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Abstract

Antigen-specific T-cells are highly variable, spanning potent antiviral efficacy and damaging

auto-reactivity. In virus infections, identifying the most efficacious responses is critical to

vaccine design. However, current methods depend on indirect measures or on ex vivo

expanded CTL clones. We here describe a novel application of cytotoxic saporin-conjugated

tetramers to kill antigen-specific T-cells without significant off-target effects. The relative effi-

cacy of distinct antiviral CD8+ T-cell specificity can be directly assessed via antigen-specific

CD8+ T-cell depletion. The utility of these reagents is demonstrated here in identifying the

CD8+ T-cell specificity most effective in preventing HIV progression in HIV-infected HLA-

B�27-positive immune controllers.

Introduction
Thenotion of selectiveT-celldepletion,mostfrequentlyaimingto purgeautoreactivity,has
recentlygainedsubstantialtraction in theimmunologicalfield [1±8].Thedevelopmentof fluo-
rescently-labeledtetramericpeptide-MHCcomplexes(tetramers)allowedbinding andvisuali-
sationof antigen-specificT-cells[9±11]andhasledto thegenerationof modifiedtetramers
thatarecoupledto atoxin, suchasaribosomeinactivatingproteinsaporin(SAP),thatcan
selectivelykill antigen-specificcellsof interest.Beinghighlyspecificfor their cognateT-cells
andrapidly internaliseduponengagementof theTCR,peptide-MHCtetramerscandeliver
anycoupledmoietyin averyselectivemanner[12]. Thepotentialto causedeathof selected
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targetcellsmakesSAP-conjugatedtetramers(tet-SAP)apowerfultool not only to eliminate
auto-reactiveT-cellscausingdiseasebut alsobywhichto identify antiviralT-cellspecificities
thatareeffectivein preventingdisease[4].

An elegantproof-of-conceptstudyin themouse-LCMVmodelexploitedtheideaof SAP-
conjugatedtetramersanddemonstratedtetramer-mediatedselectivedepletionof certainCD8
+ T-cells�� ����� and�� ���� [4]. Thesecytotoxictetramerswerelaterused�� ���� in further
murinestudiesto deletediabetogenicT-cells[6], encephalopathogenicT-cells[5], minor
histocompatibilityHY-specificT-cellsto preventorganrejection[7], or to study`memory
inflation' [13].

To date,however,thetet-SAPtechnologyhasnot beenappliedin humanstudies.Wehere
setout to demonstratethat this tool canbeusedto selectivelydepleteHIV-specificCD8+T-
cells�� �����, andtherebyto evaluatethecontribution andefficacyof aparticularCD8+T-cell
specificityto viral inhibition. Althoughtheimportanceof CD8+T-cellsin HIV control has
beenestablishedfor somedecades[14,15],along-standingquestion±andonethat iscritical to
HIV vaccinedesign±remains,namely,whichof themanydifferentHIV-specificresponsesare
effectivein mediatingeffectiveanddurableimmunecontrol of HIV infection.

Materials and methods

Study subjects
Specimensfrom adultsubjectsfrom thefollowingcohortswereusedin our study:

1. ThamesValleycohort [16]: chronicallyHIV-infectedART-na�veadultswererecruited
from theRoyalBerkshireHospital,Reading,UK; NorthamptonGeneralHospital,North-
ampton,UK; Churchill Hospital,Oxford,UK; andWycombeHospital,High Wycombe,
UK. Thisstudywasapprovedby theInstitutional ReviewBoardof theUniversityof Oxford
andall subjectsprovidedwritten informedconsentfor participationin thestudy.

2. AcuteHIV Infectioncohort[17,18]:acutelyHIV-infectedadultswererecruitedat theMas-
sachusettsGeneralHospital,BrighamandWomen'sHospitalandtheFenwayInstituteof
theBethIsraelDeaconessMedicalCenter,Boston,MA, USA.Primaryinfectionwasclassi-
fiedusingFiebigstaging,aspreviouslydescribed[19]. SubjectAC198from thiscohortwas
studied.He isanadultCaucasianmale,enrolledin 2005during earlyacuteinfection(esti-
mated10±15dayspost-infection,FiebigII [19]) andreceivedsixmonthsof ART thatwas
ceasedaspartof randomlyassignedtreatmentinterruption. Thisstudywasapprovedby
theMassachusettsGeneralHospitalInstitutional ReviewBoardandall subjectsprovided
written informedconsentfor participationin thestudy.

3. TheStudyof theConsequencesof ProteaseInhibitor Era(SCOPE)cohort [20]: chronically
HIV-infectedART-na�veadultsrecruitedat theUniversityof California,SanFrancisco,
USA.Thisstudywasapprovedby theInstitutional ReviewBoardof theUniversityof Cali-
fornia,SanFranciscoandall subjectsgavewritten informedconsent.

HIV plasmaviral loadwasmeasuredby theRocheAmplicor version1.5assaywith with
COBASAmpliPrepor TaqMan48for theAcuteHIV Infectioncohortor with COBASAmpli-
cor for theothercohorts.CD4+T-cellcountsweredeterminedby flow cytometryusingstan-
dardclinicalprotocol.CD4+T-cellcountsandviral loadsweremeasuredon clinicalgrounds
andthedataweresuppliedby theCentreof Recruitment.HLAtypingwasperformedusinga
locusspecificPCRamplificationstrategyandaheterozygousDNA sequencingmethodology
for exon2 and3 of theclassI PCRamplicon[21].

Cytotoxic tetramers for HIV-specific CTL
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Tetramer generation
Peptide-MHCtetramersconjugatedto fluorophoresweregeneratedaspreviouslydescri-
bed,usingstreptavidin-PEor APCto tetramerisebiotinylatedpeptide-MHCclassI mono-
mers[11]. Efficiencyof tetramerisationwasconfirmedby stainingwith anti-mouseIg ��
beads(BD Biosciences)with ananti-HLA antibody,followedby tetramerstaining.Cyto-
toxic saporin-conjugatedtetramerswereproducedby thesamemethodusingstreptavidin-
saporin(AdvancedTargetingSystems)to tetramerisepeptide-MHCmonomersaccording
to thepublishedapproach[4]. Briefly,thesemodifiedtetramersarecoupledto atoxin, ribo-
some-inactivatingproteinsaporin(SAP),that canselectivelykill antigen-specificcellsof
interestandtherebyevaluatethecontribution of aparticularCD8+T-cellspecificityto viral
inhibition [4±7,13].Biotinylatedpeptide-MHCclassI monomersgeneratedasperstandard
publishedapproach[11] weretetramerisedby stepwiseaddition (1/10th volumeevery10
minutes)of streptavidin-SAP(AdvancedTargetingSystems)ata1:1molar ratio of biotiny-
latedMHC to biotin binding sites[22]. Betweenadditions,tetramerisationreactionwasleft
on arotor at4ÊCprotectedfrom light.

Tetramer staining
Forstainingwith fluorescently-conjugatedtetramers,0.5-1x106 cellsperstainwerewashed
with PBS,incubatedwith relevanttetramersfor 30minutesat room temperature,washed,
further incubatedwith fluorochrome-conjugated antibodiesfor 15±20minutesat room tem-
peraturein thedarkandfixedin 2%formaldehydesolutionat4ÊC.Controlsincludedcells
incubatedwith no tetramerandwith HLA-mismatchedtetramers;thesewereusedto setup
negativegatesduring analysis.Forstainingwith SAP-conjugatedtetramers,cellswereincu-
batedwith tetramersfor 30minutesat room temperature,washed,fixedandpermeabilised
with BD Cytofix/Cytopermkit (BD Biosciences)andthenincubatedwith antibodies,includ-
ing asecondaryanti-SAPantibody(AdvancedTargetingSystems).Controlsincludedcells
incubatedwith no tetramer,HLA-mismatchedSAP-conjugatedtetramersandfreeunconju-
gatedSAP.Negativegatesduring analysisweresetup basedon no tetramerandHLA-mis-
matchedtetramerstainings.Sampleswereanalysedin FlowJoversion9.7.6(TreeStar,Inc.)
andhierarchicallygatedon singlets,lymphocytes,livecellsandCD3+cellsandgatedon tetra-
mer-specificCD8+cellpopulations.Antibodiesusedin theseexperiments:��SAP-Alexa488
(AdvancedTargetingSystems);��CD3-PacificOrange(Invitrogen);��CD3-Brilliant Violet 421,
��CD4 OKT4-APC,��CD4 OKT4-FITCand��CD8-PE/Cy7(BioLegend);��CD8-V450(BD Bio-
sciences);��HLA-APC (BD Biosciences);andLIVE-DEAD fixablenear-IRmarker(Life
Technologies).

Tetramer internalisation experiments
To establishthekineticsof tetramerinteractionswith humanPBMCs,internalisationexperi-
mentswereperformedaspreviouslydescribed[4]. Briefly,cellswereincubatedwith tetramers
at4ÊCfor 30minutesto allowbinding, further incubatedateither37ÊCor 4ÊCto promoteor
inhibit internalisation,respectively,for up to 3 hours,strippedof externalfluorescencewith
0.5MNaCl/0.5Maceticacid(pH 2.5)andimmediatelyacquiredby flow cytometry.

Timecourse of cell-depletion mediated by tetramer-SAP
To establishthetimecourseandefficiencyof selectivetetramer-mediatedcelldepletion,
PBMCsor expandedCD8+T-cellsweretreatedwith tetramer-SAP(5±10nM) for 2hoursat
37ÊCin R10,washed3 timeswith R10andfurther culturedin R10(PBMCs)or R10/50

Cytotoxic tetramers for HIV-specific CTL
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(expandedCD8+T-cells)[4]. Control treatmentsincluded:freeSAP,HLA-mismatchedtetra-
mer-SAP,tetramer-PEandno treatment.Every24hoursaliquotsof cellsfrom eachcondition
werestainedwith therelevantfluorochrome-conjugated tetramerandanalysedby flow cytom-
etry.Forcomparisonwith theconventionalcell-depletionmethodusinganti-PEmagnetic
beads[23], cellswereincubatedwith tetramer-PEfor 30minuteson iceto allowsurfacebind-
ing andinhibit internalisation;tetramer-PE-boundcellswerethenremovedusinganti-PE
beads(positiveselection)(EasySep,StemCellTechnologies)accordingto themanufacturer's
protocol.

Viral inhibition assay
To evaluatetheeffectof tet-SAP-mediateddepletionof epitope-specificCD8+T-cellson their
antiviralcapacity,wemodifiedpreviouslydescribedviral inhibition assay[24] asfollows.We
usedHIV-permissiveH9 cellline transfectedwith theHLA-B� 27:05gene(agenerousgift from
Otto Yang)astargets;controlsincludedH9 cellsexpressingHLA-B� 57:03or HLA-untrans-
fected.Aseffectorcells,wetreatedPBMCswith amonoclonalCD3.4antibodybi-specificfor
CD3andCD4(theNIH AIDSReagentProgram)to eliminateCD4+T cellsandexpandCD8+
T-cells[25±27].ExpandingCD8+T-cellswereculturedfor 10±20daysto achieve>90%purity
andsufficientnumbers.24±48hoursprior to theinhibition assay,CD8+T-cellsweretreated
with tet-SAPor acontrol (untreated,HLA-mismatchedtet-SAP,tet-PE,freeSAP)asdescribed
above.Whencellnumbersallowed,cell-depletionwasconfirmedby tetramerstaining.For the
initial setupof theinhibition assay,targetcellswereinfectedwith pre-titratedNL4-3-GFP[16]
byspinoculationfor 1hour, incubatedat37ÊCfor 1hour, repeatedlywashedandfurther cul-
turedwith or without effectorcellsatanappropriateeffectorto targetcellratio in duplicatesor
triplicates.Every2±3days,thecultureswerefedandstainedto assessliveCD4+GFP+cells.%
GFP+uninfectedtargetcellsservedasabackground,subtractedfrom all values.HIV-suppres-
sivecapacitywascalculatedat thetime of thepeakof viral growthasfollows[24]: suppressive
capacity= log10(%GFP+infectedtargetcellswithout effectorcells/ %GFP+targetcellswith
effectorcells).Analysiswasperformedin GraphPadPrismfor MacOSX,5.0c(GraphPad
Software).

ELISPOT assay
Interferon-�
ELISPOTassayswereperformedaspreviouslydescribed[28,29].Peptideswere
generatedbySchafer-N.

Sanger sequencing of proviral genome
GenomicDNA wasextractedfrom PBMCsusingQIAmp DNA Mini kit followingmanufactur-
er'sprotocol(Qiagen).Full lengthHIV genomewasamplifiedin two overlappingfragments,
purified andsequencedaspreviouslydescribed[30]. Thiswasconfirmedbysequencingof HIV
protein-longfragmentsaspreviouslydescribed[31]. All sequencingwasdoneusingBigDye
Terminatorv3.1ReadyReactionmix (AppliedBiosystems)andanalysedusingSequencherv4.8
(GeneCodesCorp.).

Results

Recognition and internalisation of conventional and cytotoxic tetramers
Wefirst confirmedthatSAPconjugationto tetramersdid not compromisetetramerrecogni-
tion andinternalisationbycognateCD8+T-cells.Stainingswith conventional,fluorescently
labelledpeptide-MHCtetramers(tet-PEor tet-APC)andwith cytotoxictetramers(tet-SAP)of

Cytotoxic tetramers for HIV-specific CTL
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thesamespecificityshowedcomparablelevelsof responses(S1Fig).An examplein Fig1A and
1Billustratesthatasimilar levelof theimmunodominantGag-KK10(263KRWIILGLNK272)
responsewasdetectedwhenPBMCsfrom anHLA-B� 27:05-positive,HIV-infecteddonor were
stainedwith eitherKK10-PEor KK10-SAP.Visualisationof tet-SAP-specificcellsrequired
permeabilisationandstainingwith ananti-SAPfluorescentantibodyfollowing incubation
with tet-SAP(Fig1Band1C).HLA-mismatchedtetramers(in thiscaseHLA-B� 07:02-specific
tetramers)showedlow backgroundstaining(�0.03% of CD8+T-cells),similar to conven-
tional tetramers(Fig1D and1E).FreeSAP,not conjugatedto tetramersandthereforelacking
themeansof cellentry,did not showCD8+T-cellbinding or internalisation(Fig1F).The
kineticsof tetramerbinding andinternalisationwasstronglytemperature-dependent(Fig1G),
consistentwith murine studies[4], andreachedmaximumwithin two hoursof tetramer-
PBMCincubationat37ÊC.

Tet-SAP effectively and specifically depletes cognate CD8+ T-cells
Wenextassessedwhethercytotoxictetramerscoulddepletespecificpopulationsof human
CD8+T-cells.An illustrativeexamplein Fig2A, involving thesameHLA-B� 27:05-KK10tetra-
mers,showsstainingof PBMCswith conventionalKK10-PEtetramersfollowingeitherno
treatment,or treatmentwith KK10-SAPtetramer,HLA-mismatchedtetrameror freeSAP.
Thisdemonstratedthat,by24hourspost-treatment,nearlyall KK10-specificcellshadbeen
depletedby tet-SAP,anddid not re-emergelaterin thetime course(up to 72hrs).Similar
observationsweremadein relationto four otherSAP-conjugatedtetramers,to representa
rangeof differentHLA classI typesandto includeCD8+T-cell responsesto CMV andEBVin
addition to HIV (Fig2B).

To addressthepossibilitythat tetramer-mediateddepletionof CD8+T-cellsof onespecific-
ity hasanyoff-targeteffectson otherCD8+T-cellspecificities,in particularthoserestrictedby
thesameHLA classI molecule,westudiedtheimpactof theHLA-B� 27:05-KK10tet-SAPon
CD8+T-cellsrecognisingtheHLA-B� 27:05-restricted,subdominantHIV PolepitopeKY9
(901KRKGGIGGY909) [16]. Treatmentwith KK10-SAPresultedin effectivedepletionof
KK10-specificcells,but did not affectKY9-specificcells(Fig2Cand2D).Similarly,KY9-SAP-
mediateddepletionof KY9-specificcellsdid not haveaneffecton KK10-specificcells.These
dataunderscorethehighdegreeof specificitymaintainedby thecytotoxictetramers.

Contribution of KK10 to immune control of HIV determined by tet-SAP
Wenextappliedcytotoxictetramersto determinethecontribution of specificCD8+T-cell
responsesto immunecontrol of viral infectionssuchasHIV. To evaluatethecontribution of
theHLA-B� 27:05-KK10responsein anHIV-infectedHLA-B� 27:05-positivesubject,wenon-
specificallyexpanded̀bulk'CD8+T-cellsfrom PBMCsusingthebi-specificmonoclonal
CD3.4antibody[25±27],andthentreatedthemwith eithertheKK10-tet-SAPor treatments
thatdid not affecttheHLA-B� 27:05-KK10CD8+T-cells(no treatment,treatmentwith
KK10-PEtetrameror with anHLA-mismatchedtet-SAP;Fig3A).Wethenassessedinhibition
of HIV replicationin HLA-B� 27:05-expressingtargetcellsbyCD8+T-cellswith or without
Gag-KK10depletion.Theexamplein Fig3Band3Cillustratesthat theCD8+T-cellswith
unaffectedHLA-B� 27:05-KK10-specificcellsinhibited viral replicationby3±4log10compared
to theKK10-depletedCD8+T-cellsthat losttheinhibitory capacity.Of note,treatmentwith
KK10-PEtetramerresultedin alowerpercentageof KK10-specificcellsbeingdetectableby
tetramerstaining48hoursfollowing thetreatment,whichwaslikely causedby thetransient
lossof their capacityto efficientlybind tetramers±anormalcharacteristicof CD8+T-cellacti-
vation[32]. Importantly,however,KK10-PEtreatmentdid not impactT-cellsuppressive
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capacity,whereasKK10-SAPtreatmentsubstantiallyreducedviral inhibition (Fig3Band3C).
Theseresultsstronglysuggestthat theKK10-specificcellshadindeedbeendepletedby the

Fig 1. Recogn ition and internalisat ion of convention al and cytotoxic tetramers . (A-F) Representative
dot plots of PBMC staining in an HIV-infected HLA-B�27:05- positive subject with conventional fluorescently
labeled tetramer HLA-B�27:05- Gag-KK10-PE (A) or SAP-coupled HLA-B�27:05- Gag-KK10-SAP tetramer,
detected with a secondary Alexa Fluor 488 anti-SAP antibody in permeabilised (B) or not permeabilised (C)
cells. Absence of non-specific binding of HLA-mismatched tet-PE (D) and tet-SAP (E) and free unconjugated
SAP (F) is shown. Gated on live CD3+ cells around CD8+tet+ cells; numbers indicate % tet+ cells (of CD8+).
(G) Kinetics of tetramer binding and internalisation, determined by measurements of total and internal
tetramer fluorescence in cells at internalisation-promoting (37ÊC)or internalisation-inhibiting (4ÊC)conditions.
No further increase in internal fluorescence is observed after 90±120 minutes of internalisation time,
suggesting that nearly all cognate metabolically active (37ÊC)CD8+ T-cells have internalised the tetramer.
PBMC from an HIV-negative healthy donor with an EBV-HLA-A�02:01-G L9 response were used here. `Total
tet-PE' = surface-bound and internal tetramer fluorescence measured in cells not stripped of any surface-
bound tetramer; `internaltet-PE' = internal tetramer fluorescence measured in acid-stripped cells. A-F,
representative of 8 independent experiments with PBMC from different donors. G, representative of 2
independent experiments with cells from two individuals.

https://doi.org/10.1371/journal.pone.0184496.g001
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cytotoxicKK10-SAPratherthanbecomerefractoryto tetramer-PEbinding andthusundetect-
ableby tetramerstaining.Additionally,aswedemonstratedearlier,thepotenttoxic tetramer
hadbeeninternalised(Fig1) andno reboundKK10-specificT-cellpopulationre-emergedfor
up to 72hourspost-treatment(Fig2A and2B).

In aseparateexperiment,weran thesametet-SAPdepletionprocedurein parallelwith
depletionusinganti-PEmagneticbeads[23](Fig3D±3F).Thisshowedthatdepletioneffi-
ciencyandlossof viral inhibition weresimilar irrespectiveof themethodof depletion(seeDis-
cussionbelow).

Fig 2. Tet-SAP effectively and specific ally depletes cognate CD8+ T-cells. (A) Representative dot plots of a time course, showing
depletion of HIV HLA-B�27:05- Gag-KK10-specific CD8+ T-cells mediated by KK10-SAP. At time -2 hours, cells were left untreated or
treated with KK10-SAP, mismatch-SAP or free SAP for 2 hours at 37ÊC,washed and left in media (time = 0 hours). Every 24 hours aliquots
of cells from each condition were stained with the relevant fluorochrome-conjugated tetramer and analysed by flow cytometry. Gated on live
CD3+ cells around CD8+tet+ cells; numbers indicate % tet+ cells (of CD8+) assessed at indicated times after treatment. (B) Graphical
representation of 4 depletion time courses (performed as in A) with tet-SAP of different HIV, CMV and EBV specificities and restricted by
different HLA class I molecules using cells from different individuals with the corresponding specificities. At time -2 hours cells were treated
with tetramer-SAP of interest (red lines and symbols): HIV HLA-B� 27:05 KK10-SAP (top left), CMV HLA-B�07:02 TM10-SAP (top right), HIV
HLA-A�02:01 GL9-SAP (bottom left), or EBV HLA-A� 02:01 GL9-SAP (bottom right). Controls included: untreated cells (black lines and
symbols), treated with mismatch-SAP tetramer (blue lines and symbols; when sufficient cell numbers were present), or treated with free SAP
(green lines and symbols, when sufficient cell numbers were present). % tet+ cells is normalised to baseline pre-treatment levels (time =
-2h). Tx = treatment. (C,D) KK10-SAP-mediated depletion (assessed 48 hours post-treatment) of HLA-B�27 :05-restricted KK10-specific
CD8+ T-cells does not have an off-target effect on HLA-B�27:05- restricted KY9-specific CD8+ T-cells, while KY9-SAP-mediated elimination
of KY9-specific cells does not affect KK10-specific cells. A,B, representative of at least 10 separate experiments with cells from different
individuals with different HLA types and with tetramers of different specificities. C,D, representative of 3 independent experiments with cells
from different HIV-positive HLA-B�27:05 -positive donors.

https://doi.org/10.1371/journal.pone.0184496.g002
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Definition of antiviral efficacy of different CD8+ T-cell responses using
tet-SAP
Wenextemployedthetet-SAPreagentsto comparesimultaneouslyHIV-suppressivecapacityof
severalCD8+T-cellspecificitiesfollowingthisapproach(S2Fig).Weusedsamplesfrom an
HLA-B� 27:05-positiveHIV-infecteddonorwhoinitially controlledviraemiaandhadthreewild-
typeHLA-B� 27-restricteddominantresponses,asdeterminedbyIFN-�
 ELISPOTassaysandcon-
firmed bytetramerstaining(Fig4A±4C):Gag-KK10,Pol-KY9andVpr-VL9 (31VRHFPRPWL39).

Fig 3. Contribut ion of KK10 to immune control of HIV determined by tet-SAP. Panels A-C and D-F show
results with cells from two different HIV-infected HLA-B�27: 05-positive donors. (A) Tetramer staining 48h
post-treatment with KK10-SAP to confirm depletion of KK10-specific cells. Gated on live CD3+ cells around
CD8+tet+ cells; numbers indicate % tet+ cells (of CD8+). (B) Viral replication in HLA-B�27:05- expressing H9
cells without or with added untreated bulk, KK10-SAP-treated, KK10-PE-treated or mismatch-tet-SAP-treated
CD8+ T-cells. Infected cells were measured by NL4-3-GFP expression. (C) Suppressive capacity of bulk,
KK10-SAP-treated or mismatch SAP-treated CD8+ T-cells. (D) Tetramer staining to confirm KK10-SAP-
mediated depletion of KK10-specific CD8+ T-cells (48 hours post-treatment) or depletion of KK10-PE-stained
cells with anti-PE magnetic beads. (E) Viral replication (as in B) in H9-HLA-B�27:05-pos itive infected target
cells alone or with bulk, KK10-SAP-treated or KK10-bead-depleted CD8+ T-cells. (F) Suppressive capacity of
bulk, KK10-SAP-treated or KK10-bead-depleted CD8+ T-cells. B,C,E,F, error bars represent s.e.m.
Represents 2 separate experiments with two HLA-B�27: 05-positive donors.

https://doi.org/10.1371/journal.pone.0184496.g003
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Responsesto thewild-typeepitopesdiminishedovertime,whileviraemiaprogressivelyincreased
andwell-characterisedHLA-B� 27-associatedmutationsemergedin thedominantresponses(Fig
4D).Viral sequenceencodingtheVpr epitopewasnot availablefor theearliesttimepoint,but the
R32Kescapemutantpresentatmonths39and78ischaracteristicallyselectedspecificallyin
HLA-B� 27-positivesubjects[33].

Wenextevaluatedtheimpacton viral inhibition of tet-SAP-mediateddepletionof CD8+
T-cellresponsespresent,studyingtwo timepoints,4and8yearsafterinfection.At 4 years(48
months)post-infection,Pol-KY9andVpr-VL9 depletionmadelittle differenceto viral replica-
tion, whileGag-KK10depletionsignificantlyattenuatedtheability of CD8+T-cellsto suppress
viral replication,suggestingthat themajority of bulk CD8+T-cell-mediatedinhibition was
Gag-KK10-specific(Fig4E±4G).At 8years(96months)post-infection(Fig4H±4J),thecontri-
bution of thePol-KY9responseto inhibition of viral replicationwaslostaltogether;Vpr-VL9

Fig 4. Definition of antiviral efficacy of different CD8+ T-cell responses using tet-SAP. All panels show data from one HIV-infected
HLA-B� 27:05-positive subject. (A) Viral loads, CD4+ T-cell counts with timepoints of assays indicated. (B) IFN-�� ELISPOT CD8+ T-cell
responses to HLA-B� 27-restricted optimal epitopes. Only responses �!50 SFC/106 PBMC are shown. (C) Frequency of antigen-specific
cells of three dominant specificities determined by tetramer staining. (D) Proviral sequences of the three dominant responses. Known
HLA-B� 27:05-associated footprints and the significance of the associations (q value) are shown [33]. Nd, not done. (E-G) Results from
timepoint 48 months post-infection; (H-J) results from timepoint 96 months post-infecition. (E,H) Dot plots showing tetramer staining of
existing in this donor HLA-B� 27:05-restricted responses at the timepoint assayed. Gated on live CD3+ cells around CD8+tet+ cells;
numbers indicate % tet+ cells (of CD8+). (F,I) Viral replication in H9-HLA-B�27:05-posit ive infected target cells alone or with bulk CD8+ T-
cells or CD8+ T-cells depleted of a particular specificity with tet-SAP. Infected cells were measured by NL4-3-GFP expression. (G,H)
Suppressive capacity of bulk or tet-SAP-depleted CD8+ T-cells. F,G,I,J, error bars represent s.e.m. G,J, ANOVA with Dunnett's Multiple
comparisons test to compare suppressive capacity of bulk versus tet-SAP-treated CD8+ T-cells. �p��0.05, ��p��0.01, ���p��0.001 .

https://doi.org/10.1371/journal.pone.0184496.g004
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continuednot to contributesignificantlyto viral inhibition, andtheGag-KK10-specificcells
contributedthemost.Of note,theGag-KK10effectwasseenwith both thewild-type-specific
andmutantL268M-specifictet-SAPmediateddepletion(Fig4Gand4J).Thiscanbeexplained
bycross-recognitionof thevariantby thewild-type-specificcellsthatarehighlyeffectiveagainst
bothwild-typeandL268Mviruses,expressananti-apoptoticphenotypeandarelong-lived.[34,
35]Althoughin thiscasethesubjectinitiatedART throughchoiceafter9yearsof infection,
viral loadwaswellcontainedfor muchof this time at<2,000copies/ml,andabsoluteCD4
countsweremaintainedathigh levelsof 500±700cells/mm3 until ART intervention.Thisis rep-
resentativeof 2similarexperimentsinvolvingHLA-B� 27:05-positiveHIV-infectedindividuals,
showingthat in subjectswith low viral loads(e.g.73copies/ml,518copies/ml),inhibition of
viral replicationwashighlydependentupontheGag-KK10response(S3Fig).

Discussion
In summary,wehereshow,for thefirst time,thatcytotoxicsaporin-conjugatedtetramerscan
beusedin �� ����� studieswith humancells.Thesetetramersbind andareinternalisedbycog-
nateCD8+T-cells,resultingin their effectiveeliminationbyaslittle as24hours.Wedid not
observeanoff-targeteffectandfound that thetet-SAPapproachisconsiderablysimplerand
lesstime-consumingthantheconventionalmethodusingmagneticbeads,especiallyif more
thanoneCD8+T-cellspecificityisbeingassessed.Thesereagentscanfacilitateidentification
of effectiveHIV-specificCD8+T-cell responsesthatcouldbeinducedbyasuccessfulvaccine,
andcanalsobeusedin otherviral infectionssuchasCMV or HCV. Finally,asshownin
murinestudies[4], saporin-conjugatedtetramershavethepotentialfor �� ���� depletionsto be
undertakenimmunotherapeuticallyin humans.

Supporting information
S1Fig.Similar levelsof CD8+ T-cell responsesaredetectedwith both conventionaltet-PE
and tet-SAP.Spearmancorrelationof stainingsof PBMCfrom 8 differentdonorswith tetra-
mersof differentspecificitiesandrestrictedbydifferentHLA types.
(TIFF)

S2Fig.Workflow of the method to assessanti-HIV efficacyof different CD8+ T-cell speci-
ficities in human cellsusingtet-SAP.Theproposedmethodconsistsof four mainsteps:

1. Identify CD8+T-cellresponsesby IFN-�
 ELISPOTand/or tetramerstaining.

2. ExpandCD8+T-cellswith bi-specificCD3.4monoclonalantibodyandconfirm targeted
specificitiesby tetramerstaining

2.1.Includeananti-CD4antibodyin thepanelto assessCD8+T-cellpurity.

2.2.Usethisperiodto generateSAP-conjugatedtetramers.

2.3.Preparetargetcells:(i) if usingHIV-permissivecelllines(e.g.H9, U937,T1),startthe
culturesaweekbeforeinfection;(ii) if usingprimary CD4+T cells,starttheir activation
3±4daysbeforesuperinfection.

3. Removedesiredspecificitieswith tet-SAPandconfirm by tetramerstaining.Includecon-
trols (HLA-mismatchedtet-SAP,freeSAP).

4. Performviral inhibition assayusingtet-SAP-treatedCTLaseffectorcells.UseintracellularGag-
p24stainingor ELISAasaread-outif thevirususedfor infectiondoesnot haveaGFPreporter.
(TIFF)
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S3Fig.Examplesof HIV-infected HLA-B� 27:05-positiveindividuals with low viral loadsin
whom control of viral replication wasdependanton Gg-KK10response.PanelsA,Bshow
datafor anHLA-B� 27:05-positivecontrollerwith viral loadof 73copies/ml;panelsC,Dshow
datafor anotherHLA-B� 27:05-positivecontrollerwith viral loadof 518copies/ml.(A,C) Viral
replicationin H9-HLA-B� 27:05-positiveinfectedtargetcellsaloneor with bulk CD8+T-cellsor
CD8+T-cellsdepletedof Gag-KK10specificitywith tet-SAP.Infectedcellsweremeasuredby
NL4-3-GFPexpression.(B,D) Suppressivecapacityof bulk or KK10-tet-SAP-depletedCD8+
T-cells.Error barsrepresents.e.m.
(TIFF)

Acknowledgmen ts
ThefollowingreagentwasobtainedthroughtheNIH AIDSReagentProgram,Division of
AIDS,NIAID, NIH: CD3.4Bi-specificMonoclonalAntibody (Cat#12278)from Drs.Johnson
WongandGalit Alter.

Thiswork wasfundedbygrantsfrom theNationalInstitutesof Health(RO1AI46995to P.
G.),theWellcomeTrust (WT104748MAto P.G.),NIHR researchcapabilityfunding (to PCM)
andtheClarendonFund(to E.L.).

Author Contributions
Conceptualization:EllenM. Leitman,StuartSims,PaulKlenerman,BruceD. Walker,Phi-

lippaC.Matthews,Philip J.R.Goulder.

Data curation: PhilippaC.Matthews,Philip J.R.Goulder.

Formal analysis:EllenM. Leitman,MarcusAltfeld,PhilippaC.Matthews.

Investigation:EllenM. Leitman,MarcusAltfeld,Philip J.R.Goulder.

Methodology:EllenM. Leitman,StuartSims,PaulKlenerman,AsierSaÂez-CirioÂn, PaulR.
Hess,PhilippaC.Matthews,Philip J.R.Goulder.

Projectadministration: ChristineD. Palmer,FabianChen,Lynn Riddell,Philip J.R.Goulder.

Resources:ChristineD. Palmer,S�ren Buus,FabianChen,Lynn Riddell,StuartSims,Paul
Klenerman,MarcusAltfeld,Philip J.R.Goulder.

Supervision:PhilippaC.Matthews,Philip J.R.Goulder.

Validation: EllenM. Leitman,S�ren Buus.

Visualization: Philip J.R.Goulder.

Writing ± original draft: EllenM. Leitman,PhilippaC.Matthews,Philip J.R.Goulder.

Writing ± review& editing: EllenM. Leitman,S�ren Buus,StuartSims,PaulKlenerman,
AsierSaÂez-CirioÂn, BruceD. Walker,PaulR.Hess,MarcusAltfeld,PhilippaC.Matthews,
Philip J.R.Goulder.

References
1. Schutz C, Oelke M, Schneck JP, Mackensen A, Fleck M. Killer artificial antigen-presenting cells: the

synthetic embodiment of a 'guided missile'. Immunotherapy. 2010; 2(4):539±50. Epub 2010/07/20.
https://doi.org/10.2217/imt.10.26 PMID: 20636007; PubMed Central PMCID: PMC2941805.

2. Clark BR, Deshpande SV, Sharma SD, Nag B. Antigen-specific deletion of cloned T cells using peptide-
toxin conjugate complexed with purified class II major histocompatibility complex antigen. The Journal
of biological chemistry. 1994; 269(1):94±9. Epub 1994/01/07. PMID: 7506264.

Cytotoxic tetramers for HIV-specific CTL

PLOS ONE | https://doi.org/10.1371/journal.pone.0184496 October 11, 2017 11 / 13



3. Yuan RR, Wong P, McDevitt MR, Doubrovina E, Leiner I, Bornmann W, et al. Targeted deletion of T-
cell clones using alpha-emitting suicide MHC tetramers. Blood. 2004; 104(8):2397±402. Epub 2004/06/
26. https://doi.org/10.1182/blood-2004-01-0324 PMID: 15217835.

4. Hess PR, Barnes C, Woolard MD, Johnson MD, Cullen JM, Collins EJ, et al. Selective deletion of anti-
gen-specific CD8+ T cells by MHC class I tetramers coupled to the type I ribosome-inactivating protein
saporin. Blood. 2007; 109(8):3300±7. https://doi.org/10.1182/blood-2006-06-028001 PMID: 17179221;
PubMed Central PMCID: PMCPMC1852243.

5. Penaloza-MacMaster P, Masopust D, Ahmed R. T-cell reconstitution without T-cell immunopathology in
two models of T-cell-mediated tissue destruction. Immunology. 2009; 128(2):164±71. https://doi.org/10.
1111/j.1365-2567.2009.03080.x PMID: 19740373; PubMed Central PMCID: PMCPMC2767306.

6. Vincent BG, Young EF, Buntzman AS, Stevens R, Kepler TB, Tisch RM, et al. Toxin-coupled MHC
class I tetramers can specifically ablate autoreactive CD8+ T cells and delay diabetes in nonobese dia-
betic mice. Journal of immunology. 2010; 184(8):4196±204. https://doi.org/10.4049/jimmunol.0903931
PMID: 20220085; PubMed Central PMCID: PMCPMC2868268.

7. Hess SM, Young EF, Miller KR, Vincent BG, Buntzman AS, Collins EJ, et al. Deletion of naive T cells
recognizing the minor histocompatibility antigen HY with toxin-coupled peptide-MHC class I tetramers
inhibits cognate CTL responses and alters immunodominance. Transpl Immunol. 2013; 29(1±4):138±
45. https://doi.org/10.1016/j.trim.2013.10.005 PMID: 24161680; PubMed Central PMCID:
PMCPMC3867971.

8. Kappel BJ, Pinilla-Ibarz J, Kochman AA, Eng JM, Hubbard VM, Leiner I, et al. Remodeling specific
immunity by use of MHC tetramers: demonstration in a graft-versus-host disease model. Blood. 2006;
107(5):2045±51. Epub 2005/11/05. https://doi.org/10.1182/blood-2005-07-2828 PMID: 16269613;
PubMed Central PMCID: PMC1895712.

9. Altman JD, Moss PA, Goulder PJ, Barouch DH, McHeyzer-Williams MG, Bell JI, et al. Phenotypic analy-
sis of antigen-specific T lymphocytes. Science. 1996; 274(5284):94±6. Epub 1996/10/04. PMID:
8810254.

10. Sims S, Willberg C, Klenerman P. MHC-peptide tetramers for the analysis of antigen-specific T cells.
Expert review of vaccines. 2010; 9(7):765±74. Epub 2010/07/14. https://doi.org/10.1586/erv.10.66
PMID: 20624049.

11. Leisner C, Loeth N, Lamberth K, Justesen S, Sylvester-Hvid C, Schmidt EG, et al. One-pot, mix-and-
read peptide-MHC tetramers. PLoS One. 2008; 3(2):e1678. Epub 2008/02/28. https://doi.org/10.1371/
journal.pone.0001678 PMID: 18301755; PubMed Central PMCID: PMC2244712.

12. Whelan JA, Dunbar PR, Price DA, Purbhoo MA, Lechner F, Ogg GS, et al. Specificity of CTL interac-
tions with peptide-MHC class I tetrameric complexes is temperature dependent. Journal of immunology.
1999; 163(8):4342±8. Epub 1999/10/08. PMID: 10510374.

13. Sims S, Bolinger B, Klenerman P. Increasing inflationary T-cell responses following transient depletion
of MCMV-specific memory T cells. Eur J Immunol. 2015; 45(1):113±8. https://doi.org/10.1002/eji.
201445016 PMID: 25331015; PubMed Central PMCID: PMCPMC4477908.

14. Koup RA, Safrit JT, Cao Y, Andrews CA, McLeod G, Borkowsky W, et al. Temporal association of cellu-
lar immune responses with the initial control of viremia in primary human immunodeficiency virus type 1
syndrome. J Virol. 1994; 68(7):4650±5. Epub 1994/07/01. PMID: 8207839; PubMed Central PMCID:
PMC236393.

15. Borrow P, Lewicki H, Hahn BH, Shaw GM, Oldstone MB. Virus-specific CD8+ cytotoxic T-lymphocyte
activity associated with control of viremia in primary human immunodeficiency virus type 1 infection. J
Virol. 1994; 68(9):6103±10. Epub 1994/09/01. PMID: 8057491; PubMed Central PMCID: PMC237022.

16. Payne RP, Kloverpris H, Sacha JB, Brumme Z, Brumme C, Buus S, et al. Efficacious early antiviral
activity of HIV Gag- and Pol-specific HLA-B 2705-restricted CD8+ T cells. Journal of virology. 2010; 84
(20):10543±57. Epub 2010/08/06. https://doi.org/10.1128/JVI.00793-10 PMID: 20686036; PubMed
Central PMCID: PMC2950555.

17. Altfeld M, Addo MM, Eldridge RL, Yu XG, Thomas S, Khatri A, et al. Vpr is preferentially targeted by
CTL during HIV-1 infection. Journal of immunology. 2001; 167(5):2743±52. PMID: 11509618.

18. Streeck H, Lu R, Beckwith N, Milazzo M, Liu M, Routy JP, et al. Emergence of individual HIV-specific
CD8 T cell responses during primary HIV-1 infection can determine long-term disease outcome. J Virol.
2014; 88(21):12793±801. https://doi.org/10.1128/JVI.02016-14 PMID: 25165102; PubMed Central
PMCID: PMCPMC4248916.

19. Fiebig EW, Wright DJ, Rawal BD, Garrett PE, Schumacher RT, Peddada L, et al. Dynamics of HIV vire-
mia and antibody seroconversion in plasma donors: implications for diagnosis and staging of primary
HIV infection. AIDS. 2003; 17(13):1871±9. https://doi.org/10.1097/01.aids.0000076308.76477.b8
PMID: 12960819.

Cytotoxic tetramers for HIV-specific CTL

PLOS ONE | https://doi.org/10.1371/journal.pone.0184496 October 11, 2017 12 / 13



20. Hunt PW, Martin JN, Sinclair E, Bredt B, Hagos E, Lampiris H, et al. T cell activation is associated with
lower CD4+ T cell gains in human immunodeficiency virus-infected patients with sustained viral sup-
pression during antiretroviral therapy. J Infect Dis. 2003; 187(10):1534±43. https://doi.org/10.1086/
374786 PMID: 12721933.

21. Cano P, Klitz W, Mack SJ, Maiers M, Marsh SG, Noreen H, et al. Common and well-documented HLA
alleles: report of the Ad-Hoc committee of the american society for histocompatiblity and immunogenet-
ics. Human immunology. 2007; 68(5):392±417. Epub 2007/04/28. https://doi.org/10.1016/j.humimm.
2007.01.014 PMID: 17462507.

22. Altman JD, Davis MM. MHC-peptide tetramers to visualize antigen-specific T cells. Curr Protoc Immu-
nol. 2003;Chapter 17:Unit 17 3. https://doi.org/10.1002/0471142735.im1703s53 PMID: 18432902.

23. Keenan RD, Ainsworth J, Khan N, Bruton R, Cobbold M, Assenmacher M, et al. Purification of cytomeg-
alovirus-specific CD8 T cells from peripheral blood using HLA-peptide tetramers. British journal of hae-
matology. 2001; 115(2):428±34. PMID: 11703346.

24. Saez-Cirion A, Shin SY, Versmisse P, Barre-Sinoussi F, Pancino G. Ex vivo T cell-based HIV suppres-
sion assay to evaluate HIV-specific CD8+ T-cell responses. Nature protocols. 2010; 5(6):1033±41.
Epub 2010/06/12. https://doi.org/10.1038/nprot.2010.73 PMID: 20539279.

25. Chen H, Piechocka-Trocha A, Miura T, Brockman MA, Julg BD, Baker BM, et al. Differential neutraliza-
tion of human immunodeficiency virus (HIV) replication in autologous CD4 T cells by HIV-specific cyto-
toxic T lymphocytes. Journal of virology. 2009; 83(7):3138±49. Epub 2009/01/23. https://doi.org/10.
1128/JVI.02073-08 PMID: 19158248; PubMed Central PMCID: PMC2655558.

26. Jones N, Agrawal D, Elrefaei M, Hanson A, Novitsky V, Wong JT, et al. Evaluation of antigen-specific
responses using in vitro enriched T cells. J Immunol Methods. 2003; 274(1±2):139±47. PMID:
12609540.

27. Wong JT, Colvin RB. Bi-specific monoclonal antibodies: selective binding and complement fixation to
cells that express two different surface antigens. Journal of immunology. 1987; 139(4):1369±74. PMID:
3112233.

28. Altfeld MA, Trocha A, Eldridge RL, Rosenberg ES, Phillips MN, Addo MM, et al. Identification of domi-
nant optimal HLA-B60- and HLA-B61-restricted cytotoxic T-lymphocyte (CTL) epitopes: rapid charac-
terization of CTL responses by enzyme-linked immunospot assay. Journal of virology. 2000; 74
(18):8541±9. Epub 2000/08/23. PMID: 10954555; PubMed Central PMCID: PMC116366.

29. Addo MM, Yu XG, Rathod A, Cohen D, Eldridge RL, Strick D, et al. Comprehensive epitope analysis of
human immunodeficiency virus type 1 (HIV-1)-specific T-cell responses directed against the entire
expressed HIV-1 genome demonstrate broadly directed responses, but no correlation to viral load.
Journal of virology. 2003; 77(3):2081±92. Epub 2003/01/15. https://doi.org/10.1128/JVI.77.3.2081-
2092.2003 PMID: 12525643; PubMed Central PMCID: PMC140965.

30. Henn MR, Boutwell CL, Charlebois P, Lennon NJ, Power KA, Macalalad AR, et al. Whole genome deep
sequencing of HIV-1 reveals the impact of early minor variants upon immune recognition during acute
infection. PLoS Pathog. 2012; 8(3):e1002529. Epub 2012/03/14. https://doi.org/10.1371/journal.ppat.
1002529 PMID: 22412369; PubMed Central PMCID: PMC3297584.

31. Leslie A, Kavanagh D, Honeyborne I, Pfafferott K, Edwards C, Pillay T, et al. Transmission and accumu-
lation of CTL escape variants drive negative associations between HIV polymorphisms and HLA. J Exp
Med. 2005; 201(6):891±902. Epub 2005/03/23. https://doi.org/10.1084/jem.20041455 PMID:
15781581; PubMed Central PMCID: PMC2213090.

32. Drake DR 3rd, Ream RM, Lawrence CW, Braciale TJ. Transient loss of MHC class I tetramer binding
after CD8+ T cell activation reflects altered T cell effector function. Journal of immunology. 2005; 175
(3):1507±15. PMID: 16034088.

33. Carlson JM, Brumme CJ, Martin E, Listgarten J, Brockman MA, Le AQ, et al. Correlates of protective
cellular immunity revealed by analysis of population-level immune escape pathways in HIV-1. Journal
of virology. 2012; 86(24):13202±16. Epub 2012/10/12. https://doi.org/10.1128/JVI.01998-12 PMID:
23055555; PubMed Central PMCID: PMC3503140.

34. van Bockel DJ, Price DA, Munier ML, Venturi V, Asher TE, Ladell K, et al. Persistent survival of preva-
lent clonotypes within an immunodominant HIV gag-specific CD8+ T cell response. Journal of immunol-
ogy. 2011; 186(1):359±71. https://doi.org/10.4049/jimmunol.1001807 PMID: 21135165.

35. Ladell K, Hashimoto M, Iglesias MC, Wilmann PG, McLaren JE, Gras S, et al. A molecular basis for the
control of preimmune escape variants by HIV-specific CD8+ T cells. Immunity. 2013; 38(3):425±36.
Epub 2013/03/26. https://doi.org/10.1016/j.immuni.2012.11.021 PMID: 23521884.

Cytotoxic tetramers for HIV-specific CTL

PLOS ONE | https://doi.org/10.1371/journal.pone.0184496 October 11, 2017 13 / 13


