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Abstract
Environmental 222radon exposure is a human health concern, and many studies demonstrate that
very low doses of high LET α-particle irradiation initiate deleterious genetic consequences in both
irradiated and non-irradiated bystander cells. One consequence, radiation-induced genomic
instability (RIGI), is a hallmark of tumorigenesis and is often assessed by measuring delayed
chromosomal aberrations. We utilised a technique that facilitates transient immobilization of
primary lymphocytes for targeted microbeam irradiation and have reported that environmentally
relevant doses, e.g. a single 3He2+ particle traversal to a single cell, are sufficient to induce RIGI.
Herein we sought to determine differences in radiation response in lymphocytes isolated from five
healthy male donors. Primary lymphocytes were irradiated with a single particle per cell nucleus.
We found evidence for inter-individual variation in radiation response (RIGI, measured as delayed
chromosome aberrations). Although this was not highly significant, it was possibly masked by
high levels of intra-individual variation. While there are many studies showing a link between
genetic predisposition and RIGI, there are few studies linking genetic background with bystander
effects in normal human lymphocytes. In an attempt to investigate inter-individual variation in the
induction of bystander effects, primary lymphocytes were irradiated with a single particle under
conditions where fractions of the population were traversed. We showed a marked genotype-
dependent bystander response in one donor after exposure to 15% of the population. The findings
may also be regarded as a radiation-induced genotype-dependent bystander effect triggering an
instability phenotype.
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1. Introduction
Radiation exposure can lead to a number of cellular changes that resemble those observed
during tumorigenesis. A hallmark of tumorigenesis, genomic instability (GI), describes an
increased rate in the accumulation of new genetic alterations and is frequently assessed
using cytogenetic analysis of chromosomes both in clinical and research settings. In addition
to being a characteristic of tumorigenesis and being observed in a large fraction of the
progeny of irradiated cells, radiation-induced genomic instability (RIGI) has also been
reported in unirradiated cells (bystander cells) that are in the vicinity of, and able to
communicate with, irradiated cells [1,2]. Understanding radiation-induced bystander effects
(RIBE) is crucial for a complete elucidation of radiation exposures, including those used for
therapy [3] and several possible mechanisms and candidate genes responsible have been
identified [4]. In particular, significant evidence for abscopal effects [2] in patients treated
with radiation could be manifestations of bystander responses. Radon and its degradation
progeny are ubiquitous in the environment and exposure may be linked to lung cancer in
miners [5] and lung fibrosis in plutonium workers [6]; furthermore, indoor radon exposure
has been associated with lung cancer risk [7] and leukaemia [8]. At relevant exposure levels,
cells at risk in the human body will predominantly only see a single particle traversal and
therefore bystander responses may be important in overall risk.

Measurement of cytogenetic aberrations in peripheral lymphocytes is commonly used for
biological dosimetry following occupational or accidental exposure to individuals [9] or for
retrospective dosimetry [10,11], and can also help to predict the risk of side effects after
radiation therapy [12,13], and may even be helpful in predicting cancer risk [14,15].

Inter-individual differences in chromosome aberration frequencies after low linear energy
transfer (LET) γ-irradiation have been reported [16]. This study also found substantial intra-
individual variation with time, which might confound interpretation of inter-individual
variation. However, over extended periods (12 years and 200 samplings), it has been
reported that mean spontaneous chromosome aberration frequency for a single subject is
relatively constant [17]. Inter-individual variation in the induction of chromosome damage
has been associated with for instance, DNA repair gene polymorphisms [18] and even
seasonal variations in ambient temperature [19].

In our previous studies with several normal human bone marrow samples, we demonstrated
inter-individual variation in the level of RIGI after high LET α-particle irradiation, such as
would occur with radon exposure, where only 2/4 individuals were sensitive to the induction
of GI [20,21]. However, these studies were performed using a broad-beam 238Pu source,
where the number of particle traversals per cell follows a Poisson distribution. Exposure to
radon to the vast majority of the population rarely occurs and is generally such that very few
cells in the lung will ever be traversed and those that do will only ever see a single charged
particle traversal [22], suggesting the need for more precisely targeted high LET sources to
faithfully replicate the in vivo or environmental exposure condition. Charged particle
microbeams have emerged as powerful tools to target exact numbers of cells for irradiation
by precise numbers of particle, and have been used in recent years to study a wide range of
biological endpoints [23]. Additionally, as precise fractions of the cellular population may
be targeted, microbeams are ideal to study effects in unirradiated bystander cells [24,25].We
have developed techniques that allow the transient immobilization of primary human
lymphocytes [26], which are otherwise non-adherent and thus not amenable to microbeam
studies; in doing so, we combine irradiation of a common cell type used in biological
dosimetry and exposure assessments with precise irradiation conditions that mimic the
environmental exposure situation under controlled laboratory conditions. Using lymphocytes
from a single donor, we have previously reported that nuclear traversal of all cells in a
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population with a single or two 3He2+ particles results in a significant induction of RIGI
[27]. Also, nuclear traversal of fractions of the cellular population with a single 3He2+

particle results in a marked induction of RIGI, suggesting a significant contribution of
bystander effects.

In this study we couple the measurement of delayed chromosome aberrations (RIGI) in
primary lymphocytes from five donors following targeted microbeam irradiation to address
the hypothesis that inter-individual differences in radiation response in terms of induction of
RIGI will be evident between healthy donors, and that intra-individual variations will also
exist under bystander experimental conditions.

2. Materials and methods
Primary human T-lymphocytes were isolated from five healthy donors as described [28] and
in accordance with the guidelines of Responsibility in Investigations on Human Participants
and Material and on Personal Information (MRC Ethics Series, November 1992). Ampoules
were stored in liquid nitrogen. Donors were numerically coded as 12, 21, 31, 51 and 61.
Mean donor age (years) was 42.4 (±5.13 SD), ranging between 35 and 48. All donors were
healthy non-smoking males. Data for ambient temperature at time of blood collection are
from the UK Met Office, http://www.metoffice.com/climate/uk/.

At least 6 hr before the experiment, 4 μm thick based polypropylene tissue culture plates
(microbeam dishes) were treated with the biological adherent Cell Tak (Fahrenheit
Scientific) as described [26]. On the day of the experiment, a single ampoule of cells was
thawed and washed. The cells were resuspended in fresh complete media; RPMI 1640
(Gibco, UK) supplemented with 10% heat-inactivated foetal bovine serum (PAA, UK) 2
mM sodium pyruvate, 100 μg/ml penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine,
100 IU/ml interleukin 2 (Sigma, UK) with 2× normal concentration Phytohaemagglutinin
(100 μl/ml, Invitrogen, UK) to facilitate attachment and stained with a 0.8 μM of Hoechst
33258 to highlight the cell nucleus for targeting [26]. Microbeam dishes were seed with
approximately 1 × 104 cells in 30 μl complete medium. Unattached cells were removed by
washing in supplemented RPMI with 20 mM HEPES. Cells were plated at low density to
minimize the potential for overlap and approximately 500-1000 cells remained attached after
washing. Exact cell number per plate was determined when plates were scanned on the
microbeam. The cells were irradiated in 2 ml of supplemented RPMI with 20 mM HEPES.
All irradiations were performed at room temperature.

The Gray Cancer Institute charged particle microbeam was used for all irradiations,
described in [26]. The efficiency of delivering a single particle to a specified target (±2 μm)
is >99%, in comparison to the size of human lymphocytes (6–7 μm diameter). Fractions of
the population were irradiated at G0/G1 of the cell cycle, with precisely one 3He2+ particle
(105 KeV/μm) delivered through the centre of each nucleus. Irradiation of a single cell with
a single particle took less than a second and total exposure time per plate took up to 15 min.
For bystander studies, 15% of cells were automatically selected at random from the total
population of cells for irradiation. The groups have been abbreviated throughout the text as
described [27]. Briefly: 1/n (100%)–1 traversal per nucleus, with 100% of the population
targeted, or 1/n (15%)–1 traversal per nucleus, 15% of cells in the population targeted.
Sham-irradiated controls were included. Parallel control sets were included to assess the
effects of plating conditions on doubling times and unpublished data from our group
demonstrate that microbeam plating conditions do not alter doubling times or GI (data not
shown).
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After irradiation, cells were processed for long term culture and delayed chromosome
instability analysis as described previously [23]. Briefly, cells and irradiation media (2 ml)
were removed immediately from the microbeam dish with gentle aspiration and placed into
a flask with 4 ml tissue culture media for expansion. Twenty-one days after irradiation (12–
13 population doublings), exponentially growing cells were harvested for chromosome
instability analysis as described in [26]. At least fifty well spread metaphases were analysed
per sample (i.e. per microbeam dish) using a light microscope.

RIGI is characterised in this study by de novo aberrations as described [26,27]. With solid
staining, chromatid-type aberrations are readily visible and provide a useful marker of de
novo chromosomal alterations [29] and they presumably arise during the cell cycle in which
they are observed. Acentric fragments and double minute chromosomes were included in the
present study as delayed aberrations associated with ongoing RIGI.

Comparisons between treatments within individual donors and between donors within a
treatment group were made using a two-sided unpaired t-test. Because we had some
preliminary unpublished data from a previous study [27] to suggest that cell number/dish at
time of irradiation may be important to the induction of RIGI, data were sorted by number of
cells/microbeam dish after the aberration values from each treatment [1/n (100%) and 1/n
(15%) across all donors was grouped when non-significant by Kruskal–Wallis ANOVA. In
all statistical tests, p = 0.05 was used as the significance cut-off. Statistical comparisons
were made using GraphPad InStat software (version 3.06, GraphPad Software, Inc.).

3. Results and discussion
Despite showing that genetic factors significantly influence RIGI under conditions where all
cells/tissue are exposed to ionising radiation, there are no sufficient studies to relate genetic
factors and RIGI under bystander conditions in a normal population, although some studies
have carried out using established cell lines [30]. To address this issue, this study was
designed to investigate the influence of genetic background in the induction of RIGI in
bystander cell populations and test the hypothesis that similar inter-individual and genetic
variations are operable under bystander conditions. In the current study of primary T-
lymphocytes isolated from five healthy donors.

3.1. Inter-individual variation in RIGI in primary human lymphocytes: variation in the
induction of cytogenetic damage in fully irradiated lymphocytes

Results for the five donors are shown in Fig. 1. In donors 12, 21 and 51, chromosome
aberration yields in cells following one particle hit to each nucleus (1/n (100%) were similar
to or less than those in corresponding controls, partly due to intra-individual (inter-
microbeam dish) variability. In contrast, in donor 31 and 61, there was a trend of an increase
in aberration yield in the fully irradiated groups compared to controls, i.e. 1.8 (p = 0.28) and
2.5-fold (p = 0.22) increase in donor 31 and 61, respectively, however they were not
statistically significant. Genomic instability was not induced significantly in any of the fully
irradiated groups (1/n (100%). The increase over controls in donor 61 (2.5-fold increase) in
the fully irradiated group was similar in magnitude to previous reports from our group (2.5–
3-fold increase) [27], suggesting that the lack of response observed in the other donors in
this study (Fig. 1) is not an artefact as all experiments were performed under identical
conditions (i.e. same batch of medium, serum, growth factors and the same chromosome
analysis criteria).
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3.2. Inter-individual variation in bystander response as measured by delayed chromosomal
aberration

Similar to RIGI induction, RIBE have been demonstrated in both in vitro and in vivo
systems [31,32] and like GI response it has been reported that not all cell types produce
bystander signals and not all cell types respond [33-35]. This variable expression of RIBE
could be due to the presence of multiple pathways involved in the various bystander
phenomena. Recent studies have shown that the extent of bystander effect varied according
to the genetic background of cells [36,37].

In the current study we investigated the inter-individual variation in the induction of RIBE
under controlled conditions in order to investigate the hypothesis that inter-individual
differences in radiation-induced chromosomal instability will be evident between healthy
lymphocyte donors, in situations where fractions of the cellular population were irradiated
(Fig. 1).

In the majority (4/5) of groups where 15% of the cells were irradiated with 3He2+ particles,
chromosomal aberrations were not significantly elevated over controls. However, in several
donors (12 and 21) there were slight increases in aberrations above controls and another
donor (51) there was a marked (although not significant elevation in damage above control
levels and more so than in the 100% irradiated group. In one donor (31) with 15% cell
population exposure, there was a significant increase in aberration yield over the respective
controls (p = 0.05). It is of note, that this donor (31) expresses more chromosome instability
response when all cells were irradiated compared to other donors (Fig. 1) although this
increase was not statistically significant. In stark contrast, the final donor (61) exhibited
decreased aberration yield above control levels. These results suggest that there is genotype
dependence in radiation-induced bystander effects.

3.3. Variation is not a function of donor age or ambient temperature at time of collection
Finally we examined some common factors that might underlie the inter-individual
variations. Within the available statistics there was no obvious relationship between donor
age or ambient temperature and background aberrations (Table 1).

Despite the small number of donors (n = 5), and the usual variation in age (mean =
42.4±5.13 years; low = 35, high = 48), we expected a correlation between donor age and
mean aberrations per cell, as reviewed in [38]. However, there was no obvious relationship
between donor age and mean aberrations per cell (Table 1). We also determined ambient
temperature at time of lymphocyte collection as a recent report showed a significant
correlation between ambient temperature and chromosome damage in a large group of
donors [19]. Within the available statistics there was no obvious relationship between
ambient temperature at time of collection and mean aberrations per cell (Table 1). These
results support the assertion that the current finding of very little RIGI (Fig. 1) was not due
to an experimental artefact or indication of some underlying differences in the particulars of
the current studies, but rather is biologically relevant.

4. Conclusions
Following targeted microbeam irradiation with a single helium ion, whilst we did not find
significant evidence for inter-individual variation in the level of RIGI in the fully irradiated
normal human lymphocytes, we do report for the first time, intra-individual variation in the
level of RIGI under bystander condition with only one of five donors showing a significant
increase in aberrations in the bystander group. These results suggest that, in the bystander
groups, inter-cellular communication within the bystander cell population may be critical for
the increases in chromosome aberrations associated with RIGI. This relationship may have
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important consequences for the role of the bystander response in vivo, where cell context at
the time of exposure may be important, and thus may have implications for environmental
dosimetry and radiotherapy.
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Fig. 1.
Inter-individual differences in radiosensitivity. Primary lymphocytes were collected from
five different donors and irradiated. Mean aberrations per cell (±SEM) from 2 to 6
experiments are plotted. 1/n (100%) indicates a single 3He2+ track to all of the cells (fully
irradiated), and 1/n (15%) indicates a single 3He2+ track to 15% of the cells on the
microbeam dish. Increases in aberrations are taken to indicate radiation-induced genomic
instability (RIGI) when significantly elevated compared to control values (indicated by *

when p 0.05).
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