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ABSTRACT

Conclusionshave differedin studiesthathave comparedvaccineefficacy in groupsreceiving in-

fluenzavaccinefor thefirst time, to efficacy in groupsvaccinatedmorethanonce. For example,

theHoskinsstudyconcludedthatrepeatvaccinationwasnotprotective in thelong term,while the

Keitel studyconcludedthatrepeatvaccinationprovidedcontinualprotection.We proposea novel

explanation,theantigenicdistancehypothesis,andtestit by analyzingseveninfluenzaoutbreaks

that occurredduring the HoskinsandKeitel studies. The hypothesisis that variation in repeat

vaccineefficacy is dueto differencesin antigenicdistancesamongvaccinestrainsandbetweenthe

vaccinestrainsandtheepidemicstrainin eachoutbreak.To testthehypothesis,antigenicdistances

werecalculatedfrom historicalhemagglutinationinhibition assaytables,andacomputermodelof

theimmuneresponsewasusedto predictthevaccineefficacy of individualsgivendifferentvacci-

nations.Themodelaccuratelypredictedtheobservedvaccineefficaciesin repeatvaccineesrelative

to the efficacy in first-time vaccinees(correlation0.87). Thus,the antigenicdistancehypothesis

offers a parsimoniousexplanationof the differencesbetweenandwithin the HoskinsandKeitel

studies. Theseresultshave implicationsfor the selectionof influenzavaccinestrains,andalso

for vaccinationstrategies for otherantigenicallyvariablepathogensthat might requirerepeated

vaccination.
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Intr oduction

Antigenic drift of the influenzavirus exposesthehumanpopulationto new but relatedinfluenza

variantson an annualbasis. Thus,componentsof the influenzavaccineareupdated,sometimes

yearly, to maintaina reasonablecorrespondencebetweenthevaccineandepidemicstrains.Public

healthrecommendationsarefor annualvaccinationof at-riskindividuals[1].

Influenzavaccinationworkseffectively in first-timevaccinees[2]. However, efficacy in repeatvac-

cineeshasbeendifficult to determinedefinitively. A meta-analysisof 19repeatvaccinationstudies

showedthatonaveragerepeatvaccineeswereprotectedat leastaswell asfirst-timevaccinees[3].

However, in the12 studiesin which protectionwasmeasuredserologically, therewasstatistically

significantunexplainedheterogeneity:In someyearsrepeatvaccineeswerebetterprotectedthan

first-timevaccinees;in otheryearsthey hadworseprotection[3]. Similarly, two widely citedvac-

cineefficacy field studieshave reacheddifferentconclusions:The“Hoskinsstudy” [4] concluded

thatrepeatvaccinationwasnoteffective,while the“K eitel study” [5] concludedthatrepeatvacci-

nationwaseffective. Therewasalsoheterogeneitywithin theHoskins[6] andKeitel studies(Fig

1). Meta-analysisfoundno factorthatexplainedtheheterogeneityamong12 serologicalstudies;

amongthefactorstestedweredifferencesin influenzasubtype,age,studydesign,HI assaymethod,

andvaccinetype[3].

We proposeandtesta new hypothesisto explain theheterogeneityof repeatedinfluenzavaccina-

tion. Thehypothesisextendstheideathattheclosenessof theantigenicmatchbetweenthevaccine

strainandtheepidemicvirus is importantfor vaccineefficacy in first-timevaccinees,by alsocon-

sideringtheclosenessof thevaccineandepidemicstrainsto previousvaccinestrainsto determine

how vaccineefficacy is modulatedby prior vaccination.This “antigenicdistance”hypothesisis

illustratedin Fig 2.

The experimentsreportedherewereperformedin machina. Like any modelsystem(animalor

computer),a computermodel tradesoff accuracy for controllability, observability, repeatability,

speed,andlower cost. Usinga computermodelallows usto studya largenumberof vaccination

regimens,and to isolatethe effectsof antigenicdifferencefrom other effectssuchasdoseand

antigenicityof thevaccine,immunocompetenceof thevaccinee,andvirulenceandtransmissibility

of theinfluenzavirus.
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Materials and Methods

Computer model. The modelsimulatesa repertoireof ���	� B cell clones,eachwith a different

specificityfor antigen.Whenantigenis introducedinto themodel,B cellswith sufficient affinity

have a chanceto bind the antigen,be stimulatedto divide, undergo somatichypermutation,and

differentiateinto a plasmaor memorycell. Secretedantibodyhasa chanceto bind antigen,and

antigen-antibodycomplexesareremoved from the system.In the simulation,just asin animals,

oneseesdifferencesamongindividuals.This is dueto differentrandomnumberchoicesfor each

individual,which resultsin differentrepertoiresandhencevariationin thenumberandspecificity

of B cells that are stimulatedby an antigen. We are concernedwith protectionfrom infection

conferredby inactivatedinfluenzavaccineandmediatedby circulatingantibodies;thuswe do not

considermucosalor cell-mediatedimmunity.

Receptorson B cells,antibodies,andantigensarerepresentedby stringsof 20 symbols,eachof

which cantake on oneof four values.Thereasonsfor choosingthis representationaredescribed

in [10]. The distancebetweentwo antigensis measuredby Hammingdistance,i.e., the number

of point mutationsin the string describingoneantigenrequiredto make it identical to thoseof

thesecondantigen.Similarly, thedistancebetweenanantibody(or B cell) andanantigenis the

numberof changesrequiredto make theantibodya perfectmatchfor theantigen.This measure-

mentof the distancebetweenantigensby their Hammingdistanceallows antigenicdifferenceto

becomputedin quantitativeterms.Antigenic(Hamming)distancesvarybetween0 and20,where

adistanceof 0 impliesantigenicidentity, andadistanceof 7 or moreimpliesno cross-reactivity.

Furtherdetailsof themodelareincludedin thesupplementalmaterial,andthecomputerprogram

is availablefrom http://www.cs.unm.edu/
 dsmith/software/PNAS-model.html.

Experimental design. Thecomputerexperimentconsideredtwo influenzaseasonsandfour cat-

egoriesof individuals: (a) thosenever vaccinated,(b) thosewho received “vaccine1”(v1) at the

start of the first influenzaseasonand were not vaccinatedfor the secondseason,(c) thosenot

vaccinatedfor thefirst seasonbut who received“vaccine2”(v2) at thestartof thesecondseason

(“first-time vaccinees”),and(d) thosewho receivedv1 at thestartof thefirst seasonandv2 at the

startof thesecond(“repeatvaccinees”).All simulatedindividualswerechallengedwith epidemic

virus2 monthsinto thesecondinfluenzaseason.
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Thesamev2 andepidemicstrainswereusedfor all simulatedindividuals,andv1 wasvaried.The

vaccine2-epidemicstrainantigenicdistance(v2-edistance)was2. Sincecross-reactive distances

vary between0 and7, this distanceis “close”, but is not a perfectmatch. The v1-only category

(b) wassplit into eight groupswith eachgroupreceiving a differentv1, andwith the vaccine1-

epidemicstrainantigenicdistance(v1-edistance)varyingbetween0 and7. Similarly, the repeat

vaccinecategory (d) wassplit into 31 groups1 with eachgroupreceiving a differentv1, andwith

the v1-e distance,anddifferentvaccine1-vaccine2antigenicdistances(v1-v2 distances)varying

between0 and7. Dosageandtiming of thevaccinationsandepidemicchallengearesummarized

in Table1. Thevaccinestrainswerenonreplicating.

For eachmemberof eachgroup,theviral load,andantibodyquantityandaffinities for eachanti-

gen,weremeasuredevery 6 hours.In addition,prior to eachvaccinationandepidemicchallenge,

andat thepeakof eachresponse,thenumber, affinity for eachantigen,andclonalhistoryof eachB

cell involvedin theresponsewererecorded.If theviral loadexceeded1,500“units” it wasdeemed

to have passeda “diseasethreshold”andthe simulatedindividual wasconsideredsymptomatic.

Everysimulatedindividualwasexposedto epidemicvirus,andtheattackratewithin a groupwas

definedastheproportionof thegroupin which theviral loadexceededthediseasethreshold.

Statistical analysis. Two-sample� -testswereusedto compareproportions. Two-tailedtesting

wasusedfor � values.

Results

Table2 showstheexperimentalattackratein eachexperimentalandcontrolgroup.Theattackrate

was1.0 in thegroupnever vaccinated2. Theattackratewas0.55for first-timevaccinees.Attack

ratesvariedfrom 0.01to 1.0 in thev1-only groups—theattackrateincreasedasthev1-edistance

increased.Attack ratesvariedfrom 0.0 to 0.78for repeatvaccinees—theattackratedependedon

thev1-v2distance,andthev1-edistance.

1Somegroupsarenot possible,e.g.a v1-edistanceof 7, a v2-edistanceof 2, anda v1-v2distanceof 1.
2Experimentalchallengeof eachsimulatedindividualwith a largedoseof epidemicvirus giveshigherattackrates

thanthoseobservedin influenzavaccinefield trials.
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An additionalyear betweenvaccinationand challengeincreased( � �������� ) the experimental

attackratefrom 0.55 to 0.87 for first time vaccineeswhenthe vaccine-epidemicstrainantigenic

distance(v-e distance)was2 (seev1-only columnin Table2). This wasdueto decayof cross-

reactiveantibody(datanotshown).

Repeatvaccinationwasbeneficialwhengivento previousvaccinees.In all groupsthatreceived

v1, it always loweredexperimentalattackratesto receive v2. The lowering of attackrateswas

statisticallysignificant, ���������� , otherthanin thegroupin which thev1-v2 distancewas0 and

thev1-edistancewas2 ( ���������� ), andin thegroupin which thev1-v2 distancewas2 andthe

v1-edistancewas0. This canbeseenby comparingtheexperimentalattackratesin thev1-only

columnof Table2 with theattackratesin thecorrespondingrow of therepeat-vaccinecolumns(a

row correspondsto groupsin which thev1-edistancewasthesame).

Negative and positive interferenceof a prior vaccine. Attack ratesfor repeatvaccineeswere

sometimeslower, andsometimeshigher, thanthe attackratefor first-time vaccinees(Table2)—

eventhoughthe timing, dose,andv2-edistancewereidentical. Theeffect of v1 on theapparent

efficacy of v2 canbe split into two factors: negative andpositive interference.Due to the first

vaccination,v2 is partiallyeliminatedby pre-existingcross-reactiveantibodyproducedin response

to v1 andby v2 stimulatingv1 memoryclones.Theseeffects,which leadto reducedeffectiveness

of v2, we call “negative interference”.Negative interferenceis greaterwhenthev1-v2 distanceis

small.

Thesecondfactorinfluencingtheattackratein repeatvaccineesis “positiveinterference”,in which

pre-existing cross-reactive antibodyproducedin theresponseto v1, andboostedby theresponse

to v2, helpsto cleartheepidemicvirus. Positive interferenceis greaterwhenthev1-edistanceis

small—thistrendcanbeseenin thecolumnsof Table2.

Fig 3ashowsanexampleof negative interferenceof v1 on v2. Theresponseto v1 reachedlevels3

typical for themodel. Theresponseto v2 causeda 6-fold increasein theantibodycross-reactive

with v1. This increasewas causedby stimulationof cross-reactive memoryB cells produced

3Assayssuchasthehemagglutinationinhibition assayimplicitly take into accountaffinity aswell asconcentration

of antibody. This is usefulin assessingtheeffectivenessof antibodyto clearanantigen.Thus,theantibodylevelsin

Fig 3 havebeenweightedby affinity, thedetailsaredescribedin thesupplementalmaterial.
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in the responseto v1 (datanot shown). After the responseto v2, the antibodyreactive with v2

wasapproximatelyonehalf of thatusuallyseenaftera primary vaccination(e.g.the level in the

responseto v2 in Fig 3b, and the responseto v1 in Figs 3a andc). Furthermore,the antibody

producedin responseto v1 andv2 wasstronglycross-reactive with v1, but only weakly cross-

reactive with the epidemicstrain. This absenceof protective antibodycross-reactive with the

epidemicvirus allowed the virus to exceedthe 1500antigenunit thresholdand“causedisease”

(Fig 3a).Theantibodylevel reactive to theepidemicstrainwaslargeaftertheepidemicvirus was

cleared,thoughtheantibodylevelsto v1 andv2 remainedmostlyunaffected(Fig 3a),suggesting

a denovo immuneresponseto theepidemicstrain. Theeffectsof negative interferencearemost

evidentwhencomparedto theresponsegeneratedby thev2-only control (Fig 3b). Theantibody

producedin this casecross-reactedwith theepidemicstrain,andprovidedprotectionagainstthe

epidemicchallenge.

Fig 3c shows anexampleof positive interferenceof v1 on theepidemicchallenge.As in Fig 3a,

theresponseto v1 wastypical,andv1 negatively interferedwith v2 by aboutthesameamount(the

v1-v2distancewasthesamein bothcases).ThedifferencebetweenthisexampleandFig 3ais that

theantibodyproducedin responseto v1, andboostedby v2, wascross-reactivewith theepidemic

strainwhereasit wasnot cross-reactive in Fig 3a(thev1-edistanceis 2 in Fig 3cand4 in Fig 3a).

The antibodiescross-reactive with the epidemicstrainweresufficient in numberandaffinity to

cleartheepidemicvirusbeforeit causeddisease.Becausetheepidemicviruswasclearedquickly,

it did notstimulatetheproductionof new antibodyandtheantibodylevelsto all threeantigenswas

mostlyunaffectedby thechallenge.

For somerepeatvaccinegroups,positiveinterferencedominatedovernegativeinterference(entries

marked with a
�

or
���

in Table2) andthe attackratewaslower thanfor first-time vaccinees.In

otherrepeatvaccinegroupsnegative interferencedominated(entriesmarkedwith a
�

or
�

in Table

2) andtheattackratewashigherthanfor first-timevaccinees.

Whenthev1-edistancewaslessthan4, a greaterproportionof memoryB cellsthatcross-reacted

with the epidemicstrainwere initially producedin responseto v1 thanto v2 (datanot shown).

This,theresultof negativeinterference,wasmorepronouncedwhenthev1-v2distancewassmall.

Whenthev1 andv2 strainswerethesame,therewasahighattackrate(0.78)for repeat-vaccinees
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(Table2, v1-v2distaance=0).Thiswasinvestigatedfurtherwith experimentsin which thev-edis-

tanceswere0, 1, and3. In thesehomologousvaccinationexperiments,repeatvaccineeshadhigher

attackratesthancorrespondingfirst-timevaccinees,andlowerattackratesthancorrespondingv1-

only groups(Fig 4a).

Historical analysis. The HoskinsandKeitel studiesreportedvaccineandepidemicstrains,to-

getherwith vaccineefficaciesin first-timeandrepeatvaccinees,for eachoutbreak(Table3); thus,

they canbeusedto testtheantigenicdistancehypothesis.Fieldstudydatawasacceptedaccording

to thedefinitionsin [3]: first-time vaccineesweredefinedasindividualsvaccinatedimmediately

prior to the influenzaseasonin which anoutbreakoccurred,andnot vaccinatedin thepreceding

years;repeatvaccineesweredefinedasindividualsvaccinatedimmediatelyprior to the influenza

seasonin which an outbreakoccurred,andalsovaccinatedin 1 or moreconsecutive preceding

years.Thusfor our study, theHoskins1976(H3N2) outbreakwasexcludedastherewasno strict

first-time vaccinegroup[6], and the outbreaksin the first year (1983)of the Keitel studywere

excludedastherewasno strict repeatvaccinegroup. Theantigenicdistancesamongthevaccine

andepidemicstrainsweredeterminedfrom historicalhemagglutinationinhibition assay(HI) ta-

bles4 kindly providedby theCentersfor DiseaseControlandPrevention,Atlanta. Dif ferencesin

HI valueswerescaledto equatethemwith our measureof antigenicdistance5, andareshown in

Table3. UsingourmodelandtheHI derivedantigenicdistances,wepredictedthevaccineefficacy

for first-timeandrepeatvaccinees.No attemptwasmadeto tuneparametersof themodelto fit the

HoskinsandKeitelobservations.

The predictionsfrom the model of vaccineefficacy in repeatvaccineesrelative to the efficacy

in first-time vaccineeshad good correlation(r=0.87) with that seenin the Hoskinsand Keitel

studies(Table3, Figs 1 and5). However, the modeldid not accuratelypredictabsolutevaccine

efficacies.Nor wasthereany correlationbetweenvaccineefficacy in first-timevaccineesandthe

v2-edistance.
4TheHI assaymeasurestheability of ferretantibodies,raisedin responseto oneinfluenzastrain,to inhibit asecond

influenzastrainfrom agglutinatingredbloodcells.
5SincetheHI assaymeasurestiters,weassumethatthedifferencebetweenlog� of HI valuesis equivalentto anti-

genicdistance(detailsin supplementalmethods).For example,a2-fold differencein HI valuesis assumedequivalent

to antigenicdistance1, andan8-fold differenceantigenicdistance3.
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Discussion

Our resultsshow thatantigenicdistancesbetweenthefirst andsecondvaccines,andbetweenthe

first vaccineandtheepidemicstrain,significantlyaffectattackratesin repeatvaccinees.Themodel

accuratelypredictedvaccineefficacy in repeatvaccinees,relativeto thatin first-timevaccinees,for

outbreaksduringHoskinsandKeitel studiesof annualinfluenzavaccination(Figs1 and5). Thus,

the proposedantigenic distancehypothesisoffers a parsimoniousexplanationfor the differing

observationsin theHoskinsandKeitel studies.

In repeatvaccinees,whenthe v1-v2 distancewassmall, antibodiesproducedby the immunere-

sponseto v1cross-reactedwith v2,eliminatingsomeof v2beforeit inducedanimmuneresponse—

a phenomenonwe call negativeinterference. Whenthev1-edistancewassmall,antibodiespro-

ducedby the responseto v1 cross-reactedwith the epidemicstrainandhelpedclear it—a phe-

nomenonwe call positiveinterferenceby v1 on the epidemicvirus. Thus,attackratesvariedin

repeatvaccineesdependingon the combinationof negative andpositive interferenceinducedby

v1, which in turndependedonthev1-v2andv1-edistances,respectively. Positiveandnegativein-

terferencearewell documentedaspectsof thecross-reactive immuneresponse[8, 9]; in this study

we have combinedthemin a quantitativeway to predictvaccineefficaciesin first-timeandrepeat

vaccinees.

Homologousvaccination. Intuitively, it seemswrong that repeatvaccineesgiven the same(ho-

mologous)vaccinefor 2 successive yearscouldbelessprotectedthanfirst-timevaccinees.How-

ever, themodelpredictsthatasthev-e distanceincreasesfrom 0 to 2, theratio of vaccineefficacy

in repeatvaccineescomparedto thatin first-timevaccineeswill fall monotonicallyfrom 1.0to 0.5.

Thispredictionholdsfor thefour oubreaksin theHoskinsandKeitelstudiesthatwereprecededby

homologousvaccination(Fig 4b). Homologousvaccinationcanresultin low vaccineefficacy be-

causeit causesmaximumnegativeinterferenceof thefirst vaccineonthesecondvaccine,andthus

repeatvaccineesareonly protectedby thepositiveinterferenceof thefirst vaccineontheepidemic

strain(which dependson thev-e distance).

In two othercasesof homologousvaccination(1976(H3N2) and1986(H1N1)), thev-e distance

was2,andthusthemodelwouldhavepredictedpoorefficacy in repeatvaccinees.However, in both

cases,a secondnonhomologousv2 strainwasalsogivenandthemodelpredictedapproximately
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equalefficacy in first-timeandrepeatvaccinees(a goodpredictionfor the1986outbreak,andnot

testablefor the1976outbreak).

Failureof homologousstrainvaccinationto boostafter2 weeks[12] andafter6 months[11] has

beenseenin humantrials. We have previously performedsimulations,similar to thosereported

here,but in which antibodylevels fell closeto zero levels beforerevaccination[13]. In those

experimentsa homologousrevaccinationprovidedgoodprotection.Thus,theresultsof themodel

dependonthepersistenceof antibodyandwhetherthatpersistenceremainsaboveprotectivelevels.

Negative interferenceof a prior vaccineon a subsequentvaccinehasbeenseenin influenzavac-

cinationin humans[14, 15], ashasthepreferentialproductionof antibodycross-reactive with the

prior vaccine[15, 16]. As in themodel,theamountof vaccineantigeneliminationby pre-existing

cross-reactiveantibodyappearsto beproportionalto theamountof circulatingantibody[12, 17].

Historical Analysis. The ability of the modelto predict the ratio of repeatto first-time vaccine

efficacies,yet not predictabsolutevaccineefficaciessuggeststhat taking the ratio cancelsout a

linear factorthataffectsfirst-timeandrepeatvaccineesequally—afactorthathasbeenobscuring

therelationshipbetweenantigenicdistanceandvaccineefficacy. This factor(or factors)couldbe

causedby variationin theantigenicityor doseof thevaccine—factorsnot exploredin thecurrent

study.

Although theresultsfrom the two Keitel studyoutbreaksin 1983wereexcludedfrom thestatis-

tical testingof thehypothesis,thedifferencesbetweenthepredictedandobservedratiosfor these

outbreakssupportthehypothesis.Theoutbreakswereexcludedbecausealthoughrepeatvaccinees

received v1 sometimewithin the3 yearsprecedingthe study, not all of themhadreceived v1 in

the fall of 1981. This would allow antibodylevels to decreasebeforevaccinationin the fall of

1982. Lower antibodylevelswould decreasethe negative interferenceof v1 on v2, andthusfa-

vor repeatvaccinees(aswasseen).Theextreme4-fold favoring of repeatvaccineesin the 1983

(H1N1)outbreakalsosupportsthehypothesis:Thevaccine(A/Brazil/11/78)appearsto havebeen

of low antigenicity(observedvaccineefficacy in first-timevaccineeswasonly 21%)andantibody

persistencewaslessthanfor concomitantH3N2 andB vaccination[11]. Thusnegative interfer-

encewouldbelikely to below, andarepeathomologousvaccinationwouldproduceamoreclassic

secondaryresponsewith highantibodytiters,andthusbehighly effective (aswasseen).
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In the Hoskinsstudy it was found that boys who hadconfirmedinfluenzainfection werebetter

protectedagainstsubsequentoutbreaksthanboys who hadnot beeninfected(but who hadbeen

vaccinated).Theresultsfrom themodeloffer a potentialexplanation.In themodel,antibodylev-

elsafter theepidemicchallengeweredifferent,dependingon whethertheexperimentalchallenge

causeddisease.If the challengecauseddisease,the antibodylevels cross-reactive with the epi-

demicstrainwereat least3-fold higherthanafteraprimaryor secondaryvaccination(Fig 3a)—in

the modelthis wasdueto the antigenstimulatingthe immunesystemfor a longertime, leading

to moreplasmacellsandantibodiesbeingproduced.Thus,antibodylevelsto theepidemicvirus

remainedhigherfor longer, andwould beprotective for longer, thanthe lower antibodylevels in

responseto vaccination.Conversely, whentheepidemicvirus wasclearedquickly it hadlittle ef-

fect on antibodylevels(Figs3b andc); thus,we would expectit to have little influenceon future

protection.

In themodel,repeatvaccineesreceivedonly two vaccinations,andwereexposedto asingleexper-

imentalepidemicchallengeafterthesecondvaccination.However, in boththeHoskinsandKeitel

studies,somerepeatvaccineeswerevaccinatedmorethantwice,andindividualsmight have been

exposedto epidemicchallengemultiple times; yet the modelstill madegoodpredictions. This

suggeststhat the last two vaccinationsare the most importantin determiningefficacy in repeat

vaccinees.

Vaccinedesign.Onefocusof influenzavaccinestrainselectionis theselectionof astrainthatwill

becloseto the(unknown) upcomingepidemicstrain. Theantigenicdistancehypothesissupports

thisstrategy, andaddsthefollowing: If thereis achoiceamongotherwiseequivalentstrains6, then

choosingthestrainfarthestfrom thepreviousvaccinestrainwould reducetheeffectsof negative

interferenceandthuspotentiallyincreasevaccineefficacy in repeatvaccinees.

Vaccinedesignstrivesfor persistenthigh antibodytiter andpersistentcellularmemory. However,

this maynot be theoptimalstrategy if thepathogenis antigenicallyvariableandrevaccinationis

necessary. In thecaseof annualinfluenzavaccination,if theantibodytiter is high for morethana

yearthenit hasthepotentialto negatively interferewith a subsequentrevaccination.Oneoption

6i.e. strainsthoughtto beequallygoodguessesof theupcomingepidemicstrainequallyappropriatefor manufac-

ture.
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to overcomenegativeinterferencewouldbeto increasethevaccinedose;althoughthiscouldwork

for oneinfluenzaseason,thestrategy hasthedangerof resultingin highantibodylevelsthatwould

increasenegative interferencein subsequentyears.An alternate,counter-intuitive, option would

be to designvaccinesin which the vaccinespecificantibodytiter remainedhigh only during the

influenzaseason,andthendecreasedsubstantiallybeforerevaccination,thusloweringthepotential

negative interferenceon subsequentvaccinations.

Skippingvaccinationfor a yearwould beanothermethodto allow antibodytiters to fall andthus

reducenegative interferencein the following year. However, while skippingvaccinationmight

benefitrepeatvaccineesin thefollowing year, they would suffer in theyearthey skippedbecause,

even thoughsomerepeatvaccinationgroupsin our experimentshadsignificantlyhigher attack

ratesthanthefirst-timevaccinationgroup,they still hadalowerattackratethangroupsthatskipped

thesecondvaccination(Table2).

Summary. Theantigenicdistancehypothesis,astestedby comparingthepredictionsfrom acom-

putermodelto seven influenzaoutbreaksobserved in the HoskinsandKeitel studies,accurately

predictedtheyearto yearvariationin vaccineefficacy of repeatvaccineesrelative to that in first-

time vaccinees.The hypothesissuggestsconsideringantigenicdistanceto the previous year’s

vaccinestrainaspartof thevaccinestrainselectionprocess,a refinementwhich hasthepotential

to increasethe vaccineefficacy in repeatvaccinees.The methodspresentedheremay alsohave

applicationto vaccinationstrategiesfor otherantigenicallyvariablepathogensrequiringmultiple

vaccinationsfor protection.
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FigureCaptions

Fig 1. Observedandpredictedvaccineefficacy in repeatvaccineesrelative to theefficacy in first-

timevaccinees.

Fig 2. An illustration of the antigenicdistancehypothesis.Shapespacediagramsarea way to

illustrate the affinities betweenmultiple B cells/antibodiesand antigens,and also the antigenic

distancesbetweenantigens[7]. In theseshapespacediagrams,theaffinity betweenaB cell or an-

tibody ( � ) andanantigen( � ) is representedby thedistancebetweenthem.Similarly, thedistance

betweenantigensis a measureof how similar they areantigenically. (a) B cells with sufficient

affinity to be stimulatedby an antigenlie within a ball of stimulationcenteredon the antigen.

Thus,a first vaccine(vaccine1)createsa populationof memoryB cellsandantibodieswithin its

ball of stimulation. (b) Cross-reactive antigenshave intersectingballs of stimulation,andanti-

bodiesandB cells in theintersectionof their balls—thosewith affinity for bothantigens—arethe

cross-reactiveantibodiesandB cells. Theantigenin a secondvaccine(vaccine2)will bepartially

eliminatedby pre-existing cross-reactive antibodies(dependingon theamountof antibodyin the

intersection),andthustheimmuneresponseto vaccine2will bereduced[8, 9]. (c) If asubsequent

epidemicstrainis closeto vaccine1,it will beclearedby pre-existing antibodies.(d) However, if

thereis no intersectionbetweenvaccine1andthe epidemicstrain,therewill be few pre-existing

cross-reactive antibodiesto clearthe epidemicstrainquickly, despitetwo vaccinations.Note, in

theabsenceof vaccine1,vaccine2would have produceda memorypopulationandantibodiesthat

wouldhavebeenprotectiveagainstboththeepidemicstrainsin panelsc andd. For anantigenwith

multipleepitopes(suchasinfluenza)therewouldbeaball of stimulationfor eachepitope.

Fig 3. Examplesof (a) negative interferenceby v1 on v2, (b) a v2-only control for comparison,

and(c) positive interferenceby v1 on the epidemicchallenge.The v1-v2 distancewas2 for the

examplesin panels(a) and(c), andthev1-edistancewas4 for theexamplein panel(a) and2 for

theexamplein panel(c). An enlargedregionof panel(a) is includedin thesupplementalmaterial.

Fig 4. Homologousvaccinationover a rangeof v-e distances.(a) Comparisonof giving thesame

vaccinein theprior influenzaseason,thecurrentseason,andbothseasons.(b) Predictedandob-

servedvaccineefficacy in repeatvaccineesrelativeto theefficacy in first-timevaccinees.Observed

16



dataarefrom thefour outbreaksin theHoskinsandKeitel studiesprecededby homologousvacci-

nation(1972,1984,1985,and1987(B)). Thepredictedvaccineefficacy is computedfrom panel

(a) as1 - attack-rate.In computingthe efficacy relative to first-time vaccineeswe assumedthat

first-timevaccineesreceivedthevaccinein thecurrentseason.

Fig 5. Predictedandobservedvaccineefficacy in repeatvaccineesrelative to theefficacy in first-

time vaccineesfor theoutbreakof theHoskinsandKeitel studies.Correlation0.87( ��� ������� );

linearregressionslope1.03,intercept0.07.
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Category Num. Num. in v1 dose v2 dose Challengedose

groups group (day0) (day365) (day425)

(a)No vaccines 1 200 500

(b) v1 only 8 200 1,000 500

(c) v2 only 1 200 1,000 500

(d) v1 andv2 31 200 1,000 1,000 500

Table1: The timing anddoseof simulatedvaccinationsandepidemicchallenge.Eachcategory

correspondsto a differentvaccinestrategy, andeachgroupwithin a category correspondsto dif-

ferentantigenicdistancesamongthevaccineandepidemicstrains.
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v1 only v1 andv2

v1-e v1-v2distance

distance 0 1 2 3 4 5 6 7

0 0.01
���

0.00
���

1 0.46 0.06
���

0.01
���

0.04
���

2 0.87
�

0.78
�

0.37
���

0.20
���

0.19
���

0.18
���

3 0.96
�

0.74
�

0.44
�

0.36
���

0.35
���

0.38
���

4 0.99
�

0.71
�

0.50 0.45
�

0.41
���

0.50

5 1.00
�

0.66
�

0.46 0.47 0.50 0.50

6 1.00
�

0.65
�

0.54 0.45
�

0.54

7 1.00
�

0.55 0.58 0.52

Table2: Summaryof experimentalattackrates.Theattackratein theunvaccinatedcontrol,was

1.0 (not shown). Attack ratesfor first-time vaccinees(v2-only) was0.55 (not shown). Attack

ratesfor repeatvaccineesandthe v1-only groupsareshown in the table. Groupsmarked with a
�

or
�

hadhigher ( � !������� or � !������� respectively), andgroupsmarked with a
�

or
���

had

lower ( �!"������� or ��#������� respectively), attackratethanfirst-timevaccinees.Attack ratesin

otherrepeatvaccinationgroupsdid notdiffer significantlyfrom thatfor first-timevaccinees,either

becausev1 wastoo far from v2 andtheepidemicstrainto haveaneffect,or becausetheeffectsof

positiveandnegative interferencecanceledeachotherout. Attack ratesashigh as1.0areduethe

large-doseexperimentalchallengeof eachsimulatedindividual.
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