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Abstract

One proposed mechanism of tumour escape from immune surveillance is tumour up-regulation of the
cell surface ligand FasL, which can lead to apoptosis of Fas receptor (Fas) positive lymphocytes. Based
upon this ‘counterattack’, we have developed a mathematical model involving tumour cell-lymphocyte
interaction, cell surface expression of Fas/FasL, and their secreted soluble forms. The model predicts that
(a) the production of soluble forms of Fas and FasL will lead to the down-regulation of the immune re-
sponse; (b) matrix metalloproteinase (MMP) inactivation should lead to increased membrane FasL and
result in a higher rate of Fas-mediated apoptosis for lymphocytes than for tumour cells. Recent studies on
cancer patients lend support for these predictions. The clinical implications are two-fold. Firstly, the use of
broad spectrum MMP inhibitors as anti-angiogenic agents may be compromised by their adverse effect on
tumour FasL up-regulation. Also, Fas/FasL interactions may have an impact on the outcome of numerous
ongoing immunotherapeutic trials since the final common pathway of all these approaches is the trans-
duction of death signals within the tumour cell.
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Nomenclature

TGF B type B transforming growth factor
IL-10 interleukin 10

TNF tumour necrosis factor

AICD activation-induced cell death
MMP matrix metalloproteinase

Fas Fas receptor

FasL Fas ligand

sFasL soluble Fas ligand

sFas  soluble Fas receptor

MMPI matrix metalloproteinase inhibitor

1. Introduction

Although virally infected cells may produce ‘danger’ signals that can lead to specific lympho-
cyte recognition, many human solid tumours are only weakly immunogenic [1]. This phenomenon
has led to the use of identified tumour-associated antigens as vaccines in numerous clinical trials,
and to intense study of the mechanisms involved in immune cell recognition. For simplicity, the
specific interactions of lymphocytes with target cells may be divided into two basic, overlapping
stages, (a) cell-cell recognition and interaction (reviewed in [2]) followed by (b) lymphocyte-
mediated killing of target cells by apoptosis (reviewed in [3]). However, some virally-infected cells
and tumour cells have, not surprisingly, developed various strategies to escape from the action of
immune cells at both of these stages.

In the first stage, tumour cells not only use mechanisms that prevent recognition by lympho-
cytes, such as down-regulation of MHC class I molecules and co-stimulatory signals like B7, but
also some tumours actively contribute to impairment of lymphocyte function by secreting factors
with immunosuppressive activity (e.g. TGF B* or IL-10) and altering lymphocyte signalling [4].
Attempts to correct one or more of these defects in cancer patients have led to numerous im-
munotherapeutic trials, but the clinical results so far have been rather disappointing. There is,
therefore, a clear need to further understand the mechanisms of tumour cell-lymphocyte inter-
actions and to develop new approaches to therapy in this field.

It is known that tumour cells have developed several other escape strategies involving the
killing mechanisms. In particular, some tumour cells have been shown to become more resistant
to apoptosis via alterations in the apoptotic signal transduction pathways [5]. Another possible
mechanism is that tumour cells can kill activated lymphocytes through tumour cell production of
the death ligand, FasL, a phenomenon known as the tumour FasL counterattack model [6]. FasL
and its receptor, Fas (also termed APO-1, CD95) are membrane-bound glycoproteins and are
members of the tumour necrosis factor (TNF) family. A FasL expressing cell, upon interaction
with a Fas bearing cell, can transmit an apoptotic signal and the latter cell can undergo pro-
grammed cell death. In the immune system, the Fas/FasL signalling pathway appears to be in-



S.D. Webb et al. | Mathematical Biosciences 179 (2002) 113—-129 115

volved in the peripheral deletion of self-reacting lymphocytes, in killing by cytotoxic T-cells, in
terminating an immune reaction through elimination of activated lymphocytes after an immune
response (AICD), and in maintaining immune privilege in certain normal tissues, such as the eye
and testis, through epithelial cell expression of FasL [7,8]. One important regulatory control for
membrane-bound FasL is its cleavage to a smaller, relatively less cytotoxic, soluble form (sFasL)
by matrix metalloproteinase (MMPs) in the microenvironment, and certain cells can also secrete a
soluble form of Fas, not by MMP cleavage, but by alternate splicing of Fas mRNA transcripts.
Both these strategies can lead to down-regulation of the immune response [9,10].

Lymphocytes constitutively express the Fas receptor and upon specific interaction with virally-
infected cells or tumour cells, the activated lymphocytes induce the cell surface expression of
FasL. Coupling with Fas positive tumour cells can lead to tumour cell apoptosis. It is now known
that a number of human tumour cell types can express both mRNA transcripts and membrane-
bound FasL protein, and often down-regulate cell surface Fas [11,12]. Moreover, the soluble
forms of receptor and ligand have been shown to be produced by some tumour cells in vitro and
these soluble molecules are often elevated in the serum of patients with a number of histological
tumour cell types [13-15]. The sFasL can bind to Fas and the complex formed is rapidly inter-
nalised [15], resulting in downregulation of the receptor. The soluble ligand can also inhibit the
cytotoxicity of FasL [15,16]. These results suggest that the soluble form of the ligand may play an
important role in the regulation of Fas-mediated apoptosis.

Tumour-immune cell dynamics have been investigated in several theoretical studies (reviewed
by Adam and Bellomo [17]). Several authors have incorporated growth factors and modulators
into models of the immune response to cancer growth [18-20]. A model for the spatial interactions
of tumour associated macrophages, normal cells and tumour cells, has been developed, which
suggests that tumour heterogeneity may arise as a natural consequence of macrophage infiltration
[21]. The effects of vascularization on tumour-immune system interactions within a multicellular
tumour spheroid have also been considered [22], as well as a model of natural killer cell recog-
nition of target cells based on cell adhesion and the delivery of cytotoxic hits [23]. More recently,
Fas/FasL has been investigated in a model for cytokine-modulated Thl/Th2 helper T-cell differ-
entiation [24]. In this study, the Fas/FasL system is shown to be an important factor in stabilizing
the two polarized arms of the Thl/Th2 T helper population in response to a pathogenic challenge.

Here, we develop a new model for the Fas/FasL system to investigate the role of Fas/FasL in
immunosuppression induced by human tumours. We show that the constitutive expression of FasL
by tumour cells is a potential mechanism of immune evasion, and our model predicts that sFasL
acts as an inhibitor to the Fas death signal. In addition, we investigate the enzymatic cleavage
of FasL into sFasL. The model predicts that inhibition of MMP activity causes Fas sensitive
lymphocytes to undergo Fas-mediated apoptosis more rapidly than Fas-resistant tumour cells.

2. Development of a mathematical model

The model consists of ordinary differential equations which represent the crosslinking of FasL
and Fas, with one set of these equations for each cell. We consider the interactions of two cell
types: armed effector T-cells, and FasL positive tumour cells. The model is based upon the
demonstration that certain types of human tumours can produce functional FasL and can induce
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the apoptotic killing of activated lymphocytes in vitro. Our model consists of a series of equations
for tumour cells (m), T-cells (7), soluble Fas ligand (S;), and numbers of Fas ligand molecules (Z,,,
L) and unoccupied Fas receptors (R,,, Rr) on the surface of each cell. Subscripts m and T are used
to denote the number of ligand or receptor molecules on each tumour cell and T-cell, respectively.
With this notation, the model system is as follows:

T-cell killing
dT7 —t—
T = T-cells: i —kymTL, Ry (1a)
T-cell FasL production killing down-regulation
dL; —~ ———
Ly = T-cell FasL: —— = kyTm — kly —lkLy—  ksmTLR, (1b)
dt ~——
MMP cleavage
sFasL/Fas complex
dRT P————
RT = T-cell Fas: ? = k6 — k7RT — KgRTSL (IC)
tumor killing
dm — e
m = tumour cells: P —kymTLsR,, (1d)
tumour FasL production killing down-regulation
dL,, ~ = PV
L,, = tumour FasL: — = k1o —k3L,, — k4L, — ksmTL, Ry (le)
de SN——"
MMP cleavage
sFasL/Fas complex
dR, —
R,, = tumour Fas: & ke — kiR, —  kR,,S; (1f)
FasL cleavage
ds —
S, = sFasL: d—; = Js(Lyym + Ly T) —k11 S, — ko(Rpm + R7T)S,, (1g)

sFasL/Fas formation

where the ;s are positive constants. The model is based on the framework illustrated in Fig. 1.

2.1. Model assumptions

T-cells must be activated to proliferate and differentiate into cells capable of killing tumour
cells. The activation of naive T-cells requires recognition of antigen bound to an MHC molecule,
but this is not on its own sufficient for activation; a second signal is required for optimal T-cell
growth and differentiation [25]. The second signal involves interactions between a B7 molecule on
an antigen presenting cell, or tumour cell, and the B7 receptor on the T-cell [25]. This dual re-
quirement for both antigen:MHC complex recognition and B7 co-stimulation helps to prevent
naive T-cells from responding to antigens on self tissue cells. Thus, for a effective immune res-
ponse, tumour antigen needs to reach the lymphoid tissues and be presented on MHC molecules
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Fig. 1. Schematic representation of the interactions between FasL, soluble FasL, and Fas receptor during an immune
attack against a tumour cell. Cytotoxic T-cells recognize tumour cells, and are activated to express FasL. FasL then
binds to Fas on the surface of the tumour cells and induces their death through apoptosis. Some tumour cells also
express FasL, and T-cells express up-regulated Fas, probably because of activation in response to tumour antigen. This
enables the tumour to counterattack the cytotoxic T-cells: FasL expressed on tumour cells binds to Fas on the T-cells,
which then die by apoptosis before they can attack the tumour. FasL is cleaved by a MMP to produce the soluble form
sFasL. This is functional, and may bind to Fas, forming membrane-bound sFasL/Fas complexes, which are quickly
internalized.

expressed on B7-positive antigen presenting cells [26]. The initial contact with antigen and co-
stimulatory factors leads to the production of armed effector T-cells, which can act on any tumour
cell that display antigen:MHC molecules on its surface. We choose T-cells from this level of
immune response development to be the focus of our model, and we assume that the tumour cell
population is antigen:MHCT, so that each effector T-cell can act on any tumour cell. Given that
tumour cells have a long half life, a turnover time of days [27], and that the duration of the cell
cycle is of the order 18 h [24], we anticipate that cellular growth terms will be small compared to
the time scale of the Fas/FasL reaction, based on the short time frame used in the analysis (the
typical time a cytotoxic T-cell can program apoptosis in a target cell is around 5 min [25]).

The terms used for FasL mediated killing of tumour cells and lymphocytes are of the same form,
and for simplicity the same rate constant (k) is used in both terms. Note that we have omitted
details such as: T-cell-to-T-cell apoptosis, where the crosslinking of Fas by FasL present on the T-
cells will induce apoptosis, thereby deleting potentially auto-aggressive T-cells following an im-
mune response; and tumour-to-tumour cell apoptosis, where tumour cells expressing both Fas and
FasL may induce apoptosis in themselves. We have neglected these types of cell-cell interactions to
focus on the battle between the host and tumour cells, and to investigate the role of tumour FasL in
the maintenance of immune privilege status within the tumour microenvironment.

We assume that Fas is constitutively expressed on the surface of both lymphocytes and tumour
cells. However, since Fas is down-regulated in a number of tumour types and up-regulated in
activated lymphocytes, we consider that the inital expression of Fas is significantly higher in
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T-cells than in tumour cells. For simplicity, we use the constant production term k¢ to represent
the delivery of Fas to the cell surface. The number of free Fas receptors decay at the rate 4.

Tumour cells, and non-haematopoietic cells which use FasL to maintain immune privilege,
express FasL directly on the cell surface [13,28]. In contrast, newly synthesized FasL is stored in
specialized lysosomes in T-cells, and is delivered to the cell surface only when the cytotoxic
lymphocytes recognize target cells [29,30]. This targeting to secretory lysosomes of T-cells pro-
vides a mechanism for controlling the cell surface appearance of FasL. Based on these observa-
tions, we use a term proportional to the tumour and T-cell populations to represent the
production of FasL to the surface of T-cells; this is the &k, 7m term. The constitutive expression of
FasL on the surface of tumour cells is given by kjo; that is, it is supplied at a constant rate. We
assume both tumour and T-cell degrade linearly proportional to their concentrations (at a rate
given by k). FasL is used up in the binding to Fas at a rate directly proportional to the rate of cell
killing; these are the ksmTLrR,, and ksmTL, Ry terms for tumour and T-cell FasL, respectively.

To keep our model as simple as possible, we do not consider MMPs explicitly. Instead, the
simple linear terms k3L7 and k3L, represent the cleavage of FasL by MMPs from the surface of T-
cells and tumour cells, respectively. The concentration of sFasL decays at the rate k;;. We also
assume that a sFasL molecule binds irreversibly to a Fas receptor on the cell surface. The terms
ksR7S;, and kgR,,S; represent the formation of sFasL/Fas complexes on the surface of T-cells and
tumour cells, respectively.

To numerically simulate the apoptotic killing of tumour cells and activated T-cells in vitro, we use
initial conditions corresponding to the down-regulation of the Fas receptor and the constitutive
expression of FasL in tumour cells. We also assume that activated tumour infiltrating T-cells ini-
tially express up-regulated levels of the Fas receptor compared to tumour cells, as observed in
tumour-infiltrating lymphocytes from renal cell carcinoma patients. sFasL is initially absent from
the culture medium. Note that the number of T-cells (7)) used in the standard cytotoxicity assay
always exceeds that of tumour targets (7). However, the T:m ratio in any solid tumour in vivo is
almost invariably in favour of the tumour cells, even when considerable numbers of tumour in-
filtrating T-cells are present [31]. This structure creates a T-cell gradient extending from the medium
boundary to the tumour—immune interface. Biologically, it is the region where the number of T-cells
is the same as the targeted tumour cells, where the 7:m ratio is one. For a growing tumour escaping
immune control, we expect to see this region advancing towards the medium boundary, with re-
ceding waves of T-cells. In our model, we focus our attention on the evolution of a T:m = 1 state by
imposing initial conditions such that the number of T-cells and tumour cell targets are equal.

2.2. Parameter values

At present, there is still a lack of quantitative data for Fas/FasL. However, Fas/FasL is in the
same family as TNF/TNFR [32], and the extracellular domains of members of the TNF family are
known to be well conserved, suggesting that values for Fas/FasL should be at least of the same
order of magnitude as for TNF/TNFR. The receptor/ligand binding parameters for TNF are:
number of receptors per cell, R = 6.6 x 10° molecule/cell; binding, kyng = 9.6 x 108 M~ min~';
and dissociation, kg, = 0.14 min~' [33].

Assuming that soluble Fas binds to the cell surface Fas molecule at a similar rate to that of
TNF binding [32], we set kg and ko to be the same as kyjng = 9.6 x 103 M~! min~!. Experimental
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work of Watanabe-Fukunaga et al. [34] shows that the half-life of the TNF receptor is around 2 h,
which yields k7 = In(2)/2 h™' ~0.34 h™.

In the complete absence of any binding, no T-cell FasL will be produced, but there will be a
background level of Fas receptor and tumour FasL expression, say R and L.y respectively. This
is the trivial steady state of the model, and so the equations for Rz, R,, (1c) and (1f) and L,, (1e)
gives ks = k7Reen and kig = (k3 + ky4)Leen, respectively. Here, we make use of the data for TNF
binding and take R = R = 6.6 x 103 [32], giving ks = k7R = 0.34 x 6.6 x 10°cell/mlh~!.

We leave the parameter (k3;) to be varied in model simulations to represent different levels of
MMP inhibition. The range of values taken for k3 is 0.693—15 h~!, which corresponds to a half-life
FasL turnover of 60 min decreasing to 3 min. If we take k3 = 0.693 h~! and assume that the
unstimulated tumour FasL. number L.y is 3000 molecule/cell, then this gives the estimate
(ks + k4)Leen = 3.11 x 103 molecule/cell h™! for k. We are unaware of any data on the decay rate
of membrane-FasL, but we estimate that this will be similar to that of the turnover of TNF re-
ceptors, giving ks = 0.35 h™!.

Studies have shown that when cytotoxic T-cells are mixed with target cells, they can program
specific target cells to undergo apoptosis within 5 min, although death may take hours to become
fully evident [25]. We approximate the FasL-mediated cell killing (k;) by the apoptotic signalling
of target cells in CTL/target clusters, giving k = 8.38 x 107° cell/ml molecule>h~!' and
ks = 2.52 x 10~° ml*/cell molecule™' h~!. Our estimate for k,, the rate constant controlling the
release of FasL to the surface of T-cells following activation by antigen, is taken from a study of
Kiener et al. [35]. In this study, the stimulation of monocytic cells with antigen gave rise to the
rapid release of FasL to the cell surface, within 15 min, and was dependent on the concentration
of stimulatory agent. This gives k, = 6 x 107> moleculeml’ cell > h~!. We are not aware of any
quantitative measurements for the half-life of sFasL. However, polypeptides such as interleukin-2,
when injected into the blood stream of patients, decline with a half-life of several minutes [33].
Hence, we take k;; = 13.9 h~! for sFasL, corresponding to a half-life of 3 min.

2.3. Steady states

Non-negative steady states of (1a)—-(1g) are found by setting the time derivatives to zero and
solving the resulting system of algebraic equations. We divide the steady states into three cate-
gories:

(1) trivial state, where both the population of T-cells and tumour cells are zero, given by
T'=0, m=0, Lr=0, L,=ko/(ks+hks), Rr=R,=ke/ks, S.=0
(i) normal immune state, with T-cells and no tumour cells, with
T=T, m=0, Lr=0, L,=ko/(ks+ks), Rr=R,=ks/ks;, S =0
(ii1) tumour state, with mutant cells and no T-cells, given by

T=0, Ly=0, L,=ko/(ks+ks), Rr=R,=ke/(k7+ksS}),

— (ks + ka)ben1 S (k7 + ksS;)
kskakio + S (kskskio — (k3 + ka)koko)

SL :SZ
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Note that in the ‘trivial’ and ‘tumour only’ steady states, we have Ry > 0 and at the same time
T = 0. To explain this, it is important to emphasise that R; is the number of Fas receptors per T-
cell, so denoting the total number of Fas receptors for the entire T-cell population by R yields
Ry = RP™/T. Thus, there is no contradiction to having T = 0 but Ry > 0; the latter is simply the
limiting number of receptors per cell as the cell number decreases to zero. Similarly, we have
L,, > 0 and at the same time m = 0 in the ‘normal immune’ steady state.

With S; the convenient parameter, we see that there is a one parameter family of tumour steady
states. This is an important property of the model, since it illustrates an association between an
increase in soluble ligand (S;) and tumour cell density (7). As the concentration of sFasL in-
creases, the steady state level of tumour cells increases, and the number of free receptors on the
surface of each cell decreases. A higher tumour cell density means less cell killing, which suggests
that sFasL acts by down-regulating the cytotoxic activity of the membrane-bound Fas ligand.
Intuitively, this is because high levels of sFasL will result in the production of large amounts of
sFasL/Fas complexes on the cell surface, resulting in a down-regulation of the Fas receptor and
consequent inhibition of the cytotoxic activity of FasL. A similar phenomenon is observed when
we extend the model to include the presence of the soluble form of Fas receptor. In this case, sFas
inhibits the FasL death signal by forming complexes with the membrane-bound ligand, and a
correlation between high concentrations of sFas and low FasL mediated apoptosis is observed in
the model solutions (data not shown). These results are in agreement with experimental obser-
vations (for example, see [10,14-16]), and further highlight the importance of soluble Fas-com-
ponents in the Fas-counterattack model.

The eigenvalues /4 of the Jacobian matrix at a fixed point of system (la)—(1g) determines the
stability of the steady state. If each Re(4) > 0 then the steady state is unstable while if each
Re(4) < 0 it is stable. Evaluating the eigenvalues of the Jacobian for each of the steady states (i),
(i1) and (iii) shows that in the model system (1a)-(1g) the tumour-only state is stable, while the
trivial and T-cell steady states are unstable. This means that, starting with a small population of
T-cells and tumour cells, the system will evolve to the tumour only state, leading to clearance of
the T-cell population and immune evasion by the tumour cells. This predicts that T-cells armed
with FasL are incapable of preventing FasL positive mutant cells escaping immune rejection. This
can be seen in Fig. 2 where we present a typical numerical simulation of the model equations. This
simulation illustrates the temporal evolution of the model solutions over a period of 24 h. The
numbers of ligand and receptor molecules rapidly attain their steady state values. After 24 h, the
densities of T-cells and tumour cell targets have evolved so that the 7:m ratio is approximately 1:4.
As time progresses, the tumour population decreases to its steady state value, and the activated T-
cell population decays to zero.

An interesting result is the sharp jump in the concentration of sFasL. In a separate paper [36],
we study this behaviour using singular perturbation analysis on a caricature representation of the
model system (1a)-(1g). In contrast to a standard matched asymptotic expansion, this problem
has an unusual asymptotic structure. Briefly, instead of the usual solution form, with two outer
solutions separated by a single transition layer centred at the point at which the sharp jump in the
sFasL solution occurs, our solution contains multiple fast time layers, with each layer being
necessary to capture the entire dynamics of the sharp transition. This analysis has enabled us to
identify the mechanism by which the sharp transition in the sFasL solution is generated; we
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Fig. 2. Typical simulation of the model equations (la)-(1g) over a period of 24 h. We take as initial conditions
7(0) = m(0) = 500, S.(0) = L(0) =0, R,.(0) = L,,(0) = 10* molecule/cell, R7(0) = 10* molecule/cell. The variable ¢ is
time in hours. The decrease in cell number is very slow in comparison to the receptor and ligand dynamics. After 24 h,
the densities of T-cells and tumour cells evolve so that their T:m ratio is approximately 1:4. As time progresses, the
tumour population decreases to its steady state value (m* = 437 cells/ml), and the T-cell population decays to zero.

predict that the level of sFasL is closely related to the levels of cell membrane Fas, and the jump in
sFasL is initiated when Fas falls to very low values. This makes sense intuitively since a low
number of free Fas receptors will not be able to bind with the large amounts of sFasL shed
from the surface of the cells, resulting in the accumulation of high levels of extracellular soluble
ligand.

2.4. The Fas-counterattack
In the model, there are two basic differences between tumour cells and T-cells: (i) tumour cells

express down-regulated levels of the Fas-receptor compared to T-cells, which up-regulate Fas
expression in response to tumour antigen; and (ii) tumour cells constitutively express FasL,
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Fig. 3. Temporal evolution of the T-cell/tumour cell ratio (7 :m). In (a) we vary R,,;, the initial number of Fas receptors
on the surface of each tumour cell. Increasing R,,; increases the sensitivity of tumour cells to the cytotoxic effect of FasL.
We observe that the T:m ratio increases as R,,; increases. The curves shown represent the 7:m ratio for the cells in three
cases, in which R;(0) = 10* molecule/cell, and R,; = R,,(0) has the value (in molecules/cell) (i) 10* (—), (ii) 10* (—-), (iii)
5 x 10* (---). In (b) we show the effect of imposing the constitutive expression of FasL in T-cells. The solid line in (b) is
the T:m profile when tumour cells constitutively express FasL, whereas T-cells express FasL only on activation. The
dashed line corresponds to both cell types expressing FasL constitutively. The results show that there is a much greater
increase in the 7T:m ratio when FasL is expressed in the same way in both cell types, compared to when Fas expression is
up-regulated in tumour cells. The parameter values and initial conditions used in this simulation are the same as in Fig.
2. In (b), to allow the constitutive expression of FasL in T-cells, we replace the term k,7in in the Ly equation with the
constant k;p = 3.11 x 10° molecule cell ' h~'.

whereas T-cells express FasL only upon activation. In order to establish the relative importance of
these mechanisms in maintaining tumour—-immune privilege, we have carried out appropriate
model simulations.

If we change the initial conditions so that Fas receptor expression is up-regulated in tumour
cells, we observe that the cytotoxic activity of the T-cells increases. This is illustrated in Fig. 3(a).
Here, we plot the temporal evolution of the T-cell/tumour cell ratio (7:m) for 24 h. In the original
simulation (Fig. 2) there is a down-regulation of Fas expression in tumour cells, and the tumour
and T-cell densities evolve so that their T:m ratio is approximately 0.24. As we increase the initial
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level of tumour Fas (R,;), the T:m ratio increases (Fig. 3(a)). With the initial level of Fas receptor
the same for both cell types, the T:m ratio after 24 h increases to approximately 0.28. If we vary
initial conditions so that tumour cells express up-regulated levels of Fas receptor compared to T-
cells, the Tm ratio after 24 h becomes approximately 0.37.

In Fig. 3(b), we show the effect of replacing the term k,7,, — the term in the T-cell FasL equation
controlling FasL production — with k;o. This has the effect of imposing the constitutive expression
of FasL in T-cells. Thus, the production of FasL on the surface of T-cells is the same as that as in
tumour cells, and no longer dependent on target cell recognition. Here, we observe that the T:m
ratio increases from 0.24, in the original simulation of Fig. 2, to 0.45.

In these two cases the final 7:m ratio is less than one, implying that both the down-regulation of
Fas and the constitutive expression of FasL in tumours play important roles in the Fas coun-
terattack model. However, the results show that there is a much greater increase in the 7 :m ratio
when FasL is expressed constitutively in both cell types compared to when Fas is up-regulated in
tumour cells. This suggests that although both mechanisms are significant, alterations in Fas li-
gand expression by tumour cells is the dominant term, and is the key difference between the two
cell types.

2.5. Effect of MMP inactivation

To simulate the functional role of a matrix metalloproteinase inhibitor (MMPI), we vary the
rate constant k3, the constant that controls the MMP-mediated cleavage of FasL into sFasL.
Decreasing the value of k3 corresponds to an increase in MMPI treatment. If we study the
variation of the T:m (T-cell/tumour) ratio with different values of k3, with the remaining rate
constants and parameters fixed, we see that decreasing k3 causes a decrease in the T:m ratio (recall
that low k; corresponds to a low rate of MMP cleavage of FasL into sFasL, resulting in reduced
levels of sFasL). This is illustrated in Fig. 4. Here we plot the 7:m ratio after 48 h for varying
levels of MMPI. As k3 increases, we observe that the levels of T-cells, tumour cells and sFasL also
increase. The decrease in the T.m ratio with increased MMPI (small 43) can be explained by
Fig. 4(a) and (b): here, we observe that increasing k3 has the greatest effect on the level of T-cells.
For example, increasing k; from 5.9 to 13.8 h™!, increases the density of T-cells by 69%, and
tumour cells by 1.5% (Fig. 4, solid line). These results indicate that MMP inactivation causes T-
cells to undergo apoptosis more rapidly than tumour cells.

In Fig. 4, we show the effects of varying the Fas-sensitivity of the two cell types. If we keep
ligand production constant, so that both cell types express FasL constitutively, we observe that
the qualitative profile for the 7:m ratio against the rate constant k; remains unchanged (i.e. a
decrease in the T:m ratio with increasing MMPI). High values of R,;, the initial number of free
receptors on the surface of each tumour cell, also induce a decrease in the T:m ratio for increased
MMPI. In both cases, there is a decrease in the T:m ratio with the addition of MMPI. As a
comparison, we include the case where FasL expression and the levels of Fas receptor are the
same in both cell types. Here, the T-cell and tumour cell profiles are the same for each value of i;
(i.e. T:m = 1). These results illustrate that alterations in both ligand and receptor mechanisms
result in the increased sensitivity of the T-cells towards FasL, and cause a down-regulation of the
immune response after MMP inactivation.
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Fig. 4. Solutions of the model (1a)—-(1g) after 48 h for increasing values of ks, the rate constant which controls the
MMP-mediated cleavage of FasL into sFasL. Increasing k3 corresponds to a decrease in metalloproteinase inhibitor. As
k3 increases, the densities of (a) T-cells (7), (b) tumour cells (m2), and (c) soluble ligand (S;), increases. In (d), we show
the change in the T:m ratio as k; varies. In (i), (ii) the basic model is solved; in (iii), (iv) the L; equation is changed to
give constitutive expression of FasL in T-cells (as in legend to Fig. 3). The initial conditions are: (i), (iii) R7(0) = 10*
molecule/cell, R, (0) = 10° molecule/cell; (ii), (iv) R7(0) = R, (0) = 5 x 10* molecule/cell. The other parameters and
initial conditions are as in Fig. 2. We observe that decreasing k; causes a decrease in the 7 m ratio. This predicts that
metalloproteinase inhibitors cause T-cells to undergo apoptosis more rapidly than tumour cells. This can be explained
by (a), (b): varying k; has the greatest effect on the level of T-cells. For example, varying k; from 5.9 to 13.8 h™!, in-
creases the density of T-cells by 69%, and tumour cells by 1.5% (solid line).

3. Discussion

In this paper, we have developed a mathematical model based on tumour cell-lymphocyte
interaction and the cell surface expression of Fas and FasL, and have also extended the model to
include the involvement of the MMP catalyzed soluble degradation product of the ligand (sFasL).
To our knowledge, this is the first mathematical study of the FasL/Fas system and its role in
tumour—immune interactions. The key features in the model are the constitutive expression and
engagement of membrane bound FasL on tumours with Fas expressed on the surface of activated
lymphocytes, and the down-regulation of the cell surface Fas in tumours. We predict that the
production of soluble forms of Fas and FasL will lead to down-regulation of the immune response
by neutralising the Fas ligand or receptor. Moreover, the inclusion of MMP inactivation in the
model results in increased transmembrane Fasl. and leads to a higher rate of Fas-mediated
apoptosis for lymphocytes than for tumour cells.
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Most tumour cell types constitutively express the Fas ligand and there is growing evidence to
suggest that these FasL expressing tumour cells can actively kill Fas positive lymphocytes by
apoptosis. This phenomenon has now been demonstrated not only from tumour cells derived
from lymphoid tissues [37,38] but also in a wide range of human solid tumours and metastatic
lesions including cancers of the colon [39], esophagus [40], kidney [41,42], pancreas [43], brain
[44], head and neck [45], breast [46], ovary [47] and malignant pleural effusions [48]. The latter
report includes work of Zeronski, who examined the expression of Fas/FasL and the incidence of
apoptosis in tumour cells as well as tumour associated lymphocytes in 23 malignant pleural ef-
fusions obtained from patients with various metastatic solid tumours. These tumours were found
to express FasL, whereas tumour-associated lymphocytes expressed Fas, but little FasL. Few
tumour cells were apoptotic, whereas many tumour associated lymphocytes were undergoing
apoptosis, and were also functionally deficient. Thus, it would appear that the Fas/FasL pathway
contributes, at least in part, to the demise of tumour associated lymphocytes in a number of
primary human solid cancers and in malignant effusions derived from a variety of metastatic
tumours.

Not all patients express tumour membrane-bound FasL [49,50] and the constitutive expression
of this molecule even within an individual tumour appears to be heterogencous [51]. Another
complementary mechanism, that is also likely to be operational in vivo, is the well-known phe-
nomenon of AICD, where the induction of FasL on the surface of T-cells after an immune res-
ponse can result in lymphocyte suicide and/or fratricide [52]. Both the tumour FasL counterattack
and AICD mechanisms have been suggested to be operational in some tumours [42,53] although
the relative contribution of these two mechanisms to the demise of tumour associated lympho-
cytes in other solid tumours requires investigation. Nevertheless, it would be possible to enhance
the model framework described in the present paper to include AICD. This would allow the study
of a uniform in vivo concept in which both models could be operational under different condi-
tions.

Treatment of activated T-cells [54] or tumour cell lines [55] with MMP inhibitors in vitro leads
to the accumulation of membrane-bound FasL and a decrease in soluble FasL, resulting in
apoptosis of Fas sensitive cell lines. Recently, it has been demonstrated that recombinant FasL
can be efficiently cleaved in vitro by MMP-7 (matrilysin) but not MMP-2 (gelatinase A) or MMP-
9 (gelatinase B), and that MMP-7 can also decrease transmembrane FasL cell surface levels [16].
Thus, both tumour cells and activated lymphocytes in the presence of broad spectrum MMP
inhibitors should, in principle, undergo Fas/FasL induced suicide. However, activated lympho-
cytes express high levels of Fas receptor and, although these cells can be initially resistant to Fas/
FasL suicide, during the course of an immune response lymphocytes become highly sensitive to
Fas-mediated apoptosis [5]. In contrast, the majority of tumour cell types down-regulate the Fas
receptor and are intrinsically resistant to Fas-mediated apoptosis [S6-58]. Even tumours such as
pancreatic cancer, that express both Fas receptor and ligand, are resistant to Fas-mediated
apoptosis because an intracellular signal transduction inhibitor is up-regulated in this tumour type
[43].

Most tumours are characterized by altered MMP activity, either expressed by tumour cells or,
more often, from adjacent stromal cells (i.e. macrophages and fibroblasts). High levels of acti-
vated MMPs have been demonstrated in tumours that are more invasive and/or metastatic [59,60]
and play a role in late stage tumour progression. However, unlike other MMPs, matrilysin is
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already expressed in the early stages of human intestinal cancer [61]. Thus, the formation of sFasL
by MMP-7 cleavage, subsequent down-regulation of membrane bound Fas receptor, and de-
sensitization of tumour cells to Fas signals may be early events in carcinogenesis. These possi-
bilities require experimental verification in other tumour types.

Lymphocytes may also utilize several other apoptotic mechanisms under different conditions.
For example, the Ca?"-dependent perforin-gramzyme mechanism and the more recently discov-
ered TRAIL receptor system [62,63] may also play a role in vivo. The relative contribution that
these systems make in a variety of human non-lymphoid malignancies to the overall tumour cell-
lymphocyte conflict is unknown and, for simplicity, has been neglected in the present study.
Moreover, in addition to its role in triggering apoptosis, Fasl. appears to have several other
functions. It may also act as an autocrine growth factor by promoting cell cycle progression and
tumour cell survival, as demonstrated in glioma cells [64]. In contrast, enforced FasL expression in
tumour cells and tissue grafts can elicit neutrophilic inflammation and rejection in some animal
model systems [65,66]. The precise conditions that tilt the FasL reaction towards apoptosis/cell
cycle progression as opposed to an inflammatory response remain unclear, although it has re-
cently been demonstrated that transfected tumour cells expressing sFasL can suppress the in-
flammatory response and appears to protect tumour cells from this type of injury in vivo [67].

The clinical implications of the model predictions described in this paper are two-fold. Firstly,
elevated levels of MMPs in tumours and their association with invasion and angiogenesis have led
to the development of broad spectrum MMP inhibitors as potential therapeutic agents, and
several compounds are undergoing clinical trials in cancer patients [68]. Such therapies could be
compromised by the predicted adverse effect of MMP inactivation on FasL and lymphocyte
apoptosis. On the other hand, MMP-7 inactivation would effectively lead to decreased levels of
sFasL and this downregulation may abrogate the suppressive effect of the soluble ligand on
neutrophilic inflammation and could result in tumour regression. Secondly, many tumour cell
types are resistant to Fas-mediated apoptosis and these cells often have the capability of killing
activated lymphocytes via expression of FasL. We suggest, therefore, that the Fas/FasL system
may have an important impact on the outcome of numerous ongoing immunotherapeutic trials
based upon, for example, antigenic peptide presentation, costimulation and activation of lym-
phocytes/dendritic cells, since the final common pathway of all these approaches is the trans-
duction of death signals within the tumour cell.
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