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Abstract

Background:The accumulatedvisdomis to updatethe vaccinestrainto the expectedepidemic
strainonly whenthereis atleasta 4-fold differencgmeasuredy the hemagglutinatiomhibition
(HI) assaylpbetweerthe currentvaccinestrainandthe expectedepidemicstrain. In this studywe
investigatehe effect, on repeatvaccineespf updatingthe vaccinewhenthereis a lessthan4-fold
difference. Methods: Using a computermodel of the immuneresponsédo repeated/accination,
we simulatedupdatingthe vaccineon a 2-fold differenceand comparedhis to not updatingthe
vaccine,n eachcasepredictingthevaccineefficagy in first-timeandrepeatvaccineedor avariety
of possibleepidemicstrains.Results:Updatingthevaccinestrainon a 2-fold differenceresultedn
increasedraccineefficagy in repeatvaccineesomparedo leaving the vaccineunchanged Con-
clusions:Theseresultssuggesthatupdatingthe vaccinestrainon a 2-fold differencebetweerthe
existing vaccinestrain andthe expectedepidemicstrainwill increasevaccineefficagy in repeat

vaccineesomparedo 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-risk groupsto be revaccinatedcannually[1]; thus,vaccine
efficagy in repeatvaccineess particularlyimportant. However, the efficacy of repeatedraccina-
tion hasbeendifficult to determinadefinitively: Meta-analysifiasshavn a statisticallysignificant
heterogeneityn theefficagy of repeatediaccinationn serology-basetield trials[2], anddifferent
studieshave draw differentconclusionsasto the effectivenessf repeatedraccination3, 4]. To

explainthis heterogeneitywe introducedhe “antigenicdistance™hypothesig5] which stateghat
prior exposureto influenzavirus or vaccinecaninfluencethe subsequentesponseependingipon
the degreeof cross-reactity amongthe antigensusedin the vaccinesandthe epidemicinfluenza
strainsin eachstudyyear(Figurel). Using a computey we shaved that this hypothesisoffered
a parsimoniougxplanationfor the obsenedvariationin repeatedraccinatiorwithin andbetween
the Hoskins[3 andKeitel[4] repeatedraccinationstudies(Figure2). Herewe usethe antigenic
distancehypothesisandthe samecomputemmodel,to reasonquantitatvely aboutthe effects,on

repeatvaccineespf updatingthe vaccinestrainon a lessthan4-fold difference.

Methods

The computermodelconsistsof B cells, plasmacells, memoryB cells, antibodiesandantigens.
The model capturesthe essencef the primary and secondaryhumoralimmuneresponseand
the cross-reactie immuneresponse.More detailsof the modelcanbe foundin [5], full details
canbefoundin the supplementamaterialof [5] at http://www.pnas.og/, andthe softwarefor the

simulatoris availablefrom http://www.santafe.edwsmith/softvare/PMS-model.html.

The computerexperimentsimulatedtwo influenzaseasons.A control group of 200 simulated
individualsreceved no vaccinationsandwaschallengedwith replicatingvirus 2 monthsinto the
secondinfluenzaseason.Four first-time vaccinationgroups,eachof 200 simulatedindividuals,

were vaccinatedat the startof the secondinfluenzaseasonandwere challenged? monthsinto



the secondnfluenzaseasorwith eitherhomologousvirus, or virus 2- 4- or 8-fold differentfrom
the vaccinestrain. Sixteenrepeatedvaccinationgroups,eachof 200 simulatedindividuals, all
recevedthe same®vaccinel”(v1) strainat the startof the first influenzaseason.At the startof
the secondnfluenzaseasongight of the sixteengroupswere vaccinatedvith the samestrainas
usedfor thefirst vaccinationandthe othereightgroupsreceveda“vaccine2”’(v2) strainthatwas
2-fold different from thevaccinelstrain.All sixteenrepeatvaccinationgroupswerechallenged®
monthsinto the secondnfluenzaseasorwith replicatingvirus up to 4-fold differentfrom eachof
thevaccinestrains(Figure3). In all casesthe vaccinedosewas1,000“units” of non-replicating

virus, andthe epidemicdosewas500units of replicatingvirus.

If theviral loadexceededL,500unitsit wasdeemedo have passed “diseasethreshold’andthe
simulatedindividual was consideredsymptomatic. The attackrate within a group was defined
asthe proportionof the groupin which the viral load exceededhe diseasehreshold. Vaccine
efficacy wasdefinedas1 — (aryac/ @ nonvac), Wherear,,. is the attackratein a vaccinatedyroup
and ar,.nwac 1S the attackrate in the non-vaccinatedcontrol. Two samplez-testswere usedto

compareproportions.Two-tailedtestingwasusedfor p values.

Results

Theattackratein thenon-vaccinateaontrolwas1.02 Attackratesin first-timevaccineesvere0.0,

0.02,0.55,and0.83for homologous2-fold, 4-fold, and8-fold differencesrespectrely, between
the vaccinestrainandthe actualepidemicstrain. Efficaciesin repeatvaccineesvhenthe vaccine
wasupdatedandwhenit wasnot updatedandfor variousactualepidemicstrains,areshown in

Figure3. Ratiosof efficacy in repeatvaccineeso efficagy in first-timevaccineesangedrom 0.49
to 3.00(Figure3).

Updatingthe vaccineon a 2-fold differencebetweerthe existing epidemicstrainandthe expected

12- 4- and8-fold differencesorrespondso “antigenicdistances’, 2, and3 respectiely in [5].
2Eachsimulatedindividual was challengedwith a large doseof virus, resultingin higher attackratesthan in

influenzavaccinefield trials



epidemicstrainresultedin higherpredictedvaccineefficacy in repeatvaccineesn all caseom-
paredto whenthe vaccinewasnotupdatedp < 0.01 in all casetherthanin the casewhenthe
actualepidemicstrainwasthe sameasthe vaccinelstrain). Efficacieswhenthe vaccinewasnot
updatedweredependenbnly on the antigenicdistancebetweerthe vaccinestrainandthe actual
epidemicstrain. Whenthe vaccinewasupdatedo the expectedepidemicstrain, efficaciesin re-
peatvaccineeslependedn the antigenicdistancedetweenthe actualepidemicstrainand both
vaccinelandvaccine2strains. Repeatvaccineefficagy was higherwhentherewasa triangular
configurationbetweerthe threestrains(for example,whenthe actualepidemicstrainwas4-fold
differentfrom boththe vaccinelandvaccine2strains,andvaccinelandvaccine2strainswere 2-
fold differentfrom eachother). Vaccineefficagy in repeatvaccineesxceededhatin first-time
vaccineesn somegroups(p < 0.01) whenthe vaccinewas updatedto the expectedepidemic

strain,andnot at all whenthe vaccinewasnot updated.

Somavhatsurprisingly for actualepidemicstrainscloserto vaccine thanto theexpectedepidemic
strain (strainsto the left of vaccinelin Figure 3), the predictedefficacy in repeatvaccineesvas
higher(p < 0.01) whenthevaccinewasupdatedhanwhenit remainedunchanged—eenthough
leaving the vaccineunchangedvould resultin a vaccinestrain closerto thoseactual epidemic

strains.

Discussion

Updatingthe vaccinewhenthereis a 2-fold differencebetweenthe existing vaccinestrain and
the expectedepidemicstraingave a highervaccineefficagy in repeatvaccineeghanleaving the
vaccineunchangedFigure 3). It is similarly advantageouso updatethe vaccineon a 4-fold or
moredifference(datanot showvn). Theseresultssupportthe currentstratey to updatethe vaccine
strainona4-fold or moredifferencebetweertheexisting vaccinestrainandtheexpectedepidemic
strain. Moreover, theseresultssuggesthat alsoupdatingthe vaccineon a 2-fold differencewill

increasevaccineefficacy in repeatvaccineesomparedo leaving thevaccineunchanged.

Influenzaepidemicsoccurmostyears,andpublic healthrecommendationarefor at-riskindividu-
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alsto berevaccinatedannually Thus,optimizingthevaccineefficagy for asingleyearby updating
the vaccinestrainto an expectedepidemicstrain2-fold from the existing vaccineis not necessar
ily the beststratayy over multiple years.For example,an adwantageof only updatingthe vaccine
whenthereis atleasta 4-fold differences thattherewill beless*negative interference’{antigenic
sin effect[6, 7]) from prior vaccinationsThus,keepingthe vaccineunchangedradesoff reduced
efficagy in repeatvaccineesn theyearwhenthevaccinedid not changefor increasecefficacgy in

the subsequenyear To fully assesshetradeofs for repeatvaccineesn updatingthe vaccineor

notrequiresexaminingthe effectsover multiple years(manuscripin preparation).

A difficulty of updatingthe vaccinestrainon a 2-fold differencein Hl titer is thatthe resolution
andreliability of the HI assayare suchthatonly at leasta 4-fold differencebetweenstrainshas
typically beenconsideredsignificant. Beyer and Masurel[8], and Lapedesand Farber[9], have
usedmathematicatechniquego addresssomeof the inherentdifficulties in obtainingaccurate
measurementsf antigenicdistancefrom HI data. Thesetechniquesareinvestigatedurtherin a

manuscripin preparation.
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Figure Captions

Figurel. An illustration of the antigenicdistancehypothesis. TheseShape space diagramsare
away to illustrate both the affinities of multiple B cells/antibodieso multiple antigensandalso
the antigenicdistancesamongmultiple antigend10]. In thesediagramsthe affinity betweera B
cell or antibody(x) andanantigen(e) is representedly the distancebetweerthem. Similarly, the
distancebetweerantigenss ameasuref how similarthey areantigenically (a) B cellswith suffi-
cientaffinity to be stimulatedby anantigenlie within aball of stimulation centeredntheantigen.
Thus, a first 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. Theantigenin a secondvaccine(vaccine2)will be partially
eliminatedby pre-isting cross-reactie antibodiegdependingon the amountof antibodyin the
intersection)andthustheimmuneresponséo vaccine2will bereduced6, 7]. (c) If asubsequent
epidemicstrainis closeto vaccineljt will beclearedby pre-eisting antibodies.(d) However, if
thereis no intersectionbetweenvaccinelandthe epidemicstrain,therewill be few pre-«isting
cross-reactie antibodiesto clearthe epidemicstrainquickly, despitetwo vaccinations.Note, in
theabsencef vaccinelyaccine2would have produceda memorypopulationandantibodiesghat
would have beenprotectve againsboththeepidemicstrainsin panelsc andd. For anantigenwith
multiple epitopegsuchasinfluenza)therewould be a ball of stimulationfor eachepitope.Figure

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

Figure2. Theobsenedandpredictedvaccineefficacy in repeatvaccineeselativeto theefficacgy in
first-timevaccineesThepredictionof relative efficacy hadgoodcorrelationwith theobsereddata
(r = 0.87, p = 0.01); however, the modeldid not accuratelypredictabsolutevaccineefficacies,
suggestingadditionalvariationin eachvaccinenot accountedor in the model(discussedurther
in [5]). Figuretakenfrom [5], copyright (1999)NationalAcademyof ScienceslJ.S.A.,usedwith

permission.



Figure 3. Predictiondrom the modelfor vaccineefficagy in repeatvaccineeggivenV; andVs),
andin parenthesisielative efficacy comparedo thatin first-time vaccineeggivenV, only), for
two vaccine2strainchoicesgivena variety of actualepidemicstrains(hollow circles)up to 4-fold
from bothvaccinestrains.Therewasa 2-fold differencebetweerthe existing vaccine(V,) andthe

expectedepidemicstrain(E,) in bothpanelsaandb.
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