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Abstract

We intro duce a new measure of antigenic distance between in
uenza A vaccine

and circulating strains. The measure correlates well with e�cacies of the H3N2

in
uenza A component of the annual vaccinebetween1971and 2004,as do results

of a theory of the immune response to in
uenza following vaccination. This new

measureof antigenic distance is correlated with vaccinee�cacy to a greater degree

than are current state-of-the-art phylogenetic sequenceanalyzesor ferret antisera

inhibition assays. We suggestthat this new measureof antigenic distance be used

in the design of the annual in
uenza vaccine and in the interpretation of vaccine

e�cacy monitoring.
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1 In tro duction

Annual in
uenza epidemicsare responsiblefor the deathsof 250000to 500000

peopleworldwideandcauseillnessin 5 to 15%of the total population each year

[1]. The total direct and indirect costsassociated with in
uenza in the USA

are roughly $10billion [2], and the economiccost of an in
uenza pandemicis

estimated to be between$71{167billion [3] in the USA alone.Vaccination is

the primary method employed to prevent infection by in
uenza and its asso-

ciated complications.Antigenic change,combined with the high transmission

rate of in
uenza strains, meansthat the vaccinemust be redesignedannually,

currently basedupon phylogenetic,experimental, and epidemiologicalanaly-

sis.

The e�ectiv enessof the annual in
uenza vaccine varies from year to year

due to changesin the identit y of the circulating in
uenza strains. Typically,

three strains are included in the annual vaccine,with thesethree strains cho-

sento be as similar as possibleto those projected to be the most prominent

circulating strains in the upcoming in
uenza season.Currently, the vaccine

contains H3N2 and H1N1 in
uenza A components and an in
uenza B com-

ponent. Sincethe mutation rate of the in
uenza virus is rather high, vaccine

e�cacies are rarely 100%,and are more typically 30 { 60%,against in
uenza-

like illness. As signi�cant as the estimated worldwide mortalit y is, it rises

by another factor of 160%[4] to 260%[5] if in
uenza-induced complications

to patients with other conditions are included, and the in
uenza vaccineon

averagesigni�cantly reducessuch excessmortalit y [6]. Vaccine e�cacy can

even be negative, however, due to original antigenic sin [7{9], the tendency

for antib odiesproducedin responseto exposureto in
uenza vaccineantigens
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to suppressthe creation of new, di�eren t antib odies in responseto exposure

to new versionsof the in
uenza virus. The e�cacy of the annual in
uenza

vaccine,and whether original antigenic sin may occur, dependssensitively on

how similar the vaccineand circulating viral strains are. Current state of the

art measuresof antigenic distanceare basedon ferret antisera hemagglutinin

inhibition assays [10{12], and these distancesare assumedto correlate well

with vaccinee�cacies in humans. However, to our knowledgeno such good

correlation has ever been shown for an experimental or theoretical measure

of antigenic distance. In addition to its annual value, a reliable measureof

antigenic distancewould provide valuable extra time if preparation and rush

production of a modi�ed vaccineis necessaryto stem the spreadof a newly

emergedin
uenza strain [13]. We hereprovide a quantitativ e de�nition of the

di�erence between dominant epitope regions in the vaccine and circulating

strain and show that this de�nition of antigenic distancecorrelateswell with

human in
uenza vaccinee�cacy over the last 35 years.

2 Metho ds

Our theory models the response of an immune system not subject to im-

munosenescence.Therefore,we limited considerationto experimental studies

of vaccinee�cacy for 18 to 64 year old subjects in all yearssincesequencing

began, when the H3N2 subtype of in
uenza A was the predominant virus,

and where epidemiologicaldata on vaccine e�cacy exists. We focus on the

H3N2 strain becauseit is the most common strain and is responsible for

signi�cant morbidity and mortalit y and due to the abundanceof available

crystallographic,genetic,and epidemiologicaldata. Our approach, however, is
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general.As is customary, we restrict attention to the hemagglutinin protein,

against which neutralizing antib odiesare generated[14]. Shown in �gure 1 is

the hemagglutinin protein for the A/F ujian/411/2002 strain with the epitope

regionshighlighted.

Our theory of the immune responseto vaccination and diseaseusesthe gen-

eralized N K model [9] to calculate a�nit y constant values for the immune

responseto an antigen following vaccination. In this theory, the natural or-

der parameter to distinguish between the vaccinestrain and the circulating

strain is the fraction of amino acidsthat di�er in the dominant epitope region.

The model considersthe diversity of an individual's antib ody repertoire and

includes interactions within the antib ody and betweenthe antib ody and the

antigen. Here, the binding constant is determinedasK = exp(a � bU), where

a = � 18:56 and b= 1:67 are found from a comparisonof the dynamicsof the

model with experiment [9], and U is the energyfunction for an antib ody [9].

To apply the theory to a candidate vaccine and circulating strain, the se-

quencesand identit y of the dominant epitope must be known. The sequences

and identities of the vaccineand circulating strains for each year were taken

from Ref. [15]. The de�nition of the �v e epitopes,or surfaceregionsthat are

recognizedby human antib odies,in the H3N2 hemagglutininprotein werealso

taken from Ref. [15]. The dominant epitope, or the epitope that inducesthe

most signi�cant immune response,for a particular circulating strain in a par-

ticular yearwastakenasthat which had the largestfractional changein amino

acid sequencerelative to the vaccinestrain [16{19]. We useas our de�nition

of antigenic distancepepitop e, where

pepitop e =
number of aminoaciddi�erencesin the dominant epitope

total number of aminoacidsin the dominant epitope
: (1)
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The di�erence between the vaccine strain and the circulating strain is de-

�ned in the model by pepitop e, eq. 1. The vaccinee�cacy , E, was assumedto

correlate with the binding constant as E = � ln[K secondary(pepitop e)=Kprimary ],

where the constant � is chosenso that a perfect match betweenthe vaccine

and circulating strain leadsto 47%vaccinee�cacy (which matcheshistorical

data, seetable 1), K primary is the binding constant for the primary immune

response,and K secondary is the binding constant for the secondaryimmune re-

sponsefollowing vaccination. The theory is entirely predictive, with no �tted

parameterssave for the determined constant � . For example, the point at

which the vaccinee�cacy becomesnegative is independent of the value of � .

3 Results

Shown in �gure 2 and table 1 are the experimental vaccinee�cacies and the

e�cacies predicted by the theory as a function of pepitop e. Vaccinee�cacies

are taken from the literature [20{34] and de�ned as

(u � v)=u ; (2)

whereu is the in
uenza-like illnessrate of unvaccinatedindividuals, and v is

the in
uenza-like illnessrate of vaccinatedindividuals. While the epidemiolog-

ical estimatesof u and v contain statistical noise,theseare the best estimates

available of vaccinee�cacy in humans.The statistical mechanical model cap-

tures the essential physics of the immune responseto in
uenza vaccination

and demonstratesthe value of using pepitop e to de�ne the degreeof antigenic

drift. Consideration of antigenic drift of the dominant epitope follows from

immunoassays and crystallographic data that show only the epitope regions
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aresigni�cantly involved in immunerecognition[35].When the antigenic drift,

pepitop e, in the dominant epitope is greater than 0.19, accordingto historical

records,or 0.22, according to theory, the vaccine e�cacy becomesnegative

(see�gure 2). This regime is to be avoided. For example, in the 1997/1998

northern hemispherein
uenza season,when the Sydney/5/97 strain became

widespread,pepitop e = 0:238,and the vaccinee�cacy was-18 % [29]. The only

data point that falls signi�cantly o� the theory is that for the 1989/1990epi-

demic [36], in which it is likely that multiple circulating strains werepresent,

including in
uenza B strains [37,24].

When the vaccinee�cacy is comparedto the sequencedi�erence of the entire

hemagglutinin protein,

psequence =
number of aminoaciddi�erencesin the sequence

total number of aminoacidsin the sequence
; (3)

one current measureof antigenic drift used to construct phylogenetic rela-

tionships betweencirculating strains for the WHO February report [38], the

correlation is far lessapparent. Thesedata are shown in �gure 3 and table 1.

Sincemuch of the protein is inaccessibleto antib odiesor simply not recognized

by human antib odies, drift in much of the protein sequenceis not correlated

with vaccinee�cacy .

When the vaccinee�cacy is comparedto the antigenic distancederived from

ferret antisera [11,12],the dominant current measureof antigenic drift usedto

con�rm phylogeneticstrain analysis[38],the correlation is againlessapparent.

Thesedata areshown in �gure 4 and table 1. It appearsthat the ferret antisera

experiments captureno moreinformation than doesthe analysiswith psequence.

A ferret-derived antigenic distanceof zerodoesnot always guarantee that the
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two strains are identical. For example, for the 1996/1997vaccine strain of

A/Nanchang/933/95 and circulating strain of A/W uhan/359/95, the ferret-

derived antigenic distancewaszero,whereas,pepitop e = 0:095,and the vaccine

e�cacy was 27% in the northern hemisphere[31] and 11% the next year in

the southern hemisphere[30]. Thesevaluesare much lower than the average

for a perfect match betweenvaccineand circulating strains, which is 47%.

4 Discussion

Vaccinedesignis doneunderconsiderabletime pressure.At present, the WHO

and national health agenciesin the northern hemispheredeterminethe compo-

nents of the annual 
u vaccinebetweenFebruaryandApril. The vaccineis then

produced by growing virus in hen's eggs,and it is distributed in September

after regulatory tests in mid-July [39].Data collectionrelating to the e�ectiv e-

nessof the vaccinecanbegin in October, and by January a very good measure

of the season'svaccinehasbeenobtained. The availabilit y of high-growth re-

assortments from egg-culturedstrains imposesadditional constraints on the

choiceof possiblevaccinestrains. Given the constraints imposedby the biol-

ogy and manufacturing process,onewishesto choosethe strain that provides

the best possiblematch to the anticipated circulating strain for the following

season.

We believe that the antigenic distance between strains would pro�tably be

de�ned by world health professionalsas pepitop e (�gure 2), rather than as se-

quencedistance(�gure 3) or from ferret antisera assays (�gure 4). Of impor-

tance to note is that the immune responseis non-monotonicand non-linear in

the antigenic distance, i.e. original antigenic sin or negative vaccinee�cacy
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exists only for an intermediate antigenic distance.In this regime,the vaccine

can induce a greater degreeof susceptibility to 
u-lik e illness in vaccinated

individuals relative to unvaccinatedindividuals. This negative e�cacy hasoc-

curred 26%of the time for circulating H3N2 strains in the last 33 years(5 of

the 19data points in table 1, �gure 2 and �gure 3 arenegative). Thus,original

antigenic sin can occur not only if an individual's 
u shot is not updated on

an annual basis, but also even if an individual's 
u shot is updated yearly.

The original antigenic sin regimeis to be avoided both for the immunological

consequencesand for the negative impact of such a vaccineon public health

policy acceptance.Our theory quanti�es where the regime lies and lends ad-

ditional credenceto the experimental measurements of such negative vaccine

e�cacies. While negative e�cacies have often beenthought to be experimen-

tal error (and appear to be noisein �gure 3), they are not. Negative e�cacies

appear only for large valuesof pepitop e (see�gure 2).

As an exampleof how our theory canbeusedto helpguidepublic health policy,

we apply it to the 2004/2005northern hemisphere
u season.By usingpepitop e

as the de�nition of antigenic distance,one may be quantitativ e about which

strains will a priori be most protective, and soshould be chosenfor inclusion

in the annual vaccine.For example,to combat the A/F ujian/411/2002 strain

that was predominant in the 2003{2004in
uenza epidemic,the CDC council

decidedto useA/Wy oming/3/2003, a strain termed `antigenically equivalent'

to A/F ujian/411/2002, asthe H3N2 component of the 2004{2005vaccine[40].

Our analysisyields pepitop e = 0:095betweenthesetwo strains, suggestingthat

the vaccinewill havean e�cacy of roughly 20%for in
uenza-like illnessagainst

the Fujian strain (see�gure 2), and that thesestrains are not antigenically

equivalent. Conversely, for A/Kumamoto/102/2002, another available H3N2
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component [41], we �nd pepitop e = 0 versusA/F ujian/411/2002, suggesting

this component would provide superior protection to Fujian than would the

Wyoming strain.

Continuing this example of how our theory can be used in vaccine design,

we show in �gure 5 the calculated pepitop e values and vaccine e�cacies be-

tween recent in
uenza A H3N2 vaccinecomponents and circulating strains.

Many isolatesfrom the 2004/2005
u seasonhave beenA/F ujian/411/2002-

likestrains [42].Another circulating strain that beganto emergein late 2004is

A/California/7/2004, and an A/California/7/2004-lik e strain is recommended

as the in
uenza A component of the 2005/2006northern hemispherevaccine

by the WHO [43], suggestingthat this is an important strain to consideras

an example. For individuals who received a vaccination in 2003/2004 (the

A/P anama/2007/99 strain) and who were not exposedto the Fujian strain,

their protection against the Fujian strain is low, and their protection against

the California strain is in the region of original antigenic sin. For individu-

als who were vaccinated in the 2004/2005season(the A/Wy oming/3/2003

strain), their protection against the Fujian strain is moderate, but their pro-

tection against the California strain is again in the regionof original antigenic

sin. For individuals who were exposedto the Fujian strain in 2003/2004or

2004/2005,their protection against the California strain is just in the region

of original antigenic sin. The 2005 southern hemispherevaccine strain was

A/W ellington/1/2004. Our analysis yields pepitop e = 0:143 between Welling-

ton and California indicating the vaccinewill provide a low level of protection

against the California strain. These�ndings suggestthat production of a new

vaccinestrain to combat A/California/7/2004 in the next 
u seasonis essen-

tial. Personswho recieveda 
u vaccinein 2003/2004and/or 2004/2005should
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be particularly encouragedto receive a 
u shot in 2005/2006asthey are likely

to be more susceptibleto this new strain than if they had not received their


u shot in the previous2 years.

Webelieve that greaterresourcesneedto beapplied to the experimental study

of the e�cacy of the 
u vaccineeach year. For example,in order to calculate

the antigenic distanceoptimally, the dominant human epitope in each strain

is needed,and is not currently measured.Measurement of which epitope is

dominant for each vaccineand circulating strain shouldincreasethe predictive

abilit y of our approach, beyond that in �gure 2. More epidemiologicalstudies

relating antigenic drift to vaccinee�cacy areneeded[44]and would help guide

the management of health resourcesduring the 
u season.Sincesubstantial

costsare associated with lost work due to in
uenza amongthosein the 18-64

agebracket, largestudiesof this agerangeareboth important and informative,

due to lack of immunosenescence.Continuous measurement and sequencing

of the dominant circulating strains during the 
u season,combined with the

theory of �gure 2, shouldenablebetter prediction of the severity of the annual


u seasonand better designof the subsequent year's vaccine.

More generally, our resultshave implications for the designof vaccinesto com-

bat rapidly mutating viral diseasesthat are controlled by antib ody responses.

We suggestthat antigenic drift in the dominant epitope, pepitop e, will provide

a prediction measureof e�cacy for such vaccines.This quantitativ e measure

of e�cacy may then be usedto determinethe frequencyand nature of vaccine

redesignthat is necessary.
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App endix: The Generalized N K Mo del

Our theory of the immune responseto vaccination and diseaseusesthe gen-

eralized N K model [9] to calculate a�nit y constant values for the immune

responseto an antigen following vaccination. In this theory, the natural order

parameterto distinguish betweenthe vaccinestrain and the circulating strain

is the fraction of aminoacidsthat di�er in the dominant epitoperegion,pepitop e.

The model considersthe diversity of an individual's antib ody repertoire and

includes interactions within the antib ody and betweenthe antib ody and the

antigen. Here,the binding constant is determinedasK = exp(a� bhUi ), where

a = � 18:56 and b= 1:67 are found from a comparisonof the dynamicsof the

model with experiment [9] and U is the energyfunction for an antib ody and
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is de�ned as

U =
MX

i =1

Usd
� i

+
MX

i>j =1

Usd� sd
ij +

PX

i =1

Uc
i : (4)

The parameterswithin the generalizedblock N K model represent the number

of secondarystructures and the total sizeof the variable region [9]. We have

L = 5 di�eren t subdomain energyfunctions of the N K form

Usd
� i

=
1

[M (N � K )]1=2

N � K +1X

j =1

� � i (aj ; aj +1 ; : : : ; aj + K � 1) ; (5)

whereaj is the amino acid type of the j th amino acid in the subdomain, and

� i is the type of the i th subdomain. As in previous studies, we considerthe

casewhere the range of the interactions within a subdomain is speci�ed by

K = 4 and there are N = 10 amino acids in each subdomain [45]. Here � � i is

a quenched Gaussianrandom number with zeromeanand a varianceof unity,

and it is di�eren t for each value of its argument for each of the L subdomain

types,� i . The interaction energybetweensecondarysubdomain structures is

given by

Usd� sd
ij =

"
2

DM (M � 1)

#1=2

�
DX

k=1

� (k)
ij

�
a(i )

j 1
; : : : ; a(i )

j K =2
; a(j )

j K =2+1
; : : : a(j )

j K

�
: (6)

HereM = 10 is the number of antib ody secondarystructural subdomains.We

considerD = 6 interactionsbetweensecondarystructures[45].The zero-mean,

unit-varianceGaussian� (k)
ij and the interacting amino acids,j 1; : : : ; j K , arese-

lectedat randomfor each interaction (i; j ; k). In our model, P = 5 amino acids

contribute directly to an antigen binding event, where the chemical binding
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energyof each amino acid is given by

Uc
i =

1
p

P
� i (ai ) ; (7)

where the zero-mean,unit-variance Gaussian� i and the contributing amino

acid, i , are chosenat random.

To model the immune system dynamics, we use 30 rounds of point muta-

tion and selectionto evolve our antib ody sequences,which correspondsto an

immune responseof approximately 10 days. For each round of selectionwe

conduct 0.5 point mutations per antib ody sequenceand amplify the best 20%

of antib ody sequencesto form the starting population for the next round of

selection.The secondaryimmune responsefollowing vaccination usesevolved

memorysequencesaswell asnaivecells,whereasthe primary immuneresponse

usesonly naive cells [9].
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Year Vaccine Circulating Vaccine Dominan t pepitope pseq uence d1 d2

Strain Strain E�cacy Epitop e

1971-72 Aic hi/2/68 (V01085) HongKong/1/68 (AF201874) 7 % [20] A 0.158 0.033

1972-73 Aic hi/2/68 (V01085) England/42/72 (AF201875) 15 % [20] B 0.190 0.055

1973-74 England/42/72 (ISDNENG72) PortChalmers/1/73 (AF092062) 11 % [20] B 0.143 0.018 5 [11] 4 [11]

1975-76 PortChalmers/1/73 (AF092062) Victoria/3/75 (ISDNVIC75) � 3 % [20] B 0.190 0.055 4 [46] 16 [46]

1984-85 Philippines/2/82 (AF233691) Mississippi/1/85 (AF008893) � 6 % [21] B 0.190 0.033 2 [47] 2 [47]

1985-86 Philippines/2/82 (AF233691) Mississippi/1/85 (AF008893) � 3 % [22,23] B 0.190 0.033 2 [47] 2 [47]

1987-88 Leningrad/360/86 (AF008903) Shanghai/11/87 (AF008886) 17 % [22,24] B 0.143 0.024 2 [47] 1 [47]

1989-90 Shanghai/11/87 (AF008886) England/427/88 (AF204238) � 6 % [24] A 0.105 0.021

1992-93 Beijing/32/92 (AF008812) Beijing/32/92 (AF008812) 59 % [25] 0.0 0.0 0 [48] 0 [48]

1993-94 Beijing/32/92 (AF008812) Beijing/32/92 (AF008812) 38 % [23] 0.0 0.0 0 [48] 0 [48]

1994-95 Shangdong/9/93 (Z46417) Johannesburg/33/94 (AF008774) 25 % [26] A 0.105 0.021

1995-96 Johannesburg/33/94 (AF008774) Johannesburg/33/94 (AF008774) 42 % [27] 0.0 0.0 0 [49,50] 0 [49,50]

1996-97 Nanc hang/933/95 (AF008725) W uhan/359/95 (AF008722) 27 % [31] B 0.095 0.006 0 [49,50] 0 [49,50]

1997 Nanc hang/933/95 (AF008725) W uhan/359/95 (AF008722) 11 % [30] B 0.095 0.006 0 [49,50] 0 [49,50]

1997-98 Nanc hang/933/95 (AF008725) Sydney/5/97 (AJ311466) � 18 % [29] B 0.238 0.043 4.5 [49,51] 27.3 [49,51]

1998-99 Sydney/5/97 (AJ311466) Sydney/5/97 (AJ311466) 34 % [29] 0.0 0.0 0 [38,49] 0 [38,49]

1999-00 Sydney/5/97 (AJ311466) Sydney/5/97 (AJ311466) 43 % [33] 0.0 0.0 0 [38,49] 0 [38,49]

2001-02 Panama/2007/99 (ISDNCD A001) Panama/2007/99 (ISDNCD A001) 68 % [32] 0.0 0.0 0 [38,49] 0 [38,49]

2003-04 Panama/2007/99 (ISDNCD A001) Fujian/411/2002 (ISDN38157) 12 % [34] B 0.143 0.040 2 [38] 8 [38]

Table 1. Summary of results. The table includes the identities and accessionnumbersof the vaccineand circulating strains for each of the
yearssince1971that the H3N2 virus has beenthe predominant in
uenza virus and for which vaccinee�cacy data are available. Vaccine
e�cacy is taken from the literature [20{34] and de�ned by eq. 2. Where more than one study exists for the samein
uenza season,the
e�cacy results are averaged.The dominant epitope is predicted by our theory for all seasonswhere the vaccineand circulating strains
are not a match. The pepitop e and psequence valuesare calculated using eq. 1 and eq. 3, respectively. Two measuresof antigenic distance
from ferret antisera assays, d1 [11] and d2 [12], are determined from the literature [11,38,46,48,49,47,51,50].Where more than oneantisera
assay has beenperformed, the calculated distancesare averaged.
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Fig. 1. Hemagglutinin protein for the A/F ujian/411/2002 strain. Highlighted are

the A (red), B (orange), C (brown), D (green), and E (blue) epitopes[15]. The rest

of the protein is shown in ribb on format.
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Fig. 2. Vaccine e�cacy for in
uenza-lik e illness as a function of pepitop e

as observed in epidemiological studies and as predicted by theory. Also

shown is a linear least squares �t to the data (long dashed, R2 = 0:79).
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Fig. 3. Vaccinee�cacy as observed in epidemiologicalstudies for in
uenza-lik e ill-

nessas a function of psequence (seeeq. 3). Also shown is a linear least squares�t

to the data (long dashed, R2 = 0:57). The epidemiological data shown in this

�gure are the same as in �gure 2. Only the de�nition of the x-axis is di�eren t.
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Fig. 4. Vaccine e�cacy for in
uenza-lik e illness as a function of two measuresof

antigenic distance,d1 [11] and d2 [12], derived from ferret antisera experiments. Ex-

perimental data were collected from a variety of sources[11,38,46,48,49,47,51,50].

Results were averagedwhen multiple hemagglutination inhibition (HI) studies had

been performed for a given year. These HI binding assays measurethe abilit y of

ferret antisera to block the agglutination of red blood cells by in
uenza viruses.

Also shown are linear least squares�ts to the d1 (long dashed, R2 = 0:54) and

d2 (short dashed, R2 = 0:41) data. The epidemiological data shown in this �g-

ure are the same as in �gure 2. Only the de�nition of the x-axis is di�eren t.
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Fig. 5. pepitop e (blue) and estimated vaccinee�cacy (black) from �gure 2 between

components used in the 2003/2004 and 2004/2005 vaccinations and circulating

strains in the 2004/2005season.
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