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Abstract

Cytotoxic T lymphocytes (CTL) responses are required to fight many diseases such as viral infections and tumors. At the same
time, they can cause disease when induced inappropriately. Which factors regulate CTL and decide whether they should remain
silent or react is open to debate. The phenomenon called cross-priming has received attention in this respect. That is, CTL expansion
occurs if antigen is recognized on the surface of professional antigen presenting cells (APCs). This is in contrast to direct
presentation where antigen is seen on the surface of the target cells (e.g. infected cells or tumor cells). Here we introduce a
mathematical model, which takes the phenomenon of cross-priming into account. We propose a new mechanism of regulation which
is implicit in the dynamics of the CTL: According to the model, the ability of a CTL response to become established depends on the
ratio of cross-presentation to direct presentation of the antigen. If this ratio is relatively high, CTL responses are likely to become
established. If this ratio is relatively low, tolerance is the likely outcome. The behavior of the model includes a parameter region
where the outcome depends on the initial conditions. We discuss our results with respect to the idea of self/non-self discrimination
and the danger signal hypothesis. We apply the model to study the role of CTL in cancer initiation, cancer evolution/progression,

and therapeutic vaccination against cancers.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cytotoxic T lymphocyte (CTL) responses are a major
branch of the immune system which can remove infected
cells and tumor cells and can inhibit viral replication by
non-lytic means. Yet, the exact mechanism by which
CTL become induced is still not clear. Recently, the
phenomenon of cross-priming and cross-presentation
has received attention [1-8]. This means that antigen
presenting cells (APCs) such as dendritic cells take up
antigen and display it on their surface. The antigen
bound to the APCs is then recognized by CTL and this
leads to their activation. This process of cross-presenta-
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tion is in contrast to direct presentation. With direct
presentation, CTL recognize antigen on the target cell
(infected cell or tumor cell) itself.

The exact events occurring in response to cross- and
direct presentation are unclear. Cross-presentation is
thought to play a role in the regulation of the response.
That is, in deciding whether the CTL should expand and
react, or whether they should enter a state of tolerance.
Different activation states of dendritic cells could result
in different responses by CTL upon presentation [2,6,9—
11]. Related to this, the presence or absence of danger
signals is thought to play an important role in deciding
whether CTL react against a given antigen or not [12—
15]. A better knowledge of these mechanisms is crucial
for understanding important immunological questions:
why CTL generally do not successfully remove tumors;
how peripheral tolerance is maintained; and why CTL
efficiently resolve some viral infections but not others.
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This study uses a mathematical model to propose a
new mechanism in which a dynamical interplay between
cross-presentation and direct presentation regulates
CTL responses. It is assumed that cross-presentation
by APCs results in activation and expansion of the
specific CTL. The CTL are then assumed to be exposed
to direct presentation on the target cells. This results in
lysis. In addition, it is assumed that exposure to high
amounts of antigen by direct presentation can lead to
death of the CTL. This might occur by antigen-induced
cell death [16—18]. Alternatively, exposure to antigen by
direct presentation might drive further differentiation of
CTL precursors (CTLp) into effectors (CTLe) which die
at a relatively fast rate [19].

Here we show that under these assumptions, the ratio
of cross-presentation to direct presentation can be a
deciding factor which determines whether exposure to
antigen results in an immune response or in tolerance.
The higher this ratio, the more likely the CTL will
expand and react. The lower this ratio, the more likely it
is that tolerance is achieved. We discuss our results in
relation to the concept of ““self/non-self”” discrimination,
viral infections and tumors.

2. The model

We describe a model containing four variables: cells
directly displaying antigen such as infected cells or
tumor cells, 7'; we will refer to these cells as “target
cells”’; non-activated APCs which do not present the
antigen, A4; loaded and activated APCs which have
taken up antigen and display it, A*; CTL, C. The model
is given by the following system of differential equations
which describe the development of these populations
over time.

dT:rT(l—Z) —dT —yTC

dt
d4
—=4A—0,A—adAT
dt
dA4*
=oAT — 0,A4*
dt
dC A*C
_ —qTC —uC
dt e¢C+1

The infected or tumor cells grow at a density dependent
rate rT(1—T/k). In case of virus infections, this
represents viral replication, where virus load is limited
by the availability of susceptible cells, captured in the
parameter k. In case of tumors, this corresponds to
division of the tumor cells and the parameter & denotes
the maximum size the tumor can achieve, limited for
example by spatial constraints. The cells die at a rate d7,

and are in addition lysed by CTL at a rate y7TC. APCs,
A, are produced at a constant rate 4 and die at a rate
01A4. They take up antigen and become activated at a
rate «AT. The parameter o« summarizes several pro-
cesses: the rate at which antigen is released from the
cells, T, and the rate at which this antigen is taken up by
APCs and processed for display and cross-presentation.
Loaded APCs, A*, are lost at a rate J,A4*. This
corresponds either to death of the loaded APC, or to
loss of the antigen—MHC complexes on the APC. Upon
cross-presentation, CTL expand at a rate n4*C/(¢C+
1). The saturation term, eéC+1, has been included to
account for the limited expansion of CTL in the
presence of strong cross-stimulation [20]. The activated
and expanding population of CTL can lyse the infected
cells upon direct presentation. In addition, it is assumed
that direct presentation can result in removal of CTL at
a rate ¢TC. This can be brought about, for example, by
antigen-induced cell death, or over-differentiation into
effectors followed by death. Finally, CTL die at a rate
1C. Please note that this model is a simplification of
reality. APCs can have a variety of other effects on CTL
besides cross presentation. For example, they can secrete
cytokines which can have an effect on CTL proliferation
as well as migration. These functions are not included in
the model. The reason is that—while important—these
aspects of APC function go beyond the scope of the
present paper, since we concentrate on exploring the
effect of cross-stimulation on CTL dynamics. The model
will be analyzed by a combination of analytical and
numerical methods.'

Thus a central assumption of the model is that cross-
presentation can induce CTL expansion, while direct
presentation does not have that effect; instead it can
result in the decline of the CTL population. This
assumption is a hypothesis we would like to explore,
and experimental tests will be proposed below. This
assumption implies that the magnitude of cross-presen-
tation relative to direct presentation could be a decisive
factor which determines the outcome of a CTL re-
sponse: activation or tolerance. In the model, the ratio
of cross-presentation to direct presentation is given by
cA*IqT.

We assume that » > a. That is, the rate of increase of
the target cells, T, is greater than their death rate. This

' For illustrative purposes, specific values have to be assigned to
parameters in order to plot figures. Most of the parameter values in the
model are, however, not known. Since the paper presents a
mathematical understanding of the model behavior, knowledge of
specific parameter values is not required to understand the dynamics
on a qualitative level. While the parameter values of the model are
somewhat arbitrary, their relative orders of magnitude make biological
sense. For example, the death rate of activated and loaded APCs is
assumed to be an order of magnitude higher than that of non-activated
APCs.
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Fig. 1. Different outcomes of the model shown as time series. (i) Tolerance; CTL go extinct. (ii) Tolerance outcome where CTL do not go extinct but
are maintained at very low levels. (ii) Immunity outcome. For details see text. Parameters were chosen as follows. r =0.5; k=10;d=0.1;y=1; A= 1;
01=0.1;0,=15n=2;¢e=1;¢=0.5 n£=0.1. «=0.2 for (i) and « =0.1 for (ii). For (iii) « = 0.05; r = 10; = 10.

ensures that this population of cells can grow and The expressions for the equilibria will not be written out
remain present. If this is fulfilled, the system can here since most of them involve complicated expres-
converge to a number of different equilibria (Fig. 1). sions.
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i) The CTL response fails to expand, i.e. C=0. The
population of target cells grows to a high equili-
brium level, unchecked by the CTL. The popula-
tions of unloaded and loaded APCs, 4 and A4 *, also
equilibrate.

i) The CTL response expands, i.e. C > 0. In this case,
the system can converge to one of two different
outcomes. (a) The number of CTL is low and the
number of target cells is high. This outcome is
qualitatively similar to (i), because the CTL popula-
tion does not fully expand, and the population of
target cells remains high. (b) The number of CTL is
high and the number of target cells is low. This can
be considered the immune control equilibrium. If
the population of infected cells is reduced to very
low levels, this can be considered equivalent to
extinction (number of cells below one).

The following sections will examine which outcomes are
achieved under which circumstances.

3. Analysis of the model

The two most important parameters in the present
context are the rate of antigen uptake by APCs, «, and
the growth rate of the target cells, ». This is because
variation in these parameters can significantly influence
the ratio of cross-presentation to direct presentation
which is the subject of investigation. Hence, in the
following sections we will examine the behavior of the
model in dependence of these two parameters.

3.1. The rate of antigen uptake by APCs

The rate of antigen uptake by APCs comprises two
processes: (i) the degree to which the antigen is made
available for uptake; this can be determined for example
by the amount of antigen released from the target cell,
or the amount of apoptosis going on [5]. (ii) The rate at
which the APCs take up the available antigen and
process it for presentation. As the rate of antigen uptake
by APCs, o, decreases, the ratio of cross-presentation to
direct presentation decreases (Fig. 2i). When the value of
o is high, the outcome is immunity. If the value of « is
decreased and crosses a threshold, we enter a region of
bistability (Fig. 2i): both the immunity and the tolerance
equilibria are stable. Which outcome is achieved de-
pends on the initial conditions. If the value of « is
further decreased and crosses another threshold, the
immune control equilibrium loses stability. The only
stable outcome is tolerance (Fig. 2i).

In the region of bistability, the dependence on initial
conditions is as follows. Convergence to the immune
control equilibrium is promoted by low initial numbers
of target cells, high initial numbers of presenting APCs,

and high initial numbers of CTL. This is because under
these initial conditions, the dynamics start out with a
high ratio of cross-presentation to direct presentation
and this promotes the expansion of the CTL. On the
other hand, if the initial number of target cells is high
and the initial numbers of presenting APCs and CTL is
low, then the initial ratio of cross-presentation to direct
presentation is low and this promotes tolerance.

This is the general pattern of how the outcome of the
dynamics is influenced by the rate of antigen uptake by
APCs, o. There are variations on this pattern depending
on the value of parameters describing the strength of the
CTL. An example is the CTL responsiveness following
cross-stimulation, #. If the value of 5 is low the overall
responsiveness of the CTL is still relatively low even if
the rate of antigen uptake by APCs is very high. In this
case, there is no parameter region in which only the
immune control outcome is stable. On the other hand, if
the CTL responsiveness is very high (high value of #),
the bistable parameter region, where both immunity and
tolerance are possible, disappears. Note, however, that
in this case, the parameter region of tolerance is narrow
because the CTL responsiveness is strong. In general,
the higher the CTL responsiveness, #, the lower the rate
of antigen uptake by APCs, o, below which tolerance
becomes stable.

A similar pattern is observed if the rate of loss of
antigen presentation, J,, is low. This is because longer-
lived MHC-antigen complexes correlate with stronger
stimulation of the CTL. In addition, this introduces
unstable behavior into the model because there is a
delay between the clearance of target cells bearing the
antigen, and the loss of presentation of that antigen.
Hence, the immunity outcome becomes characterized by
limit cycles (this corresponds to the observation of
sustained cycles in the population of cells; it will be
explored further below when discussing Fig. 3).

In summary, as the rate of antigen uptake by APCs is
decreased, the ratio of cross-presentation to direct
presentation decreases, and this shifts the dynamics of
the CTL response in the direction of tolerance. This can
include a parameter region in which both the tolerance
and the immunity outcome are stable, depending on the
initial conditions. If the CTL responsiveness to cross-
presentation is very strong, tolerance becomes an
unlikely outcome.

3.2. The growth rate of target cells

An increase in the growth rate of target cells, r, results
in a decrease in the ratio of cross-presentation to direct
presentation in the model. Hence an increase in the
growth rate of target cells shifts the dynamics of the
CTL from a responsive state towards tolerance. The
dependence of the dynamics on the parameter r is
shown in Fig. 2ii. The growth rate of target cells needs to
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Fig. 2. Bifurcation diagram showing the outcome of the model as a function of (i) the rate of antigen presentation by APCs, «, and (ii) the growth
rate of target cells, r. Virus load and the ratio of cross-presentation to direct presentation at equilibrium are shown. (i) For high values of «, only the
immune control outcome is stable. If the value of « is reduced, we enter a bistable parameter region where both the immunity and the tolerance
outcomes are stable. If the value of « is still lower, only the tolerance outcome becomes stable. (ii) For small values or r, only the immunity outcome
is stable. For higher values of r, we enter the bistable parameter region where both the immunity and the tolerance outcomes are stable. If the value
of r lies above a threshold, only the tolerance outcome is stable. Parameters were chosen as follows. r =0.5; k=10, d=0.1;y=1;A=1;0,=0.1; a =

0.5;0,=15n=2;e=1,¢g=0.5 u=0.1.

lie above a threshold to enable the CTL to potentially
react. This is because for very low values of r, the
number of target cells is very low, not sufficient to
trigger immunity. If the growth rate of target cells is
sufficiently high to potentially induce immunity, we
observe the following behavior (Fig. 2ii). If the value of
r lies below a threshold, the only stable outcome is
immunity. If the value of r is increased and crosses a
threshold, we enter a region of bistability. That is, both
the immunity and the tolerance outcomes are possible,
depending on the initial conditions. The dependence on
the initial conditions is the same as explained in the last
section. If the value of r is further increased and crosses
another threshold, the immunity equilibrium loses
stability and the only possible outcome is tolerance.
Again, there are variations of this basic pattern
depending on parameters describing the overall strength
of the CTL response. Consider the responsiveness of the
CTL to cross-stimulation, 7. As the value of 7 is
increased, the immunity outcome can be characterized

by limit cycles; in addition the growth rate of target cells
at which tolerance becomes the only stable outcome
becomes higher. Thus, the higher the CTL responsive-
ness, the less likely it is that fast target cell growth can
result in tolerance. If the CTL responsiveness, 7, lies
above a threshold, the dynamics are slightly different
when the tolerance outcome becomes stable at high
growth rates of target cells, r. Now, tolerance is not
described by the equilibrium where the number of CTL
is zero. Instead, it is described by the equilibrium where
a very weak CTL response develops which fails to
reduce the number of target cells significantly. This
outcome is, however, qualitatively very similar to the
state of tolerance where the number of CTL is zero. The
reason for this behavior is that for a very high CTL
responsiveness (high values of #), the CTL cannot be
driven extinct by fast target cell growth if the ratio of
cross-presentation to direct presentation is small; in-
stead, they are maintained at low and ineffective levels.
This is, however, of limited biological importance, since
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Fig. 3. Simulation of virus-induced autoimmunity. The graph plots the level of the immune response against time. The simulation assumes that the
degree of cross-presentation of self-antigen is relatively weak, and that we are in the parameter region in which both the immunity and the tolerance
outcomes are both stable. Initially, the equilibrium outcome is tolerance. Shading indicates the duration of a virus infection. This is modeled
phenomenologically by increasing the parameter « (infection increases the rate of uptake of self antigen by APCs because the antigen is more readily
available following virus-induced death of host cells). The infection induces an immune response, and the response is continued after the infection has
terminated. This is because infection has shifted the dynamics into a space where all trajectories lead to the immunity equilibrium. In this simulation,
the immune response cycles over time and this could correspond to periods of flare-ups of the auto-immune disease, followed by periods of remission.
Parameters were chosen as follows. r =0.7; k =10; d=0.1; y=1; A =1; 6, =0.01; 2 =0.05; 6, = 1.5; n =5; e=1; ¢ = 0.5; £ =0.1. During the phase

of virus infection, a =0.5.

this state of tolerance only occurs at unrealistically high
growth rates of target cells. Again, similar patterns are
observed if the rate of loss of antigen presentation, -, is
low because this results in overall stronger stimulation
of the CTL. In addition, the region of bistability can be
lost and the immunity outcome can be characterized by
the occurrence of limit cycles.

In summary, an increase in the growth rate of target
cells has a similar effect as a decrease in the rate of
antigen uptake by APCs: the ratio of cross-presentation
to direct presentation becomes smaller, and the outcome
of the dynamics is driven from immunity towards
tolerance. Again, this includes a parameter region where
both the immunity and tolerance outcomes are stable
and where the outcome depends on the initial condi-
tions. The higher the overall responsiveness of the CTL
to cross-stimulation, the less likely it is that a high
growth rate of target cells can induce tolerance.

4. Immunity versus tolerance

4.1. CTL regulation and the selflnon-self debate

The question of CTL regulation and of tolerance
versus immunity is part of a more general debate about
which factors determine whether immune responses
should react or remain silent. A traditional idea is that

the immune system can distinguish self antigens from
non-self [21-24]. Hence they only react against appro-
priate antigens and autoimmunity is avoided. An
alternative idea is the danger signal hypothesis [12—
15]. According to this theory, the major factor determin-
ing whether immunity develops is not self versus non-
self. Instead, the immune system can detect the presence
of danger via signals received by antigen-presenting
cells, mainly dendritic cells. Danger signals activate the
dendritic cells which in turn induce the expansion of
specific responses. If danger signals are missing, the
immunity does not become stimulated even if the
antigen is foreign. While some substances have been
suggested as danger signals, a definite identification of
danger signals remains elusive.

Here, we have investigated this topic from a dynami-
cal point of view in the context of CTL responses. We
show that the immune system can switch between two
states: tolerance and activation. Which state is reached
need not depend on the presence or absence of signals,
but on the relative magnitude of cross-presentation to
direct presentation. This shows that regulation can be
accomplished without signals but in response to a
continuously varying parameter. Thus, the regulation
of CTL responses could be implicit in the dynamics.
This relies on the assumption that there is a difference in
the effect of cross-presentation and direct presentation.
The mathematical model assumes that while cross-
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presentation results in CTL expansion, direct presenta-
tion results in lysis followed by removal of the CTL.
While this assumption remains open to investigation,
some mechanisms described in the literature support this
notion. The simplest mechanism resulting in CTL
removal could be antigen-induced cell death [16—18].
That is, exposure to large amounts of antigen can trigger
apoptosis in the T cells. Another mechanisms could be
that exposure to direct presentation of antigen on the
target cells induce further differentiation from CTLp
into CTLe [19]. Since CTLe have anti-viral activity and
are thought to be short-lived and non-proliferating,
exposure to large amounts of direct presentation can
result in over-differentiation and an overall loss of CTL.
The exact effect of cross-presentation and direct pre-
sentation on the dynamics of CTL remains to be tested
by in vitro experiments: CTL should be exposed to a
given antigen displayed both on dendritic cells, and
directly on target cells. The effect of these two modes of
presentation on the dynamics of CTL should be
measured at various stages of CTL differentiation.
With the assumptions explained above, we find a very
simple rule that determines whether CTL responses
expand and react, or whether they remain silent and
tolerant. CTL expansion and immunity is promoted if
the ratio of cross-presentation to direct presentation is
relatively high. This is because the amount of CTL
expansion upon cross-presentation outweighs the degree
of CTL loss upon direct presentation. On the other
hand, tolerance is promoted if the ratio cross-presenta-
tion to direct presentation is relatively low. This is
because the amount of CTL loss upon direct presenta-
tion outweighs the amount of CTL expansion upon
cross-presentation. Note that this type of regulation is
implicit in the dynamics of CTL. If a given CTL
specificity is created and the antigen is encountered,
the CTL will always try to expand. However, if the ratio
of cross-presentation to direct presentation is relatively
low, this attempt to expand will result in deletion of the
response. While some effectors might be created, the
response will be muted before damage can be done.
For self antigen displayed on cells of the body, the
ratio of cross-presentation to direct presentation is
normally low. This is because these cells do not die at
a high enough rate or release the antigen at a high
enough rate in order for the amount of cross presenta-
tion to be strong. On the other hand, large amounts of
this antigen can be available on the surface of the cells
expressing them (direct presentation). In terms of our
model, this situation can best be described by a low
value of o. Hence, in our model, CTL responses are not
predicted to become established against self antigens.
Instead, the outcome is tolerance. In addition, the initial
conditions favor tolerance in this scenario. When
immune cells with specificity for self are created and
try to react, the number of these immune cells is very

low and the number of target cells (tissue) is relatively
high. This promotes failure of the CTL response to
expand and to become established.

In the following sections we will discuss the dynamics
of CTL responses to antigens that can be considered
non-self. That is, antigens derived from tumors and
intracellular pathogens.

4.2. Tumors

Tumors and cancers are thought to arise through the
generation of a series of mutations that result in the
transformation of the cells. Compared to healthy cells,
tumor cells escape growth control and in most cases also
show an elevated mutation rate (mutator phenotype or
genetic instability [25]). Hence, a tumor is characterized
by an increasing number of mutated genes. The pro-
ducts of these mutations will be displayed on the surface
of the tumor cells in conjunction with MHC. These
tumor-specific antigens should thus induce CTL re-
sponses. Yet, they usually do not. On the other hand,
some vaccination protocols have resulted in the induc-
tion of tumor-specific immune responses and reduction
of tumors [26,27].

According to the danger signal hypothesis, tumors are
not perceived by the immune system as dangerous
because tumor cells are long lived and do not elicit the
production of danger signals. According to our model,
tumors fail to induce CTL responses because tumor
antigens are largely displayed on the surface of the
tumor cells, but relatively little tumor antigen is made
available for uptake by dendritic cells and hence for
cross-presentation. Thus, the ratio of cross-presentation
to direct presentation is low. Further, the model suggests
that the ability of the host to mount a CTL response can
depend on the size of the tumor. This will be pursued in
more detail later in a section discussing tumor evolution
and CTL responses.

4.3. Viruses

Many virus infections readily induce CTL responses.
This is in accordance with our model. Infected cells can
release many virus particles and/or induce relatively high
levels of cell death. This results in the uptake of large
amounts of antigen by dendritic cells and in high
amounts of cross-presentation. Thus, the ratio of
cross-presentation to direct presentation is relatively
high, resulting in the induction of CTL responses.
According to the danger signal hypothesis, the damage
induced by the virus is sensed by the dendritic cells
which in turn activate the CTL. Some viruses, such as
lymphocytic choriomeningitis virus, do not, however,
cause any damage [28]. In the absence of immune
responses, LCMYV can replicate at high levels without
harming the host at all. While LCMV might not be
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dangerous, it induces potent CTL responses [29]. This is
in accordance with our model: Since large amounts of
virus particles are produced and released from infected
cells, ready to be taken up by dendritic cells, the ratio of
cross-presentation to direct presentation will be high. In
addition, LCMYV can infect dendritic cells. This can
make presentation via these APCs even more efficient.

Some viruses impair specific immunity. A prominent
example is human immunodeficiency virus (HIV) which
impairs the virus-specific CD4 helper cell responses [30].
A similar absence of CD4 helper cell responses has been
observed with hepatitis C virus (HCV) infection [31]. A
major role of CD4 T cells is to activate dendritic cells
which in turn is required for cross-presentation and
CTL induction. Thus, CD4 helper cell impairment can
result in the reduction of cross-presentation relative to
direct presentation because dendritic cells fail to become
activated. In this way, the virus can shift the dynamics
away from efficient immunity towards tolerance.

4.4. Viruses and tumors

There are interesting connections between viruses and
tumors. Some viruses can cause tumors. Other viruses
can be used as therapeutic agents against certain tumor
cells. They can kill the cells directly and/or induce
immune responses [32,33]. According to the danger
signal hypothesis, the presence of viruses in tumor cells
should promote the induction of immune responses
against tumors, because virus replication can result in
the presence of danger signals in the tumor tissue.
According to our model, the relationship between
viruses, tumors and CTL responses depends on the
exact life-cycle of the virus. We distinguish between two
scenarios: (i) The virus replicates by cell to cell spread or
by inducing division of infected cells; little or no free
virus is released. This is likely to result in reduced levels
of cross-presentation relative to direct presentation.
Interestingly, this is a characteristic of viruses that can
cause tumors. An example is human T cell leukemia
virus or HTLV-1 [34]. Most infected patients are healthy
carriers. A small fraction of patients develops a neuro-
logical disease called HAM/TSP. Another small fraction
of patients develops leukemia. A major route of virus
spread in vivo occurs by Tax-induced division of
infected T cells. Another route of virus growth in vivo
is cell to cell spread. While it has been thought that
HTLV-1 does not replicate and is mostly latent, recent
experimental data indicate that this is not the case, and
that virus replication does occur [35]. No free virus is,
however, released from the infected cells. In this case,
the virus antigen behaves similarly to tumor antigens. A
lot of antigen is produced on the infected cell and is
available for direct presentation. Little virus is released
and taken up by dendritic cells for cross-presentation.
Hence, CTL responses are likely to fail to control the

infection. If tumors are induced, CTL will also fail to
control the tumor cells despite the presence of ongoing
viral replication and the generation of viral antigen on
tumor cells. Many tumor inducing viruses, such as
Epstein Barr virus (EBV) or human papiloma virus
(HPV), share these characteristics. (ii) The virus repli-
cates by releasing virus particles from the infected cell.
Now the virus antigen will not only be displayed on the
infected tumor cells, but large amounts of antigen will
also be available for uptake by dendritic cells for cross-
presentation. Thus, the ratio of cross-presentation to
direct presentation is relatively large, and CTL re-
sponses against the viral antigen are likely to be induced.
This can lead to CTL-mediated reduction of the tumor.
In addition, virus-mediated lysis of tumor cells can
result in the release of tumor-specific antigens available
for uptake and cross-presentation by APCs. Hence, a
tumor-specific CTL response could also be induced.
Several viruses, especially adenoviruses, have been
investigated as potential therapeutic agents against
cancers. A particular example is ONYX-015, an adeno-
virus that has entered clinical trials in the context of
head and neck cancer [32,33]. It infects and replicates in
p53 negative cells resulting in their death. Death can be
caused either by the virus itself, or by CTL. The virus
spreads by releasing many virus particles resulting in the
burst and death of the infected cell.

4.5. Viruses and autoimmunity

Autoimmunity occurs if T cell or antibody responses
react against host cells, resulting in damaging lesions or
metabolic dysfunctions. Viruses have been implicated
often as the cause of autoimmune diseases, although
conclusive evidence is still missing. Various mechanisms
have been suggested which could explain the role of
viruses in the induction of such diseases [36,37]. A
popular mechanism is called molecular mimicry. This
means that pathology is caused by cross-reactivity
between an infecting virus and autoreactive T cells in
the host. Other hypotheses suggest that viruses cause
autoimmunity following the induction of non-specific or
inflammatory events resulting from infection of the
tissue. A similar mechanism is suggested by our model:
through the death of infected cells, a virus infection can
make self antigens available for uptake and cross-
presentation by APCs. This can increase the ratio of
cross-presentation to direct presentation of self-anti-
gens, and shift the dynamics away from tolerance
towards reactivity. This is demonstrated with a compu-
ter simulation in Fig. 3. We assume that the degree of
cross-presentation of self-antigens is relatively weak and
that we are in the parameter region where both the
tolerance and the immunity outcomes are stable. When
immune cells specific for self-antigens are generated, the
result is likely to be tolerance. When the system is
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disturbed however, by a viral infection, lysis of host cells
increases the amount of self-antigen, which is cross-
presented, and an inappropriate CTL response is
induced. In the simulation, the virus infection is
assumed to be only temporary. Note, however, that
after the infection has terminated, the immune response
against self continues. This is because the infection has
shifted the dynamics into a domain of attraction which
leads to immunity and not to tolerance. Also note, that
the immune response dynamics can be cycling. This
could correspond to repeated flare-ups of autoimmune
diseases followed by periods of remission. Such patterns
can be observed for example with multiple sclerosis.
(Note that the immune response dynamics do not
necessarily have to be oscillatory. A stable maintenance
of the immune response is observed if the rate of CTL
expansion upon antigenic stimulation is lower, which
corresponds to a lower value of 7).

5. Case study: CTL and cancer progression

Tumors provide an interesting case study. While
tumor cells bear many mutated antigens, they do not
induce significant CTL responses. As explained above,
this is consistent with our theoretical framework pre-
sented here, since the ratio of cross-presentation to
direct presentation is expected to be low. This ratio,
however, is influenced by parameters such as the growth
rate of the target cells, and we observe a parameter
region where the outcome of the CTL dynamics can
depend on the initial conditions. Since cancer cells
continuously evolve towards less inhibited growth, these
results have implications for the role of CTL in tumor
progression and cancer therapy. This is explored in the
following sections.

5.1. Cancer initiation

A tumor cell is characterized by mutations which
enable it to escape growth control mechanisms which
keep healthy cells in check. According to the model, the
generation of a tumor cell can lead to three different
scenarios (Fig. 4): (i) A CTL response is induced which
clears the cancer. (i) A CTL response develops which is
weaker; it controls the cancer at low levels, but does not
eradicate it. (iii) A CTL response fails to develop;
tolerance is achieved and the cancer can grow uncon-
trolled. Which outcome is attained depends on the
characteristics of the cancer cells. In particular it
depends on how fast the cancer cells can grow (r in
the model), and how resistant they are against death and
apoptosis. Cell death, and in particular apoptosis, is
thought to increase the amount of cross-presentation [5].
Resistance to apoptosis thus corresponds to a reduction
in the parameter o in the model. Three parameter

regions can be distinguished. (i) If the cancer cells
replicate slowly and/or still retain the ability to undergo
apoptosis, the cancer will be cleared, because strong
CTL responses are induced. If the cancer cells replicate
faster and/or the degree of apoptosis is weaker, the ratio
of cross-presentation to direct presentation is reduced.
This can shift the dynamics into the bistable parameter
region. That is, the outcome depends on the initial
conditions. If the initial size of the tumor is small, it is
more likely that CTL responses will be induced which
can control the tumor cells at low levels. Since the host is
naive, however, the initial number of specific CTL is
low, and this could promote tolerance. In general, the
larger the size of the tumor, the more likely it is that the
outcome is tolerance. (iii) If the growth rate of the tumor
cell is still higher and/or the degree of apoptosis is still
lower, then the ratio of cross-presentation to direct
presentation falls below a threshold; now the only
possible outcome is tolerance and uncontrolled tumor
growth.

5.2. Tumor dormancy, evolution, and progression

Here, we investigate in more detail the scenario where
the growth rate of the tumor is intermediate, and both
the tolerance and the CTL control outcomes are
possible, depending on the initial conditions. Assume
the CTL control equilibrium is attained because the
initial tumor size is small. The number of tumor cells is
kept at low levels, but the tumor is unlikely to be cleared
because in this bistable parameter region the ratio of
cross-presentation to direct presentation is already
reduced. If the tumor persists at low levels, the cells
can keep evolving over time. They can evolve, through
selection and accumulation of mutations, either towards
a higher growth rate, r, or towards a reduced rate of
apoptosis which leads to reduced levels of antigen
uptake by dendritic cells, «. Both cases result in similar
evolutionary dynamics. This is illustrated in Fig. 5
assuming that the cancer cells evolve towards faster
growth rates (higher values of r). An increase in the
growth rate of tumor cells does not lead to a significant
increase in tumor load. At the same time, it results in an
increase in the number of tumor-specific CTL. The
reason is that a faster growth rate of tumor cells
stimulates more CTL, which counter this growth and
keep the number of tumor cells at low levels. When the
growth rate of the tumor cells evolves beyond a thresh-
old, the equilibrium describing CTL-mediated control of
the cancer becomes unstable. Consequently, the CTL
response collapses and the tumor can grow to high
levels.

The dynamics of tumor growth and progression can
include a phase called “dormancy”. During this phase
the tumor size remains steady at a low level over a
prolonged period of time before breaking out of
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Fig. 4. Time series plots showing the different possible outcomes when a tumor is generated. (i) Clearance is likely to occur in the parameter region
where only the immunity outcome is stable. (ii). Immune control but failure to clear the target cells. This is likely to occur in the bistable parameter
region: the immunity outcome is still stable, but immunity is weaker. (iii). Tolerance. Immunity does not become established and the number of target
cells grows to high levels. Parameters were chosen as follows. k =10;d=0.1;y=1; 1=1;0;=0.1; 2 =0.5; 0, =1.5;n=2;¢=1; ¢=0.5; £ =0.1. (1)
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interpreted to show the effect of tumor evolution towards faster growth rates over time. As evolution increase the value of r over time, the tumor
population and the CTL attain a new equilibrium. As long as the value of r lies below a threshold, the tumor size does not increase significantly, while
the number of CTL clearly rises. When the value of r crosses a threshold, the CTL response collapses and the tumor can grow to high levels.
Parameters were chosen as follows. r=0.5; k=10; d=0.1; y=1; 1=1; 0, =0.1; a=0.5; 6,=1.5; n=2; ¢=1; ¢=0.5; u=0.1.

dormancy and progressing further. Several mechanisms
could account for this phenomenon. The limitation of
blood supply, or inhibition of angiogenesis, can prevent
a tumor from growing above a certain size threshold
[38]. When angiogenic tumor cell lines evolve, the cancer
can progress further. Other mechanisms that have been
suggested to account for dormancy are immune

mediated, although a precise nature of this regulation
remains elusive [39]. As shown in this section, the model
presented here can account for a dormancy phase in
tumor progression. If the overall growth rate of the
cancer cells evolves beyond a threshold, dormancy is
broken: the CTL response collapses and the tumor
progresses.
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5.3. Immunotherapy against cancers

Assuming that the CTL response has failed and the
cancer can grow unchecked, we investigate how im-
munotherapy can be used to restore CTL mediated
control or to eradicate the tumor. In the context of the
model, the aim of immunotherapy should be to increase
the ratio of cross-presentation to direct presentation.
The most straightforward way to do this is dendritic cell
vaccination. In the model, this corresponds to an
increase in the number of activated and presenting
dendritic cells, 4*. We have to distinguish between
two scenarios: (i) The tumor cells have evolved suffi-
ciently so that the CTL control equilibrium is not stable
anymore, and the only stable outcome is tolerance. (ii)

The tumor has evolved and progressed less; the equili-
brium describing CTL mediated control is still stable.
First we consider the situation where the tumor has
progressed far enough so that the CTL control equili-
brium is not stable anymore. Upon dendritic cell
vaccination, tolerance is temporarily broken (Fig. 6).
That is, the CTL expand and reduce the tumor cell
population. This CTL expansion is, however, not
sustained and tumor growth relapses (Fig. 6). The
reason is as follows. Upon dendritic cell vaccination,
the ratio of cross-presentation to direct presentation is
increased sufficiently, enabling the CTL to expand.
However, this boost in the level of cross-presentation
subsequently declines, allowing the tumor to get the
upper hand and re-grow. The model suggests, however,
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Fig. 6. Effect of dendritic cell vaccination on tumor dynamics assuming that the growth rate of the tumor has evolved to high values, where only the
tolerance outcome is stable. (i) A single vaccination event induces a temporary reduction in tumor load, followed by a relapse. (ii) Repeated
vaccination events can drive the tumor load below a threshold which corresponds to extinction in practical terms. Parameters were chosen as follows.
r=15k=10;d=0.1;y=1, A=1;0,=0.01; x=0.5; 6,=1.5; y=0.5, 6=1, ¢g=0.5; u=0.1.
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that the tumor can be eradicated if the level of cross-
presentation is continuously maintained at high levels.
This can be achieved by repeated vaccination events
(Fig. 6). The next vaccination event has to occur before
the level of cross-presentation has significantly declined.
This will drive tumor load below a threshold level which
practically corresponds to extinction (Fig. 6).

Next, we consider the more benign scenario in which
the tumor has not progressed that far and the CTL
control equilibrium is still stable. Now a single vaccina-
tion event can shift the dynamics from the tolerance
outcome to the CTL control outcome (Fig. 7). The
reason is that an elevation in the number of presenting
dendritic cells shifts the system into a space where the
trajectories lead to CTL control and not to tolerance.
This is likely to be achieved if the size of the tumor is not
very large. The larger the size of the tumor, the stronger
the vaccination has to be (higher 4 *) in order to achieve
success. If the tumor size is very large, then an elevated
level of dendritic cells cannot shift the ratio of cross-
presentation to direct presentation sufficiently to induce
sustained immunity. A combination of vaccination and
chemotherapy can, however, result in success. This is
because chemotherapy reduces the size of the tumor and
also induces death of tumor cells. Both factors con-
tribute to a higher ratio of cross-presentation to direct
presentation and to induction of immunity. Once a
sustained CTL response has been induced, tumor cells
are kept at low levels. However, the cancer is unlikely to
be eradicated. Consequently, it can evolve over time.
Thus, induction of CTL mediated control in the model
is likely to result in a temporary phase of tumor
dormancy. This phase is again broken after the overall
growth rate of the tumor has evolved beyond the
threshold at which the CTL control outcome becomes
unstable.

These considerations result in the following sugges-
tions. Dendritic cell vaccination should be administered
repeatedly until the last tumor cell has been eradicated.
If the tumor has already progressed relatively far, this is
the only way to prevent immediate relapse of the cancer.
If the tumor is less progressed, temporary tumor
dormancy can be achieved by a single vaccination event.
Tumor persistence and evolution will, however, break
this dormancy phase, resulting in renewed cancer
growth. Thus, in this case, repeated vaccination is also
advisable in order to keep the level of cross-presentation
above a threshold and to avoid tumor persistence. In all
cases, the model suggests that a combination of im-
munotherapy with conventional therapy is beneficial
because conventional therapy can reduce the growth
rate of the tumor. If conventional therapy increases the
chances of developing immunological control of the
tumor, conventional therapy would have to be applied
only temporarily which would have significant clinical
benefits.

6. Conclusion

In this paper we have described a model of CTL
dynamics which takes into account cross-presentation
by APCs. We assumed that cross-presentation results in
the expansion of the CTL population, while direct
presentation can result in a decline of the CTL. This
can occur either by antigen-induced cell death, or by
differentiation of CTLp into short-lived CTLe. While
these assumptions remain open to experimental testing,
they give rise to interesting dynamics and a new
mechanism for the regulation of CTL responses: a
high ratio of cross-presentation to direct presentation
results in CTL reactivity; a low ratio of cross-presenta-
tion to direct presentation gives rise to tolerance. The
dynamics can include a parameter region where the
outcome can depend on the initial conditions.

Our theory is different from the self/non-self frame-
work, and more similar to the danger signal hypothesis.
This is because the decision about whether to react or
whether to stay tolerant is not based on whether the
antigen is self or foreign. Instead it is based on
conditions indicative of the presence of an intruder.
However, the danger signal hypothesis suffers from the
fact that a clear definition of danger is missing. In our
model, the regulation of CTL reactivity does not rely on
external signals received by the APCs. Instead, the
regulatory mechanism is intrinsic in the dynamics and
is thus the most parsimonious explanation. We do not,
however, argue against the existence of immunoregula-
tory signals which can influence the function of APCs
and thus regulate CTL responses. Further experiments
have to be performed to test the assumptions underlying
our model, and to investigate factors which influence the
function of APCs such as dendritic cells.
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