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Spatial evolutionary games
and radiation induced bystander effect

MICHAL KRZE SLAK and ANDRZEJSWIERNIAK

We present an application of evolutionary game theory toetiog of some processes
important from oncological point of view. A studied phenara is a radiation induced by-
stander effect, in which three different strategies (plgyes) of cells take part. The proposed
payoff table of fithess, related to environment adaptatioth genetic cell behavior, contains
costs/profits of bystander effect, choice of apoptotic wath producing growth factors and
resistance against bystander effect. We consider a gameythedel including spatial cells
allocation (the game is played on lattice). We discuss aifferent polymorphic equilibrium
points dependent on model parameters, types of spatialgganteplayers distribution.

Key words: evolutionary games, bystander effect, biomathematicalatiog, cellular au-
tomata, cancer

1. Introduction

Non-cooperative game theory has recently become a powedllof analysis of
processes and a basis for decision making not only in econemgyneering and military
but also in biological, medical and social sciences. The pesgpectives in such areas as
population genetics, mathematical ecology, molecularcafidiology or even treatment
of diseases have been opened by so called evolutionary deeoeytinitiated by John
Maynard Smith’s works (e.g. [1, 2]). They link mathematitabls of the game theory
with Darwinian adaptation and species evolution. In thisegalayers are representatives
of the population, and their strategies are determinedtmatlg (phenotypes). Payoffs
in this game represent measures of fithess for the given pjpwas a result of their
interaction.

The individuals, compete or cooperate with each other taiolietter access to food
supplies, life space or in the fight for females. The clasgigkample and the fundamen-
tal evolutionary model is Hawk and Dove game. This game,istuldy Maynard Smith
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[2], is a finite nonzero sum game and assumes that the papuledintains two pheno-
types: aggressive (non-outgoing) and compliant. Poiatiembers are fighting for a
resource V which affects the reproductive success, but¢hayalso achieve wound C
(phenotype called Hawk that always takes a fight). This mbdelbeen developed into a
number of generalizations including spatial effect, tgkimo account the time reaction
or legalist strategy (phenotype can switch between stieg@ppendent on situation) [3].

Equilibrium in this game is defined by evolutionary stablatstgy (ESS [1, 4]). It
determines phenotype, which is resistant for inflow of offtegnotypes (in result of mu-
tation or environmental migration) and it cannot be reprddsy them. However reverse
situation is possible, evolutionary stable strategy cag et even dominate population
as an inflow mutant. The phenotypes play the role of pureegfies in standard non-
cooperative games, the evolutionary strategies are fraige of individuals in popu-
lation (so called strategy profiles) representing thesen@ypes and in this sense are
analogues of mixed strategies. In addition ESS is alwaysashNequilibrium (in mixed
strategies), but reverse implication is generally not {8]jeOther differences are char-
acter and meaning of the game. In evolutionary games sieatege genetically pro-
grammed and they cannot be changed and game structure igaotie classical game
theory based on Nash equilibrium players know game stre@nod rules, and the game
(in its repeated form [5]) is played many times in the samalitams, while ESS results
rather from the iterated game with variant players freqig=nin passing generations.

Moreover the Nash strategies are the results of rationdysinavhile evolutionary
strategies are rather due to behavior shaped through haéleation. Good illustration
of this difference is the famous Haldane senteheguld jump into a river to save two
brothers or eight cousif2].

More precisely the ESS has two properties:

1. Itis a mixed Nash strategy.

2. ltis stable.

In the standard game theory the non-zero sum two-person ganwmal form is
represented by two payoff matrices thus it is also callednaabix game. In the evo-
lutionary games the payoffs for players are well defined by wratrix (sice the payoff
matrix of the second player may be defined as a transposifithecone for the first
player). Let denote this matrix b and its entries by;j. Assume thag,..., e, is the
set of strategies and > 0 is a frequency of theth strategy. Then a vectaris called a
strategy (phenotype) profile (average strategy) of the latipu.

Moreover denote by:

n
E(e,x) = ajx =6a'Ax ey
=1

an average payoff for the strategy
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by: ]
E(x,x) = xaijXxj =x' Ax 2)
J; i%j

an average payoff for the profilein the population with such profile;

and by: ]
E(y.x) =Y viaijxj = y'Ax &)
=1

an average payoff of the strategy profflen the population with the profilz.
The evolutionary stable strategy (ESS) is defined by theéestygorofile p such that

[4]:
1. E(p,p) > E(x, p) for any strategy profilex (Nash equilibrium).

2. E(p,p) =E(X, p) = E(p,X) > E(x,X) for anyx # p (Maynard Smith condition of
stability).

Application of the evolutionary game theory to the mathecahtmodeling of car-
cinogenesis process is based on the following assertions:

e in organism, cells compete for nutrients, while differemmds of cells are players
in the game,

e mutations (appearing in tumor cells) occur in cell divisthre to various reasons,
e advantage of tumor cells over healthy ones is a signaturarafes.

The one of the first works, where the evolutionary game the@ay used to model
the interaction behavior of tumor cells, was presented lglifson [6]. The author pro-
posed the model, where one of the phenotypes attempts tagaidvantage by produc-
ing the cytotoxic substances. Results show that activaiynimey neighboring cells may
lead to dominance of the local population by the tumor cdllds study has triggered
a series of other papers, where evolutionary game theonpéas applied to present
phenomena of tumor creation by mechanisms of avoidance ayftegis [7], creation
additional capillaries as a result of angiogenesis [7, 8}, @evelopment of capabilities
of invading other tissues and metastasis [9, 10]. On the bidwed, game theory models
show only single phenomena occurring in a very complicatedgss of cancer evolu-
tion (results represent quantitave, but not qualitativecdption). Moreover, the papers
usually do not present the system dynamics, which can bgzathby the replicator
dynamic equations [11, 12]

% =X (E(e,x) —E(X,X)). 4
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In our paper [13] we have extended the idea described abostity a model of
radiation induced bystander effects in cell population tngredict its dynamics using
replicator equations.

Replicator dynamics is one way to resolve evolutionarylstghmes. It represents
the so called mean-field approach. Another technique whiaebles study of allocation
of players, is called spatial evolutionary game. It comgitie evolutionary game theory
with machinery of cellular automata or agent based modelintpis case very important
is local players’ position with specific strategies andetiint ways of performance. To
our knowledge, one of the first applications of spatial sohg in cancer modeling has
been presented by Bach et al [14] as a development of angeogame [7]. Spatial ver-
sion of the maotility/evasion game is presented in [15]. Mamyks demonstrate, that the
spatial modeling discloses altruistic and cooperativ&atiies, and strong discrepancies
while compared with the mean-field models (e.g. [16]).

In this paper we demonstrate how the model proposed in [13[dcoe analyzed
using spatial evolutionary games.

2. Spatial evolutionary games

Basic distinctions between the mean-field and the spatialetsare lack of perfect
mixing, intercellular interactions are dependent of thedal arrangement. Instead of,
that it is still a simplified model of carcinogenesis, spati@dels, based on cellular au-
tomata, are next step to discover new behaviors among callgjige different results
than mean-field models. Nowadays, spatial games quicklgrbecrsery popular, never-
theless it should be remembered that their origin is the tisellular automata by such
pioneers as von Neumann [17] in conjunction with the claddlreory of games. In our
paper we follow the line of reasoning presented by Bach et4jl lwhere spatial tools
used in modeling of carcinogenesis is most suited to ouraapens.

Similarly to non-spatial games, the spatial ones are adsatéd. In passing, transient
generations we proceed according to the following stepk [14

e payoff updating — sum of local fitness of neighborhood,
e cell mortality — removing a certain number of players,

e reproduction by competition — defining which of the cellsg@fically of the
strategies) will be on an empty place.

Game is played on the lattice forming torus, and every coitietresults giving tie
are settled randomly.
The authors [14] present three ways of cell mortality:

e synchronous updating — all the cells die simultaneouslythad are replaced de-
pendent on the strategy of their neighbours before dying,
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e asynchronous updating — in each generation a single celechat random, dies
and is replaced,

e semi-synchronous updating — probability of individuallgelr mortality is equal
to 0.1. So in one generation from lattice 10% of players afetele.

In this paper we are using mainly semi-synchronous updating method allows
for the biologically realistic situation. Furthermore sitations show that synchronous
updating assumes a global controller of the system, whiled@sonous updating implies
vanishing of small cells clusters impossible.

Reproduction of remaoved players (killed cells) is the négpsn algorithm. It is un-
derstood as the way in which empty place after the cell dsatlraded by its neighbors.
The authors have suggested two kinds of reproduction:

e Deterministic one — in competition for an empty place thenginis the strongest
player (with highest local adaptation - sum of eight scoremfcell-cell interac-
tion).

e Probabilistic one — values of fitness (sum of values from glaynatrix) for each
player are divided by total score in their neighborhood.sTibcal competition,
with an appropriate fitness and location, allows cells styias with lower fithess,
but in better location and locally superior in numbers talprainate in population.

Additionally we can introduce other two ways of reprodustio

e Quantitative reproduction — pay off updating is found as @ 9f fithesses of
players with the same strategy.

e Switching reproduction — when differences between scoredig, quantity re-
production is better option (it is a chance for numerous,vieesiker players), in
the reverse situation, deterministic reproduction is dwiee. In this case in sim-
ulation additional correction factor has been added (ptapobetween minimal
and maximal fitness).

Simulations can be expanded by study of the impact of theasidethe type of neigh-

borhood. In [14] neighborhood size is defined in the von Neumsense (4 neighbors of
the cell are taken into account). Other possibilities idelthe so called Moore neighbor-
hood (8 neighbors), which is used in our simulations, orrktel Moore neighborhood
(24 neighbors).

3. Radiation induced bystander effect

In the last few years it has appeared that cells exposed imngrradiation and other
genotoxic agents can release signals that induce effectsittargeted neighboring cells
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very similar those observed in them, phenomena known aamyst effects. These sig-
nals are transmitted to the neighboring non-hit cells bgrizgllular gap-junction com-
munication or are released outside the cell, in the caselfred cells into the medium.
Bystander effects are now understood as phenomena in wiéchated cells commu-
nicate signals which lead to damage in nearby, non-irradiéiystander cells and ulti-
mately contribute to destabilization of their genome, peses which must be of im-
portance for the development of secondary cancers andopofsi delayed side effects
[18]. The whole story complicates since the signaling isualjtand irradiated cells can
also receive signals from non-irradiated neighbors. Byd#a effect or more precisely
radiation induced bystander effect has been widely reviewditerature (e.g. [18, 19,
20]). Most experiments show a decrease in survival of udiatad bystander cells, but
some studies of the influence of unirradiated or lowdossdiated cells on those irra-
diated with higher doses show that intercellular bystarsigmaling can also increase
the survival of irradiated cell populations. The bystaneféect induced by factors and
signals issued by directly irradiated cells leads to rddadn survival of adjacent cells,
i.e. cells that have not been exposed to radiation. Of tHerdifit types of damage, DNA
breaks have been studied most systematically in both biriecdiated and bystander
cells. Double strand breaks induced by ionizing radiati@cansidered as the most dan-
gerous lesion for cell survival and induction of genomidaimlity. Single strand breaks,
which appear not only as a direct result of radiation but alsmtermediates in base and
nucleotide excision repair of DNA or during normal replioat are much more frequent
and if not rejoined they can be converted into double stramdks, postulated to be one
of the mechanisms responsible for cell killing after iregain.

The effect has been well documented in a variety of bioldgsgatems exposed
to low doses of alpha, gamma aidradiation. Nevertheless, the mechanisms respon-
sible for bystander effect are complicated and still uncteaugh there are evidences
that in intercellular signalling reactive oxygen specigric oxide, cytokines such as
interleukin 8 or TGFB are used, and the important role is played by gap junctiorncom
munication and presence of soluble mediators. Factorgdsby irradiated cells may
constitute a risky element of genomic instability induntiae. lead to mutation and the
second neoplasia. Therefore, for this reason and for thebdép of influence both for
tumor and healthy cells, the bystander effect implies p@s#nd negative consequences
of radiation at comparable doses.

In the radiation induced bystander effect, from modelingpof view couple of in-
trinsic properties are observable. One of them is genorsialility, i.e. delayed effect
of changing and death in distant generations. Another opessibility of radio resis-
tance acquired at low doses. Observable is also bidiresdtiway of phenomena working.
First, irradiated cells harm surrounding cells. Secon gossible to increase a count
of surrounding no radiated cells. Third, visible and pdss#se growth of cells that have
received a high dose of radiation through signalling frofsderadiated by low-doses.
The next interesting phenomenon, on the intercellularact#on, is the fact that in the
in vivo case one can observe cell interactions by paracigrehling. Neoplastic trans-
formation increases linearly with the radiation dose inungld cells and animals, but
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the dose-response relationship varies with strain, geadertissue/organ in the case of
mice, while in cancer patients cured with radiotherapy ifleaf secondary stomach and
pancreatic cancer, but not that of secondary bladder,lrectg@dney cancer is related to
the radiation dose received. All these effects result freftutar responses to irradiation,
and are therefore closely related to the bystander efféstsissed above.

Mechanisms responsible for the bystander effect are iherefuite complicated and
not definitely known. Game theoretical model, presentedénriext chapter, is based
on very simple assumptions of the process. Neverthelesg allow for observations of
complicated and various responses and results of intel@elignalling and communi-
cation.

4. Game theoretic model of bystander effect

A game theoretic model which we have proposed [13] may beedeas a follower
of the angiogenic model [8]. The model presented in this paps been slightly modi-
fied. We consider three different strategies/phenotypelts:

e escape to apoptosis — in the strategy profile its frequentdybeidenoted byX
(and in simulations by blue color),

e production of growth and mutation factors — the frequencthanstrategy profile
denoted byy (in simulations: green color),

e neutrality — the frequency of appearance in the strategfil@menoted byZ (in
simulation: red color).

Table 1. Payoff matrix

Strategies X Y Z
X 1-k |1-i+j—p|1l-p
Y 1-Kk+j 1—i+]j 1+
Z 1—k 1—i+] 1

The payoff matrix represents fithess measures which areedeliy the following
parameters of the model:

k — represents a cost of apoptosis/profit from bystanderteffec

| —is a measure of profit of cell contact with growth factors,

i — represents a cost of producing the growth factors,

p — represents cost/advantage from resistance to bystaffielet. e
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Both k and p may be either positive or negative.

For the strategy protocol
x=[XY 2" (5)

we have the following average payoffs:

E(e,x) =1—k+ Y,
E(e,X) =1+ —i—pX, (6)
E(es,x) =1— pX+jY.

The conditions of polymorphism i.e. the scenario in whidhtalee phenotypes coexist
in equilibrium are given by the Bishop-Cannings’ theorert] @hich, roughly speaking,

extorts equality of average fitness for all phenotypes. Rempayoff matrix defined by

table 1 it leads to the following constraints imposed on tloeleh parameters:

0<X<1l 0O<k/p<l,
0<Y<1 O0<(j—0)/j<1, i<j, (7)
0<Z<l1l O<1l-K/p—(j—i)/j<l, O<(j—i)/j+k/p<l

Replicator dynamics is defined by the following equations:

X =X (E (e1,X) — E(x,X)),
Y =Y (E(e2x) ~E(xX), (8)
Z=Z(E(es, )~ E(xX)).

Taking into account that:
Z=1-X-Y 9

we have a system of two nonlinear differential equation @efion the simplex in the
plane. For example the first equation has the form:

X=—1-KX3—(2+2j—i—k—p)Y+(2—k—p)Z—(1—k))X? 0
—(L=i4))Y?+224+(242j —)YZ— (1—k+ )Y — (1—K)Z)X. 4o

Numerical solutions of the replicator dynamics equatiohews that population can
achieve whole range of behaviors dependent on paramet@rsVie have found evo-
lutionary stable states in the form of trimorphism, dimaspi or even monomorphism
depending on initial frequencies. What is even more intergsthe equilibrium point,
if it exists, may be either an attractor or a repellor. In thégper we use the replicator
dynamics equations only to compare the time behavior of nfiedh results with the
results of the space evolutionary games.
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5. Results and analysis of simulations

In spatial games, because of the diversity in game parazagtm, we present only
few selected parameters of models and types of mortaliypdeiction and payoff up-
dating. Those cases include semi-synchronic actualizatith 10% of mortality, cor-
rection factor (switching reproduction) giving result®sgr to quantity reproduction,
lattice 30x30, 10000 generations and eight neighbors. Furthermoch, regult will be
confronted with simple mean-field solution (replicator dgmics) for the same initial
frequencies and payoff matrix (analysis of the mean-fieddlte may be found in [13]).
Figure 1 presents initial location of players on the latdod results of mean-field game,
which leads to stable polymorphism in population.

Similar results have been obtained in probabilistic andtahing reproduction,
wherein for the last one some stable and regular structwede noted (see Fig. 2).
From biological side probabilistic reproduction gives mespectable results (decreas-
ing count ofX andY cells), on the other hand the worst case (death of the hast) ar
represented by deterministic reproduction.

The related mean-field game assumes population dimorphiign ) betweeny
andZ (no results of radiation therapy). In this case most interggesults are given
by probabilistic and switching reproductions (Fig. 4). Timbabilistic reproduction
shows predomination oKX cells, wherein for mean-field ganm cells are repressed.
Switching reproduction gives the most expected results fthe host viewpoint, i.e.
dramatic decrease of mutating cells.

Figures 5 and 6 show that for the same parameters, but ferelif initial frequen-
cies similar results to figure 4 are obtained. This indicdltes initial frequencies and
location of cells were not so different from the previousrapée or that dominating
factor is related to the payoff matrix.

Diversity and complexity of spatial games may lead to gatiliely comparable re-
sults with mean-field games (Fig. 2, 7 and 8) or completelfiedht results (Fig. 3, 4, 5
and 6). An example shown in Fig. 8 represents the situatiocgrevimutating cells com-
pletely disappear. We can expect also that the minimal nuofigadiated cells is left in
the body or that Z cells are predominating. In the last casa switching reproduction
gave different results compared with other simulations.

6. Remarks

We have proposed an evolutionary game theoretic model ddtrad induced by-
stander effect in tumor cell populations. Results from igpatodeling show that they
may be different than mean-field results based on replichtoamics. Developing spa-
tial model arises enormous range of parameterization Ipibsses how to play the game
(way of reproduction, deleting players, type of neighbardharestriction of lattice, play-
ers location). Therefore, results of replicator equatiaresless dependent on initial fre-
guency and are independent of a chosen way of the allocation.
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initial state
X 010222, ¥: 0.32, Z. 057778

—X
oy —Y
c
S 05F — 1
o
I
D 1 1
0 50 100 150

generations

Figure 1. Initial distribution and replicator dynamics fmarameters= 0.5, j = 0.7, k=0.1, p=0.3.

probabilistic deterministic
X 0.24,Y: 0.13556, Z: 0.62444 X 065444, Y: 0.34556, Z: 0
guantitative switching
X:0.034444, Y: 0.48111, Z: 0.48444 X 038111, Y: 0. 13111 Z:0.48778

Figure 2. Results of simulations of spatial evolutionargnganodel for parameters=0.5, j =0.7,k=0.1,
p = 0.3, and different forms of reproduction.
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initial state
% 0.10222, Y- 0.32, Z 057778

—X

Fry —Y
c
S 0sF z
{=
@

0 . .

0 50 100 150

generations

Figure 3. Initial distribution and replicator dynamics fearameters= 0.4, j = 0.8, k=10.1, p= —0.4.

probabilistic deterministic
x1,¥:0,Z0 X 0,Y: 042444, 7 0.57556
guantitative switching
X 0,Y:059111, Z 0.408389 X:0.0088889, Y: 0.057778, Z: 0.93333

Figure 4. Results of simulations of spatial evolutionargnganodel for parameters=0.4, j =0.8,k=0.1,
p = —0.4, and different forms of reproduction.
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initial state
X 0.23667, Y: 0.19667, Z: 0.56667

—X
Fry —Y
c
g U‘si ’
o
@

0 . .

0 50 100 150

generations

Figure 5. Initial distribution and replicator dynamics fmrameters= 0.4, j = 0.8, k= —-0.1, p= —0.4.

probabilistic deterministic
X1,¥:0,Z0 X0, Y:0.40444, Z: 0.59556
quantitative switching
X 0,Y:0.55889, Z- 0.44111 X 0.16556, Y: 0.10444, Z: 0.73

Figure 6. Results of simulations of spatial evolutionaryngamodel for parameteris= 0.4, j = 0.8,
k= —0.1, p= —0.4, and different forms of reproduction.
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initial state
X:0.10222, Y: 0.32, Z: 0.57778

1 : :
—
= —Y
S o5} —1z|
: {/
% 50 100 150

generations

Figure 7. Initial distribution and replicator dynamics faarameters= 0.6, j = 0.5, k=0.2, p=0.4.

deterministic

probabilistic
X04,Y:0,Z06 X 036,Y:0,Z 064
quantitative switching
X:0.19333, Y: 0, Z: 0.80667 X 0.36111, Y: 0, Z 0.63889

Figure 8. Results of simulations of spatial evolutionargnganodel for parameters= 0.6, j =0.5,k=0.2,
p= 0.4, and different forms of reproduction.
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Spatial games show that cooperation and forming commoas cllsters are possi-
ble. Moreover, this kind of models may better describe soh@mpmena, however they
are not completely deterministic models. In reproductitags and during ties some
random effects are shown. The case of single player suremlibg other players with
different strategies is a very good example. According toghyoff matrix evolution-
ary stable strategy is a strategy of single player. If sohwime amount of luck and
mortality of surrounding players it has a chance to domitizegopulation.

Game theoretic models are able to assist in our understamndiradiation induced
bystander effect mechanisms, the more that some resultseagitnulation may well
represent biological phenomena. Nevertheless, it is nedse to remember that, till now,
those results are strictly qualitative, not quantitatigéll, spatial evolutionary models
are the next stage in improvement modeling of carcinogerm@snomena. The possible
generalization of games is by introduction of the payoff nmatvith time dependent
variables, or functions of dose concentration (very imguatrtin the case of radiation
induced bystander effect modeling). In the spatial evohdiry games it is also much
easier than in mean-field games to introduce new phenotypkimerease the dimension
of the space of strategies.

High sensitivity of the presented models to parameterssléad fundamental ques-
tion of their identifiability or at least practical proce@ueading to their estimation. At
present itis not clear how experimentally one can find onesit the measures of fithess
for different phenotypes and how to adjust parameters dfilsition procedures for con-
sidered models. We hope to be able to elaborate such recodaticars in collaboration
with biologists.
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