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responsegecognizedy thesecellsarelargelyunknown. To addresshis shortcoming,in
thisstudyweusedan .  expressiorsystenmethodologyfor identifyingimmunogenic
proteinsof . Typhi. We found thatalthoughthe patternof responséo individual .
Typhi proteinswasvariableamongthetyphoidvaccineeghe .  expressingystem
uncoveredhe antigenspecificityof T-cells,and highlightits applicabilityto vaccine
studies.

Introduction

Typhoidfeveris causedy serovafTyphi( . Typhi),ahuman-restricted
pathogerthat entersthe hostthroughthe gut-associatelymphoid tissue Recentalculations
of thetyphoid burdenestimatedhat 11.9+20.@nillion newcase®f typhoid feveroccurannu-
allyin low-incomeand middle-incomecountrieswith about129,000+223,0000rtality [1+4].
Basedn dataprovidedby the World HealthOrganization 90 percentof thesetyphoid deaths
occurin Asia,andmostvictimsarechildrenunderfive yearsof age[5]. Furthermore antimi-
crobialtreatmentof entericfeverand asymptomaticarriershasbecomencreasinglycompli-
cateddueto theemergencef multidrug-resistanstrainsof . Typhi [6+8]. Thus,therehas
beenanincreasec®mphasi®n control measuressuchasvaccinationto fight . Typhiinfec-
tion [9, 10]. It hasalsobecomeevidentthat a betterunderstandingpf the hostimmune
responseagainst . Typhiwill berequiredto achievehistask.Currently,two typhoid vaccines
arelicensedn the USAfor usein humansthepurified Vi (3virulence®)parenterapolysaccha-
ride vaccineandtheorallive attenuated . Typhi strain Ty21lavaccine Althoughthesevaccines
aremoderatelyprotectiveandableto induceherdimmunity [11,12], theyalsohavesomesig-
nificant shortcomingsSinceVi isaT-cellindependentantigen,Vi vaccinedoesnot confer
amemory,°andthereareno robustdatato suggesthatthe efficacyof Vi persistdeyondthree
yeard11,13,14]. The Ty2lavaccinewhich doesnot elicit anti-Vi antibodiesrequiresthe
administrationof threeto four dosespacedt48-hourintervals[12,13,15]. Moreover,
recently,Vi-protein-conjugatevaccineshat consistof the . TyphiVi polysaccharideova-
lently boundto acarrierprotein havebeendeveloped5, 16x19]Howeverissuediavebeen
raisedaboutselectivgressurdor the developmenandspreaddf . Typhi Vi antigen-negative
strainsdueto the generalizediseof Vi andVi-protein-conjugat vaccine$20, 21]. Asaresult,
novelapproacheto typhoid vaccinationarecritically needed22].

It is nowwidelyacceptedhat cellular-mediatedmmunity (CMI) playsasignificantrolein
protectionagainst . Typhiinfection[8]. Thesehostresponsegely mainly on two typesof T-
cells,CD4" andCD8" T cells[23+26].The presencef both CD4" helperT-cellsandclassical
clasda andnon-classicaHLA-E-restricted . Typhi-specificCD8" T cellshavebeenobserved
in individualswho recoverfrom typhoid fever[25] orimmunizedwith Ty21laandotheratten-
uatedleadingtyphoid vaccinecandidatesincluding CvD 906,CVD 908,CVD 908- and
CVD 909[26+33].Moreover,our grouprecentlyprovidedthefirst evidencehat . Typhi-spe-
cific CD8" responsesorrelatewith clinical outcomein humanschallengedvith wild-type .
Typhi [34]. However the antigenspecificityof theseT cellsremainslargelyunknown. More-
over,mostofthe . Typhi proteinsdescribedasbeinginvolvedin humanprotectionhavebeen
derivedfrom studiesusingmousemodelsof infection[35, 36]. Oneof thereasons
for thisis theinherentproblemsof working with humansasexperimentamodels.

Here,weusedaninnovativeantigenexpressingystemeriginally developedy the Higgins
laboratory[37, 38] and basedn theinfection of B-cellswith recombinant .  to evaluate
T cellresponseto four . Typhi proteins:SifA, FIiC, GroEL,andOmpC (Table 1). These
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Table 1. S. Typhi proteins evaluated in this manuscript.

Protein Name Gene Function Mw

Name (kd)

Putative virulence SifA Required for endosomal tubulation and formation of 38.6
determinant Salmonella-induced filaments (Sifs)

Flagellin FliC Bacterial-type flagellum-dependent cell motility 53.2

Chaperonin GroEL Promotes protein refolding 57.2

Outer membrane OmpC Forms pores that allow passive diffusion of small molecules | 41.2

protein C across the outer membrane

https://abi.org/10.1371durnal.pntdd005912.t001

proteinsareknown to confersurvivalpropertiesto andthereforemight beevalu-
atedasvaccineantigeng27,39+44] Briefly,in this systemEBV-transformedymphoblastoid
B-celllines(B-LCL)wereusedasantigen-presentingells(APCs).TheseB-LCL wereinfected
with . expressingpoth . TyphiproteinsandcytoplasmidisteriolysinO (Hly). Hly isa
pore-forminghemolysinfrom , Which allowsleakagef . antigen
from the phagolysosomalompartmentinto the APC cytosol theregainingacces$o the MHC
clasd antigenprocessingndpresentatiorpathway[37, 38]. This systenalsoallowstheiden-
tification of . Typhi-specificCD4" T cellastheexpressioron .  alsoresultsin antigen
presentatiorin the contextof MHC clasdl moleculeg45]. Additionally, this approachhasthe
advantagef assessing-cellresponseto full-length proteinsbeforeinitiating more expensive
andtime-consumingproceduressuchassynthesizingverlappingpeptideqd46]. Dueto HLA
diversityin humanshostresponset subunitvaccinedavea greaterchanceo besuccessful
if theyencompasspecificprotein antigensratherthan specificepitopeswithin thoseproteins
[45,46].

Byusingthis innovativeantigenexpressiorsystemwefound that the patternof response
to individual . Typhi proteinswasvariable Somendividualsrespondedo all four proteins
while othersrespondedo only oneor two proteins.WhencomparingT cellsresponseto
B-LCLexposedo recombinant .  to thoseto purified proteinsfrom the samegeneswe
observedhatthe CD4* cellresponsesyut not CD8' cellresponsedp recombinant .
weresignificantlyassociatewith theresponseto purified proteins.Thus,our resultsdemon-
stratethefeasibilityof usingan .  expressingystento uncoverthe antigenspecificityof
T-cells,andhighlightits applicabilityto vaccinestudies Theseesultsalsoemphasiz¢he
importanceof selectinghe stimuli appropriatelywhendesigningexperimentsaimedat evalu-
atingCD4" andCD8" cellresponses.

Results
Expression of recombinant proteins
To showthefeasibilityof our . expressingystemweevaluatdour . Typhi proteins(i.e.,

SifA,FliC, GroEL,andOmpC) (Table 1) known to confersurvivalpropertiesto
thenpotentiallypromisingasvaccineantigenq27,39+44] Asshownin Fig 1, proper .
protein expressiorior all four proteins,SifA,OmpC,FliC, and GroEL,aswell asthe Hly was
detectedby Westernblot.

We nextevaluatedhe effectof therecombinant . infectionon B-LCL viability. Briefly,
weassesseckllviability by measuringhe levelsof Yevidviability stainingon 2-hour- .
infectedB-LCLsthathavebeenrestedovernightin the presenc®f gentamicin As shownin
Fig 2A, regardlessf the protein beingexpressedheinfectiondid not adverselaffectthe
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Fig 1. Expression of S. Typhi proteins and lysteriolysin on recombinant E. coli. (A) Anti-HisTag antibody revealing positive
control protein Annexin3 (A3) as well as lysteriolysin (Hly) and S. Typhi gene encoded proteins (OmpC, FIiC, GroEL and SifA). A
negative control with pmark (P, stop codons) clones was used instead of the protein. (B) Anti-lyteriolysin antibody revealing Hly
gene expression (red box) in all lanes except in the negative control. Expression of S. Typhi proteins and lysteriolysin on
recombinant E. coliwere detected by Western blot.

https:/Hoi.org/10.137/ournal.prd.0005912.g0D

viabilityof . -infectedB-LCLsAfter infection,the percentagef live cellsin cultureswith
recombinant .  wascomparabldo control cultureswith mediaonly (uninfected) By using
the sameexperimentatonditionsasfor determinationsof cellviability, wealsodetectedhe
expressiornf bacterialantigenson B-LCLs.Similarlyto the viability, regardlessf the type of
protein beingexpresseth therecombinant ., wefound similarlevelsof . -expressing
cellsasassessduly surfacestainingwith anti- . antigenpolyclonalantibodyusingflow
cytometry(Fig 2B-2D).

Hly functionality

Asdescribedabovewereasonedhat Hly shouldpromotethe phagosomatscapef bacterial
antigengherebyimproving MHC clasd processingf . TyphiantigengresentedyB-LCLs
andhencerecallimmune responsefrom both CD4* andCD8" primed T cells[8, 26,27,29,
30,39,47]. To testthisassumption, -recombinant .  strainBL21,0r wild type .
strainBL21wereusedto infect B-LCL cells.Cellswereinfectedfor 2 hoursusingtwo different
multiplicity of infection (MOI, 1:30and1:100) After 2 hours,cellswerecollectedwashedo
removeextracellulabacteriaandculturedin the presencef gentamicinfor 2 additional
hours.Thus,theabilityto detect .  proteinsin B-LCL infectedcellswasassesseavertime
by flow cytometry(up to 120minutes)usingpolyclonalanti- .  antibodiesAsshownin
Fig 3, atall-time pointsevaluatedwe observedigherexpressiorof .  antigenson B-LCL
cellsinfectedwith therecombinant .  strainexpressingdly ascomparedo thewild-type

strain.Thus,the  geneappeargunctional. Theseresultsareverysignificantsince
basedn our previousstudy[48], weexpecto seebackgroundresponseagainsthe vector
itself( . antigens)Furtherantigenexpressiommight helpto betterdiscriminateT-cell
responseto . Typhiantigensrom thosedirectedto .  antigens.

Identification of S. Typhi proteins that are targets of T-cells following oral
immunization with Ty21a

In orderto demonstratéhefeasibilityof usingan .  expressiorsystento uncovertheanti-
genspecificityof T-cells,PBMCobtainedbeforeand 42 daysafterimmunization wereexposed
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Fig 2. Expression of bacterial antigens on B-LCL target cells. B-LCL cells were infected with E. coliat 1:30 MOI
with one of the four recombinant E. coliexpressing S. Typhi and Hly antigens: Hly/SifA (SifA), Hly/FIiC (FIiC), Hly/GroEL
(GroEL) and Hly/OmpC (OmpC). Uninfected B-LCLs (uninfected) and infected with recombinant E. coli expressing only
Hly antigen were used as controls. The (A) viability and the (B) percentage of the E. coli-expressing cells were assessed
by flow cytometry. Numbers correspond to the % of positive cells in the indicated quadrant in each histogram followed
by mean fluorescence intensity (MFI) of positive cells (in parenthesis). Cumulative data of (C) % and (D) mean
fluorescence intensity (MFI) were detected by using anti-E. coli antibody as described in Methods. Average of 3
independent experiments.

https://da.org/10.1371durnal.pntd005912.g002

to autologousB-LCL infectedwith recombinant .  expressingdly only or co-expressing
oneof thefour geneproducts:HIy/SifA, Hly/OmpC, Hly/FIliC andHIy/GroEL.
Specificallyyve studiedthe ability of PBMCfrom sevenTy2la-immunizedsolunteers
to expressL-17A, IFN-y and TNF-o cytokinesand/or CD107aand b moleculesagainsiautol-
ogousinfectedtargetsT-cellresponsefi.e.,CD4" andCD8" T-cells)wereevaluatedy multi-
chromaticflow cytometryusinga 10-colorsurface/intracellulastainingpanel.Unstimulated
and enterotoxinB (SEB)-stimulate@ffectorcellswereusedasnegativeand
positivecontrols,respectivelyWe observedhat the patternof responseo individual . Typhi
proteinswasvariablewith someindividualsrespondingo all four proteinswhile otherswere
respondingto only oneor two proteins.We alsoobservedlifferential CD4" andCD8' T cells
responseto the . Typhi proteins(Figs 4-7). In sixindividuals,althoughthe magnitudeof
responsesariedconsiderablyboth CD4"™ andCD8" T cellsrespondedo atleastoneprotein.
In oneindividual, wewereunableto detectCD4" T cellsresponseto anyof the four protein,
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Fig 3. Ability of the Hly gene to improve antigen processing. B-LCL cells were infected with either E. coli
strain BL21 (BL21) or its Hly-recombinant E. coli (Hly) counterpart at 1:30 or 1:100 multiplicity of infection
(MOQI). After 2 hours, the cells were washed and exposed to gentamicin for an additional 2 hours to kill and
detach extracellular bacteria. After further washings, the ability of the Hly gene to improve antigen processing
was assessed by detecting E. coli antigens at the B-cell surface over time by flow cytometry (up to 120
minutes). Cells exposed to media only were used as control (uninfected).

https://abi.org/10.1371durnal.pntdd005912.g003

but CD8" T cellsrespondedo 3 out of 4 proteinstested(Fig 8). Representativeesponses
from selectedolunteersareshownin Figs 4-6.

Multifunctional of CD4" T-cells and CD8* T- cells

Becausereviousresultsfrom our group haveshownthat multifunctional T-cellsmight con-
tribute to . Typhiimmunity [30, 34,49], wetheninvestigatedhe multi-functionality patterns
of CD4" T-cellsandCD8" T-cellsafterexposurdo infectedB-LCL infectedwith recombinant

. We measurediimultaneouslyour T-cellfunctions(i.e.,expressiorof IL-17A, IFN-y
and TNF-a cytokinespr CD107aandb moleculespy multichromaticflow cytometryusing
the FCOM featureof the WinList softwarewhich providesthe % of T-cellsexpressingachof
the possibl€unction combinations Analyse®f multiple function patterns(i.e.,single double,
triple or quadruplefunctions)revealedhat, albeitdifferentfor differentproteins,both CD4*
T-cellsand CD8" T-cellsweremulti-functional (Fig 8).

T-cell responses to exogenous proteins

An important hypothesigo evaluateés whetherthe T-cellsfrom volunteersvho respondedo
B-LCL culturedwith recombinant .  expressing geneproductsalsopossesthe
ability to respondto exogenougroteins.To this end,wenextinvestigatedvhethertherewas
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Fig 4. Antigen presentation of S. Typhi proteins by targets infected with recombinant E. coli. Ex vivo
PBMC from a volunteer collected before (day 0) and 42 days after immunization were co-cultured for 16—18
hrs. with autologous B-LCL targets infected at 1:30 MOI with one of the four recombinant E. coli expressing S.
Typhi/Hly (Hly/ SifA (SifA), HIy/FIiC (FIiC), Hly/ GroEL (GroEL) and HIly/OmpC (OmpC)) or only Hly (control)
proteins. After incubation, cells were stained and the ability of the PBMC to express IFN- was analyzed by
flow cytometry. CD4* and CD8" T cells were evaluated. Numbers represent the percentage of positive cells.
The data of a representative volunteer are shown.

https://abi.org/10.1371durnal.pntdd005912.9004

anassociatiorbetweenT-cellresponseafterexposureo autologousB-LCL culturedwith
recombinant .  expressingneof thefour geneproducts(Hly/SifA, Hly/
OmpC,Hly/FIiC andHIly/GroEL) andthoseT-cellresponseafterexposureo B-LCL cultured
with individual purified recombinantproteins(SifA,OmpC,FliC,and GroEL).To thisend,
B-LCLswereculturedovernightwith purified SifA,OmpC,FIliC or GroEL proteins,andused
astargetdfor T-cells.Representativeesponsesf CD8" andCD4" cellsfrom onevolunteerare
shownin Figs 9 & 10 respectivelywWe found thatthe CD4" cellresponseto B-LCLscultured
with exogenougroteinsweresignificantlyassociatewith the CD4" cellresponseto B-LCLs
culturedwith recombinant .  expressingneofthefour . Typhigeneproducts(Fig 11;
=0.0111PearsorProductMoment Correlation).However no significantassociatiorwas
observedetweerCDS8" cellresponseto B-LCLsculturedwith recombinant . expressing
oneof thefour geneproductsand CD8" cellresponseto B-LCLsculturedwith
exogenousecombinantproteins(Fig 11; = 0.0790PearsorProductMoment Correlation).
Ontheotherhand,CD8" cellresponses B-LCLsculturedwith exogenougroteinswere
consistentlyhigherthanCD4" cellresponsefFigs 9 and 10 & S1 Table). Thus,asexpected,
CD4" andCD8'" cellresponseagainst . Typhi antigensdependon the natureof the stimulant
[39,50]. Theseresultsemphasize¢he importanceof selectinghe stimuli appropriatelywhen
designingexperimentsaimedat evaluatingCD4" andCD8" cellresponsesellresponsefs].

Discussion

Oneofthecharacteristicthatmakethe .  expressiorsystemmethodologyemployedn
this manuscripthighly relevantfor identifyingimmunogenicproteinsof S.Typhi is the useof
atranslationakesearclapproachusinghumanT cellsandautologousAPCto identify .
Typhi-specificT-cellimmune responsesdviost publishedmethodshavereliedheavilyon
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Fig 5. CD8+ T cell responses to S. Typhi proteins presented by targets infected with recombinant E.
coli. Ex vivo PBMC from a volunteer collected 42 days after immunization were co-cultured for 16—18 hrs.
with autologous B-LCL targets infected at 1:30 MOI with one of the four recombinant E. coliexpressing S.
Typhi/Hly (Hly/ SifA (SifA), HIly/FliC (FliC), Hly/ GroEL (GroEL) and Hly/OmpC (OmpC)) or only Hly (control)
proteins. After incubation, cells were stained and the ability of the PBMC to express one or more cytokines (IL-
17A, IFN- and TNF- .) and/or CD107a/b molecules was evaluated by flow cytometry. Shown are the CD8" T
cell responses from a representative volunteer. Numbers represent the percentage of positive cells.

https://cbi.org/10.137 1djurnal.pntdd005912.g005

aproof-of-conceptistudiegperformedin mice.However, . Typhiis ahuman-restrictecgpatho-
genandthereareno goodanimalmodelsthatfaithfully recapitulate . Typhiinfection[51]. To
partiallyaddresshis shortcoming the infection of susceptiblenicewith . Typhimurium has
beenusedasa modelfor the pathogenesisf humantyphoid fever[51]. Althoughthesemurine
modelshaveprovidedconsiderablé&nowledgeregardinghost-pathogerinteractionstheydo
not adequatelyecapitulate . Typhiinfectionin humansg[52]. Therecentavailabilityof full
genomesequencefsom various serovardiasuncoverednanydifferences
in pseudagenesvhich canexplain,atleastn part, the dissimilaritiesobservedn theimmune
andotherhostresponseto theseentericbacterig52]. Thus,samplegrom humanparticipants
exposedo the licensedly21aoral typhoid vaccinehavethe potentialto provideabettercharac-
terizationof key antigensnvolvedin T cellresponsethan murine models.
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Fig 6. CD4+ T cell responses to S. Typhi proteins presented by targets infected with recombinant E.
coli. Ex vivo PBMC from a volunteer collected 42 days after immunization were co-cultured for 16—-18 hrs.
with autologous B-LCL targets infected at 1:30 MOI with one of the four recombinant E. coliexpressing S.
Typhi/Hly (Hly/ SifA (SifA), HIy/FliC (FliC), Hly/ GroEL (GroEL) and HIly/ OmpC (OmpC)) or only Hly (control)
proteins. After incubation, cells were stained and the ability of the PBMC to express one or more cytokines (IL-
17A, IFN- and TNF- .) and/or CD107a/b molecules was evaluated by flow cytometry. Shown are the CD4+ T
cell responses from a representative volunteer. Numbers represent the percentage of positive cells.
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Themain noveltyof our systemisthatweengineeredhe  geneencodingthe pore-form-
ing cytoplasmidisteriolysinO (Hly) protein onto the backboneof the recombinantprotein
expressiomplasmidpET-DEST-HIy(seemethods)In contrastHiggin's .  expressingys-
tem[37,38] usedtwo expressiomplasmidsnsideindividual .  cells:oneexpressingdly
andthe otherexpressingherecombinantprotein of interest.Thereasorfor this difference
stemdgfrom our preliminary resultsshowingthat the useof two expressiomplasmidseduced
B-LCLinfectivity (S1 Fig). We speculat¢hatthis differenceis dueto thefitnesscostfor
to maintain,replicateand propagateéwo plasmidsnsteadof one.Theremayalsohavebeena
negativeeffecton bacterialcell preparationgesultingfrom growth on mediacontainingtwo
selectivantibioticsinsteadof one.
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Fig 7. Percentage of T cell subsets specific to any S. Typhi protein. Ex vivo PBMC from 7 volunteers
collected before and 42 days after immunization were co-cultured for 16—18 hrs. with autologous B-LCL
targets infected at 1:30 MOI with one of the four recombinant E. coli expressing S. Typhi and Hly genes: Hly/
SifA (SifA), Hly/FIiC (FIiC), Hly/ GroEL (GroEL) and Hly/OmpC (OmpC). After incubation, cells were stained
and the ability of the PBMC to express one or more cytokines (IL-17A, IFN- and TNF- .) and/or CD107a/b
molecules was analyzed by flow cytometry. Two T cell subset responses (i.e., CD4* and CD8" T cells) were
evaluated. Net responses were calculated by subtracting the T cell responses to B-LCLs infected with
recombinant E. coliexpressing S. Typhi/Hly antigens from the responses to the controls (B-LCL expressing
Hly only). Increases over day 0 were calculated by subtracting the net responses of the PBMC collected 42
days after immunization from the net responses of PBMC collected before immunization. Bars represent
mean “SE.

https://i.org/10.1371durnal.pntdd005912.g007

Herein, usingthis methodologywefound thatall thetestedndividualshadincreasedr -
cellresponsesverbaselingbeforeimmunization) to atleastoneof thefour . Typhi proteins
evaluatedi.e.,SifA,OmpC,FIiC,and GroEL).Moreover,multifunctional CD4" andCD8" T
cellsthatexpressetivo or morecytokines(IL-17A, IFN-y and TNF-o) and/or CD107a/bmol-
eculesveredetectedTheseaesultsareparticularlysignificantsincewe havepreviouslydem-
onstratedthatthesewo T-cellpopulationmight playarolein controlling infection
[39]. Theseesultsalsosupportpreviousdatashowingthat the depletionof eitherCD4" or
CD8" T-cellshadimpairedrecallimmunity to oral challengavith thevirulent . Typhimur-
ium atdifferenttimesaftervaccination53].

Thereasorunderlyingthe observatiorthat theresponseto the differentantigensarevari-
ableamongthevaccineeareunclearHowever it is reasonabléo speculate¢hat this phenom-
enonmight bedueto the HLA-haplotypevariationbetweerindividuals.In fact,antigen
processingtogethemwith definedMHC genesareknownto shapeheindividualimmune
responseto awidearrayof pathogeng$54]. Furthermore the differentialresponsiveness
amongthe participantssupportsthe developmenbdf multi-componentvaccinedy introduc-
ing manyantigenicdeterminantsnto vaccingormulations.Alternatively theseresultsmight
encouragarenewedocuson whole-cellive attenuatedpreparationsespeciallgincethey
may overcomesomeof the inherentweaknessesssociatewith sub-unitvaccinesuchasthe
needfor considerablemountsof antigensandthe useof adjuvants.
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Fig 8. Volunteer responses to S. Typhi proteins. Ex vivo PBMC from 7 immunized volunteers collected before (day 0) and 42 days after
immunization were co-cultured for 16—18 hrs. with autologous B-LCL targets infected at an 1:30 MOI with one of the four recombinant E. coli
expressing S. Typhi and Hly antigens: Hly/SifA (SifA), Hly/FIiC (FIiC), Hly/ GroEL (GroEL) and Hly/OmpC (OmpC). After incubation, cells were
stained and the ability of the PBMC to express one or more cytokines (IL-17A, IFN- and TNF- .) and/or CD107a/b molecules was analyzed by flow
cytometry. Two T cell subset responses (i.e., CD4* and CD8" T cells) were evaluated. (A) Heat-map of the multifunctionality of CD4* and CD8* T
cells based on expression of cytokines and CD107a/b antigens. Percentages correspond to the net responses calculated by subtracting the T cell
responses to B-LCLs infected with recombinant E. coliexpressing S. Typhi/Hly proteins from the responses to the controls (B-LCL expressing Hly
only). Volunteers were considered responders if the net responses of the PBMC collected 42 days after immunization were greater than 0.1 from the
net responses of PBMC collected before immunization. (B) Cumulative frequency of responders to any functional test.

https://doi.0g/10.1371Hurnal.pntd005912.g008

We alsoobservedhat the magnitudeof theresponseagainst . Typhi SifA,OmpC,FliC
andGroELvariedamongparticipants Since . Typhi GroELhasasignificantdegreeof homol-
ogywith self-heashockproteinsin humans[27], theseresultsprovideadditionalinformation
that T-cellscandiscriminatebetweerselfandforeignantigensduring theimmuneresponse.
Interestingly,in contrastto CD8" cellresponsesyefound thatthe CD4" cellresponseto
B-LCLsculturedwith exogenougroteinsweresignificantlyassociatesvith the CD4" cell
responseto B-LCLsculturedwith recombinant . expressing. Typhi genesTheseaesults
confirm andextendpreviousfindingsfrom our groupandothersthat the balanceof CD4"
andCD8" cellresponseagainst . Typhi antigensarelikely to dependon the natureof the
stimulant[8, 39,50]. Indeed previouswork from our grouphasshownthat CD4" cells
responddifferentlyto solubleantigenstimulationthan CD8" T cells[39, 50]. Futurestudies
will bedirectedto usethis novelantigendiscoverysystento evaluatén humanstheimmune
responseto other . Typhiproteinsexpresseth this . expressiorsystem.

Sincethesestudieswereperformedin immunizedvolunteersit is alsoimportantto note
thatthe relativecontributionsof CD4" andCD8" cellresponseagainsthese . Typhi proteins
in protectioncannotbeascertainedVe aredirectly addressinghis critical issuein separate
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studiesin whichweareevaluatingvhetherresponseto these . Typhi proteinscorrelatewith
protectionin volunteersvho havebeenimmunizedwith Ty21aandsubsequentlghallenged
with wild-type . Typhi. Neverthelesgheresultspresentedereindemonstratehe feasibility
of usinganovelantigendiscoveryplatform. This systentouldbeused for exampleto system-
aticallyassesthe specificityof T-cellimmuneresponseagainsthe entire proteomeof a
humanpathogerandgeneratea databasef the repertoireof thesehumanT-cellantigenspec-
ificities. This shouldhelpnarrow down the proteinsof interestwhich correlatewith defined
phenotypege.g.responseassociatedith protectionin humanchallengestudieswith .
Typhi, thosedirectedto pathogenideterminants)ultimatelyleadingto theidentification of
candidatevaccineantigensFinally,theseresultsemphasiz¢éheimportanceof selectinghe
appropriateantigensvhendesigningexperimentsiimedat evaluatingCD4" and CD8" cell
responses.

Materials and methods
Ethics statement

Thehumanexperimentatiorguidelinesof the USDepartmentof HealthandHuman Services
andthoseof the Universityof Maryland,Baltimore werefollowedin the conductof the clini-
calresearchAll bloodspecimensverecollectedrom volunteersvho participatedin the Uni-
versityof MarylandInstitutional ReviewBoardapprovedorotocolnumberHP-00040022hat
authorizedthe collectionof blood samplesrom healthyvolunteerdor the studiesincludedin
this manuscript.Volunteerswereexplainedhe purposeand possibleconsequencesf partici-
patingin this studyandgaveinformed, signedconsentbeforethe blood draws.This protocol
hasbeenconductedn accordancevith the ethicalstandarddaid downin the 1964Declara-
tion of Helsinki andthe principlesof the International Conferenceon HarmonizationGood
Clinical Practiceguidelineq55].

Participants

Severhealthyadult volunteers20+50(39 + 10)yearsold, recruitedfrom the Baltimore-Wash-
ington areaandthe University of Marylandat Baltimorecampuspatrticipatedn this study.
Theywereimmunizedwith four spacedlosef 2+6x 10° CFU of oral live attenuatedry21aat
anintervalof 48hoursbetweerdoseg12,56]. Bloodcollectionwasperformedbeforeand 42
daysafterTy21aimmunization. Peripherablood mononuclearcells(PBMC)wereisolatedfrom
the blood by densitygradientcentrifugationand cryopreservegh liquid N, following standard
techniqueg28]. ThesePBMCwereused aseffectorcellsor to preparethetargetcells.

Gateway cloning vectors

Theentire . Typhi strainTy2 ORFeomeavasconstructedasa part of the former National
Institute of Allergy andInfectiousDiseas€NIAID)-funded PathogerfFunctionalGenomics
Resourc&€enter(PFGRC) The PFGR(providedalibrary of entry clonesby cloning 3,381
ORFsput of the 4,3230RFspredictedin the Ty2 genomg78%),into the pDONR 221vector
usingmethodsdescribedn Peterson . [57]. Entry clonescanthenbeshuttledinto avariety
of destinationvectorsusing site-specificecombination(http://www.ncbi.nlm.rih.gov/
pubmed/11076863Forexpressiorfthe . Typhiproteins,weengineeredhepET161-DEST
destinationvector(Invitrogen, CarlsbadCA). ThepET161-DESTacommercialplasmid

from Invitrogen,isarobust .  destinationvectorthat hasbeenusedfor severajearsand
carriesmanydesirablecharacteristicor this study.Geneexpressions underthetight control
oftheT7 promoterand  repressorandanoptimizedribosomebinding siteis providedby
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Fig 9. CD8+ T cell responses to S. Typhi proteins presented by targets exposed to one of the four
recombinant S. Typhi proteins. Ex vivo PBMC from a volunteer collected 42 days after immunization were
co-cultured for 16—18 hrs. with autologous B-LCL targets exposed to 0.5ug/ml with one of the four recombinant
S. Typhi proteins: SifA, OmpC, FliC, and GroEL. Untreated B-LCL targets (media) were used as controls. After
incubation, cells were stained and the ability of the PBMC to express one or more cytokines (IL-17A, IFN- and
TNF- .) and/or CD107a/b molecules was evaluated by flow cytometry. Shown are the CD8* T cell responses
from a representative volunteer. Numbers represent the percentage of positive cells.

https://cbi.org/10.137 1durnal.pntdd005912.g009

theinsertedgene Thevectorcontainsthe V5 andHis-tagepitopedownstreanofthe R
sitesinto whichinsertsfrom entry cloneswererecombinedresultingin the addition of these
tagsasC-terminalfusionsto the . Typhi protein. Thesgagswereusedto monitor recombi-
nantprotein expressiorand,if necessanfpr protein purification. pET161-DESRIsocontains
the ccdBandchloramphenico{Cm®) genesvhich helpthe recoveryof correctrecombination
productsafterthe LR recombinaseeactionviaselectioron ampicillin agarplatesWe also
insertedthe  genecodingfor the cytoplasmidily proteinfrom . into the

Il restrictionsite.The  genewasPCR-amplifiedwvith aHis-tagatthe 3'endof thereverse
primer,anda |l sitewasaddedto the forward5' end,andreverse3' endof eachprimer,
respectivelysenseGCGCAGATCTAGCAAGCATATAATATTGCG,anti-senseGCGCAG
ATCTTTAGTGATGGTGATGGTGATGTTCGATTGGATTATCTAC). Theresultingvector
pET-DEST-HIywasverifiedby Sangesequencinglt carriesaT7 promoterandthelac
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Fig 10. CD4+ T cell responses to S. Typhi proteins presented by targets exposed to one of the four
recombinant S. Typhi proteins. Ex vivo PBMC from a volunteer collected 42 days after immunization were
co-cultured for 16—18 hrs. with autologous B-LCL targets exposed to 0.5ug/ml with one of the four
recombinant S. Typhi proteins: SifA, OmpC, FliC, and GroEL. Untreated B-LCL targets (media) were used as
controls. After incubation, cells were stained and the ability of the PBMC to express one or more cytokines (IL-
17A, IFN- and TNF- .) and/or CD107a/b molecules was evaluated by flow cytometry. Shown are the CD4* T
cell responses from a representative volunteer. Numbers represent the percentage of positive cells.

https://cbi.org/10.137 1durnal.pntdd005912.g010

operatorprecedinghe geneto becloned;the cloningsiteharborsattR1andattR2sitefor clon-
ing from entry clonesthroughthe LR clonaseeaction(seebelow).The plasmidwastrans-
formedinto One ShotccdBsurvivalcompetentcells(Invitrogen).

Cloning of S. Typhi proteins from entry clones to pET-DEST-HlIy for
protein expression

Entry cloneglycerolstockswerestreakedn LB agarwith 50 ug/ml kanamycinandincubated
at37E@vernight.Singlecolonieswereincubatedovernightat 37EGn 4ml LB broth with
50ug/ml kanamycin.Thenthe entry cloneplasmidwasextractedusingthe QIA prepkit (Qia-
gen,ValenciaCA) andDNA concentratiormeasuredisingaNanoDropinstrument(Thermo
Scientific Waltham,MA). ThepET-DEST-HIlyglycerolstockwasstreakedn LB agarplates
with 100ug/ml carbenicillinandincubatedat 37ECAfter overnightincubation,singlecolonies
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Fig 11. Correlation between T cell subset responses to B-LCL targets exposed to recombinant S.
Typhi proteins or infected with recombinant E. coliexpressing S. Typhi proteins. Ex vivo PBMC were
analyzed as described in Figs 1 & 2. Shown are the correlation between T cell subset responses to either of
the four proteins (SifA, FIliC, GroEL and OmpC) after stimulation by B-LCL targets exposed to recombinant S.
Typhi proteins or infected with recombinant E. coliexpressing S. Typhi proteins. Samples are representative
of two individuals collected 42 days after vaccination. Coefficients of determination “R2” and “p” values are
shown. p values of 0.05 were considered statistically significant. Dashed lines represent 95% confidence
intervals.

https://abi.org/10.1371durnal.pntdd005912.g011

wereisolatedjncubatedovernightin 50ml LB broth with 100ug/ml carbenicillinat37EGand
thedestinationplasmidwasextractedwith the HiSpeedplasmidpreparationkit (Qiagen).
DNA concentrationrwasmeasuredy NanoDrop.We choseo evaluatdour . Typhi proteins:
SifA, FliC, GroEL,andOmpC (Table 1). Eachof thesefour . Typhi proteinswasthentrans-
ferred from the entry cloneplasmidinto the destinationplasmidthroughLR clonase
reactiongGatewayLR clonasdl Enzymemix, Invitrogen)following the manufacturer'spro-
tocol. We alsocloneda shortnon-codingsequencealled®pmark® that carriedstopcodonsin
all sixframesof translationinto pET-DEST-Hlyasanegativecontrol of protein expression.
Finally,3 ul of LR clonaseeactionproductwastransformednto 50ul of OneShotBL21
(DE3) competentcells(Invitrogen) by chemicakransformation.

Verification of expression plasmids

Propercloningof thetarget . Typhi genewasconfirmedby PCRamplificationusingthe T7
forwardandreverserimersandsequencingf the PCRproducts.The presencef the
genewasverifiedby |l digestionof the plasmid.

Protein expression

A singlecolonyfrom verified BL21(DE3) expressiovectorcloneswasculturedat 37E@ver-
nightin 2 ml LB broth with 100ug/ml carbenicillin.Then30yl of the overnightculturewas
inoculatedto 3 ml freshLB broth with 100ug/ml carbenicillin.After ~4h of incubationat
37EQOD-0.6),the culturewasinducedfor protein expressiomith 100uM IPTG andincu-
batedfor anadditional2 h. Bacteriaverethenspundown at2,800rpm for 20min andthe
supernatantdiscarded. .  werelysedwith of 0.3pg/ml lysozymen Tris-HCI buffer,pH 7.5
(ThermoScientific) then proteinswereheat-denatureét 100EGor 10minutesandevaluated
on SDS-PAGKjelsby Coomassistaining.Specificityof protein expressiomwasconfirmedby
westerrblot usingmouseanti-His monoclonalantibodieq Sigma St.Louis,MO), andrabbit
anti-mouselgG conjugatedo horseradistperoxidas¢HRP) (Sigma)assecondanantibodies;
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aswellasrabbitanti-Listeriolysinpolyclonalantibodieg Abcam,Cambridge MA, USA),and
goatanti-rabbitlgG-HRP(Millipore, Billerica,MA) assecondarantibodiesHis-tagged
Annexin 3 (A3) protein (Abcam)wasusedaspositivecontrol for antibodydetection.

Target/stimulator cells

PBMCobtainedfrom Ty2lavaccinedeforeimmunizationwereusedto generat@autologous
Epstein-BarVirus (EBV)-transformed-LCLsaspreviouslydescribed27, 31]. Briefly,
B-LCLswereestablishedby usingB95-8cellline (ATCC#CRL1612kupernatantasthe EBV
source After transformation B-LCLweremaintainedin culturein RPMI 1640(Gibco,Grand
Island,New Y ork) supplementedvith 100U/ml penicillin, 100pg/ml streptomycin 50 ug/mi
gentamicin2 mM L-glutamine,2.5mM sodiumpyruvate 10mM HEPEShufferand 10%
heat-inactivatedetalbovineserum(R10)or cryopreservedntil usedin theexperiments.

Infection of target/stimulator cells by E. coli

Target/stimulatorcellswereinfectedaspreviouslydescribed27+30,39,47,48] with slight
modifications Briefly, targetcellswereinfectedby incubationin RPMI (without antibiotics)at
37Edor 2 hourswith anyoftherecombinant . strainsat 1:300r 1:100multiplicity of
infection (MOI). After incubation,cellswerewashedandincubatedfor anadditional2 or 16+
18hours(overnight)in completeR10containinggentamicin(100ug/ml) to kill extracellular
and/orto detachcell-boundbacteriaFor co-cultureexperimentstargetsverethengamma-
irradiated(6,000rads),surfacestainedwith anti-CD45,a markerabundantlyexpressedn the
surfaceof hematopoieticells[58], andusedasstimulators.To confirm . infection,ali-
quotsof targetsweresurfacestainedwith rabbitanti- .  antigenpolyclonalantibody
(1:2000Abcam).

Exogenous proteins

Four purified proteinsweretested SifA, FliC, GroEL,andOmpC (Table 1). The
regionencodingresidue$3+45Mf FliC weresubclonedrom . Typhi ISP1820nto pET15b.
Theplasmidwasusedto transform . Tuner (DE3)for overexpressioafterbeinginduced
with IPTG. Theoverexpresseprotein waspurified by standardmmobilized metalaffinity
columnchromatographyfIMAC) methods OmpCwaspurified basedn the protocol of
KumarandKrishnaswamy59]. ThesequencencodingOmpCfrom . TyphiISP182@vas
subclonednto pET15bwhichwasusedto transform . Tuner(DE3).Overexpression
wasinducedusingIPTG, andthe OmpCwaspurified from inclusionbodiesusingIMAC after
solubilizingin buffercontainingurea.Refoldingwasthenallowedto occurin 50mM Tris,

pH 8.5,0.1M NacCl,10%(v/v) glyceroland 0.2%(v/v) polyoxyethelene-9-laurgther.The
sequencéor GroELwasintroducedinto pBAD TOPOTA suchthatit wasin-frame.The pro-
tein wasoverexpressely the addition of arabinoseandthe HT-GroEL purified initially by
standardMAC, which providesgoodyieldsat high purity. Removabf contaminatingpep-
tidescouldbeachievedy addingacetondo 45%(v/v) to precipitatethe GroElwhich could
thenbecollectedby centrifugationfollowedby solubilizingusingPBS(10mM phosphatepH
7.4,150mM NaCl). ThesequencencodingSifAfrom Typhi ISP182@vassub-
clonedinto pET15bandusedto transform .  c¢-41(DE3).Thebacteriaveregrownto an
absorbancef about0.8at 600nm, protein expressionnducedwith IPTG,andthe cultures
immediatelymovedto 20EGor overnightgrowth. The bacteriawerethenlysedandthe SifA
purified by standardMAC methods.
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Loading of target/stimulator cells with exogenous proteins

B-LCLswereincubatedovernightin 24-wellplatesatadensityof 2 x 16°/ml/well in the
absencer presencef 1 ug/ml of eachof the purified proteinsat 37ECGn a5%CO, atmo-
sphereAfter incubation,cellswerewashedindusedasstimulatorsfor T-cells.

Monoclonal antibodies for surface and intracellular staining

Cellswerestainedwith monoclonalantibodieg§mAbs)to CD69(cloneTPI-55-3)(Beckman-
Coulter,Miami, FL),CD4 (cloneRPA-T4),CD8(cloneHIT8a),CD107aandb (clonesH4A3
andH4B4respectively)interferon (IFN)-y (cloneB27),tumor necrosidactor (TNF)-o (clone
MAb11) (BD PharmingenSanDiego,CA, USA),CD14(cloneTuK4),CD19(cloneSJ25-C1),
CD45(cloneH130)(Invitrogen),interleukin (IL)-17A (cloneeBio64DEC17{eBioscience,
SanDiego,CA), andCD3(cloneOKT3)(BiolegendSanDiego,CA). Antibodiesconjugatedo
thefollowing fluorochromeswereusedin thesestudiesFluoresceinsothiocyanat€FITC),
PE-Cy5.5PE-Cy7V450,Brilliant Violet (BV)570,BV650,EnergyCoupledDye or PE-Texas-
Redconjugatg ECD), allophycocyaniffAPC)-Alexa700and QuantumDot (QD) 800.

Effector cells and co-culture

PBMCfrom immunizedvolunteerscollectedbeforeand 42 daysafterimmunization
wereusedaseffectorsaaspreviouslydescribed48]. Briefly, PBMCwereco-culturedwith autol-
ogousB-LCL cellsat an effectorto stimulatorcellratio of 5:1in the presencef mAbsto
CD107aandCD107b(15ul of each/Ix 10P cellsin 500yl of R10medium). The CD107aandb
antibodieswereusedto measuralegranulationamechanismessentialor thekilling of .
infectedtargetsby the cytotoxicCD8" cells[60]. PBMCculturedwith uninfectedtargetcells
or enterotoxinB (SEB)10pug/ml, Sigma)wereusedasnegativeand positive
controls,respectivelyAfter ~2 hoursof stimulation,protein transportblockersMonensin
(1 pg/ml, Sigma)andbrefeldin-A(BFA) (2 ng/ml, Sigma)wereaddedto the co-culture After
overnight(16x18nhours)incubation,cellswereharvestedstainedwith adead-celdiscrimina-
tor, yellowfluorescenviability dye(Yevid,Invitrogen)[61,62], followedby surfacestaining
with mAbsagainssurfaceantigengCD3,CD4,CD8,CD14,and CD19)andfixation and per-
meabilizationwith Fix & Permcellbuffers(Invitrogen,CarlsbadCA). Cellswerethenstained
intracellularlyfor IFN-y, TNF-q, IL-17A and CD69.Finally,cellswerefixed andanalyzedy
flow cytometryon an LSR-llinstrument(BD BiosciencesPatawereanalyzedvith WinList
7.0(Verity SoftwareHouse, TopshamME). Lymphocytesveregatedbasecdn their scatter
characteristicsSinglelymphocytesveregatedbasedn forward scattertheightvs.forward
scatterarea A 2adump° channelWwasusedto eliminatedeadcells(Yevid") aswellasmacro-
phages/monocytg€D14), BlymphocyteCD19") andtargets(CD45") from analysisAddi-
tional gatingon CD3,CD4,and CD8wasperformedto identify cytokine-producing(IFN-y,
TNF-a.andIL-17A) andCD107expressing cellsubsetsNetresponsew/erecalculatedy
subtractingthe numberof positiveeventsf the experimental Hly proteins)from
thenegativecontrol (Hly only). Functionalresponsegereconsideredspecificfor . Typhi if
thedifferentialin the numberof positiveand negativeeventdhetweerexperimental

Hly proteins)andnegativecontrol (Hly only) culturesweresignificantlyincreased
( <0.01)using -test.Volunteerswereconsideredespondersf the netresponsefrom the
PBMCcollectedd2daysafterimmunization weregreaterthan 0.1%from the netresponsesf
PBMCcollectedbeforeimmunization.
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Statistical analysis

All statisticatestswereperformedusingPrismsoftwareg(version7, GraphPadsoftwarela
Jolla,CA). Comparisondbetweertwo groupswerecarriedout by Student's testsCorrelation
analysisvasachievedy PearsorProductMoment Correlationtests. values<0.05werecon-
sideredsignificant.

Supporting information

S1 Table. T-cell responses to individual S. Typhi proteins.
(TIF)

S1 Fig. Comparison between the use of one and two expression plasmids inside individual
recombinant E. coli. B-LCL cellswereinfectedwith .  expressingne(Hly/pmark or Hly/
protein) or two plasmids(Hly only or Hly and . Typhi protein)at1:30MOI.
Typhi proteinswereFliC, GroELand OmpC. UninfectedB-LCLsand B-LCLsinfectedwith
recombinant .  expressingnly Hly antigenwereusedascontrols.The percentagef the
-antigenexpressin@-LCLswereassesseduly flow cytometryusinganti- .  antibody
asdescribedn Methods.Shownarethe averagef 3independenexperiments. valuesof
<0.05wereconsideredstatisticallysignificant.
(TIF)
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