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Dynamik des Immune-Escape bel HiV-Infektlonen

Zusammentassung. Die Dynamik zwischen Patho-
genen und dem Immunsystem beinhaltet komplexe Inter-
aktionen verschiedener Komponenten, weshalb mathe-
matische Modelle unumgé&nglich sind, um empirische Er-
gebnisse korrekt interpretieren zu kdnnen bzw. um neue
Einsichten und Hypothesen fiir die Pathophysiologie von
Erkrankungen zu erhalten. Wir illustrieren diese Methode
anhand der Diskussion von mathematischen Modellen,
die die Dynamik zwischen HIV-Viren und dem Immunsys-
tem beschreiben. Im speziellen zeigen wir, wie die virale
Evolution in Richtung hin zu einer grdBeren antigenen Di-
versitdt die treibende Kraft fur das Fortschreiten der HIV-
Erkrankung, fir den Zusammenbruch des Immunsys-
temes und den Ubergang zu AIDS darstelit. Solche Mo-
dellvorstellungen haben zu wichtigen Folgerungen fur die
Entwicklung effektiver Therapieverfahren fir HIV-infi-
zierte Patienten geflihrt.

Schliisselwdrter: Immun-Antwort, HIV-Infektion,
HiV-Virus, AIDS, mathematische Modelle.

Summary. The dynamics between pathogens and
the immune system involve complicated interactions of
many different components and this makes the use of
mathematical models necessary to provide a correct in-
terpretation of empirical results as well as to generate
new insights and hypotheses. We demonstrate this ap-
proach by discussing mathematical models describing
the dynamics between HIV and the immune response.
Specifically, we show that viral evolution towards -
creased antigenic diversity may be the driving force un-
derlying HIV disease progression and the reason for the
eventual breakdown of the immune system upon devel-
opment of AIDS. Such insights have important implica-
tions for designing efficient treatment regimes for HIV-in-
fected patients.

Key words: Mathematical models, population dy-
namics, virus, HIV, AIDS, immune response, CTL, es-
cape, evolution.

Introduction

Human immunodeficiency virus (HIV), the pathogen
causing AIDS, shows highly complex interactions with its
host. It infects cells that are involved in the immune re-
sponse and finally induces the collapse of the immune

system, thereby killing the patient (Fig. 1). After infec-
tion, in the primary phase, HIV replicates to high abun-
dances before virus load drops to relatively low levels.
The initial fall in virus load is often accompanied by a rise
of anti-viral immune responses [1-3], and marks the be-
ginning of the asymptomatic period during which the pa-
tient remains healthy. The duration of the asymptomatic
phase is highly variable, but typically lasts for about 10
years [4]. As the infection continues, the immune system
slowly deteriorates until it finally collapses leading to the
transition to full-blown AIDS [5]. The development of
AIDS is often characterised by a sharp and sudden rise in
virus load.

The factors contributing to the eventual progression
to AIDS as well as the reason for the variability in the du-
ration of the asymptomatic period are still not properly
understood. Recent quantitative virological data have
shown that the asymptomatic phase of HIV infection is
not a period of latency, but a dynamic process involving
continuous rounds of de novo replication and infection
[6—12]. It was shown that the half life of productively in-
fected cells is around 2 days and that free virus particles in
the plasma have an even shorter half life of about 6 hours.
This rapid viral turnover during the asymptomatic phase
indicates a great potential for the virus to evolve in re-
sponse to selection pressures exerted by the immune sys-
tem or by drug treatment [13~14].

Such infection dynamics involve nonlinear interac-
tions of many different components and this makes the
use of mathematical models necessary to provide a correct
interpretation of empirical results, to advance our under-
standing of process and concept, and to generate new in-
sights and hypotheses [13, 15~17]. In this review, we will
demonstrate how mathematical models have been used to
identify significant factors that may drive disease pro-
gression in HIV-infected patients and lead to the develop-
ment of AIDS.

HIV and the immune system

The interactions between HIV and the human im-
mune system are complex. Viral proteins, called antigen,
are displayed on the surface of HIV-infected cells as well
as on antigen presenting cells (APCs). Specific immune
mediators recognize a certain part of the antigen, called an
epitope.

Central to the antiviral immune response are T helper
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Fig. 1. Schematic representation of HIV disease progression. In the primary phase of the infection HIV often replicates to rela-

tively high levels. This primary viraemia is subsequently suppressed by the immune response and this marks the beginning of the

asymptomatic phase of the infection. The asymptomatic phase typically lasts for about 5-10 years and is characterised by rela-

tively low levels of virus load and an uncompromised immune response. Progression to AIDS is marked by a collapse
of the immune system and often a sharp rise in virus load

cells. T helper cells recognize viral antigen on the APCs.
This triggers them into proliferation and induces them to
release immuno-stimulatory chemicals called cytokines.
T helper cells facilitate the activation of two major
branches of the immune system responsible for fighting
viral pathogens.

1. They interact with B cells and activate them. Acti-
vated B-cells release neutralising antibodies into the
plasma which recognize and attach to free virus particles.
This may prevent the virus from entering susceptible tar-
get cells or may lead to the destruction of the virus.

2. The other branch of the immune system fighting
viral infections is the CTL (cytotoxic T lymphocyte) re-
sponse. CTLs recognize viral antigen on the surface of in-

fected cells. Upon recognition, they are driven into prolif-
eration and this proliferation requires the presence of the
cytokines released by the T helper cells. On further en-
counter with viral antigen, CTLs release certain chemi-
cals resulting in the lysis of infected cells. Besides their
lytic action, CTLs are also thought to release chemical
substances which can block viral replication.

These immune mediators are antigen specific. That
is, if the epitope changes through mutation (antigenic
variation), they may lose the ability to recognize and kill
infected cells. This is called immune escape [18-20] and
is shown schematically in Fig. 2. Several epitopes recog-
nized by immune cells may easily change without com-
promising the replicative capacity of the virus. Other epi-
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Immune escape due to mutation in vrial epitope

Fig. 2. Antigen recognition by immune cells. Several cell types
of the immune system responsible for fighting viral pathogens
carry receptors on their surface which specifically recognize
viral antigen. An example are CTLs interacting with infected
cells. If the virus mutates and the antigen consequently changes
in sequence and configuration, a given receptor may lose its
ability to recognize the newly evolved virus strain. This is
called immune escape by the virus

Cell infected with
virus strain 2

Cell infected with
virus strain |

Fig. 3. Asymmetry in the dynamics between HIV and the-4m-
mune response. A given immune cell may only be able to fight
the virus strain it is specific for. However, the HIV population
may impair the immune response regardless of its specificity

topes, however, are conserved, because a change in this
particular part of a viral protein would be detrimental to
the virus. Immune mediators directed against epitopes
that can easily change are called strain-specific, i.e. they
may recognize only one particular virus strain. On the
other hand, immune mediators directed against conserved
epitopes are called cross-reactive, i.e. they can recognize
and kill a broad range of virus variants.

The immune responses described above are typical
for most viral infections and are usually sufficient to con-
trol or eradicate a virus from the host. However, HIV is
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different from most other viral infections in that it fights
back against the immune system. The virus may infect T
helper cells thereby rendering them non-functional or de-
stroying them. Since the loss of T helper cell function also
compromises the efficacy of the CTL and antibody re-
sponses, HIV is said to cause immune impairment. How-
ever, whereas the immune response may need to be spe-
cific for a given viral strain in order to fight it, any HIV
strain may infect T helper cells regardless of their speci-
ficity and consequently weaken the overall immune sys-
tem. This inherent asymmetry in the dynamics between
HIV and the immune system is illustrated in Fig. 3.

Variability in HIV infection

For infection to be possible, HIV has to integrate into
the genome of its target cells. This process requires the
action of the enzyme reverse transcriptase, copying the vi-
ral RNA genome into a DNA sequence which is required
for integration. However, reverse transcriptase is an error-
prone enzyme leading on average to one mistake per
genome per replication cycle [21-22]. That is, there is a
relatively high chance that changes are incorporated into
the HIV genome during its reproduction. This makes it
possible that various characteristics of HIV may be
rapidly changing [23-25]. In fact, the error rate of the re-
verse transcriptase of HIV seems to maximise the chance
of producing antigenic escape mutants [26]. Such escape
mutants may be controlled by other immune cells specific
for the newly formed virus mutant. The continuous pro-
duction of escape mutants is thought to be an important
viral strategy for maintaining a persistent infection
[27-31]. These dynamics have been formulated in simple
mathematical models. The core of such models is the
above mentioned asymmetry between HIV and the im-
mune system, i.e. that immune cells need to be specific to
kill the virus, but that the virus may kill immune cells re-
gardless of their specificity {13, 32-34].

The model takes into account three variables: the dif-
ferent virus strains, v;, { = 1..n, strain-specific immune re-
sponses, x;, and a cross-reactive immune response, z. De-
noting the overall virus population by v = Yv;, it is given
by the following set of differential equations:

dvi/ dt = v; (r — pixi — Q)
dx; / dt = cv; — bx; — uxv;
dz/dt=kv — bz —uvz

The virus strains replicate on average at a rate r and
are killed by the strain-specific and cross-reactive im-
mune responses at a rate px; and qz, respectively. Both
types of immune responses become stimulated by the
virus at rates cv; and kv, and decay at a rate bx; and bz, re-
spectively. Impairment of both immune responses by the
total virus population is captured in the terms — uvx; and
— uvz.

In addition, the model also includes a stochastic ele-
ment because it allows the emergence of new mutants.
The probability that a new mutant emerges in the time in-
terval {2, t + dt] is given by Pdt, where P'is the mutation
rate. The simplest assumption is that P is constant, but it
is more realistic to assume that P is proportional to the to-
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Fig. 4. Evolution of many different virus strains during the time of infection. Initially, the strains grow to high levels which may

cause the clinical symptoms observed during primary HIV infection. The subsequently emerging escape mutants are suppressed

at a faster rate, because of the action of cross-reactive immune responses. Different virus strains grow to different levels accord-

ing to their growth rates. The accumulation of viral diversity breaches the diversity threshold after approximately 7 years in this

simulation. In the final phase, the fastest growing strains dominate the virus population. The y-axis indicates the relative
concentration of different virus mutants

tal virus load (v), since the number of mutation events is
proportional to the number of replication events.

The equations were analysed by a combination of an-
alytic and numerical studies. Three parameter ranges can
be distinguished.

1. The rate of viral replication (r) and/or the degree of
immune impairment (¥) may outrun the combined effect
of strain specific and cross-reactive immune responses.
This happens if ru > kq + cp. In this case, the immune re-
sponse goes extinct and the virus may grow uncontrolled.
Hence, no antigenic variation will be observed and the
fastest replicating strain will emerge to dominate the virus
population. This parameter region corresponds to imme-
diate progression to AIDS without the presence of an
asymptomatic period.

2. If ru < kg, the cross-reactive immune response (kg)
is sufficiently large compared to virus replication (r) and
the degree of immune impairment (), leading to stable
control of the virus population by the immune system.
The levels of virus load under the control of the immune
response depend on the rate of viral replication, the
amount of immune impairment induced by the virus, the
efficacy of the immune response, as well as on the number
of antigenic variants. Although an increase in the number
of antigenic variants leads to an increase in virus load, un-
controlled virus replication is not observed in this param-
eter region. This may correspond to chronic HIV infection
without development of disease. Although some HIV-in-
fected patients are long-term non-progressors, it is not
clear whether they will develop symptoms at a later stage.
An example of chronic infection without development of
disease are african green monkeys infected with SIVagm,
the natural strain for this host {35]. The lack of disease

progression in this case may be due to stronger cross-re-
active immune responses as well as slower replication
rates of the virus.

3. If kg + cp > ru > kq, the combination of cross-re-
active and strain-specific immune responses may control
the virus, but the strain-specific response alone is unable
to do so. In this case, the dynamics depend on the amount
of viral diversity. If antigenic diversity is low, the virus is
controlled, corresponding to the asymptomatic phase of
the infection. Increasing viral diversity results in an in-
crease in virus load. The immune system keeps the virus
population in check as long as viral diversity lies below a
diversity threshold. Crossing the diversity threshold leads
to a collapse of the immune response accompanied by un-
controlled virus growth with the fastest replicating strain
evolving to dominate the virus population. These dynam-
ics are illustrated in Fig. 4. Viral diversity can be captured
in the Simpson’s index giving the probability that two
virus strains sampled at random belong to the same strain.
It is defined as D = (v; / v)2. It is a number between zero
and one, with lower values of D indicating higher diver-
sity. The diversity threshold can thus be defined as D <
(ru—kq) / (cp).

This behaviour may correspond to the typical course
of disease progression observed in HIV-infected patients.
At the beginning when viral diversity is low, the patient
enters the asymptomatic phase in which the virus in con-
trolled by the immune response. As diversity increases in
response to selection pressure exerted by the immune sys-
tem, virus load slowly increases. When the diversity
threshold is crossed, the patient progresses to AIDS which
eventually results in death. The amount of diversity re-
quired for the transition to AIDS depends on the efficacy
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Fig. 5. Dynamics of a CTL response. Precursor CTLs circulate
through the body. Contact with viral antigen activates them and
triggers them into proliferation. When activated CTLs recog-
nize viral antigen on the surface of an infected cell, they lyse it
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Fig. 6. CTLs and multiple epitopes. CTL clones specific for
different viral epitopes proliferate in response to the same viral
population and are therefore in competition. This is similar to
several species of predators living on the same prey population

of the immune response as well as the amount of viral
replication and immune impairment. Variation in these
parameters among patients may therefore account for the
variability observed in the disease process. A strong im-
mune response as well as the presence of slowly replicat-
ing strains which show a low degree of immune impair-
ment lead to a higher diversity threshold and conse-
quently to a longer duration of the asymptomatic phase. In
addition to these factors, the stochastic nature of the emer-
gence of the escape mutants may also contribute to the
variability of the disease process. Whether the first few
escape mutants arise sooner or later than average may re-
sult in marked differences in the pattern of disease pro-
gression {36].

CTLs and diversity

The previous model describes HIV variation in a
single epitope, but virus variation occurs in several
different epitopes simultaneously. Therefore, a “multiple
epitope theory” was designed to discuss the dynamics of
antigenic variation in several different epitopes {37-39).
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These models were formulated specifically to look at the
dynamics of CTL (Fig. 5). HIV has many epitopes which
CTLs may specifically recognize. Thus, there are several
CTL responses, each specific for one of the HIV epitopes,
fighting the same virus population. This is analogous to
several species of predators (CTLs) competing for the
same prey (virus) population (Fig. 6). The implications of
these assumptions for the dynamics between HIV and the
CTL response have been analysed by mathematical
models [37-39). Consider the existence of two CTL
epitopes, A and B. Since the virus can mutate to change
the sequence of the epitope, we assume that there are i =
1..n) sequences in epitope A and j = 1..n; sequences in
epitope B. With this in mind, a model with three types of
variables may be constructed. They include: virus vari-
ants with sequence i in epitope A and sequence ; in epi-
tope B (v;); CTLs directed against sequence i in epitope A
(x); and CTLs directed against sequence j in epitope B
(). The model is given by the following set of differen-
tial equations.

dv,-,- /dt = Vij (r,‘j - pix; — qjyj)
dx;/ dt =Necwie + x; (civie = b)
dy;/ dt = nkjve; + y; (kjve; - b)

where v =2Xv; and vei=ZXvy

The virus mutant v; replicates at a rate r;; and is killed
by the CTLs at the rates p;xv; and g;y;v;. The CTLs are
stimulated by their respective epitopes. CTLs may either
become activated from a precursor population at a rate
ncivi+ and Nkjve;, or the activated cells may proliferate in
response to antigen at a rate x;c;v;- and y;k;vs;. The param-
eter 7 is thought to be relatively small, since proliferation
rather than activation is the dominant response of CTLs
upon antigenic stimulation. Finally, CTLs die at a rate b.
Two important parameters are c; and kj, describing the im-
munogenicity of sequence i in epitopes A and sequence j
in epitope B.

Nowak et al. [37] analysed two scenarios: either the
virus population is antigenically homogeneous, i.e. all se-
quences in the respective epitopes are the same, or the
virus population is antigenically heterogeneous.

For an antigenically homogeneous virus population,
the model predicts that only the CTL response directed
against the epitope with the strongest immunogenicity
will survive. This is because the CTL response directed
against the epitope with the highest immunogenicity is the
most superior competitor and will reduce virus load to
low levels which are not sufficient to maintain the alter-
native CTL responses. This is analogous to the competi-
tive exclusion principle in ecology [40]. These dynamics
may explain the concept of ‘immunodominance’, which
denotes the observation that in a patient the CTL response
is predominantly directed against one or only a few epi-
topes, although many epitopes may potentially be recog-
nized by CTLs. [41-45].

On the other hand, if the virus population is antigeni-
cally heterogeneous, the outcome depends on whether the
antigenic variants also differ in their replication kinetics.

If the antigenic variants do not differ in their replica-
tion rates, the model again predicts the occurrence of im-
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Fig. 7. Antigenic oscillations and fluctuating immunodominance in a model with two epitopes. Peaks of viral abundance that con-
sist 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 and there are no additional mutational events

munodominance, but now, the outcome of competition
not only depends on the immunogenicity of a given epi-
tope, but also on the number of antigenic strains in the
epitopes. Antigenic diversity effectively reduces im-
munogenicity. Assuming that all variants in a given epi-
tope have the same immunogenicity (¢ = ¢; and k= k;), and
denoting the number of antigenic variants in the respec-
tive epitopes as na and ng, the CTL response against epi-
tope A will win if ¢ / na > k / ng.

In contrast, if the antigenic variants also differ in
their rates of replication, the model generally predicts the
coexistence of CTL responses directed against epitopes
with different immunogenicities, i.e. the lack of immun-
odominance. Under certain stringent conditions, a hetero-
geneous virus population with concommitant differences
in their replication rates may also result in immunodomi-
nance, but this is considered less relevant for the in vive
situation [{38].

Antigenic variation in multiple epitopes leads to
complicated dynamics which have been termed ‘antigenic
oscillations’ [37] (Fig. 7), consisting of distinct peaks in
viral abundance, often dominated by a single genotype,
which arise when the CTL response against a given vari-
ant declines to low levels due to temporary lack of stimu-
lation. This leads to concommitant fluctuations in immun-
odominance. In contrast to the occurrence of peaks in vi-
ral abundance upon the emergence of new variants (anti-
genic drift), antigenic oscillations are the result of the
non-linear dynamics between the existing heterogeneous
virus population and CTL responses against multiple epi-
topes and do not require the emergence of new mutants.

Considering the emergence of a new mutant in a
given epitope, the model provides valuable insights, espe-
cially for understanding disease progression in HIV-in-
fected patients. Suppose the existence of a homogeneous
virus population and an immunodominant CTL response
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Emergence of an escape mutant in epitope A
leads to one of four possibilities:

(i) Diversification in epitope A

(ii) No new response against epitope A
partial shift in immunodominance

(iii) New response against epitope A,
partial shift in immunodominance

——5———-—- (iv) Complete shift in immunodominar
T to epitope B

Fig. 8. Antigenic variation may shift immunodominance. The

emergence of an escape variant in an immunodominant epitope

(A) leads to one of four possible outcomes. For details see text

against one of two epitopes (A, Fig. 8). The emergence of
an escape mutant in epitope A may lead to one of four
possible outcomes depending on the replication rates and
the immunogenicities of the mutant relative to the wild-
type (Fig. 8). Denote the replication rate of wild-type and
mutant as r, and rn., respectively, and denote the im-
munogenicity of wild-type and mutant epitope A as ¢,
and cm, respectively. The immunogenicity of epitope B is
described by k. The four outcomes are as follows: (i) A
new specific response against epitope A is induced by‘the
mutant without affecting epitope B. This represents diver-
sification in epitope A and will be observed if l/c.. + l/cm
> 1/k. (ii) No new response against epitope A is induced
by the mutant, but the response against epitope B is en-
hanced. This is a partial shift in immunodominance and
will occur if 1/¢w + /ey < 1/k and r,, > rp. (iii) The mutant
may induce a new response against epitope A which out-
competes the response against the wild-type, conse-
quently causing a partial shift in immunodominance. The
condition for this outcome is given by /e, + Ve, > 1/k
and r,, < . (iv) Finally, if 1/c, > 1/k and r,, < ., the mu-
tant virus outcompetes the wild-type, resulting in a com-
plete shift in immunodominance. Thereby, the selective
advantage of the escape mutant becomes neglegible and it
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may not reach fixation even if there is no CTL response
against the variant peptide.

In terms of HIV infection, this analysis extends and
reinforces the idea that viral evolution towards increased
antigenic diversity may drive progression of the disease.
A stable response against an invariant epitope will lead to
efficient control of the virus and slow progression. Viral
diversity may lead to unstable dynamics, and the evolu-
tion of new antigenic variants may result in a shift in im-
munodominance to weaker epitopes leading to less effi-
cient control of HIV and an increase in virus load. These
results of the “multiple epitope theory” have been con-
firmed experimentally by recent papers [1, 19, 20].

Conclusion

This review has shown how mathematical models
may help us understand the way in which viral evolution
in vivo may contribute to the progression from the asymp-
tomatic period of the infection to the development of
AIDS. In particular, evolution towards increased viral di-
versity may induce the destruction of the immune system.
These findings also have implications for vaccination
strategies to delay or prevent the onset of AIDS. Nowak
and McLean [46] showed that the average number of es-
cape mutants produced by a virus strain must be sup-
pressed below one for the vaccine to be successful. This
goal will only be achieved if the immune response against
a sufficiently large number of strains is boosted, no mat-
ter how immunogenic the vaccine is. Therefore, the
chances of successful vaccination will be maximised if a
cross-reactive immune response is boosted [13, 46]. In
addition, because of the competition occurring between
CTLs against different epitopes, it would be advisable to
boost the immune response against a single conserved
epitope, even if this is not the immunodominant one, since
this would lead to more stable and effective control of the
virus population [37, 39].
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