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ABSTRACT

Conclusionshave differedin studiesthat have comparedvaccineefficagy in groupsreceving in-
fluenzavaccinefor thefirst time, to efficacy in groupsvaccinatednorethanonce. For example,
theHoskinsstudyconcludedhatrepeatvaccinationwasnot protectve in thelong term,while the
Keitel studyconcludedhatrepeatvaccinationprovided continualprotection.We proposea novel
explanation,the antigenicdistancehypothesisandtestit by analyzingseseninfluenzaoutbreaks
that occurredduring the Hoskinsand Keitel studies. The hypothesiss that variationin repeat
vaccineefficacy is dueto differencesn antigenicdistanceamongvaccinestrainsandbetweerthe
vaccinestrainsandtheepidemicstrainin eachoutbreak.To testthehypothesisantigenicdistances
werecalculatedrom historicalhemagglutinatiomhibition assaytables,anda computemodelof
theimmuneresponseavasusedto predictthe vaccineefficacy of individualsgivendifferentvacci-
nations.Themodelaccuratelypredictedheobsenredvaccineefficaciesn repeatvaccineeselative
to the efficacy in first-time vaccineegcorrelation0.87). Thus, the antigenicdistancehypothesis
offers a parsimoniousexplanationof the differencesbetweenandwithin the Hoskinsand Keitel
studies. Theseresultshave implicationsfor the selectionof influenzavaccinestrains,and also
for vaccinationstrategjiesfor other antigenicallyvariable pathogenghat might requirerepeated

vaccination.



Intr oduction

Antigenicdrift of the influenzavirus exposesthe humanpopulationto new but relatedinfluenza
variantson an annualbasis. Thus,component®f the influenzavaccineare updated,sometimes
yearly to maintainareasonableorrespondencieetweernthe vaccineandepidemicstrains.Public

healthrecommendationarefor annualvaccinationof at-riskindividuals[1].

Influenzavaccinationwvorkseffectively in first-timevaccinee$2]. However, efficacy in repeatvac-
cineeshasbeendifficult to determinedefinitively. A meta-analysisf 19 repeatvaccinatiorstudies
shovedthaton averagerepeatvaccineesvereprotectedat leastaswell asfirst-timevaccinee$3].

However, in the 12 studiesin which protectionwasmeasurederologically therewasstatistically
significantunexplainedheterogeneityin someyearsrepeatvaccineesvere betterprotectedhan
first-time vaccineesin otheryearsthey hadworseprotection[3]. Similarly, two widely citedvac-
cine efficacy field studieshave reachedlifferentconclusionsThe “Hoskins study” [4] concluded
thatrepeatvaccinationwasnot effective, while the “K eitel study” [5] concludedhatrepeatvacci-
nationwaseffective. Therewasalsoheterogeneityvithin the Hoskins[6] andKeitel studies(Fig

1). Meta-analysigound no factorthatexplainedthe heterogeneityamongl2 serologicalstudies;
amonghefactorgsestedveredifferencesn influenzasubtypeage studydesign HI assaymethod,

andvaccinetype[3].

We proposeandtesta new hypothesigo explain the heterogeneitpf repeatednfluenzavaccina-
tion. Thehypothesiextendstheideathattheclosenessf theantigenicmatchbetweerthevaccine
strainandthe epidemicvirus is importantfor vaccineefficagy in first-timevaccineesby alsocon-
sideringthe closenessf the vaccineandepidemicstrainsto previousvaccinestrainsto determine
how vaccineefficagy is modulatedby prior vaccination. This “antigenicdistance”hypothesigs

illustratedin Fig 2.

The experimentsreportedherewere performedin madina. Like any model system(animal or
computer),a computermodeltradesoff accurag for controllability, obsenability, repeatability
speedandlower cost. Usinga computemmodelallows usto studya large numberof vaccination
regimens,andto isolatethe effects of antigenicdifferencefrom other effects suchas doseand
antigenicityof thevaccinejmmunocompetencef thevaccineeandvirulenceandtransmissibility

of theinfluenzavirus.



Materials and Methods

Computer model. The modelsimulatesa repertoireof 107 B cell clones,eachwith a different
specificityfor antigen.Whenantigenis introducedinto the model,B cellswith sufficient affinity
have a chanceto bind the antigen,be stimulatedto divide, undego somatichypermutationand
differentiateinto a plasmaor memorycell. Secretedantibodyhasa chanceto bind antigen,and
antigen-antibodyompleesareremoved from the system. In the simulation,just asin animals,
oneseedifferencesamongindividuals. This is dueto differentrandomnumberchoicesfor each
individual, which resultsin differentrepertoiresandhencevariationin the numberandspecificity
of B cells that are stimulatedby an antigen. We are concernedwith protectionfrom infection
conferredby inactivatedinfluenzavaccineandmediatedoy circulatingantibodiesthuswe do not

considemucosalor cell-mediatedmmunity.

Receptoron B cells, antibodiesand antigensarerepresentedby stringsof 20 symbols,eachof
which cantake on oneof four values. Thereasongor choosingthis representatioaredescribed
in [10]. The distancebetweentwo antigenss measuredy Hammingdistancej.e., the number
of point mutationsin the string describingone antigenrequiredto malke it identicalto thoseof
the secondantigen. Similarly, the distancebetweenan antibody(or B cell) andan antigenis the
numberof changesequiredto make the antibodya perfectmatchfor the antigen. This measure-
mentof the distancebetweenantigensby their Hammingdistanceallows antigenicdifferenceto
be computedn quantitatve terms.Antigenic (Hamming)distancevary betweerD and20, where

adistanceof 0 impliesantigenicidentity, anda distanceof 7 or moreimpliesno cross-reactiity.

Furtherdetailsof the modelareincludedin the supplementataterial,andthe computemprogram

is availablefrom http://wwwcs.unm.edubsmith/softwae/PNAS-model.html.

Experimental design. The computerexperimentconsideredwo influenzaseasonsindfour cat-
egoriesof individuals: (a) thosenever vaccinated(b) thosewho receved “vaccinel’(vl) at the
start of the first influenzaseasorand were not vaccinatedfor the secondseasonc) thosenot
vaccinatedor thefirst seasorbut who receved“vaccine2”(v2) at the startof the secondseason
(“first-time vaccinees”)and(d) thosewho recevedvl at the startof thefirst seasorandv?2 atthe
startof the second“repeatvaccinees”) All simulatedndividualswerechallengedvith epidemic

virus 2 monthsinto the secondnfluenzaseason.
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Thesamev2 andepidemicstrainswereusedfor all simulatedndividuals,andvl wasvaried.The
vaccine2-epidemistrainantigenicdistance(v2-e distance)was?2. Sincecross-reactie distances
vary between0 and7, this distances “close”, but is not a perfectmatch. The v1-only cateyory
(b) wassplit into eight groupswith eachgroupreceving a differentvl, andwith the vaccinel-
epidemicstrainantigenicdistance(v1-e distance)varying between0 and7. Similarly, the repeat
vaccinecatagory (d) wassplit into 31 groups with eachgroupreceving a differentvl, andwith
the v1-e distance and differentvaccinel-accine2antigenicdistanceqv1-v2 distancesyarying
betweenD and7. Dosageandtiming of the vaccinationsandepidemicchallengearesummarized

in Tablel. Thevaccinestrainswerenonreplicating.

For eachmemberof eachgroup,theviral load,andantibodyquantityandaffinities for eachanti-
gen,weremeasurecavery 6 hours.In addition,prior to eachvaccinationrandepidemicchallenge,
andatthepeakof eachresponsethe number affinity for eachantigenandclonalhistoryof eachB
cellinvolvedin theresponsavererecordedlf theviral loadexceededL,500“units” it wasdeemed
to have passed “diseasethreshold”andthe simulatedindividual was consideredsymptomatic.
Every simulatedindividual wasexposedo epidemicvirus, andthe attackratewithin a groupwas

definedasthe proportionof the groupin whichtheviral load exceededhe disease¢hreshold.

Statistical analysis. Two-samplez-testswere usedto compareproportions. Two-tailed testing

wasusedfor P values.

Results

Table2 shavstheexperimentahttackratein eachexperimentalndcontrolgroup. Theattackrate
was1.0in the groupnever vaccinated The attackratewas0.55for first-time vaccinees Attack
ratesvariedfrom 0.01to 1.0in thev1-only groups—theattackrateincreasedsthevl-edistance
increasedAttack ratesvariedfrom 0.0to 0.78for repeatvaccinees—thattackratedependean

thevl-v2 distanceandthevl-edistance.

1Somegroupsarenot possibleg.g.avl-edistanceof 7, av2-edistanceof 2, andav1-v2 distanceof 1.
2Experimentathallengeof eachsimulatedndividual with alarge doseof epidemicvirus giveshigherattackrates

thanthoseobsenredin influenzavaccinefield trials.



An additionalyear betweenvaccinationand challengeincreased P < 0.01) the experimental
attackratefrom 0.55to 0.87 for first time vaccineesvhenthe vaccine-epidemistrainantigenic
distance(v-e distance)was 2 (seevl-only columnin Table?2). This wasdueto decayof cross-

reactve antibody(datanot shown).

Repeatvaccinationwasbeneficialwhengivento previousvaccineesln all groupsthatreceved
vl, it alwaysloweredexperimentalattackratesto receve v2. The lowering of attackrateswas
statisticallysignificant,P < 0.01, otherthanin the groupin which thev1-v2 distancewas0 and
thevl-edistancewas2 (P < 0.05), andin the groupin which the v1-v2 distancewas?2 andthe
vl-edistancewasO. This canbe seenby comparingthe experimentalattackratesin the vl-only
columnof Table2 with the attackratesin the correspondingow of therepeat-accinecolumns(a

row corresponds$o groupsin whichthevl-edistancevasthesame).

Negative and positive interferenceof a prior vaccine. Attack ratesfor repeatvaccineesvere
sometimedower, andsometimedighet thanthe attackratefor first-time vaccineegTable2)—
eventhoughthe timing, dose,andv2-e distancewereidentical. The effect of v1 on the apparent
efficagy of v2 canbe split into two factors: negative and positive interference.Due to the first
vaccinationy?2 is partially eliminatedby pre-&isting cross-reactie antibodyproducedn response
to vl andby v2 stimulatingvl memoryclones.Theseeffects,which leadto reducecdeffectiveness
of v2, we call “negative interference” Negative interferencds greaterwhenthevl1-v2 distancds

small.

Thesecondactorinfluencingtheattackratein repeatvaccineess “positiveinterference”jn which
pre-«isting cross-reactie antibodyproducedn the responseo v1, andboostedby the response
to v2, helpsto clearthe epidemicvirus. Positive interferencds greatewhenthevl-edistances

small—thistrendcanbe seenin the columnsof Table2.

Fig 3ashavs anexampleof negative interferenceof vl onv2. Theresponséo v1 reachedevels®
typical for the model. The responséo v2 causeda 6-fold increasen the antibodycross-reactie

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

3Assayssuchasthe hemagglutinatiomnhibition assayimplicitly take into accountaffinity aswell asconcentration
of antibody Thisis usefulin assessinghe effectivenessf antibodyto clearanantigen.Thus,the antibodylevelsin

Fig 3 have beenweightedby affinity, thedetailsaredescribedn the supplementainaterial.



in the responsdo v1 (datanot shovn). After the responsdo v2, the antibodyreactie with v2
wasapproximatelyone half of that usually seenafter a primary vaccination(e.g.the level in the
responsdo v2 in Fig 3b, andthe responsedo v1 in Figs 3aandc). Furthermorethe antibody
producedin responseo v1 andv2 was strongly cross-reactie with v1, but only weakly cross-
reactve with the epidemicstrain. This absenceof protectve antibody cross-reactie with the
epidemicvirus allowed the virus to exceedthe 1500 antigenunit thresholdand “causedisease”
(Fig 3a). Theantibodylevel reactie to the epidemicstrainwaslarge afterthe epidemicvirus was
clearedthoughthe antibodylevelsto v1 andv2 remainedmostly unafected(Fig 3a), suggesting
a de novo immuneresponseo the epidemicstrain. The effectsof negative interferenceare most
evidentwhencomparedo the responsageneratedy the v2-only control (Fig 3b). The antibody
producedn this casecross-reactewvith the epidemicstrain,and provided protectionagainstthe

epidemicchallenge.

Fig 3c shavs anexampleof positive interferenceof v1 on the epidemicchallenge.As in Fig 3a,
theresponséo v1 wastypical, andvl negatively interferedwith v2 by aboutthe sameamount(the
v1-v2distancenvasthesamen bothcases)Thedifferencebetweerthis exampleandFig 3ais that
theantibodyproducedn responséo v1, andboostedoy v2, wascross-reactie with the epidemic
strainwhereast wasnot cross-reactie in Fig 3a(thevl-edistancds 2 in Fig 3cand4 in Fig 3a).
The antibodiescross-reactie with the epidemicstrain were sufficient in numberand affinity to

cleartheepidemicvirus beforeit causedliseaseBecausehe epidemicvirus wasclearedquickly,

it did notstimulatethe productionof new antibodyandtheantibodylevelsto all threeantigensvas

mostlyunafectedby thechallenge.

For somerepeataccinegroups positiveinterferencelominatedvernegative interferencdentries
marked with a* or ** in Table2) andthe attackrate waslower thanfor first-time vaccinees.In
otherrepeatvaccinegroupsnegative interferencedominatedentriesmarkedwith at or* in Table

2) andtheattackratewashigherthanfor first-timevaccinees.

Whenthevl-edistancevaslessthan4, a greatemproportionof memoryB cellsthatcross-reacted
with the epidemicstrainwereinitially producedin responseo v1 thanto v2 (datanot shavn).

This, theresultof negative interferencewasmorepronouncedvhenthevl-v2 distancevassmall.

Whenthevl andv2 strainswerethe sametherewasahigh attackrate(0.78)for repeat-accinees



(Table2, v1-v2 distaance=0)This wasinvestigatedurtherwith experimentdan which thev-e dis-
tancesvere0, 1, and3. In thesehomologouwaccinatiorexperimentsrepeataccineeshadhigher

attackratesthancorrespondindirst-timevaccineesandlower attackratesthancorresponding1-
only groups(Fig 4a).

Historical analysis. The Hoskinsand Keitel studiesreportedvaccineand epidemicstrains,to-
getherwith vaccineefficaciesin first-time andrepeatvaccineesfor eachoutbreak(Table3); thus,
they canbe usedto testtheantigenicdistancehypothesisField studydatawasacceptedccording
to the definitionsin [3]: first-time vaccineesere definedasindividualsvaccinatedmmediately
prior to the influenzaseasonn which an outbreakoccurred,andnot vaccinatedn the preceding
years;repeatvaccineesveredefinedasindividualsvaccinatedmmediatelyprior to the influenza
seasorin which an outbreakoccurred,and also vaccinatedn 1 or more consecutre preceding
years.Thusfor our study the Hoskins1976(H3N2) outbreakwasexcludedastherewasno strict
first-time vaccinegroup [6], andthe outbreaksn the first year (1983) of the Keitel studywere
excludedastherewasno strict repeatvaccinegroup. The antigenicdistancesamongthe vaccine
andepidemicstrainswere determinedrom historicalhemagglutinationnhibition assay(Hl) ta-
bles! kindly provided by the Centersfor DiseaseControl and Prevention, Atlanta. Differencesn
HI valueswerescaledto equatethemwith our measureof antigenicdistancé, andareshavn in
Table3. Usingour modelandtheHI derivedantigenicdistanceswe predictedhevaccineefficacy
for first-timeandrepeatvaccineesNo attemptwasmadeto tuneparametersf themodelto fit the

HoskinsandKeitel obsenations.

The predictionsfrom the model of vaccineefficagy in repeatvaccineegelative to the efficacy
in first-time vaccineeshad good correlation(r=0.87) with that seenin the Hoskinsand Keitel
studies(Table 3, Figs 1 and5). However, the modeldid not accuratelypredictabsolutevaccine
efficacies.Nor wasthereary correlationbetweenvaccineefficagy in first-time vaccineesandthe

v2-edistance.

4TheHI assaymeasuretheability of ferretantibodiesraisedn respons¢o oneinfluenzastrain,to inhibit asecond

influenzastrainfrom agglutinatingredblood cells.
SSincethe HI assaymeasuresiters, we assumehatthe differencebetweerlog, of HI valuesis equivalentto anti-

genicdistancddetailsin supplementaiethods) For example,a 2-fold differencen HI valuesis assumeequialent

to antigenicdistancel, andan8-fold differenceantigenicdistances.



Discussion

Our resultsshav thatantigenicdistancedetweerthefirst andsecondvaccines andbetweerthe
first vaccineandtheepidemicstrain,significantlyaffectattackratesin repeatvaccineesThemodel
accuratehpredictedvaccineefficagy in repeatvaccineestelativeto thatin first-timevaccineestor
outbreaksluring HoskinsandKeitel studiesof annualinfluenzavaccination(Figs1 and5). Thus,
the proposedantigenic distancehypothesisoffers a parsimoniousexplanationfor the differing

obsenationsin the HoskinsandKeitel studies.

In repeatvaccineesywhenthe v1-v2 distancewas small, antibodiesproducedby the immunere-
sponséo v1 cross-reactedith v2, eliminatingsomeof v2 beforeit inducedanimmuneresponse—
a phenomenonve call ngyativeinterference Whenthe v1-e distancewassmall, antibodiespro-
ducedby the responsdo v1 cross-reacteavith the epidemicstrain and helpedclearit—a phe-
nomenonwe call positiveinterferenceby v1 on the epidemicvirus. Thus, attackratesvariedin
repeatvaccineeslependingon the combinationof negative and positive interferencanducedby
v1, whichin turndependednthevl-v2 andvl-edistancestespectiely. Positve andnegativein-
terferencearewell documente@spect®of the cross-reactie immuneresponsg8, 9]; in this study
we have combinedthemin a quantitatve way to predictvaccineefficaciesin first-time andrepeat

vaccinees.

Homologousvaccination. Intuitively, it seemswrong that repeatvaccineegjiventhe same(ho-
mologous)vaccinefor 2 successie yearscould be lessprotectedhanfirst-time vaccinees How-
ever, themodelpredictsthatasthev-e distancancreasesrom 0 to 2, theratio of vaccineefficacy
in repeatvaccineesomparedo thatin first-timevaccineevill fall monotonicallyfrom 1.0to 0.5.
This predictionholdsfor thefour oubreaksn theHoskinsandKeitel studieshatwereprecededy
homologousraccination(Fig 4b). Homologousvaccinationcanresultin low vaccineefficacy be-
causet causesnaximumnegative interferenceof thefirst vaccineonthe secondvaccine andthus
repeatvaccineesreonly protectedy the positive interferenceof thefirst vaccineon the epidemic

strain(which depend®n thev-e distance).

In two othercasesf homologoussaccination(1976 (H3N2) and1986(H1N1)), the v-e distance
was?2, andthusthemodelwould have predictedpoorefficagy in repeatvaccineesHowever, in both

casesa secondhonhomologous2 strainwasalsogiven andthe modelpredictedapproximately
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equalefficagy in first-time andrepeatvaccineega goodpredictionfor the 1986outbreakandnot
testableor the 19760outbreak).

Failure of homologousstrainvaccinationto boostafter 2 weeks[12] andafter 6 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 homologousevaccinationprovidedgoodprotection.Thus,theresultsof the model

dependnthepersistencef antibodyandwhetherthatpersistenceemainsabove protectve levels.

Negative interferenceof a prior vaccineon a subsequentaccinehasbeenseenin influenzavac-
cinationin humang14, 15], ashasthe preferentialproductionof antibodycross-reactie with the
prior vaccing[15, 16]. Asin themodel,theamountof vaccineantigeneliminationby pre-eisting

cross-reactie antibodyappearso be proportionalto theamountof circulatingantibody[12, 17].

Historical Analysis. The ability of the modelto predictthe ratio of repeatto first-time vaccine
efficacies,yet not predictabsolutevaccineefficaciessuggestghat taking the ratio cancelsout a
linear factorthataffectsfirst-time andrepeatvaccineesqually—afactorthathasbeenobscuring
therelationshipbetweenantigenicdistanceandvaccineefficagy. This factor(or factors)couldbe
causedy variationin the antigenicityor doseof the vaccine—#&ctorsnot exploredin the current

study

Although the resultsfrom the two Keitel studyoutbreaksn 1983 were excludedfrom the statis-
tical testingof the hypothesisthe differencesetweerthe predictedandobsenedratiosfor these
outbreaksupporthehypothesisThe outbreakswereexcludedbecausalthoughrepeatvaccinees
receved vl sometimewithin the 3 yearsprecedingthe study not all of themhadrecevedvl in
the fall of 1981. This would allow antibodylevelsto decreaséeforevaccinationin the fall of
1982. Lower antibodylevels would decrease¢he negative interferenceof v1 on v2, andthusfa-
vor repeatvaccineegaswasseen). The extreme4-fold favoring of repeatvaccineesn the 1983
(H1N1) outbreakalsosupportghe hypothesisThevaccine(A/Brazil/11/78)appearso have been
of low antigenicity(obsenedvaccineefficacy in first-timevaccineesvasonly 21%)andantibody
persistencevaslessthanfor concomitantH3N2 andB vaccination[11]. Thusnegative interfer
encewouldbelik ely to below, andarepeahomologousaccinationwvould producea moreclassic

secondaryesponsavith high antibodytiters,andthusbe highly effective (aswasseen).
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In the Hoskinsstudy it was found that boys who had confirmedinfluenzainfection were better
protectedagainstsubsequentdutbreakghanboys who had not beeninfected(but who hadbeen
vaccinated).Theresultsfrom the modeloffer a potentialexplanation.In the model,antibodylev-
elsafterthe epidemicchallengeweredifferent,dependingon whetherthe experimentalchallenge
causeddisease.If the challengecauseddiseasethe antibodylevels cross-reactie with the epi-
demicstrainwereatleast3-fold higherthanafteraprimaryor secondaryaccination(Fig 3a)—in
the modelthis wasdueto the antigenstimulatingthe immunesystemfor a longertime, leading
to moreplasmacellsandantibodiesbeingproduced.Thus,antibodylevelsto the epidemicvirus
remainecdhigherfor longer andwould be protectve for longer thanthe lower antibodylevelsin
responséo vaccination.Cornversely whenthe epidemicvirus wasclearedquickly it hadlittle ef-
fect on antibodylevels (Figs 3b andc); thus,we would expectit to have little influenceon future

protection.

In themodel,repeatvaccineesecevedonly two vaccinationsandwereexposedo asingleexper
imentalepidemicchallengeafterthe secondvaccination. However, in boththe HoskinsandKeitel
studies somerepeatvaccineesverevaccinatednorethantwice, andindividualsmight have been
exposedto epidemicchallengemultiple times; yet the model still madegood predictions. This
suggestghat the last two vaccinationsare the mostimportantin determiningefficacy in repeat

vaccinees.

Vaccinedesign.Onefocusof influenzavaccinestrainselectionis the selectionof a strainthatwill
be closeto the (unknovn) upcomingepidemicstrain. The antigenicdistancehypothesisupports
this strategyy, andaddsthefollowing: If thereis achoiceamongotherwiseequivalentstraing, then
choosingthe strainfarthestfrom the previous vaccinestrainwould reducethe effectsof negative

interferenceandthuspotentiallyincreasevaccineefficacy in repeatvaccinees.

Vaccinedesignstrivesfor persistenhigh antibodytiter andpersistentellularmemory However,
this may not be the optimal strateyy if the pathogeris antigenicallyvariableandrevaccinationis
necessaryin the caseof annualinfluenzavaccinationjf the antibodytiter is high for morethana

yearthenit hasthe potentialto negatively interferewith a subsequentevaccination.Oneoption

8i.e. strainsthoughtto be equallygoodguessesf the upcomingepidemicstrainequallyappropriategfor manufc-

ture.
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to overcomenggative interferencevould beto increasehevaccinedose;althoughthis couldwork
for oneinfluenzaseasonthestratgy hasthedangerof resultingin high antibodylevelsthatwould
increasenegative interferencein subsequenyears. An alternate counterintuitive, option would
be to designvaccinesn which the vaccinespecificantibodytiter remainedhigh only during the
influenzaseasonandthendecreasedubstantiallybeforerevaccinationthusloweringthepotential

negative interferenceon subsequentaccinations.

Skippingvaccinationfor a yearwould be anothemethodto allow antibodytitersto fall andthus
reducenegative interferencen the following year However, while skipping vaccinationmight
benefitrepeatvaccineesn thefollowing year they would suffer in theyearthey skippedbecause,
even thoughsomerepeatvaccinationgroupsin our experimentshad significantly higher attack
rateshanthefirst-timevaccinatiorgroup,they still hadalowerattackratethangroupsthatskipped

thesecondvaccination(Table2).

Summary. Theantigenicdistancenypothesisastestedoy comparingthe predictionsfrom acom-
putermodelto seveninfluenzaoutbreaksobseredin the Hoskinsand Keitel studies,accurately
predictedtheyearto yearvariationin vaccineefficacy of repeatvaccineeselative to thatin first-
time vaccinees. The hypothesissuggestonsideringantigenicdistanceto the previous years
vaccinestrainaspartof the vaccinestrainselectionprocessa refinementwhich hasthe potential
to increasethe vaccineefficagy in repeatvaccinees.The methodspresentecheremay alsohave
applicationto vaccinationstratgjiesfor otherantigenicallyvariablepathogensequiringmultiple

vaccinationgor protection.
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Figure Captions

Fig 1. Obsenedandpredictedvaccineefficacy in repeatvaccineeselative to the efficagy in first-

time vaccinees.

Fig 2. An illustration of the antigenicdistancehypothesis.Shapespacediagramsare a way to
illustrate the affinities betweenmultiple B cells/antibodiesand antigens,and also the antigenic
distancedetweerantigend7]. In theseshapespacadiagramsthe affinity betweera B cell or an-
tibody (x) andanantigen(e) is representedly the distancebetweerthem. Similarly, the distance
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,afirst vaccine(vaccinel)createsa populationof memoryB cells andantibodieswithin its
ball of stimulation. (b) Cross-reactie antigenshave intersectingballs of stimulation,and anti-
bodiesandB cellsin theintersectiorof their balls—thosewith affinity for bothantigens—ar¢he
cross-reactie antibodiesandB cells. The antigenin a secondvaccine(vaccine2will be partially
eliminatedby pre-«isting cross-reactie antibodiegdependingon the amountof antibodyin the
intersection)andthustheimmuneresponséo vaccine2will bereduced8, 9]. (c) If asubsequent
epidemicstrainis closeto vaccineljt will beclearedby pre-&isting antibodies.(d) However, if
thereis no intersectionbetweenvaccinelandthe epidemicstrain, therewill be few pre-eisting
cross-reactie antibodiesto clearthe epidemicstrainquickly, despitetwo vaccinations.Note, in
theabsencef vaccinelyaccine2would have produceda memorypopulationandantibodieghat
would have beenprotectve againsboththeepidemicstrainsin panelsc andd. For anantigenwith

multiple epitopegqsuchasinfluenza)therewould be a ball 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 distancewas 2 for the
examplesin panels(a) and(c), andthevl1-edistancewas4 for the examplein panel(a) and2 for

theexamplein panel(c). An enlagedregion of panel(a) is includedin the supplementamaterial.

Fig 4. Homologousvaccinationover a rangeof v-e distances(a) Comparisorof giving thesame
vaccinein the prior influenzaseasonthe currentseasonandboth seasons(b) Predictedandob-

senedvaccineefficagy in repeatvaccineeselativeto theefficagy in first-timevaccineesObsened
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dataarefrom thefour outbreaksn the HoskinsandKeitel studiesprecededy homologousracci-
nation(1972,1984,1985,and1987(B)). The predictedvaccineefficacy is computedrom panel
(a) as1 - attack-rate.In computingthe efficacy relative to first-time vaccineesve assumedhat

first-timevaccineesecevedthevaccinein thecurrentseason.

Fig 5. Predictedandobsenedvaccineefficacy in repeatvaccineeselative to the efficagy in first-
time vaccineedor the outbreakof the HoskinsandKeitel studies.Correlation0.87 (P = 0.01);

linearregressiorslopel.03,intercept0.07.
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Category Num. Num.in vldose v2dose Challengedose

groups group (day0) (day365) (day425)

(a) No vaccines 1 200 500
(b) v1 only 8 200 1,000 500
(c)v2only 1 200 1,000 500
(d)vlandv2 31 200 1,000 1,000 500

Table1l: Thetiming anddoseof simulatedvaccinationsand epidemicchallenge.Eachcatejory
correspondso a differentvaccinestrategyy, andeachgroupwithin a cateyory correspondso dif-

ferentantigenicdistanceamongthe vaccineandepidemicstrains.
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vlonly vl andv2
vl-e v1-v2distance
distance 0 1 2 3 4 5 6 7
0 0.01* 0.00*
1 0.46 0.06* 0.0r* 0.04*
2 0.8# 078 0.37* 0.20* 0.19* 0.18*
3 0.96 0.74 0.44 0.36* 0.35* 0.38*
4 0.99 0.7¢% 050 045 0.41* 0.50
5 1.00 0.66 0.46 047 0.50 0.50
6 1.00 0.65 0.54 045 0.54
7 1.00 0.55 0.58 0.52

Table2: Summaryof experimentalattackrates. The attackratein the urvaccinatedcontrol, was

1.0 (not shawvn). Attack ratesfor first-time vaccineeqv2-only) was 0.55 (not shown). Attack

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

f or* hadhigher(P < 0.05 or P < 0.01 respectiely), and groupsmarked with a * or ** had

lower (P < 0.05 or P < 0.01 respectiely), attackratethanfirst-time vaccinees Attack ratesin

otherrepeatvaccinatiorgroupsdid notdiffer significantlyfrom thatfor first-timevaccineesegither

becauserl wastoo farfrom v2 andthe epidemicstrainto have an effect, or becausehe effectsof

positive andnegative interferencecanceledeachotherout. Attack ratesashigh as1.0 areduethe

large-doseexperimentalkchallengeof eachsimulatedindividual.
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Vaccine efficacy in repeat vaccinees
relative to efficacy in first-time vaccinees
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Attack rate

Vaccine efficacy in repeat vaccinees
relative to efficacy in first-time vaccinees

1.0

0.8 |

0.6 |

04 |

Prior season —e—
Current season —-—
Both seasons —&—

@

o
S

=
[N}

=
o

o
©

o
o

o
IS

o
N
T

o
S

Observed —e— g
Predicted —=—

o
o

! !
0.5 1.0 15 2.0 25 3.0

Vaccine to epidemic strain antigenic distance

Figure4:

24



Observed ratio

1.4

12

08

04 r

0.2

Hoskins outbreaks
Keitel outbreaks
Linear regression

0.0
0.0

0.2

0.4 0.6 0.8

Predicted ratio

Figureb:

25

1.0

12

1.4



