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Direct evidence for a bystander effect of ionizing
radiation in primary human fibroblasts
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Summary Bystander responses underlie some of the current efforts to develop gene therapy approaches for cancer treatment. Similarly, they
may have a role in strategies to treat tumours with targeted radioisotopes. In this study we show direct evidence for the production of a
radiation-induced bystander response in primary human fibroblasts. We utilize a novel approach of using a charged-particle microbeam,
which allows individual cells within a population to be selected and targeted with counted charged particles. Individual primary human
fibroblasts within a population of 600-800 cells were targeted with between 1 and 15 helium ions (effectively, a-particles). The charged
particles were delivered through the centre of the nucleus with an accuracy of + 2 pm and a detection and counting efficiency of greater than
99%. When scored 3 days later, even though only a single cell had been targeted, typically an additional 80-100 damaged cells were
observed in the surviving population of about 5000 cells. The yield of damaged cells was independent of the number of charged particles
delivered to the targeted cell. Similar results of a 2—-3-fold increase in the background level of damage present in the population were
observed whether 1 or 4 cells were targeted within the dish. Also, when 200 cells within one quadrant of the dish were exposed to radiation,
there was a 2-3-fold increase in the damage level in an unexposed quadrant of the dish. This effect was independent of the presence of
serum in the culture medium and was only observed when a cell was targeted, but not when only the medium was exposed, confirming that
a cell-mediated response is involved. © 2001 Cancer Research Campaign http://www.bjcancer.com
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The common perception of the pathways involved in radiatiorsignificant they may provide a novel mechanism of improving
effects in cellular systems is that direct damage to nuclear DNA isargeted-radiation approaches.
a requirement which leads to mutation, transformation or cell Two different manifestations of a radiation-induced bystander
death only in the initially damaged cell. This view has been chaleffect have previously been reported. Studies have reported the
lenged with observations of radiation-induced bystander effectqroduction of culture medium-derived factors induced by low-
These are measures of changes in cells, which were not initiallyET radiation in epithelial cells (Seymour and Mothersill, 1997;
traversed by the tracks of ionizing radiation, also referred to aMothersill and Seymour, 1998; Mothersill et al, 2000) but not
non-targeted effects (Little, 2000; Michael et al, 2000; Ward, 2000n fibroblasts. Other studies monitoring the effects of low doses
for reviews). These observations may have significant implicaef a-particles, where only a few cells within a population are
tions for current risk estimates for low doses of radiation exposureraversed have also shown media-derived factors. Two species have
The current human respiratory tract model for radiation protectiotbeen observed (Deshpande et al, 1996; Lehnert and Goodwin,
assumes that traversals @fparticles through the nuclei of the 1997); one which is short-lived and is produced when serum-
target cells within the lung alone leads to the induction of cancerontaining medium is irradiated in the absence of cells and one
(ICRP, 1994). As bystander effects occur when only a few cellsvhich is longer lived and requires the irradiation of cells.
within a population are hit (Nagasawa and Little, 1992) the impli-These studies have suggested that the short-lived factor could be
cations for extrapolation from conventional experimental datainvolved in the formation of superoxide radicals, possibly as prod-
where high doses and high numbers of cells targeted have beaats of lipid peroxidation. The long-lived cell-dependent factor was
used (to that of relevance to radiation risk) need to be addressqumbstulated to be a cytokine such as @N#ecause of its known
Radiation-induced bystander responses may be different frofSCE-inducing activity. Further studies by the group confirmed the
other chemically mediated bystander responses. For examplieyvolvement of reactive oxygen species (ROS) such as hydrogen
bystander responses are criticality important for improving thegeroxide and superoxide anions. Underlying these responses may
efficacy of gene therapy approaches for cancer treatment, such las an involvement of gap junctional intracellular communication
those using the hsvTK-ganciclovir system (Mesnil et al, 1996)(Azzam et al, 1998; Bishayee et al, 1999), although this has not
where diffusion of known toxic metabolites leads to neighbouringoeen observed in all systems (Seymour and Mothersill, 1999).
cell killing. However, if radiation-induced bystander responses arénother important aspect is the dependence on radiation quality or
LET (linear energy transfer), particularly at the lowest possible
dose, that of a single particle traversal (Prise et al, 1998).

Received 19 July 2000 In this study, using a charged particle microbeam system
Revised 13 November 2000 (Folkard et al, 1997a, 1997b), we have tested directly whether
Accepted 17 November 2000 bystander effects occur in populations of primary human fibro-
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precise numbers of charge particles. We show evidence that ev a) B)
when a single cell within a population is traversed with a singl
helium ion a bystander response is observed.

MATERIALS AND METHODS

Cell culture and irradiation

Primary human AGO01552B fibroblasts were obtained from the

National Institute of Ageing Cell Repository (Coriell Institute for

Medical Research, USA). These were routinely maintained at loWigure 2 Images of a damaged cell scored 3 days after irradiation with
ber i dified Eagl Mini | E tial Medi helium-3 ions. (A) shows a single micronucleus within the same cell with a

passage number o-mo '_'e agles Minimal £ssential Mé 'um normal nucleus. (B) shows heavily damaged nuclei probably within more

(aMEM) supplemented with 20 % (v/v) fetal calf serum, penicillin than one cell with some evidence of fragmentation

(100 1U mfY) and streptomycin (100g ml™) at 37°C in an atmo-

sphere of 95% air:5% COFor microbeam experiments, plateau

phase cells were seeded into specially designed dishes (FolkdMicronucleus analysis

et al, 1997a) consisting of a 34 mm diameter base composed offgy; scoring of damaged cells, the medium was removed, the
4 pm thick polypropylene membrane which had been pretreateghonolayer washed in phosphate-buffered saline (PBS), fixed in
with 1 pg mi CellTak adhesive (Becton Dickinson, USA). Cells 1009 methanol and stained for 20 min with 0.5% (w/v) acridine
were seeded 16 h prior to irradiation to allow full attachment angyrange. This was followed by washing and destaining in PBS for
>90% were in Gat the time of irradiation. Typically cells were 1 h followed by air-drying, before scoring. Micronuclei appeared
seeded at a density to allow 600-800 cells per 10mm area of 55 green coloured round bodies well separated from the main
the dish. 2 h prior to irradiation cells were incubated wifiml  nycleus and the number of cells with micronuclei were determined
Hoechst 33258. At the time of irradiation the cell culture wasfor each dish as previously described (Belyakov et al, 1999). Some
replaced with fresh medium (including serum) containing 20 MMapoptotic cells were also observed during scoring and these were

HEPES and irradiation performed at room temperature. Cellg|assified on the basis of morphological criteria (Kerr et al, 1972).
which were irradiated, had particles delivered through the centre of

the cell nucleus. The irradiation procedure typically took aroundRESULTS

10 min after which fresh medium was added to the cells and incu-

bation continued at 37°C for up to 3 days prior to scoring. In somén this study, 3 types of experiment were performed in specially
experiments cells were pre-treated with a dose of 240 kV X-raysonstructed 4m polypropylene-based dishes which were divided
delivered at a dose rate of 1.8 Gy mjrapproximately 10 min into 4 quadrants (each& mm) in software (Figure 1). Normally,
before placing them on the microbeam stage. Full details of th600-800 cells were seeded in the whole dish. Dishes were then
physical set-up of the microbeam have been given in previouglaced on the micropositioning stage of the microbeam and one of
publications (Folkard et al, 1997a, 1997b). Helium-3 ions with arthe following routines performed:

y .
LET to f _l(t)O_keme d bwir:e usedl as tsurrogtamepe;]rtllc_:les. 3Dye 0 th1. One cell located in the centre of the area (a) and exposed to
constraints imposed by the accelerator system, helium-3 ions, rather ; ;5 0jiim. 3 particles,

than a-particles (helium-4), had to be used to achieve adequati One cell (b, c, d, or e) located in each of the four regions 1, 2
penetration of the cells. However, in terms of their biological 3 4 and ex’po,seld t0 1-15 particles T

effectiveness both radiations are considered to be equivalent. 3. Allthe cells in one area (e.g. region 1) found and irradiated.

All the cells in a second region located and (e.g. region 2) used
as a control.

Figure 2A shows a typically damaged cell, stained with acridine
orange, scored 3 days after irradiation with a micronucleus
contained within the cytoplasm. Figure 2B shows a heavily frag-
mented group of nuclei, which typically were around 10% of all the
damaged cells, observed in the irradiated experiments. Table 1
Region 1 Region 2 shows the distributions of damaged cells scored 3 days after 1 or 4
cells were irradiated in the starting population. 3 days was chosen as
@ @ the scoring time as this represents the peak formation of micronucle-
ated cells in this population in studies where conventionally deliv-
10 mm @) ered (i.e. non-targeted) helium ions were used (Belyakov et al,
1999). Typically, the level of damaged cells in the control dishes
@ @ was around 1% given absolute numbers of damaged cells of
between 30-80 cells, depending on the number of cells scored 3
Region 3 Region 4 days later. Targeting a single cell leads on average to 3% damagec
' cells being detected, typically leading to the observation of around
Figure 1 Layout of areas of dish used fortarget_ed e_xperiments. C_eIIs were 120-180 damaged cells, 3 days later (see Table 1). This equates ft
found at individual locations (a, b, c, d, or e) and irradiated. Alternatively, all around 100 damaged cells being produced within a population of

the cells within one quadrant (i.e. regions 1, 2, 3 or 4) were automatically ; o . )
located and revisited with or without irradiation 5000 cells when a single cells is irradiated. Interestingly, we also

10 mm
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Table 1  Numbers of damaged cells scored in control dishes and those where 1 or 4 cells had been targeted with precise numbers of helium ions

Number of particles Number of cells Total cells scored Total number of Fraction of cells
per targeted cell targeted per dish damaged cells damaged
0 1 4588 48 0.010
0 1 5153 75 0.015
0 1 6108 79 0.013
0 1 5067 82 0.016
0 1 3891 41 0.011
0 1 6893 80 0.012
0 4 3076 30 0.010
0 4 4536 36 0.008
0 4 3429 54 0.016
0 4 2130 16 0.008
0 4 7428 68 0.009
0 4 5500 41 0.007
1 1 3704 126 0.034
1 1 4591 159 0.035
1 1 6023 183 0.030
1 1 5212 115 0.022
1 1 6102 191 0.031
1 4 3813 94 0.025
1 4 3800 115 0.030
3 1 3562 105 0.029
3 1 4326 110 0.025
3 4 4911 165 0.034
5 1 3324 117 0.035
5 1 5021 162 0.032
5 1 4568 170 0.037
5 4 3256 110 0.034
5 4 3091 99 0.032
5 4 2692 67 0.025
5 4 5240 170 0.032
10 1 4731 55 0.012
10 4 4458 127 0.028
10 4 4402 108 0.025
15 1 4588 136 0.030
15 1 4989 140 0.028
15 4 3944 165 0.042
15 4 3724 115 0.031
0.05
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N : ] I cells scanned
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Figure 3  Fraction of damaged cells measured in the population after a irradiated dish

single cell (I ) or 4 cells («) are exposed to individually counted particles.

Cells were scored 3 days after irradiation Figure 4 Level of damaged cells present in the control regions of irradiated
dishes versus dishes where no cells were irradiated (P < 0.05). Open bars
represent dishes where cells were not automatically scanned and revisited
using our computerized imaging system

observed some heavily damaged cells indicative of apoptotic cellspicronucleated ones and classified them as total cell damage
although at a lower frequency than for micronucleation. In thigAbend et al, 2000). The control population in these cases was also
study however, we have grouped these cells together with thexposed to particle traversals. In this case a single particle was
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placed in each dish but in an area without a cell present. In sor
experiments, 1000—-2000 particles were delivered in an area of t |
dish with no cells present as part of the beam alignment bear 035 -
Again, no significant increase in the level of damaged cells we 1
observed relative to untargeted dishes. Overall, the total numbers g 9%

0.040

cells present for scoring 3 days later were not significantly differer g 0.025 -
in dishes where cells had been directly targeted from those Whe§ ]
cells had not been directly targeted. From scoring these damag g 0.020 -
cell types (Table 1), we obtained a plot of the fraction of damage“g 0015 1
cells versus particle number delivered to the selected cell (Figure (£

Importantly, the yields of damaged cells are independent of tr £ 0.010 -
numbers of particles delivered giving a constant damaged fractic 1
of around 3%. ]

We also determined the effect of irradiating 4 cells within the 4

0.005 A

population and measuring the damaged cells. These targeted ci Control Noserum X-rays  X-rays  Medium 1 cell

were selected at random towards the centre of each of the 4 qu: ta%gc:tgd only t;;;‘z'g tarf;‘;’;‘ed tfn'ggi‘:d
rants of the dish (see Figure 1). Table 1 also shows the distrib dish  changed
tions of damaged cells observed under these conditions. Similar immed

the targeting of a single cell, an increase frequency of damaged

. . . . ; o Figure 5 Modulation of the effects of the bystander response with damaged
cells is observed in the polpulatlon.' Again the increase is IndepeceIIs scored 3 days after irradiation. 1) Control dishes where an area was
dent of the number of particles delivered to the targeted cells (Stargeted without a cell present. 2) A single cell was targeted with helium ions

Figure 3). in the absence of serum (P < 0.001). 3) Cells were exposed to 0.1 Gy of

. . . . X-rays with no cells targeted, in the presence of serum (P < 0.05). 4) After
0, .
In a separate series of experiments we irradiated 25% (150-2Cqyposure to X-rays a single cell was targeted with helium ions, in the
of the cells present with varying doses of helium ions. This we dipresence of serum (P < 0.001). 5) Medium (+serum) from dishes where a

by automatically findina and locating the cells withi single cell was targeted was added to unexposed dishes immediately after
y Yy 9 9 within 1 quadranirradiation and incubated for 30 min (not significant). 6) A single cell was

using our computerized imaging system. An increased level Gargeted within a dish and the media (+serum) changed immediately after
damage was observed in the non-exposed cells, scored inirradiation for fresh medium, (+serum) within 5 minutes (P < 0.05). In all

diferent quachant. The level of damaged cells was independent e ceses i st dference n i evel of et v oberied by
whether we scanned and located cells at the time of irradiation u.
the control or irradiated regions (see Figure 4). As for the
experiments where we had targeted only 1 or 4 cells we observecell is present there is an increased probability of a damaged cell
2-fold increase in the level of damaged cells. being close by. The same phenomena may also be present in the
We have also determined whether the response we observeusexposed controls however, and due to the small numbers of
dependent on the presence of serum in the medium at the time @dmaged cells present it is difficult to rule this out statistically.
irradiation, as this has been reported to be a source of short-livedIn terms of absolute numbers, the targeting of a single cell leads
bystander activity (Emerit, 1994; Deshpande et al, 1996; Lehnetb an additional 100 cells on average being damaged and these ca
and Goodwin, 1997). Figure 5 shows the degree of bystanddre located throughout the region. Given this level of damage
response in the absence of serum. Also shown is the effect of pramplification, it should in theory be very easy to inactivate a popu-
treating the dish with X-rays (0.1 Gy) prior to irradiating a singlelation of cells when these are exposed to charged particles as the
cell. Irradiating every cell with 0.1 Gy leads to a significant bulk of the effect will be due to a bystander response. In practice,
increase in the level of damaged cells present. Despite thighis level of damage amplification is not observed when conven-
however when we then target a single cell within this populatioriional exposures of average numbers of particles are delivered
we still observe a bystander effect leading to an additional ~2-fol@Belyakov et al, 1999). Also, if every cell is targeted with a single
increase in the level of damaged cells. We have also tested thelium ion, the level of damaged cells present is around 5%
ability of the effect to be transferred by addition of media andMalcolmson et al, submitted). Our experiments where we
serum from irradiated cells onto dishes with non-exposed cells. Npretreated the whole population uniformly with a low dose of X-
significant change in the level of damaged cells in a control dislhays also suggest that the effect is not dependent on the presence ¢
was observed when it had medium transferred to it from a dish inon-hit cells, as a bystander effect is still observed when a single
which a single cell had been targeted. cell is subsequently targeted (Figure 5). The effect of targeting a
single cell with helium ions under these conditions produces a
higher fraction of damaged cells compared to that vevenycell
is targeted with 0.1 Gy of X-rays, indicative of a significant
In this study we have demonstrated direct evidence for the produdamage amplification.
tion of a radiation-induced bystander effect in primary human In this study, we have concentrated on measuring chromosomal
fibroblasts. Damaged cells were scored 3 days after irradiation asmage, in particular micronucleation, which will frequently lead
our previous studies in this system have shown that this is the petk cell death. Other workers have shown that radiation-induced
expression time for damaged cells in experiments with convergenomic instability can occur via the bystander effect (Lorimore
tional radiations (Belyakov et al, 1999). Damaged cells wereet al, 1998) leading to both chromosomal and chromatid aberra-
present across the entire area of the dish«(10 mm). However, tions. Thus the measurements of only micronucleated cells we
some evidence for non-uniformity of the expression of thehave made here may lead to an underestimation of the effects.
damage (using cluster analysis) was observed i.e. when a damagdedreased proliferation has been reported to occur after irradiation

DISCUSSION
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of cell populations with low numbers atparticles, where only a delineate the differences between the response of directly targeted
few cells are traversed by tracks (lyer and Lehnert, 2000). Thisellular effects and those produced in non-targeted bystander cells.
occurs via the production of TRand decreased levels of TP53  In summary, we present direct evidence for the production of a
and CDKN1A. In our study we have not observed any significantadiation-induced bystander response in non-hit cells neigh-
changes in cell proliferation within the time window of thesebouring those targeted with individual charged particles through
experiments. However limited numbers of cells were used in thesheir nucleus. This response is observed when only a single cell
experiments (see Table 1). We cannot rule out that some of theithin a population is targeted with a single helium ion and is
damaged cells we observe may be due to instability induced in thiedependent of the dose delivered to the targeted cell.

initially exposed population. Given the modest increase in growth

reported by other workers (~1.4 fold at day 3; lyer and Lehnert,

2000) and the low initial numbers of cells exposed here, it sugges&CKNOWLEDGEMENTS

that if instability |s.S|gn|f|cant it is predom!nantly observedl " The authors are grateful to the Cancer Research Campaign and the
bystander cells. Evidence for altered mutation frequencies in thB . :
epartment of Health (UK) for supporting these studies.

surviving progeny of irradiated CHO cells has also recently been
reported (Nagasawa and Little, 1999). Overall the bystander effect

we report here is small, i.e. a 2-3 fold increase in the background

frequency of damage. This, however may still be significantREFERENCES
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