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Abstract

Background:The accumulatedwisdomis to updatethe vaccinestrain to the expectedepidemic

strainonly whenthereis at leasta 4-fold difference[measuredby thehemagglutinationinhibition

(HI) assay]betweenthecurrentvaccinestrainandtheexpectedepidemicstrain. In this studywe

investigatetheeffect,on repeatvaccinees,of updatingthevaccinewhenthereis a lessthan4-fold

difference.Methods:Using a computermodelof the immuneresponseto repeatedvaccination,

we simulatedupdatingthe vaccineon a 2-fold differenceandcomparedthis to not updatingthe

vaccine,in eachcasepredictingthevaccineefficacy in first-timeandrepeatvaccineesfor avariety

of possibleepidemicstrains.Results:Updatingthevaccinestrainona2-fold differenceresultedin

increasedvaccineefficacy in repeatvaccineescomparedto leaving thevaccineunchanged.Con-

clusions:Theseresultssuggestthatupdatingthevaccinestrainon a 2-fold differencebetweenthe

existing vaccinestrainandthe expectedepidemicstrainwill increasevaccineefficacy in repeat

vaccineescomparedto leaving thevaccineunchanged.
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Intr oduction

Generally, the influenzavaccinestrainis updatedwhenthereis at leasta 4-fold differencein HI

titer betweenthe existing vaccinestrainandthe expectedepidemicstrain. Public healthrecom-

mendationsarefor individualsin high-riskgroupsto be revaccinatedannually[1]; thus,vaccine

efficacy in repeatvaccineesis particularlyimportant. However, theefficacy of repeatedvaccina-

tion hasbeendifficult to determinedefinitively: Meta-analysishasshown astatisticallysignificant

heterogeneityin theefficacy of repeatedvaccinationin serology-basedfield trials [2], anddifferent

studieshave draw differentconclusionsasto theeffectivenessof repeatedvaccination[3, 4]. To

explain this heterogeneity, we introducedthe“antigenicdistance”hypothesis[5] which statesthat

prior exposureto influenzavirusor vaccinecaninfluencethesubsequentresponsedependingupon

thedegreeof cross-reactivity amongtheantigensusedin thevaccinesandtheepidemicinfluenza

strainsin eachstudyyear(Figure1). Using a computer, we showed that this hypothesisoffered

a parsimoniousexplanationfor theobservedvariationin repeatedvaccinationwithin andbetween

the Hoskins[3] andKeitel[4] repeatedvaccinationstudies(Figure2). Herewe usethe antigenic

distancehypothesis,andthesamecomputermodel,to reasonquantitatively abouttheeffects,on

repeatvaccinees,of updatingthevaccinestrainona lessthan4-fold difference.

Methods

Thecomputermodelconsistsof B cells,plasmacells,memoryB cells,antibodies,andantigens.

The model capturesthe essenceof the primary and secondaryhumoral immuneresponse,and

the cross-reactive immuneresponse.More detailsof the modelcanbe found in [5], full details

canbefoundin thesupplementalmaterialof [5] at http://www.pnas.org/, andthesoftwarefor the

simulatoris availablefrom http://www.santafe.edu/dsmith/software/PNAS-model.html.

The computerexperimentsimulatedtwo influenzaseasons.A control group of 200 simulated

individualsreceivedno vaccinationsandwaschallengedwith replicatingvirus 2 monthsinto the

secondinfluenzaseason.Four first-time vaccinationgroups,eachof 200 simulatedindividuals,

werevaccinatedat the startof the secondinfluenzaseason,andwerechallenged2 monthsinto
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thesecondinfluenzaseasonwith eitherhomologousvirus, or virus 2- 4- or 8-fold differentfrom

the vaccinestrain. Sixteenrepeatedvaccinationgroups,eachof 200 simulatedindividuals,all

received the same“vaccine1”(v1) strainat the startof the first influenzaseason.At the startof

the secondinfluenzaseason,eight of thesixteengroupswerevaccinatedwith thesamestrainas

usedfor thefirst vaccination,andtheothereightgroupsreceiveda “vaccine2”(v2) strainthatwas

2-fold different1 from thevaccine1strain.All sixteenrepeatvaccinationgroupswerechallenged2

monthsinto thesecondinfluenzaseasonwith replicatingvirus up to 4-fold differentfrom eachof

thevaccinestrains(Figure3). In all cases,thevaccinedosewas1,000“units” of non-replicating

virus,andtheepidemicdosewas500unitsof replicatingvirus.

If theviral loadexceeded1,500units it wasdeemedto have passeda “diseasethreshold”andthe

simulatedindividual wasconsideredsymptomatic. The attackrate within a groupwas defined

as the proportionof the group in which the viral load exceededthe diseasethreshold. Vaccine

efficacy wasdefinedas
	�

�������������������������������

, where
���������

is theattackratein a vaccinatedgroup

and
��� �!���!�����

is the attackrate in the non-vaccinatedcontrol. Two sample " -testswere usedto

compareproportions.Two-tailedtestingwasusedfor # values.

Results

Theattackratein thenon-vaccinatedcontrolwas1.0.2 Attackratesin first-timevaccineeswere0.0,

0.02,0.55,and0.83for homologous,2-fold, 4-fold, and8-fold differences,respectively, between

thevaccinestrainandtheactualepidemicstrain. Efficaciesin repeatvaccineeswhenthevaccine

wasupdated,andwhenit wasnot updated,andfor variousactualepidemicstrains,areshown in

Figure3. Ratiosof efficacy in repeatvaccineesto efficacy in first-timevaccineesrangedfrom 0.49

to 3.00(Figure3).

Updatingthevaccineona2-fold differencebetweentheexistingepidemicstrainandtheexpected
12- 4- and8-fold differencescorrespondsto “antigenicdistances”1, 2, and3 respectively in [5].
2Eachsimulatedindividual was challengedwith a large doseof virus, resulting in higher attackratesthan in

influenzavaccinefield trials
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epidemicstrainresultedin higherpredictedvaccineefficacy in repeatvaccineesin all casescom-

paredto whenthevaccinewasnot updated(#%$'&)(*& 	 in all casesotherthanin thecasewhenthe

actualepidemicstrainwasthesameasthevaccine1strain). Efficacieswhenthevaccinewasnot

updatedweredependentonly on theantigenicdistancebetweenthevaccinestrainandtheactual

epidemicstrain. Whenthevaccinewasupdatedto theexpectedepidemicstrain,efficaciesin re-

peatvaccineesdependedon the antigenicdistancesbetweenthe actualepidemicstrainandboth

vaccine1andvaccine2strains. Repeatvaccineefficacy washigherwhentherewasa triangular

configurationbetweenthe threestrains(for example,whentheactualepidemicstrainwas4-fold

differentfrom both thevaccine1andvaccine2strains,andvaccine1andvaccine2strainswere2-

fold different from eachother). Vaccineefficacy in repeatvaccineesexceededthat in first-time

vaccineesin somegroups(#+$,&-(.& 	 ) when the vaccinewasupdatedto the expectedepidemic

strain,andnotat all whenthevaccinewasnot updated.

Somewhatsurprisingly, for actualepidemicstrainscloserto vaccine1thanto theexpectedepidemic

strain(strainsto the left of vaccine1in Figure3), the predictedefficacy in repeatvaccineeswas

higher(#/$0&)(.& 	 ) whenthevaccinewasupdatedthanwhenit remainedunchanged—eventhough

leaving the vaccineunchangedwould result in a vaccinestrain closerto thoseactualepidemic

strains.

Discussion

Updatingthe vaccinewhen thereis a 2-fold differencebetweenthe existing vaccinestrainand

the expectedepidemicstraingave a highervaccineefficacy in repeatvaccineesthanleaving the

vaccineunchanged(Figure3). It is similarly advantageousto updatethe vaccineon a 4-fold or

moredifference(datanot shown). Theseresultssupportthecurrentstrategy to updatethevaccine

strainona4-fold or moredifferencebetweentheexistingvaccinestrainandtheexpectedepidemic

strain. Moreover, theseresultssuggestthat alsoupdatingthe vaccineon a 2-fold differencewill

increasevaccineefficacy in repeatvaccineescomparedto leaving thevaccineunchanged.

Influenzaepidemicsoccurmostyears,andpublichealthrecommendationsarefor at-riskindividu-

4



alsto berevaccinatedannually. Thus,optimizingthevaccineefficacy for asingleyearby updating

thevaccinestrainto anexpectedepidemicstrain2-fold from theexisting vaccineis not necessar-

ily thebeststrategy over multiple years.For example,anadvantageof only updatingthevaccine

whenthereis at leasta4-fold differenceis thattherewill beless“negativeinterference”(antigenic

sin effect [6, 7]) from prior vaccinations.Thus,keepingthevaccineunchangedtradesoff reduced

efficacy in repeatvaccineesin theyearwhenthevaccinedid not change,for increasedefficacy in

thesubsequentyear. To fully assessthe tradeoffs for repeatvaccineesin updatingthevaccineor

not requiresexaminingtheeffectsovermultipleyears(manuscriptin preparation).

A difficulty of updatingthevaccinestrainon a 2-fold differencein HI titer is that the resolution

andreliability of the HI assayaresuchthat only at leasta 4-fold differencebetweenstrainshas

typically beenconsideredsignificant. Beyer andMasurel[8], andLapedesandFarber[9], have

usedmathematicaltechniquesto addresssomeof the inherentdifficulties in obtainingaccurate

measurementsof antigenicdistancefrom HI data. Thesetechniquesareinvestigatedfurther in a

manuscriptin preparation.
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FigureCaptions

Figure1. An illustration of the antigenicdistancehypothesis.TheseShape space diagramsare

a way to illustrateboth theaffinities of multiple B cells/antibodiesto multiple antigens,andalso

theantigenicdistancesamongmultiple antigens[10]. In thesediagrams,theaffinity betweena B

cell or antibody( 1 ) andanantigen( 2 ) is representedby thedistancebetweenthem.Similarly, the

distancebetweenantigensis ameasureof how similar they areantigenically. (a)B cellswith suffi-

cientaffinity to bestimulatedby anantigenlie within aball of stimulation centeredontheantigen.

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[6, 7]. (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

multiple epitopes(suchasinfluenza)therewouldbea ball of stimulationfor eachepitope.Figure

takenfrom [5], copyright (1999)NationalAcademyof Sciences,U.S.A.,usedwith permission.

Figure2. Theobservedandpredictedvaccineefficacy in repeatvaccineesrelativeto theefficacy in

first-timevaccinees.Thepredictionof relativeefficacy hadgoodcorrelationwith theobserveddata

(
�43 &)(*5�6 , # 3 &)(*& 	 ); however, themodeldid not accuratelypredictabsolutevaccineefficacies,

suggestingadditionalvariationin eachvaccinenot accountedfor in themodel(discussedfurther

in [5]). Figuretakenfrom [5], copyright (1999)NationalAcademyof Sciences,U.S.A.,usedwith

permission.
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Figure3. Predictionsfrom themodelfor vaccineefficacy in repeatvaccinees(givenV � andV � ),
andin parenthesis,relative efficacy comparedto that in first-time vaccinees(givenV � only), for

two vaccine2strainchoicesgivenavarietyof actualepidemicstrains(hollow circles)up to 4-fold

from bothvaccinestrains.Therewasa2-fold differencebetweentheexistingvaccine(V � ) andthe

expectedepidemicstrain(E7 ) in bothpanelsaandb.
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