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One sentencesummary: Inhibitory killer cellimmunoglobulintike receptors(iKIRs)

helpmaintainthe CD8 Tcellresponseo chronicviralinfections;in contrastto manyreported
iKIRdiseaseassociationstheseobservationsare remarkablywide ranging,beingseenfor all

iKIRsand all 3 viral infectionsstudied.



Abstract

Killercellimmunoglobulintike receptors(KIRsare expressegredominantlyon naturalkiller
cells,wherethey playakeyrole in the regulationof innateimmuneresponsesRecenttudies
showthat inhibitory KIRanalsoimpactadaptiveT cell mediatedimmunity. In miceandin
humanT cellsin vitro, inhibitory KIRligationenhancedCD8 T cell survival. Toinvestigatethe
clinicalrelevanceof theseobservationsye conductedan extensivelmmunogeneticanalysis
of multiple, independentcohortsof HIVd, hepatitisCvirus(HCVandhumanT cellleukemia
virus(HTLW.) infectedindividualsin conjunctionwith in vitro assay®f T cellsurvival analysis
of exvivoKIRexpressiorandmathematicaimodelingof host virusdynamicsOurdatasuggest
that functionalengagementf inhibitory KIR®nhanceghe CD8 T cellresponseagainstHIVr
1, HCVand HTLW. and is a significantdeterminant of clinical outcome in all three viral

infections.



Introduction

Killercellimmunoglobulintike receptors(KIRsare a family of transmembranegglycoproteins
with activatingand inhibitory isoforms;their ligandsincludethe HLAclassl moleculeq1, 2).
KIRareexpressegredominantlyon naturalkiller (NK)cellsandare primarilyassociatedvith
innate NK cellmediatedimmunity. However,recent studieshave shownthat KIRscanalso

impactadaptiveT cell mediatedimmunity.

Two distinct routes whereby inhibitory KIRs(iKIRs)affect T cell responseshave been
described(3, 4). First, iKIRexpressionon CD8 T cells directly affects their longevity and
function. KIRsare expressedn T cellswith an effector memory TEM(RAphenotype(CD28
CD45RACD45RA'CCR%); the frequency of KIR T cells increaseswith age and some
persistentviral infections(5 8). In mice,inhibitory Ly49receptors(the functionalhomologof
iIKIRsenhanceCDS8 T cellsurvival(10). Similarly in KIRtransgenianice,ligationof iKIRoNn T
cellsreducesactivationinduceddeath (11, 12). Furthermore,iKIRexpressionon humanT
cellsis associatedwith higherlevelsof the survivalmoleculeBcl2, reducedcell death and
impaired functionality (13 45). Second KIRsindirectly modify the CD8 T cell responsevia
their expressioron NKcells.NKcellsregulateT cellimmunity by cytokinesecretionandkilling
activated CD4 and CD8 T cells; this regulation may be modified by the expressionof
inhibitory receptorson NK cells(4, 16, 17). In mice, lymphocytic choriomeningitisvirusr
specificCD8 T cell responsesare modulatedvia NKcell mediatedkilling of activatedCD4 T
cells(18) and in murine cytomegalovirusnfection, ILA0 productionby NKcellsimpairsthe
CD8 Tcellresponse(19). Additionally,humanNKcellscanlysehepatitisBvirus specificCD8
Tcellsin vitro (20).

Theclinicalrelevanceof aninteractionbetweeniKIRsand CD8 T cellsis difficult to infer from
theseearlier studies,becauseit isimpossibleto tell whether changesn CD8 T cell lifespan
in miceor in vitro alter the courseof humandiseasén vivo. ToinvestigatewhetheriKIR$ave
a clinicallysignificantimpact on the CD8 T cell response,our starting point wasthe well r
documentedassociationbetween certain HLAclasslI allelesand diseaseoutcome as this
representscompellingevidencethat CD8 T cellsare clinicallyrelevant.We reasonedthat if

KIRssignificantlyaffect the CD8 T cell responsethen KIRswill affect HLAclassl disease



associationsIn a previous study, we validated this approach by showingthat KIR2DL2
exaggerateboth protectiveanddetrimentalHLAclasd associationsvith diseasegrogression
inindividualsnfectedwith hepatitisCvirus(HCVpr humanT cellleukemiavirustype 1 (HTLMZ
1) (21). However,it remainsunclearwhether this constitutesa generalizablegphenomenon
that extendsto other virusesand iKIRsFurthermore,the mechanismunderlyingthe effect

wasnot investigated.

In this studywe usedepidemiologicatatafrom multiple,independentcohortsof HIVA, HCV
and HTL\W infected individuals;in vitro T cell survival assays;ex vivo analysesof KIR
expressiorand mathematicalmodellingof host virus dynamics Our data indicatethat both
two domainandthree domainiKIRstogetherwith their HLAclasd ligandsgnhancethe CD8
T cell responseto HIVA, HTLW. and HCVby prolonging CD8 T cell survivaland are a

significantdeterminantof clinicaloutcomein all three viralinfections.



Results

Westudiedawell characterizeaohortof HIVA seroconverterdrom sub SahararAfricawho
were identified when seronegativeand followed under Protocol C of the International AIDS
Vaccinelnitiative (IAVI1)(22). First we soughtto identify KIRHLAassociationgshat could
potentiallyconfoundour study.Wedefinea“functional KIRgene”asa KIRgenetogetherwith
a gene encodingits HLAclassl ligand. Both functional KIR3DSIKIR3DS1with the gene
encodingits putative ligandHLABw4 80I)andfunctional KIR3DL{KIR3DL With the genefor
its ligandHLABw4) have previouslybeenassociatedvith good NK cell mediatedcontrol of
HIVt infection (23). In the 1AVIcohort, the protective effect of functional KIR3DS1hut not
functional KIR3DL1vas replicated, Table S1 To prevent confoundingeffects arisingfrom
strong linkagedisequilibriumbetween the KIRgeneswe therefore excludedall individuals
with functional KIR3DS1Asexpected,HLAB*57 was significantlyassociatedwvith low early
set point viral load (Coefficient=—0.42,P = 0.004)and slow progressionto low CD4count
(HazardRatio=0.44,P=0.02).Wherethe Coefficient(Coeff)isthe changein logio[earlyviral
load set point] associatedwith possessiorof HLAB*57 and the HazardRatio (HR)is the

relativerisk of progressiorto low CD4countassociatedvith possessiof HLAB*57.

iIKIRgenesare associatedwvith an enhancementof the protective effect of HLAB*57
Todeterminewhether HLAB*57 wasmaore protectivein the presenceof functionalKIR2DL2,
we stratified the cohort into individualswith functional KIR2DLZand without functional
KIR2DL2nd analyzedhe protective effect of HLAB*57 in eachstratum. Two definitions of
functional KIR2DL2vere considered:(i) strong functional KIR2DLZKIR2DL2vith genes
encodingits strong HLAC1ligand); and (ii) weak functional KIR2DLZKIR2DL 2vith genes
encodingits weakerHLAC?2ligand).Forboth early set point viral load and time to low CD4
count, HLAB*57 was significantly protective in the stratum with functional KIR2DLDut
weakerand non significantin its absenceadditionally,the magnitudeof the protectionwas
greaterwith the strongerligand(Fig.1A, Tablel). Thesedifferenceswere not attributable to
cohort sizebecausethere were fewer HLAB*57* individualsin the stratum with functional
KIR2DL2han in the stratum without functional KIR2DL2We then extendedthe analysiso
other iKIRswith known ligands(KIR2DL With HLAC2and KIR2DL8vith HLACJ). Functional
KIR3DLtouldnot be analysedecausehere were no individualswith HLAB*57 who lacked
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functional KIR3DL1iKIRswith disputed ligands were excluded from the analysis.Both
functional KIR2DLAnd functional KIR2DL&nhancedthe protective effect of HLAB*57 on
both earlyset point viralloadandtime to low CD4count(Fig.1A, Tablel). Theoddsof seeing

this enhancemenby chanceare P=2x10° (Permutationtest).

Havingnvestigatedhe effect of the presenceor absenceof individualfunctionaliKIRwe next
investigatedthe effect of the number of functionaliKIRsForeachsubjectin the cohort we
assignedwo numbers:(i) a ‘count of functional iKIR’(a count of the number of iKIR+ligand
pairs);and (ii) an ‘inhibitory score’(similarto the count but weightedto reflect the strength
of iKIRsignalling;Methods). We first stratified the cohort basedon the inhibitory score(all
cut offs that gavebalancedstratawere consideredand analyzedhe strengthof HLAB*57 r
mediatedprotectionin eachstratum. Again,we foundthat the protectiveeffect of HLAB*57
on both earlyset point viralloadand progressiorto low CD4countwasenhancedn the high
inhibitory score stratum and that the size of the protective effect increasedwith the
magnitude of the score (Fig. 1A & B, Table 1). Repeatingthe analysisusingthe count of
functionaliKIRgyavesimilarresultsindicatingthat our findingswere not dependenton the
choiceof scoringsystem.Within HLAB*57* individuals(but not HLAB*57- individuals) both
the inhibitory scoreand the count of functional iKIRswere significantlyassociatedwith a
decreasen earlyset pointviralload(Fig.1Q. Thisresultindicatesthat iKIR&€nhancehe HLAr
B*57 protective effect in a gene dosedependentmannerand showsthat functional iKIRs
alone (i.e. not in the context of HLAB*57) are not significantly protective; this latter

conclusionvasconfirmedby multivariateanalysigTableS2.

TheiKIRassociatecenhancemenif HLAB*57 mediated protection waswholly dependent
on the presenceof the KIRligands.If we countediKIRsn the absenceof ligand,we found no

enhancemenbf HLAB*57 mediatedprotection (Fig.S1).

Repeatingthe analysisof the impact of iKIRson HLAB*57 using a different approach
(introducing a covariate with different levels for HLAB*57 [ HLAB*57*KIR and HLAr

B*57*KIRF and performing multivariate regressionand Coxsurvivalanalysison the whole,
unstratified cohort) yieldedidentical conclusionsthe iIKIRSKIR2DL1KIR2DL2Znd KIR2DL3



with genesencodingtheir HLAligands,a highinhibitory scoreand a high count of functional
iKIRsall enhancedthe protective effect of HLAB*57 on both outcome measuresearlyviral
loadandtime to low CD4count (TableS3.

To checkthat the iKIRassociatedenhancementwe observedwas not driven by leukocyte
immunoglobulinfike receptor subfamily B member 2 (LILRB2)inding(24) (which was
significantlyprotective in our cohort, Table S4 or by functional KIR3DLXwhich was not
protectivein our cohort, TableS1 but hasbeenreported elsewhere(23)), we includedthese
termsascovariatesn our model. In both casesthe conclusionsvere unchangedTableSH,
indicating that functional iKIR enhancementwas not attributable to these potentially
confoundingfactors. Theconclusionsvere alsounchangedvhenwe includedKIR3DL fvith
genesfor its classicaHLAligands(HLAA3, Alland B27)or genesfor its classicabndnonr
classicaHLAligands(HLAA3, Al1l, B27and F(25)) in the countof functionaliKIRandthe

inhibitory score.

WhichiKIRis responsiblefor the enhancementof HLAB*57 mediated protection?
TheKIRgenesarein stronglinkagedisequilibriumsothe enhancementf HLAB*57 mediated
protection by functional KIR2DL1functional KIR2DL2and functional KIR2DL3are not
independent.Establishingvhich iKIRgene(s)was/were associatedwith the enhancement
was difficult becausethe cohort sizelimited the power of further substratification. Across
the cohort, functional KIR2DL Andfunctional KIR2DL2vere both negativelyassociatedvith
functional KIR2DL3wvhile functional KIR2DLIand functional KIR2DL2vere unassociated.
Giventhat all three functional iKIRenhancedHLAB*57 and none of them were positively
associatedthis suggeststhat more than one functional iKIR was enhancingHLAB*57 r
mediatedprotection (the requirementfor ligandmakesenhancementvia ‘absenceof a KIR’
unlikely) FurthermoreamongHLAB*57* subjectsboth the countof functionaliKIRsandthe
inhibitory scorewere better predictorsof earlyviralloadthan anyof the individualfunctional
iIKIRsagainsuggestinghat more than one iKIRwasenhancinghe protective effect of HLAr
B*57. Henceforth,becauseof the difficulty in determiningwhichiKIR(syvere responsibleor
the enhancementof HLAB*57 together with the evidencethat more than one iKIRwas

implicatedwe focuson the countof iKIRsandthe inhibitory scorerather than individualiKIR.



Maintenanceof the protective effect of HLAB*57 dependson iKIRs

Next,we investigatedlongitudinalviral load in the IAVIcohort (atotal of 5197 personwisits
between0-2000dayspost infection). The cohort was stratified in three ways:(i) functional
iKIRnegative and —positive; (i) low and high functional iKIRcount; or (ii) low and high
inhibitory score.In eachcase the localnon parametricregressiorlineswere calculated(Fig.
2A,Fig.S2. A consistentpicture emergedfor eachof the three functionaliKIRsand for both
the iKIRcount and inhibitory score.In the presenceof a stronginhibitory signal(functional
iKIRpositiveor a highinhibitory score/count) the protectiveeffect of HLAB*57 on viralload
wassustainedovertime. Converselyin the absenceof a stronginhibitory signal(functional
iKIRnegativeor alow inhibitory score/count) the protectiveeffect of HLAB*57 on viralload
wasweak.Interestingly,in the absenceof a stronginhibitory signal(Fig.2A, left panel),HLAr
B*57 appearedto protect at very earlytime points post infection, but this protective effect
waserodedwith time. Bootstrapestimationof the correlationbetweenHLAB*57 mediated
protectionandtime confirmedthis observationthe protectiveeffect of HLAB*57 decreased
significantlymore rapidly in peoplewith a low inhibitory score,Fig.2B. Thesefindingsare

consistentwith our hypothesighat a stronginhibitory signalenhancesT cellsurvival.

Whatis the impact of iKIRson the detrimental effect of HLAB*35Px?

In the contextof HTL\L infection, KIR2DLBRasalsobeenshownto enhancethe detrimental
effects of the susceptibilityallele HLAB*54 (21). We therefore investigatedthe impact of

iKIR®nN the well establisheddetrimentalassociatiorbetweenHLAB*35Pxandthe outcome
of HIVA infection (26). Inthe IAVIcohort, HLAB*35Pxwasassociatedvith anincreasdn setr
point viral load (Coeff=+0.35,P=0.0007);but this effect wasnot consistentlyenhancedoy
iIKIRgTableS§. Howeverwhenwe studiedlongitudinalviraldynamicsijt couldagainbe seen
that the detrimental impact of HLAB*35Px on viral load was progressivelyeroded in

individualswith a low inhibitory scoreand maintainedin individualswith a high inhibitory

score(Fig.S3. Thisobservationexplainsvhy iKiIRenhancemenof the HLAB*35Pxeffectwas
not visiblein the originaloutcomemeasure early set point viral load, which focuseson the

first 3-9monthspost infection.Furthermore pbootstrapestimatesof the correlationbetween
time andthe detrimentaleffect of HLAB*35Pxshowedthat the detrimentaleffectweakened

in individualswith a low inhibitory score but was maintainedin individualswith a high



inhibitory score (P=6x107, P=5x1(®, P=9x10"8 for inhibitory scorecut offs of 2.0, 2.5, 2.75
respectivelyFig.S3. HLAB*35Pxdid not influencethe time to low CD4countin the IAVI
cohort (HR=1.04,P =0.8),sowe did not investigatethe interplay betweeniKIRsand HLAr

B*35Pxfor this outcomemeasure.

Resultsare replicatedin independentcohorts

We consideredwo independentreplicationcohorts:IAVIpartnersand US.

IAVIpartners.lAVIpartnersisacohortof 315HIVA* individualsfrom sub SahararAfrica(the
partnersof the incidentcasesin the main IAVIcohort). In this cohort, HLAB*57 showeda
trend to reduce median viral load (Coeff= —0.33, P = 0.06) and HLAB*35Pxwas nonr
significant.PoolinglAVIand IAVIpartners provided a much larger cohort (N = 776). In this
pooled cohort, HLAB*57 was strongly protective (Coeff= —0.43, P = 0.00003)and HLAr
B*35Pxshowedatrend to be detrimental (Coeff=+0.16,P=0.06).In both the unpooledand
the pooledcohorts,the effectsof HLAB*57 and HLAB*35Pxwere enhancedn peoplewith
a high inhibitory score (Table 2). Strikingly, HLAB*35Px,which only showeda trend for
susceptibilityin the pooledcohortandnothingin the unpooledcohort, washighlysignificantly

detrimentalin peoplewith a highinhibitory score.

US.TheUSis a cohort of 548 HIVA* individualswith known seroconversiordate. 57.8%of
subjectswere white, 38.7% African Americanand 3.5% Hispanic/"Other”; we therefore
stratified by ethnicity. Amongwhites, but not African Americansboth functional KIR3DS1
(KIR3DSBw480[) and functional KIR3DLIKIR3DLBw4) were protective. We therefore
excludedfunctional KIR3DS1lindividualsand includedfunctional KIR3DLAs a covariatein
the white stratum (exclusiorof functional KIR3DSlindividualswasnot possibledueto their
high frequency).Although neither of these stepswere necessaryin the African American
stratum,we repeatedthe analysisvith both stepsto checkthat the weak,insignificanteffects

of functionalKIR3DSar functional KIR3DLWere not responsiblgor our results.

Amongwhites, 15 HLAB*57" and 16 HLAB*35PX individualsremainedafter exclusionof
functional KIR3DSlindividuals.Stratificationof these groupsleft at most 8 peoplein each

arm, soanalysisvasnot possibleIn contrast,amongAfricanAmericansthere were 31 HLAr



B*57" and 45 HLAB*35Px individuals.Analysisshowedthat both the protective effect of
HLAB*57 andthe detrimentaleffectof HLAB*35Pxon the time to CD4count<200cells/mm?
were consistentlyenhancedy functionaliKIRgTable2). Onpoolingwhite, Hispanic/"Other”
and AfricanAmericangwith ethnicity asa covariate) the protective effect of HLAB*57 and
the detrimentaleffectof HLAB*35Pxwere still enhancedalthoughthe enhancementf HLAr
B*57 appearedweaker (Table 2) suggestinghat the iKIReffect on HLAB*57 was largely
driven by the African American population. Thesefindings were replicated when highr

expressindKIR3DL Alleleswereincludedasa covariate(TableS7).

We concludethat in HIVA infection, in three independent cohorts, the effects of both
protective and detrimental HLAalleleson viral load and diseaseprogressionare strongerin

the presenceof genescodingfor iKIRswith their ligands.

iKIRsenhanceHLAassociationswith asymptomaticstatusin HTLMW infection

We previouslyreported that KIR2DL2nhancedHLAclassl associationsn HTL\L infection,
but found little evidencefor enhancementby other iKIRg21). In contrast, the findings
reported here,showthat all iKIRsamenableto analysi:snhancedHLAB*57 and HLAB*35Px

diseasaassociationsn HIVA infection. We thereforere examinedthe HTL\. data.

We confirmedthat, in the HTL\ infected Kagoshimacohort, functional KIR2DL&trongly
enhancedthe protective effect of HLAC*08and the detrimental effect of HLAB*54 on the
oddsof the inflammatorydiseaseHTLM associatednyelopathy/tropicalspasticparaparesis
(HAM/TSP)Previouslywe reportedthat, unexpectedlyfunctional KIR2DL&id not enhance
the protective effect of HLAA*02 (21). However,we recentlyfound that only HLAA*02:07,
and not the more frequent HLAA*02:01and HLAA*02:06, associatesvith protectionin the
Kagoshimaohort (TableS§. We therefore repeatedthe analysisat the levelof 4 digit HLA
resolution.Althoughsubjectnumberswere low, we found evidencethat KIR2DLAid indeed
enhancethe protective effect of HLAA*02:07 (halvingthe risk of developingHAM/TSP).
Investigatingthe other iKIRs,we found that the low frequency of HLAC?2 precluded a
meaningfulanalysisof functional KIR2DLXtoo few functional KIR2DL1individuals)and

functional KIR2DL3too few functional KIR2DLSBindividuals) explainingwhy we had not

10



previouslyseenan effect for these other iKIRsHowever,for functional KIR3DLboth the
positive and negativestratum were of sufficientsizeto permit analysisand there we found
good evidencethat functional KIR3DLEnhancedboth the detrimental effect of HLA-B*54
andthe protective effectsof HLA—A*02:0‘and HLA—C*08Furthermore the effectsof HLA-
B*54, HLA-A*02:07and HLA—-C*08vere, in eachcase,strongestin individualswith a high
inhibitory scoreand were weakand non significantin individualswith alow inhibitory score
(Table3).

The high inhibitory score stratum was heavily enrichedfor people with strong functional
KIR2DLZP < 10%* cutoff = 1.5, P < 10%° cut off = 1.75; Chi squared)so the KIR2DL2
enhancementand high iKIRscoreenhancementof HLA-B*54;-A*02:07and —C*08are not
independentHowever functionalKIR3DL s not a surrogatefor functionalKIR2DL2P=0.86
Chisquared),sothe enhancemendue to KIR2DL2s independentof the enhancementdue
to KIR3DL1We concludethat, although most iKIRscannot be analysed(due to the low
frequencyof HLAC2allelesin Japan}hereisevidencethat, independentof KIR2DLZnother
iKIR KIR3DLANd a highinhibitory scoreenhanceHLAclassl diseaseassociationsn HTL\W

infection.

iIKIRsenhanceHLAassociationsvith spontaneousclearanceof HCV

We previouslyreported that functional KIR2DL2nhanceghe protective effect of HLAB*57
on spontaneousclearanceof hepatitis C virus (HCV).Again,the earlier analysisfound no
evidencethat other iKIRshowedsimilarbehaviour(21). Reanalysisf this cohort confirmed
the KIR2DL2enhancement.It was not possible to analyze any other individual iKIR
(insufficient numbers of HLAB57 functional KIR2DL1and HLAB57 functional KIR3DL'1
individuals;andfunctionalKIR2DLaloneis protective (27), TableS2. We alsofound a strong
enhancementof the HLAB*57 effect in people with a high inhibitory score (Table S9.
However,the high inhibitory score stratum was heavily enrichedfor people with strong
functionalKIR2DLfor all three cut offs consideredP<2.10%¢in eachcase;Chisquared)and
sothe functional KIR2DL2nhancementand strongiKIRenhancemeniof HLAB*57 are not

independent.We concludethat functional KIR2DL2nd a high inhibitory scoreenhancethe

11



protective effect of HLAB*57 in HCVinfection but it is not possibleto test whether or not

other iKIRshowthe samebehaviour.

PrimaryHLAclassl associationsare unlikely to be attributable to NKcells

In theory, an HLAcclass| diseaseassociationcould be attributable to the role of these

moleculesas recognitiontargets for either CD8 T cells (via somaticallyrearrangedT cell

antigen receptors)or NK cells (via germlineencodedKIRs) If a given HLAassociationis

attributable to NKcellsratherthan CD8 T cells,then other HLAclass moleculeswith similar
KIRbinding properties should be similarly protective/detrimental (in the context of the

relevant KIRs).This pretext forms the basis of classicalKIRHLA analyseg2881). We

investigatedhis possibilityfor eachof the HLAclasd allelesincludedin this study (HLAB*57

and HLAB*35Pxin the HIVA mfectedIAVIcohort, HLAA*02:07, HLAC*08and HLAB*54 in

the HTL\ infectedKagoshima&ohort,andHLAB*57in the HCVinfectedcohort). Theresults
are detailedin the SupplementaryMaterial & TableS10 We found no evidenceto suggest
that anyof the HLAclassl associationgould be explainedby a ligandpreferencefor certain

KIRs. Thisis consistentwith existing evidencethat these HLA class| associationsare

attributableto CD8 Tcells(32 B87). Furthermore simplyconsideringKIR:ligangbairs(without

also consideringthe protective or detrimental HLA class| alleles) finds no significant
protectiveor detrimental effect of anyindividualiKIR:ligandar of the countof functionaliKIR

or of the Inhibitory scorein HIVA, HTL\W. or HC\(TableS2.

iKIRligation enhancesCD8 T cell survivalin vitro

Studiesin mice and in vitro have shown that inhibitory NK receptorson T cells reduce
activationinducedcell death (10 4.2). AniKIRmediatedenhancemeniof CD8 T cell survival
may therefore explainour immunogeneticfindings. However,whilst our immunogenetics
findingsshow presenceof the HLAligandis crucial(Fig.S1J), the role of ligandin the in vitro
survivalstudiesis lessclear. Two studiesreported that iKIRsare associatedvith CD8 T cell
survivalindependentof ligand(13, 38), while athird indicatedthat KIRfigationis requiredfor
the increasedsurvival(15). To clarify and extend this work we investigatedthe impact of
blockingiKIRligation on CD8 T cell survivalin vitro. ThreeiKIRexpressingCD8 T cell lines
were establishedtwo expressingKIR2DL&nd one expressingKIR3DL1(Fig.S4. Thelines
were co culturedwith the HLAclasst deficientB cellline 721:221(henceforth221)that was

12



either untransfected,transfectedto expressa non cognate HLAmolecule (HLAB57:010r
HLACO04:01in the caseof KIR2DLAndHLACO03:04or HLACO04:01in the caseof KIR3DL19r
transfectedto expressa cognateHLAmMolecule(HLACO03:04in the caseof KIR2DLand HLAr
B57:01in the caseof KIR3DL1) Activationwasinducedwith staphylococcaénterotoxin E
(SEE)T cell survivalwas quantified in the presenceof antibodiesthat block KIR(GL183,
Dx9(39)), or block HLAclassl (Dx17(40)); or an isotype control. The gating strategy is
illustratedin Fig.S5.We found that blockingthe iKIRHLAinteraction either by blockingKIR
or by blockingHLAclasd significantlydecreasedhe countof live T cellscomparedto isotype
control (mediandecrease= 40%and 48%r respectively;Fig.3A & 3B). Survivalwassimilarly
impairedin the absenceof ligand (221 transfectedwith non cognateHLAor untransfected;

mediandecrease=57%and 53%respectivelyfig.3A & 3B).

Next, we extendedthis work to primary CD8 T cells. Peripheralblood mononuclearcells
(PBMCs)rom three HLAB*27*" individualswith ankylosingspondylitis,who have a high
proportion of PBMCs expressing KIR3DL26), were stimulated with staphylococcal
enterotoxinB.KIR3DLBindsHLAB27homodimers(6). Survivabf KIR3DL2CD8 T cellswas
quantified in the presenceof antibodiesthat block KIR3DLZDX31),that block HLAB27
homodimers(HD6(41)) or anisotypecontrol, Fig.S6 We found that blockingthe iKIRHLA
interactionreducedthe countof live KIR3DL2CD8 T cellscomparedo isotypecontrol (block

KIRmediandifference=63%blockHLA:mediandifference=50%kig.3Q.

Finally,iKIRligationhasbeenshownto inhibit CD8 T cellkillingunder someconditions(42).
Toassesshis possibility, which couldmitigate the biologicalimpactof enhancedsurvival we
guantified the impact of iKIRligation on the mobilizationof CD107aa surrogatemarker of
degranulation.Greaternumbersof live CD1074a cellswere observedin the presenceof a
functional KIRHLAInteraction after stimulation of the KIR2DL&xpressingCD8 T cell line
VTEwith SEEFig.3D). Insummary KIRligationenhanceghe numberof viablecellsandthe

numberof functionalcellsboth for CD8 T celllinesandfor primary T cellsin vitro.
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VirusspecificCD8 T cellsexpressiKIRex vivo

To probe the relevanceof thesefindings,we quantified the fraction of virusspecificCD8 T
cellswhichexpressedKIR{KIR2DLIKIR2DL2/LKIR3DLANdKIR3DLZN PBMCgrom HIVr
1 positiveandHTL\W. positivedonors.Wefound considerablgroportionsof iKIRexpressing
pentamer CD8 T cellsin both groups(HIVA: mean=27%;HTL\W.: mean=15%) Fig.3E,Fig.
S7,S8 Onanalysinghe differentiation stageof virus specificKIRexpressingCD8 T cellswe
found, consistentwith previouswork on bulk CD8 T cells(9), that approximately40%of iKIR
pentamer® cells lay within the CD45RACD28 T effector memory revertant gate; the
remainderwere distributed approximatelyequallybetween CD45RA D28 centralmemory
Tcells,CD45RAD28effector memoryT cellsand CD45RACD28 stem cellmemory/naiveT
cells,Fig.S9

We did not investigateiKIRexpressionon pentamer CD8 T cells from HCVseropositive
individualsbecausethe frequencyof HCVispecificCD8 T cellsin the blood is known to be
extremelylow (43,44), duein partto T cellhomingto the liver (45). Insteadwe investigated
the relationshipbetweenfunctionaliKIRexpressiorandcelldeathexvivousingbulk CD8 and
CD4 T cellsfrom HCVseropositiveindividualsand healthydonors.We found that iKIR CD8
andiKIR CD4 T cellswere both lesslikely to stainwith annexinV in individualswhere the

cognateHLAligandwaspresent(SupplementaryResults& Fig.S10.

Mathematical modelling can explain the enhancement of both protective and
detrimental HLAassociations

Thehypothesighat iKIREnhanceHLAclasd diseaseassociation®y enhancingr cellsurvival
soundsreasonablebut closerinspectionrevealsa numberof difficulties.First,iKIRsvould be

expectedto increasethe survivalof all CD8 T cellsnot just thoserestrictedby protective HLA
alleles. In an immunogeneticstudy, a protective HLAeffect reflectsthe differencein viral

control betweenaverageand protective HLAalleles,so it is not obvioushow a non specific
increasen T cell survivalwould enhanceprotective HLAassociationsSecondjsit difficult to

envisagehow the same mechanismcould also have the opposite effect and enhance
detrimental HLA associationsFinally,there is evidencethat iKIRscan suppressthe lytic

activity of CD8 T cellsunder someconditions(14) (althoughthis was not replicatedin our
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work with CD107a)Thisraisesanother question: is it reasonablelo suggesthat in people
with a high iKIRscore, and potentially a higher level of functional inhibition, CD8 T cell
protection is actuallyenhanced?To addressthese questionswe constructeda mechanistic
mathematicaimodelof host virusdynamicdor HIVL. Inthismodel,CD8 T cellsrestrictedby
protective HLAclassl moleculeswere assumedo lysetargetsmore efficientlythan average,
whereasCD8 T cellsrestricted by detrimental HLAclassl moleculeswere assumedo lyse
targetslessefficientlythan averagen the first instance we assumedhat the only effect of
iKIRswasto enhanceT cell survival;in later analyseswe assumedhat iKIRsalsoimpaired
CD8 T celllysis.We generated100,000random parametercombinationsby samplingfrom
the physiologicafrangefor eachparameter(Table S1) and solvedthe systemnumerically
(Fig. 4A). For each parameter combination we recorded whether the protective effect
(decreasein setpoint viral load associatedwith possessionof a protective HLA classl
moleculecomparedwith anaverageHLAclasd molecule)wasenhancedn peoplewith ahigh
numberof functionaliKIRsWe found that the majority of runs (97%)showediKIRmediated
enhancemenbf protective HLAclassl associationgFig.4B). Next,we repeatedthe analysis
for detrimental HLAclassl molecules.Thisshowedthat detrimental HLAclassl associated
effectswere alsoenhancedacrossa wide rangeof parameterspace(Fig.4Q. Comparisorof
the regionof parameterspacewhere protective HLAclassl associationsvere enhancedand
where detrimental HLAclassl associationsvere enhancedshowedthat there was broad
overlap;i.e.there existparameterregionswhereboth protectiveanddetrimentalHLAclasd
associationsvere simultaneouslyenhancedAdditionally wheniKIRsvereassumedo inhibit
Tcelllysis,enhancemenbf protectiveanddetrimentalHLAclasd effectswasdecreasedbut
the majority of runs still showedenhancemeni(Fig.4D & E). Furtheranalysisshowedthese
resultswere robustto both structuraland parametricchangesn the model (Supplementary
Methods).

To understandhow an increasein CD8 T cell survivalcan enhanceboth protective and
detrimental HLAclassl associationswe simulatedviral load as a function of CD8 T cell
lifespanfor three representativandividuals:onewith averageHLAclasd moleculespnewith
a protective HLAclassl moleculeand one with a detrimental HLAclassl molecule(Fig.4P.
Onseeingthis figure,the explanationimmediatelybecomesobvious.In the limit, whenCD8

Tcelllifespanisveryshort,it makedittle differencewhetheranindividualpossesseaverage,
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protective or detrimental alleles;everyonehasa similarviral load independentof their HLA
genotype.In an immunogeneticsstudy this would manifestas an absenceof association
between either protective or detrimental allelesand outcome. As CD8 T cell lifespanis
increased(for exampleby iIKIRs)}then the “quality” of the CD8 T cell responsebecomes
important, and a large difference in viral load emergesbetween people with average,
protective and detrimental HLA class| alleles. In an immunogeneticsstudy this would
manifestaslargeprotectiveanddetrimental effectsi.e.asCD8 T celllifespanincreasedoth
protective and detrimental effects are enhanced.Althoughthis model doesnot prove the
hypothesigt doesshowthat the hypothesigredictsour findingsandprovidesa plausibleand

intuitive explanationfor a seeminglycontradictoryobservation.
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Discussion

In this study,we conductedanimmunogeneticanalysif three independentcohortsof HIVr
1 infectedindividualsto investigatethe impactof iKIRgeneson well establishecHLAclassl
diseaseassociationsWe found that genesfor iKIRsconsistentlyenhancedthe protective
effectof HLAB*57 andthe detrimentaleffect of HLAB*35Pxon viralloadand progressiorto
low CD4count. The result was critically dependenton the presenceof the KIRIligand. A
reanalysiof two other persistentviralinfections,HCVand HTLW.,, found consistentresults:
allfour HLAclasd associationstudiedwere enhancedn peoplewith a highinhibitory score.
We previouslyreported this effect as an enhancementassociatedwith one particulariKIR
(KIR2DLR21). In HCVinfection, enhancedHLA class| associationswere detected for
individualswith KIR2DL2and individualswith a highinhibitory score, but it wasimpossibleto
determine which effect was the driver. However,in HTLW. infection, new data made it
possibleto showthat, independentof KIR2DL2anotheriKIR(functionalKIR3DL)lenhanced
both protectiveanddetrimentalHLAclasd diseaseassociationsTheprobabilityof seeinghis
result by chanceis P = 1015, furthermore the HIVA findings were replicated in two
independentcohorts. Collectively these data suggestthat all iKIRsbehavein a similarway
andthat KIR2DL%s not functionallyunique (thoughits prevalenceand distribution makeits
effectseasierno detectin somecohorts;ahypothesisve suggestegreviously(21)). TheiKIRs
are closelyrelated, beingthe product of geneduplication(46), soit is gratifyingthat we find

aunifyingpicture in whichall iKIRenhanceHLAclasd associationsn a similarfashion.

We investigatedthe underlying mechanismusing three approaches:(i) analysisof the
duration of HLAclassl mediated effects in the HIVA infected cohort; (ii) in vitro survival
assaysombinedwith exvivo KIRexpressioranalysisand (iii) mathematicalmodelling.In the
HIVd cohort, the phenomenonof iKIRmediatedenhancementappearsto be relatedto the
longevity of the CD8 T cell responseas both the HLAB*57 protective effect and the HLAr
B*35Pxdetrimental effect were erodedover time in individualswith a low inhibitory score
but maintainedin individualswith a high inhibitory score;the differencein rates between
these two groupswas consistentlyhighly significant.In vitro, we found that blockingthe
KIR:HLAnteraction significantlyreducedcultured and primary T cell survivaland functional

CD107aT cell survivalfollowing activationwith superantigenln addition, presenceof the
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KIRligand was associatedwith a decreasein annexinV bindingon CD4 and CD8 T cells
expressingKIRdirectly exvivo. We alsofound substantiallevelsof iKIRexpressioron virusr
specificCD8 T cellsamongPBMCssolatedfrom HIVA and HTLW. seropositiveindividuals.
Finally,in amathematicalmodelof host virusdynamicsn HIVA infection, we predictedthat
if iIKIRsincreaseCD8 T cell lifespan (either directly or indirectly) then we would see an
enhancementbf HLAclassl associationsgonsistentwith the immunogeneticdata. Further,
the modelprovidesan explanationfor howincreasingCD8 T celllifespancansimultaneously
have two seemingly contradictory effects: enhancingboth protective and detrimental
associationsThemodellingshowsthat if CD8 T cellshavelongerlifespans(e.g.dueto the
presence®f iKIRs}hen the quality of the CD8 T cellresponsebecomeanore important and
so differences between protective, averageand detrimental HLA alleles become more

apparenti.e. both protectiveand detrimental effectsare enhanced.

Ourconclusionsarethat iKIRenhanceHLAclasd associationgndthat this canbe explained
by anincreasein CD8 T cell survivalin the presenceof functionaliKIRsA numberof waysin
which iKIRscan increaseCD8 T cell survivalhave been described.Thesecan be broadly
dividedinto “direct” (iKIRnN T cellsaffect T cell lifespan)and “indirect” (iKIR%n other cell
populations,e.g.NKcells,affect T cell lifespan);thesepathwaysare summarisedn Fig.S11
Ourfindingthat, in vitro, iKIRexpressioron CD8 T cellsis directly associatedvith increased
survivaldoes not preclude a role for iKIRon NKcellsin indirectly enhancingCD8 T cell
survival. Both effects may be occurringand increasingCD8 T cell survivaland both are
consistentwith our immunogeneticsanalysisthe longitudinalstudy and the mathematical

modelling.

The iKIRligand binding groups which we use in our definition of “functional iKIR” are
simplistic. Incomplete knowledge of how different alleles and different peptides affect
bindingandsignallingorecludesa more sophisticateddefinition. Neverthelessthesesimple
groupingshave proved very powerful in other studies(23, 27, 29, 31, 47, 48). With the
definition of inhibitory scoreusedwe sawclearand reproducibleresults. Thissuggestghat
the inhibitory scoreisa meaningfulmetric (indeedthe oddsof seeingall the resultsby chance
is <1023). It is worth noting that the scoreis usedonly to split the cohortsin half, sosecond

order changedo the calculationof the scorewill not necessarilychangethe results;indeed
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we found that our conclusionswere robust to quite dramatic changesto the score (e.g.
whether KIR3DLith classicatlasd ligandswasincludedor not). Thisis becauseaperson’s
scorecan changeby a large amount and they will still remainin the samestrata. Indeed,
whetherwe simplycount KIRtigandpairsor usethe inhibitory scorehaslittle impacton the
conclusionsAnotherlimitation of thiswork isthat the survivalassaysvere only conductedin
vitro. The strong associationdetween possessiorof combinationsof iKIR/HLAgenesand
clinicaloutcomessuchastime to low CD4count suggesthat these effectsare important in
vivo but direct in vivo assayswere not performed. Murine in vivo assaysprovide limited
information since Ly49 receptors differ significantly from KIR (this includes profound
differencesn structureandin the pattern of expressioron T cells).Humanin vivostudiesare

limited by ethicalconsiderationdut would be animportant next stepin this work.

HCV HIVA and HTLW. are all characterizedoy continuoushigh level viral replication and
chronic immune activation which has been associatedwith CD8 T cell exhaustionand
activationinducedT celldeath (49 62). Chroniammunecellactivationis alsoassociatedvith
increasedIRexpressioron T cells(5 B, 42,53). iKIRrescuing’of activatedCD8 T cellsmay
be particularlyimportantin this setting.Most KIRHLAgeneticassociationsre not replicated
acrosviralinfectionse.g.KIR3DSWvith HLABwA4is protectivein the contextof HIVA but not
HTLML (54); this is difficult to understand unlessa very strong peptide dependenceis
postulated.In contrast,we report that all iKIRsenhanceHLAclassl associationsn all three
persistent virus infections we have studied (HIVA, HCVand HTLM.), which suggestsa

universalitythat is often missingfrom KIRstudies.

TheiKIRHLAreceptor ligandsystemalsohassimilaritiesto the programmeddeath 1 (PDd.)—
programmeddeathfigand 1/2 system.Both iKIRand PDd are inhibitory receptorswhich
interfere with proximalT cellreceptorsignallingandare upregulatedn the contextof chronic
viral infection and on tumour infiltrating lymphocytes PDA and iKIRare both expressecdn
late stage differentiated memory T cells, typically in a mutually exclusivemanner(55).
Blockadeor activation of iKIRwould thus affect a different populationof T cellscompared
with PDAd activation/blockadeTheseobservationscombinedwith the demonstrationherein
that the iIKIRHLAreceptor tigandsystemis clinicallysignificant,suggesnovelandsynergistic

targetsfor therapeuticimmunecheckpointblockade.
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Materials and Methods

(FullMethodsavailablein Supplementaryinformation)

Studydesign

Theaim of this studywasto investigatewhether iKIRhavea clinicallysignificantimpacton
the human CD8 T cell response.We studied the impact of iKIRgenotype on 6 wellr
documentedHLAclassl diseaseassociationsn 3 viral infections(Table4) in 5 independent
cohorts. Thework wasextendedandinterpreted by mechanistianathematicalmodelling,in

vitro T cell survivalassaysnd exvivoanalysiof iKIRexpression.

Ethicsstatement

The immunogenetics study was approved by the NHS ResearchEthics Committee
(13/WS/0064) and the Imperial College ResearchEthics Committee (ICREC_11 1 2).
Informed consentwasobtainedat the study sitesfrom all individuals.Forthe cellularwork,
written informed consent was obtained from all participants in accordancewith the
Declarationof Helsinki.Researchwas conducted under the governanceof the Imperial
CollegeHealthcareNHSTrust TissueBank, approved by the UK National ResearchEthics
Servicg09/H0606/106,15/SC/0089).

ImmunogeneticsCohorts

IAVlisaprospectivecohortof treatment naiveHIVd seroconverterdrom sub Sahararmfrica,
identifiedandfollowedunderProtocolCof the InternationalAIDSVaccindnitiative (IAVI)22,
56). Individualswho possessedoth KIR3DSHhANd its putative ligand HLABw4 80l were
excludedfrom the analysisto eliminate the potentially confoundingeffects of functional
KIR3DSIThecohort comprisedindividualswith time to low CD4countinformation (N=491)
and individuals with early viral load information (N=461). IAVI partners is an HIVd
seroprevalenicohort (N=315) USis a cohort of HIVA seroconverter{N=548) Kagoshimas
a cohort of HTLW. infected subjects (N=392).HCVcomprisesfour subcohorts of HCW
seropositivesubjects(N=782).
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Regression
Theimpactof genotypeon outcomewasanalyzedusingmultivariatelinear, logisticand Cox
regressionn Rv3.0.1(57). Potentiallyconfoundingcovariatesvereidentified andincludedin

the analysiglistedin SupplementaryMethods). All reported Pvaluesare two tailed.

In vitro T cell survival

CD8 TCellLines.ThreeiKIRexpressingCD8 T celllineswere establishedrom the peripheral
blood of healthyvolunteers(FigS4. Thelineswere co culturedwith the HLAclasd deficient
B cellline 221, either untransfected;or transfectedto expressa non cognateHLAmolecule
(HLAB57:01or HLAC04:01in the caseof KIR2DLZANdHLACO03:040r HLAC04:01in the case
of KIR3DL1)pr transfectedto expressa cognateHLAmolecule(HLACO03:04in the caseof

KIR2DL3and HLAB57:01in the caseof KIR3DL1)Cellswere activatedwith superantigen
staphylococcakenterotoxin E. The count of live T cells at day 5 was enumerated using
CountBrightAbsoluteCountingBeadgInvitrogen)in the presenceof antibodiesto blockKIR
(GL183,Dx9(39)) or to block HLAclassl (Dx17(40)) or as an isotype control. The gating
strategyisillustratedin Fig.S5.

Primary T cells. PBMCfrom three HLAB*27* individualswith ankylosingspondylitiswere
stimulated with staphylocococcaknterotoxin B. Survivalof KIR3DL2CD4 T cells was
guantified in the presenceof isotype controls or antibodiesthat block KIR3DLZDX31)or
homodimericHLAB27(HD6(41)).

Pentamerstaining

CryopreservedBMCsamplesfrom HLAA*02" HIVA" (N=16)and HLAA*02" HTLM™ (N=9)
subjectswerethawedandstainedsequentiallywith afixableaminedyeto excludedeadcells,
fluorochrometabelled peptide HLA class | pentamers (ILKEPVHGAD2:01, SLYNTVATL
A02:01or LTFGWCFHK02:01for HIVA and LLFGYPVW®2:01for HTLML) and directly
conjugatedmonoclonalantibodies specificfor CD3CD8CD28CD45RAKIR2DLIKIR2L2/L3,
KIR3DLANd KIR3DLZThefraction of iKIR pentamer CD8 T cellswas enumeratedwithin
eachphenotypiccompartmentdefinedby the expressiorof CD28nd CD45RA.
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FigureLegends

Figurel: Inhibitory KIRgenesenhancethe protective effect of HLAB*57 on early setr
point viral load andtime to low CD4count.

A. ThelAVIcohort (N=461)wasstratified into individualswith or without the functionaliKIR
of interest,into individualswith different inhibitory scoresandinto individualswith a low or

highcountof functionaliKIRsIn eachstratum,the protectiveeffectof HLAB*57 on earlysetr
point viral load wasanalyzedusingmultivariatelinear regressionThecoefficients(changen

early set point viral load associatedwith HLAB*57) are plotted. It can be seenthat the

protectiveeffectof HLAB*57 wasenhancedby all 3 iKIR by highinhibitory scoreandby high

countof iKIRswith a doseeffect with inhibitory score.Definitions.Func2DLZT: KIR2DLT?Z.

Func2DLZ* KIR2ZDLZT. Func2DLZ: KIR2DLZZ. Func2DL3: KIR2DLET. Func2DLZ

KIR2DL1or KIR2DLT2 Func 2DLZ KIR2DL2 Func 2DL3 KIR2DLBor KIR2DLZ1"

Inhibitory score:+++:>2.5,++:>2.0,+: @&5. r &O0.

B. Coxsurvivalcurvesare plotted for HLAB*57- individuals(blackdashedline), HLAB*57*

individualswith alow inhibitory score(red dotted line) andHLAB*57* individualswith a high

inhibitory score(greensolidline). It canbe seenthat individualswith HLAB*57 and a high

inhibitory score(>2.5)progressedo low CD4count (<350cellsper mm?®) at the slowestrate

(N=491).

C. The cohort (N=461)was stratified into individualswith or without HLAB*57 and the

relationshipbetweenearlyset point viralloadandthe countof functionaliKIRsvasanalyzed.
Earlyviralloadis shownin greyboxes,andthe correspondindinearregressioris shownasa

line. Thenumber of functionaliKIRsvassignificantlyassociatedvith decreasingviral loadin

HLAB*57" individuals(P=0.018)but not HLAB*57~ individuals(P=0.59).Thisindicatesthat

iIKIRsenhancethe HLAB*57 mssociatedreduction in early viral load in a dosedependent
manner; and that iKIRsin the absenceof HLAB*57 are not in themselvessignificantly

protective (seealsoSupplementaryTableS2).

Figure2: TheHLAB*57 protective effect on viral load is maintainedin the presenceof
a stronginhibitory KIRsignalbut lost in its absence.
A. ThelAVIcohort wasstratified into individualswith a low inhibitory score( @.5, left) and

individualswith a highinhibitory score(>2.5,right). In eachstratum, the localnonparametric
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regressiorines(loess)were calculatedfrom the longitudinalviral load measurement¢5197
personwisits). Pink circles denote viral load measurementsin HLAB*57 ~ individuals;
summarisedwith the pink loessline. Blue circlesdenote viral load measurementdn HLAr
B*57* individuals;summarisedvith the blue loessline. Dashedinesare the 95%confidence
intervalsaroundthe loesslines. Thevertical lines denote the time at which the number of

individualsin either armfell below 10 (loesdinesto the right of thistime point, i.e. within the

greyshadedarea,are unreliableandshouldbe ignored).Viralloadis residualizedor gender;
plots of raw viralload are indistinguishable.

B. Bootstrapestimationof the correlationbetweenthe HLAB*57 protective effect andtime

in the low ( @.5)andhigh (>2.5)inhibitory scorestrata. Analysisvasrestrictedto timepoints

<500 days to ensure large cohort size. The protective effect of HLAB*57 decreased
significantlymore rapidly in peoplewith a low inhibitory score(P=0.00002 WilcoxonMann

Whitneytwo tailed).

Figure3: Impactof iKIRHLAinteraction on CD8 T cell survivalin vitro & iKIR
expressionexvivo

A. CD8 T cell lines (plots from left ED, KIR2DL3 VTE1KIR2DL3 SK1KIR3DLY) were
coculturedwith superantigereither without addingligandfor KIRi.e. with 221 cellsor with
221 cellstransfectedto expressrrelevant,non cognateHLA(openbars);with ligandi.e. 221
transfectedto expresscognateHLAwith or without isotypecontrol antibody(blackbars)and
with KIRHLAblockingi.e. 221 transfectedto expresscognateHLAwith addition of antibody
to blockKIR(GL183DX9)or to blockHLA(DX17)redbars).Thecountof live CD8 T cellsafter
5 daysis shown (meantSE).ED:5 experimentseach consistingof 3 replicates;VTE1:1
experimentA4replicates;SK11 experiment,2 replicateslt isconsistentlyseenthat there are
greaternumbersof viable T cellswith isotype control than when the KIRHLAinteractionis
blockedor when cognateligandis absent.

B. Metaanalysi®of survivalof the 3 KIRexpressingcD8 T celllines.BlockHLA Coculturewith
221 cellstransfectedto expresscognate HLAwith isotype control antibody comparedto
coculturewith 221 cellstransfectedto expresscognateHLAwith anti HLAantibody.Median
difference=48%P=0.001.BlockKIR Coculturewith 221 cellstransfectedto expresognate
HLAwith isotype control antibody comparedto coculture with 221 cells transfected to

expresscognateHLAwith anti KIRantibody.Mediandifference=40%P =0.001. Irrelevant
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HLA Coculturewith 221 cellstransfectedto expresscognateHLAcomparedo coculturewith
221 cellstransfectedto expressirrelevant, non cognate HLA.Median difference=57%P
=1.5x1(. 221only. Coculturewith 221 cellstransfectedto expresscognateHLAcompared
to coculturewith 221 cells.Mediandifference=53%P =0.002. Survivalf VTEIplotted on
left handy axis(for all conditions),EDand SK1plotted on right handy axis(for all conditions).
We consistentlyfound that absenceof KIR:HLAgation (either by blockingHLA blockingKIR,
addinga non figatingHLAor not addingHLA)resultedin significantlydecreasedCD8 T cell
survival.

C.PBMCdrom 3 HLAB27+individualswith ankylosingspondylitiswere left untreated (open
bars);culturedwith superantigen(SEBvith or without isotypecontrol antibody (blackbars)
or culturedwith SEBwith antibodiesthat blockKIR3DL®r homodimericHLAB27(red bars).
Thecountof live KIR3DL2CD4T cellsafter 5 daysis shown,(meanz=SE) Blockingthe iKIRr
HLAInteractionwith specificantibodiesdecreasedhe countof live KIR3DLZT cellscompared
to isotypecontrol (blockKIR:mediandifference=63%block HLA:mediandifference=50%).
D.TheKIR2DL&xpressingCD8 T cellline VTEWwasculturedasin A. Thenumberof live CD8
CD107aT cellswasquantifiedby flow cytometryat day5.

E.Thefraction of pentamer CD8 T cellsexpressingKIR{KIR2DLIKIR2DL2/LXIR3DLbr
KIR3DL2jlirectly ex vivo is plotted for HLAAZ2" individualsinfected with HIVA (N = 16) or
HTLML (N=9).

Figure4: Simulationsof iKIRenhancementof HLAclassl diseaseassociationsn HIV Q.
A.Dynamicof HIVA specificCD8 T cells,infectedanduninfectedCD4 T cellsandviralload
duringHIV1d infection,for arepresentativehypotheticalin silicosubjectwith averaggdashed
blackline) or protective (greensolidline) HLAclasd alleles.

B&C.Fractionof runsthat resultin an iKIRmediatedenhancementf the protective (B) or
detrimental (C) HLA effect as a function of virus transmissibility (t) and CD8 T cell
proliferationrate (%) (left); asafunctionof CD8T celllysisrate (dz) and proliferationrate (s)
(center)andasa functionof CD8 T celldeathrate ( .4) and proliferationrate (s) (right).
D&E. Distribution (D) and frequency(E) of runs with enhancementwhen we consideran

impairmentin the CD8 T celllysisrate due to iKIRgpercentagereductionfrom left to right:
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0%,5%, 15%and 30%).

F. Viral load as a function of CD8 T cell lifespan (1/ .4) for a hypothetical person with

detrimental (magentadotted), average(blackdashed)or protective (greensolid) HLAclassl

alleles It canbe seenthat asthe survivalof CD8 T cellsincreasedoth the effectof protective
HLA (difference in viral load between average and protective HLA) and the effect of

detrimental HLA(differencein viral load between averageand detrimental HLA)increases.
Comparefor example,a hypotheticalpersonwith a high numberof iKIRHLApairs(blue bar

marked KIRhi) and a hypothetical personwith a low number of iIKIRHLApairs (blue bar

markedKIRlow).
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Tables

A. Outcome:Earlyviral load setpoint

B57 KIR B57 KIR Cohortnumbers
B57 B57 B57 B57-
Coeff Pvalue] Coeff Pvalue KIR KIR KIR KIR
FunctionalDL1 0.14 0.6 0.53 ©.003 10 125 25 301
*%*
FunctionalDL2 0.63 0.02 10 178
(strong) *
; 031 0.1 17 153
FunctionalDL2 0.59 0.01 15 208
(weak) *
FunctionalDL3 0.26 10.2 0.61 0.002 18 180 17 246
*%*
Inhibitory score 020 04 0.56 0.004 14 195 21 231
(cut poff=2.0) *x
Inhibitory score 031 0.1 0.59 0x0096 21 258 14 168
(cut off=2.5) x*
Count 0.20 04 0.56 0.004 14 195 21 231
(cut off=2.0) *x
B. Outcome:Timeto low CD4count (<350cells/mm?®)
B57 KIR B57 KIR Cohortnumbers
B57 B57 B57 B57-
HR Pvalue HR Pvalue KIR KIR KIR KIR
FunctionalDL1 | 0.73 0.6 0.36 0.01 10 132 25 324
*
FunctionalDL2 0.19 0.03 10 187
stron *
( _g) 0.36 0.09 17 168
FunctionalDL2 | 0.71 0.40 15 221
(weak)
FunctionaDL3 | 0.56 0.18 0.32 0.05 18 195 17 261
|
Inhibitory score 0.49 0.17 0.42 0.06 14 214 21 242
(cut off=2.0) |
Inhibitory score 0.57 0.15 0.22 0.04 21 280 14 176
(cut off=2.5) *
Count 0.49 0.17 0.42 0.06 14 214 21 242
(cut off=2.0) |

Tablel. FunctionaliKIRsenhancethe protective effect of HLAB*57 on early set point

viral load andtime to low CD4count.

ThelAVIcohort wasstratified into individualswith or without the functionaliKIRof interest,

with or without a highinhibitory score(two cut offs considered)and with or without a high
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countof functionaliKIRgonly one cut off possible)In eachstratum, the protective effect of

HLAB*57 on early setpoint viral load (A) and time to low CD4(B) was analyzedusing
multivariate linear regressionand the Cox proportional hazardsmodel, respectively.The
coefficients(Coeff) hazardratios(HR) Pvaluesandcohortsizesarereported. Thecoefficient
(Coefflisthe changein logio viralload associatedvith possessiomwf the HLAallele (aCoeff>0
representsa detrimental effect). The hazardratio (HR)is the relative risk of progression

associatedvith possessiomf the HLAallele (HR>1representsa detrimental effect).

It canbe seenthat HLAB*57 wasconsistentlyandsignificantlyprotectivein the presencebut

not in the absenceof functionaliKIRS.

Definitions: Functional 2DLT: KIR2DLTZ. Functional 2DL2+ (strong): KIR2DLZT.
FunctionaKIR2DL2fweak):KIR2DLZ 2. FunctionalDL3+KIR2DLE . FunctionalDLZ
KIR2DL1or KIR2DLT2. Functional 2DLZ KIR2DL2 Functional 2DL3 KIR2DL3or
KIR2DLZ 1" Inhibitory score (cutoff=2.0): inhibitory score>2.0.Inhibitory score (cutr
off=2.5):inhibitory score>2.5Count(cut off=2.0):count of functionaliKIRs>2.0Thecolumn
headings, KIR+ and“KIRf refer to the highandlow strata. E.g.for FunctionalDL1 “KIR+
denotesthe FunctionalKIR2DL+4 strata, “KIRI' the FunctionalKIR2DL tstrata; for inhibitory
score(cut off=2.0),"KIR+ denotesthe strata of individualswith inhibitory score>2.0; KIRF

denotesthe strataof individualswith inhibitory score<=2.@tc.

Note the stratificationprovidedby the count of iKIRgs the sameasone of the stratifications
providedby inhibitory score.We report both becausethe count benefitsfrom beinga more
objectivemeasure(independentof the choiceof weight) whilst the inhibitory scorebenefits
from a greaterdiversityof values,typicallyallowingfor stratificationat more than one cutr
off.

All cut offs that gavea sufficientlybalancedanalysisvere considered.
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A. lAVIpartnersHLAB*57

Outcome:log viral load

B57 KIRr B57 KIR Cohortnumbers
Coeff Pvalue] Coeff Pvalue EIWR* BKIWR‘ BK% iﬁ{
Inhibitory score 0.37 03 0.33 r0.1 10 122 31 152
(cut off=2.0)
Inhibitory score 021 0.4 0.46 r0.06 18 159 23 115
(cut off=2.5)
CountiKIR 0.37 0.3 0.33 ro.1 10 122 31 152
(cut off=2.0)
B. PooledlAVI& IAVIparthersHLAB*57 Outcome:log viral load
B57*KIR B57* KIR Cohortnumbers
Coeff Pvalue| Coeff Pvalue E%t ?QWR_ ?(?Fg %ﬁ;—
Inhibitory score 0.33 0.08 0.47 0.0002 27 330 64 420
(cut off=2.0) | *hk
Inhibitory score 0.35 0.01 0.51 0.0007 a7 439 44 311
(cut off=2.5) * ok
CountiKIR 0.33 0.08 0.47 0.0002 27 330 64 420
(cut off=2.0) | ok
C. PooledlAVI& IAVIpartnersHLAB*35Px Outcome:log viral load
B35 KIR B35k KIR Cohortnumbers
Coeff Pvalue| Coeff Pvalue BI%F§+ Bﬁﬁ?‘_ B%SF?‘+ Bﬁ?g_
Inhibitory score 0.12 04 +0.31 0.003 49 308 104 380
(cut off=2.0) *x
Inhibitory score +0.08 0.5 +0.27 0.04 87 399 66 289
(cut off=2.5) *
CountiKIR 0.12 04 +0.31 0.003 49 308 104 380
(cut off=2.0) *x
D. US HLAB*57 AfricanAmericans Outcome:time to low CD4count (<200cells/mm?)
B57*KIR B57* KIR Cohortnumbers
B5/  B57- B57* B57-
HR Pvalue] HR Pvalue | gir KIR KIR KIR
Inhibitory score 0.54 042 0.21 0.04 8 92 23 89
(cut off=2.0) *
Inhibitory score 054 041 0.22 0.04 10 110 21 71
(cut off=2.5) *
CountiKIR 0.51 0.37 0.21 0.04 8 92 23 88
(cut off=2.0) *
E. US HLAB*57 All ethnicities Outcome:time to low CD4count (<200cells/mm?)
B57*KIR B57* KIR Cohortnumbers
B5/©  B57- B57" B57-
HR Pvalue] HR Pvalue | gir KIR KIR KIR
Inhibitory score 0.29 0.24 0.25 0.004 8 236 36 210
(cut off=2.0) *x
Inhibitory score 0.34 0.15 0.25 0.01 11 271 33 175
(cut off=2.5) *
CountiKIR 0.36 0.32 0.27 0.006 8 235 36 211

(cut off=2.0)

*%*
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F. US  HLAB*35Px AfricanAmericans Outcome:time to low CD4count (<200cells/mm?)
B35K*KIR B35K*KIR Cohorthnumbers
HR Pvalue] HR  Pvalue | B3R B3R B3R - B3OSR
Inhibitory score 0.22 0.15 2.06 0.05 11 89 34 78
(cut off=2.0) :
Inhibitory score 0.82 0.68 2.08 0.08 24 96 21 71
(cut off=2.5) :
CountiKIR 0.29 0.13 2.04 0.06 11 89 34 77
(cut off=2.0) :
G. US HLAB*35Px All ethnicities Outcome:time to low CD4count (<200cells/mm?®)
B35 KIR B35 KIR Cohortnumbers
HR Pvalue] HR Pvalue B|§|5R|?<+ BE?RR_ B|?<’|5|2‘+ Bﬁ?g-
Inhibitory score 154 0.22 2.57 0.001 20 224 44 202
(cut off=2.0) **
Inhibitory score 1.89 0.02 2.42 0.01 37 245 27 181
(cut off=2.5) * *
CountiKIR 1.81 0.09 2.74 0.0004 20 223 44 203
(cut off=2.0) . Fhk

Table2. FunctionaliKIRsenhancethe protective effect of HLAB*57 and the

detrimental effect of HLAB*35Pxin two independentreplication cohorts.
Twoindependentreplicationcohortswere considered(lAVIpartnersand US).In a separate
analysidAVland IAVIpartnerswere pooledto increasecohort size.Cohortswere stratified
into individualswith a low or high inhibitory score (two cut pffs considered)and into
individualswith a low or high count of functional iKIR(only one cut off possible).In each
stratum the effects of HLAB*57 and HLAB*35Pxwere analyzed.HLAB*35Px was not
analyzedin IAVIpartners as the HLAgene alone had no detectable impact (Coeff=+0.04
P=0.8).

Definitionsasin Tablel. Inallcohorts,all variablesvhichhada significanimpacton outcome
wereincludedin the modelascovariatesA:linearregressioncovariatesgender.B&Clinear
regressiongcovariatesgender,cohort. D&F:Coxregressiongovariatesage,subcohort E&G:
CoxregressiongcovariatesKIR3DLBw4 B0I, age,ethnicity, subcohort.In all cohortswhere
functional KIRSDSIKIR3DSBw4 B0I) was protective individualswith functional KIR3DS1

were removedprior to analysido givea cleanbackgroundcohortsreportedin B,C,E,G).
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Note, the only balancedstratification providedby the “count of functionaliKIRs(namely &
vs.>2)is the sameasthe stratification providedby the inhibitory scorewith a cut off of 2.0.
Theinhibitory scorehasmore diversitythan the countandsotypicallymore stratificationsby
inhibitory scorethan by count are possible.All cut pffs that gave a sufficiently balanced

analysisvere considered.
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KAGOSHIMEOHORTOUTCOMEDDDSOFDISEASEHAM/TSP)

A. HLAB*54
B54 KIR B54 KIR Cohortnumbers
B54 B54- B54 B54-
OR Pvaluef OR Pvalue KIR KIR KIR KIR
FunctionalkDL2 1.69 0.17 12.14 0.004 62 231 20 79
(strong) *
FunctionaBDL1 | 1.98 0.13 4.45 0.007 48 147 34 163
*%
Inhibitory score 1.29 0.7 5.33 0.0007 36 94 46 216
(cutoff=1.5) *hk
Inhibitory score 2.19 0.03 9.35 0.06 73 253 9 57
(cutpff=1.75) * |
Countfunctional | 1.31 0.6 5.31 0.0007 36 93 46 217
iKIR(cut off=1) ok
B. HLAA*02:07
A0207 KIR A0207 KIR Cohorthumbers
OR Pualue| OR  Puaue |A0207 A020T  A020T  AQ207
FunctionakDL2 0.33 0.04 0.15 0.1 23 270 7 92
(strong) *
FunctionaBDL1 | 0.54 0.3 0.07 0.006 21 174 9 188
**
Inhibitoryscore | 0.81 0.8 0.10 0.003 16 114 14 248
(cutoff=1.5) *x

Inhibitory score

(cut pff=1.75) Insufficientnumberof A02:07KIR individuals

Countfunctional | 0.83 0.8 0.10 0.003 16 113 14 249
iKIR(cut off=1) **
C. HLAC*08
CO8 KIR CO8KIR Cohortnumbers
co8 Co8 co8 cos

OR Pvaluegf OR Pvalue KIR KIR KIR KIR
FunctionakDL2 0.66 0.4 0.16 0.02 43 250 13 86
(strong) *
FunctionaBDL1 | 0.53 0.19 0.48 0.3 39 156 17 180
Inhibitory score 1.09 0.9 0.32 0.02 28 102 28 234
(cutoff=1.5) *
Inhibitory score 0.62 0.2 0.08 0.04 49 277 7 59
(cutpff=1.75) *
Countfunctional | 1.11 0.9 0.32 0.02 28 101 28 235
iKIR(cut pff=1) *
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Table3. FunctionaliKIRsenhanceHLAclassl associationsn HTLW. infection.

TheKagoshimaohort wasstratified into individualswith and without the functionaliKIRof
interest. In eachstratum the effect of (A) HLAB*54, (B) HLAA*02:07 and (C)HLAC*080n
HAM/TSPstatus was analyzedusing multivariate logisticregression(with covariatesage &
gender).Theoddsratio (OR) Pvaluesand cohortsizesare reported. An OR<lrepresentsa

protective effect (reducedoddsof HAM/TSP).

Thedetrimentaleffect of HLAB*54 andthe protective effectsof HLAA*02:07and HLAC*08
on HAM/TSPstatus were enhancedin people with strong functional KIR2DL2functional
KIR3DLA&nd a highinhibitory score. Therewasan insufficientnumber of peoplewith HLAr
C2to analysefunctional KIR2DL Iweak functional KIR2DL2nd functional KIR2DL3Similar
resultswere obtainedif we usefactorsinsteadof stratification. Theligandsof KIR3DL&re
contentiouswith one paperreportingthat KIR3DLbindsHLAA*23, A*24 and—A*32aswell
asHLABw4 moleculeq58). If we amendedour definition of functional KIR3DL10 include
these HLAA allelesthen the conclusionsvere unchangedwith the exceptionof HLAC*08
where our conclusiorwasstrengthened(magnitudeof enhancemenibf protective effect of

HLAC*08in the functional KIR3DL positivestratumis greater).
All cut offs that gavea sufficientlybalancedanalysisvere consideredThedefinitionsof ‘low’

and ‘high’ iKIRcountsand scoreswere reducedcomparedwith other cohortsin this studyto

compensatdor lower overalliKIRcountsand scoresn the Japaneseohort.
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Protective Detrimental
HIVd HLAB*57 HLAB*35Px
HTLW HLAA*0207,HLAC*08 HLAB*54
HCV HLAB*57

Table4. HLAclass| diseaseassociationsstudied.

43



a8}

<

B57+ high iKIR
+ BS7+ low iKIR

—_— 0

T
0T

T
80

T
90

T
¥'0

T
(A4

00

Inhibitory Score Count iKIR

Func 2DL1 Func 2DL2 Func 2DL3

0SE > D 01 passaiboid 10u aney
ey 1JoYyod ay) Jo uonoel) parewnsy

+ +++++  0-2 34

+ ++

| T T T 1
Q N ~ © @«
S S S S S

(lw/sa1do0)°™607 2Gx8-vTH Yum
pareldosse 1d 18s [elIn Alea ul abuey)d

Time post—infection (years)

R |
B _,--- ..... +o oo
X
5 (L {
+
Al
L |
| I I I I I
9 S 14 € Z T
A_E\mm_o_oovamo._ juiod 19s
peo| [eJin Alrea oTHO| [lenpisay
/
o | Al
ww /
s
/
/

I [ I I I I
9 S 14 € 4 T

(lwysa1d02)°* o juiod 19
peoj [eJin Alea oTHO| [lenpisay

Number of functional inhibitory KIR

Number of functional inhibitory KIR



>

Residual log10[vl] (copies/ml)

Inhibitory score- 25

— B57-
— B57+

0 500

viral loadB57-

viral loadB57+

Change in protective effect

1000
Days post infection

of HLA-B57 over time

1500 2000

Residual log10[vl] (copies/ml)

" raverage viral loaB57-
" 7average viral loa@57+

1.0

0.5+

Inhibitoryscore> 2.5

8 ] — B57-
— B57+

0 500 1000 1500
Days post infection

---95% CI viral load57-
---95% CI viral loa@57+

P =0.00002

0.0

-0.54

-1.0-

L

Inhibitory score
"2.5

Inhibitory score
>2.5

2000



KIR2DL3 KIR3DL1

~~ ~~ —
__Fl 10000+ __'_J 200001 __|_J 80001
I B K
£ 8000 £ %}
8 8 150004 8 60004
~ 60004 ~ ~
K% 4 10000 4000
© 4000 5 T
(&S] o o
= 20004 p— 5000+ — 2000
) ) )
2 = =
| 0- | 0- 4 0-
15 35 GRS
<V A MRS
Block HLA Block KIR Irrelevant HLA 221 only
P=0.001 *** P=0.001 *** P=1.5x10"  *xx P=0.002 **
g g
g : g g 8 g g
© 8 e 8 g
- 3 ~o g8 ~ o~ 8 8
+ ¥ 8 3 4 + 3 °
Z Zsg v s Z
@ 8 o 2 g8 o
= S =T g 5 5 s
3 8 Ela § 3§ 8 g §
8 g kK - = g +~ S
o 8 g o o o g o
R s =8 . 2 2
- R - S § - o - § §
g g g 8
s g & s
8 o 8
s 3 S 3 3 ° ]
8 E g g gla s
s
EL
221:cognate HLA 221:cognate HLA 221:cognate HLA 221:cognate HLA  221:cognate HLA 221:irrelevant HLA 221:cognate HLA 221 only

+ isotype control DQWLi+/$ + isotype control DQWLi.,5

—— ED KIR2DL3*
—e— VTE1 KIR2DL3*
—&— SK1 KIR3DL1*

KIR3DL2 D — KIR2DL3
-
+ 15000 % 6007
U S
© %)
S 10000 T 40
K%) [S]
g :: 200
5000 2
- S
() o
5 o g o
9 5 > N N Vv N A X & N N D
Y & v & F 2 A S E T
L P gD XD 3 W QY SO R O
& & (& A AV 8 (S
o > (O
< X WSy
«V f]')’\, &
x ']>’
<V
HIV-1 HTLV-1

10+

% Pentamer” cells expressing iKIR
% Pentamer* cells expressing iKIR
[}



& * 7 FHOOBWRRGH VY & + 7 FHOO BWRDGHH F

&+ 7 FHOO BWRRW K ¥

JUDFWLRQ RI UXQV vkl

®
+,971 iIVSHFLIEFR & NIHFWHG® &'FHO 8QLQIHFWHG RH( o +,92 pDO ORD
[a 2004 1 o
a -——— == ‘
P
9 - ! ;
L 75 IJ 1 ~ 200001
o J 600 ) HLA
T osof ¢ £ --AVHDJH
— 3URWHF
N N
254 w A
IFIN]
/
0.04 1 x> T=====
T T 0 T T T s 0 T T
200 300 200 300 200 300
7LP HaxVG@ 7LP Ha*VG@
g & bl h B | n ] | [ L]
n
0.03 0.03 - 0.03 - JUDFWLRQ RI UXQV ZLWK
' .,5 HOKDQFHPHQW RI
i +/$ DVVRFLDWLRQV
0.02 0.02 A 0.02 =
|
i
g i 0.75
|| I 0.50
| | 0.25
— v g y ¥ LR B l——
Hi HT HT 0.02 0.02 0.00
FDQVPLVVDELOLW\ NVUDWEH G "H D WIKWH)
. | B | h N H IEENE I b | N I
| |
0.03 + 0.03 4 0.03 = I
0.02 + 0.02 A 0.02 +
n
I o
I |
_— . y 1 L- . am I - d
Hi Hi Hi 0.02 0.02
FDQVPLVVDELOLW)\ NVUDWEH G "H D WIKWH)
J. 0% | L 5% 30%
[N B ] L L
0.03 1 I
| |
0.02 + ]
n n
o T L) L) I . T L) L) I T L) L) = T T T =
25 5.0 75 25 5.0 75 25 5.0 75 25 5.0 75
FDQVPLVVLELHLW\ [
,PSDLUPHQW RFKOO O\VLV UDWH
510 Fm KIR KIR
S - @ 4 ORZKL HLA
“ o —= 'HWULPHQWDO
= 0.8 Q
2 $YHUDJH
2 o I~ = 3URWHFWLYH
O 0.61 ° RN
T ~
o a) \\ . >~
T 0.4 > -
TR 4 \
o > 21
a =
¥ 0.2- x
OJ ~
T
O-C T T T 1 1 T T T 1
0% 20% 40% 60% 80% 0 50 100 150 200

,PSDLUPHQW RFBOO O\VLV *+ 7 FRROO OLIHVSDQ GD\V



	Boelen_KIR
	Figure_1

