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ABSTRACT

Radiation-induced bystander effect (RIBE) has been defined as radiation responses observed in nonirradiated cells. It has
been the focus of investigators worldwide due to the deleterious effects it induces in nonirradiated cells. The present study was
performed to investigate whether acute or fractionated irradiation will evoke a differential bystander response in MRC5 cells.
A normal human cell line (MRC5), and a human lung tumor cell line (QU-DB) were exposed to 0, 1, 2, and 4Gy of single acute
or fractionated irradiation of equal fractions with a gap of 6 h. The MRC5 cells were supplemented with the media of irradiated
cells and their micronucleus frequency was determined. The micronucleus frequency after single and fractionated irradiation
did not vary significantly in the MRC5 cells conditioned with autologous or QU-DB cell-irradiated media, except for 4Gy where
the frequency of micronucleated cells was lower in those MRC5 cells cultured in the media of QU-DB-exposed with a single
dose of 4Gy. Our study demonstrates that the radiation-induced bystander effect was almost similar after single acute and

fractionated exposure in MRC5 cells.
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Introduction

Radiation-induced bystander effect (RIBE) has been
defined as radiation responses observed in nonirradiated
cells. It has been widely discussed in the literature!'” and
has been revealed to have a significant role in the radiation
interaction with biological systems.!!” RIBE resembles
a dual edge of a sword in radiotherapy. On one hand, it
has the potential for killing tumor cells, and on the other
hand it causes some damage to normal tissues.®” In most
radiotherapy modalities, fractionated dose regimens are
applied,!"" which would allow the healthy tissue to repair
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the induced damage between the exposures. This can lead
to improved therapeutic ratio; however it is not yet clear if
fractionation enhances or decreases the detrimental effects
of RIBE in normal tissues. Based on our knowledge, in most
RIBE studies, acute irradiation has been performed %1
and hence little information describing the bystander
cffects of fractionated irradiation is available. Some authors
have pointed out the lack of information in this field and
have emphasized on the need for further studies on this

topic. 8141l

The first in vitro study assessing the bystander effects
following a fractionated irradiation regimen was carried
out by Mothersill and Seymour in 2002.1"" The results
indicated that the sparing effects of dose fractionation were
reduced in directly irradiated cells. Although these results
were not supported by Ilnytskyy et al.™ Widel® claimed
that the radiation bystander effect has an important role
during fractionated radiotherapy and implies a risk of
postradiation complication in healthy tissues.

The present study was performed to determine the level
of damage induced by bystander effect (RIBE level) in
fractionated irradiation (two consecutive fractions) and to
compare it with the effects of single-dose irradiation with
the equal dosage.
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Materials and Methods

Overview

QU-DB, a human lung tumor cell line,"” and MRCS5,
a normal human lung fibroblast cell line!"s were selected
as target cells, whereas MRC5s also acted as bystander
cells. These two cell lines were chosen to simulate actual
radiotherapy conditions. In real radiotherapy, tumor cells
are irradiated directly, while nonirradiated/irradiated
normal cells are considered as bystanders which would
receive signals produced by irradiated tumor cells.
Furthermore, from the results of previous studies,!'*"!
it is evident that these cell lines are able to induce
bystander effects and have the potential to be affected
by bystander signals produced by irradiated cells. The
cells were irradiated by Gamma rays from “Co, and the
medium transfer technique was applied to induce RIBE.
Micronucleus formation was considered as the end
point, and in the fractionation regimen, target cells were
irradiated twice with a 6-h interval.

Cell culture

Cell lines were acquired from the Pasteur Institute
in  Tehran, Iran. QU-DB cells were grown in
RPMI-1640 medium (Biosera, England) supplemented
with  10% fetal bovine serum (Biosera, England),
100 units/mL penicillin (Biosera, England), and 100 pg/mL
streptomycin (Biosera, England). MRCS5 cells were cultured
in high glucose DMEM medium (Gibco, Germany)
containing 20% fetal bovine serum (Biosera, England)
and 2 mM L-glutamine (Biosera, England). The applied
concentrations of penicillin and streptomycin were similar
to those used for QU-DB cell cultures. The cultures were
maintained at 37°C in a humidified atmosphere of 95% air

and 5% CO,

Groups and subgroups

Two main bystander groups were defined as O-M and
M-M. MRCS5 bystander cells received the medium from
QU-DB, and MRCS irradiated cells in the O-M and M-M
groups, respectively. Each group contained two subgroups.
In the first subgroup, bystander cells received the medium
from target cells irradiated with a single acute dose,
whereas the second subgroup contained bystander cells
which received the medium from target cells irradiated
twice [Figure 1]. In the latter, the media of target cells was
transferred to the bystander cells, following each fraction.
Moreover, the media of sham-irradiated cells of both single
and fractionated regimens were transferred to bystander
flasks as the control groups. Abbreviations used are as
follows:

SBC = Single bystander cells that received medium from
flasks irradiated with a single acute dose

FBS = Fractionated bystander cells that reccived medium
from flasks irradiated with a fractionated dose.
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Figure 1: Classification of the bystander cell groups

Preparation of target and bystander flasks

Two days prior to irradiation, subconfluent cells were
trypsinized and cultured in 10 cm? flasks. Flasks containing
QU-DB cells were prepared as target flasks; whereas,
MRCS5 cells were cultured in some flasks as target cells, and
in others as bystander cells.

Irradiation

Irradiation was performed with Gamma rays emitted
from a “Co teletherapy unit (Theratron, Phoenix model)
at room temperature. The mean dose rate was (.72 Gy/min.
The field size was 15 x 15 cm and the source to surface
distance was 70 cm. Target flasks were placed on a water
phantom (30 X 30 x 10 ¢cm) which is used for dosimetry.
The height of the culture media in the flasks was 5 mm;
hence, the cells attached to the bottom of the flasks were
at the depth of maximum emission dosage of “Co Gamma
rays. Following irradiation, the flasks were returned to the
incubator. In cases of fractionated irradiation, the time
interval between the two subsequent irradiations was 6 h. It
ensured that adequate time was given to the cells to repair
their radiation-induced injuries.

Medium transfer

The medium transfer technique was used to induce a
bystander effect in nonirradiated cells. One hour following
irradiation, media of the target flasks was collected and
filtered through 0.22 pm acetate cellulose filters (Orange
Scientific, Belgium), and then transferred to specified
bystander flasks. Filtering was carried out to ensure that the
target cells were not transferred to the bystander flasks. For
fractionated subgroups, medium transfer was performed
after each fraction.

Micronucleus assay

The cytokinesis block technique was applied to determine
the number of cells containing micronucleus (MNBN
cells.?*2 After the last medium transfer, the bystander
flasks were exposed to 2 pug/mL cytochalasin B, and were
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placed in an incubator for 45 h. The culture medium
was then removed; cells in the flasks were washed with
phosphate-buffered saline, and fixed in situ in 100%
methanol. Finally, they were stained with 10% Giemsa for
7 min and were viewed at X 400 magnification. At least,
1000 binucleated cells were scored on each slide and the
number of MNBN cells was determined.

Statistical analysis

All the data acquired in this study had a normal
distribution; therefore, statistical analysis was performed
using one-way analysis of variance and Tukey’s multiple
comparison tests at P < 0.05.

Results

All the data presented in the following section are based
on the mean of at least six independent measurements.

Micronucleus induction in bystander cells of the
M-M group

Table 1 shows the frequency of MNBN cells in the
MRC5 bystander group, which received the medium
from autologous-irradiated cells. The frequency of MNBN
cells in all subgroups was statistically different when
compared with the control group (P < 0.001). However,
no significant difference was observed between the
subgroups (P > 0.05). In other words, the RIBE level in
the single dose regimen was independent of dose and was
equal to the corresponding values of the fractionation
regimen. For example, both a 4 Gy single acute (4 Gy
SBC), and fractionated (4 Gy FBC) dose induced the
same number of MNBN cells (P = 0.334). The same effect
occurred for 2 Gy, as the frequency of MNBN cells for
2 Gy SBC and 2 Gy I'BC (2 x 1 Gy) was not significantly
different (P = 1.000). In order to determine the possible
recurrence of RIBE following a second irradiation, 1 Gy
SBC was compared with 2 Gy FBC (2 x 1 Gy), and 2 Gy
SBC was compared with 4 Gy FBC (2 x 2 Gy). In both
cases, there was no significant difference between the
compared subgroups (P > 0.05).

Micronucleus induction in bystander cells of the
Q-M group

Table 2 represents the number of MNBN cells in the
MRC5 bystander group which received medium from
OU-DB-irradiated cells. In all subgroups, the number
of MNBN cells was significantly higher than the control
group (P < 0.001). Tukey’s multiple tests indicated
no significant difference between 1 Gy SBC and 2Gy
SBC (P =1.000). However, these subgroups were statistically
different from 4 Gy SBC (P < 0.001), as experienced in a
previous study. The difference between 2 Gy SBC, and
2 Gy I'BC (2 x 1 Gy) was also nonsignificant (P = 0.604).
Thus, single and fractionated radiation in this dose had the
same bystander effects. [However, a significant difference
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Table 1: Number of micronucleated cells per
1000 binucleated cells (MNBN) when MRCS5 cells
received medium from autologous irradiated cells

Subgroup/dose (Gy) MNBN (mean)+ SD1¢ Range
Single dose 0 (single dose control) 19.17£2.927 16-24
1 Gy SBC 30.67+2.805 27-34
2 Gy SBC 33.5£1.975 30-36
4 Gy SBC 31.67+£4.179 27-38
Fractionated O (fractionated control) 18.33+2.50 16-23
2 Gy FBC (2x1 Gy) 32.5+3.391 28-37
4 Gy FBC (2x2 Gy) 36.67+4.719 30-
42

2Errors indicate the standard deviation of the mean for n=6 independent
experiments, b Indicate the statistical difference between 4Gy fractionated
bystander cells and 4Gy single bystander cells. FBC: Fractionated
bystander cells, SBC: Single bystander cells, SD: Standard deviation

Table 2: Number of micronucleated cells per
1000 binucleated cells (MNBN) when MRC5 cells
received medium from QU-DB-irradiated cells

Subgroup/dose (Gy) MNBN (mean) +SD* Range
Single dose 0 (single dose control) 20.17+3.061 16-24
1 Gy SBC 55.17+5.193 48-61
2 Gy SBC 55.50+4.416 48-61
4 Gy SBC 38.17+2.639 35-2
Fractionated O (fractionated control) 20+3.09 17-25
2 Gy FBC (2x1 Gy) 51.67+3.204 48-56
4 Gy FBC (2x2 Gy)° 50.17+5.492 43-
57

2Errors indicate the standard deviation of the mean for n=6 independent
experiments. FBC: Fractionated bystander cells, SBC: Single bystander cells,
SD: Standard deviation

was observed between 4 Gy SBC, and 4 Gy FBC (2 x 2 Gy)
subgroups (P < 0.001). Yet, when 2 Gy SBC was compared
with4 Gy FBC (2 x 2 Gy), the difference was not statistically
significant (P = 0.256). Similar results were also obtained

for 1 Gy SBC and 2 Gy FBC (2 X 1 Gy) (P = 0.373).

Figure 2 represents the dose-response relationship of the
two groups, when they were affected by the single acute
dose regimen.

Discussion

In a previous study, it was found that the RIBE level in
MRCS cells was independent of dose, that is, 0.5, 2, and
4 Gy were able to induce the same effects on bystander
cells." Therefore, it was concluded that if fractionated
irradiation results in the occurrence of RIBE following
each fraction, it may also enhance the RIBE level when
compared with an equal single dose irradiation. In other
words, it is expected to observe a higher RIBE level in
4 Gy FBC (2 x 2 Gy) than in 4 Gy SBC. To verify the
correctness of this assumption, target cells were irradiated
by a fractionated or single dose regimen and the RIBE level
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Figure 2: The dose-response relationship of the M-M and Q-M groups for
single-dose irradiation

was compared in their corresponding bystander cells, that
is, the 2 Gy single dose was compared with two fractions of
1 Gy, as well as the 4 Gy single dose being compared with
two fractions of 2 Gy.

Before comparing the fractionated and single dose
regimens, 1 Gy SBC was compared with2 Gy I'BC (2 x 1 Gy)
as well as 2 Gy SBC with 4Gy FBC (2 x 2 Gy). The purpose
of this comparison was to determine whether bystander
damages were regenerated as a result of the second fraction.
The results revealed the MNBN cell frequencies of 1 Gy
SBC, and 2 Gy FBC (2 x 1 Gy) to be equal (P > 0.05).
It meant that no additional damage was generated after
the second fraction. Similar results were obtained when
2 Gy SBC, and 4 Gy FBC (2 x 2 Gy) were compared. To
explain this observation, it should be kept in mind that the
bystander response of MRCS5 cells in a single dose regimen
was independent of dose. This indicates that the RIBE
level is constant, or reaches a saturated level [Iigure 1] and
therefore could not be increased as a result of the second
radiation dose.

When single doses were compared with equal fractionated
doses, no significant difference was observed between 2 Gy
SBC, and 2 Gy FBC (2 x 1 Gy), in both the M-M and O-M
groups. This was accordingly true for 4 Gy SBC, and 4 Gy
FBC (2 x 2 Gy) in the M-M group. This finding indicates
that single and fractionated dose irradiation have similar
effects on bystander cells. However, there was an exception; in
the O-M group the RIBE level increased when a dose of 4 Gy
was divided into two equal fractions [Table 2]. To clarify this
finding, it is necessary to remember that the RIBE level in 4 Gy
SBC was lower than the saturated/constant level. This finding
was previously attributed to a probable negative feedback
induced in bystander cells as a result of a large quantity of
bystander signals produced by target cells."”! Conversely, Blyth
and Sykes? have suggested that the reduction of bystander
signals produced by the target cells, due to their death in high
dose would cause a reduction in the RIBE level. It is not clear
which of these two theories 1s correct; however, if the negative

feedback theory is accepted, it is reasonable to conclude that
the fractionated dose has reduced the bystander signals,
eliminated the negative feedback, and increased the RIBE
level. Based on the results which showed bystander damages
not to have regenerated after the second fraction, it could be
concluded that the RIBE damages induced by 4 Gy in O-M
FBC (2 x 2 Gy) were only due to the first fraction.

Mothersill and Seymour!'® studied the effects of dose
fractionation on RIBE in a keratinocyte cell line. Unlike the
results of this study, they found that the fractionated dose
was more toxic than a single dose. Results of the present
study are also in contrast to Widels™® findings in low dose.
Widel observed that the bystander damage induced by three
fractions (3 X 0.5 Gy) is more than one fraction meaning
that the damages caused by the second and third fractions
are added to those of the first fraction. However, at higher
doses, the quantity of damages induced by one (2 Gy)
or three fractions (3 X 2 Gy) was the same. The latter
observation is in agreement with the results of the present
study. The accumulation of direct and bystander effects
has also been discussed and investigated by Zhang et al.1®’!
The authors described that the short-time incubation of
cells with conditioned medium extracted from target cells
acts as a priming dose, which induces radiation adaption
against subsequent direct irradiation. However, increasing
the incubation time could reverse the effect and cause
RIBE adverse effects to be added to the direct ones.
Different results obtained from different studies may be
attributed to the different experimental conditions, and
different cell types which have been studied. It is predicted
that the dose-response relationship is an effective factor
which determines the efficacy of dose fractionation. As
in the present study, the inefficacy of dose fractionation
was attributed to the constant response of MRC5 cells.
Therefore, further studies mainly focusing on cell lines
with a dose-dependent response to bystander signals are
required in this respect.

The number of MNBN cells in the O-M group was
significantly higher than the corresponding values of the
M-M group (P < 0.01). This observation indicates that in
1 and 2 Gy, QU-DB target cells were more capable than
MRCS5 target cells to induce micronucleus in bystander
cells. In the previous study, such difference in RIBE
was not observed in MRCS5 cells exposed to single dose
radiation. Besides, MNBN cells frequency in both groups
was lower than the values obtained in the present study.
This may be attributed to different time intervals between
irradiation and the medium transfer. In the present study,
the time interval was 1 h, whereas in the mentioned one!'!
it was 24 h.

In summary, RIBE did not increase as a result of
fractionated irradiation as the MNBN cell frequencies
were almost similar for both single acute and fractionated
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doses. It is a desirable observation, as it indicates that the
fractionated regimen applied in radiotherapy may not
increase the RIBE level in normal lung fibroblast cells.
However, it has yet to be further approved by in vivo
experiments. F'urthermore, as the phenomenological picture
of RIBE depends on the culture media and experimental
design, it is recommended to investigate other end points
and fractionated regimens (with three or more fractions) in
future research.
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