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Cellular Automaton Model of a Tumor Tissue Consisting of Tumor Cells,
Cytotoxic T Lymphocytes (CTLs), and Cytokine Produced by CTLs

TOSHIAKI TAKAYANAGI,"® HIDENORI KAWAMURAf
and AZuUMA OHUCHI'

We propose a cellular automaton model of a tumor tissue consisting of a square lattice,
tumor cells, cytotoxic T lymphocytes (CTLs) and cytokine. Considering that CTLs circulate
in vivo and migrate into a tumor tissue, the square is open and CTLs move through the
square. By calculating the cellular automaton model, we obtained these results: the growth
of a mass of tumor cells surrounded by CTLs; the rejection of tumor cells by CTLs; and an
approximate equilibrium between tumor cells and CTLs. Analysis of the results indicates
that the attachment between tumor cells and CTLs is important for the rejection of tumor

cells by CTLs.

1. Introduction

It is known that the immune system de-
fends humans from infections and malignant tu-
mors V2. However, it is also known that the
immune system plays a causal role in many
kinds of diseases, e.g., allergic diseases and
autoimmune diseases 2.  Consequently we
must understand the immune system better
in order to treat infections, malignant tumors
and diseases caused by allergic or autoimmune
response. The immune system has also at-
tracted the attention of information engineers,
because the immune system is considered to be
a good natural information system. For analy-
sis of the immune system or immune reactions,
there are two methods: a model defined by
equations ?)~%) and a cellular automaton (CA)
model V~9).

The models of tumor immunity %% are con-
sidered complicated and we considered whether
tumor immunity consisting of CTLs and tu-
mor cells could be modeled. Hence, we have
proposed a model of tumor immunity consist-
ing of CTLs and tumor cells defined by equa-
tions®, which demonstrates the tumor rejec-
tion by CTLs and the growth of a tumor mass
surrounded by CTLs. However, the model®

t Inazumi Park Hospital

11 Laboratory of Harmonious Systems Engineering,
Research Group of Complex Systems Engineering,
Division of Synergetic Information Science, Gradu-
ate School of Information Science and Technology,
Hokkaido University

Presently with Inazumi Memorial Hospital, Caress
Sapporo

demonstrates neither the sneaking through phe-
nomenon (in animal experiments, inoculation
with a small number of tumor cells often leads
to progressive tumor growth, inoculation with a
medium number of tumor cells results in rejec-
tion, inoculation with a large number of tumor
cells break through the immune defence and tu-
mor growth) 5):6) nor tumor dormancy (a state
in which potentially lethal tumor cells persist
for a long time with little or no increase in the
tumor cell population) 6). To extend our study
in tumor immunity, we have considered the in-
troduction of CTL movement, cytokine includ-
ing chemokine, attachment of CTLs to tumor
cells into modeling of tumor immunity. For in-
troduction of them, modeling by CA is consid-
ered better than that by equations. Therefore,
we propose a CA model of tumor immunity and
investigate the dynamics of the model in this
paper.

The previous model® and the CA model
proposed here are based on the mechanisms
of interaction between tumor cells and tumor-
specific CTLs. Namely, tumor cells proliferate
automatically, they are killed by CTLs, CTLs
proliferate by stimuli of tumor cells, and CTLs
die automatically. Furthermore, cytokine and
movement of CTLs are introduced to the CA
model. Using the CA model, we investigate
how CTLs contact a tumor tissue, and reject
it or fail to reject it.

2. Modeling

2.1 Development, Differentiation and
Circulation of T Lymphocyte
Before modeling, we briefly describe the de-
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Fig.1 In A, development, differentiation and circulation of T lymphocyte.

In B, tumor tissue.
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Like all blood cells, T lymphocytes including
CTLs arise from stem cells in the bone mar-
row. T lymphocyte precursors differentiated
from stem cells leave the bone marrow and mi-
grate via the bloodstream to the thymus, where
they mature.

After migration of T lymphocyte precursors
into the thymus, the cells start T cell recep-
tor (TCR) gene rearrangement, i.e., a continu-
ous V-J or V-D-J coding block encoding a vari-
able domain in TCR is made from multiple non-
contiguous V, D and J segments with nucleotide
insertion and deletion at junctional sites (V-
J, D-J and V-D). Consequently, T lymphocyte
produces TCR with a unique antigen-binding
structure during positive and negative selection
in the thymus. There may be 10° or more differ-
ent T lymphocyte clones in an individual. As a
result, naive T lymphocytes (in general, CD4™"
T lymphocytes or CD8" T lymphocytes) with

functional receptors exit the thymus and enter
peripheral lymphoid tissues.

Naive T lymphocytes from the thymus enter a
lymph node and may be activated by antigens
that are transported to that node. If a naive
T lymphocyte does not encounter an antigen
specific to itself, the naive T lymphocyte exits
through an efferent lymphatic vessel, reenters
circulation, and homes to another lymph node.
If the naive T lymphocyte does recognize an
antigen specific to itself, the naive T lympho-
cyte changes into an effector T lymphocyte (in
general, to a helper T lymphocyte in the case
of CD4" T lymphocytes; to a CTL in the case
of CD8" T lymphocytes) or a memory T lym-
phocyte, and the effector and memory T lym-
phocytes exit lymph nodes and preferentially
home to inflamed peripheral tissues, e.g. a tu-
mor tissue, where they are needed to eliminate
antigens.

Effector and memory T lymphocytes prefer-
entially home to inflammatory sites, because



Vol. 47 No. SIG 1(TOM 14)

cytokines produced in response to inflamma-
tory stimuli enhance the expression of adhe-
sion molecules on the endothelial cells of vessels.
These adhesion molecules mediate the binding
of effector and memory T lymphocytes to the
blood vessel walls at inflammatory sites, and
the T lymphocytes subsequently migrate into
the inflamed tissue.

When effector and memory T lymphocytes
encounter their specific antigen within a periph-
eral tissue, they are stimulated, and their affini-
ties for antigen-presenting cells (APCs) and for
extracellular matrix proteins are increased. As
a result, the antigen-stimulated effector T lym-
phocytes are preferentially retained at sites of
antigen persistence in peripheral tissues and
eliminate the antigens. T lymphocytes that mi-
grate into peripheral tissues but do not see their
specific antigen may enter the lymphatics and
return to circulation via the thoracic duct.

The patterns of lymphocyte recirculation,
i.e., the continuous movement of T lymphocytes
via bloodstream and lymphatics from one pe-
ripheral lymphoid tissue to another and onward
to peripheral inflammatory sites, are governed
by the expression of adhesion molecules on lym-
phocytes and vascular endothelial cells.

2.2 Outline of the Model

According to immunological studies 2, tu-
mor tissues are surrounded by T lymphocytes,
natural killer (NK) cells and macrophages. And
tumor-bearing hosts can produce antibodies
against tumor antigens. Furthermore, the effec-
tor mechanisms of both cell-mediated immunity
and humoral immunity are shown to kill tumor
cells in witro; however, the ability of CTLs to
provide anti-tumor immunity in vivo is most
clearly seen in animal experiments. There-
fore, the model we describe below is based on
the basic dynamics of tumor immunity, namely
the dynamic whereby tumor cells are assumed
to proliferate automatically and be killed by
tumor-specific CTLs, and CTLs are assumed to
proliferate and produce cytokine by the stimuli
of tumor cells and die naturally. Furthermore,
concerning the circulation of T lymphocytes in
vivo, CTLs are assumed to migrate into a tumor
tissue, move within it and exit it; however, they
are assumed not to move if activated by the cy-
tokine, i.e., the cytokine defined in the model
acts as attractans of chemotaxis with threshold
P_th. In this paper, a tumor tissue is assumed
to be that shown in Fig.1B.
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2.3 Modeling
The interactions between tumor cells and
CTLs are modeled as follows.

e Consider a square lattice N x N (Fig. 2).

e The state-vector of each site in the square
lattice has two components:
(i) each site of the square lattice can be
empty, occupied by a tumor cell or occu-
pied by a CTL;
(ii) each site has a local concentration of
cytokine produced by CTLs.

e The global state of the square lattice at step
t is defined as S*.

e Two kinds of neighborhoods are defined as
follows (Fig. 3).

(i) The contact neighborhood of a tumor
cell or a CTL at a site (i,5) at step ¢ is
defined as:

CN;; ={(k,1) e N?||[k —i| <1,
(ii) The proliferation neighborhood of a tu-

mor cell or a CTL at a site (¢,7) and time
t is defined as:

Fig.2 Square lattice N x N.

A B
/— 2r+1 -~
O O 2r+1
CN;, PN;,

Fig.3 In A, eight gray squares show CN’;j of a cell
(circle). In B, twenty four gray squares show
PNE,]' of a cell (circle) with r = 2.
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PN, = {(k,]) € N?[[k—i| <,
=4l <r (k1) #(i,j) and r > 1}.

In this model, a tumor cell is assumed to
duplicate constantly and to be killed by one
or more CTLs. A CTL is assumed to prolif-
erate and produce cytokine by the stimuli of
one or more tumor cells and is assumed to die
at a constant rate. Furthermore, a CTL is as-
sumed to migrate into a tumor tissue from the
bloodstream, move within the tumor tissue, and
exit the tumor tissue 12, Therefore, we assign
Rules 1 to 8.

e Rule 1: A tumor cell duplicates with prob-
ability p;. One of its daughter cells occu-
pies the original site (7,7), and the other
daughter cell randomly occupies one of the
empty sites in the original cell’s PN} ;. If
there is no empty site in its PN ., it does
not duplicate.

e Rule 2: A tumor cell at a site (i,7) sur-
rounded by a CTL in its CNt dies with
probability ps; that is, a tumor cell at a site
(4, ) surrounded by m CTLs in its CN7
dies with probability 1 — (1 — pg)™. If a
tumor cell at a site (i,;) dies, one of the
surrounding CTLs in its CN} ; moves to
the site (¢, 7).

e Rule 3: A CTL at a site (¢,7) surrounded
by a tumor cell in its CN} ; duplicates with
probability ps; that is, a CTL at a site (i, j)
surrounded by m tumor cells in its CN!
duplicates with probability 1 — (1 — p3)™
One of its daughter cells occupies the orig-
inal site (4, 7), and the other daughter cell
randomly occupies one of the empty sites in
the original cell’s PN . However, if there
is no empty site in 1ts PN it does not
duplicate.

e Rule 4: A CTL dies with probability py4.
If a CTL at a site (4,7) dies, the site (,5)
becomes empty.

e Rule5: A CTL at asite (4, j) surrounded by
a tumor cell in its CN! j produces cytokine
with probability ps; that i is, a CTL at a site
(i,4) surrounded by m tumor cells in its
CNt produces cytokine with probability
1- (1 p5)™. The amount of the cytokine
produced by a CTL is constant.

e Rule 6: The concentration of cytokine de-
creases naturally, and the cytokine at a site
(i,4) diffuses to the surrounding sites, i.e.,
CNj ;. Therefore, when is the concentra-

i,5°

i,]
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tion of the cytokine at a site (i,7) at step
t, then we obtain the equation below.

[PIES = P
i+l j+1
b Y 30 (PR-IPIL)
k=i—11=j—1
v P+ 2

where pg and p; are constant, v is the vol-
ume of a site (,7), and @ is the amount of
cytokine produced by a CTL. If cytokine is
not produced at a site (i,7) at step ¢, we
obtain the equation below.

[Plis" =[P,
1+1 Jj+1
o0 >, 2. (P )
w
k=i—1l=j—-1
—pr- [P}

e Rule7: A CTL appears in an empty site be-
tween (1,1) and (n, 1) randomly with prob-
ability pg. If there is no empty site in the
line, a CTL does not appear.

e Rule8: A CTL at asite (4, j) moves to a site
(¢, 7+1) with probability pg. If a site (i, 7+
1) is occupied, or if [P]} ; > P_th, then the
CTL at a site (4, ) does not move. A CTL
at a site (i,n) disappears with probability
Dy-

e The algorithm of the system is as follows:
(1) Set S°.

(2) Update S* by updating all states in
the system with Rules 1 to 8.

3) t=t+1

(4) IF ¢t =tpax, then stop. Else (2).

3. Results

3.1 Natural Course of Tumor Growth
A tumor tissue in wivo is surrounded by T
lymphocytes, NK cells and other kinds of cells
of the immune system; however, the tumor tis-
sue continues growing in size. Figure 4 shows
the results of simulation, expressing the natu-
ral course of tumor growth, i.e., the growth of
a mass of tumor cells surrounded by CTLs.
3.2 Rejection of Tumor Cells by CTLs
Recently, anti-tumor therapy using the im-
mune system has been the subject of much re-
searched. The representative therapy is adap-
tive transfer of tumor-specific CTLs obtained
from a patient with a tumor back to the same
patient after activation and proliferation of the
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Fig.4 Simulation of natural course of tumor growth.
In the upper row, tumor cells (red circles) pro-
liferate surrounded by CTLs (black circles). In
the lower row, the concentration of cytokine is
expressed by the degree of black. The concen-
tration of cytokine is high where CTLs interact
with tumor cells. The results are obtained using
parameters with these values: N = 50, r = 2,
p1 = 0.001, p2 = 0.0002, p3 = 0.015, ps = 0.02,
ps = 0.2, p¢ = 0.05, pr = 0.01, pg = 0.05,
pe=02,Q=1v=1 Pth=1.

CTLs with cytokines in wvitro.

For the simulation of tumor rejection, the
initial number of tumor cells is larger than in
Fig. 4. After simulations with various values of
the killing rate of a tumor cell by a CTL (ps),
the proliferation rate of a CTL (p3) and the nat-
ural death rate of a CTL (p4), we obtained the
results of simulation expressing the rejection of
tumor cells by CTLs in Fig. 5.

3.3 Approximate Equilibrium between

Tumor Cells and CTLs

We have obtained some results expressing an
approximate equilibrium between a few tumor
cells and a few CTLs after the decrease of tumor
cells by CTLs (Fig. 6). Because CTLs move in
the square lattice, CTLs are able to kill tumor
cells, even if the number of tumor cells is small.
However, CTLs are not able to reject tumor
cells in Fig. 6.

3.4 The Effect of Cytokine

Next, for investigation of the effect of cy-
tokine on the rejection of tumor cells by CTLs,
we calculated the model using parameters with
the same values except @ as in Fig.5. In
Fig.5, @ = 1; in Fig.7, @ = 0. In Fig.5,
CTLs surround a small number of tumor cells
at ¢t = 6,000; however, in Fig.7, CTLs do not
always because the CTLs move. As a result,
small populations of tumor cells and CTLs re-
main at ¢ = 8,000 and 10,000 in Fig.7. The
difference between in Fig. 5 and Fig. 7 indicates

=4000 1=6000

Fig.5 Simulation of the rejection of tumor cells by
CTLs. In the upper row, tumor cells (red cir-
cles) proliferate surrounded by CTLs (black cir-
cles). In the lower row, the concentration of
cytokine is expressed by the degree of black.
The concentration of cytokine is high where
CTLs interact with tumor cells. The results
are obtained using parameters with these val-
ues: N =50, r = 2, p1 = 0.001, p2 = 0.0006,
p3 = 0.045, p4 = 0.0067, ps = 0.2, pg = 0.05,
pr = 0.01, pg = 0.05, pg =02, Q =1, v =1,
P_th =1.

that the attachment between tumor cells and
CTLs by cytokine is important for tumor rejec-
tion.

4. Discussion

This paper proposes an original CA model of
a tumor tissue. The model shows three pat-
terns: the growth of a mass of tumor cells sur-
rounded by CTLs in Fig. 4; the rejection of tu-
mor cells by CTLs in Fig.5; an approximate
equilibrium between tumor cells and CTLs in
Fig.6. The model consists of a square lattice
N x N; however, the square is open in two di-
rections. Furthermore, CTLs enter the square,
move within it, and exit it, in the same way as
the circulation of CTLs in vivo. By introducing
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Fig.6 Simulation of the approximate equilibrium be-
tween tumor cells and CTLs. In the upper row,
tumor cells (red circles) are decreased by CTLs
(black circles). In the lower row, the concen-
tration of cytokine is expressed by the degree
of black. The concentration of cytokine is high
where CTLs interact with tumor cells. The re-
sults are obtained using parameters with these
values: N = 50, r = 2, p; = 0.001, p2 = 0.001,
p3 = 0.02, p4 = 0.01, ps = 0.2, ps = 0.05,
p7r = 0.01, pgs = 0.05, pg =02, Q =1,v =1,
P_th=1.

the circulation of CTLs to the model, the model
can be one for a tumor tissue in vivo, although
the square seems too small for the model in
vivo. In the field of immunology V), tumor tis-
sues are surrounded by lymphocytes including
T lymphocytes, and Fig. 4 demonstrates it well.

Next we discuss the attachment between tu-
mor cells and CTLs. The attachment is as-
sumed to be caused by cytokine produced by
CTLs responding to tumor cells. Figure 5
shows the rejection of tumor cells by CTLs;
Fig.7 does not, although the only difference
in parameters between Fig. 5 and Fig. 7 is that
@ = 1 in Fig.5, whereas Q = 0 in Fig. 7.
The difference between the results in Fig. 5 and

Feb. 2006
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Fig.7 Simulation of the CA model without cytokine.
Tumor cells (red circles) proliferate surrounded
by CTLs (black circles). The result is obtained
using parameters with these values: N = 50,
r = 2, p1 = 0.001, p2 = 0.0006, ps = 0.045,
pa = 0.0067, ps = 0.2, pg = 0.05, py = 0.01,
pg =0.05,p9 =0.2,Q=0,v=1, Pth=1.

those in Fig.7 indicates that attachment be-
tween tumor cells and CTLs is important in the
rejection of tumor cells.

Figure 6 shows an approximate equilibrium
between a few tumor cells and a few CTLs,
which seems tumor dormancy®. Before this
study, we created a CA model of tumor im-
munity, into which CTL movement is not in-
troduced. The CA model without CTL move-
ment does not present an approximate equilib-
rium as in Fig. 6. Hence, CTL movement seems
important for tumor dormancy. However, the
CA model in this paper does not show sneaking
through phenomenon %),
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