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Abstract 
We performed computer simulations to study the effects of 
prior infection on vaccine efficacy. We injected three anti- 
gens sequentially. The first antigen, designated the prior, 
represented a prior infection or vaccination. The second 
antigen, the vaccine, represented a single component of 
the trivalent influenza vaccine. The third antigen, the epi- 
demic, represented challenge by an epidemic strain. For a 
fixed vaccine to epidemic strain cross-reactivity, we gen- 
erated prior strains over a full range of cross-reactivities to 
the vaccine and to the epidemic strains. We found that, for 
many cross-reactivities, vaccination, when it had been pre- 
ceded by a prior infection, provided more protection than 
vaccination alone. However, at some cross-reactivities, the 
prior infection reduced protection by clearing the vaccine 
before it had the chance to produce protective memory. 
The cross-reactivities between the prior, vaccine and epi- 
demic strains played a major role in determining vaccine 
efficacy. This work has applications to understanding vac- 
cination against viruses such as influenza that are continu- 
ally mutating. 

Introduction 
Continual and rapid antigenic change is a property of many 
viruses, including influenza virus, human immunodefi- 
ciency virus, and hepatitis C virus. As a result of their 
high mutation rate, thousands of strains of these viruses 
coexist in a species swarm (or quasispecies) [ 11. Vacci- 
nation against species swarms is difficult because of the 
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need to provide broad immunity to the many strains, and 
because new strains are constantly emerging. In the case 
of influenza, for example, a worldwide network of surveil- 
lance centers identifies hundreds of influenza strains each 
year. Current public heath practice uses a trivalent vaccine 
against the three major influenza species swarms currently 
circulating. Year to year it is typically necessary to change 
at least one component of the vaccine to keep up with the 
evolution of the species swarm. Influenza vaccine efficacy 
and virus virulence varies; in a bad flu season it is not 
unheard of for 20% of the residents of an elderly persons 
nursing home to die from the effects of influenza, despite 
yearly vaccination. In part this is due to the effects of the 
species swarm and, as we investigate below, possibly due 
to the effects of prior infection (or vaccination) interfering 
with the current vaccination. 

The effect of prior infection (or vaccination) on vaccine 
efficacy has not been throughly investigated. [2] and [3] 
established that the immune response to influenza was 
dominated by recall of immunological memory to prior 
iduenza infections. Most of the experiments that fol- 
lowed this work were performed with two antigens [4,5]. 
However, to study the effect of prior infection on vaccine 
efficacy, at least three responses need to be studie-he 
prior infection, the vaccination, and the epidemic chal- 
lenge [6] .  In the case of three antigens, and considering 
say only eight degrees of cross-reactivity between any two 
antigens, there are hundreds of combinations of the cross- 
reactivities between the three antigens. The hundreds of 
combinations, and the necessity to have sufficient repli- 
cates of each experiment, necessitates thousands of exper- 
iments for a comprehensive survey. 

Because of the difficulty of conducting this many experi- 
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ments in vivo, we have built a computer model to perform 
the experiments in machina. An advantage of in machina 
experiments is that a large number can be performed and 
analyzed relatively cheaply and quickly. A disadvantage 
is that the computer model might not faithfully represent 
important aspects of the immune system and thus give mis- 
leading results. The model has been validated by replicat- 
ing existing experiments and has shown good, qualitative, 
agreement. Parameters of the model have also been chosen 
to match immunological data important for modeling the 
cross-reactive immune response [7]. A11 the experiments 
reported here were done in machina. The predictions from 
the experiments are testable with a much smaller number 
of in vivo experiments. 

Materials and Methods 
The computer simulation is a simplified model of the ver- 
tebrate humoral immune system. It consists of B cells, 
plasma cells, antibodies, memory B cells, and antigens. 
T cell help is modeled implicitly by assuming that it is 
available whenever necessary. Each B cell, plasma cell 
and memory B cell is modeled as a separate entity within 
the simulation. In this way the model is agent based and 
similar to that of [SI. Because of the large number of 
antibodies in a real immune system, each antibody in the 
model corresponds to a large number of real antibodies, 
similarly each antigen in the model corresponds to a large 
number of real antigens. B cell, antibody, and antigen re- 
ceptors are modeled as strings of symbols that can loosely 
be thought of as the amino acids of a binding site. When 
antigens are introduced into the simulation, B cells have a 
chance to bind the antigens depending on their affinity. B 
cells with antigen bound are stimulated to divide, and on 
division have some chance of mutation in their antibody 
receptor, and some chance to differentiate into a memory 
or plasma cell. Plasma cells secrete antibodies, which have 
a chance to bind antigens. If antigens have above a thresh- 
old number of antibodies bound they are removed fiom the 
simulation. 

B cell, antibody and antigen receptors are made up of 20 
symbols, where each symbol corresponds to one of four 
equivalence classes of amino acids. In the model, recep- 
tor sequence and shape are equivalent, and affinity is a 
function of the number of symbols that are complemen- 
tary between receptors. We choose an affinity cut-off for 
clonal selection when receptors have less than 15 comple- 
mentary symbols. This parameter selection was chosen to 
correspond to immunological data [7] and gives the fol- 
lowing properties: a potential repertoire of 10l2 B cells, 
a 1 in lo5 chance of a B cell responding to a particular 
antigen [9, 10, 111, and with an expressed repertoire of 
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Figure 1: (a) The antigenic distance between the vaccine and 
epidemic strains was fixed for all the experiment at two units. 
(b) 31 different prior strains were generated at different antigenic 
distances to the vaccine and epidemic strains (two shown). 

lo7 B cells [12, 13, 141 two antigens cease being cross- 
reactive when they have more than about 35% sequence 
difference [15, 161. Instead of referring to the percent- 
age sequence difference between antigens, we refer to the 
antigenic distance between antigens which we define as 
the number of symbols in which the antigen’s receptors 
differ. Thus, for receptors of length 20, there are 21 pos- 
sible antigenic distances between antigens and any two 
antigens that are separated by an antigenic distance greater 
than or equal to seven (35% sequence difference) are not 
cross-reactive. Thus, effectively, there are eight degrees 
of cross-reactivity in our model corresponding to antigenic 
distances zero through seven. 

To study the effect of a prior infection on vaccine effi- 
cacy we held the cross-reactivity between the vaccine and 
epidemic strains constant and varied the cross-reactivities 
of the prior to the vaccine and epidemic strains (Figure 
1). The epidemic dose and replication rate were chosen 
(500 units of epidemic strain, replicating every six hours) 
so that, with high probability, an unvaccinated simulated 
organism would become diseased when challenged. The 
vaccine dose and strain were chosen (1,000 units of inac- 
tivated vaccine, antigenic distance two from the epidemic 
strain) to have about 50% efficacy against the epidemic 
challenge. Antigens at all combinations of antigenic dis- 
tances to the vaccine and epidemic were generated for use 
as prior strains. In total 31 different prior strains were 
generated. 

Ten control groups and 31 experimental groups were in- 
jected with combinations of prior, vaccine and epidemic 
strains according to Table 1. The timing of the injections 
of the prior, vaccine and epidemic strains was such that 
antibody titers were close to pre-injection levels before the 
next injection. For the controls (groups 1-10) 120 repli- 
cations were performed, and for the experiments (groups 
11-41) 250 replications were performed in each group. A 
“disease threshold” was set at 2,500 units and if the vi- 
ral load exceeded it the simulation was stopped. During 
each experiment the viral load, and antibody titers and 
affinities for each antigen, were measured every six hours. 



Group Purpose Prior infection Vaccine Epidemic infection 

(dose on day 145) 
(replicating) (non replicating) (replicating) 

(dose on day 75) (dose on day 5) 
1 control 500 
2 control 

3-10 control 200' 
1,000 500 

500 
1 1 -4 1 experiment 2oot 1,000 500 

Table 1 : The timing and dosage of the prior infection, vaccination, and epidemic infection is shown for the 
41 groups. *Groups 3-10 received a prior infection at antigenic distances zero through seven respectively 
from the epidemic strain. +Groups 11-41 received a prior infection with different combinations of antigenic 
distances between zero and seven from the vaccine and epidemic strains. The correspondence between group 
and antigenic distances is shown in Figure 2.  

In addition, prior to each injection, and at the peak of 
each response, the number, affinity for each antigen, and 
clonal history of each B cell involved in the response were 
recorded. 

Results and Discussion 
The model exhibited classical behavior of cross-reactive 
memory in the response to the vaccine after the prior in- 
fection, and in response to the epidemic challenge after 
the prior infection and vaccination: the strength of each 
cross-reactive response increased as the antigenic distance 
between antigens decreased (Figure 2c, [16]), the num- 
ber of cross-reactive memory cells increased as the anti- 
genic distance between the antigens decreased (Table 2 
and [ 17]), and the number of new memory cells produced 
in response to a cross-reactive antigen was reduced by the 
Cross-reactive memory to previous antigens (Table 2 and 
[4]). This last phenomenon is sometimes called original 
antigenic sin [4]. 

Protection against epidemic challenge decreased as the 
antigenic distance between the prior and epidemic strains 
increased, for a constant antigenic distance between the 
prior and vaccine strains (columns of Figure 2d). This was 
because memory of the prior infection was more cross- 
reactive with the epidemic strain when the prior and epi- 
demic strains were closer, while the effect of original anti- 
genic sin between the prior and vaccine strains was con- 
stant. 

Protection against epidemic challenge was lowest when the 
antigenic distance between the prior and vaccine strains 
was lowest, for a constant antigenic distance between the 
prior and epidemic strains (rows of Figure 2d). This was 
because the closer the prior strain was to the vaccine, the 
greater the effect of original antigenic sin in reducing the 
number of memory cells produced by the vaccination, and 

thus reducing the protection provided by the vaccination 
(Figure 3 and Table 2). This suggests that given a choice 
of strains to use as a vaccine, the one that is farthest from 
the prior strain will be least affected by original antigenic 
sin, and would thus be a good choice (assuming it is also 
a good choice because it is expected to be close to the 
epidemic strain). 

Prior infection sometimes decreased vaccine efficacy be- 
low the situation when there was vaccination without prior 
infection (groups 24, 29, and 34, on the upper diagonal 
of Figure 2d). This occurred because the prior infection 
was far enough from the epidemic strain to provide lit- 
tle protection, but close enough to the vaccine strain to 
cause original antigenic sin and reduce the effectiveness 
of the vaccination (Figure 3 and Table 2). These situa- 
tions occurred when the differences between the vaccine 
and epidemic strains were at different locations in the re- 
ceptor than the differences between the prior and vaccine 
strains-so called accumulative mutations [ 181, and when 
the prior and epidemic strains were only moderately cross- 
reactive. Although only five of the 3 1 experimental groups 
have only accumulative mutations between the prior, vac- 
cine and epidemic strains, these groups are more likely to 
occur in practice because, early in the evolutionary his- 
tory of a subspecies, there are more residues that have not 
been mutated than ones that have, and thus more chance 
that a mutation at a random residue will be accumulative 
rather than sequential. For example, the major epidemic 
strains of H3N2 influenza, from its emergence in 1968 until 
1980, had only accumulative mutations from the A/Hong 
Kong/8/68 reference strain [ 181, although this might also 
be due to other factors. 

Vaccination always increased protection against the epi- 
demic challenge, because even if the vaccine was close 
to the prior strain, and was reduced in effectiveness by 
original antigenic sin, it still generated some new mem- 
ory cells that potentially cross-reacted with the epidemic 



group 34, p=OaO group 38, p=O 50 group 41, ~ 0 . 5 4  
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Figure 2: A summary of the maximum viral load of the epidemic strain in each experiment. Each subplot is comprised of 
250 vertical lines (120 for the control groups), the height of each vertical line indicates the maximum viral load during an 
experiment. The 250 experiments in each group (120 in the control groups) are plotted in order of increasing maximum viral 
load. Viral loads above the disease threshold are plotted in black, thus, the width of the black region indicates the frequency 
of disease in each group. (a) Exposure to the epidemic challenge, without prior infection or vaccination, caused disease in 
all cases. (b) Vaccine efficacy was, by design, 50% against the epidemic infection when there was no prior infection. (c) 
The frequency of disease due to a epidemic challenge after there had been a prior infection was proportional to the antigenic 
distance between the prior and epidemic strains. (d) The vaccine efficacy against the epidemic challenge, after there had been 
a prior infection, varied from 40 to 100% depending on the antigenic distances between the prior strain and the vaccine and 
epidemic strains. The timing of the injections of the prior, vaccine and epidemic strains was such that antibody titers had 
returned to pre-injection levels before the next injection. 

strain. The vaccination also increased protection by boost- 
ing the memory cells, produced by the prior infection, that 
cross-reacted with the vaccine and epidemic strains. 

Among the memory cells that cross-reacted with the epi- 
demic strain, there were a greater proportion originally 
generated by the prior infection than by the vaccination, 
when there was at least moderate cross-reactivity between 
the prior and epidemic strains (data not shown). This was 
because of original antigenic sin reducing the number of 
new memory cells produced by the vaccine, and because 
the vaccination boosted the memory cells, produced by 
the prior infection, that cross-reacted with the vaccine and 
epidemic strains. This is in partial agreement with the re- 
port by [I91 that responses to influenza were dominated 
recall of prior infections. In our model however, once the 
prior and epidemic strains had little or no cross-reactivity, 

antibodies specific to the vaccine dominated the response 
to the epidemic infection. 

We have shown the effects of cross-reactive memory and 
original antigenic sin in the context of three antigens, and 
investigated how they can lead to vaccine failure. Vaccine 
efficacy in the absence of prior infection was designed to 
be 50%. In the presence of prior infection, vaccine effi- 
cacy ranged from 40 to 100% depending on the antigenic 
distances between the prior strain and the vaccine and epi- 
demic strains (for a fixed vaccine to epidemic strain anti- 
genic distance). Even though the prior infection sometimes 
decreased the effectiveness of the vaccination, protection 
against an epidemic challenge was always increased by 
the vaccination. Extrapolating these results to the case 
where the prior infection is a prior vaccination, we can say 
that in the model, vaccination improves protection against 
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Snapshot near the 
peak of the 
prior infection 
(day 14) 

Snaphot near the 
peak of the 
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(day 82) 
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The response to the prior infection 
produced 4 major clones (a), 1 of 
which (at 2 o’clock) cross-reacted 
with the vaccine at medium affinity (b), 
and none of which cross-reacted with 
the epidemic strain (c). 

The response to the vaccination was 
dominated by the recall of the prior 
clone (e). 3 other minor vaccine 
clones were produced (at 5, 10, and 
12 o’clock) only 1 of which (at 5 
o’clock) cross-reacted with the 
epidemic strain in significant 
numbers, but at low affinity (f). 

The response to the epidemic infection 
produced many new clones as there was 
little memory from the prior infection or 
vaccination that cross-reacted with 
epidemic strain (i). 

the 

Each dot represents a B cell. The distance of a 
B cell from the center of a subplot indicates the 
B cell’s affinity for the antigen--the closer to the 
center of the subpolot the higher the affinity. 

B cells plotted in a similar angular position, and at the same gray 
level are in the same clone (they have the same germ-line ancestor). 
Gaussian noise is added to each B cell’s location so the approximate 
number of B cells in a clone can be seen. 

Figure 3: An example of original antigenic sin causing vaccine failure. Experiment 81 of group 24 is shown, in which the 
prior strain was distance five from the epidemic strain and distance three from the vaccine strain. The major prior clone, that 
cross-reacted with the vaccine, dominated the vaccine response and prohibited the generation of new clones by the vaccine 
that might have been cross-reactive with the epidemic strain. Because there were few memory clones from the prior infection 
or vaccination that cross-reacted with the epidemic strain, the response to the epidemic infection was like a primary response 
and the maximum viral load exceeded the disease threshold. 

Prior to % prior % vaccine Probability 
vaccine x-reacts wl generated of 
distance vaccine (vs control) protection 

3 12% 66% 45% 
4 5 YO 79% 56% 
5 1% 94% 55% 
6 0% 96% 56% 
7 0% 1 OOYO 61% 

Table 2: A cellular analysis of the row of Figure 2d in which 
the antigenic distance of the prior to epidemic strains was five, 
and the antigenic distance between the prior and vaccine strains 
varied between three and seven. When the prior was closest to 
the vaccine, a larger percentage of memory B cells, that were 
generated by the prior infection, cross-reacted with the vaccine. 
This led to a lower percentage of new memory cells generated by 
the vaccination compared to a control that had no prior infection. 
This lower number of new memory cells reduced the protection 
against the epidemic challenge. 

the next challenge, but depending on antigenic distances 
between the antigens, might reduce the effectiveness of 
subsequent vaccination. Performing these experiments in 
machina was useful because of the large number of ex- 
periments necessary, however the predictions now need to 
be checked by a smaller number of in vivo experiments. 
Knowledge of the effects of different antigenic distances 
between the antigens might lead to more effective influenza 
vaccines by allowing prior infection or prior vaccination 
to be taken into account in the vaccine strain selection 
process. 
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