AKKMMQ;2MB+ T 'iB+H2b rBi? # Q / MiB;2I

biBKmH i2 +viQHvVvIB+ h +2HHb M/ Qz2 BM+"

;, BMbi 1"o BM72+iBQM 2t pBpQ M/ BM

.r BMp MwvH-JBM;@> M hb B- M iQHBv a?mKBHQp-

SQB 2v- "2iiBM a+?H2?2->2"#2i 6HmM? - CQb27 J 1
.2H2+Hmb?2

hQ +Bi2 i?Bb p2 ' bBQM,

.r BMp MwvH-JBM;@> Mhb B- M iQHBva?mKBHQp-o0oBFiQ a+?M2B/i-
T "iB+H2b rBi? # Q/ MiB;2MB+ bT2+i mK biBKmH i2 +viQHviIiB+ h +2
; BMbi 1"o BM72+iBQM 2t pBpQ M/ BM KB+2X SGQa S i?Q;2Mb- Sm#HB
TTX2Ryyd9e9X RyXRjdRfDQm M HXTT iXRyyd9e9 X BMb2 K@ykReN¢

> G A/, BMb2 K@ykReN9N9
211 Tbh,ffrrrX? HXBMb2 KX7 fBMb2 K@ykReN9N!
am#KBii2/ QM R CmH kyRN

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://www.hal.inserm.fr/inserm-02169494
https://hal.archives-ouvertes.fr

@'PLOS ‘ PATHOGENS

Check for
updates

G 23(1%&&(66

Citation:vanZylDG,TsaiM-H,Shumilo\A,
Schneidl, PoireyR, SchlehdB, etal. (2018)
Immunogaeic particleswith abroadantigenic
spectrunstimulag cytolyticT cellsandoffer
increasegbrotectioragainsEBMnfectionexvivo
andin mice.PLoSPathodl4(12):e1007464.
https://da.org/10.1371durnal.ppal007464

Editor:RajivkhannaQIMRBerghofeMedical
Researclinstitute AUSTRALIA

ReceivedOctobef3,2018
AcceptedNovembe8, 2018
Published:Decembe8, 2018

Copyright:< 2018vanZyletal. Thisis anopen
accesarticledistributedunderthetermsof the
CreativeCcommongttributionLicensewhich
permitsunrestrictel use,distribuion,and
reproductionin anymedium providedheoriginal
authorandsourcearecredited.

DataAvailability StatementAllrelevantiataare
withinthemanuscripaindits Supporing
Informatiorfiles.

FundingFundinghasbeerreceivedromthe
GermarCanceResearciCentefProjecinumber
F100)Inserm(Projectnumberu1074)and
Deutsché<rebshilt (7011062). Thefundershad
norolein studydesigndatacollectiorand
analysisgdecisiorto publish,or preparéion of the
manuscript.

RESEARCH ARTICLE

Immunogenic particles with a broad antigenic
spectrum stimulate cytolytic T cells and offer
increased protection against EBVinfection ex
vivo and in mice
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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

Human herpesvirusearetremendoushsuccessfypathogenshat establishifelonginfec-
tion in asubstantiaproportion of the population.Theoncogenic -herpesviru€BV, like
otherherpesvirusegxpresseaplethoraof open-readingramesthroughoutits multiface-
tedlife cycle We havedeveloped prophylacticvaccinecandidaten the form of immu-
nogenicparticlesthat containseveraEBVantigensThisis in starkcontrastto the vast
majority of EBV vaccinesandidateshat containonly oneor two EBVantigensOur
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immunogenicparticlesvereshowncapableof stimulatingseveraEBV-specificT-cell

clones . Theimmunogenicparticlesverealsocapableof expandingcytolyticEBV-
specificT cells andprovideda protectivebenefit whenusedasaprophylac-
tic vaccine.

Introduction

TheEpstein-Barwirus (EBV)isa -herpesvirushatestablisheasymptomatiénfectionin the
majority of the humanpopulation.EBVinfectsboth B cellsand epithelialcells butit isin the
formerin which EBV establishekatencyand persistdifelong[1]. Despitebeingcarriedasymp-
tomaticallyby mostindividuals,the globaldiseaséurdenof EBVis substantialEBVis the pri-
mary causeof infectiousmononucleosiglM), accountdor 200,00(hewcancercasesnnually
[2] andislinked to the developmenbf autoimmunediseasee.g.multiple sclerosis)3].

Shortlyafterthe discoveryof EBV,vaccinatiorwastoutedasa possiblemeansof control-
ling or eliminating EBV-associatediseasep!]. DespiteEBV beingthe first humanoncogenic
virusto bediscoveredandin spiteof severatiecadesf EBVvaccineresearchno prophylactic
EBVvaccinehasmadeit onto the market.Sofar, the majority of prophylacticvaccineproto-
typeshavefocusedn the major viral envelopeaglycoproteingp3505]. Onestudy,in which
solublegp350wasusedfor vaccinationpurposesteportedadecreasé the frequencyof IM in
vaccinatedndividualsoverastudyperiod of 18 months,but vaccinationdid not reducethe
frequencyof infection with thewild typevirus[6]. Long-terminformation on thevaccinated
cohortis not available.

Herpesvirusehavecomplexlife cyclesand primary infection, latencyandreactivationare
achievedhroughthe expressiorof alargenumberof open-readingrameg[7+9]. Considering
thenumberof antigenghat areexpresseduring the EBV life cycle,it is not surprisingthat
EBVinfectionis controlledin healthyindividualsthrough humoralandcellularimmune
responsethattargetavarietyof lytic andlatentproteins[10]. Consideringthe breadthof
EBV-specifiammuneresponses healthyindividuals,it is surprisingthat EBVvaccineproto-
typeshaveonly targetedalimited setof lytic [6,11,12]or latentproteins[13].

We previouslygeneratedvaccinecandidaten theform of EBV virus-like particles(VLPS)
andlight particles(LPs)[14]. Deletionof EBV proteinsinvolvedin DNA packagingroduced
particlesthatwereDNA-free, non-infectiousand highlyimmunogenic. Whilst EBVVLPSs/LPs
arelikely to containseveratiozenlytic proteins( . envelopetegumentandcapsidproteins)
[15], theyaredevoidof latentproteins.To addresghis shortcoming we enlargedhe antigenic
spectrumof VLPs/LPgo includeimmunodominantlatentproteins.We interrogatedthe anti-
genicityof VLPs/LPscontaininglatentantigens , and

Results
Enlarging the antigenic spectrumof EBV virions to include latent proteins

To generatémmunogenicparticleswith anenlargedantigenicspectrumweaimedto intro-
ducelatentprotein fragmentsnto EBVVLPs/LPsSinceBNRF1is abundantwithin virions
[15], werationalizedthat latentantigenscould beintroducedinto VLPs/LPshy fusingthemto
BNRF1(Fig 1A). However sincewild-type EBV (WtEBV) canbeaccuratelyand sensitively
quantifiedthroughqPCR[14], wefirst modified BNRF1of wtEBVto testthis assumptionThe
BNRF1of wtEBVwasmodifiedto containafragmentfrom the highly antigeniclatentprotein
EBNA3C[16] (S1Fig).Bacteriahrtificial chromosomgBAC) DNA from wtEBVwas

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007464 December 6, 2018 2123


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

o ®
@ : PLOS | PATHOGENS Novel particles protect against EBV infection ex vivo and in mice

A B

293/wWtEBV
Envelope Latent antigens
Tegument
Capsid
Modification
of BNRF1 R
L4
293/EBV-E3C
4000 1 BNRF1-specific T cells 30000 1 EBNA3C-specific T cells
~ 25000 A
= 3000 T
£ < 20000 1
Y [-T4]
£ 2000 A 2 15000 -
T >
? 2 1 -
£ 1000 - g 10000
5000 1
g > o0 [-1) S = 04
= 0o - wn < o 0 <
Blg F 5% % 8|88
O - - - - - - -
-
Peptide WEEBV EBV-E3C EBV-E3C
2097 BNRF1-specific T cells 35000 1 EBNA3C-specific T cells
51000 A T = 200
% € 25000 -
& 800 =
= £ 20000 -
L 600 >
o 2 15000 -
400 -} 10000 1
200 - 5000 -
0 +—== rr_l ] I:_l o= rr-l 0 1
LcL |100ng 10ng| 50 5 o | s0 s 0 100 10ng 1ng( 50 5
I . .
oy Peptide Antibody (pug/mL) Antibody (ug/mL) Antibody (ug/mL)|Antibody (ng/mL)
+ WtEBV + EBV-E3C + WtEBV + EBV-E3C

Fig 1. The antigenicspectrumof EBV virions is enlarged through the construction of BNRF14atent protein genefusions.(A) Theinsertionof latentprotein
epitopesnto the majortegumentprotein BNRFlenableshemto beincorporatedinto thetegumentof VLPs/LPs(B) Modification of BNRF1to includean
antigenicfragmentfrom EBNA3C(E3C)doesnot influencelytic replicationin producercells. Thelatelytic geneproductgp350vasdetectedat the surfaceof
induced293/wtEBVand293/EBV-E3@roducercellsby stainigwith -gp350and -mouselgG-Cy3antibodies.(C) EBVvirionsthatencodeaBNRF1-BBNA3C
fusionprotein stimulateBNRF1-and EBNA3CspecificCD4" T cells Autologous.CLswerepulsedwith variousamounts(1 x 10* to 1 x 1¢f genomesquivalents
(geq))of wtEBVor EBV-E3Candthen cocultured with CD4" T cellsthatwerespecificor BNRF1VSD (1006+107aa)or EBNA3C5H11(325+33 aa)epitopesin
parallel LCLswerepulsedwith control peptideg g to ng quantities) prior to coculturewith CD4" T cells T-cell activationwasdeterminal by measuringsecreted
IFN- byELISA.(D) A neutralizirg antibodythat recognizegp350mpairsthe antigenicityof wtEBVand EBV-E3CTheneutralizng antibody72Alwastitrated
(50,5and0 g/mL) andincubatedwith 1 x 10° geqof wtEBVand EBV-E3C Thereaftersupernatantsvereusedin T-cellactivationassaysThedatadisplayedn
eachchartrepresentsriplicate valuesand error barsrepresenstandarddeviation.Furthermore eachgraphis arepresentatieexperimenf atleasthree.

https://doiorg/10.13714urnal.ppal007464.g001
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modifiedto containEBNA3Candthen stablyintroducedinto 293cellsto generatevirus pro-
ducercellline (293/EBV-E3C)Theintegrity of the EBV-E3CBAC DNA within producercells
wasconfirmedwith restrictionanalysigS1Fig). Transfectionof thelytic transactivatoBZLF1
geneinto 293/EBV-E3Gnd 293/wtEBWieldedasimilar percentagef cellsthat expressed
thelatelytic protein gp350(Fig 1B). Thisindicateshat modification of BNRF1to includea
latentantigenfragmentdoesnot influencelytic replication.Next,wecomparedhe antigenic-
ity of EBV-E3CandwtEBVvirusesn T-cellactivationassay$~ig 1C). Autologouslympho-
blastoidcelllines(LCLs)werepulsedwith thetwo virusesor peptidecontrolsandthen
coculturedwith BNRF1-[17] or EBNA3C-[18] specificCD4" T cells.This confirmedthat
modified virions, containinga BNRF1-EBNA3QGusionprotein,wereableto simulate
EBNA3C-andBNRF1-specifi€D4" T cells.ConverselywtEBVthat containedunmodified
BNRF1wasonly ableto stimulatethe BNRF1-specifi€D4" T cells(Fig 1C).In all casesthe
doseof thevirus appliedcorrelatedo theresponsgeneratedy the T cellswith aslittle asl x
10 virions (genomeequivalentggeq))beingableto generateesponsefrom the BNRF1-and
EBNA3C-specifid cellsImportantly, BNRF1-specifi€D4" T cellsrecognizednodifiedand
unmodified EBVto the sameextent.This indicatesthat BNRF1-latenaintigenfusion proteins
enlargedhe antigenicspectrumof EBVwithout influencingthe antigenicityof BNRF1 Next,
wetestedwhetherthe enlargedantigenicspectrumof EBV-E3Cwasexclusivelydueto
BNRF1-latenaintigenfusionscontainedwithin virions. To this end,virus supernatantsvere
pre-incubatedvith anti-gp350neutralizingantibody[19] prior to beingusedin T-cellrecogni-
tion assay$§-ig 1D). This showedhat the neutralizingantibodywasableto abolishthe antige-
nicity of EBV-E3C Altogether theseresultsconfirm that BNRF1-latentintigenfusion
proteinsaresuccessfullpackagednto virions andenlargetheir antigenicspectrum.

Antigenic diversification of VLPs/LPslackinggp110

Next,weconfirmedthe antigenicityof BNRF1-latenaintigenfusionproteinsin gp110-nega-
tive VLPs/LPsSincegpll0hasbeenshownto precludeviral andhostmembrandusion[20],
andabrogatdoxicity [21], weexclusivelyusedgpl110-negative'LPs/LPdn the presentstudy.
We concurrentlymodified VLPs/LPsandwtEBVto encodeEBNA3Cand EBNA1fragments,
respectivelgenerating293/VLPs/LPs-E3C-EAnd 293/EBV-E3C-Eproducercells(S2Fig).
EBNAL,like EBNA3C,s ahighlyimmunogeniclatentprotein thatis frequentlyrecognizedy
thepopulation[16,22].The DNA-free VLPs/LPs-E3C-Etverequantifiedusingflow cytome-
try (S3Fig) andthencomparedo anequivalenamountof EBV-E3C-EXhatwasquantified
with gPCR(Fig 2A). This confirmedthatflow cytometryenabledhereliablequantification
DNA-free VLPs/LPsNext, VLPs/LPs-E3C-EWvereanalysedn T-cellactivationassayalong-
sideEBV-E3C-EXFig 2B).This showedhatthe VLPs/LPs|ike EBVvirions, wereableto
stimulateBNRF1{17], gp3504{23], EBNA3C-[18] andEBNA1-[24] specificCD4" T cells
whentheyweremaodifiedto containEBNA3Cand EBNA1fragmentgFig 2B).Furthermore,
themodified VLPs/LPsstimulatedthe variouslytic protein- andlatentprotein-specificT cells
to the sameextentasmodified EBV.This confirmedthat VLPs/LP<ould beusedasa platform
to generatémmunogenicparticlesthat compriselytic andlatentantigensFurthermore the
lackof gp110doesnot negativelyinfluencethe antigenicityof the VLPs/LPsjndicatingthat
their safetycanbeincreasedvithout compromisingtheir antigenicity.

Modified VLPs/LPsexpandT cellsthat efficiently control recentlyinfected
B cells

SinceEBV-specificT cellsplayacrucialrolein controlling EBV-infection[25,26],wetested
whethermodified VLPs/LPsouldexpandEBV-specificT cellswith protectivevalue.To this
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Fig 2. Modified VLPs/LPsthat lack gp110are antigenicand stimulate multiple EBV-specificT cells.(A) VLPs/LPsandEBVthatcontainEBNA3C(E3C)and
EBNAZL(E1)bind to B cellsto asimilar degreeEqualquantitiesof EBV-E3-EX(1 x 1 geq)and VLPs/LPsE3C-E1(1 x 1¢P particleswereincubatedwith ElijahB
cellsstainedwith -gp350(72Al)and -mouselgG-Cy3antibodiesandthenanalysedvith flow cytometry. Thevaluesdisplayecn plotsindicatethe percentage
of B cellsthatwereboundby virus or VLPs/LPs(B) VLPs/LPsE3C-EIretaintheir antigeniccharactein the absencef gp110Autologous. CLswerepulsedwith
control peptidesYLPs/LPs-E3EE1(1 x 1¢° particles)or EBV-E3GE1(1 x 1¢° geg)andculturedwith T cellsthatwerespecificfor gp3501D6 (65+6%a) BNRF1
VSD(1006+017aa),EBNA3C5H11(325+33 aa)or EBNA13E10(475+48%a)epitopesT-cellactivitywasdeterminedby quantifying IFN- releasavith ELISA.
Thedataillustratedin thegraphsareaveragef triplicate valuesanderror barsrepresenstandarddeviation.Furthermore,eachgraphis arepresentatie
experimenbf atleasthree.

https://doi.0g/10.1371§urnal.ppat.107464.9g002
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end,epitope-richregionsfrom EBNA1,arbitrarily namedregionl, regionll andregionl:ll
(Fig 3A), wereusedto generate/LPs/LPsproducercellsthatencodeEBNAL(S4Fig). Analysis
of the producercellswith westerrblot showedhat the 293/VLP/LP-EBNAT"" producercell
line wasunableto expresshe largeBNRF1-EBNAZusion,whilstthe 293/VLP/LP-EBNAT!
and293/VLP/LP-EBNAT" producercellssuccessfullgxpressetheir BNRF1-EBNATusions
(Fig 3B).HenceVLPs/LPs-EBNAT"" wereexcludedrom analysisVLPs/LPs-EBNAT and
VLPs/LPs-EBNAT" werecombined(VLPs/LPs-EBNAT*R") andusedto stimulatebulk
PBMCsfrom unhaplotypedeBV-positivedonors(Fig 3C).Asacontrol, PBMCsfrom the
samedonorswerealsoexpandedvith anantigen-armedantibody(AgAb) that containedthe
major EBV glycoproteingp350AgAbswereoriginally developedsatargetedherapyfor B
cellmalignancie$18,27],but wererepurposedn the presentstudyto expandEBV-specificl
cellsof interest(S5Fig). Stimulationof PBMCsfrom EBV-positivedonorswith VLPs/LPs-
EBNATR"R! or gp350-AgAtexpandedsimilar numbersof CD4", CD8" andtotal T cellsfrom
the PBMCsof EBV-positivedonors(Fig 3C).Next, primary B cellsfrom four donorswere
infectedwith highly infectiousgp11®'®" B95-8][28] andthen coculturedwith VLPSs/LPs-
EBNATR™RIL or gp350-AgAb-expanded cells After 5 days, cultureswereanalyzed
byimmunofluorescencéor the presencef EBV-infectedB cells(Fig 3D). This showedhat
nearlyallthe B cellsin cultureswereEBNA2-positiveconfirming that virtually all the

B cellsweresuccessfullinfectedwith EBV.However therewerenoticeablyfeverEBV-
infectedB cells(CD20'EBNAZ) in the presencef VLPs/LPs-EBNAT*R!specificT cells
than gp350-specifid cells.This suggestethat VLPs/LPs-EBNATR!-specificT cellswere
more efficientat controlling the EBV-infectedB cellsduring thefirst five daysof infection
comparedo gp350-specifit cells Next,VLPs/LPs-EBNAT*R!- andgp350-AgAb-expanded
T cellsfrom eightdonorswerecoculturedwith infectedB cellsasbeforeand quantitatively
analysedvith flow cytometry(Fig 3Eand 3F).This confirmedthat culturescontaining
VLPs/LPs-EBNAT*R!_specificT cellshadthe lowestpercentagef CD19" cells.Thisindi-
categhat VLPs/LPs-EBNAT*RspecificT cellsaremore proficientthangp350-specifid
cellsatcontrolling EBV-infectedB cellsduring thefirst five daysof infection.

Modified VLPs/LPsexpandT cellsthat restrict the outgrowth of B95-8-
and M81-infectedB cells

Havingshownthat VLP/LPs-EBNAT""R!-specificT cellsefficientlycontrol B95-8-infected
cellswetestedwhethertheycouldrestrictthe outgrowthof infectedB cellsoveralonger
period.Additionally, wetestedwhetherVLP/LPs-EBNAT"R!-specificT cellscould prevent
the outgrowthof B cellsinfectedwith the prototypic B95-8strainor the distantlyrelatedM81
strain[29] from Hong Kong. We stimulatedPBMCsfrom eightEBV-positivedonorsasbefore
(seeFig 3) andthen coculturedthemwith autologousB cellsthat wereinfectedwith gp11@'9"
B95-8and gp11®'9" M81. As apositiveand negativecontrol, infectedB cellswererespectively
culturedwith CD19 PBMCsor in mediumonly. After 15days, cultureswereanalysed
with flow cytometryto detectoutgrowingB cells(Fig 4). Sinceproliferating B cellsexpress
CD23,outgrowingB cellswereidentified by detectingCD19'CD23" double-positivecells
[30,31].EBV-infectedB cellswerefound to consistof CD19"CD23, CD19'CD23°" and
CD19"'CD23"9" populationswhentheywereculturedin mediumonly, with the majority of B
cellsbeingof the CD19'CD23"9" variety(Fig 4A). Comparativelyin the presencef CD19
PBMCsgp350-specifid cellsand VLPs/LPs-EBNAT*R!-specificT cellsthe numberof
CD19"CD23 cellswereconsiderablyeducedThis indicatedthat proliferating B cellswere
restrictedin thesecultures.nterestingly whilst gp350-specifid@ cellswereshownto bemore
efficientthan CD19 PBMCsat controlling infectedB cellsduring the earlyphaseof infection
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Fig 3. VLPs/LPscontaining EBNA1fragmentsexpandT cellsthat efficiently target EBV-infectedB cells.(A) Epitope-rchregionsirom EBNAlwereutilized to
constructmodified VLPs/LPSEBNAlhasasinglestretchof ~200aminoacidsthat containsmorethan 25describedCD4 and CD8 epitopesRegiongncompassia
the majority of EBNA1T-cellepitopesarbitrarily namedregionl, Il and!:Il, wereusedto generée VLP/LPs-BBNATY', VLP/LPs-BBNATR" and VLP/LPs-BBNAIR!!,
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Thegly-alarepeatshatimpedeHLA clasd-restrictedpresentéion is alsoshown.(B) Expressin of BNRF1-BNA1Lfusionproteinsby induced293/VLPs/IPs-
EBNAT', 293/VLPs/IPs-EBNAT" and293/VLPs/IPs-EBNAT"" producercells Westernblot analysisvasperformedwith -BNRFland -actin antibodies.(C)
VLPs/LPzontainingEBNA1predominanty expandCD4" T cells VLPs/LPs-ERA1Y andVLPs/LPs-EBIA1R" werecombinedin al:1ratio (VLPS/LF-EBNAT!
*RlN andusedto stimulatePBMCsfrom eightunhaplotyped EBV-posiive donors.The PBMCsfrom the samedonorswerestimulatedin parallelwith gp350-Ag/.
cultureswerestainedfor CD3,CD4and CD8aftertwo stimulation cyclesand analysedavith flow cytometry Thepercentag of CD4", CD8" andtotal T cells

(CD3"in culturesareshown.(D-F) VLPs/LPs-ERA1R"R!_specificT cellsefficiently control EBV-infeted B cellsduring thefirst 5 daysof infection. PBMCs
from EBV-posiive donorswerestimulatedasdescribedn (C) andthencoculturedwith B cellsthatwereinfectedovernightwith recombirant B95-8 Additionally,
infectedB cellswereculturedin mediumonly or with CD19-depéted(CD19) PBMCs cultureswereanalysedive dayspost-infe¢ion with
immunofluorescencgD) andflow cytometry(E andF). (D) Represerativeimmunofluorescenceesultsfrom four donorsareshown.Cellswerestainedwith -CD20,

-EBNA2andDAPI prior to analysisScaléarsrepresen60 m. (E) Representive flow cytometrydatafrom eightdonorsareshown. cultureswereassessed
for thefrequencyof CD19" cells Percentagsshownareof total cells Sincethe recombinant B95-8strainencodessFP,CD19' GFF double-positvecellscouldbe
observed(F) A summay of flow cytometryresultsfrom eightdonors.Thepercentagef CD19" cellsin all culturesareexpressecelativeto the percentagef CD19
cellsin the presencef CD19 PBMCs Statisticahnalysisvasperformedusingatwo-tailedstudentt-test.

https://doi.org/1A.371/journal pat.1007464 @03

(seeFig 3),the CD19 PBMCsof severationorswereconsiderablymore adeptatrestrictingB-
celloutgrowththan gp350-specifid cellsoverthelongerl5dayperiod (Fig4B).Thissuggest
thatthe PBMCsfrom somedonorscontainedEBV-specificT cells,otherthangp350-specific
T cells thatwereableto restrictB-celloutgrowth.However |t is evidentthat proliferatingB
cellswererestrictedto agreaterdegredn culturesthat containedVLPs/LPs-EBNAT'
*Rll_specificT cells.Moreover this wasobservedor B95-8-and M81-infectedB cellsand for
alldonors(Fig 4B).This confirmsthat VLPs/LPsquippedwith EBNAlexpandEBV-specific
T cellsthat efficientlyrestrict B cellsinfectedwith B95-8andM81 EBV.

Modified VLPs/LPsstimulate cytolytic CD4" T cellsthat recognizelytic
and latent cycleantigens

Havingshownthat VLPs/LPs-EBNAT"R'specificT cellscontrol EBV-infecteccells jt
indicatedthat theywerecytolyticin characterHowever sinceVLPs/LPs-EBNAT*R!"
stimulatedPBMCscontainedprimarily CD4" T cells(Fig 3C),it wasunclearwhetherVLPs/
LPs-EBNATL"*R" arecapableof stimulatingEBV-specificD8" T cells.To this end,wetested
theability of LCLspulsedwith VLPs/LPs-EBNAT', containingthe EBNA1HPV CD8" epi-
tope,to stimulatean EBNA1HPV-specificT-cell clone[18]. Thisshowedhatthe EBNA1
HPV-specificCD8" T-cell clonewasunableto recognizel CLspulsedwith VLPs/LPs-
EBNAT (S6AFig).In contrastLCLspulsedwith the VLPs/LPs-EBNAT' werewell recog-
nizedby the BNRF1VSD-specificCD4" T-cellclone.This suggestthatthe autologoud CLs
wereunableto cross-preserthe EBNA1HPV epitopefrom VLPs/LPs-EBNAT to CD8" T
cells We alsoassessdffN-gammasecretiorby CD4" andCD8" T cellsafterthe stimulation
of bulk PBMCswith VLPs/LPs-EBNAT*R! (S6BFig). Thisrevealedhatboth CD4" and
CD8' IFN-gammaproducingcellsweredetectecupon stimulationwith VLPs/LPs-EBNAT
(S6CFig).However,t wasevidentthat IFN- * CD4" T cellsweremorenumerousthan IFN-

* CD8" T cellsand suggestthat the stimulationof PBMCswith VLPs/LPs-EBNAT R pref-
erentiallyexpand€EBV-specificCD4" T cells.Next,weexpandedEBNAL-andgp350-specific
CD4" T cellsfrom VLPs/LPs-EBNAT*R!stimulatedPBMCsandanalyzedhemfor their
cytotoxicpotential.Bulk PBMCsfrom anunhaplotyped=BV-positivedonor wasstimulated
with VLPs/LPs-EBNAT*R" for two rounds,afterwhich gp350-AgAKS5Fig) or EBNA1-A-
gAb (S7Fig) wereusedto expandgp350-and EBNA1-specific€D4" T cells(Fig 5A). The
expandedCD4" T cellswereconfirmedto bespecificfor eitherEBNALor gp350(Fig 5B).The

expandedCD4" T cellsspecificallrespondedo EBNA1-AgAbor gp350-AgAkandto
EBNA13G2or gp3501D6 epitopepeptidesNext, we determinedwhetherthe EBNAl-and
gp350-specifi€D4" T cellswerecapablef expressingD107aasurrogatemarkerfor the
releasef cytolyticgranuleq32]. AutologousL CLswerepulsedwith -CD20,EBNA1-AgAb

1+RII
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Fig 4. VLPs/LPs-BBNA1R"R!'_specificT cellspreventthe outgrowth of B95-8-and M81-infectedB cells.PBMCsfrom eightunhapbtypedEBV-posiive donors
werestimulaedwith gp350or VLPs/LPs-EBIA1R"*R! asdescribedn Fig3,andthencoculturedwith primary B cellsthat wereinfectedwith B95-8or M81.In parallel,
theinfectedB cellswereculturedin medium only or with CD19 PBMCs After 15days, cultureswerestainedfor CD19and CD23andthenanalysd by flow
cytometry.(A) Represetativeflow cytometrydatafrom eightdonors.Thepercentag of CD19°CD23, CD19"CD23°" and CD19"CD23"" B cellsin cultures
areshown.(B) A summaryof dataobtainedfrom eightdonors.Thepercentagof CD19'CD23" B cellsin all culturesareexpressdrelativeto the percentagef
CD19'CD23 Bcellsin the preserceof CD19 PBMCs Statistial analyss wasperformedusingatwo-tailedstudentt-test.Only P valuedowerthan0.05areshown.

https://cbi.org/10.1371durnal.ppal0074649004

or gp350-AgAkthen coculturedwith the EBNA1-andgp350-specifi€D4" T cells This
showedhatboth CD4" T-celllinesupregulatedZD107an responséo the relevantantigen
(Fig 5C).However approximately50%of gp350-specifi€D4" T cellsexpresse@€D107a,
whilstonly 10%of EBNA1-specificCD4" T cellsexpresse€D107aNext, wetestedthe ability
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Fig 5. VLPs/LPs containing EBNA1 enablethe expansionof cytolytic gp350-and EBNAL-specificCD4* T cells.(A) The
expansiorof gp350-and EBNA1-scificT cellsusingVLPs/LPsEBNATR!" and AgAb. PBMCsfrom EBV-positive
individuals containmultiple EBV-speffic T cells.ThisincludesT cellsthatrecognizeeBNA1(red cells),gp350(greencells)
or otherstructural antigengorangecells) Stimulaton of PBMCswith VLPs/LPsEBNAT*R! expandedhesevariousT
cells.ThereafterEBNA1-andgp350-speific T cellswereselectivelgxpandedy respectivelysingEBNA1-AgAband
gp350-Agh. expandedr cellswerestainedfor CD3and CD4 andanalysedvith flow cytometry. EBNA1-(red) and
gp350-green)specificT cellsareshown.Unstanedcellsareshownin grey.(B) The expandedCD4’ T cellsare
specificfor EBNAlor gp350AutologousL. CLswerepulsedwith EBNA1-AgAh gp350-AgA, EBNA13G2(514+58 aa)
epitopeor gp3501D6 (65+6%a)epitopeandthencoculturel with the CD4™ T cells ThereleaséFN- wasquantifiedby
ELISA.Eachdatapoint isthe averagef threevaluesanderror barsrepresentstandarddeviation Eachexperiments a
representatie of atleastthree.(C) EBNA1-andgp350-speific CD4" T cellsexpresCD107aAutologousLCLswerepulsed
with -CD20,EBNA1-AgAbor gp350-AgA andthencoculturedwith the CD4" T cells Thereafer, cellswerestainedfor
CD4andCD107aandthenanalysd with flow cytometry The percentagef CD4" T cellsthatexpres<CD107aareindicated.
Thedatadisplayedarerepresentatie of threeexperimats. (D) EBNA1-andgp350-speific CD4" T cellsreleasgranzymes.
AutologousL CLswerepulsedwith EBNA1-AgAh gp350-Agh or relevantpeptidefEBNA13G2andgp3501LD6)andthen
coculturedwith the CD4" T cells Thereleasef granzymeB wasquantifiedwith an ELISA.The datadisplayedn eachchart
representriplicatevaluesanderror barsrepresenstandarddeviation. Eachgraphis arepresentave experimet of atleast
three.(E) EBNA1-andgp350-speific CD4" T cellslysetargetcellspulsedwith VLPs/LPs-ERA1R"*R!" AutologousLCLs
werepulsedovernightwith VLPs/LPSEBNAT"*R!" (grayline), EBNA13G2(red line), gp3501D6 (greenline) or EBNA3C
5H11(blackline) peptidesThereafterthe pulsedLCLswereincubatel with calceinAM andthencoculturel with increasing
amountsof the EBNA1-or gp350-speific CD4" T cells Effectorto target(E:T) ratiosof 1 to 30wereused Thereleasef
calceinfrom targeteccellswasmeasureat 535nm afterexcitationwith 485nm light. Eachdatapoint is the averagef three
valuesanderror barsrepresentgrror bars.Furthernore,eachexperimet is arepresentatie of two experimets.

https://doi.0g/10.1371§urnal.ppat.107464.9g005

of EBNA1-andgp350-specifi€D4" T cellsto release¢he mediatorof cytolysisgranzymeB
(Fig5D). Boththe EBNA1-andgp350-specifi€D4" T cellsreleasedjranzymeB in response
to therelevantAgAb andepitopepeptide Lastly wetestedwhetherthe EBNA1-andgp350-
specificCD4" T cellswerecapablef directly lysingautologoud_CLspulsedwith antigen(Fig
5E).This showedhatthe boththe EBNA1-andgp350-specifi€D4" T cellsspecificallylysed
LCLspulsedwith epitopepeptidesandVLPs/LPghat containedEBNA1.Takentogether,
theseresultsconfirm that VLPs/LPs-EBNAT*R! havethe ability to stimulatecytolyticCD4"
T cellsspecificfor lytic andlatentantigensTheseresultsareconsistentvith previousstudies
thatshowedEBNA1-[30,33,34hndgp350{35] specificT cellsto becytolytic.

Vaccinationwith EBV VLPs/LPscontaining EBNA1 protectsmicefrom
WEEBV infection

Havingshownthat modified VLPs/LPsvereantigenic and , Weassessed
whetherVLPs/LPsEBNAT*R! hadprotectiveabilites . To thisend,micereconsti-
tuted with humanimmune systencomponentssusceptibléo EBVinfection and capableof
exertingEBV-specifitmmune control [36], wereusedto interrogateVLPs/LPsEBNATR*R!,
HumanizedNSG-A2(huNSG-A2)micewererandomlygroupedandinjectedintraperitone-
allywith PBSunmodified VLPs/LP1 x 1 particles)or VLPs/LPs-EBNAT*R" (1 x1¢ par-
ticles),usingpoly (I:C) asanadjuvant(Fig 6A). Fourweekdater,micewereboostedusingthe
samedose Animalswerechallengedvith gp11#'9" B95-8(1 x 10° GRUs)six weeksafterthe
lastboostand euthanizecightweekdater.From theliteratureweknewthatthis titer would
enablenfectionwithout grossdevelopmenbf tumors[36]. The spleen®f challengednimals
wereanalysedy histology(Fig 6B).This showedhat all animalscontainedhumanCD20-
andCD3-positivecellsin their spleensHowever therewasno correlationbetweerthe abun-
danceof CD20-and CD3-positivecellsandthe differenttreatments. hybridization
revealedhe presencef interspersedellsthat expresse&BV-encodedRNAs(EBERS)n the
spleen®f micefrom the PBSandunmodified VLPs/LPggroups.In total, 60%of micefrom
the PBSgroupwerefoundto containEBER cellswhile 37.5%of the micefrom the VLPs/LPs
groupcontainedEBER cells(Fig 6C). Statisticahnalysishowedhat this observatiorwas
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Fig 6. Vaccinaion of humanizedmicewith VLPs/LPs-EBNATR"*R! confers protectiveimmunity. (A) Immunization
schedulef humanizel NSG-A2miceandchalleng with wtEBV.Threegroupsof micewerevaccinatedaindboostedwith PBS
(n=5),VLPs/LPgn = 8) or VLPs/LPs-ERA1R"R" (n = 7), with poly (I:C) servingasadjuvant Mice werechallengdwith B95-
8(GRU= 1x10) sixweeksafterthe boost After eightweeksall animalswereeuthanize andtheir tissuesnalysedor eviderce
of EBVinfection.(B) Histologicalanalyss of micespleensfterchallengavith wtEBV.Spleersectionof micewerestainedwith
H&E, -humanCD20antibody, -human CD3antibodyandaprobespecificior EBERnon-codng RNAs.Scalébarsrepresent
50 m. (C) Incidenceof EBVinfection basecn EBERstainingof spleens(D) Incidenceof EBV-infection basedn real-time
gPCRanalysiof peripherablood. Statistichanalysisvasperformedon the resultsshownin (C) and(D) usingaone-tailedChi-
squareest.Only P valuedowerthan0.05areshown.

https://doiorg/10.1371§urnal.ppal007464.g006

statisticallyinsignificant(P > 0.05).Noneof the spleersamplegrom the VLPs/LPs-EBNAT'
*RI groupwerefound to containEBER cells This resultwasconfirmedto bestatisticallysig-
nificant from the PBS(P = 0,009)and VLPs/LPYP = 0.035)groups.Next,qPCRwasusedto
detectthe presencef EBVin the peripheralblood of challengedinimals(Fig 6D). This
showedhat 100%of micefrom the PBSgroup containedEBVDNA in their peripheralblood,
compareco 62%of the VLPs/LPggroupand 14%of the VLPs/LPs-EBNAT R group.Once
more,statisticahnalysigevealedhat the observedlifferencebetweerthe PBSandVLPs/LPs
groupwasnot significant(P> 0.05).However statisticabnalysishowedhatthe difference
betweerthe VLPs/LPs-EBNAT*R! groupandthe PBS(P = 0.0017)and VLPs/LPYP =
0.0286)groupswassignificant.In summary this indicatesthatvaccinationwith VLPs/LPs-
EBNAT"R! affordedsignificantlybetterprotectionduring the eight-weelchallengeperiod
thanvaccinationwith unmodified VLPs/LPsHowever whethervaccinationwith VLPs/LPs-
EBNATR"*R!" would offer long-term protectionagainsEBVinfectionin humansremains
unknown.Nonethelessyur resultsbodewell for the developmenbdf secondgenerationVLPs/
LPsthat containmultiple latentantigens.

Discussion

DNA-free EBVVLPs/LPsarestructurallycomplex,composedf multiple lytic geneproducts,
incapableof infectionand highly immunogenic[14]. Consideringthe breadthof EBV-specific
immuneresponsem healthyindividuals[10], it is likely that prophylacticvaccinatiorwould
benefitfrom animmunogenthat containsEBV-antigenghat areexpresseduring lytic repli-
cationandlatency.To thisend,weusedEBV VLPs/LPsasaplatformto generatémmuno-
genicparticlesthat compriselytic andlatentantigensConsideringtheimportanceof T-cell
responses controlling of EBVinfection[37], weextensivelyassessetthe ability of modified
VLPs/LP4o stimulateEBV-specificT cells.

Modification of EBVVLPs/LPgo containlatentantigenssuccessfullgnlargedheir anti-
genicspectrumgenablingthe stimulationof severalytic protein- andlatentprotein-specific
CD4" T-cellclonesTheantigenicityof EBVVLPs/LPscontainingEBNAlwerealsoanalyzed
in an settingby stimulatingbulk PBMCsfrom EBV-positivedonorsto yield EBV-spe-
cific T-celllines. generated -celllinescontainedEBV-specificCD4" andCD8" T
cells but it wasevidentthat CD4" T cellsweremore numerous The preferentiakexpansiorof
CD4" T cellsfrom bulk PBMCsis supportedby earlierstudieswhich haveshownthat EBV
structuralproteinsareweaklyimmunogenictowardsCD8" T cells[38,39]andareinstead
immunodominanttargetsof CD4" T cells[26]. Theability of B cellsto efficientlypresentsev-
eralstructuralproteinsfrom incomingvirionsto CD4" T cells[35,40]suggestthat structural
protein-specificCD4" T cellsarelikely to playamoredominantrole than CD8' T cellsduring
theveryearlystage®f infection.However the recentidentification of BcLF1-specifid-cell
clonesthat canrecognizd CLspulsedwith UV-inactivatedEBV[41] suggestthat structural
protein-specificCD8" T cellsmayalsoplayanimportant role during the earlystageof infec-
tion. In contrastwefound that LCLspulsedwith modified EBVVLPswereunableto stimulate
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anEBNA1-specific€D8" T-cellclone,implying that cross-presentatiomight belimited to
particularstructuralantigensFuturestudieswill certainlyshedlight on this newlydiscovered
phenomenon.

We haveshownthat T cellsexpandedvith modified VLPsareconsiderablymore efficient
atcontrolling recentlyinfectedB cellscomparedo thoseexpandedvith gp350.SinceVLPs/
LPscontainmultiple EBV antigenstheylikely expandedapolyclonalpool of EBV-specificl
cellsthat simultaneouslyecognizalifferentantigenicepitopedisplayeddy infectedB cells.
Indeed recentlyinfectedB cellshavebeenshownto displaymultiple structuralproteins
[35,40].Theinability of gp350-specifi@ cellsto competenthjtargetrecentlyinfectedB cells
hasprofoundimplicationsfor prophylacticvaccinedesignsinceT-cellresponsew/ould be of
paramountimportanceif asmallnumberof EBV virions arenot neutralizedand manageo
infecta subsebf cells.Themajor envelopaylycoproteingp350arguablythe mostintensively
studiedEBV antigen,hasbeeninvestigatedsaprophylacticvaccingor severatlecadesnd
continuesto garnerattention[6,11,12,42,43 hecontinuedfocuson gp350s sensibleonsid-
eringgp350is chieflyresponsibldor attachmento B cellsduring theinfection procesandis
afrequenttargetof neutralizingantibodieq44]. Indeed,emerginggp350vaccinehave
improvedin their ability to generateneutralizingantibodieq12,43].However the ability of
gp350-specifid cellsto provideoptimal protectionagainstrecentlyEBV-infecteccellshas
previouslynot beenseriouslygquestionedOur analysesuggesthat gp350-specifid cells
alonearesuboptimalfor targetingEBV-infectedB cellsduring the earlyphaseof infection.
Thisimpliesthat prophylacticvaccinesaremorelikely to generategrotectiveT-cellresponses
during the earlyphaseof EBV-infectionif theyincludemultiple lytic antigensAdditionally,
prophylacticvaccinexomposedxclusivelyof gp350would not elicit antibodyresponsethat
protectagainsepithelialcellinfection. EBV infectsepithelialcellsindependentlyof gp350
[45], aprocessecentlyshownto rely on gH/gL [46,47].Fromthis perspectiveavaccinecom-
posedof gH/gL hasanadvantag®vergp350sinceit maypreventepithelialand B cellinfection
[48]. SinceVLPs/LPsontainboth gp350andgH/gL, alongwith severabther EBV glycopro-
teins,theyarelikely to generatentibodyresponsethat protectsagainsB-celland epithelial
cellinfection. Whilst we did not focuson antibodyresponsesh the presentstudy,the struc-
tural similarity of VLPs/LPgo wtEBV suggesttheywould enablethe generatiorof neutraliz-
ing antibodieso severaEBV glycoproteingn their naturalcontext.Indeed,UV-irradiated
EBVhaspreviouslybeenshownto generatgootentneutralizingantibodieq43]. Fromthis per-
spectiveprophylacticvaccineghat containnumerousEBV antigensjncluding glycoproteins
that mediateB-cellandepithelialcellinfection, arelikely to stimulatesuperiorprotectiveanti-
bodyandT-cellresponses.

Humoral andcellularimmuneresponsethatrecognizenultiple structuralproteinsare
likely to providea protectivebenefitby targetingvirions, recentlyinfectedcellsand cells
undergoingreactivation[35,49,50]However theyareunlikely to offer protectagainstatently
infectedcells.Theestablishmenof typel, Il or Il latencyin justahandful of cellswould
enablethe numberof EBV-infectedcellsto increasehroughsimplecelldivision[51]. The
inability of vaccinatiornto protectagainstatentlyinfectedcellsis especiallymportant to con-
sidersinceit is latencytranscriptionprogramsthat predominateduring IM, EBV-associated
lymphoproliferativediseasand EBV-positivemalignancie$52]. Theability of EBV-specificT
cellsto control EBV-infectedcellsand preventpost-transplantymphoproliferativedisease
(PTLD) stronglysuggestthat prophylacticvaccinationshouldelicit latentprotein-specificl
cellsin additionto lytic protein-specificT cells[53+£55].Sincethe mousechallenganodelin
the presenistudyextendedor eightweeksthe antigenicloadof structuralproteinsarelikely
to havebeenmarkedlyreducedrelativeto that of latentproteins.Vaccinationof humanized
micewith VLPscontainingEBNAlaffordedmore protectionagainstEBV infectionthan
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vaccinatiorwith unmodified VLPs/LPsSincehumanizedmiceproducelittle or no EBV-spe-
cific antibodieq36,56],it likely that protectionagainstBV infection did not involvehumoral
immunity. Ratherjt is more probablethat vaccinatiorwith VLPs/LPs-EBNAT*R!" elicited
protectiveT cellresponsesTherecognitionof structuralproteinsand EBNA1possiblyenabled
thehumanizednmiceto targetEBV-infectedcellsduring thewholeEBV life cycle(exceptatency
0).Indeed,EBNA1listheonly latentprotein thatis expresseduring all forms of EBV latency
(exceptype0) andin all EBV-positivemalignancie$30]. Whethervaccinationwith lytic and
latentEBV antigenscanafford protectionagainsEBVin humansremainsto bedetermined.

PrototypeEBV vaccinecandidateavethusfar not directly addressethe dauntingtaskof
affordingprotectionagainsthe plethoraof EBV strainsthat existworldwide.In recentyears,
the adventof high throughputsequencindiasenabledhe detailedanalysif variousEBV
strains[57]. This hasrevealedhat EBV-encodegroteinscanbehighly polymorphic.
RecentlyT-cellepitopesfrom severaEBV strainshavebeencompared58]. Thisrevealedhat
epitopediffer considerabljpetweerdifferent EBV strains with almost50%of CD4" epitopes
andalmost30%of CD8" epitopesincluding their flanking region,varyingbetweerthe B95-8
andM81 strains Whilst EBV strainheterogeneitpresents hurdlefor T-cellimmunity, our
resultsshowthat polyclonalmemoryT cellsstimulatedwith modified B95-8VLPs/LP<an
restrictB cellstransformedwith B95-8and M81 at arelativelyearlystageof infection. How-
ever,it isunknownwhethermodified B95-8VLPs/LPswvould afford protectionagainstvi81

Sincelatentgenesaremore polymorphicthanlytic genesit is possiblehat B95-8latent
antigenswould not afford optimal protectionagainsthoseencodedy other EBV strains.The
identification of T-cell epitopeghat areconservecdmongstifferentEBV strainswould cer-
tainly aid vaccinedesignefforts,enablingthis hurdleto beovercomeNonethelessavaccine
consistingof multiple EBV proteins,possiblyfrom differentstrains,is alsolikely to combatthe
problemof EBVstrainheterogeneity.

EBVVLPs/LPsrelikely to befurther improvedasa prophylacticvaccinghroughthe
inclusionof antigensn additionto EBNA1.Severainterestingcandidateslatentandlytic
proteins,haverecentlybeenhighlighted[40]. Modification of multiple tegumentproteinswill
enabletheincorporationof severahntigendanto EBVVLP/LPs Byincorporatingthe most
immunodominantEBVantigendnto VLPs/LPst will enablethemto prime theimmune sys-
temagainstiral antigenghat areexpressedtall stage®f infectionandin all typesof EBV-
associatetumors,whilstenablingthe generatiorof neutralizingantibodiesagainssurface
viral proteins.Suchamultiprongedapproachs likely to increasehe protectionaffordedby
theEBVVLPs/LPs.

Materials and methods
Ethicsstatement

Peripherablood mononuclearcells(PBMCs)wereisolatedfrom healthydonorsthat provided
written informed consent(ethicalapprovalgrantedby the Ethikkommissionof the Medizi-
nischeFakulta Heidelberg(S-603/2015)pr from anonymousbuffy coatspurchasedrom the

(IKTZ) in Heidelberganddid not
requireethicalapproval Animal experimentsvereapprovedapprovalnumberG156-12)y
thefederalveterinaryofficeat the Regierungsgssidium Karlsruhe(Germany)andwereper-
formedin strictaccordancevith Germananimalprotectionlaw (TierSchG)Mice werehan-
dledin accordancevith goodanimalpractice asdefinedby the Federatiorof European
LaboratoryAnimal SciencéAssociationgFELASA)andthe Societyfor LaboratoryAnimal
Scienc€GV-SOLAS)andwerehousedn the clasdl containmentlaboratoryof the German
CancerResearciCenter.
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Celllinesand primary cells

Celllinesinclude EBV-positiveRajicells(ATCC CCL-86)[59], EBV-negativeElijah B cells
(kindly providedby Prof. A.B.Rickinson),293cells(ATCC CRL-1573)60], T cellsspecific
for EBNA13E10EBNA3C5H11,gp350LD6 and BNRF1VSD epitopegkindly providedby
Prof.J.Mautner)andautologoud CLs(kindly providedby Prof.J.Mautner).Peripheral
bloodmononuclearcells(PBMCs)wereisolatedusingFicoll-PaquePlusandprimary B cells
wereisolatedusingDynabead€D19PanB (Invitrogen) and DETACHaBEADCD19kit
(Invitrogen).RPMI containing10%fetalcalfserum(F7524 Sigmawasusedto culture 293,
RajiandElijahcells.T-cell clonesandlineswereculturedaspreviouslydescribed17,35].

Construction and production of AgAbs

AgAbswereconstructedusingsequencesodingfor EBNA1(390+622Za)andgp350(1+470
aa).Latentprotein-codingsequencewerePCRamplifiedandintroduceddownstreanof an

-CD20 HC genecontainedwithin the pRK5expressiovector[18]. Theprimersusedto con-
structAgAbsarelistedin S1Table.The -CD20antibodyand AgAbswereproducedby trans-
fectingthe appropriateheavychainsandthe -CD20light chaininto 293cellsusing
polyethylenimingPEI). Thefollowing daythe PEI-containingmediumwasremovedand
replacedvith serum-fred-reeStyl®93expressiomediumand cellswereincubatedfor three
days.Supernatantsverecentrifugedat 400x g for 10minutesandfilteredthrougha0,22 m
filter.

RecombinantBAC DNA and stableproducer cell lines

RecombinanBAC DNA wasconstructedusinggalKrecombination[61]. In the presenistudy,
WtEBV (B95-8)[62] or VLPs/LPYB95-8 iBFLF1/BFRF1a/BALF#1] BACDNA weremodi-
fiedto encoddatentprotein fragmentsOnly VLPs/LPdackingBALF4,encodingthe glyco-
proteingpl10wereutilizedin the presentstudydueto their enhancedafety[20,21].The
primersusedfor the constructionof BAC mutants,aswell asa descriptionof all BAC mutants,
areshownin S1Table.Thefirst stepin galKrecombinationwastheinsertionof thegalK cas-
setteinto the BNRF1ORFof wtEBVor VLPs/LPBAC DNA. Subsequentifthe galK cassette
wasreplacedvith DNA fragmentsencodinglatentprotein moieties Outgrowingcolonies
wereanalysedvith restrictiondigestionand sequencindo confirm theintegrity of BNRF1-la-
tent protein fusions.Stableproducercellsweregeneratedvith the recombinantBAC DNA as
previouslydescribed63].

Production of virus and VLPs/LPs

An expressiomplasmidencodingBZLF1(p509)wastransfectednto producercellsto induce
virusor VLPs/LPproduction[14]. Forthe productionof EBV (B95-8or M81) for and

studiesthe pRA plasmidencodinggpl10wascotransfectedvith p509for increased
infectivity [28]. Theliposome-basettansfectanMetafecteng¢Biontex)wasusedto carryout
transfectionovernight.Subsequenthetafectene-containingnediumwasremovedand
replacedwith freshmedium.Transfectedellswereincubatedfor threedaysheforesuperna-
tantswereharvestedSupernatantsverecentrifugedat 400x g for 10minutesandfiltered
througha0.44 m filter. VLPs/LPsusedfor T-cellexpansions&ndanimalexperiments
wereproducedin serum-free-reeStyl@93expressioimedium (Gibco).In all othercases,
virusandVLPs/LPswvereproducedon RPMI supplementedvith 10%FCS Lastly virusand
VLPs/LPsusedin animalexperimentsvereconcentratedat 18000x g for 3 hoursandresus-
pendedn PBS.
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Real-timeqPCR

Virus titersweredeterminedby real-timegPCRaspreviouslydescribed14]. In brief, virus-
containingsupernatantsveretreatedwith DNasel (5 units) andproteinaseK (Img/mL).
Next,real-timegPCRanalysisvascarriedout usingprimersand probespecificfor the EBV
BALF5geneTo determinethe presencef EBVin peripheralblood,genomicDNA from vac-
cinatedandchallengedinimalswascomparedo unchallengeénimals.

Quantification of VLPs/LPswith flow cytometry

WEtEBV, previouslyquantifiedwith real-timeqPCR wastitrated (1,0.75,0.5,and0.25x 10’
geq)andboundto Elijah B cellsat 4ECCellswerewashedstainedwith -gp350(clone72A1)
and -mouselgG-Cy3antibodiesandanalysedvith flow cytometry. MFI valuesveredeter-
mined for differentamountsof virus. A standardcurvewasgeneratedor EBV genomes's
MFI. Concurrently,supernatantgontainingVLPs/LPsvereincubatedwith Elijah B cellsand
stainedasabove MFI valuesobtainedfor VLPs/LPsvereextrapolatedff the standardcurve
to quantify VLPsS/LPs.

T-cell activation assays

IFN- in cellculturesupernatantsvasdeterminedaspreviouslydescribed18]. Autologous
LCLswerepulsedovernightwith antigenand coculturedfor aminimum of 18hourswith T-
cellsatanE:Tratio of 1:1.Supernatantsvereanalysedy ELISA(Mabtech) In blockingstud-
ieswith neutralizingantibody(72A1clone),virus containingsupernatantsverepreincubated
with antibodyfor 1 hour at 37Eeforebeingusedin T-cellactivationassays.

Short-term stimulation of PBMCswith VLPs/LPs-EBNAL"*R!" or
gp350-AgAb

Bulk PBMCsfrom EBV-positivedonorswerepulsedwith VLPs/LPs-EBNAT1 x 1¢° particles)
or gp350-AgAh20ng). After two days culturesweresupplementedvith 1L-2 (10U/mL) and
thereaftemaintainedin mediumcontaininglL-2. CellswererestimulatedLOdayslaterusing
IL-2 (10U/mL) andthe sameamountof VLPs/LPs-EBNADr gp350-AgAbOneweeklater,
cellswereanalysedor the presencef CD4,CD8and CD3 expressingellsor wherecocul-
turedwith primary B cellsthat wereinfectedovernightwith EBV.

Targeting of recentlyinfected B cellsby VLPs/LPs-EBNA1-8mulated
PBMCs

Bulk PBMCsfrom four EBV-positivedonorswerestimulatedfor two roundswith VLPs/LPs-
EBNA1(1x 1¢f particles)or gp350-AgAb(20ng)in the presencef IL-2 (10U/mL). Autolo-
gousprimary B cellswereinfectedovernightwith B95.8MOI = 3) andthen coculturedwith
the stimulatedPBMCs,CD19 depleted®PBMCsor mediumonly. cultureswereana-
lysedwith flow cytometryandimmunofluorescenc® 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-EBNA1-8mulated PBMCs

Bulk PBMCsfrom eightEBV-positivedonorswerestimulatedfor two roundswith VLPs/LPs-
EBNA1(1x 1¢ particles)or gp350-AgAK20ng)in the presencef IL-2 (10U/mL). Bcells
wereinfectedwith B95-8or M81, respectivelyisingan MOI of 3 or 30to accountfor their
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differenttransformingabilities[29]. culturesstainedwith -CD19-APC(HIB19clone)
and -CD23-PE-Cy7nEBVCSZlone)antibodiesandanalysedy flow cytometry.

Expansionof EBNA1 and gp350-specificCD4" T cellsfrom VLPs/LPs-
EBNA1-stimulated PBMCs

PBMCsfrom an EBV-positivedonor werestimulatedfor oneround with VLPs/LPs-EBNAT*R!
(1x 1 particles)in theabsencef IL-2. After two weekscellswererestimulatedusingirradi-
ated(40Gy) autologous®BMCs pulsedwith the samedoseof VLPs/LPs-EBNAT*R! in the
presencef IL-2. After anothertwo weeksEBNAL-or gp350-specifid cellswereexpanded
by stimulatingcellsbiweeklywith AgAbs(10+50ng) that containedEBNA1or gp350Autolo-
gousLCLs,generatedisingB95-8 1ZR wereusedasantigenpresentingcellsafterthefifth
round of stimulation.T cellsweremaintainedin AIM V mediumsupplementedvith 10%
pooledhumanserum,IL-2 (10U/mL), 10mM HEPES2 mM L-glutamine 50 g/mL genta-
micin and0.4mg/ mL ciprofloxacin.

Intracellular IFN-gammastaining

Bulk PBMCs(5 x 1(F cells)from EBV-positivedonorswerepulsedwith VLPs/LPs-EBNAT*R!
(1x 10° particles)and supplementedvith IL-2 (10U/mL) two dayslater.After anothersixdays,
cultureswererestimulatedvith medium,EBNA1peptide(PepTivator Miltenyi), gp350-AgAb
(20ng) or VLPs/LPs-EBNAT*R! (1 x 10 particles)in the presencef bredfeldinA (Biolegend)
for 4,5hours.Cellswerestainedwith -CD4-APC (RPA-T4clone)and -CD8-PE-Cy7
(RPA-T8),fixed/permeabilizedFixation/Permeabilizatiosolutionkit, BD Biosciences),
stainedwith -IFN- -PE (B27clone)andanalysedy flow cytometry.

Generation,vaccinationand challengeof humanizedNSG-A2mice

NSG-A2mice (NOD.Cg-Prkdé®d12rg™™ITg (HLA-A2.1) 1Enge/SzJyerehumanizedwith
CD34" hematopoietiprogenitorcells(HPCs)that wereisolatedfrom humanfetalliver tissue
(AdvancedBiosciencd&Resources)SA)[64]. Newbornmicewereirradiated(1 Gy) and
injectedintrahepaticallywith CD34" HPCs After twelveweeksthe presencef humanCD45
cellsin the peripheralblood of micewasdeterminedto confirm successfliumanization.n
total, 20humanizedNSG-A2(huNSG-A2)micewererandomlygroupedaccordingto similar-
ity of humanizationratiosandinjectedintraperitoneallyin asingleblind fashionwith PBS,
VLPs/LP1 x 1P particles)or VLPs/LPs-EBNAT*R! (1 x 1P particles)In all cases50 g
poly (I:C) wasusedasadjuvant. Animalswereboostedone month laterwith the sametreat-
ments.Oneandahalf monthsafterthe boost,animalswereinjectedintraperitoneallywith 1 x
10° GRUsof B95-8 Mice weresacrificedeightweekgost-infectionandtheir blood andtissues
analysedor evidenceof EBVinfection [64]. All the VLPs/LPsandvirus usedin animalexperi-
mentswereobtainedby centrifugingsupernatantsit 18000x g for 3 hoursandresuspending
in PBS.

Supporting information

S1Fig. Construction of EBV BAC DNA encodinga BNRF1-latentprotein fusion. (A) Galk
recombinationwascarriedout with a 150bp fragmentcorrespondingo 320+344aand 633+
656aao0f EBNA3C. RI and HI restrictionsitesbeforeandafterrecombinationare
shown,asarethe sizeof fragmentgyeneratedy theseenzymes(B) Restrictiondigestionwith
Rl and HI confirmedthat EBV-E3CBACDNA from 293producercellsgeneratedhe
samerestrictionfragmentsasEBV-E3CBAC DNA constructedn . . White arrows
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emphasiz®NA fragmentghataredifferentbetweenvtEBVDNA (B95-8)and DNA modi-
fied with galKrecombination.
(TIF)

S2Fig. Constructing EBV and VLP/LP BAC DNA encodingaBNRF1-EBNA3C-EBNA1
fusion protein. A 300bp fragmentencodingthe EBNA3C(E3C)(320+£344aand633+656a)
andEBNA1(E1)(476+50%aand522+54@a)wasintroducedinto EBV (A) andVLP/LP (B)
BACDNA usinggalKrecombination. Rl and HI restrictionsitesbeforeandafter
recombinationareshown,aswell asthe sizeof fragmentsgeneratedy theseenzymesRestric-
tion digestionwith Rl and HI  confirmedthatEBV-E3C-EXC) andVLP/LP-E3C-E1
(D) BACDNA from 293producercellsgeneratedhe samerestrictionfragmentsasBAC DNA
constructedn . . White arrowsemphasiz®©NA fragmentghat aredifferentbetween
unmodifiedEBVand VLP/LP DNA modified with galKrecombination.

(TIF)

S3Fig. Quantification of VLPs/LPsusingflow cytometry. (A) Theability of VLPs/LPsand
WtEBV1to bind B cellswasexploitedfor quantificationpurposesB cellsexposedo wtEBV or
VLPs/LPswverestainedwith -gp350(72A1)and -mouselgG-Cy3antibodiesandanalysed
with flow cytometry.(B) wtEBV,previouslyguantifiedwith gPCR wasaddedin increasing
amounts(geq)to B cellsandanalysedvith flow cytometry.Thisrevealedlinearrelationship
betweervirustiter (geg)and medianfluorescencéntensity (MFI). Similarly,the MFI was
determinedfor VLPs/LPs-E3C-EandthelinearrelationshipbetweerMFI andvirustiter
usedfor their quantification.

(TIF)

S4Fig. Construction of VLP/LP BAC DNA encodingBNRF1-EBNAZ1fusion proteins.
VLP/LPBAC DNA wasmodifiedwith galKrecombinationusingEBNA1-codingsequences
correspondingo regionl (A), Il (B),andl:ll (C). RI restrictionsitesandrestrictionfrag-
mentsareshown.Restrictiondigestionof BACDNA with Rl confirmedthat VLP/LP-EB-
NA1R' (D), VLP/LP-EBNAT" (E) and VLP/LP-EBNAT"" (F) from producercellswasthe
sameasBACDNA constructedn . . White arrowshighlight DNA fragmentghat aredif-
ferentbetweerunmodified VLP/LP BAC DNA andgalKmodified VLP/LPBAC DNA.

(TIF)

S5Fig. Validation of gp350-AgAbasatool for expandinggp350-specificT cells
Theligand-bindingdomain (1+470aa)of gp350wasfusedto the CH3 domainof -CD20,
expresseth 293cellsandusedto stimulate(dottedlines)the PBMCsfrom anunhaplotyped
EBV-positivedonor in the presencef IL-2. After aminimum of sixstimulationcycles,
cultureswerestainedfor CD3and CD4 andanalysedy flow cytometry.The percentagef
CD3'CD4" double-positivecellsin culturesis shown.Unstainedcellsareshownin
grey.A T-cellactivationassayvasperformedto confirm thatthe expandedr cellswerespe-
cific for gp350-AgAbAutologouslL CLswerepulsedwith medium,unmodified -CD20or
gp350-AgAkandthen coculturedwith the CD4* T cells Thereleas®f IFN- wasmeasured
by ELISA.

(TIF)

S6Fig. Modified VLPs/LPspredominately stimulate CD4" T cells.(A) AutologousL.CLs
werepulsedwith unmodified VLPs/LP1 x 1P particles)or VLPs/LPs-EBNAR' (1 x 1¢P par-
ticles)andthencoculturedwith T cellsspecificfor the CD4-restrictedBNRF1VSD epitope
(1006+1013a)or the CD8-restrictedEBNA1HPV epitope(407+41'a4a).T-cellactivitywas
determinedby quantifyinglFN- releasavith ELISA.Theassayvasperformedin triplicate
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andstandarddeviationsareillustrated.(B) PBMCsfrom EBV-positivedonorswerestimulated
with VLPs/LPs-EBNAR"*R" for asingleround andthe frequenciesf IFN- *CD8" (top row)
andIFN- "CD4" (bottomrow) T cellsweredeterminedafterrestimulationwith medium,
EBNA1peptide gp350-AgAtand VLPs/LPs-EBNAT* R Representativdatafrom six
experimentareshownanddisplayedercentageareof total cells.(C) A summaryof IFN-
secretiorfrom sixdonors.Statisticahnalysisvasperformedusingatwo-tailedstudentt-test.
Only Pvaluedowerthan0.05areshown.

(TIF)

S7Fig. Validation of EBNA1-AgAbasatool for expandingEBNA1-specificT cells

An epitope-richregionof EBNA1(390+622a)wasfusedto the CH3 domainof -CD20,
expresseth 293cellsandusedto stimulate(dottedlines)the PBMCsfrom an unhaplotyped
EBV-positivedonor in the presencef IL-2. After aminimum of six stimulationcycles,
cultureswerestainedfor CD3and CD4 andanalysedvith flow cytometry.The percentagef
CD3*CD4" double-positivecellsareshown.Unstainedcellsareshownin grey.A T-cell activa-
tion assayvasperformedto confirm the specificityof the expandedr cellstowardsthe
EBNA1-AgAb AutologousLCLswerepulsedwith medium,unmodified -CD20or EBNA1-
AgAb andthen coculturedwith the CD4" T cells.Thereleas®f IFN- wasmeasuredy
ELISA.

(TIF)

SiTable.List of oligonucleotides.
(PDF)
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