
         

Immune responses against multiple epitopes: a theory for
immunodominance and antigenic variation
Martin A. Nowak

A simple and natural model for the nonlinear interaction
between the immune system and multiple epitopes of a
genetically variable pathogen can explain the main features
of the complex phenomenon of immunodominance. In this
model, antigenically homogeneous populations of pathogens
stimulate an immunodominant response against a single
epitope. In contrast, a heterogeneous pathogen population
induces a dynamically complicated array of fluctuating
responses against multiple epitopes. Antigenic escape in one
epitope can shift immunodominance to other, potentially
weaker, epitopes, thereby altering the selective pressures on the
pathogen population as a whole. These ideas are compared
with detailed studies of the shifting patterns of antigenic
variation and cytotoxic T-cell responses seen in HIV-1
infected patients.
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Immunodominance

Cytotoxic T lymphocytes (CTL) can identify and
remove virus-infected cells. Within infected cells viral
proteins are continuously degraded, and the resulting
oligopeptides bind to major histocompatibility com-
plex (MHC) molecules. The resulting MHC–peptide
complex is brought to the surface of the infected cell
where it can interact with the T-cell receptor on the
surface of a CTL. If the interaction between the
MHC–peptide complex and the T-cell receptor is of
sufficient affinity then the CTL may be stimulated to
kill the virus infected cell and to proliferate. Whereas
MHC molecules are generally rather unspecific and
can bind a large number of different peptides
(including ‘self-peptides’ that derive from ordinary
cellular proteins), the interaction between the T-cell

receptor and the peptide–MHC complex is highly
specific thereby ensuing specific immune responses
against infected cells and avoiding reactivity against
uninfected cells.

A T-cell epitope is usually around 10 amino acids
long, and a virus like HIV may have about 10–20
potential epitopes that can be seen by a patient’s
CTL.1 But a typical anti-viral CTL response in vivo is
only directed against one (or a few) of these epitopes.
This phenomenon is known as immunodominance.2-6

There is no clear explanation for immunodominance.
But it is, of course, well understood that epitopes
differ in their ability to induce CTL responses. Let us
define the immunogenicity of an epitope as the rate at
which it induces CTL proliferation. An epitope is
likely to be highly immunogenic if it binds the
presenting MHC molecule with high affinity, if the
resulting MHC–peptide complex is present in abun-
dance on the surface of the infected cell, and if this
complex has a high affinity for the T-cell receptor. The
abundance of an epitope will be influenced by the
concentration of the source protein, by its intrinsic
stability and cellular localization, and by the presence
of appropriate proteolytic cleavage sites that lead to
efficient antigen processing. Moreover, the immuno-
genicity of an epitope may also depend on the
frequency of specific precursor CTL.

Competition between CTL epitopes: the competitive
exclusion principle

Based on these underlying principles, the intuitive
expectation is that the immune system mounts a
variety of CTL responses against each potential
epitope proportional to its intrinsic immunogenicity.
But in recent papers7,8 we have shown that CTL
responses against different epitopes are likely to be in
competition with each other and that in a persistent
infection a ‘competitive exclusion principle’ leads to a
situation where the most immunogenic epitope
induces a significant CTL response and all other
responses become extinct. The competitive exclusion
principle originates from ecological theory and states
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essentially that two (or more) predator species cannot
survive on one prey species (as the only food supply).
If one predator eats prey faster than its competitor,
then it will reduce the prey population size below a
threshold level which is necessary to ensue survival of
the other predator.

The analogy to CTL and viruses is straightforward:
viruses are prey, and CTL are predator. CTL kill
viruses and are stimulated by viruses to proliferate. In
the absence of stimulation the (active) CTL response
declines. The rate of overall CTL proliferation will
depend on the viral population size. For a large virus
population, the specific CTL population may grow
faster than it decays. Conversely for a small virus
population, the CTL population will tend to decay.
There is a specific virus population size at which the
CTL response is at a steady-state. The virus reproduces
in the absence of CTL and is killed by CTL. Now
imagine two CTL responses reactive against two
epitopes. If one response is stimulated faster than the
other then it will increase in abundance and reduce
the virus population below a threshold level necessary
to maintain the other response. Therefore in a
persistent virus infection only one CTL response can
survive. Competitive exclusion explains
immunodominance.

In ecology it is understood that competitive exclu-
sion is not a hard-and-fast rule. Many factors are
known which can facilitate survival of both predators,
such as spatial heterogeneity, or different predator
growth rates at different prey abundances. (One
predator may outcompete the other predator at low
prey abundance, while the other predator wins at high
prey abundance.) Similar factors may operate on
CTL–virus interactions, and one cannot rule out
situations where different CTL responses coexist in a
persistent viral infection. But the important point is
that the most natural, straightforward models for
CTL–virus interaction will have the feature that CTL
responses against different epitopes are in competi-
tion with each other, and therefore it is likely that (in
an anti-viral immune response) one CTL response will
predominate. The model also does not rule out the
possibility that in an acute viral infection, which is
cleared by CTL, a range of responses against different
epitopes are activated simultaneously. This reflects a
transient, non-steady-state situation where competitive
exclusion does not apply.

Antigenic variation can change the pattern of
immunodominance

The discussion of the previous section is based on the
assumption of an antigenically homogeneous virus
population. In this section I will discuss the conse-
quences of antigenic variation in multiple epitope
responses.

Antigenic variation in CTL epitopes has been
shown for HIV,9,10 and other viruses,11-15 but it has
been said that antigenic escape in a single epitope
cannot be of great significance given that a typical
virus contains a large number of potential epitopes.
The mathematical model (see next section), however,
will make it clear that antigenic escape in one epitope
can lead to important changes in the genetic structure
of the virus quasispecies and also in the specificity of
the immune responses. The unseen escape mutant
will initially have a certain (small) selective advantage
and will increase in frequency, but then there is a
complex range of dynamical possibilities, and the
major consequence of escape in one epitope is a shift
of the immunodominant response to another epit-
ope. This shift of immunodominance to another
epitope alters the selection pressure on the virus
population as a whole. We find situations where the
new mutant never induces a specific response against
the mutated epitope and yet comes to equilibrium
(steady-state) at some arbitrary (high or low) fre-
quency. Thus in multiple epitope responses antigenic
variation can lead to unseen escape mutants which do
not grow to fixation (100% frequency). There are also
complex fluctuations of immune reactivity to various
epitopes, and the predominant response can fluctuate
backwards and forwards among different epitopes,
accompanied by oscillations in viral abundance with
individual peaks dominated by single viral genotypes
(antigenic oscillations).

The model

Assumptions

The model keeps track of the population sizes of virus
mutants and of activated CTLs. Each virus variant has
several epitopes which can stimulate different CTL
responses. In each epitope there can be a number of
variant peptide sequences inducing different lines of
immune cells. The immunogenicity of an epitope
sequence may be defined as the rate of production of
CTL specific to that epitope, by activation of resting
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memory CTL and proliferation of activated CTL.
Activated CTLs are derived from a pool of precursor
cells by stimulation with their specific MHC–peptide
complex. Already-activated cells are also stimulated to
proliferate by interaction with their specific MHC–
peptide complex. (In our model precursor cells
include both virgin CTL and resting memory CTL.
Activated cells include dividing memory CTL and
effector CTL.) Individual virus mutants may replicate
at different rates, and so mutations in the epitopes
may affect the overall replication rate. With these
basic assumptions, the model takes the following form
(for simplicity, we discuss a model with two epitopes,
but our results can be generalized to several
epitopes).

The basic model

Virus dynamics:

dvij/dt = vij(rij – pixi – qjyj), i = 1,...,n1 and j = 1,...,n2. (1)

Immune responses against epitope A:

dxij/dt = ηcivi* + xi(civi* – b), i = 1,...,n1. (2)

Immune responses against epitope B:

dyj/dt = ηkjv*j + yj(kjv*j – b), j = 1,...,n2. (3)

Here vij denotes the abundance of virus variants with
sequence i in epitope A and sequence j in epitope B.
There are n1 different sequences for epitope A and n2

for epitope B. Thus in total we consider n1 3 n2

possible virus variants. The variables xi and yj denote
CTLs directed at sequence i of epitope A and
sequence j of epitope B, respectively. There are n1

CTL lines directed at the various A variants and n2

against the B variants. The virus variant vij reproduces
at the (average) rate rij. Different virus mutants can
have different reproduction rates. Virus-infected cells
are killed by CTL responses at the rates pixivij and
qjyjvij, where pi and qj are rate constants specifying the
kinetics of removal of infected cells. CTLs are
stimulated by their specific epitope sequence (in
association with MHC presentation). They are either
produced by activation from a pool of precursor cells
(at the rates ηcivi* and ηkjv*j) or by proliferation of
already activated cells (at the rates cixivi* and kjyjv*j).
The factor η describes the ratio of the rate at which
CTLs are activated from precursor cells over the rate
of proliferation of already-activated CTLs. Thus a

small η implies that most activated CTLs arise from
proliferation of already-activated cells; this will usually
be what actually happens. We have used the notation
vi* = ∑jvij and v*j = ∑ivij . Thus a particular CTL clone
recognizes all viruses that have the specific sequence
in the appropriate epitope; i.e. xi is directed at (and is
stimulated by) vi*, whereas yj recognises v*j. The
constants ci and kj describe the immunogenicities of
sequence i in epitope A and sequence j in epitope B,
respectively. In this simplest model, it is assumed that
immunogenicity is a property of the particular epit-
ope sequence and is unaffected by mutations in the
other epitope, but the model can be generalized to
include such interactions. Finally we assume that in
the absence of antigenic stimuli the activated CTLs
decline at the rates bxi and byj. The main properties of
the above model can be understood by a combination
of analytic and numerical studies.

Results of the model

Virus variability determines the pattern of
immunodominance

For an antigenically homogeneous virus population,
the model predicts ‘complete immunodominance’,
i.e. eventually the whole response will be directed
against one epitope. The epitope with highest immu-
nogenicity is immunodominance. Thus for a homoge-
neous virus population, immunogenicity determines
immunodominance.

In a heterogeneous virus population, we will either
find complete immunodominance or coexistence of
responses against different epitopes. If all virus
variants have the same replication rate (the ‘neutral’
approximation), then there is always complete immu-
nodominance, and a simple inequality determines the
competition: in the system described by eqs (1–3) the
responses against epitope A will eventually win if

∑
n1

i =1
1/ci < ∑

n2

j =1
1/kj. (4)

If all variants of a given epitope have the same
immunogenicity, i.e. ci = c and kj = k, then inequality
(4) becomes c/n1 > k/n2. Thus immunodominance is
a function both of the immunogenicity and of the
diversity of the individual epitopes. Antigenic diversity
effectively reduces the immunodominance of an
epitope. The above result strictly holds only for η = 0,
i.e. neglecting the recruitment of activated CTLs from
inactivated precursor cells. In effect, this corresponds
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to the realistic assumption that most of the activated
CTLs arise from proliferation of already-activated
cells. For η > 0 there is always a coexistence between
responses against different epitopes, but for small η
the response against the non-immunodominant epit-
opes will be weak, and may be below experimental
detection thresholds.

If individual virus mutants have different replica-
tion rates, then it is possible, but unlikely, to have
complete immunodominance. The conditions for
such complete immunodominance are complex,8 but
if complete immunodominance does arise then it can
only be directed at the epitope with the smallest
∑1/ci. But in general we may expect coexistence of
responses against several epitopes in antigenically
heterogeneous virus populations. Thus a lack of
immunodominance may occur in systems with a large
number of different virus mutants where the muta-
tions in the epitopes alter the replication rates, and
where different epitopes have comparable
immunogenicity.

Partial immune escape

The model can be expanded to include cross-
reactivity among the individual peptide sequences of
an epitope. Suppose there are n1 sequences in epitope
A (all with immunogenicity c) and n2 sequences in
epitope B (all with immunogenicity k). Let us further
assume that any sequence in epitope A cross-stim-
ulates the response against any other sequence in
epitope A at the rate c1 (with the s1 denoting the cross-
reactivity parameter of epitope A, 0 ≤ s1 ≤ 1). Sim-
ilarly we define s2 for epitope B. Then immunodomi-
nance is decided (in favour of epitope A) by the
inequality

c

n1

[1 + (n1 – 1)s1] > 
k

n2

[1 + (n2 – 1)s2]. (5)

This result shows that for a homogeneous virus
population (maybe during the initial phase of an
infection), where n1 and n2 are one, the decisive
parameter is simply immunogenicity (c versus k). For
more heterogeneous virus populations, with larger n1

and n2, the amount of cross-reactivity within the
peptides of an epitope becomes important and maybe
decisive for immunodominance. This means that
during an HIV infection, for example, there may be a
tendency to go from responses against highly immu-

nogenic epitopes toward less immunogenic, but more
cross-reactive, epitopes.

Antigenic oscillation in persistent virus infections

The model can generate very complicated time series,
with distinct peaks in viral abundance containing
different antigenic variants. We call this phenomenon
‘antigenic oscillation’: such oscillations arise as a
consequence of the non-linear dynamics of the
immune responses acting on existing viral diversity.
The peaks are often dominated by single viral
genotypes. Such peaks occur whenever the response
against a particular virus variant has declined to low
levels (because of a lack of stimulation). For these
antigenic oscillations to occur, it is not essential that
mutation continuously generates new antigenic material.

Antigenic oscillations are different from the usual
concept of antigenic drift, where the emergence of
escape mutants is thought to cause peaks of viral
abundance.16-21 For antigenic drift continuous pro-
duction of escape mutations is essential, whereas for
antigenic oscillations the diversity can be there from
the beginning, and the peaks arise as a consequence
of the oscillatory dynamics.

Antigenic oscillation causes fluctuation in the CTL
response

Antigenic oscillation can also happen in situations
with a predominating response against a single
epitope that contains a number of antigenic variants.
If there are several epitopes of comparable immuno-
genicity, then the antigenic oscillations are generally
accompanied by oscillations in the size and specificity
of the CTL responses against the individual epitopes.
Sometimes the response against one epitope predom-
inates, sometimes the response against another epit-
ope. In this sense, antigenic oscillations may be
accompanied by fluctuating immunodominance.

Figure 1 is a computer simulation of eqs (1–3) with
two variants in each of the two epitopes. Thus in total
there are four virus variants, two specific responses
against epitope A, and two specific responses against
epitope B. The figure shows oscillations in the total
viral abundance, in the immune responses against the
two epitopes, and in the genetic composition of the
two epitopes. All the virus mutants are already present
at the beginning of the simulation, and there is no
generation of new mutants. Peaks of viral abundance
consist largely of individual mutants. The oscillations
are weakly damped, on a time scale of the order of
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magnitude 1/η for small η the oscillations persist for
a very long time. The asymptotic equilibrium state
may never be reached once we also allow for the
emergence of escape mutants.

Consequences of the emergence of a new virus mutant:
four different outcomes

We now extend our analysis of the dynamics of the
basic model by asking: how does the emergence of

such a mutant affect the immune responses against
the whole (heterogeneous) virus population? What
are the selective advantages of the new mutant? Will
the new mutant grow to fixation, or may we expect a
coexistence among different virus mutants? Will there
be a shift in immunodominance to other epitopes?

One of the central points of the model is an
understanding of the events following the emergence
of a new mutant, in situations with several potential
epitopes. Consider a homogeneous virus population

Figure 1. Antigenic oscillations and fluctuating immunodominance in a model with two epitopes.
Peaks of viral abundance that consist of antigenically different variants are accompanied by
oscillations in the size and specificity of the CTL responses. All virus variants are present at the
beginning of the simulation; there are no additional mutational events. In each epitope we have
two antigenically different variants that induce specific CTL responses. The four peptide sequences
have different immunogenicities, and the four virus variants have different replication rates. The
figure shows the transient dynamics; eventually the oscillations will settle down to an equilibrium.
(a) Total virus abundance, (b) CTL response against epitope A, (c) frequency of the two different
peptides in epitope A, (d) CTL response against epitope B, (e) frequency of the two different
peptides in epitope B. The parameters of the simulation are: r11 = 0.2, r12 = 0.15, r21 = 0.16,
r22 = 0.1, c1 = 1, c2 = 1.1, k1 = 1.9, k2 = 0.8, pi = qj = 5, b = 0.02, η = 0.0001. Reprinted with
permission from Nature 375: 606-611 (1995) Macmillan Magazines Limited.
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subject to immune responses against two epitopes, A
and B. Suppose that the response against epitope A is
immunodominant. The emergence of an escape
mutant in A can lead to one of four different
outcomes (Figure 2), which depend on the relative
replication rates and immunogenicities of the original
virus and the new mutant: (i) the new mutant may
induce a new specific response in epitope A, without
affecting the response against B (this represents
simply a diversification in epitope A); (ii) the new
mutant may not induce a response in A against itself,
but may enhance the response against epitope B (this
corresponds to a partial shift in immunodominance);
(iii) the new mutant may induce a response in A
against itself, which outcompetes the original
response in A (this is necessarily accompanied by an
increase of the response against epitope B, thus again
representing a partial shift in immunodominance);
(iv) finally, the new mutant may outcompete the
original virus variant, and induce a complete shift in
immunodominance to epitope B (the response
against A essentially vanishes). Figure 2 gives a
schematic illustration of these possibilities, together
with the relevant conditions for the rate constants.

Figure 3 shows shifting immunodominance in a
model with responses against seven epitopes. Origi-
nally there is a homogeneous virus population which
induces a dominant response against epitope 5. An
escape mutant appears in epitope 5, and the new
heterogeneous virus population induces a predomi-
nant response against epitope 2. When antigenic
variation occurs in epitope 2, epitope 4 becomes
immunodominant. Note that the relative degree of
immunodominance declines as the virus population
becomes more heterogeneous.

Summary

Thus antigenic variation in models with multiple
epitopes is qualitatively different from the simple
escape dynamics of single epitope models. In multiple
epitope models we can find situations where the
escape mutant does not reach genetic fixation or
dominate the population. The mutant may fail to
induce a specific response against the new peptide

Thus shifting immunodominance does not simply reflect
the immunogenicity of the escape mutant. (Note that the
peptide sequences in epitopes A and B are generally
assumed to be different. The numbers 1 and 2 only count
the peptide sequence in the relevant epitope.) Reprinted
with permission from Nature 375: 606-611 (1995) Macmillan
Magazines Limited.

Figure 2. Antigenic variation can shift immunodominance.
Consider a homogeneous virus population, v11, which is
exposed to CTL responses against two epitopes, A and B.
The immunogenicity of epitope A is c1 and of epitope B is
k1. Assume that c1 > k1. Hence the response against epitope
A is immunodominant. Suppose an escape mutant, v21,
emerges in epitope A. The immunogenicity of the variant
sequence in epitope A is denoted by c2, and the replication
rates of the original variant and the escape mutant by r11
and r21, respectively. The CTL responses against peptides 1
and 2 of epitope A are denoted by x1 and x2, the response
against peptide 1 of epitope B by y1. For the following
considerations we use the limiting case η = 0. The emer-
gence of the escape mutant leads to one of four outcomes:
(i) It can simply lead to a diversification in epitope A
without stimulating an immune response against epitope B.
This happens if 1/c1 + 1/c2 > 1/k1. The system converges to
oscillations around an equilibrium with v11, v21, x1, x2 < 0
and y1 = 0. (ii) The new mutant may not elicit a specific
immune response against itself in epitope A, but may induce
a partial shift in immunodominance to epitope B. This
happens if 1/c1 + 1/c2 < 1/k1 and r11 > r21. The system
converges to oscillations around an equilibrium with v11,
v21, x1, y1 > 0 and x2 = 0. (iii) The new mutant may induce
a specific response against itself in epitope A, which
outcompetes the response against the original virus, and
induces a partial shift in immunodominance. The condi-
tions for this behaviour are 1/c1 + 1/c2 > 1/k1 > 1/c2 and
r11 < r21. The system converges to oscillations around an
equilibrium with v11, v21, x2, y1 > 0 and x1 = 0. (iv) Finally,
the new mutant can induce a complete shift in immunodo-
minance to epitope B. This happens for 1/c2 > 1/k1 and
r11 < r21, and brings us eventually to oscillations around an
equilibrium with v21, y1 > 0 and v11, x1, x2 = 0. For case (i)
and (iii) a homogeneous population of the mutant, v21,
would induce an immunodominant response against epit-
ope A, whereas for case (iv) it would induce immunodomi-
nance of epitope B. For case (ii) it is not specified.
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even if the peptide is potentially immunogenic. The
new mutant may induce a shift in immunodominance
to another epitope, even if the homogeneous popula-
tion of the mutant induces a response against the
peptide where the mutation occurred. In multiple
epitope models the most important consequence of
antigenic variation is a shift of the immunodominant
response to other (weaker) epitopes. This can

increase the viral load and can thus represent a route
to disease progression in persistent viral infections
such as HIV.

HIV

CTL are believed to play an important role in
controlling HIV infections,22 but it has not been
possible to quantify the contribution of CTL mediated
killing to the decay of infected cells. In acute
seroconversion illness, specific CTL directed against
the HIV proteins gag, pol and env are detectable as
early as two days after the onset of symptoms.23 The
rise in HIV-specific CTL is associated with a fall in
viraemia and occurs weeks before neutralizing anti-
bodies are detectable.24 Long-term survivors have
persistent CTL responses while the development of
AIDS is associated with a loss of CTL activity.25

Antigenic variation and escape from CTL responses
may contribute to viral persistence.

Figure 4 shows longitudinal studies from HIV
infected patients followed for 55 months. Patient 007
has a sustained CTL response to a single HLA B27
restricted epitope in Gag, and both the major and
minor variant are seen by his CTL with comparable
efficiency. A weak CTL response against Pol was seen
on one occasion only and no responses have been
found to Nef or Env. This individual remains well 10
years after acquiring the infection. Patient 020 shows
antigenic variation within three HLA-B8-restricted
Gag epitopes. In all three epitopes there were variants
which at certain times were not seen by the patients’
CTL. Some of these ‘unseen’ escape mutants appar-
ently increased in abundance to about 100% whereas
others lingered at low frequencies. There were also
fluctuations in the predominant CTL response among
the three Gag epitopes. No CTL responses were found
to other epitopes. The patient had a progressive loss
of CD4 cells, developed AIDS within 8 years of
infection, and died from a gastrointestinal
haemorrhage.

Conclusions and implications

1. Antigenic oscillations, that is, fluctuations in the abun-
dance of a particular antigenic variant, can arise as a
consequence of the dynamics of the immune response
acting upon existing viral diversity. It is not essential
that mutation continuously generates new anti-
genic variants. Peaks consisting predominantly of

Figure 3. Antigenic variation and shifting immunodomi-
nance in a computer simulation of responses against seven
epitopes. The three panels represent the relative magni-
tudes of the CTL response against the 7 epitopes at three
successive stages of the persistent infection. Epitope 5 is
most immunogenic, followed by epitopes 2 and 4. Originally
the virus population is homogeneous and induces a
dominant response against epitope 5 (top). Following the
emergence of an escape mutant in epitope 5, the dominant
response is diverted against epitope 2 (middle). An escape
mutant in epitope 2 shifts the major response to epitope 4
(bottom). As the virus population becomes more heteroge-
neous the degree of immunodominance decreases and in
the bottom panel there are essentially coexisting responses
of similar magnitude.
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different antigenic types can rise and fall as a
consequence of the oscillatory dynamics; whenever
the CTL response against a particular variant has
fallen to lower levels, this variant may start to grow
and cause a new peak in the immune response. This
is a consequence of our model assumption that the
CTL pressure against a certain peptide sequence
declines if this sequence is no longer presented to
the immune system in sufficient amount.

2. Immunodominance is a function both of the immunoge-
nicity and of the antigenic diversity of the epitopes; it also
depends on the replication rate of the various
mutants. In a homogeneous virus population we
expect a predominant response against one epit-
ope. In a heterogeneous virus population in which
all virus mutants have similar replication rates, then
again there should be a single immunodominant
epitope; only the response against one epitope can
survive in the long run, and all other responses
have to vanish. The epitope that maximizes the
ratio of immunogenicity over diversity is immuno-
dominant. If the virus mutants have different
replication rates and if the immunogenicities of the
various epitopes are comparable, then in general
we expect coexistence of immune responses against
several epitopes.

3. Antigenic variation can shift immunodominance to other

epitopes. The emergence of an escape mutant in one
epitope can induce a partial or complete shift of
immunodominance to another epitope. Thereby
the selective advantage of such an escape mutant
may become negligible. The escape mutant may
not reach genetic fixation even if it fails to induce a
specific response against the variant peptide. More
generally, this argument predicts that strongly
immunogenic epitopes are more likely to be found
in relatively conserved regions since immunodomi-
nance is determined by immunogenicity and anti-
genic diversity. The emerging picture is one where
CTL responses exert selection pressure on virus
variants, and conversely virus variants select which
immune responses are dominant.

4. The present model has been developed with
respect to CTL responses against HIV, but has a
much wider potential. It represents a mathematical
framework for any kind of immune response
(CD8 + , CD4 + , or antibody responses) against
multiple epitopes of a replicating pathogen.26 In
HTLV-1 infection antigenic variation in CTL epit-
opes have been observed, together with coexisting
CTL responses against several different
epitopes.14,15

5. With respect to HIV, our models reinforce the notion
that viral diversity and evolution during infection can
lead to AIDS. In models with multiple epitopes,
antigenic diversification can shift immunological
pressure towards weaker epitopes, which may
increase overall viral loads. Assuming that CTL
proliferation needs some help from CD4 + T cells,
and recognizing that HIV can impair CD4 + cell
function, we obtain a model for disease progression
with an antigenic diversity threshold.7,20 Diversity
may accumulate in the relevant epitopes until the
immune system can no longer control the HIV
population.

6. Understanding the interaction between immune
responses and antigenically varying epitopes has
implications for the design of a vaccine against HIV.
Because of the intrinsic competition among CTL
responses against different epitopes, it may be best
to boost the response against a single, conserved
epitope (even if it is not the natural immunodomi-
nant epitope), thereby hoping to induce a stable
pattern of CTL recognition.
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