraneproximal
domainIII. A fusionloop issituatedat thedistalendof E1domainII, andisprotectedby
domainBof E2,locatedat thedistalendof E2[4, 5]. After viral entry into targetcells,the
acidicenvironmentof endosomestriggersconformationalrearrangementswithin E2,leading
to domainBdissociatingfrom thefusionloop[6]. E1thenformsahomotrimer,further expos-
ing thefusionloopsof eachmonomerat theendof thetrimeric complexfor insertioninto the
hostmembrane[7]. E3limits themovementof E2domainBuntil it is cleavedfrom E2by
furin or furin-like proteasesto preventaccidentalactivationof thefusionpeptidebeforethe
assemblyandbuddingof maturevirions [5, 8]. Studiesshowalphavirusescantolerateinser-
tion of foreignantigensto N-terminalof E2generatingchimericviruspresentingforeignanti-
gens[9±11].Therearecurrentlyno licensedvaccinesor treatmentsfor CHIKV infection.We
hypothesizethatanattenuatedCHIKV carryingforeignantigensmayinduceimmune
responsesagainstbothCHIKV andtheforeignantigen.

In thecurrentstudy,wereportareplication-competentCHIKV with mCherryfusedto the
N-terminusof E2.TheresultingchimericviruspresentsmCherryon thevirion surfacein a
repetitivepatternandinducesstrongantibodyresponsesagainstbothCHIKV andmCherry.
Thevirus isattenuated�� ���� andprovidesasaferesearchtool to studyCHIKV virology,as
wellasdemonstratingausefulvaccineplatform.

Attenuated fluorescent CHIKV
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Methods

Cell culture, virusesandproteins
VeroandBHK21cells(ATCC CRL-1586andCCL-10)weremaintainedat37ÊCin afully
humidified atmospherewith 5%CO2 in DMEM (Invitrogen)mediumsupplementedwith
penicillin andstreptomycin,10mM HEPES,non-essentialaminoacids,and10%FBS
(Hyclone).TheCHIKV 37997andLaReunion(LR)strainvirusclonewasgift of S.Higgs
(KansasStateUniversity)andtheCHIKV vaccinestrain181/clone25wasgift of S.Weaver
(Universityof TexasMedicalBranch).Viruseswereproducedfrom infectiouscDNA clonesas
previouslydescribed[12,13].ThemCherrygenewasinsertedbetweenE3andE2afterthe
furin cleavagesitein CHIKV 37997genometo makeCHIKV 37993-mCherrycDNA clone
[14]. mCherryprotein fusedwith 6xHis-tagat theN-terminuswasexpressedin bacterialcells
andaffinity purified throughCobaltresins(ThermoFisherScientific).

Confocalmicroscopy
Verocellswereinfectedwith CHIKV 37993-mCherryatamultiplicity of infection(MOI) of 5.
At 8 h postinfection,thecellswerefixedandimagedwith aNikon Ti invertedfluorescence
microscopeequippedwith aYokogawaCSU-22spinningdiskconfocalwith a561nm laser.

Gelanalysisof purified viruses
Purifiedvirusesweresubjectedto electrophoresiswith 4±12%sodiumdodecylsulfate-poly-
acrylamidegel(ThermoFisherScientific)followedbyCoomassiestainingwith SimpleBlue
SafeStain(ThermoFisherScientific)or Westernblot analysiswith rabbitpolyclonalanti-
CHIKV 181/25(IBT Bioservices)andmousemonoclonalanti-mCherry(Sigma).

Mousestudies
C57BL/6Jmicewerepurchasedfrom TheJacksonLaboratory(Sacramento,CA). ����� -/- mice
[15], on aC57BL/6Jbackground,wereagift from Dr. MichaelDiamond(WashingtonUniver-
sity)andbredin houseunderspecific-pathogen-freeconditionsin microisolatorcages(Inno-
viveInc.,SanDiego,CA).To studyviral pathogenesisin wild typemice,threeweek-oldC57BL/
6Jmicewereinoculatedwith CHIKV subcutaneouslyin theleft footpadwith 103 or 106 PFUof
CHIKV in PBSsupplementedwith 1%heatinactivatedFBS.Jointswellingwasmonitoredvia
left andright foot measurementsat theperitarsalregion(width x height)usingdigital calipers.
Serawerecollectedatday3afterinfectionandrearankleswerecollectedatday7afterinfection.
To studyviral pathogenesisin alethalmousemodel,6±8week-old����� -/- micewereinoculated
with CHIKV subcutaneouslyin theleft footpadwith 10,100or 1,000PFUof CHIKV in PBS
supplementedwith 1%heatinactivatedFBS.Jointswellingwasmonitoredvia left andright foot
measurementsat theperitarsalregion(width x height)usingdigitalcalipers,andmousesurvival
wasmonitoredfor at least3weeks.Immunizationandchallengewith CHIKV wereperformed
by injectionof virussubcutaneouslyin theleft footpad.To immunizemicewith mCherry,8
week-oldC57BL/6Jmicewereadministeredwith purified mCherryproteinviaintraperitoneal
injection.Micewereprime immunizedwith 100�g of mCherryproteinmixedwith complete
Freund'sadjuvant(Sigma-Aldrich)followedbyboostingwith 50�g of mCherryproteinsmixed
with incompleteFreund'sadjuvant(Sigma-Aldrich)2weekslater.

Ethicsstatement
All animalexperimentswereperformedwith theapprovalof theInstitutional Animal Care
andUseCommitteeatPMI Preclinical,LLC(SanCarlos,CA), protocolnumberIAC 1705.

Attenuated fluorescent CHIKV
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Micereceivedhumanecareaccordingto thecriteriaoutlinedby theNationalResearchCoun-
cil's Instituteof LaboratoryAnimal Resourcesin theªGuidefor theCareandUseof Labora-
tory Animalsº.All injectionsof micewith viruswereperformedunderanesthesiawith
isofluraneor ketamineandxyalzine.

Viral Quantification by qRT-PCR
Viral RNA in culturesupernatantor mousebloodwasextractedbytheQIAampViral RNAMini
kit (Qiagen)followingthemanufacturer'sprotocol.To extractviral RNA in mousetissues,tissues
werefirst lysedin TRIzol(ThermoFisherScientific)usingQiagenTissueLyserII (Qiagen).RNA
wasextractedfollowingthemanufacturer'sprotocol.IsolatedRNAwasanalyzedbyqRT-PCRand
comparedto astandardcurvegeneratedfrom CHIKV-GLuc plasmid[16] with thefollowingprim-
ers:CKV_For,5'-TGGCCACCTTTGCAAGCTC-3';CKV_Rev,5'-GGGATGAACTCCATTGTA
GC-3';andCKV_Probe,5'/56-FAM/AGGTACGCACTACAGCTACC/36-TAMSp/3'.

Enzyme-Linkedimmunosorbentassay
Anti-CHIKV andanti-mCherryantibodiesin mouseserawerequantifiedusingvirion-based
ELISA.To detectanti-CHIKV antibodies,Immulon 4HBXplates(96-well,ThermoScientific)
werecoatedwith CHIKV 181/25viruspurified throughsucrosecushion(2.5x 108 genomecop-
ies/well).To detectanti-mCherryantibodies,Immulon 4HBXplateswerecoatedwith purified
6xHis-mCherryprotein(1 �g/well). Serialdilutionsof mouseserumwereaddedto theplates.
Serumof na�vemicewasusedasthebackgroundcontrol.Next,plate-boundantibodieswere
detectedwith biotin-conjugatedgoatanti-mouseIgGantibodies(SouthernBiotech),followed
with streptavidin-conjugatedhorseradishperoxidase(SouthernBiotech).Bindingwasdetected
with 3,3'5,5'-tetramethylbenzidinesubstrate(Neogen).Endpointtitersweredefinedastherecip-
rocalof thelastdilution to haveanabsorbancetwo timesgreaterthanthebackgroundcontrol.

Plaqueassayandplaquereduction neutralization tests
Neutralizingactivityof mouseserumwasquantifiedusingaplaquereductionneutralization
test(PRNT).Serialdilutionsof mouseserumwereincubatedwith 50PFUsof challengevirus
for 1 hour at37ÊC,followedby infectionof Verocellsfor 1hour at37ÊC.To quantifyvirusby
plaqueassay,Verocellswereincubatedwith serialdilutionsof viruscontainingsupernatant
for 1 hour at37ÊC.Next,cellswereoverlaidwith mediumcontaining2%FBSand0.8%aga-
rose,followedbycultureat37ÊC.Plaqueswerecounted2 dayslater.

Purification of CHIK viruses
To coatELISAplates,CHIKV 181/25wasproducedin BHK21cellsvirusandwaspelleted
througha20%sucrosecushion.To makegradient-purifiedvirusesfor singleparticlecryoEM
study,weadaptedapublishedprotocol[17]. CHIKV 37997andCHIKV 37997-mCherry
viruseswereproducedin BHK21cellsandfirst concentratedbypelletingtheculturesuperna-
tant througha20%sucrosecushion.Then,theresuspendedviruswaslayeredonto 2ml of
60%OptiPrep(Sigma-Aldrich)andspunat50,000�  for 1.5hour usingaSW28rotor. After
ultracentrifugation,thesupernatantswereremovedto leave4ml abovethevirusband.The
remaining4ml supernatant,thevirusbandandtheunderlayof 2ml of 60%OptiPrepwere
mixedto reachafinal concentrationof 20%OptiPrep.Themixture wasspunat360,000x g for
3.5hourswith aNVT65.2rotor. Thevirusbandwasextractedandbufferexchangedto NTE
buffer(20mM Tris,pH 8.0,120mM NaCl,1 mM EDTA) usinganAmicon Ultra-2 Centrifu-
galFilter Unit with Ultracel-100membrane(Millipore).

Attenuated fluorescent CHIKV
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CryoEM reconstructionof CHIKV 37997-mCherry
PurifiedCHIKV 37997-mCherryviruswasflash-frozenon C-Flatcoppergrids(R2/2,200
mesh)in liquid ethane.Themovie-modedataof CHIKV 37997-mCherrywastakenon a
DE-20directelectrondetector(Direct Electron,LP,SanDiego,CA) on a200-kVJEOL
2200FSmicroscopeunderlow-doseconditions.Weusedaframerateof 25frames/sand
1.52sexposurethatcorrespondedto *38 e/� 2 dose/image.Individual framesin each
imagewerealignedusingDE_process_frames.pyscriptprovidedby Direct Electron(Direct
Electron,LP,SanDiego,CA) usingradiationdamagecompensationto increaselow-fre-
quencycontentin thefinal images,thusfacilitatingsubsequentparticlealignment.Particle
imageswereautomaticallyboxedout usingtheE2BOXERprogramfrom theEMAN2 suite
[18]. EMAN2 wasusedfor CTFdeterminationandcorrection;thesubsequentprocessing
(particlealignment,orientationsearchandrefinement,and3D reconstruction)wasdonein
IMAGIC-5 [19].

Statisticalanalyses
All datawereanalyzedusingPrismsoftware(LaJolla,CA) andstatisticalsignificancewas
assignedwhen� valueswere< 0.05.Neutralizationcurveswerecalculatedusingnon-lin-
earregression.Mousesurvivalcurveswerecomparedwith Gehan-Breslow-Wilcoxontest.
Viral titersandmousejoint swellingwereanalyzedusingaone-wayor two-wayANOVA
test.

Results

Generationof a replication-competentCHIKV with fluorescentlylabeled
envelopeglycoprotein
To makeafluorescentlytaggedCHIKV, weinsertedDNA encodingmCherryinto acDNA
cloneimmediatelydownstreamof thefurin cleavagesitebetweenE3andE2in CHIKV 37997
(Fig 1A). TheresultingchimericCHIKV 37997-mCherryviruswasthenproducedasprevi-
ouslydescribed[16]. In CHIKV 37997-mCherryinfectedcells,mCherry-E2displayedatypical
glycoproteinexpressionpattern:from Golgiapparatusto endosomesto theplasmamembrane,
andalphavirus-inducedEnvpositivemembraneextensionswereobserved(Fig 1B).Next,we
comparedviral growthcurvesof CHIKV 37997-mCherrywith theparentalCHIKV 37997
virus�� �����. Virusesreleasedin theculturesupernatantswerequantifiedbyviral RNA level
measuredbyqRT-PCRandinfectiousparticlenumbermeasuredbyplaqueassay.In BHK21
cells,CHIKV 37997-mCherrydemonstratedslightlyslowergrowthkineticscomparedto
parentalwild-typevirusatearlytime points(before12hourspost-infection),howeverno dif-
ferenceswereseenat latertime points(after18hourspost-infection)(Fig 1C).CHIKV
37997-mCherryformedplaquessimilar to parentalviral plaques(Fig 1D) andhadasimilar
viral genomecopyto PFUratio (2.49x 103) astheparentalCHIKV 37997(2.75x 103). In gra-
dientpurified CHIKV 37997-mCherryvirusE1andcapsidproteinswerepresentat the
expectedsize(Fig 1E).Thedoublebandsthat reactwith bothanti-mCherrymonoclonalanti-
bodyandanti-CHIKV polyclonalantibodyareprobablyE3-mCherry-E2precursorand
mCherry-E2fusionproteins.Insertionof mCherrybetweenE3andE2might slowdownthe
furin cleavageof E3becausetheparentalCHIKV 37997viruscontainsverylittle uncleaved
E3-E2(p62)precursor.Thesmallersizesof E3-mCherry-E2andmCherry-E2thanexpected
maydueto someglycosylationdifferencewith mCherryinsertionratherthantruncation
within thefusionproteinastheviral RNA genomewasintact in gradientpurified CHIKV
37997-mCherry(S1Fig).

Attenuated fluorescent CHIKV
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