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its effects outside the radiation field and causes cell death in healthy cells. This effect namely as
radiation-induced bystander effects (RIBE) phenomenon. The scope of the overview of the RIBE
phenomenon discussed in this paper includes the RIBE mechanism, danger signaling process,
deoxyribonucleic acid (DNA) double-strand breaks (DSBs) damage and the damage repair. This paper
extended with the discussion of several mathematical models used to describe the RIBE phenomenon.
The discussions towards the mathematical models include the models of signals concentration, the
models of bystander effects and the survival fraction model. Mathematical modelling and computer
simulation are powerful tools used to understand the biological phenomenon of RIBE. The suitable
mathematical model of repair and mis-repair DNA DSBs damage has been briefly reviewed in view of
the relevance of this model towards RIBE phenomenon. The outcome of this paper suggested
recommendations for future research on the suitable mathematical model and simulation analysis in
describing the complexity of RIBE phenomenon.
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INTRODUCTION OVERVIEW OF MECHANISMS OF RIBE
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Apart from the effects of DNA damage in cells traversed by
ionizing radiation (IR), nearby cells that do not traverse by IR also have
subsequent damage effects. Initially, it has been thought that only cells
traversed by IR have subsequent damage. This dogma had been
changed after findings proved that there are damage effects such as
genetic and biochemical alterations observed in the nearby cells and
distant cells that do not traverse directly by IR [1-2]. This phenomenon
has been referred as the radiation-induced bystander effects (RIBE) [3].
This phenomenon gives us a new thought on understanding towards
how IR exerts its effects. Other than RIBE, effects of post-radiation also
include adaptive response, abscopal effects and genomic instability [4-

Q7

5]

RIBE is a phenomenon observed in the bystander cells which are
not directly traversed by IR. This phenomenon has been examined
experimentally by many researchers for over more than two decades.
This phenomenon happened when the irradiated cells produced
damaging signal molecules to non-irradiated cells which are not
traversed directly by IR ([5-8] and references therein). The bystander
cells show many biological effects such as single-strand breaks (SSBs),
double-strand breaks (DSBs), chromosomal aberrations, sister
chromatid exchange, carcinogenesis, micronucleation, increased the
frequency of apoptosis, reduced clonogenic efficiency, oncogenic
transformation and DNA repair delays [4, 6-7, 9-12]. It is known that
DNA damage in directly traversed cells is the main target of IR but it is
now accepted that the final outcome of the IR not restricted to targeted
area of radiation only. There are researchers proposed the possible
mechanism of RIBE. RIBE is a complex mechanism and till today, the
actual mechanism underlying the RIBE is still open for debated.
However, it is not our intention to discuss the overall mechanism of
RIBE here. Interested reader may refer to [6-7, 10] for intensive
discussions of RIBE.
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Fig. 1 lllustration of signals released from the irradiated cells by Baskar

2.

Baskar [2] had proposed the schematic representation of RIBE
phenomenon. Cell A is the cell that traversed directly by IR, cell B is
the bystander (adjacent) cell and cell C is the distant cells or tissue.
After cell A had been traversed by IR, DSBs will form as an oxidative
DNA lesion and cell A become the irradiated cells. According to Han
and Yu [13], bystander signal molecules are produced very quickly
(less than 2.5 minutes) from irradiated cells after radiation process. The
RIBE effects happen in cell B because of signaling process via gap
junction intercellular communication (GJIC), while cell C becomes
affected because of signaling process via soluble factors released into
the cultured medium, that is distant-cell signaling intercellular
communication (DSIC).
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There are many kind of danger signal molecules produced by the
irradiated cells. The candidates of the danger signal molecules may
include reactive oxygen species (ROS), interleukin-8 (IL8), nitric oxide
(NO), interleukin-1 (IL1), reactive nitrogen species (RNS) and
interleukin-6 (IL6) [1, 5-6, 14]. Najafi et al. [7] elaborated more about
short life and long life category of signal molecules. Oxygen and
nitrogen free radicals are short-living signals which can affect only at
adjacent cells while long-living signals (e.g.: hydrogen peroxide) can
travel long distances and causing DNA damage at distant cells.

Cells can communicate with other cells through GJIC and DSIC.
The content of a cell is surrounded by a thin envelope called cell
membrane. This surface of cell controls the passage dissolved
substances into and out of the cell through the membrane receptors.
GJIC can transfer the danger signal molecules from an irradiated cell to
a non-irradiated cell and hence producing many impacts of cellular
damage effects [10]. The contribution of GJIC and DSIC
communication have strong impacts in cultured cells where the danger
signal molecules allowed to interact with other cells through passive
diffusion or with receptors on the cell’s membrane. Desouky et al. [1]
also mentioned that the propagation of bystander effects can be
observed in several studied using a-particle, B-particle and y-rays which
the process involves the interaction of intercellular cell communication.

Experimental evidence

There are experiments which are related to the phenomenon of
radiation-induced bystander effects have been done. A review-article
by Nikitaki et al. [8] listed many experimental findings on RIBE
mechanism which is observed in various systems; including human,
rodents, fish and plants (Table 1 in [8]). The earliest bystander effects
of radiation has been determined by Mole [15] in 1953 where there are
actions involved at distant cells within the same organism. In 1992,
Nagasawa and Little [16] revealed that there is a connection between
the irradiated cells and non-irradiated cells. The result showed the
damage effects on 30% of cells is sister chromatid exchanges when only
1% of cells being radiated with a-particle. This is because of the
response of non-irradiated cells toward danger signal molecules
released in the medium through the pathway of intercellular cell
communication.

Experiment by Sokolov et al. [17] in year 2005 using micro-beam
facility showed there is induction of y-H2AX foci in the bystander cells
after radiation process. In the same year, Hu et al. [18] also reported
that after a-particle traversed 1/10 of the cells nuclei, there is excessive
vy-H2AX immunofluorescence observed in bystander cells. Another
experiment using micro-beam facility reported by Han and Yu [13]
claims that only 1% of the cells population survived after a-particle was
traversed directly towards 20% of the cells population.

Besides micro-beam facility method, medium transfer method has
been conducted. As reported by Sasaki et al. [19], individual V79 cells
were irradiated with carbon K-shell X-ray micro beam and then the V79
cells were located in the petri dish that containing non-irradiated cells.
Seymour and Mothersill [20] in year 2000 justified that the danger
signal molecules released by the irradiated cells and then affecting non-
irradiated cells in the cultured medium. Yang et al. [21] showed that
there are y-H2AX foci formation in the bystander cells after being in
cultured with cells that had been radiated with X-rays radiation. The
trans-well insert culture dish had been used in order to demonstrate the
danger signal molecules released into the medium.

The classification of experiments is divided into two categories,
either in vivo or in vitro experiment. In vivo refers to experiments
conducted within the living organism, while in vitro refers to
experiments conducted within the glass. Interested reader may refer to
Hatzi et al. (Table 1 in [22]) and Widel (Table 1 in [5]) for the summary
of experimental works related to RIBE in vivo and in vitro, respectively.

DNA DAMAGE AND REPAIR PROCESS

Damage caused by ionizing radiation can be categorized in two
types, targeted and non-targeted radiation damage. Double-strand
breaks (DSBs) are considered as the critical lesions induced by ionizing
radiation [23-24]. In non-targeted radiation damage, some suggestions

made by researchers [1-2, 4-5, 25] pointed out that the damage
experienced by non-targeted cells after being in contact with danger
signal molecules is the same (so-called “mimic”) as the targeted cells
damage by ionizing radiation. These bystanding cells respond to signals
emitted by the irradiated cells and in turn behave as if they have been
directly affected by ionizing radiation [11, 26]. So here are the types of
DNA damages and repair process will be discussed.

A direct biomarkers of DSBs

v-H2AX foci is a phosphorylated form of histone H2AX which
induced after the formation of DSBs and it is an important response
towards DNA damage. Several researchers [6, 13-14, 27] agreed that y-
H2AX foci formation is acted as a biomarker of DSBs. Many
experimental results observed that y-H2AX foci are formed in
bystander non-irradiated cells which leads to the agreement that DNA
DSBs damage formed in the bystander cells. Wang et al. [6] also
mentioned that each discrete y-H2AX foci contains a single DNA DSBs
damage and number of DSBs can be measured by counting the number
of y-H2AX foci in the cell’s nucleus.

Types of DNA damage

Fig. 2 (A) lllustration of DNA SSB and (B) illustration of DNA DSB.

Fig. 2(A) shows the single-strand break (SSB) while Fig. 2(B) is
double-strand break (DSB) (break on both opposite sides). Among all
the biological effects of RIBE, DSBs are considered as the insidious
initial lesions of DNA damage and also considered as the simplest form
representing the complex DNA damage [6, 14, 28]. SSBs are not
considered harmful because they are repaired using the opposite strand,
while DSBs effect will lead to chromosome damage which then can
cause cell death. The interaction of two DSBs can result in cell death,
chromosome aberrations, carcinogenesis and mutation [23].

DNA damage repair mechanisms

The processes of DSBs repair in a mammalian cell are categorized
into two types, homologous recombination repair (HRR) and non-
homologous end joining (NHEJ) [23-24]. Both processes cannot be
performed simultaneously; the specific repair process performed by the
damaged cell depends on the phase of the cell cycle. For more details
about the cell cycle phases in HRR and NHEJ, see page 62 in [23].

Homologous recombination repair (HRR) is a template-assisted
repair which this pocess requires identical or nearly identical
undamaged DNA strand as a template (Fig. 3(A)). HRR is a common
pathway used in eukaryotes cells and it is an error-free process because
the repair process is performed by copying the undamaged homologous
chromosome or chromatid. In contrast, non-homologous end joining
(NHEJ) is an end-to-end joining repair where the break ends are directly
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ligated without the need for a homologous template
(Fig. 3(B)). The processes of NHEJ involve ends recognition, end
processing, fill-in-synthesis and ends ligation. NHEJ is the dominant
repair mechanism in many mammalian cells and it is an error-prone
process. Any interested reader can refer to [23-24, 28] for more details
about the process.

O

Chromosome with one
chromatid

Chromosome with two
(sister) chromatids

Fig. 3 (A) lllustration of HRR and (B) NHEJ repair processes.

Although cells have two complex repair mechanisms for dealing
with DSBs, some of the damage are not repaired and are mis-repaired
[29]. These remaining DSBs and mis-repaired DSBs will lead to
chromosome aberration, increased of sister chromatid exchanges,
micronucleic formation and cell death [9, 30]. The repair process in
RIBE also experienced a repair delay effect [11, 31].

Another important factors which can be activated after the
formation of DSBs is the phosphorylation of ataxia-telengiectasia
mutated kinase (ATM). ATM phosphorylated several proteins in order
to activate cell cycle chekpoints, DNA repair and apoptosis. Ojima et
al. [32] studied the repair kinetics of DSBs by investigating the ATM
foci in bystander MRC-5 cells co-cultured with X-ray irradiated cells.
The ATM foci could be observed 0.05 hour after irradiation in
bystander cells and remain steady for almost 48 hours. On contrary,
DSBs induced by direct radiation were repaired relatively quick [6, 32].

MODELS OF SIGNAL CONCENTRATION

As discussed earlier, the DNA damage in bystander cells is because
of the danger signal molecules released by the irradiated cells. In the
experiment, the signals released by irradiated cells are transferred
everywhere in the petri dish [31]. The diffusion of the bystander signals
follows the Brownian motion with the mean square displacement (r) at
atime, tis given as:

<r’(t)>=aDt. (1)

where ¢ is a constant and D is the diffusion coefficient [19, 33].

Models of quantity of signals concentration has been developed in
order to validate the process of bystander signals released by the
irradiated cells. The models used the idea of diffusion, production and
decay of the signals released in the medium. In 2016, Powathil et al.
[31] had proposed a partial differential equation model of the signals
concentration which able to describe the concentration (or strength) of
the signals at specific position and specific time. In 2015, Hattori et al.
[34] discussed about the cellular automaton-based model which
involved the dynamic of quantity of bystander signals. The model also
describes the production of DSBs is proportional to the quantities of the
bystander signals.

Other than that, the concentration of bystander signals is described
as the percentage or relative percentage of saturated signal rather than
the signal quantity. In 2014, Lintott et al. [35] proposed a Bio-PEPA
model of RIBE which the model is developed using the process of

algebra method. The percentage of the signal concentration produced
depends on the total number of irradiated cells and the decay rate
depends on the concentration percentage. In 2012, Kundrat and
Friedland [25] presented the relative percentage of saturated signal
produced with respect to dose exerted towards the targeted cells. The
relative percentage value of bystander signals is between zero and one
which implies the strength of signal released by the irradiated cells
towards bystander cells.

In addition, the simulation of bystander signals also had been
analyzed using Monte Carlo method. Sasaki et al. [19] used the Monte
Carlo technique in simulating the diffusion of soluble factors in cell
cultures. This section concluded with suggestion of signaling model to
be used in future research which is taken from Kundrat and Friedland
[25],

C(D)=1-exp(=D/Dc). O]

where C is the relative signals concentration emitted into the medium
by donor cells irradiated with dose D and Dc is the value of
characteristics and sensitivity of the donor (targeted) cells.

MODELLING OF BYSTANDER EFFECTS

Several mathematical models have been proposed about the effects
of bystander phenomenon, e.g.: Brenner et al. [36] in 2001, Little et al.
[37] in 2005, Xia et al. [38] and Ballarini et al. [39] in 2009, Lintott et
al. [35] and Vassiliev [40] in 2014 and Hattori et al. [34] in 2015. The
mechanism underlying the RIBE phenomenon is not easy to be
investigated. Mathematical modelling and computational simulation
offer great tools in simulating the RIBE phenomenon. Although it may
not cover all the complexity of the RIBE mechanism, it could help us
to understand the phenomenon.

In 2014, Lintott et al. [35] developed a Bio-PEPA model of RIBE
using the process algebra method. Bio-PEPA approach is a modelling
analysis specifically developed for biological applications. The model
suggested that the population of bystander cells were divided into five
compartments, which is healthy, infectious, apoptotic, recovered and
dead. Initially, after the cells population had been ejected by specific
dose of radiation; the cells that have suffered no damage from
irradiation will be classed as healthy, cells that have suffered a “deadly”
damage will be classed as apoptosis and cells that have suffered a
“recovered” damage will be classed as infectious. The recovered and
death cells initially set equally to zero. Both infectious and apoptosis
cells were subjected to produce bystander signals inside the cells
population. At the end of the simulation, they considered the total
survival cells as initial number of cells minus death cells.

In 2015, Hattori et al. [34] investigated the mechanism of RIBE
using two-dimensional cellular automaton-based model. A cellular
automaton is a discrete model used to study the theoretical biology. The
four components suggested in the model consists of irradiation cells,
production and diffusion of bystander signals, induction of DNA DSBs
by medium-mediated pathway and gap junction pathway, and the
characteristic of cell-cycle phases in cell death. The concentration of
bystander signals is linked to the radiation track and the absorbed dose.
The production of DSBs in bystander cells also considered differently
according to their pathways, either signals from medium-mediated
pathway or gap junction pathway. Cell cycle phases were incorporated
into their model, where each cell cycle phases have different
characteristics of cell’s progression. The simulation of this model is
fitted to the data of a number of DSBs and cell survival from
experimental data.

In 2016, Siam et al. [41] developed a mechanistic model of repair
and mis-repair DNA DSBs damage. The term “mechanistic” means that
the model is based on physical and chemical laws, which includes
parameters with physical, chemical and biological meaning. The model
described the survival of the cells after being irradiated by IR. For
future research, the model will be used to describe the effect of signals
emitted by the irradiated cells towards a bystander cells population. The
model is explained in the following section.
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The Siam et al. [41] model

In 2016, a group of researchers have developed a repair and mis-
repair DNA DSBs damage model which describes how an individual
cell in groups of a population evolves in time. The aim of their paper is
to model the mechanism of the effect on cells directly targeted by IR
using the system of ordinary differential equations (ODEs). They
suggested that the number of cells can be classified into groups
according to their number of DSBs initially. After the repairing process,
the cells move to another group of population based on their number of
DSBs and mis-repair DSBs. Since the soul of the model are based on
the number of DSBs and mis-repair DSBs, according to the agreement
that DSBs are formed in bystander cells, this model is suited to be
applied in RIBE mechanism.

They suggested the survival cells can be determined by the initial
distribution of the number of DSBs produced immediately after the IR
process. Just before the time t = 0, irradiation of dose, D is given to a
population of cells. At time t = 0, the radiation process is completed
and all the initial number of DSBs in each cells have been produced.
The radiation dose, D is incorporated into the model through the initial
distribution of initial number of DSBs in each cell.

They considered Nkm is a group of number of cells having k number
of DSBs and m mis-repair DSBs. The quantity evolves as follows:

Nim(t+42) =Nim(t)-42B(k,m) Nim(t)-4X 5, y(k, m, DNem(t)+
AR o TR (ekiot,m, )y (et i+, )Nk (0. (3)

where § (k, m) is the death rate of cells with k DSBs and m mis-repair
DSBs, y (k, m, 1) is the repair rate of cells with k DSBs and m mis-repair
DSBs repair simultaneously | of them and p (k + i + j, m- j, i, j) where
0O<i+j<kandi+j=1is the probability that a cell with
k + i+ j DSBs and m - j mis-repair DSBs will repair i correctly
and j incorrectly in a unit of time.

In the biological repair process of DSBs, DSBs can be repaired
more than one at a time but they only interested to the case where only
one DSB repair happen at one time. From here, the model has | = 1,
which make i+j = 1. Therefore, y (k, m, ) =y (k, m, 1) equivalent to
y (k, m). There is evidence that the repair rate depends on the number
of repair enzymes and number of DSBs only, and then
y (k, m) becomes y (k). Next, i + j = 1 means that the model in (3) only
has two situations, either i = 1, j = 0 (successful repair of one DSB) or
i =0, j =1 (unsuccessful repair of one DSB). Hence,

Nim(2+48)=Nim(t)-A1B (k,m)Nkm(t)-Aty (k) Nem(t)
+Atp(k+1,m,1,0)y (k+1)Nk+1,m(t)
+Aip(k+1,m-1,0, Dy (k+ D Nestma(D). )

Since the repair process only depends on the number of DSBs, the
probability of successful attempts repairing k + 1 DSBs putted as
p (k+ 1,1, 0), while unsuccessful attempts repairing k + 1 DSBs putted
asp (k + 1,0, 1). The probability of unsuccessful attempts repairing
k + 1 DSBs modified as 1 —p (k + 1, 1, 0). For simplicity, they denoted
the probability of a successful repair of DSBs for the cells contain
k + 1 DSBs by p (k + 1). By taking the limit At — 0, the form of the
model is written as:

dNigm _ Bk, m) Nism-y (k) Nk m+p(K+1) y (k+1)Nk+1,m

dac
+(L-p(k+1))y(k+1)Nirim-1. (5)

fork=0,1,2, ..., kmax, m=0, 1, 2, ..., Kmax With & + m < kmax and Kmax
is the maximum number of DSBs in a population of cells.

To solve the ODEs in (5), the initial condition needs to be specified.
They employed Poisson distribution function with mean, A=4D in order
to generate the initial number of DSBs in each cells after IR process,
where ¢ is the radiosensitivity of targeted cells and D is the radiation
dose. The brief schematic description of the model (5) is shown in

Fig. 4. The blue arrow refers to successful repair, orange arrow refers
to unsuccessful repair and red arrow refers to cells die.

Ni-1,m-1 Nkm-1 Nei+1,m-1
Ni-1,m Nk,m Ni+1,m
Nk-1,m+1 Ni,m=+1 Ni+1,m+1

Fig. 4 Schematic representation of successful and unsuccessful repair
jump into the appropriate group.

SURVIVAL FRACTION MODEL

The mathematical model proposed lead to the formation of the cell
survival curve. A survival fraction (SF) model represents graphically
the relationship between the fraction of survival cells, (SF) and the dose
(D). The simulation performed by Siam et al. [41] can be fitted to the
formation of survival fraction model.

If the number of the surviving cells after completed the repair
process (or after a time interval investigated) denoted as Ns, with the
initial population of cells denoted as No, then SF = Ns/No is the survival
fraction of a population of cells. Cell survival fraction data can be fitted
by an equation of the form:

SF =exp( - aD — BD?). 6)

where D is the dose value, a is the probability of lethal damage due to
combined of DNA DSBs and f is the probability lethal DSBs forming
from accumulated sub-lethal DSBs [42].

This paper presented two experimental data on survival fraction of
direct and bystander cells obtained from published articles. Fig. 5
shows the survival fraction of AGO1522 normal human fibroblasts
cells by Yang et al. [21], while Fig. 6 shows the survival fraction of
human tumor cell lines UVW (glioma) by Boyd et al. [43].

100 l
* —_—
x T
107"
*¥  direct
— SF direct
bystander
SF bystander
1072 .
0 2 4 6 8 10

Fig. 5 Survival cells data from Yang et al. [21] and survival fraction (SF
vs. D).
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Fig. 6 Survival cells data from Boyd et al. [43] and survival fraction (SF
vs. D).

The best fit to Egn. (6) obtained from both survival fraction data
are presented in Table 1. These data show that different type of cells
have difference value of sentivity towards radiation dose and bystander
signals. The value of sensitivity, repair rate and death rate of both data
can be identified through model Eqn. (5) by using parameter estimation
method [44].

Table 1 Coefficient of a and S for both experimental data.

Yang et al. data Boyd et al. data
SF a B SF a B
Direct | 0.33437 | 0.04339 Direct 0.02595 | 0.04383
Bystander | 0.04668 2;(31%‘_31508 Bystander | 0.07603 2;(‘;%?1002

RECOMMENDATIONS FOR FUTURE WORK

As discussed thoroughly in this paper, DNA DSBs damage is
formed in the bystander cells by measuring the y-H2AX foci formation,
a direct biomarker of DSBs. Due to this evidence, with in agreement
towards simulation made by Hattori et al. [34], the number of DSBs
formed after being in contact with danger signal molecules is
proportional to the quantities of signal molecules. The probability of a
bystander cells acquiring k DSBs assumed to follow Poisson
distribution function with mean, 4 = 3C where 3 is DSBs induction
coefficient among the bystander cells and C is described by Eqn. (2).
This is the recommendation for initial distribution of the DNA DSBs
damage in a population of bystander cells. Then, mathematical model
(5) will be used to describe the repair and mis-repair DNA DSBs
damage process in the bystander cells population together with
modification about the repair delay process.

The next recommendations are, the simulation analysis should
involve parameter estimation using the experimental data (as shown in
Fig. 5 and 6). For every mathematical modelling approach towards real
problem, parameter estimation is essential in order to find most suitable
parameters values that reproduce experimental results according to a
given set of experimental data. However, it only gives us confidence on
how good the model can reproduce the set of experimental data used in
the parameter estimation process. Some new predictions must be made
and compare it with another experimental data that are different from
the data used for parameter estimation. This is how one should
investigate the model’s prediction ability. Lastly, sensitivity analysis
towards the model should be made. It will determine which parameters
in the model have strong effects on the behaviour of the model. This

will become a suggestion for radiobiology scientists in conducting their
experiment method and then produce new experimental data which can
be calibrated with our model.

With the above recommendations, this paper concluded here.
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