


responsesrecognizedby thesecellsarelargelyunknown.To addressthisshortcoming,in
thisstudyweusedan�. ���
 expressionsystemmethodologyfor identifying immunogenic
proteinsof �. Typhi.Wefound thatalthoughthepatternof responseto individual �.
Typhi proteinswasvariableamongthetyphoidvaccinees,the�. ���
 expressingsystem
uncoveredtheantigenspecificityof T-cells,andhighlight its applicabilityto vaccine
studies.

Introduction

Typhoidfeveriscausedby���������� ����	
�� serovarTyphi (�. Typhi), ahuman-restricted
pathogenthatentersthehostthroughthegut-associatedlymphoid tissue.Recentcalculations
of thetyphoidburdenestimatedthat11.9±20.6million newcasesof typhoid feveroccurannu-
ally in low-incomeandmiddle-incomecountrieswith about129,000±223,000mortality [1±4].
Basedon dataprovidedby theWorld HealthOrganization,90percentof thesetyphoiddeaths
occurin Asia,andmostvictimsarechildrenunderfiveyearsof age[5]. Furthermore,antimi-
crobialtreatmentof entericfeverandasymptomaticcarriershasbecomeincreasinglycompli-
cateddueto theemergenceof multidrug-resistantstrainsof �. Typhi [6±8].Thus,therehas
beenanincreasedemphasison control measures,suchasvaccinationto fight �. Typhi infec-
tion [9, 10].It hasalsobecomeevidentthatabetterunderstandingof thehostimmune
responsesagainst�. Typhi will berequiredto achievethis task.Currently,two typhoidvaccines
arelicensedin theUSAfor usein humans,thepurified Vi (ªvirulenceº)parenteralpolysaccha-
ride vaccineandtheoral liveattenuated�. Typhi strainTy21avaccine.Althoughthesevaccines
aremoderatelyprotectiveandableto induceherdimmunity [11,12],theyalsohavesomesig-
nificant shortcomings.SinceVi isaT-cell independentantigen,Vi vaccinedoesnot confer
ªmemory,ºandthereareno robustdatato suggestthat theefficacyof Vi persistsbeyondthree
years[11,13,14].TheTy21avaccine,whichdoesnot elicit anti-Vi antibodies,requiresthe
administrationof threeto four dosesspacedat48-hourintervals[12,13,15].Moreover,
recently,Vi-protein-conjugatevaccinesthatconsistof the�. Typhi Vi polysaccharidecova-
lentlyboundto acarrierproteinhavebeendeveloped[5, 16±19].However,issueshavebeen
raisedaboutselectivepressurefor thedevelopmentandspreadof �. Typhi Vi antigen-negative
strainsdueto thegeneralizeduseof Vi andVi-protein-conjugatevaccines[20,21].Asaresult,
novelapproachesto typhoidvaccinationarecriticallyneeded[22].

It isnowwidelyacceptedthatcellular-mediatedimmunity (CMI) playsasignificantrole in
protectionagainst�. Typhi infection[8]. Thesehostresponsesrelymainlyon two typesof T-
cells,CD4+ andCD8+ T cells[23±26].Thepresenceof bothCD4+ helperT-cellsandclassical
classIa andnon-classicalHLA-E-restricted�. Typhi-specificCD8+ T cellshavebeenobserved
in individualswhorecoverfrom typhoid fever[25] or immunizedwith Ty21aandotheratten-
uatedleadingtyphoidvaccinecandidates,includingCVD 906,CVD 908,CVD 908-
�	�and
CVD 909[26±33].Moreover,our grouprecentlyprovidedthefirst evidencethat�. Typhi-spe-
cific CD8+ responsescorrelatewith clinicaloutcomein humanschallengedwith wild-type�.
Typhi [34]. However,theantigenspecificityof theseT cellsremainslargelyunknown.More-
over,mostof the�. Typhi proteinsdescribedasbeinginvolvedin humanprotectionhavebeen
derivedfrom studiesusingmousemodelsof ���������� infection[35,36].Oneof thereasons
for this is theinherentproblemsof working with humansasexperimentalmodels.

Here,weusedaninnovativeantigenexpressingsystem,originallydevelopedby theHiggins
laboratory[37,38]andbasedon theinfectionof B-cellswith recombinant�. ���
 to evaluate
T cellresponsesto four �. Typhi proteins:SifA,FliC,GroEL,andOmpC(Table 1). These
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proteinsareknown to confersurvivalpropertiesto ���������� andthereforemight beevalu-
atedasvaccineantigens[27,39±44].Briefly,in thissystem,EBV-transformedlymphoblastoid
B-celllines(B-LCL)wereusedasantigen-presentingcells(APCs).TheseB-LCLwereinfected
with �. ���
 expressingboth�. Typhi proteinsandcytoplasmiclisteriolysinO (Hly). Hly isa
pore-forminghemolysinfrom �
���	
� �������������, whichallowsleakageof �. ���
 antigen
from thephagolysosomalcompartmentinto theAPCcytosol,theregainingaccessto theMHC
classI antigenprocessingandpresentationpathway[37,38].Thissystemalsoallowstheiden-
tification of �. Typhi-specificCD4+ T cellastheexpressionon�. ���
 alsoresultsin antigen
presentationin thecontextof MHC classII molecules[45]. Additionally, thisapproachhasthe
advantageof assessingT-cell responsesto full-lengthproteinsbeforeinitiating moreexpensive
andtime-consumingprocedures,suchassynthesizingoverlappingpeptides[46]. Dueto HLA
diversityin humans,hostresponsesto subunitvaccineshaveagreaterchanceto besuccessful
if theyencompassspecificproteinantigensratherthanspecificepitopeswithin thoseproteins
[45,46].

Byusingthis innovativeantigenexpressionsystem,wefound that thepatternof response
to individual �. Typhi proteinswasvariable.Someindividualsrespondedto all four proteins
whileothersrespondedto only oneor two proteins.WhencomparingT cellsresponsesto
B-LCLexposedto recombinant�. ���
 to thoseto purified proteinsfrom thesamegenes,we
observedthat theCD4+ cellresponses,but not CD8+ cellresponses,to recombinant�. ���

weresignificantlyassociatedwith theresponsesto purified proteins.Thus,our resultsdemon-
stratethefeasibilityof usingan�. ���
 expressingsystemto uncovertheantigenspecificityof
T-cells,andhighlight its applicabilityto vaccinestudies.Theseresultsalsoemphasizethe
importanceof selectingthestimuli appropriatelywhendesigningexperimentsaimedatevalu-
atingCD4+ andCD8+ cellresponses.

Results

Expression of recombinant proteins

To showthefeasibilityof our �. ���
 expressingsystem,weevaluatefour �. Typhi proteins(i.e.,
SifA,FliC,GroEL,andOmpC)(Table 1) known to confersurvivalpropertiesto ����������
thenpotentiallypromisingasvaccineantigens[27,39±44].Asshownin Fig 1, proper�.���

proteinexpressionfor all four proteins,SifA,OmpC,FliC,andGroEL,aswellastheHly was
detectedbyWesternblot.

Wenextevaluatedtheeffectof therecombinant�. ���
 infectionon B-LCLviability.Briefly,
weassessedcellviability bymeasuringthelevelsof Yevidviability stainingon 2-hour-�.���

infectedB-LCLsthathavebeenrestedovernightin thepresenceof gentamicin.Asshownin
Fig 2A, regardlessof theproteinbeingexpressed,theinfectiondid not adverselyaffectthe

Table 1. S. Typhi proteins evaluated in this manuscript.

Protein Name Gene

Name

Function MW

(kd)

Putative virulence

determinant

SifA Required for endosomal tubulation and formation of

Salmonella-induced filaments (Sifs)

38.6

Flagellin FliC Bacterial-type flagellum-dependent cell motility 53.2

Chaperonin GroEL Promotes protein refolding 57.2

Outer membrane

protein C

OmpC Forms pores that allow passive diffusion of small molecules

across the outer membrane

41.2

https://doi.org/10.1371/journal.pntd.0005912.t001
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viability of �. ���
-infectedB-LCLs.After infection,thepercentageof livecellsin cultureswith
recombinant�. ���
 wascomparableto control cultureswith mediaonly (uninfected).Byusing
thesameexperimentalconditionsasfor determinationsof cellviability,wealsodetectedthe
expressionof bacterialantigenson B-LCLs.Similarlyto theviability, regardlessof thetypeof
proteinbeingexpressedin therecombinant�. ���
, wefoundsimilar levelsof �. ���
-expressing
cellsasassessedbysurfacestainingwith anti-�. ���
 antigenpolyclonalantibodyusingflow
cytometry(Fig 2B–2D).

Hly functionality

Asdescribedabove,wereasonedthatHly shouldpromotethephagosomalescapeof bacterial
antigenstherebyimprovingMHC classI processingof �. Typhi antigenspresentedbyB-LCLs
andhencerecallimmuneresponsesfrom bothCD4+ andCD8+ primedT cells[8, 26,27,29,
30,39,47].To testthisassumption,���-recombinant�. ���
 strainBL21,or wild type�. ���

strainBL21wereusedto infectB-LCLcells.Cellswereinfectedfor 2 hoursusingtwo different
multiplicity of infection(MOI, 1:30and1:100).After 2 hours,cellswerecollected,washedto
removeextracellularbacteriaandculturedin thepresenceof gentamicinfor 2 additional
hours.Thus,theability to detect�. ���
 proteinsin B-LCLinfectedcellswasassessedovertime
by flow cytometry(up to 120minutes)usingpolyclonalanti-�. ���
 antibodies.Asshownin
Fig 3, atall-timepointsevaluated,weobservedhigherexpressionof �. ���
 antigenson B-LCL
cellsinfectedwith therecombinant�. ���
 strainexpressingHly ascomparedto thewild-type
�. ���
 strain.Thus,the
�� geneappearsfunctional.Theseresultsareverysignificantsince
basedon our previousstudy[48], weexpectto seebackgroundresponsesagainstthevector
itself(�. ���
 antigens).Furtherantigenexpressionmight helpto betterdiscriminateT-cell
responsesto �. Typhi antigensfrom thosedirectedto �. ���
 antigens.

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

immunization with Ty21a

In orderto demonstratethefeasibilityof usingan�. ���
 expressionsystemto uncovertheanti-
genspecificityof T-cells,PBMCobtainedbeforeand42daysafterimmunizationwereexposed

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, FliC, 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. coli were detected by Western blot.

https://doi.org/10.1371/journal.pntd.0005912.g001
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to autologousB-LCLinfectedwith recombinant�. ���
 expressingHly only or co-expressing
oneof thefour ���������� geneproducts:Hly/SifA, Hly/OmpC,Hly/FliC andHly/GroEL.
Specifically,westudiedtheability of ����
��PBMCfrom sevenTy21a-immunizedvolunteers
to expressIL-17A, IFN-γ andTNF-α cytokinesand/orCD107aandb moleculesagainstautol-
ogousinfectedtargets.T-cellresponses(i.e.,CD4+ andCD8+ T-cells)wereevaluatedbymulti-
chromaticflow cytometryusinga10-colorsurface/intracellularstainingpanel.Unstimulated
and����
��������� enterotoxinB(SEB)-stimulatedeffectorcellswereusedasnegativeand
positivecontrols,respectively.Weobservedthat thepatternof responseto individual �. Typhi
proteinswasvariable,with someindividualsrespondingto all four proteinswhileotherswere
respondingto only oneor two proteins.WealsoobserveddifferentialCD4+ andCD8+ T cells
responsesto the�. Typhi proteins(Figs 4–7). In six individuals,althoughthemagnitudeof
responsesvariedconsiderably,bothCD4+ andCD8+ T cellsrespondedto at leastoneprotein.
In oneindividual,wewereunableto detectCD4+ T cellsresponsesto anyof thefour protein,

Fig 2. Expression of bacterial antigens on B-LCL target cells. B-LCL cells were infected with E. coli at 1:30 MOI

with one of the four recombinant E. coli expressing S. Typhi and Hly antigens: Hly/SifA (SifA), Hly/FliC (FliC), 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://doi.org/10.1371/journal.pntd.0005912.g002
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but CD8+ T cellsrespondedto 3 out of 4proteinstested(Fig 8). Representativeresponses
from selectedvolunteersareshownin Figs 4–6.

Multifunctional of CD4+ T-cells and CD8+ T- cells

Becausepreviousresultsfrom our grouphaveshownthatmultifunctionalT-cellsmight con-
tribute to �. Typhi immunity [30,34,49],wetheninvestigatedthemulti-functionality patterns
of CD4+ T-cellsandCD8+ T-cellsafterexposureto infectedB-LCLinfectedwith recombinant
�. ���
. Wemeasuredsimultaneouslyfour T-cell functions(i.e.,expressionof IL-17A, IFN-γ
andTNF-α cytokines,or CD107aandb molecules)bymultichromaticflow cytometryusing
theFCOMfeatureof theWinList software,whichprovidesthe%of T-cellsexpressingeachof
thepossiblefunction combinations.Analysesof multiple function patterns(i.e.,single,double,
triple or quadruplefunctions)revealedthat,albeitdifferentfor differentproteins,bothCD4+

T-cellsandCD8+ T-cellsweremulti-functional (Fig 8).

T-cell responses to exogenous proteins

An important hypothesisto evaluateiswhethertheT-cellsfrom volunteerswhorespondedto
B-LCLculturedwith recombinant�. ���
 expressing���������� geneproductsalsopossessthe
ability to respondto exogenousproteins.To thisend,wenextinvestigatedwhethertherewas

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

(MOI). 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://doi.org/10.1371/journal.pntd.0005912.g003
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anassociationbetweenT-cellresponsesafterexposureto autologousB-LCLculturedwith
recombinant�. ���
 expressingoneof thefour ���������� geneproducts(Hly/SifA, Hly/
OmpC,Hly/FliC andHly/GroEL) andthoseT-cellresponsesafterexposureto B-LCLcultured
with individual purified recombinantproteins(SifA,OmpC,FliC,andGroEL).To thisend,
B-LCLswereculturedovernightwith purified SifA,OmpC,FliC or GroELproteins,andused
astargetsfor T-cells.Representativeresponsesof CD8+ andCD4+ cellsfrom onevolunteerare
shownin Figs 9 & 10 respectively.Wefound that theCD4+ cellresponsesto B-LCLscultured
with exogenousproteinsweresignificantlyassociatedwith theCD4+ cellresponsesto B-LCLs
culturedwith recombinant�. ���
 expressingoneof thefour �. Typhi geneproducts(Fig 11;
� = 0.0111,PearsonProductMomentCorrelation).However,no significantassociationwas
observedbetweenCD8+ cellresponsesto B-LCLsculturedwith recombinant�. ���
 expressing
oneof thefour ���������� geneproductsandCD8+ cellresponsesto B-LCLsculturedwith
exogenousrecombinantproteins(Fig 11; � = 0.0790,PearsonProductMomentCorrelation).
On theotherhand,CD8+ cellresponsesto B-LCLsculturedwith exogenousproteinswere
consistentlyhigherthanCD4+ cellresponses(Figs 9 and 10 & S1 Table). Thus,asexpected,
CD4+ andCD8+ cellresponsesagainst�. Typhi antigensdependon thenatureof thestimulant
[39,50].Theseresultsemphasizetheimportanceof selectingthestimuli appropriatelywhen
designingexperimentsaimedatevaluatingCD4+ andCD8+ cellresponsescellresponses[8].

Discussion

Oneof thecharacteristicsthatmakethe�. ���
 expressionsystemmethodologyemployedin
thismanuscripthighly relevantfor identifying immunogenicproteinsof S.Typhi is theuseof
atranslationalresearchapproachusinghumanT cellsandautologousAPCto identify �.
Typhi-specificT-cell immuneresponses.Mostpublishedmethodshavereliedheavilyon

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), Hly/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 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://doi.org/10.1371/journal.pntd.0005912.g004
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ªproof-of-conceptºstudiesperformedin mice.However,�. Typhi isahuman-restrictedpatho-
genandthereareno goodanimalmodelsthat faithfully recapitulate�. Typhi infection[51]. To
partiallyaddressthisshortcoming,theinfectionof susceptiblemicewith �. Typhimurium has
beenusedasamodelfor thepathogenesisof humantyphoid fever[51]. Althoughthesemurine
modelshaveprovidedconsiderableknowledgeregardinghost-pathogeninteractions,theydo
not adequatelyrecapitulate�. Typhi infectionin humans[52]. Therecentavailabilityof full
genomesequencesfrom various���������� ����	
�� serovarshasuncoveredmanydifferences
in pseudogeneswhichcanexplain,at leastin part,thedissimilaritiesobservedin theimmune
andotherhostresponsesto theseentericbacteria[52]. Thus,samplesfrom humanparticipants
exposedto thelicensedTy21aoral typhoidvaccinehavethepotentialto provideabettercharac-
terizationof key���������� antigensinvolvedin T cellresponsesthanmurinemodels.

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. coli expressing S.

Typhi/Hly (Hly/SifA (SifA), Hly/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://doi.org/10.1371/journal.pntd.0005912.g005
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Themainnoveltyof our systemis thatweengineeredthe
�� geneencodingthepore-form-
ing cytoplasmiclisteriolysinO (Hly) proteinonto thebackboneof therecombinantprotein
expressionplasmidpET-DEST-Hly(seemethods).In contrast,Higgin's�. ���
 expressingsys-
tem[37,38]usedtwo expressionplasmidsinsideindividual�. ���
 cells:oneexpressingHly
andtheotherexpressingtherecombinantproteinof interest.Thereasonfor thisdifference
stemsfrom our preliminaryresultsshowingthat theuseof two expressionplasmidsreduced
B-LCLinfectivity (S1 Fig). Wespeculatethat thisdifferenceisdueto thefitnesscostfor �. ���

to maintain,replicateandpropagatetwo plasmidsinsteadof one.Theremayalsohavebeena
negativeeffecton bacterialcellpreparationsresultingfrom growthon mediacontainingtwo
selectiveantibioticsinsteadof one.

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. coli expressing S.

Typhi/Hly (Hly/SifA (SifA), Hly/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 CD4+ T

cell responses from a representative volunteer. Numbers represent the percentage of positive cells.

https://doi.org/10.1371/journal.pntd.0005912.g006
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Herein,usingthismethodology,wefound thatall thetestedindividualshadincreasedT-
cellresponsesoverbaseline(beforeimmunization)to at leastoneof thefour �. Typhi proteins
evaluated(i.e.,SifA,OmpC,FliC,andGroEL).Moreover,multifunctionalCD4+ andCD8+ T
cellsthatexpressedtwo or morecytokines(IL-17A, IFN-γ andTNF-α) and/orCD107a/bmol-
eculesweredetected.Theseresultsareparticularlysignificantsincewehavepreviouslydem-
onstratedthat thesetwo T-cellpopulationmight playarole in controlling���������� infection
[39]. Theseresultsalsosupportpreviousdatashowingthat thedepletionof eitherCD4+ or
CD8+ T-cellshadimpairedrecallimmunity to oralchallengewith thevirulent �. Typhimur-
ium atdifferenttimesaftervaccination[53].

Thereasonunderlyingtheobservationthat theresponsesto thedifferentantigensarevari-
ableamongthevaccineesareunclear.However,it is reasonableto speculatethat thisphenom-
enonmight bedueto theHLA-haplotypevariationbetweenindividuals.In fact,antigen
processing,togetherwith definedMHC genes,areknownto shapetheindividual immune
responsesto awidearrayof pathogens[54]. Furthermore,thedifferentialresponsiveness
amongtheparticipantssupportsthedevelopmentof multi-componentvaccinesby introduc-
ing manyantigenicdeterminantsinto vaccineformulations.Alternatively,theseresultsmight
encouragearenewedfocuson whole-cellliveattenuatedpreparations,especiallysincethey
mayovercomesomeof theinherentweaknessesassociatedwith sub-unitvaccinessuchasthe
needfor considerableamountsof antigensandtheuseof adjuvants.

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/FliC (FliC), 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. coli expressing 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://doi.org/10.1371/journal.pntd.0005912.g007
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Wealsoobservedthat themagnitudeof theresponsesagainst�. Typhi SifA,OmpC,FliC
andGroELvariedamongparticipants.Since�. Typhi GroELhasasignificantdegreeof homol-
ogywith self-heatshockproteinsin humans[27], theseresultsprovideadditionalinformation
thatT-cellscandiscriminatebetweenselfandforeignantigensduring theimmuneresponse.
Interestingly,in contrastto CD8+ cellresponses,wefound that theCD4+ cellresponsesto
B-LCLsculturedwith exogenousproteinsweresignificantlyassociatedwith theCD4+ cell
responsesto B-LCLsculturedwith recombinant�. ���
 expressing�. Typhi genes.Theseresults
confirm andextendpreviousfindingsfrom our groupandothersthat thebalanceof CD4+

andCD8+ cellresponsesagainst�. Typhi antigensarelikely to dependon thenatureof the
stimulant[8, 39,50].Indeed,previouswork from our grouphasshownthatCD4+ cells
responddifferentlyto solubleantigenstimulationthanCD8+ T cells[39,50].Futurestudies
will bedirectedto usethisnovelantigendiscoverysystemto evaluatein humanstheimmune
responsesto other�. Typhi proteinsexpressedin this�. ���
 expressionsystem.

Sincethesestudieswereperformedin immunizedvolunteers,it isalsoimportant to note
that therelativecontributionsof CD4+ andCD8+ cellresponsesagainstthese�. Typhi proteins
in protectioncannotbeascertained.Wearedirectlyaddressingthiscritical issuein separate

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/FliC (FliC), 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. coli expressing 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.org/10.1371/journal.pntd.0005912.g008
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studiesin whichweareevaluatingwhetherresponsesto these�. Typhi proteinscorrelatewith
protectionin volunteerswhohavebeenimmunizedwith Ty21aandsubsequentlychallenged
with wild-type�. Typhi.Nevertheless,theresultspresentedhereindemonstratethefeasibility
of usinganovelantigendiscoveryplatform.Thissystemcouldbeused,for example,to system-
aticallyassessthespecificityof T-cell immuneresponsesagainsttheentireproteomeof a
humanpathogenandgenerateadatabaseof therepertoireof thesehumanT-cellantigenspec-
ificities.Thisshouldhelpnarrowdowntheproteinsof interestwhichcorrelatewith defined
phenotypes(e.g.,responsesassociatedwith protectionin humanchallengestudieswith �.
Typhi, thosedirectedto pathogenicdeterminants),ultimatelyleadingto theidentificationof
candidatevaccineantigens.Finally,theseresultsemphasizetheimportanceof selectingthe
appropriateantigenswhendesigningexperimentsaimedatevaluatingCD4+ andCD8+ cell
responses.

Materials and methods

Ethics statement

Thehumanexperimentationguidelinesof theUSDepartmentof HealthandHumanServices
andthoseof theUniversityof Maryland,Baltimore,werefollowedin theconductof theclini-
calresearch.All bloodspecimenswerecollectedfrom volunteerswhoparticipatedin theUni-
versityof MarylandInstitutional ReviewBoardapprovedprotocolnumberHP-00040022that
authorizedthecollectionof bloodsamplesfrom healthyvolunteersfor thestudiesincludedin
thismanuscript.Volunteerswereexplainedthepurposeandpossibleconsequencesof partici-
patingin thisstudyandgaveinformed,signedconsentbeforetheblooddraws.Thisprotocol
hasbeenconductedin accordancewith theethicalstandardslaid downin the1964Declara-
tion of Helsinkiandtheprinciplesof theInternationalConferenceon HarmonizationGood
ClinicalPracticeguidelines[55].

Participants

Sevenhealthyadultvolunteers,20±50(39± 10)yearsold, recruitedfrom theBaltimore-Wash-
ington areaandtheUniversityof MarylandatBaltimorecampus,participatedin thisstudy.
Theywereimmunizedwith four spaceddosesof 2±6x 109 CFUof oral liveattenuatedTy21aat
anintervalof 48hoursbetweendoses[12,56].Bloodcollectionwasperformedbeforeand42
daysafterTy21aimmunization.Peripheralbloodmononuclearcells(PBMC)wereisolatedfrom
thebloodbydensitygradientcentrifugationandcryopreservedin liquid N2 followingstandard
techniques[28].ThesePBMCwereused�� �
�� aseffectorcellsor to preparethetargetcells.

Gateway cloning vectors

Theentire�. Typhi strainTy2ORFeomewasconstructedasapartof theformerNational
Instituteof AllergyandInfectiousDisease(NIAID)-funded PathogenFunctionalGenomics
ResourceCenter(PFGRC).ThePFGRCprovidedalibrary of entryclonesbycloning3,381
ORFs,out of the4,323ORFspredictedin theTy2genome(78%),into thepDONR221vector
usingmethodsdescribedin Peterson�� ��. [57]. Entry clonescanthenbeshuttledinto avariety
of destinationvectorsusing
� �
�	� site-specificrecombination(http://www.ncbi.nlm.nih.gov/
pubmed/11076863).Forexpressionof the�. Typhi proteins,weengineeredthepET161-DEST
destinationvector(Invitrogen,Carlsbad,CA). ThepET161-DEST,acommercialplasmid
from Invitrogen,isarobust�. ���
 destinationvectorthathasbeenusedfor severalyearsand
carriesmanydesirablecharacteristicsfor thisstudy.Geneexpressionisunderthetight control
of theT7 promoterand ��� repressor,andanoptimizedribosomebinding siteisprovidedby
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theinsertedgene.ThevectorcontainstheV5 andHis-tagepitopesdownstreamof the���R
sitesinto which insertsfrom entrycloneswererecombinedresultingin theadditionof these
tagsasC-terminalfusionsto the�. Typhi protein.Thesetagswereusedto monitor recombi-
nantproteinexpressionand,if necessary,for proteinpurification.pET161-DESTalsocontains
theccdBandchloramphenicol(CmR) geneswhichhelptherecoveryof correctrecombination
productsaftertheLRrecombinasereactionviaselectionon ampicillin agarplates.Wealso
insertedthe
�� genecodingfor thecytoplasmicHly protein from �.������������� into the
���II restrictionsite.The
�� genewasPCR-amplifiedwith aHis-tagat the3'endof thereverse
primer,anda���ll sitewasaddedto theforward5' end,andreverse3' endof eachprimer,
respectively(sense:GCGCAGATCTAGCAAGCATATAATATTGCG,anti-sense:GCGCAG
ATCTTTAGTGATGGTGATGGTGATGTTCGATTGGATTATCTAC).Theresultingvector
pET-DEST-HlywasverifiedbySangersequencing.It carriesaT7 promoterandthelac

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://doi.org/10.1371/journal.pntd.0005912.g009
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operatorprecedingthegeneto becloned;thecloningsiteharborsattR1andattR2sitefor clon-
ing from entryclonesthroughtheLRclonasereaction(seebelow).Theplasmidwastrans-
formedinto OneShotccdBsurvivalcompetentcells(Invitrogen).

Cloning of S. Typhi proteins from entry clones to pET-DEST-Hly for

protein expression

Entry cloneglycerolstockswerestreakedon LBagarwith 50μg/ml kanamycinandincubated
at37ÊCovernight.Singlecolonieswereincubatedovernightat37ÊCin 4ml LBbroth with
50μg/ml kanamycin.ThentheentrycloneplasmidwasextractedusingtheQIA prepkit (Qia-
gen,Valencia,CA) andDNA concentrationmeasuredusingaNanoDropinstrument(Thermo
Scientific,Waltham,MA). ThepET-DEST-Hlyglycerolstockwasstreakedon LBagarplates
with 100μg/ml carbenicillinandincubatedat37ÊC.After overnightincubation,singlecolonies

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://doi.org/10.1371/journal.pntd.0005912.g010
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wereisolated,incubatedovernightin 50ml LBbroth with 100μg/ml carbenicillinat37ÊCand
thedestinationplasmidwasextractedwith theHiSpeedplasmidpreparationkit (Qiagen).
DNA concentrationwasmeasuredbyNanoDrop.Wechoseto evaluatefour �. Typhi proteins:
SifA,FliC,GroEL,andOmpC(Table 1). Eachof thesefour �. Typhi proteinswasthentrans-
ferred
� �
�	� from theentrycloneplasmidinto thedestinationplasmidthroughLRclonase
reactions(GatewayLRclonaseII Enzymemix, Invitrogen)following themanufacturer'spro-
tocol.Wealsoclonedashortnon-codingsequencecalledªpmarkº thatcarriedstopcodonsin
all sixframesof translationinto pET-DEST-Hlyasanegativecontrol of proteinexpression.
Finally,3μl of LRclonasereactionproductwastransformedinto 50μl of OneShotBL21
(DE3)competentcells(Invitrogen)bychemicaltransformation.

Verification of expression plasmids

Propercloningof thetarget�. Typhi genewasconfirmedbyPCRamplificationusingtheT7
forwardandreverseprimersandsequencingof thePCRproducts.Thepresenceof the
��
genewasverifiedby���ll digestionof theplasmid.

Protein expression

A singlecolonyfrom verifiedBL21(DE3)expressionvectorcloneswasculturedat37ÊCover-
night in 2 ml LBbroth with 100μg/ml carbenicillin.Then30μl of theovernightculturewas
inoculatedto 3 ml freshLBbroth with 100μg/ml carbenicillin.After ~4hof incubationat
37ÊC(OD~0.6),theculturewasinducedfor proteinexpressionwith 100μM IPTGandincu-
batedfor anadditional2 h. Bacteriawerethenspundownat2,800rpm for 10min andthe
supernatantdiscarded.�. ���
 werelysedwith of 0.3μg/ml lysozymein Tris-HCl buffer,pH 7.5
(ThermoScientific),thenproteinswereheat-denaturedat100ÊCfor 10minutesandevaluated
on SDS-PAGEgelsbyCoomassiestaining.Specificityof proteinexpressionwasconfirmedby
westernblot usingmouseanti-His monoclonalantibodies(Sigma,St.Louis,MO), andrabbit
anti-mouseIgGconjugatedto horseradishperoxidase(HRP)(Sigma)assecondaryantibodies;

Fig 11. Correlation between T cell subset responses to B-LCL targets exposed to recombinant S.

Typhi proteins or infected with recombinant E. coli expressing 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, FliC, GroEL and OmpC) after stimulation by B-LCL targets exposed to recombinant S.

Typhi proteins or infected with recombinant E. coli expressing 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://doi.org/10.1371/journal.pntd.0005912.g011
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aswellasrabbitanti-Listeriolysinpolyclonalantibodies(Abcam,Cambridge,MA, USA),and
goatanti-rabbit IgG-HRP(Millipore, Billerica,MA) assecondaryantibodies.His-tagged
Annexin3 (A3) protein (Abcam)wasusedaspositivecontrol for antibodydetection.

Target/stimulator cells

PBMCobtainedfrom Ty21avaccinesbeforeimmunizationwereusedto generateautologous
Epstein-BarrVirus (EBV)-transformedB-LCLsaspreviouslydescribed[27,31].Briefly,
B-LCLswereestablishedbyusingB95-8cellline (ATCC#CRL1612)supernatantsastheEBV
source.After transformation,B-LCLweremaintainedin culturein RPMI 1640(Gibco,Grand
Island,NewYork) supplementedwith 100U/ml penicillin,100μg/ml streptomycin,50μg/ml
gentamicin,2 mM L-glutamine,2.5mM sodiumpyruvate,10mM HEPESbufferand10%
heat-inactivatedfetalbovineserum(R10)or cryopreserveduntil usedin theexperiments.

Infection of target/stimulator cells by E. coli

Target/stimulatorcellswereinfectedaspreviouslydescribed[27±30,39,47,48]with slight
modifications.Briefly,targetcellswereinfectedby incubationin RPMI (without antibiotics)at
37ÊCfor 2 hourswith anyof therecombinant�. ���
 strainsat1:30or 1:100multiplicity of
infection(MOI). After incubation,cellswerewashedandincubatedfor anadditional2 or 16±
18hours(overnight)in completeR10containinggentamicin(100μg/ml) to kill extracellular
and/or to detachcell-boundbacteria.Forco-cultureexperiments,targetswerethengamma-
irradiated(6,000rads),surfacestainedwith anti-CD45,amarkerabundantlyexpressedon the
surfaceof hematopoieticcells[58], andusedasstimulators.To confirm �. ���
 infection,ali-
quotsof targetsweresurfacestainedwith rabbitanti-�. ���
 antigenpolyclonalantibody
(1:1000,Abcam).

Exogenous proteins

Four���������� purified proteinsweretested:SifA,FliC,GroEL,andOmpC(Table 1). The
regionencodingresidues53±450of FliC weresubclonedfrom �. Typhi ISP1820into pET15b.
Theplasmidwasusedto transform�. ���
 Tuner(DE3)for overexpressionafterbeinginduced
with IPTG.Theoverexpressedproteinwaspurified bystandardimmobilizedmetalaffinity
columnchromatography(IMAC) methods.OmpCwaspurified basedon theprotocolof
KumarandKrishnaswamy[59]. ThesequenceencodingOmpCfrom �. Typhi ISP1820was
subclonedinto pET15b,whichwasusedto transform�. ���
 Tuner(DE3).Overexpression
wasinducedusingIPTG,andtheOmpCwaspurified from inclusionbodiesusingIMAC after
solubilizingin buffercontainingurea.Refoldingwasthenallowedto occurin 50mM Tris,
pH 8.5,0.1M NaCl,10%(v/v) glyceroland0.2%(v/v) polyoxyethelene-9-laurylether.The
sequencefor GroELwasintroducedinto pBADTOPOTA suchthat it wasin-frame.Thepro-
tein wasoverexpressedby theadditionof arabinose,andtheHT-GroELpurified initially by
standardIMAC, whichprovidesgoodyieldsathighpurity. Removalof contaminatingpep-
tidescouldbeachievedbyaddingacetoneto 45%(v/v) to precipitatetheGroElwhichcould
thenbecollectedbycentrifugationfollowedbysolubilizingusingPBS(10mM phosphate,pH
7.4,150mM NaCl).ThesequenceencodingSifAfrom ���������� Typhi ISP1820wassub-
clonedinto pET15bandusedto transform�. ���
 c-41(DE3).Thebacteriaweregrownto an
absorbanceof about0.8at600nm, proteinexpressioninducedwith IPTG,andthecultures
immediatelymovedto 20ÊCfor overnightgrowth.ThebacteriawerethenlysedandtheSifA
purified bystandardIMAC methods.
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Loading of target/stimulator cells with exogenous proteins

B-LCLswereincubatedovernightin 24-wellplatesatadensityof 2 x 106/ml/well in the
absenceor presenceof 1μg/ml of eachof thepurified proteinsat37ÊCin a5%CO2 atmo-
sphere.After incubation,cellswerewashedandusedasstimulatorsfor T-cells.

Monoclonal antibodies for surface and intracellular staining

Cellswerestainedwith monoclonalantibodies(mAbs)to CD69(cloneTPI-55-3)(Beckman-
Coulter,Miami, FL),CD4(cloneRPA-T4),CD8(cloneHIT8a),CD107aandb (clonesH4A3
andH4B4respectively),interferon(IFN)-γ (cloneB27),tumor necrosisfactor(TNF)-α (clone
MAb11)(BD Pharmingen,SanDiego,CA,USA),CD14(cloneTuK4),CD19(cloneSJ25-C1),
CD45(cloneH130)(Invitrogen),interleukin (IL)-17A (cloneeBio64DEC17)(eBioscience,
SanDiego,CA), andCD3(cloneOKT3)(Biolegend,SanDiego,CA). Antibodiesconjugatedto
thefollowing fluorochromeswereusedin thesestudies:Fluoresceinisothiocyanate(FITC),
PE-Cy5.5,PE-Cy7,V450,Brilliant Violet (BV)570,BV650,EnergyCoupledDyeor PE-Texas-
Redconjugate(ECD),allophycocyanin(APC)-Alexa700andQuantumDot (QD) 800.

Effector cells and co-culture

�� �
�� PBMCfrom immunizedvolunteerscollectedbeforeand42daysafterimmunization
wereusedaseffectorsaspreviouslydescribed[48]. Briefly,PBMCwereco-culturedwith autol-
ogousB-LCLcellsataneffectorto stimulatorcellratio of 5:1in thepresenceof mAbsto
CD107aandCD107b(15μl of each/1x 106 cellsin 500μl of R10medium).TheCD107aandb
antibodieswereusedto measuredegranulation,amechanismessentialfor thekilling of �.
infectedtargetsby thecytotoxicCD8+ cells[60]. PBMCculturedwith uninfectedtargetcells
or ����
��������� enterotoxinB(SEB)(10μg/ml, Sigma)wereusedasnegativeandpositive
controls,respectively.After ~2 hoursof stimulation,protein transportblockers,Monensin
(1μg/ml, Sigma)andbrefeldin-A(BFA)(2μg/ml, Sigma),wereaddedto theco-culture.After
overnight(16±18hours)incubation,cellswereharvested,stainedwith adead-celldiscrimina-
tor, yellowfluorescentviability dye(Yevid,Invitrogen)[61,62],followedbysurfacestaining
with mAbsagainstsurfaceantigens(CD3,CD4,CD8,CD14,andCD19)andfixation andper-
meabilizationwith Fix & Permcellbuffers(Invitrogen,Carlsbad,CA). Cellswerethenstained
intracellularlyfor IFN-γ, TNF-α, IL-17A andCD69.Finally,cellswerefixedandanalyzedby
flow cytometryon anLSR-IIinstrument(BD Biosciences).Datawereanalyzedwith WinList
7.0(Verity SoftwareHouse,Topsham,ME). Lymphocytesweregatedbasedon their scatter
characteristics.Singlelymphocytesweregatedbasedon forwardscatterheightvs.forward
scatterarea.A ªdumpº channelwasusedto eliminatedeadcells(Yevid+) aswellasmacro-
phages/monocytes(CD14+), B lymphocytes(CD19+) andtargets(CD45+) from analysis.Addi-
tional gatingon CD3,CD4,andCD8wasperformedto identify cytokine-producing(IFN-γ,
TNF-α andIL-17A) andCD107expressingT cellsubsets.Net responseswerecalculatedby
subtractingthenumberof positiveeventsof theexperimental(�����������Hly proteins)from
thenegativecontrol (Hly only).Functionalresponseswereconsideredspecificfor �. Typhi if
thedifferentialin thenumberof positiveandnegativeeventsbetweenexperimental(������
������Hly proteins)andnegativecontrol (Hly only) culturesweresignificantlyincreased
(�< 0.01)using�-test.Volunteerswereconsideredrespondersif thenetresponsesfrom the
PBMCcollected42daysafterimmunizationweregreaterthan0.1%from thenetresponsesof
PBMCcollectedbeforeimmunization.
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Statistical analysis

All statisticaltestswereperformedusingPrismsoftware(version7,GraphPadSoftware,La
Jolla,CA). Comparisonsbetweentwo groupswerecarriedout byStudent'st tests.Correlation
analysiswasachievedbyPearsonProductMomentCorrelationtests.� 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-LCLcellswereinfectedwith �. ���
 expressingone(Hly/pmark or Hly/
���������� protein)or two plasmids(Hly only or Hly and�. Typhi protein)at1:30MOI. �.
Typhi proteinswereFliC,GroELandOmpC.UninfectedB-LCLsandB-LCLsinfectedwith
recombinant�. ���
 expressingonly Hly antigenwereusedascontrols.Thepercentageof the
�. ���
-antigenexpressingB-LCLswereassessedby flow cytometryusinganti-�. ���
 antibody
asdescribedin Methods.Shownaretheaverageof 3 independentexperiments.� valuesof
<0.05wereconsideredstatisticallysignificant.
(TIF)
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