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Abstract

The ubiquitous Epstein-Barr virus (EBV) is the primary cause of infectious mononucleosis

and is etiologically linked to the development of several malignancies and autoimmune dis-

eases. EBV has a multifaceted life cycle that comprises virus lytic replication and latency

programs. Considering EBV infection holistically, we rationalized that prophylactic EBV vac-

cines should ideally prime the immune system against lytic and latent proteins. To this end,

we generated highly immunogenic particles that contain antigens from both these cycles. In

addition to stimulating EBV-specific T cells that recognize lytic or latent proteins, we show

that the immunogenic particles enable the ex vivo expansion of cytolytic EBV-specific T

cells that efficiently control EBV-infected B cells, preventing their outgrowth. Lastly, we

show that immunogenic particles containing the latent protein EBNA1 afford significant pro-

tection against wild-type EBV in a humanized mouse model. Vaccines that include antigens

which predominate throughout the EBV life cycle are likely to enhance their ability to protect

against EBV infection.

Author summary

Humanherpesvirusesaretremendouslysuccessfulpathogensthatestablishlifelonginfec-
tion in asubstantialproportion of thepopulation.Theoncogenic�-herpesvirusEBV,like
otherherpesviruses,expressesaplethoraof open-readingframesthroughoutits multiface-
tedlife cycle.Wehavedevelopedaprophylacticvaccinecandidatein theform of immu-
nogenicparticlesthatcontainseveralEBVantigens.This is in starkcontrastto thevast
majority of EBVvaccinescandidatesthatcontainonly oneor two EBVantigens.Our
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immunogenicparticleswereshowncapableof stimulatingseveralEBV-specificT-cell
clones�� �����. Theimmunogenicparticleswerealsocapableof expandingcytolyticEBV-
specificT cells�� ���� andprovidedaprotectivebenefit�� ���� whenusedasaprophylac-
tic vaccine.

Introduction
TheEpstein-Barrvirus(EBV)isa�-herpesvirusthatestablishesasymptomaticinfectionin the
majority of thehumanpopulation.EBVinfectsbothBcellsandepithelialcells,but it is in the
former in whichEBVestablisheslatencyandpersistslifelong[1]. Despitebeingcarriedasymp-
tomaticallybymostindividuals,theglobaldiseaseburdenof EBVissubstantial.EBVis thepri-
marycauseof infectiousmononucleosis(IM), accountsfor 200,000newcancercasesannually
[2] andis linked to thedevelopmentof autoimmunediseases(e.g.multiple sclerosis)[3].

Shortlyafterthediscoveryof EBV,vaccinationwastoutedasapossiblemeansof control-
ling or eliminatingEBV-associateddiseases[4]. DespiteEBVbeingthefirst humanoncogenic
virusto bediscovered,andin spiteof severaldecadesof EBVvaccineresearch,no prophylactic
EBVvaccinehasmadeit onto themarket.Sofar, themajority of prophylacticvaccineproto-
typeshavefocusedon themajorviral envelopeglycoproteingp350[5]. Onestudy,in which
solublegp350wasusedfor vaccinationpurposes,reportedadecreasein thefrequencyof IM in
vaccinatedindividualsoverastudyperiodof 18months,but vaccinationdid not reducethe
frequencyof infectionwith thewild typevirus[6]. Long-terminformation on thevaccinated
cohort isnot available.

Herpesviruseshavecomplexlife cyclesandprimary infection,latencyandreactivationare
achievedthroughtheexpressionof alargenumberof open-readingframes[7±9].Considering
thenumberof antigensthatareexpressedduring theEBVlife cycle,it isnot surprisingthat
EBVinfectioniscontrolledin healthyindividualsthroughhumoralandcellularimmune
responsesthat targetavarietyof lytic andlatentproteins[10]. Consideringthebreadthof
EBV-specificimmuneresponsesin healthyindividuals,it issurprisingthatEBVvaccineproto-
typeshaveonly targetedalimited setof lytic [6,11,12]or latentproteins[13].

Wepreviouslygeneratedavaccinecandidatein theform of EBVvirus-likeparticles(VLPs)
andlight particles(LPs)[14]. Deletionof EBVproteinsinvolvedin DNA packagingproduced
particlesthatwereDNA-free,non-infectiousandhighly immunogenic.Whilst EBVVLPs/LPs
arelikely to containseveraldozenlytic proteins(��	. envelope,tegumentandcapsidproteins)
[15], theyaredevoidof latentproteins.To addressthisshortcoming,weenlargedtheantigenic
spectrumof VLPs/LPsto includeimmunodominantlatentproteins.Weinterrogatedtheanti-
genicityof VLPs/LPscontaininglatentantigens�� �����, �� ���� and�� ����.

Results

Enlarging the antigenicspectrumof EBV virions to include latent proteins
To generateimmunogenicparticleswith anenlargedantigenicspectrum,weaimedto intro-
ducelatentprotein fragmentsinto EBVVLPs/LPs.SinceBNRF1isabundantwithin virions
[15], werationalizedthat latentantigenscouldbeintroducedinto VLPs/LPsby fusingthemto
BNRF1(Fig1A).However,sincewild-typeEBV(wtEBV)canbeaccuratelyandsensitively
quantifiedthroughqPCR[14], wefirst modifiedBNRF1of wtEBVto testthisassumption.The
BNRF1of wtEBVwasmodifiedto containafragmentfrom thehighlyantigeniclatentprotein
EBNA3C[16] (S1Fig).Bacterialartificial chromosome(BAC)DNA from wtEBVwas

Novel particles protect against EBV infection ex vivo and in mice
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Fig 1. Theantigenicspectrumof EBVvirions is enlarged through the construction of BNRF1-latent protein genefusions.(A) Theinsertionof latentprotein
epitopesinto themajor tegumentproteinBNRF1enablesthemto beincorporatedinto thetegumentof VLPs/LPs. (B) Modification of BNRF1to includean
antigenicfragmentfrom EBNA3C(E3C)doesnot influencelytic replicationin producercells.Thelatelytic geneproductgp350wasdetectedat thesurfaceof
induced293/wtEBVand293/EBV-E3Cproducercellsbystainingwith ��-gp350and��-mouseIgG-Cy3antibodies.(C) EBVvirions thatencodeaBNRF1-EBNA3C
fusionproteinstimulateBNRF1-andEBNA3C-specificCD4+ T cells.AutologousLCLswerepulsedwith variousamounts(1 x 104 to 1x 106 genomeequivalents
(geq))of wtEBVor EBV-E3Candthencocultured with CD4+ T cellsthatwerespecificfor BNRF1VSD(1006±1017aa)or EBNA3C5H11(325±339aa)epitopes.In
parallel,LCLswerepulsedwith controlpeptides(�g to ngquantities)prior to coculturewith CD4+ T cells.T-cellactivationwasdetermined bymeasuringsecreted
IFN-� byELISA.(D) A neutralizingantibodythat recognizesgp350impairstheantigenicityof wtEBVandEBV-E3C.Theneutralizing antibody72A1wastitrated
(50,5and0 �g/mL) andincubatedwith 1x 106 geqof wtEBVandEBV-E3C.Thereafter,supernatantswereusedin T-cellactivationassays.Thedatadisplayedin
eachchartrepresentstriplicatevaluesanderror barsrepresentstandarddeviation.Furthermore, eachgraphisarepresentativeexperimentof at leastthree.

https://doi.org/10.1371/journal.ppat.1007464.g001
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modifiedto containEBNA3Candthenstablyintroducedinto 293cellsto generateaviruspro-
ducercellline (293/EBV-E3C).Theintegrity of theEBV-E3CBACDNA within producercells
wasconfirmedwith restrictionanalysis(S1Fig).Transfectionof thelytic transactivatorBZLF1
geneinto 293/EBV-E3Cand293/wtEBVyieldedasimilarpercentageof cellsthatexpressed
thelatelytic proteingp350(Fig1B).This indicatesthatmodificationof BNRF1to includea
latentantigenfragmentdoesnot influencelytic replication.Next,wecomparedtheantigenic-
ity of EBV-E3CandwtEBVvirusesin T-cellactivationassays(Fig1C).Autologouslympho-
blastoidcelllines(LCLs)werepulsedwith thetwo virusesor peptidecontrolsandthen
coculturedwith BNRF1-[17] or EBNA3C-[18] specificCD4+ T cells.Thisconfirmedthat
modifiedvirions,containingaBNRF1-EBNA3Cfusionprotein,wereableto simulate
EBNA3C-andBNRF1-specificCD4+ T cells.Conversely,wtEBVthatcontainedunmodified
BNRF1wasonly ableto stimulatetheBNRF1-specificCD4+ T cells(Fig1C).In all cases,the
doseof thevirusappliedcorrelatedto theresponsegeneratedby theT cells,with aslittle as1 x
104 virions (genomeequivalents(geq))beingableto generateresponsesfrom theBNRF1-and
EBNA3C-specificT cells.Importantly,BNRF1-specificCD4+ T cellsrecognizedmodifiedand
unmodifiedEBVto thesameextent.This indicatesthatBNRF1-latentantigenfusionproteins
enlargedtheantigenicspectrumof EBVwithout influencingtheantigenicityof BNRF1.Next,
wetestedwhethertheenlargedantigenicspectrumof EBV-E3Cwasexclusivelydueto
BNRF1-latentantigenfusionscontainedwithin virions.To thisend,virussupernatantswere
pre-incubatedwith anti-gp350neutralizingantibody[19] prior to beingusedin T-cellrecogni-
tion assays(Fig1D).Thisshowedthat theneutralizingantibodywasableto abolishtheantige-
nicity of EBV-E3C.Altogether,theseresultsconfirm thatBNRF1-latentantigenfusion
proteinsaresuccessfullypackagedinto virionsandenlargetheir antigenicspectrum.

Antigenic diversification of VLPs/LPslackinggp110
Next,weconfirmedtheantigenicityof BNRF1-latentantigenfusionproteinsin gp110-nega-
tiveVLPs/LPs.Sincegp110hasbeenshownto precludeviral andhostmembranefusion[20],
andabrogatetoxicity [21], weexclusivelyusedgp110-negativeVLPs/LPsin thepresentstudy.
WeconcurrentlymodifiedVLPs/LPsandwtEBVto encodeEBNA3CandEBNA1fragments,
respectivelygenerating293/VLPs/LPs-E3C-E1and293/EBV-E3C-E1producercells(S2Fig).
EBNA1,like EBNA3C,isahighly immunogeniclatentprotein that is frequentlyrecognizedby
thepopulation[16,22].TheDNA-freeVLPs/LPs-E3C-E1werequantifiedusingflow cytome-
try (S3Fig)andthencomparedto anequivalentamountof EBV-E3C-E1thatwasquantified
with qPCR(Fig2A).Thisconfirmedthat flow cytometryenabledthereliablequantification
DNA-freeVLPs/LPs.Next,VLPs/LPs-E3C-E1wereanalysedin T-cellactivationassaysalong-
sideEBV-E3C-E1(Fig2B).Thisshowedthat theVLPs/LPs,like EBVvirions,wereableto
stimulateBNRF1-[17], gp350-[23], EBNA3C-[18] andEBNA1-[24] specificCD4+ T cells
whentheyweremodifiedto containEBNA3CandEBNA1fragments(Fig2B).Furthermore,
themodifiedVLPs/LPsstimulatedthevariouslytic protein- andlatentprotein-specificT cells
to thesameextentasmodifiedEBV.ThisconfirmedthatVLPs/LPscouldbeusedasaplatform
to generateimmunogenicparticlesthatcompriselytic andlatentantigens.Furthermore,the
lackof gp110doesnot negativelyinfluencetheantigenicityof theVLPs/LPs,indicatingthat
their safetycanbeincreasedwithout compromisingtheir antigenicity.

Modified VLPs/LPsexpandT cellsthat efficiently control recentlyinfected
B cells
SinceEBV-specificT cellsplayacrucialrole in controllingEBV-infection[25,26],wetested
whethermodifiedVLPs/LPscouldexpandEBV-specificT cellswith protectivevalue.To this

Novel particles protect against EBV infection ex vivo and in mice

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007464 December 6, 2018 4 / 23

https://doi.org/10.1371/journal.ppat.1007464


Fig 2. Modified VLPs/LPsthat lackgp110areantigenicandstimulate multiple EBV-specificT cells.(A) VLPs/LPsandEBVthatcontainEBNA3C(E3C)and
EBNA1(E1)bind to Bcellsto asimilardegree.Equalquantitiesof EBV-E3-E1(1 x 106 geq)andVLPs/LPs-E3C-E1(1 x 106 particles)wereincubatedwith ElijahB
cells,stainedwith ��-gp350(72A1)and��-mouseIgG-Cy3antibodiesandthenanalysedwith flow cytometry.Thevaluesdisplayedon plotsindicatethepercentage
of Bcellsthatwereboundbyvirusor VLPs/LPs. (B) VLPs/LPs-E3C-E1retaintheir antigeniccharacterin theabsenceof gp110.AutologousLCLswerepulsedwith
controlpeptides,VLPs/LPs-E3C-E1(1 x 106 particles)or EBV-E3C-E1(1 x 106 geq)andculturedwith T cellsthatwerespecificfor gp3501D6(65±69aa),BNRF1
VSD(1006±1017aa),EBNA3C5H11(325±339aa)or EBNA13E10(475±489aa)epitopes. T-cellactivitywasdeterminedbyquantifying IFN-� releasewith ELISA.
Thedataillustratedin thegraphsareaverageof triplicatevaluesanderror barsrepresentstandarddeviation.Furthermore,eachgraphisarepresentative
experimentof at leastthree.

https://doi.org/10.1371/journal.ppat.1007464.g002
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end,epitope-richregionsfrom EBNA1,arbitrarily namedregionI, regionII andregionI:II
(Fig3A),wereusedto generateVLPs/LPsproducercellsthatencodeEBNA1(S4Fig).Analysis
of theproducercellswith westernblot showedthat the293/VLP/LP-EBNA1RI:II producercell
line wasunableto expressthelargeBNRF1-EBNA1fusion,whilst the293/VLP/LP-EBNA1RI

and293/VLP/LP-EBNA1RII producercellssuccessfullyexpressedtheir BNRF1-EBNA1fusions
(Fig3B).HenceVLPs/LPs-EBNA1RI:II wereexcludedfrom analysis.VLPs/LPs-EBNA1RI and
VLPs/LPs-EBNA1RII werecombined(VLPs/LPs-EBNA1RI+RII) andusedto stimulatebulk
PBMCsfrom unhaplotypedEBV-positivedonors(Fig3C).Asacontrol,PBMCsfrom the
samedonorswerealsoexpandedwith anantigen-armedantibody(AgAb) thatcontainedthe
majorEBVglycoproteingp350.AgAbswereoriginallydevelopedasatargetedtherapyfor B
cellmalignancies[18,27],but wererepurposedin thepresentstudyto expandEBV-specificT
cellsof interest(S5Fig).Stimulationof PBMCsfrom EBV-positivedonorswith VLPs/LPs-
EBNA1RI+RII or gp350-AgAbexpandedsimilarnumbersof CD4+, CD8+ andtotalT cellsfrom
thePBMCsof EBV-positivedonors(Fig3C).Next,primary Bcellsfrom four donorswere
infectedwith highly infectiousgp110high B95-8[28] andthencoculturedwith VLPs/LPs-
EBNA1RI+RII- or gp350-AgAb-expandedT cells.After 5 days,�� ���� cultureswereanalyzed
by immunofluorescencefor thepresenceof EBV-infectedBcells(Fig3D).Thisshowedthat
nearlyall theBcellsin �� ���� cultureswereEBNA2-positive,confirming thatvirtually all the
Bcellsweresuccessfullyinfectedwith EBV.However,therewerenoticeablyfeverEBV-
infectedBcells(CD20+EBNA2+) in thepresenceof VLPs/LPs-EBNA1RI+RII-specificT cells
thangp350-specificT cells.ThissuggestedthatVLPs/LPs-EBNA1RI+RII-specificT cellswere
moreefficientatcontrolling theEBV-infectedBcellsduring thefirst fivedaysof infection
comparedto gp350-specificT cells.Next,VLPs/LPs-EBNA1RI+RII- andgp350-AgAb-expanded
T cellsfrom eightdonorswerecoculturedwith infectedBcellsasbeforeandquantitatively
analysedwith flow cytometry(Fig3Eand3F).Thisconfirmedthat �� ���� culturescontaining
VLPs/LPs-EBNA1RI+RII-specificT cellshadthelowestpercentageof CD19+ cells.This indi-
catesthatVLPs/LPs-EBNA1RI+RII-specificT cellsaremoreproficient thangp350-specificT
cellsatcontrollingEBV-infectedBcellsduring thefirst fivedaysof infection.

Modified VLPs/LPsexpandT cellsthat restrict the outgrowth of B95-8-
andM81-infectedB cells
HavingshownthatVLP/LPs-EBNA1RI+RII-specificT cellsefficientlycontrol B95-8-infectedB
cells,wetestedwhethertheycouldrestricttheoutgrowthof infectedBcellsoveralonger
period.Additionally,wetestedwhetherVLP/LPs-EBNA1RI+RII-specificT cellscouldprevent
theoutgrowthof Bcellsinfectedwith theprototypicB95-8strainor thedistantlyrelatedM81
strain[29] from HongKong.WestimulatedPBMCsfrom eightEBV-positivedonorsasbefore
(seeFig3) andthencoculturedthemwith autologousBcellsthatwereinfectedwith gp110high

B95-8andgp110high M81.Asapositiveandnegativecontrol, infectedBcellswererespectively
culturedwith CD19- PBMCsor in mediumonly.After 15days,�� ���� cultureswereanalysed
with flow cytometryto detectoutgrowingBcells(Fig4).SinceproliferatingBcellsexpress
CD23,outgrowingBcellswereidentifiedbydetectingCD19+CD23+ double-positivecells
[30,31].EBV-infectedBcellswerefound to consistof CD19+CD23-, CD19+CD23low and
CD19+CD23high populationswhentheywereculturedin mediumonly,with themajority of B
cellsbeingof theCD19+CD23high variety(Fig4A).Comparatively,in thepresenceof CD19-

PBMCs,gp350-specificT cellsandVLPs/LPs-EBNA1RI+RII-specificT cells,thenumberof
CD19+CD23+ cellswereconsiderablyreduced.This indicatedthatproliferatingBcellswere
restrictedin thesecultures.Interestingly,whilstgp350-specificT cellswereshownto bemore
efficientthanCD19- PBMCsatcontrolling infectedBcellsduring theearlyphaseof infection
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Fig 3. VLPs/LPscontaining EBNA1fragmentsexpandT cellsthat efficiently target EBV-infectedB cells.(A) Epitope-richregionsfrom EBNA1wereutilizedto
constructmodifiedVLPs/LPs.EBNA1hasasinglestretchof ~200aminoacidsthatcontainsmorethan25describedCD4andCD8epitopes.Regionsencompassing
themajority of EBNA1T-cellepitopes,arbitrarily namedregionI, II andI:II, wereusedto generateVLP/LPs-EBNA1RI, VLP/LPs-EBNA1RII andVLP/LPs-EBNA1RI:II.
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(seeFig3), theCD19- PBMCsof severaldonorswereconsiderablymoreadeptat restrictingB-
celloutgrowththangp350-specificT cellsoverthelonger15dayperiod(Fig4B).Thissuggest
that thePBMCsfrom somedonorscontainedEBV-specificT cells,otherthangp350-specific
T cells,thatwereableto restrictB-celloutgrowth.However,it isevidentthatproliferatingB
cellswererestrictedto agreaterdegreein �� ���� culturesthatcontainedVLPs/LPs-EBNA1RI

+RII-specificT cells.Moreover,thiswasobservedfor B95-8-andM81-infectedBcellsandfor
all donors(Fig4B).ThisconfirmsthatVLPs/LPsequippedwith EBNA1expandEBV-specific
T cellsthatefficientlyrestrictBcellsinfectedwith B95-8andM81EBV.

Modified VLPs/LPsstimulate cytolytic CD4+ T cellsthat recognizelytic
and latent cycleantigens
HavingshownthatVLPs/LPs-EBNA1RI+RII-specificT cellscontrol EBV-infectedcells,it
indicatedthat theywerecytolyticin character.However,sinceVLPs/LPs-EBNA1RI+RII-

stimulatedPBMCscontainedprimarily CD4+ T cells(Fig3C),it wasunclearwhetherVLPs/
LPs-EBNA1RI+RII arecapableof stimulatingEBV-specificCD8+ T cells.To thisend,wetested
theability of LCLspulsedwith VLPs/LPs-EBNA1RI, containingtheEBNA1HPV CD8+ epi-
tope,to stimulateanEBNA1HPV-specificT-cellclone[18]. Thisshowedthat theEBNA1
HPV-specificCD8+ T-cellclonewasunableto recognizeLCLspulsedwith VLPs/LPs-
EBNA1RI (S6AFig).In contrast,LCLspulsedwith theVLPs/LPs-EBNA1RI werewell recog-
nizedby theBNRF1VSD-specificCD4+ T-cellclone.Thissuggeststhat theautologousLCLs
wereunableto cross-presenttheEBNA1HPV epitopefrom VLPs/LPs-EBNA1RI to CD8+ T
cells.WealsoassessedIFN-gammasecretionbyCD4+ andCD8+ T cellsafterthestimulation
of bulk PBMCswith VLPs/LPs-EBNA1RI+RII (S6BFig).ThisrevealedthatbothCD4+ and
CD8+ IFN-gammaproducingcellsweredetecteduponstimulationwith VLPs/LPs-EBNA1RI+RII

(S6CFig).However,it wasevidentthat IFN-�+ CD4+ T cellsweremorenumerousthanIFN-
�+ CD8+ T cellsandsuggeststhat thestimulationof PBMCswith VLPs/LPs-EBNA1RI+RII pref-
erentiallyexpandsEBV-specificCD4+ T cells.Next,weexpandedEBNA1-andgp350-specific
CD4+ T cellsfrom VLPs/LPs-EBNA1RI+RII-stimulatedPBMCsandanalyzedthemfor their
cytotoxicpotential.Bulk PBMCsfrom anunhaplotypedEBV-positivedonorwasstimulated
with VLPs/LPs-EBNA1RI+RII for two rounds,afterwhichgp350-AgAb(S5Fig)or EBNA1-A-
gAb(S7Fig)wereusedto expandgp350-andEBNA1-specificCD4+ T cells(Fig5A).The
expandedCD4+ T cellswereconfirmedto bespecificfor eitherEBNA1or gp350(Fig5B).The
�� ���� expandedCD4+ T cellsspecificallyrespondedto EBNA1-AgAbor gp350-AgAbandto
EBNA13G2or gp3501D6epitopepeptides.Next,wedeterminedwhethertheEBNA1-and
gp350-specificCD4+ T cellswerecapableof expressingCD107a,asurrogatemarkerfor the
releaseof cytolyticgranules[32]. AutologousLCLswerepulsedwith ��-CD20,EBNA1-AgAb

Thegly-alarepeatsthat impedeHLA classI-restrictedpresentation isalsoshown.(B) Expression of BNRF1-EBNA1fusionproteinsby induced293/VLPs/LPs-
EBNA1RI, 293/VLPs/LPs-EBNA1RII and293/VLPs/LPs-EBNA1RI:II producercells.Westernblot analysiswasperformedwith ��-BNRF1and��-actin antibodies.(C)
VLPs/LPscontainingEBNA1predominantly expandCD4+ T cells.VLPs/LPs-EBNA1RI andVLPs/LPs-EBNA1RII werecombinedin a1:1ratio (VLPs/LPs-EBNA1RI

+RII) andusedto stimulatePBMCsfrom eightunhaplotypedEBV-positivedonors.ThePBMCsfrom thesamedonorswerestimulatedin parallelwith gp350-AgAb. 
�
���� cultureswerestainedfor CD3,CD4andCD8aftertwo stimulation cyclesandanalysedwith flow cytometry.Thepercentageof CD4+, CD8+ andtotalT cells
(CD3+) in �� ���� culturesareshown.(D-F) VLPs/LPs-EBNA1RI+RII-specificT cellsefficiently controlEBV-infectedBcellsduring thefirst 5daysof infection. PBMCs
from EBV-positivedonorswerestimulatedasdescribedin (C) andthencoculturedwith Bcellsthatwereinfectedovernightwith recombinantB95-8.Additionally,
infectedBcellswereculturedin mediumonly or with CD19-depleted(CD19-) PBMCs. 
� ���� cultureswereanalysedfivedayspost-infection with
immunofluorescence(D) andflow cytometry(EandF).(D) Representativeimmunofluorescenceresultsfrom four donorsareshown.Cellswerestainedwith ��-CD20,
��-EBNA2andDAPI prior to analysis.Scalebarsrepresent50�m. (E)Representative flow cytometrydatafrom eightdonorsareshown.
� ���� cultureswereassessed
for thefrequencyof CD19+ cells.Percentagesshownareof totalcells.Sincetherecombinant B95-8strainencodesGFP,CD19+GFP+ double-positivecellscouldbe
observed.(F) A summary of flow cytometryresultsfrom eightdonors.Thepercentageof CD19+ cellsin all culturesareexpressedrelativeto thepercentageof CD19+

cellsin thepresenceof CD19- PBMCs.Statisticalanalysiswasperformedusingatwo-tailedstudentt-test.

https://doi.org/10.1371/journal.ppat.1007464.g003
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or gp350-AgAbthencoculturedwith theEBNA1-andgp350-specificCD4+ T cells.This
showedthatbothCD4+ T-cell linesupregulatedCD107ain responseto therelevantantigen
(Fig5C).However,approximately50%of gp350-specificCD4+ T cellsexpressedCD107a,
whilstonly 10%of EBNA1-specificCD4+ T cellsexpressedCD107a.Next,wetestedtheability

Fig 4. VLPs/LPs-EBNA1RI+RII -specificT cellspreventthe outgrowth of B95-8-andM81-infectedB cells.PBMCsfrom eightunhaplotypedEBV-positivedonors
werestimulatedwith gp350or VLPs/LPs-EBNA1RI+RII asdescribedin Fig3,andthencoculturedwith primaryBcellsthatwereinfectedwith B95-8or M81.In parallel,
theinfectedBcellswereculturedin medium only or with CD19- PBMCs.After 15days,�� ���� cultureswerestainedfor CD19andCD23andthenanalysed by flow
cytometry.(A) Representativeflow cytometrydatafrom eightdonors.Thepercentageof CD19+CD23-, CD19+CD23low andCD19+CD23high Bcellsin �� ���� cultures
areshown.(B) A summaryof dataobtainedfrom eightdonors.Thepercentageof CD19+CD23+ Bcellsin all culturesareexpressedrelativeto thepercentageof
CD19+CD23+ Bcellsin thepresenceof CD19- PBMCs.Statisticalanalysiswasperformedusingatwo-tailedstudentt-test.Only Pvalueslowerthan0.05areshown.

https://doi.org/10.1371/journal.ppat.1007464.g004
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of EBNA1-andgp350-specificCD4+ T cellsto releasethemediatorof cytolysisgranzymeB
(Fig5D).BoththeEBNA1-andgp350-specificCD4+ T cellsreleasedgranzymeB in response
to therelevantAgAbandepitopepeptide.Lastly,wetestedwhethertheEBNA1-andgp350-
specificCD4+ T cellswerecapableof directly lysingautologousLCLspulsedwith antigen(Fig
5E).Thisshowedthat theboth theEBNA1-andgp350-specificCD4+ T cellsspecificallylysed
LCLspulsedwith epitopepeptidesandVLPs/LPsthatcontainedEBNA1.Takentogether,
theseresultsconfirm thatVLPs/LPs-EBNA1RI+RII havetheability to stimulatecytolyticCD4+

T cellsspecificfor lytic andlatentantigens.Theseresultsareconsistentwith previousstudies
thatshowedEBNA1-[30,33,34]andgp350-[35] specificT cellsto becytolytic.

Vaccinationwith EBV VLPs/LPscontaining EBNA1protectsmicefrom
wtEBV infection
HavingshownthatmodifiedVLPs/LPswereantigenic�� ����� and�� ����, weassessed
whetherVLPs/LPs-EBNA1RI+RII hadprotectiveabilities�� ����. To thisend,micereconsti-
tutedwith humanimmunesystemcomponents,susceptibleto EBVinfectionandcapableof
exertingEBV-specificimmunecontrol [36], wereusedto interrogateVLPs/LPs-EBNA1RI+RII.
HumanizedNSG-A2(huNSG-A2)micewererandomlygroupedandinjectedintraperitone-
allywith PBS,unmodifiedVLPs/LPs(1 x 106 particles)or VLPs/LPs-EBNA1RI+RII (1 x106 par-
ticles),usingpoly (I:C) asanadjuvant(Fig6A).Fourweekslater,micewereboostedusingthe
samedose.Animalswerechallengedwith gp110high B95-8(1 x 105 GRUs)sixweeksafterthe
lastboostandeuthanizedeightweekslater.Fromtheliteratureweknewthat this titer would
enableinfectionwithout grossdevelopmentof tumors[36]. Thespleensof challengedanimals
wereanalysedbyhistology(Fig6B).Thisshowedthatall animalscontainedhumanCD20-
andCD3-positivecellsin their spleens.However,therewasno correlationbetweentheabun-
danceof CD20-andCD3-positivecellsandthedifferenttreatments.�� ��� hybridization
revealedthepresenceof interspersedcellsthatexpressedEBV-encodedRNAs(EBERs)in the
spleensof micefrom thePBSandunmodifiedVLPs/LPsgroups.In total,60%of micefrom
thePBSgroupwerefound to containEBER+ cells,while37.5%of themicefrom theVLPs/LPs
groupcontainedEBER+ cells(Fig6C).Statisticalanalysisshowedthat thisobservationwas

Fig 5. VLPs/LPscontaining EBNA1enablethe expansionof cytolytic gp350-andEBNA1-specificCD4+ T cells.(A) The
expansionof gp350-andEBNA1-specificT cellsusingVLPs/LPs-EBNA1RI+RII andAgAb.PBMCsfrom EBV-positive
individualscontainmultipleEBV-specific T cells.This includesT cellsthat recognizeEBNA1(redcells),gp350(greencells)
or otherstructuralantigens(orangecells).Stimulation of PBMCswith VLPs/LPs-EBNA1RI+RII expandedthesevariousT
cells.Thereafter,EBNA1-andgp350-specific T cellswereselectivelyexpandedbyrespectivelyusingEBNA1-AgAband
gp350-AgAb. 
� ���� expandedT cellswerestainedfor CD3andCD4andanalysedwith flow cytometry.EBNA1-(red)and
gp350-(green)specificT cellsareshown.Unstainedcellsareshownin grey.(B) The�� ���� expandedCD4+ T cellsare
specificfor EBNA1or gp350.AutologousLCLswerepulsedwith EBNA1-AgAb, gp350-AgAb,EBNA13G2(514±528aa)
epitopeor gp3501D6(65±69aa)epitopeandthencocultured with theCD4+ T cells.ThereleaseIFN-� wasquantifiedby
ELISA.Eachdatapoint is theaverageof threevaluesanderror barsrepresentsstandarddeviation. Eachexperimentisa
representativeof at leastthree.(C) EBNA1-andgp350-specific CD4+ T cellsexpressCD107a.AutologousLCLswerepulsed
with ��-CD20,EBNA1-AgAbor gp350-AgAb andthencoculturedwith theCD4+ T cells.Thereafter,cellswerestainedfor
CD4andCD107aandthenanalysed with flow cytometry.Thepercentageof CD4+ T cellsthatexpressCD107aareindicated.
Thedatadisplayedarerepresentativeof threeexperiments.(D) EBNA1-andgp350-specific CD4+ T cellsreleasegranzymeB.
AutologousLCLswerepulsedwith EBNA1-AgAb, gp350-AgAb or relevantpeptides(EBNA13G2andgp3501D6)andthen
coculturedwith theCD4+ T cells.Thereleaseof granzymeBwasquantifiedwith anELISA.Thedatadisplayedin eachchart
representtriplicatevaluesanderror barsrepresentstandarddeviation. Eachgraphisarepresentativeexperiment of at least
three.(E) EBNA1-andgp350-specific CD4+ T cellslysetargetcellspulsedwith VLPs/LPs-EBNA1RI+RII. AutologousLCLs
werepulsedovernightwith VLPs/LPs-EBNA1RI+RII (grayline),EBNA13G2(redline),gp3501D6(greenline) or EBNA3C
5H11(blackline) peptides.Thereafter,thepulsedLCLswereincubated with calceinAM andthencocultured with increasing
amountsof theEBNA1-or gp350-specific CD4+ T cells.Effectorto target(E:T)ratiosof 1 to 30wereused.Thereleaseof
calceinfrom targetedcellswasmeasuredat535nm afterexcitationwith 485nm light. Eachdatapoint is theaverageof three
valuesanderror barsrepresentserror bars.Furthermore,eachexperiment isarepresentativeof two experiments.

https://doi.org/10.1371/journal.ppat.1007464.g005
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statisticallyinsignificant(P> 0.05).Noneof thespleensamplesfrom theVLPs/LPs-EBNA1RI

+RII groupwerefound to containEBER+ cells.Thisresultwasconfirmedto bestatisticallysig-
nificant from thePBS(P= 0,009)andVLPs/LPs(P= 0.035)groups.Next,qPCRwasusedto
detectthepresenceof EBVin theperipheralbloodof challengedanimals(Fig6D).This
showedthat100%of micefrom thePBSgroupcontainedEBVDNA in their peripheralblood,
comparedto 62%of theVLPs/LPsgroupand14%of theVLPs/LPs-EBNA1RI+RII group.Once
more,statisticalanalysisrevealedthat theobserveddifferencebetweenthePBSandVLPs/LPs
groupwasnot significant(P> 0.05).However,statisticalanalysisshowedthat thedifference
betweentheVLPs/LPs-EBNA1RI+RII groupandthePBS(P= 0.0017)andVLPs/LPs(P=
0.0286)groupswassignificant.In summary,this indicatesthatvaccinationwith VLPs/LPs-
EBNA1RI+RII affordedsignificantlybetterprotectionduring theeight-weekchallengeperiod
thanvaccinationwith unmodifiedVLPs/LPs.However,whethervaccinationwith VLPs/LPs-
EBNA1RI+RII wouldoffer long-termprotectionagainstEBVinfectionin humansremains
unknown.Nonetheless,our resultsbodewell for thedevelopmentof secondgenerationVLPs/
LPsthatcontainmultiple latentantigens.

Discussion
DNA-freeEBVVLPs/LPsarestructurallycomplex,composedof multiple lytic geneproducts,
incapableof infectionandhighly immunogenic[14]. Consideringthebreadthof EBV-specific
immuneresponsesin healthyindividuals[10], it is likely thatprophylacticvaccinationwould
benefitfrom animmunogenthatcontainsEBV-antigensthatareexpressedduring lytic repli-
cationandlatency.To thisend,weusedEBVVLPs/LPsasaplatformto generateimmuno-
genicparticlesthatcompriselytic andlatentantigens.Consideringtheimportanceof T-cell
responsesin controllingof EBVinfection[37], weextensivelyassessedtheability of modified
VLPs/LPsto stimulateEBV-specificT cells.

Modification of EBVVLPs/LPsto containlatentantigenssuccessfullyenlargedtheir anti-
genicspectrum,enablingthestimulationof severallytic protein- andlatentprotein-specific
CD4+ T-cellclones.Theantigenicityof EBVVLPs/LPscontainingEBNA1werealsoanalyzed
in an�� ���� settingbystimulatingbulk PBMCsfrom EBV-positivedonorsto yieldEBV-spe-
cific T-cell lines.
� ���� generatedT-cell linescontainedEBV-specificCD4+ andCD8+ T
cells,but it wasevidentthatCD4+ T cellsweremorenumerous.Thepreferentialexpansionof
CD4+ T cellsfrom bulk PBMCsissupportedbyearlierstudieswhichhaveshownthatEBV
structuralproteinsareweaklyimmunogenictowardsCD8+ T cells[38,39]andareinstead
immunodominanttargetsof CD4+ T cells[26]. Theability of Bcellsto efficientlypresentsev-
eralstructuralproteinsfrom incomingvirions to CD4+ T cells[35,40]suggeststhatstructural
protein-specificCD4+ T cellsarelikely to playamoredominantrole thanCD8+ T cellsduring
theveryearlystagesof infection.However,therecentidentificationof BcLF1-specificT-cell
clonesthatcanrecognizeLCLspulsedwith UV-inactivatedEBV[41] suggeststhatstructural
protein-specificCD8+ T cellsmayalsoplayanimportant roleduring theearlystageof infec-
tion. In contrast,wefound thatLCLspulsedwith modifiedEBVVLPswereunableto stimulate

Fig 6. Vaccination of humanizedmicewith VLPs/LPs-EBNA1RI+RII confersprotectiveimmunity. (A) Immunization
scheduleof humanized NSG-A2miceandchallengewith wtEBV.Threegroupsof micewerevaccinatedandboostedwith PBS
(n = 5),VLPs/LPs(n = 8) or VLPs/LPs-EBNA1RI+RII (n = 7),with poly (I:C) servingasadjuvant.Micewerechallengedwith B95-
8 (GRU= 1x105) sixweeksaftertheboost.After eightweeks,all animalswereeuthanized andtheir tissuesanalysedfor evidence
of EBVinfection.(B) Histologicalanalysisof micespleensafterchallengewith wtEBV.Spleensectionsof micewerestainedwith
H&E, ��-humanCD20antibody,��-humanCD3antibodyandaprobespecificfor EBERnon-coding RNAs.Scalebarsrepresent
50�m. (C) Incidenceof EBVinfection basedon EBERstainingof spleens.(D) Incidenceof EBV-infection basedon real-time
qPCRanalysisof peripheralblood.Statistical analysiswasperformedon theresultsshownin (C) and(D) usingaone-tailedChi-
squaretest.Only Pvalueslowerthan0.05areshown.

https://doi.org/10.1371/journal.ppat.1007464.g006
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anEBNA1-specificCD8+ T-cellclone,implying thatcross-presentationmight belimited to
particularstructuralantigens.Futurestudieswill certainlyshedlight on thisnewlydiscovered
phenomenon.

WehaveshownthatT cellsexpandedwith modifiedVLPsareconsiderablymoreefficient
atcontrolling recentlyinfectedBcellscomparedto thoseexpandedwith gp350.SinceVLPs/
LPscontainmultiple EBVantigens,theylikely expandedapolyclonalpoolof EBV-specificT
cellsthatsimultaneouslyrecognizedifferentantigenicepitopesdisplayedby infectedBcells.
Indeed,recentlyinfectedBcellshavebeenshownto displaymultiple structuralproteins
[35,40].Theinability of gp350-specificT cellsto competentlytargetrecentlyinfectedBcells
hasprofoundimplicationsfor prophylacticvaccinedesign,sinceT-cellresponseswouldbeof
paramountimportanceif asmallnumberof EBVvirionsarenot neutralizedandmanageto
infectasubsetof cells.Themajorenvelopeglycoproteingp350,arguablythemostintensively
studiedEBVantigen,hasbeeninvestigatedasaprophylacticvaccinefor severaldecadesand
continuesto garnerattention[6,11,12,42,43].Thecontinuedfocuson gp350issensibleconsid-
eringgp350ischieflyresponsiblefor attachmentto Bcellsduring theinfectionprocessandis
afrequenttargetof neutralizingantibodies[44]. Indeed,emerginggp350vaccineshave
improvedin their ability to generateneutralizingantibodies[12,43].However,theability of
gp350-specificT cellsto provideoptimalprotectionagainstrecentlyEBV-infectedcellshas
previouslynot beenseriouslyquestioned.Our analysessuggestthatgp350-specificT cells
alonearesuboptimalfor targetingEBV-infectedBcellsduring theearlyphaseof infection.
This impliesthatprophylacticvaccinesaremorelikely to generateprotectiveT-cell responses
during theearlyphaseof EBV-infectionif theyincludemultiple lytic antigens.Additionally,
prophylacticvaccinescomposedexclusivelyof gp350wouldnot elicit antibodyresponsesthat
protectagainstepithelialcellinfection.EBVinfectsepithelialcellsindependentlyof gp350
[45], aprocessrecentlyshownto relyon gH/gL [46,47].Fromthisperspective,avaccinecom-
posedof gH/gLhasanadvantageovergp350sinceit maypreventepithelialandBcellinfection
[48]. SinceVLPs/LPscontainbothgp350andgH/gL,alongwith severalotherEBVglycopro-
teins,theyarelikely to generateantibodyresponsesthatprotectsagainstB-cellandepithelial
cellinfection.Whilst wedid not focuson antibodyresponsesin thepresentstudy,thestruc-
tural similarity of VLPs/LPsto wtEBVsuggeststheywouldenablethegenerationof neutraliz-
ing antibodiesto severalEBVglycoproteinsin their naturalcontext.Indeed,UV-irradiated
EBVhaspreviouslybeenshownto generatepotentneutralizingantibodies[43]. Fromthisper-
spective,prophylacticvaccinesthatcontainnumerousEBVantigens,includingglycoproteins
thatmediateB-cellandepithelialcellinfection,arelikely to stimulatesuperiorprotectiveanti-
bodyandT-cell responses.

Humoral andcellularimmuneresponsesthat recognizemultiple structuralproteinsare
likely to provideaprotectivebenefitby targetingvirions,recentlyinfectedcellsandcells
undergoingreactivation[35,49,50].However,theyareunlikely to offerprotectagainstlatently
infectedcells.Theestablishmentof typeI, II or III latencyin justahandfulof cellswould
enablethenumberof EBV-infectedcellsto increasethroughsimplecelldivision[51]. The
inability of vaccinationto protectagainstlatentlyinfectedcellsisespeciallyimportant to con-
sidersinceit is latencytranscriptionprogramsthatpredominateduring IM, EBV-associated
lymphoproliferativediseaseandEBV-positivemalignancies[52]. Theability of EBV-specificT
cellsto control EBV-infectedcellsandpreventpost-transplantlymphoproliferativedisease
(PTLD) stronglysuggeststhatprophylacticvaccinationshouldelicit latentprotein-specificT
cellsin addition to lytic protein-specificT cells[53±55].Sincethemousechallengemodelin
thepresentstudyextendedfor eightweeks,theantigenicloadof structuralproteinsarelikely
to havebeenmarkedlyreducedrelativeto thatof latentproteins.Vaccinationof humanized
micewith VLPscontainingEBNA1affordedmoreprotectionagainstEBVinfectionthan
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vaccinationwith unmodifiedVLPs/LPs.Sincehumanizedmiceproducelittle or no EBV-spe-
cific antibodies[36,56],it likely thatprotectionagainstEBVinfectiondid not involvehumoral
immunity. Rather,it ismoreprobablethatvaccinationwith VLPs/LPs-EBNA1RI+RII elicited
protectiveT cellresponses.Therecognitionof structuralproteinsandEBNA1possiblyenabled
thehumanizedmiceto targetEBV-infectedcellsduring thewholeEBVlife cycle(exceptlatency
0).Indeed,EBNA1is theonly latentprotein that isexpressedduring all formsof EBVlatency
(excepttype0) andin all EBV-positivemalignancies[30]. Whethervaccinationwith lytic and
latentEBVantigenscanaffordprotectionagainstEBVin humansremainsto bedetermined.

PrototypeEBVvaccinecandidateshavethusfar not directlyaddressedthedauntingtaskof
affordingprotectionagainsttheplethoraof EBVstrainsthatexistworldwide.In recentyears,
theadventof high throughputsequencinghasenabledthedetailedanalysisof variousEBV
strains[57]. ThishasrevealedthatEBV-encodedproteinscanbehighlypolymorphic.
Recently,T-cellepitopesfrom severalEBVstrainshavebeencompared[58]. Thisrevealedthat
epitopesdiffer considerablybetweendifferentEBVstrains,with almost50%of CD4+ epitopes
andalmost30%of CD8+ epitopes,including their flankingregion,varyingbetweentheB95-8
andM81strains.Whilst EBVstrainheterogeneitypresentsahurdlefor T-cell immunity, our
resultsshowthatpolyclonalmemoryT cellsstimulatedwith modifiedB95-8VLPs/LPscan
restrictBcellstransformedwith B95-8andM81atarelativelyearlystageof infection.How-
ever,it isunknownwhethermodifiedB95-8VLPs/LPswouldaffordprotectionagainstM81 ��
����. Sincelatentgenesaremorepolymorphicthanlytic genes,it ispossiblethatB95-8latent
antigenswouldnot affordoptimalprotectionagainstthoseencodedbyotherEBVstrains.The
identificationof T-cellepitopesthatareconservedamongstdifferentEBVstrainswouldcer-
tainly aidvaccinedesignefforts,enablingthishurdleto beovercome.Nonetheless,avaccine
consistingof multiple EBVproteins,possiblyfrom differentstrains,isalsolikely to combatthe
problemof EBVstrainheterogeneity.

EBVVLPs/LPsarelikely to befurther improvedasaprophylacticvaccinethroughthe
inclusionof antigensin addition to EBNA1.Severalinterestingcandidates,latentandlytic
proteins,haverecentlybeenhighlighted[40]. Modification of multiple tegumentproteinswill
enabletheincorporationof severalantigensinto EBVVLP/LPs.Byincorporatingthemost
immunodominantEBVantigensinto VLPs/LPsit will enablethemto prime theimmunesys-
temagainstviral antigensthatareexpressedatall stagesof infectionandin all typesof EBV-
associatedtumors,whilstenablingthegenerationof neutralizingantibodiesagainstsurface
viral proteins.Suchamultiprongedapproachis likely to increasetheprotectionaffordedby
theEBVVLPs/LPs.

Materials and methods

Ethicsstatement
Peripheralbloodmononuclearcells(PBMCs)wereisolatedfrom healthydonorsthatprovided
written informedconsent(ethicalapprovalgrantedby theEthikkommissionof theMedizi-
nischeFakultaÈt Heidelberg(S-603/2015))or from anonymousbuffycoatspurchasedfrom the
������� ��� ��������� ���������������	�� �� ������������ (IKTZ) in Heidelberganddid not
requireethicalapproval.Animal experimentswereapproved(approvalnumberG156-12)by
thefederalveterinaryofficeat theRegierungspraÈsidiumKarlsruhe(Germany)andwereper-
formedin strict accordancewith Germananimalprotectionlaw(TierSchG).Micewerehan-
dledin accordancewith goodanimalpractice,asdefinedby theFederationof European
LaboratoryAnimal ScienceAssociations(FELASA)andtheSocietyfor LaboratoryAnimal
Science(GV-SOLAS),andwerehousedin theclassII containmentlaboratoryof theGerman
CancerResearchCenter.
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Cell linesandprimary cells
Cell linesincludeEBV-positiveRajicells(ATCC CCL-86)[59], EBV-negativeElijahBcells
(kindly providedbyProf.A.B.Rickinson),293cells(ATCC CRL-1573)[60], T cellsspecific
for EBNA13E10,EBNA3C5H11,gp3501D6andBNRF1VSDepitopes(kindly providedby
Prof.J.Mautner)andautologousLCLs(kindly providedbyProf.J.Mautner).Peripheral
bloodmononuclearcells(PBMCs)wereisolatedusingFicoll-PaquePlusandprimary Bcells
wereisolatedusingDynabeadsCD19PanB(Invitrogen)andDETACHaBEADCD19kit
(Invitrogen).RPMI containing10%fetalcalfserum(F7524,Sigma)wasusedto culture293,
RajiandElijahcells.T-cellclonesandlineswereculturedaspreviouslydescribed[17,35].

Construction andproduction of AgAbs
AgAbswereconstructedusingsequencescodingfor EBNA1(390±622aa)andgp350(1±470
aa).Latentprotein-codingsequenceswerePCRamplifiedandintroduceddownstreamof an
��-CD20HC genecontainedwithin thepRK5expressionvector[18]. Theprimersusedto con-
structAgAbsarelistedin S1Table.The��-CD20antibodyandAgAbswereproducedby trans-
fectingtheappropriateheavychainsandthe��-CD20 light chaininto 293cellsusing
polyethylenimine(PEI).ThefollowingdaythePEI-containingmediumwasremovedand
replacedwith serum-freeFreeStyle293expressionmediumandcellswereincubatedfor three
days.Supernatantswerecentrifugedat400x g for 10minutesandfilteredthrougha0,22�m
filter.

RecombinantBAC DNA andstableproducercell lines
RecombinantBACDNA wasconstructedusinggalKrecombination[61]. In thepresentstudy,
wtEBV(B95-8)[62] or VLPs/LPs(B95-8�ïBFLF1/BFRF1a/BALF4)[21] BACDNA weremodi-
fied to encodelatentprotein fragments.Only VLPs/LPslackingBALF4,encodingtheglyco-
proteingp110,wereutilizedin thepresentstudydueto their enhancedsafety[20,21].The
primersusedfor theconstructionof BACmutants,aswellasadescriptionof all BACmutants,
areshownin S1Table.Thefirst stepin galKrecombinationwastheinsertionof thegalKcas-
setteinto theBNRF1ORFof wtEBVor VLPs/LPsBACDNA. Subsequently,thegalKcassette
wasreplacedwith DNA fragmentsencodinglatentproteinmoieties.Outgrowingcolonies
wereanalysedwith restrictiondigestionandsequencingto confirm theintegrity of BNRF1-la-
tentprotein fusions.Stableproducercellsweregeneratedwith therecombinantBACDNA as
previouslydescribed[63].

Production of virus andVLPs/LPs
An expressionplasmidencodingBZLF1(p509)wastransfectedinto producercellsto induce
virusor VLPs/LPsproduction[14]. For theproductionof EBV(B95-8or M81) for �� ���� and
�� ����� studies,thepRAplasmidencodinggp110wascotransfectedwith p509for increased
infectivity [28]. Theliposome-basedtransfectantMetafectene(Biontex)wasusedto carryout
transfectionsovernight.Subsequently,Metafectene-containingmediumwasremovedand
replacedwith freshmedium.Transfectedcellswereincubatedfor threedaysbeforesuperna-
tantswereharvested.Supernatantswerecentrifugedat400x g for 10minutesandfiltered
througha0.44�m filter. VLPs/LPsusedfor �� ���� T-cellexpansionsandanimalexperiments
wereproducedin serum-freeFreeStyle293expressionmedium(Gibco).In all othercases,
virusandVLPs/LPswereproducedon RPMI supplementedwith 10%FCS.Lastly,virusand
VLPs/LPsusedin animalexperimentswereconcentratedat18000x g for 3hoursandresus-
pendedin PBS.
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Real-timeqPCR
Virus titersweredeterminedbyreal-timeqPCRaspreviouslydescribed[14]. In brief,virus-
containingsupernatantsweretreatedwith DNaseI (5 units)andproteinaseK (1mg/mL).
Next,real-timeqPCRanalysiswascarriedout usingprimersandprobespecificfor theEBV
BALF5gene.To determinethepresenceof EBVin peripheralblood,genomicDNA from vac-
cinatedandchallengedanimalswascomparedto unchallengedanimals.

Quantification of VLPs/LPswith flow cytometry
wtEBV,previouslyquantifiedwith real-timeqPCR,wastitrated(1,0.75,0.5,and0.25x 107

geq)andboundto ElijahBcellsat4ÊC.Cellswerewashed,stainedwith ��-gp350(clone72A1)
and��-mouseIgG-Cy3antibodiesandanalysedwith flow cytometry.MFI valuesweredeter-
minedfor differentamountsof virus.A standardcurvewasgeneratedfor EBVgenomesvs
MFI. Concurrently,supernatantscontainingVLPs/LPswereincubatedwith ElijahBcellsand
stainedasabove.MFI valuesobtainedfor VLPs/LPswereextrapolatedoff thestandardcurve
to quantifyVLPs/LPs.

T-cell activation assays
IFN-� in cellculturesupernatantswasdeterminedaspreviouslydescribed[18]. Autologous
LCLswerepulsedovernightwith antigenandcoculturedfor aminimum of 18hourswith T-
cellsatanE:Tratio of 1:1.SupernatantswereanalysedbyELISA(Mabtech).In blockingstud-
ieswith neutralizingantibody(72A1clone),viruscontainingsupernatantswerepreincubated
with antibodyfor 1hour at37ÊCbeforebeingusedin T-cellactivationassays.

Short-term �� ���� stimulation of PBMCswith VLPs/LPs-EBNA1RI+RII or
gp350-AgAb
BulkPBMCsfrom EBV-positivedonorswerepulsedwith VLPs/LPs-EBNA1(1 x 106 particles)
or gp350-AgAb(20ng).After two days,culturesweresupplementedwith IL-2 (10U/mL) and
thereaftermaintainedin mediumcontainingIL-2. Cellswererestimulated10dayslaterusing
IL-2 (10U/mL) andthesameamountof VLPs/LPs-EBNA1or gp350-AgAb.Oneweeklater,
cellswereanalysedfor thepresenceof CD4,CD8andCD3expressingcellsor wherecocul-
turedwith primary Bcellsthatwereinfectedovernightwith EBV.

Targetingof recentlyinfectedB cellsby VLPs/LPs-EBNA1-stimulated
PBMCs
BulkPBMCsfrom four EBV-positivedonorswerestimulatedfor two roundswith VLPs/LPs-
EBNA1(1 x 106 particles)or gp350-AgAb(20ng) in thepresenceof IL-2 (10U/mL). Autolo-
gousprimary Bcellswereinfectedovernightwith B95.8(MOI = 3) andthencoculturedwith
thestimulatedPBMCs,CD19- depletedPBMCsor mediumonly. 
� ���� cultureswereana-
lysedwith flow cytometryandimmunofluorescence5 dayspost-infectionto observeEBV-pos-
itive cells.Cellswerestainedwith ��-CD19-APC(HIB19clone)prior to flow cytometryand��-
CD20(L26clone),��-EBNA2(PE2clone)andDAPI prior to immunofluorescence.

Restriction of B cell outgrowth by VLPs/LPs-EBNA1-stimulated PBMCs
BulkPBMCsfrom eightEBV-positivedonorswerestimulatedfor two roundswith VLPs/LPs-
EBNA1(1 x 106 particles)or gp350-AgAb(20ng) in thepresenceof IL-2 (10U/mL). Bcells
wereinfectedwith B95-8or M81,respectivelyusinganMOI of 3 or 30to accountfor their
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differenttransformingabilities[29]. 
� ���� culturesstainedwith ��-CD19-APC(HIB19clone)
and��-CD23-PE-Cy7(EBVCS2clone)antibodiesandanalysedby flow cytometry.

Expansionof EBNA1andgp350-specificCD4+ T cellsfrom VLPs/LPs-
EBNA1-stimulated PBMCs
PBMCsfrom anEBV-positivedonorwerestimulatedfor oneround with VLPs/LPs-EBNA1RI+RII

(1 x 106 particles)in theabsenceof IL-2. After two weeks,cellswererestimulatedusingirradi-
ated(40Gy)autologousPBMCs,pulsedwith thesamedoseof VLPs/LPs-EBNA1RI+RII, in the
presenceof IL-2. After anothertwo weeks,EBNA1-or gp350-specificT cellswereexpanded
bystimulatingcellsbiweeklywith AgAbs(10±50ng) thatcontainedEBNA1or gp350.Autolo-
gousLCLs,generatedusingB95-8�ïZR,wereusedasantigenpresentingcellsafterthefifth
round of stimulation.T cellsweremaintainedin AIM V mediumsupplementedwith 10%
pooledhumanserum,IL-2 (10U/mL), 10mM HEPES,2mM L-glutamine,50�g/mL genta-
micin and0.4mg/ mL ciprofloxacin.

Intracellular IFN-gammastaining
BulkPBMCs(5 x 106 cells)from EBV-positivedonorswerepulsedwith VLPs/LPs-EBNA1RI+RII

(1 x 106 particles)andsupplementedwith IL-2 (10U/mL) two dayslater.After anothersixdays,
cultureswererestimulatedwith medium,EBNA1peptide(PepTivator,Miltenyi), gp350-AgAb
(20ng)or VLPs/LPs-EBNA1RI+RII (1 x 106 particles)in thepresenceof bredfeldinA (Biolegend)
for 4,5hours.Cellswerestainedwith ��-CD4-APC(RPA-T4clone)and��-CD8-PE-Cy7
(RPA-T8),fixed/permeabilized(Fixation/Permeabilizationsolutionkit, BD Biosciences),
stainedwith ��-IFN-�-PE (B27clone)andanalysedby flow cytometry.

Generation,vaccinationandchallengeof humanizedNSG-A2mice
NSG-A2mice(NOD.Cg-PrkdcscidIl2rgtm1WjlTg (HLA-A2.1)1Enge/SzJ)werehumanizedwith
CD34+ hematopoieticprogenitorcells(HPCs)thatwereisolatedfrom humanfetalliver tissue
(AdvancedBioscienceResources,USA)[64]. Newbornmicewereirradiated(1 Gy)and
injectedintrahepaticallywith CD34+ HPCs.After twelveweeks,thepresenceof humanCD45+

cellsin theperipheralbloodof micewasdeterminedto confirm successfulhumanization.In
total,20humanizedNSG-A2(huNSG-A2)micewererandomlygroupedaccordingto similar-
ity of humanizationratiosandinjectedintraperitoneallyin asingleblind fashionwith PBS,
VLPs/LPs(1 x 106 particles)or VLPs/LPs-EBNA1RI+RII (1 x 106 particles).In all cases,50�g
poly (I:C) wasusedasadjuvant.Animalswereboostedonemonth laterwith thesametreat-
ments.Oneandahalfmonthsaftertheboost,animalswereinjectedintraperitoneallywith 1 x
105 GRUsof B95-8.Miceweresacrificedeightweekspost-infectionandtheir bloodandtissues
analysedfor evidenceof EBVinfection[64]. All theVLPs/LPsandvirususedin animalexperi-
mentswereobtainedbycentrifugingsupernatantsat18000x g for 3 hoursandresuspending
in PBS.

Supporting information
S1Fig.Construction of EBV BAC DNA encodingaBNRF1-latentprotein fusion. (A) Galk
recombinationwascarriedout with a150bp fragmentcorrespondingto 320±344aaand633±
656aaof EBNA3C.
��RI and���HI restrictionsitesbeforeandafterrecombinationare
shown,asarethesizeof fragmentsgeneratedby theseenzymes.(B) Restrictiondigestionwith

��RI and���HI confirmedthatEBV-E3CBACDNA from 293producercellsgeneratedthe
samerestrictionfragmentsasEBV-E3CBACDNA constructedin 
.����. White arrows
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emphasizeDNA fragmentsthataredifferentbetweenwtEBVDNA (B95-8)andDNA modi-
fiedwith galKrecombination.
(TIF)

S2Fig.Constructing EBV andVLP/LP BAC DNA encodingaBNRF1-EBNA3C-EBNA1
fusion protein. A 300bp fragmentencodingtheEBNA3C(E3C)(320±344aaand633±656aa)
andEBNA1(E1)(476±505aaand522±546aa)wasintroducedinto EBV(A) andVLP/LP(B)
BACDNA usinggalKrecombination.
��RI and���HI restrictionsitesbeforeandafter
recombinationareshown,aswellasthesizeof fragmentsgeneratedby theseenzymes.Restric-
tion digestionwith 
��RI and���HI confirmedthatEBV-E3C-E1(C) andVLP/LP-E3C-E1
(D) BACDNA from 293producercellsgeneratedthesamerestrictionfragmentsasBACDNA
constructedin 
.����. White arrowsemphasizeDNA fragmentsthataredifferentbetween
unmodifiedEBVandVLP/LPDNA modifiedwith galKrecombination.
(TIF)

S3Fig.Quantification of VLPs/LPsusingflow cytometry. (A) Theability of VLPs/LPsand
wtEBVto bind Bcellswasexploitedfor quantificationpurposes.Bcellsexposedto wtEBVor
VLPs/LPswerestainedwith ��-gp350(72A1)and��-mouseIgG-Cy3antibodiesandanalysed
with flow cytometry.(B) wtEBV,previouslyquantifiedwith qPCR,wasaddedin increasing
amounts(geq)to Bcellsandanalysedwith flow cytometry.Thisrevealedalinearrelationship
betweenvirustiter (geq)andmedianfluorescenceintensity(MFI). Similarly,theMFI was
determinedfor VLPs/LPs-E3C-E1andthelinearrelationshipbetweenMFI andvirustiter
usedfor their quantification.
(TIF)

S4Fig.Construction of VLP/LP BAC DNA encodingBNRF1-EBNA1fusion proteins.
VLP/LPBACDNA wasmodifiedwith galKrecombinationusingEBNA1-codingsequences
correspondingto regionI (A), II (B),andI:II (C). 
��RI restrictionsitesandrestrictionfrag-
mentsareshown.Restrictiondigestionof BACDNA with 
��RI confirmedthatVLP/LP-EB-
NA1RI (D), VLP/LP-EBNA1RII (E) andVLP/LP-EBNA1RI:II (F) from producercellswasthe
sameasBACDNA constructedin 
.����. White arrowshighlightDNA fragmentsthataredif-
ferentbetweenunmodifiedVLP/LPBACDNA andgalKmodifiedVLP/LPBACDNA.
(TIF)

S5Fig.Validation of gp350-AgAbasa tool for expandinggp350-specificT cells�� ����.
Theligand-bindingdomain(1±470aa)of gp350wasfusedto theCH3domainof ��-CD20,
expressedin 293cellsandusedto stimulate(dottedlines)thePBMCsfrom anunhaplotyped
EBV-positivedonor in thepresenceof IL-2. After aminimum of sixstimulationcycles,�� ����
cultureswerestainedfor CD3andCD4andanalysedby flow cytometry.Thepercentageof
CD3+CD4+ double-positivecellsin �� ���� culturesisshown.Unstainedcellsareshownin
grey.A T-cellactivationassaywasperformedto confirm that theexpandedT cellswerespe-
cific for gp350-AgAb.AutologousLCLswerepulsedwith medium,unmodified��-CD20or
gp350-AgAbandthencoculturedwith theCD4+ T cells.Thereleaseof IFN-� wasmeasured
byELISA.
(TIF)

S6Fig.Modified VLPs/LPspredominatelystimulate CD4+ T cells.(A) AutologousLCLs
werepulsedwith unmodifiedVLPs/LPs(1 x 106 particles)or VLPs/LPs-EBNA1RI (1 x 106 par-
ticles)andthencoculturedwith T cellsspecificfor theCD4-restrictedBNRF1VSDepitope
(1006±1017aa)or theCD8-restrictedEBNA1HPV epitope(407±417aa).T-cellactivitywas
determinedbyquantifyingIFN-� releasewith ELISA.Theassaywasperformedin triplicate
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andstandarddeviationsareillustrated.(B) PBMCsfrom EBV-positivedonorswerestimulated
with VLPs/LPs-EBNA1RI+RII for asingleround andthefrequenciesof IFN-�+CD8+ (top row)
andIFN-�+CD4+ (bottomrow) T cellsweredeterminedafterrestimulationwith medium,
EBNA1peptide,gp350-AgAbandVLPs/LPs-EBNA1RI+RII. Representativedatafrom six
experimentsareshownanddisplayedpercentagesareof total cells.(C) A summaryof IFN-�
secretionfrom sixdonors.Statisticalanalysiswasperformedusingatwo-tailedstudentt-test.
Only Pvalueslowerthan0.05areshown.
(TIF)

S7Fig.Validation of EBNA1-AgAbasa tool for expandingEBNA1-specificT cells�� ����.
An epitope-richregionof EBNA1(390±622aa)wasfusedto theCH3domainof ��-CD20,
expressedin 293cellsandusedto stimulate(dottedlines)thePBMCsfrom anunhaplotyped
EBV-positivedonor in thepresenceof IL-2. After aminimum of sixstimulationcycles,�� ����
cultureswerestainedfor CD3andCD4andanalysedwith flow cytometry.Thepercentageof
CD3+CD4+ double-positivecellsareshown.Unstainedcellsareshownin grey.A T-cellactiva-
tion assaywasperformedto confirm thespecificityof theexpandedT cellstowardsthe
EBNA1-AgAb.AutologousLCLswerepulsedwith medium,unmodified��-CD20or EBNA1-
AgAbandthencoculturedwith theCD4+ T cells.Thereleaseof IFN-� wasmeasuredby
ELISA.
(TIF)

S1Table.List of oligonucleotides.
(PDF)
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