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Abstract

Non-DNA targeted effects of ionizing radiation, which include genomic instability, and a variety
of bystander effects including abscopal effects and bystander mediated adaptive response, have
raised concerns about the magnitude of low-dose radiation risk. Genomic instability, bystander
effects and adaptive responses are powered by fundamental, but not clearly understood systems
that maintain tissue homeostasis. Despite excellent research in this field by various groups, there
are still gaps in our understanding of the likely mechanisms associated with non-DNA targeted
effects, particularly with respect to systemic (human health) consequences at low and intermediate
doses of ionizing radiation. Other outstanding questions include links between the different non-
targeted responses and the variations in response observed between individuals and cell lines,
possibly a function of genetic background. Furthermore, it is still not known what the initial target
and early interactions in cells are that give rise to non-targeted responses in neighbouring or
descendant cells. This paper provides a commentary on the current state of the field as a result of
the Non-targeted effects of ionizing radiation (NOTE) Integrated Project funded by the European
Union. Here we critically examine the evidence for non-targeted effects, discuss apparently
contradictory results and consider implications for low-dose radiation health effects.
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1.1 Introduction

Non-DNA targeted effects (NTE) of ionizing radiation, which include genomic instability
(GI), and a variety of bystander effects (BE) including abscopal effects and bystander
mediated adaptive response, have raised concerns about human risk at low doses.

In this paper we provide a brief overview of the conventional framework of biological
effects of radiation exposure and explore the background to the development of the concept
of NTE with respect to key radiobiological mechanisms. We shall critically examine the
evidence for non-targeted effects in the radiobiology research literature, some apparently
contradictory results in the field and consider the implications for low-dose health effects.
Although it has been argued that NTE have implications for cancer radiotherapy (RT) (as
recently reviewed [1-3]), here we limit discussion to normal tissue responses and effects of
low doses, i.e., those typically encountered from occupational, environmental and medical
diagnostic exposures. Other more selective reviews of the current work in this area have
been published recently, as for example by Salomaa et al. [4].

1.2 Classical radiation paradigm: Target theory

For clarity, throughout this paper the following definitions will apply:
Very high — doses above 15 Gy
High — doses of 5-15 Gy
Medium - doses of 0.5-5 Gy
Low — doses of 0.05-0.5 Gy
Very low — doses below 0.05 Gy

Risks associated with ionizing radiation have been known for almost as long as ionizing
radiation itself. Within a year of the discovery of X-rays by Réntgen skin burns had been
reported by Stevens [5] and Gilchrist [6] and within 7 years a case of skin cancer was
observed by Frieben [7], in all cases associated with high dose X-ray exposure. In general,
risks associated with ionizing radiation can be divided into those defined as stochastic
effects (genetic risks in offspring, somatic effects (cancer) in directly exposed population),
and those termed tissue-reaction (formerly deterministic) effects. The probability of
occurrence of stochastic effects but not their severity are assumed to be a function of dose,
without a threshold. For the class of tissue-reaction effects defined by the International
Commission on Radiological Protection (ICRP) [8, 9], it is assumed that there is a threshold
dose, below which there is no effect, and the severity of effect increases with increasing
dose above that point. Tissue-reaction effects are assumed to ensue when a sufficiently large
number of cells are damaged within a certain critical time period such that the body cannot
replace them; biologically it is therefore much more likely that there is a threshold for tissue
reaction effects than for stochastic effects [10].

As outlined by Harris [11] and also United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) [12], there are biological data to suggest that cancer arises
from a failure of cell differentiation, and that it may be largely unicellular in origin.
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Canonically, cancer is thought to result from mutagenic damage to a single cell, via direct
DNA damage, which in principle could be caused by a single radiation track [12].

Conventionally, radiation effects have been explained using target theory [13]. According to
this, deleterious effects of ionizing radiation, such as mutation and carcinogenesis, are
attributed to damage to a cellular target, usually identified as nuclear DNA via direct
absorption of radiation energy, the consequences of which are expressed in the surviving
irradiated cells [12]. Therefore the progeny of a single irradiated cell would be expected to
show radiation-induced genetic changes in all descendant cells, i.e., the change would be
clonal.

The classic framework for radiobiology has been generally well validated by numerous
interlinked experimental and theoretical studies. Although confirmation of some key
assumptions remains elusive, in particular the link between the initial damage and cancer, it
forms a logical basis for the standard set of models describing risk of cancer and heritable
effects, and has been widely used to establish international rules and standards of radiation
protection by the ICRP [8]. Although partly based on human epidemiological data for health
effects, in particular those derived from the cancer incidence and mortality follow-up of the
Japanese atomic bomb survivors Life Span Study (LSS) cohort [14, 15], the regulatory
framework derived by the ICRP [8] relies on a number of biological assumptions and
models to extrapolate to the low dose and low dose-rate regime of most interest for
radiological protection. In particular, the main assumptions made by ICRP [8] and other
bodies in relation to estimating stochastic effects are: 1) of targeted damage to nuclear DNA,
the yield of which increases linearly with dose, i.e., proportional to the numbers of radiation
tracks; 2) consequential damage to and alterations in the cell nucleus and other parts of the
cell and its descendents; 3) of a linear increase with dose of the probability (but not the
severity) of mutagenic cellular damage at low doses (and more rapid increase at higher
doses and dose-rates), with probabilities of particular mutations and chromosome
aberrations depending on DNA target sizes and relative efficiencies of repair and mis-repair
[16]. These assumptions are described collectively as the linear no-threshold (LNT)
hypothesis. Although only ever intended as a regulatory framework for estimating a
conservative upper bound on risk, there is a considerable body of experimental and
epidemiological evidence to support the fact that risks derived from medium or high dose
studies such as the LSS can be extrapolated to low dose and low dose rate, as documented
by Little et al. [17], although this is still subject to dispute [18]. As above, ICRP [8, 9] also
describe a class of tissue-reaction effects, which are assumed to result from injury to a
population of cells, and are characterised by a threshold dose and an increase in the severity
of the reaction as the dose increases above the threshold. Among these tissue-reaction
effects are circulatory disease, cataract, sterility (temporary and permanent), central nervous
system damage, skin burns and gastro-intestinal syndrome [8-10].

The classical target theory framework has persisted despite accumulating evidence of
discrepant radiobiological data. These include: 1) difficulty in accounting for cellular repair
in clonogenic survival experiments and delayed reproductive death [19, 20]; 2) the
appearance of clastogenic factors, i.e., molecules produced by irradiated cultures and from
the serum of exposed individuals that induced breaks in the chromosomes of un-irradiated
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cells [21]; 3) observations of abscopal (out-of-field) effects with radiotherapy [22]; and 4)
evidence of non-cancer disease, in particular cataract and circulatory disease at low and
medium radiation doses, in particular among groups of radiation workers [23-28].

1.3 Non-targeted effects of ionizing radiation — challenging the
conventional radiobiological framework and models

NTE are characterised by cellular responses that occur in cells in which energy from
ionizing radiation has not been deposited. The distinct classes of effects include GlI, and BE,
which latter includes abscopal effects and bystander-mediated adaptive response (AR)
(figure 1). These can also arise non-clonally in the progeny of irradiated somatic or germ
cells, resulting in radiation-induced Gl and transgenerational Gl respectively [29, 30].
Substantial evidence for NTE emerged in the early 1990s [4, 31-33].

2. Types of non-targeted effect

While radiation-induced BE and Gl are often grouped together, and notwithstanding the
demonstrated links between them [29], it is possible that the underlying mechanisms, which
are not fully understood, may differ. In particular, GI has been described both in the
descendants of directly irradiated cells [34] and among descendants of cells exposed to
bystander factors [35]. The factors influencing the induction of NTE, as well as their relative
contributions to an endpoint under study, are not fully understood but they are sufficiently
complex that results from different laboratories may appear to conflict, depending on a
number of variables, as we discuss below. There is evidence that agents other than ionizing
radiation, in particular metals, induce BE or Gl [36]. In addition, induction of BE by
chemicals such as mitomycin C [37], phleomycin [38], chloroethylnitrosurea [39] and
actinomycin D [40] as well as induction of Gl by dioxins [41] have also been documented.
While the underlying mechanisms have been characterised in some in vitro systems [42—45]
and also in vivo [42, 43, 46] we judge that their practical relevance to low-dose cancer risk
assessment and radiological protection is as yet unclear, as we further discuss in section 3.
However, the situation may be different for non-malignant disease. As we discuss in section
3, there is now reasonably strong evidence of radiation-induced excess circulatory disease
after low dose and low dose-rate exposure [23-25], in particular with little indication of a
threshold. As we discuss later, if we interpret these associations causally the total low dose
detriment would be predicted to double [25].

2.1 Radiation-induced Genomic Instability (Gl)

Gl is a complex phenotype observed during the development of some but not all cancers and
also induced effectively by ionizing radiation. Radiation induced GI (RIGI) is observed in
the progeny of irradiated cells as a delayed and stochastic appearance of de novo
chromosomal aberrations, gene mutations and reproductive cell death [31, 32, 47]. There is
considerable, if not complete, overlap between RIGI and the GI observed in some (non-
radiation-induced) cancers; for example, in the gross chromosomal changes, so called
chromosomal instability, observed in colon cancer [48] (see below and section 2.2.). A
distinct type of Gl, so-called microsatellite instability [49], also observed in colon cancer
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[48] (see section 2.2 below), is not thought to be associated with radiation-induced cancer in
humans [50, 51] although it has been linked with radiation-induced cancers in vivo [52] and
invitro [53]. However, the radiation-induced gaps [54, 55] or breaks [29, 34] that are
considered by some as a type of RIGI are unlikely to figure in (hon-radiation-induced) Gl,
since gaps do not correspond to any known phenotype and breaks are generally lethal events
for a cell. Many of the characteristics of the GI phenotype are unique and do not conform to
the expectations of the conventional models of radiation effects. These characteristics are
discussed in the paragraphs below.

High expression rate points to an epigenetic origin—The expression of Gl is
observed in a much larger proportion of cells irradiated with low to medium doses (about
10-20%) than for mutations from targeted effects, which are typically <1074 per cell per Gy.
Rather than a genetic mutation, instability might arise through epigenetic mechanisms, for
example induced expression of a mutator gene [56, 57]. The observed high frequency of
instability responses, as well as the lack of evidence of the involvement of DNA double-
strand breaks per sein the initiation of instability, has led Baverstock to speculate that
alterations in gene expression that disrupt cellular homeostasis may underlie induced
instability [58]. There is also evidence of possible involvement of indirect, untargeted
interactions between cells and complex cytokine-like signal transduction processes [42, 59—
61]. Rugo et al [62] demonstrated the role of methylation in the transmission of Gl in
embryonic stem cells by showing that the elimination of DNA cytosine methylation genes,
Dmmt1 and Dmmt3a, completely eliminated transmission of Gl. lInytskyy and Kovalchuk
[63] presented further evidence on the role of methylation and miRNA- short RNA
molecules in eukaryotic cells that regulate gene expression [64] in radiation-induced Gl and
BE.

Non-clonal damage could not be predicted by target theory—Instability is
manifested by multiple end-points; all are heterogeneous (non-clonal) in expression though
the relationship between them is not yet clear. These biologically damaging responses do not
conform to expectations for the conventional models of radiation effects which are, by
definition, clonal in expression [34].

Dose-dependence deviates from linearity—Another notable feature is the dose-
dependence of induction of instability. At low doses there is a tendency for the instability to
plateau [65, 66] and in some cases even decrease at high doses, which contrasts to the
generally steadily increasing responses that are conventionally observed. Radiation-induced
GI therefore profoundly impacts interpretation of dose-response relationships in two ways,
first by increasing the level of the response at low doses in comparison to what might be
expected by extrapolation from higher doses, and secondly by the uncertainties associated
with the consequences of delayed non-clonal expression of damage.

In vivo evidence—The existence of clastogenic factors in the plasma of radiation-exposed
human subjects has been described in numerous studies, reviewed by Lindholm et al. [67].
Radiation-induced chromosomal instability (CIN) has been observed in vivo [68], and in
vitro both in mouse and in human haematopoietic stem cells [34, 69]. However, there are
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some inconsistencies in results reported by these studies, reviewed by Morgan and Sowa
[70]. Some studies showed that post-irradiation, Gl is not universally expressed in
mammalian cells in vivo or in vitro [71-73] and in other studies, whether animal or human,
its expression has been reported to depend on the genotype of the irradiated cell [69, 74, 75],
with considerable inter-individual variation even in those genotypes that may express high
levels of instability [68]. These conflicting issues and observations may be attributed to cell
type, to genotype or to other, as yet, poorly understood factors. These findings clearly
indicate a need for caution in drawing generalised conclusions from limited data from
individual studies or, indeed, with current knowledge, attempting to extract a simple
coherent picture from the literature in general.

CIN in bone marrow has been demonstrated in vivo after 1 or 3 Gy total body low- linear
energy transfer [62] irradiation. However, at lower doses of 0-0.5 Gy there was no evidence
of CIN [76]. In contrast to these findings for sparsely ionizing low-LET radiation, earlier
studies of bone marrow cells irradiated with a low dose of densely ionizing high-LET alpha-
particles (with a mean of one particle per traversed cell) resulted in significant expression of
CIN invitroand in vivo [34, 68]. Like the studies of bone marrow cells irradiated with a low
dose of alpha-particles, many studies of hon-targeted effects relate to cells exposed to low
fluences of alpha-particles or microbeam-generated charged particles. In these situations
those cells that are traversed by a single particle receive a dose of ~ 0.3-0.5 Gy and sustain
damage that is much greater and more complex than is the case for cells irradiated with very
low doses of sparsely ionizing low-LET X- or gamma-rays, where a single radiation track
would deliver a dose of the order of 1 to a few mGy to the irradiated cell. Also there will, for
the same dose, be significant differences in the proportions of irradiated and non-irradiated
bystander cells depending on the radiation quality. Obviously, it is important to be clear as
to what is meant by a low and high dose to the individual cell or to population of cells in this
context.

2.2 Transgenerational Genomic Instability

The phenomenon of transgenerational Gl can be defined as a persistently increased rate of
mutation observed in the non-exposed offspring of irradiated parents, as reviewed by
Dubrova [77]. Transgenerational studies initiated by the discovery of persistently elevated
mutation rates in the non-exposed progeny of irradiated cells, reviewed by Morgan [31], are
designed to test the hypothesis that radiation-induced instability in the germline of irradiated
parents could manifest in the offspring, affecting their mutation rates, cancer predisposition
and other characteristics. There is equivocal evidence for such effects in human populations.
In particular, analysis of a Belarusian population exposed as a result of the Chernobyl
nuclear accident suggested excess minisatellite mutations [78, 79]. A similar magnitude of
excess risk was suggested in a population exposed as a result of the Kazakhstan nuclear
weapons tests [80]. However, no excess of mini- or microsatellite mutations were observed
in offspring of the Japanese atomic bomb survivors [81-84] or in offspring of various
groups of Chernobyl-exposed liquidators [85-88].

The results of a number of transgenerational studies show that mutation rates in the first- and
second-generation offspring of irradiated male mice are significantly increased across
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multiple tissues [30, 89-92]. It has also been reported that in the offspring of irradiated male
mice and rats transgenerational instability affects the frequency of chromosome aberrations
[93], as well as mutations at protein-coding genes [90, 94] and tandem repeat DNA loci [89—
92]. Taken together, these data imply that the transgenerational effects in the offspring of
irradiated male mice may be explained by a genome-wide destabilization which manifests in
many, or possibly all tissues. Furthermore, as transgenerational effects show non-Mendelian
segregation (all offspring in both the F1 and F, generations inherit the instability phenotype),
it has been suggested that this phenomenon is attributed to an epigenetic signal arising in the
paternal germline that is transmitted to their offspring [80, 89, 90].

Although the results of above mentioned studies have provided some evidence for the
effects of paternal (but not maternal) irradiation on destabilization of the offspring’s
genome, the mechanisms underlying the phenomenon of transgenerational GI remain poorly
understood. One of the key issues regarding the mechanisms of radiation-induced Gl is to
investigate the initial cellular events triggering an instability signal in directly exposed cells.
Given that exposure to ionizing radiation results in a plethora of DNA lesions, including
double- and single-strand DNA breaks, base damage etc. [95], it appears plausible that a
specific set of lesions may constitute the signal that initiates the onset of GI. It has therefore
been hypothesised that radiation-induced complex double-strand DNA breaks may represent
such triggering events [96]. To establish whether Gl is attributed to the induction of a
specific subset of DNA lesions, studies by Dubrova et al. have analysed the
transgenerational effects of paternal treatment by a number of mutagens, exposure to which
mostly causes alkylation of DNA and other types of DNA damage [97, 98]. The results of
these studies clearly show that paternal exposure to the alkylating agent ethylnitrosourea, as
well as to three anticancer drugs cyclophosphamide, mitomycin C and procarbazine can
destabilise the offspring’s genome in a similar manner to that following paternal irradiation.
These data therefore suggest that transgenerational GI is not attributable to a specific sub-set
of DNA lesions, such as double-strand DNA breaks (DSB), but can be triggered by
generalised DNA damage in the male germ cells.

The available human data suggest that maternal irradiation does not result in
transgenerational instability [99], and this is supported by experimental findings. In
particular, there was no evidence of excess minisatellite mutation in the germline and
somatic tissues of first-generation offspring of female mice irradiated either in utero [92] or
during adulthood [100]. The inability of exposed females, regardless of the stage of their
irradiation, to propagate genomic instability to their offspring may be attributed to early
post-fertilization events, which could somehow erase the radiation-induced de novo
epigenetic signals.

Genomic instability and human cancer—There is a growing body of evidence that
implicates non-radiation-induced Gl as a key feature in the accumulation of the large
number of mutational events required for various malignancies [101-103].

A number of human diseases are associated with CIN, and are also associated with a high
risk of malignancy, as reviewed by Little [104] (see table 1). Additional clues as to the
importance of instability in carcinogenesis arise from the study of certain rare genetic
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disorders characterised by CIN and a heritable predisposition to the development of cancer
[84,85]. We discuss below the specific role played by Gl in colon cancer.

It is widely accepted that colorectal carcinogenesis is characterised by two forms of
instability. CIN is the predominant form of Gl in colon cancer, and refers to the
phenomenon whereby, relatively frequently, cells gain or lose whole chromosomes or large
portions of individual chromosomes. The consequences of such alterations are imbalance of
the chromosome number in the genome or structural damage on certain chromosomes. In
human cancer CIN is known to be associated with alterations in the mitotic spindle
checkpoint genes hBUB1 and hsMAD2 [105, 106], as also with the genes BRCAL and
BRCA2 which encode proteins implicated in DNA repair and recombination, checkpoint
control of the cell cycle and transcription [107, 108], and with hCDC4, which is thought to
be involved in the G1-S cell-cycle checkpoint [109]. In addition, 13% of colon cancers, as
well as a small portion of other solid cancers, exhibit microsatellite instability (MIN), a less
prevalent form of GI found in human cancer cell lines. MIN is caused by defects in the
mismatch repair (MMR) mechanism, which contributes to replication fidelity by correcting
incorrectly inserted DNA bases [49]. Defects in the MMR pathway lead to frequent
insertions and deletions of repetitive short sequences, so-called microsatellites, across the
genome.

However, it is still controversial whether transmissible Gl is an initiating event for colon
cancer. Loeb [101, 102] proposed that an early step in colon carcinogenesis is mutation in a
gene controlling GI. Consequently, models have been developed recently incorporating CIN
[110-115], although few have been rigorously fitted to data [113-115]. Tomlinson and
Bodmer [116] argued that cancer is an evolutionary process, and that the observed
accumulation of chromosomal and other damage in colon cancers may simply be the result
of selection for cells with growth advantage, with mutations “piggybacking” on this process
of selection. The fact that models that allow for single [113] or multiple types of
destabilizations [115] yielded not much better fits to Surveillance Epidemiology and End
Results (SEER) colon cancer data than that of a model not involving GI [117], suggests that,
based on the fit of these models to these population-based data, there is little evidence for or
against the involvement of Gl in colon cancer.

In a European cohort study of more than 20,000 persons, higher rate of chromosomal
aberrations in lymphocytes was shown to predict future cancer risk [118], suggesting
(weakly) that induction of GI may be attributed to genetic factors.. Several mechanisms have
been proposed for induction of Gl by ionizing radiation [70]; these include, for example,
deficiencies in components of DNA repair pathways in those mice sensitive to the induction
of CIN [119]. The genetic predisposition to Gl response observed by many different
investigators with different cell systems is consistent with a considerable variation in the
capacity to produce and/or respond to clastogenic factors, which are produced via
superoxide. Furthermore, in vivo studies by Coates et al [120] have demonstrated genotype-
dependent macrophage activity in irradiated mice. The authors suggest that these data are
consistent with genetic influences on pro- and anti-inflammatory activation states being a
major determinant of delayed cytogenetic damage post-irradiation in vivo [120, 121].
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Finally, the mechanism of propagation of instability has not yet been clearly identified. Nor
has there been identification of the initial radiation targets, nor the types of initial molecular
damage that trigger the subsequent trans-acting and delayed consequences of instability.

2.3 Radiation Induced Bystander Effects (BE)

Many of the characteristics of BE do not conform to conventional target-theory. In the
following paragraphs, we briefly highlight characteristic factors that influence the induction
of BE, discuss the discrepancies that are reported in the field of BE, and the impact these
issues have on radiation risk assessment and radiotherapy.

Biological effects are observed in non-irradiated cells as a consequence of
cellular communication—Radiation-induced BE is characterised by biological responses
that are observed in un-irradiated cells. This is assumed to occur as a result of cells receiving
signals from irradiated cells through gap junction communications or culture medium from
irradiated cells via diffusible factors. BE has been observed in a range of cell types and for
several biological end points. It is also observed both for external beam and radionuclide
exposures [122, 123]; the in vitro and in vivo evidence, and proposed mechanisms, have
been extensively reviewed [1, 31, 32, 63, 124-126]. Possibly related to these in vitro
observations of BE are abscopal or out-of-field effects observed experimentally in vivo
[127], and in patients treated with radiotherapy [22]. The interrelationship between these
“long-range” BE and short range cellular effects have not yet been clearly defined, but they
are probably manifestations of an integrated stress response to localised irradiation. A
variety of cytokines and other signalling molecules play a role in the transduction of BE
responses [45, 128-131].

High frequency and non-clonality—BE is seen for most end-points including DNA
damage, cell killing, chromosome aberrations, mutations and transformation [31-33].
Although these types of biological damage overlap with effects that are well-known to occur
in directly-irradiated cells, they do not conform to expectations for the conventional class of
radiation effects. For example, the DNA damage response in bystander cells is known to be
different from that observed in directly-irradiated cells, involving ATR dependent signalling
from stalled replication forks, instead of direct ATM-mediated signalling [132].

Also, like those observed in GI, BE occur at very high frequency and are heterogeneous
(non-clonal) in their expression [133].

Dose-dependence is highly non-linear—As with GI, BE has been observed following
a variety of radiation types and exposure protocols, especially at low-dose exposure. BE has
been shown to be induced at very low doses and fluences (in the mGy range for low LET
and single high-LET particles delivered to an individual cell), and increasing dose further
did not increase the effect [134]; however, this does not necessarily imply non-linearity in
the underlying biophysical dose-response relationships, simply intercommunicating cell
populations that can be in one of four states [135]. Somewhat supporting this theoretical
model, experimental findings suggest that following microbeam exposure there is a binary
(on—off) response, with the probability of effect increasing with radiation dose [136].
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Modifying factors—As with GI, and as noted above, BE is seen both in vitro and in vivo
[31, 32]. Of particular interest is a recent study that provides evidence for bystander
induction of cancer in a Ptch1*/~ mouse model of brain cancer [137] after medium to high
dose (3, 8.3 Gy) partial-body radiation exposure. This could be due to abscopal, or out-of-
field, effects [138]. The relevance of this work to low-dose risk in humans is unclear, but
suggests, as with some others [31, 32], that bystander effects can act to increase rather than
decrease risk. It has been reported that not all cell types produce bystander signals and not
all cell types respond [139-141]. This variable expression of BE could be due to the
presence of multiple pathways involved in the various bystander phenomena. A study of
peripheral blood lymphocytes irradiated with a microbeam yielded evidence of genotype-
dependent differences in the magnitude of response to radiation exposure and bystander
signal [142]. Additionally, activation times following exposure to the signals, as well as a
variety of genetic and epigenetic factors have been shown to modify these processes. For
example, it was found that medium from irradiated human epithelial cells, but not human
fibroblasts, could reduce the clonogenic survival of a range of un-irradiated cells [139].
However, the effect was dependent on: 1) cell density, from which the medium was
obtained, at the time of irradiation; 2) time of analysis, for example, excess calcium fluxes
(very likely reflecting the effect of receipt of the signal molecule from the conditioned
medium) were measured within 30 seconds, whilst reactive oxygen species (ROS) levels and
apoptosis, the longer term consequences of processing of the signal by the cell, were
measured 6 hours and 2 days, respectively, after medium transfer. Similarly, delayed-
induction of reproductive cell death was measured in the un-irradiated bystander cells 9 days
post-media transfer [143]. These studies, and others, confirm that the biological/
experimental system, radiation type and dose, biological endpoints, system of analysis, and
time of analysis post-irradiation should all be considered in comparing results of different
experiments.

A variety of biological effects are induced as a result of cellular
communication—BE have been observed for a variety of biological end points including:
damage-inducible stress responses; sister chromatid exchange; micronucleus formation;
apoptosis; gene mutation; CIN; and in vitro cell transformation [31-33]. Several signalling
molecules have been identified that mediate communication between irradiated and
bystander populations [125]. These include: transmissible signals that are generated by
irradiated cells such as ROS [144]; nitric oxide species (NOS) [145]; and cytokines [146]
that can be transmitted to the bystander non-irradiated cells either through gap junctions
[147, 148] or through media [149, 150]. Several mechanistic studies have shown an
important role for the NF-xB-dependent gene expression of interleukin 8, interleukin 6,
cyclooxygenase-2, tumour necrosis factor and interleukin 33 in bystander cells. These
studies suggest that directly irradiated cells produce cytokines and prostaglandin E2 by
means of autocrine/paracrine mechanisms, which in turn further activate signalling
pathways. [3]. From gene expression and gene ontology analysis, NF-xB forms a major
transcriptional hub in bystander cells in contrast to directly irradiated cells where p53 drives
transcriptional responses in response to a direct DNA damage signal [151].
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From these results and others, it is reasonable to propose that the biological consequences of
such a wide range of responses can be both damaging (i.e., sister chromatid exchanges, gene
mutation, and transformation in vitro, and in vivo induction of medullablastoma through the
transmission of bystander signals from the back of the irradiated mice to the cerebellum)
[137] and protective (i.e., apoptotic cell death in vivo and in vitro, as well as the
enhancement of cell differentiation with loss of proliferation in tissue in vivo with either
high- or low-LET radiation) [141, 152, 153].

Bystander effect and genomic instability are interlinked—BE and Gl share some
important phenotypes such as multiple end points, e.g., micronuclei formation, increased
mutation and induced chromosomal rearrangements, and up-regulation of oxidative stress;
these are expressed at high frequency and there is generally an absence of conventional dose
—response. Some studies have suggested they are inter-related [29, 68] (Figure 1). In
particular, there is evidence for a link between BE and Gl in vitro, reviewed by Lorimore et
al. [154]. In all cases cellular communication between irradiated and un-irradiated cells
either through secreted soluble factors or gap junction intercellular communication (GJIC)
led to induction of GI. Grid shielding experiments, where the majority of unshielded cells
died, showed that levels of CIN remained the same irrespective of the grid being in place or
not [29]. This demonstrated that most of the cells demonstrating CIN were not irradiated, so
that induction of damage was caused by intercellular communication, i.e., BE. Both co-
culture and media-transfer experiments were seen to induce Gl early in the communication
process.

2.4 Adaptive Response (AR)

Currently AR is considered by some to be a component of NTE. AR is characterised by
biological systems that are exposed to a small “priming” radiation dose (or to some other
mild stress, e.g., heat) that exhibit a reduced detrimental effect when subsequently given
another radiation dose, the “challenge” dose [155]. The observed detriment is generally
below that of the priming + challenge dose given together, or that of the challenge dose
alone. Although there have been reports of links between AR and BE, e.g., [156, 157], AR
has few characteristics that overlap with GI and BE. In a substantial proportion of systems
no AR is seen [158-161] and in some cases there is even an inverse AR, i.e., radio-
sensitisation [159]. AR generally requires priming doses of at least 5 mGy [162] and the
effect of the conditioning dose rarely lasts more than a day [163], so that it is arguably
irrelevant to very low-dose or low dose-rate risk. AR exhibits some similarity to low dose
hyper-radiosensitivity [164, 165], which is characterised by an elevated cell Killing
sensitivity in vitro to very low doses (<0.1 Gy) of radiation. Even assuming that it is of
relevance in vivo, it is not clear what the health impact of a modestly elevated killing of cells
in a tissue would be, although it is likely to be beneficial. As such, arguably the mechanisms
underlying AR are unlikely to be related to those of GI or BE. Most AR experiments lack
bystander cells (i.e., all cells are irradiated with both conditioning and challenging doses)
and generally relatively high doses are generally used for the challenge doses. Although
there are some experiments in which AR are induced by bystander processes (e.g., medium
transfer), that does not make AR an intrinsic part of the BE mechanism per se, any more
than it would all the many other possible consequences of bystander signals (e.g., DNA
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damage, effects on other DNA response pathways, cell killing, mutations, aberrations,
transformation, apoptosis, etc.).

To conclude, our perception of the cellular response to low-level ionizing radiation has
radically changed with the discoveries of Gl and BE. These processes also complicate
attempts at risk assessment. However, the mechanisms and inter-relationships amongst these
processes need to be better understood before they can be incorporated into risk assessment
with confidence. Further research is essential to address gaps in our understanding of non-
targeted effects, in particular to confirm, or negate, the relevance of such processes for
human health, specifically radiation risk assessment and cancer therapy.

3 Implications for low dose risk

Cancer

Critical issues for radiological protection are the health consequences of dose rates of the
order of a few mGy per year. A low LET dose of 1 mGy corresponds to an average of about
one electron track hitting each cell nucleus [12, 166]. As Brenner et al. [167] point out; this
means that at very low doses (10 mGy or less over a year) it is unlikely that temporally and
spatially separate electron tracks could cooperatively produce nuclear DNA damage.
Brenner et al. [167] surmise from this that in this very low dose region nuclear DNA
damage at a cellular level would be proportional to dose.

It has been known for some time that the efficiency of cellular repair processes varies with
dose and dose rate [12], and this may be the reason for the curvature in cancer dose response
and dose rate effects observed in epidemiological and animal data [12, 168]. Repair of
double strand breaks (DSBs) relies on a number of pathways, even the most accurate of
which, homologous recombination, is prone to errors [166]; other repair pathways, e.g., non-
homologous end joining, single-strand annealing, are intrinsically much more error prone
[166, 169]. The variation in efficacy of repair that undoubtedly occurs will affect the
magnitude of unrepaired and misrepaired damage and, whereas unrepaired damage is likely
to result in cell death, misrepaired damage will invariably result in mutation.

Non-targeted effects imply that radiation may affect targets other than the directly irradiated
cellular nuclear DNA. In fact there is now strong evidence that a DNA damage response is
elicited in cells not directly irradiated. Because of this substantial enlargement of the
effective target size implied by the bystander effect, this would imply non-linearity of dose
response even at very low dose-rates (<10 mGy/year). Observations of bystander responses
in in vitro systems have led to suggestions that at low doses these non-targeted effects could
contribute to substantial elevations in low dose risk [170], although this interpretation has
been challenged [171]. On the other hand, it has been suggested that such bystander effects
could be part of a sensitive response system and thus be protective [152, 172-174].

Until recently there has been little epidemiological data to suggest elevated cancer risk at
very low doses [168]. Perhaps the most compelling evidence comes from studies of in utero
exposure, which suggest that there are elevated risks of leukaemia and most other cancer
types following 10-20 mGy diagnostic exposure [175-179]. The radiation risks (per unit
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dose) implied by these studies are similar in magnitude to those following much higher dose
exposure in early life in the Japanese atomic bomb survivors [178]. Although a causal
interpretation of the risks in these diagnostic studies is still controversial [180], the recent
publication of a report demonstrating excess solid cancer risks among the in utero exposed
atomic bomb survivors, that are also very similar to those following early childhood
exposure in this cohort, provides strongly supportive evidence [181], and suggest that the
elevated cancer risks observed in the diagnostic in utero studies are causally associated with
radiation exposure. A recent study of leukaemia and brain cancer relation to computerised
tomography (CT) in a paediatrically exposed UK cohort suggested significant excess risks
of both endpoints at very low doses (< 50 mGy), consistent with what would be expected by
extrapolation from high dose studies [182]. A recent large UK case-control study of
childhood leukaemia in relation to natural background radiation exposure also suggested
significant excess leukaemia risks at even lower levels of dose (~5 mGy), again at a level
consistent with those that would be expected by linear extrapolation from high dose studies
[183]. All these studies are supportive of low dose linearity in the dose response, i.e., LNT.

Circulatory disease

For some time it has been known that high doses of radiation to the heart or coronary
arteries result in long term increased risk of various types of circulatory disease [184]. At
high radiation doses, such as would be received by patients treated with radiotherapy (RT), a
variety of other (so-called deterministic or tissue reaction) effects are observed, presumably
resulting from inactivation of large numbers of cells and associated functional impairment of
the affected tissue. Among such effects are direct damage to the structures of the heart —
including marked diffuse fibrotic damage, especially of the pericardium and myocardium,
pericardial adhesions, microvascular damage and stenosis of the valves — and to the
coronary arteries; these sorts of damage occur both in patients receiving RT and in
experimental animals [184]. There are plausible, if not completely understood, mechanisms
by which high doses of radiation affect the blood circulatory system [185].

However, there is emerging evidence of excess risk of cardiovascular disease at much lower
radiation doses and occurring over much longer intervals after radiation exposure in the
Japanese atomic bomb survivor Life Span Study cohort [15, 186, 187] and in some
occupationally-exposed groups [25, 188-194] although not in all [195].

As above, the mechanisms of radiation-induced vascular disease induction, even at high
dose, are far from being understood. While they cannot be absolutely ruled out, somatic
mutational mechanisms are unlikely to play a role in the aetiology of cardiovascular disease
[196-198]. Systematic review of these data and biological mechanisms for such low dose
effects indicated that the most likely causative effect of radiation is damage to endothelial
cells and subsequent induction of an inflammatory response, although it seems unlikely,
assuming conventional DNA-damage mechanisms, that this would extend to low dose and
low dose-rate exposure [23, 199]. There is much evidence to support this within the Life
Span Study cohort. For example, elevated levels of the pro-inflammatory cytokines IL-6,
CRP, TNF-a and INF-v, but also increased levels of the (generally) anti-inflammatory
cytokine IL-10, have been observed in the Japanese atomic bomb survivors [200, 201].
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There was also dose-related elevation in erythrocyte sedimentation rate and in levels of IgG,
IgA and total immunoglobulins in this cohort, all markers of systemic inflammation [200].
Given the possible role of infections in cardiovascular disease [202, 203], it is of interest that
certain T-cell and B-cell population numbers are known to vary with radiation dose among
the Japanese atomic bomb survivors [204]. The atomic bomb survivors also demonstrate
dose-dependent decreases in levels of CD4™ helper T-cells [201]; decreased levels of helper
T-cells have also been found in blood samples from Japanese atomic bomb survivors with
myocardial infarction [205].

Supporting evidence is available from many experimental in vivo studies at high dose. In
particular, recent experimental studies by [206] demonstrate that high dose exposure to the
cardiovascular system is associated with an earlier onset and accelerated development of
macrophage-rich, inflammatory atherosclerotic lesions prone to intra-plaque haemorrhage
and may also cause a decrease in myocardial perfusion. Both macro-vascular and micro-
vascular radiation effects involve the endothelium and pro-inflammatory signalling
cascades. Whether or not inflammation plays a role in the radiation induction of
atherosclerosis, it is likely to be a major co-contributor to the development of atherosclerotic
lesions [207]. If inflammation is arguably the most likely cause of radiation-induced
atherosclerotic disease, the major question is how low doses and low dose rates of radiation,
in particular a single electron track, can initiate an inflammatory cascade. At sub mGy doses
of low LET radiation cells that are hit by electron tracks will be spatially and temporally
isolated — for example a 0.1 mGy dose will only result in one cell nucleus in 10 being hit
[12]. Without non-DNA-targeted effects to in some way enlarge the effective target size,
that such an event could initiate an on-going inflammatory reaction is improbable. As such,
if radiation can modify (whether positively or negatively) the atherosclerotic disease
process, it is likely that non-DNA-targeted effects are implicated. Set against this, a recent
paper has postulated a novel mechanism, based on monocyte cell killing in the intima and
subsequent upregulation of monocyte chemo-attractant protein 1 (MCP-1) resulting in
initiation of an inflammatory cascade [208]. This mechanism predicts excess cardiovascular
risk at low doses and low dose rates, and is quantitatively consistent with the magnitude of
excess risk observed in occupational groups [25, 208]. However, the detailed assumptions
made by the model have yet to be experimentally tested.

Taken together, based on the present state of experimental research into radiation-induced
cardiovascular disease one can conclude that radiation may cause both types of
cardiovascular disease, that is to say micro-vascular disease, which is characterised by a
decrease of capillary density causing chronic ischaemic heart disease and focal myocardial
degeneration, and macro-vascular disease, through the faster development of age-related
atherosclerosis in the coronary arteries [185]. On the other hand, the epidemiological studies
do not give unequivocal information on the types of cardiovascular diseases that are induced
by radiation. It is assumed that this might depend on dose, dose distribution and other risk
factors present in different animal strains and humans. Moreover, both types may show
different latency periods at different dose levels. Both macro-vascular and micro-vascular
radiation effects involve the endothelium and pro-inflammatory signalling cascades. A
substantial number of studies have investigated radiation effects on endothelial cells in vitro,
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and a few studies have confirmed some of these observations in vivo, summarised by
Schultz-Hector and Trott [185]. While there is a suggestive role for NTE in enlarging the
effective target size in induction of inflammation in radiation-induced cardiovascular
disease, conventional cell-killing mechanisms cannot be excluded [25, 208].

A recent systematic review and meta-analysis of medium and low dose studies documented
significant radiation-associated excess risk overall and in two out of four subtypes of
circulatory disease [25]. Risk coefficients from the meta-analysis were used to estimate
population risks for nine major developed countries. Risks for these are shown in Table 2.
Estimated excess population risks for all circulatory diseases combined ranged from 2.5%
per Sv (95% CI 0.8 to 4.2) for France to 8.5% per Sv (95% CI 4.0 to 13.2) for Russia. The
analysis was limited by heterogeneity among studies (particularly for non-cardiac
endpoints), the possibility of uncontrolled confounding in some occupational groups by
lifestyle factors, and higher dose groups (>0.5 Sv) generally driving the observed trends. If
confirmed, the findings suggest that overall radiation-related mortality is about twice that
currently estimated based on estimates for cancer endpoints alone, which range from 4.2%
to 5.6% per Sv for these populations (Table 2) [25].

For some time it has been known that high radiation doses of 1 Gy or more could induce
posterior subcapsular cataract (PSC) [10]. There is accumulating evidence from the Japanese
atomic bomb survivors [27, 209-211], Chernobyl liquidators [26], US astronauts [212] and
various other exposed groups [28, 213] to suggest that cortical cataracts can also be induced
by low and medium doses of ionizing radiation, although there is little evidence that nuclear
cataracts are radiogenic; the main epidemiological datasets are summarised in Table 3. The
atomic bomb survivor data do not suggest any threshold for cataract. For example
Nakashima et al. [210] found a best estimate of 0.6 Sv (90% CI <0, 1.2) for cortical cataract
and 0.7 (90% CI <0, 2.8) for posterior subcapsular cataract (PSC). Likewise, a threshold
estimate for all surgically removed cataracts in this cohort of 0.1 Sv (95% CI <0, 0.8) was
observed [27]. However, estimated thresholds for various cataract endpoints in a cohort of
Chernobyl liquidators [26] were in the range 0.34-0.50 Gy, with lower 95% CI in the range
0.17-0.19 Gy, and upper 95% CI in the range 0.51-0.69 Gy.

The mechanisms of radiation-induced cataractogenesis are still uncertain. Cataract is thought
to result from disruption to the eye lens fibres, which are continuously replaced throughout
life. At a microscopic level, radiation damage to a single lens epithelial or fibre cells
probably results in small localised changes in lens transparency and is therefore a stochastic
event. Support for this hypothesis is provided by the linear relationship between radiation
dose and the number of small, discrete dots in the posterior lens cortex of animals exposed
to either low or high-LET radiation. Di Paola et al. [214] suggested that accumulation and
coalescence of these micro-opacities results in populations of damaged lens fibre cells
forming larger lens defects, eventually resulting in a clinical opacity. Chylack et al used a
similar approach to score PSC “centres” and suggested a relationship between galactic
cosmic radiation exposure and PSC size [212]. Using this approach, if a minimum number
of damaged cells were required before a lens opacity were clinically observed, that would
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suggest a requirement for a threshold radiation dose and therefore radiation cataract could be
classified as a tissue reaction (deterministic) response.

Other non-cancer effects

The atomic bomb survivor data suggest that there is significant excess risk for non-
malignant digestive disease [15, 215]. However, this is not generally observed in other
exposed groups [216].

Many studies of childhood cancer survivors (principally of leukaemia) document cognitive
impairment associated with high dose cranial irradiation [217]. Slightly surprisingly, Hall et
al. [218] observed cognitive impairment in a Swedish group treated for haemangioma in
infancy with much lower doses, with ~50% reduction in high school attendance associated
with >100 mGy exposure; there were similar dose-related reductions in cognitive test
performance. In utero exposed Japanese atomic bomb survivor data also suggest cognitive
impairment at high dose, but there is no cognitive impairment (e.g., reduction in 1Q) in the
0-100 mGy dose range [219]. It is not clear the extent to which these two datasets are
statistically compatible given the different metrics used; even if they were not, the obvious
differences between the exposure-age range make meaningful comparisons difficult.

4 Frameworks of radiation biology, radiation risk and radiation protection

The frameworks of radiation biology, radiation risk and radiation protection are linked and
evolve in parallel. The first guidelines for radiation protection issued in 1928 were based on
protection from acute deterministic effects (limit based on skin erythema dose). After the
atomic bombings in Hiroshima and Nagasaki it became apparent that radiation also induces
cancer, and from then on the basis for radiation protection was prevention of tissue reaction
(deterministic) effects and limitation of stochastic effects (cancer and hereditary effects).
The system of protection has the advantages of being relatively simple, quantitative,
covering a wide variety of exposure scenarios and radiation types. The system of protection
relies on a number of assumptions and approximations that are deemed to be acceptable for
prospective planning purposes in radiation protection. These assumptions need to be tested
against new evidence from radiobiology and epidemiology. From the societal point of view,
there should be added value of any changes introduced, such as better protection or
simplification of the system.

Until recently there has been little direct epidemiological evidence on cancer risk at very
low doses [17, 18, 220], and this gap in knowledge was filled with the LNT assumption
based on the radiobiological DNA target framework [8]. Strong epidemiological evidence to
support LNT has recently emerged [182, 183]. Although NTE may modify cancer risk at
low doses, alongside direct DNA damage, we judge that it is not yet clear whether the
overall impact of such effects would lead to increased or decreased risk, although it is very
likely that the dose response will be non-linear. However, the epidemiological data now
place reasonably strict limits on the extent to which linear extrapolation from the medium
and high dose data will over- or under-estimate cancer risks [17, 183, 221]. For hereditary
effects, there is no sound epidemiological evidence and risk estimates are mainly based on
radiobiological (animal) experiments.
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Set against that, there is accumulating evidence of radiogenic excess risk of various
categories of non-malignant disease, in particular circulatory disease [23-25] and cataract
[28, 213] at medium or low doses. Although classified by the ICRP as tissue-reaction
(deterministic) effects [8], they apparently violate the ICRP assumption of a dose threshold,
below which the effects do not occur; there is evidence that these occur in occupationally-
exposed groups. In that respect these late-arising non-cancer diseases have more of the
characteristics of stochastic rather than tissue-reaction (deterministic) effects.

Although the precise mechanisms are not known, it is reasonably clear that DNA-damage is
not the relevant initiating lesion for radiation-induced circulatory disease [23, 208]. The
signalling nature of the disease also makes it very likely that NTE are implicated. As
discussed above, if we interpret these associations causally the total low dose detriment
would be predicted to double [25].

As with circulatory disease, DNA-targeted effects also cannot readily explain the
mechanism of induction of cataract. We believe that the change in the radiation biological
paradigm will lead to better understanding of radiation risk related to the late-arising non-
cancer effects. The science in this area is at its infancy and more radiobiological and
epidemiological research is needed in this area. From the radiation protection point of view,
a key question is whether these effects show a threshold and whether the detriment would be
large enough to warrant a change in dose limits and/or to be taken into account in tissue
weighting factors.

There have been several attempts to model non-targeted effects, in particular models of
atherosclerosis-related circulatory disease of Little et al. [208], Gl in relation to cancer of
Little et al. [113-115] and Nowak et al. [222], and of BE by Brenner et al. [170, 223], Little
et al. [135, 171, 224], Nikjoo and Khvostunov [225], Stewart et al. [226] and many others.
However, there is still no universally accepted biological model for most categories of NTE.
Therefore, work needs to continue in order to formalise such a model.

5 Future research needs

Elucidating the mechanisms of NTE calls for further research; moving away from the
conventional DNA targeted effect framework, future studies should concentrate on
exploring more complex experimental systems instead of single cells and cell cultures. The
resulting data may need evaluation by a systems biological approach to allow the study of
cellular communication and 3-D tissue systems. There also needs to be further development
of more relevant in vivo models. Given the evidence that agents other than ionizing
radiation, in particular metals [36] and certain chemicals [37-41], can initiate NTE, there is
a need for research to investigate similarities to and differences from radiation-induced NTE
and compare the risk of health effects caused by these agents. If the underlying mechanisms
are the same and if NTE contribute significantly to human health effects following exposure
to these different agents, then one may expect to see a common pattern in risk.

Even though the initial events in certain sorts of NTE induction may be similar (calcium flux
followed by reactive oxygen and nitrogen species), the downstream effects, i.e., cytokine
concentrations, and changes in cellular physiology are likely to be tissue dependent and
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model systems should be chosen accordingly. There is growing evidence for the role of
epigenetic mechanisms in the transmission of Gl as well as in the formation of BE-induced
DNA breaks. The rapid development of high-throughput epigenetic screening technologies
opens new avenues for the understanding of the interaction of genome and environment,
including the effects of ionizing radiation. A key question for evaluation of low dose
radiation induced cancer risk is the relative contribution of DNA-targeted and non-targeted
effects at low and high doses.

There should be a clear evaluation of how genetic sensitivity and epigenetic changes
induced by high, medium and low doses of radiation influence risk. Greater attention should
also be given to exploring the mechanisms of non-cancer effects as opposed to low dose
cancer risk, as the former impacts on a wider range of tissues, and is likely to have at least as
large an impact on detriment at low doses.

It is essential that the heterogeneity in response of non-targeted effects of radiation be
addressed, as well as mechanistic pathways. The mechanisms involved with initiation and
perpetuation of Gl should be investigated for all radiation types and bystander effects,
particularly for low doses of low LET and low-fluence high-LET particles as well as the
influence of genetic factors in its induction. A priority must be to confirm, or negate, the
relevance of such processes to human health risks.
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Radiation induced Genomic Instability

Defined as an elevated and persistent rate
in the accumulation of de novo genetic
alterations

Radiation-induced Bystander Effects

Deleterious effects of radiation found in
cells that have not been irradiated but are
in the vicinity of those that have

Radiation-induced Abscopal Effects

Deleterious effects found in neighbouring
tissues

* Occur at low doses
* No dependence on dose
*Induced at higher frequency

* Observed in a large fraction of clonal
cell populations

+ Cannot be explained by direct radiation
damage

Schematic of non-targeted effects of exposure to ionizing radiation.
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Examples of some genetic disorders characterised by genomic instability and predisposition to cancer

(reproduced from Little [104])

Clinical disorder Gene

Function

Major cellular abnormalities

Cancer types

Ataxia telangiectasia ATM

DNA damage sensor

chromosomal instability,
radiosensitivity, cell cycle abnormalities

Primarily leukaemia and
lymphoma, some solid
tumours

Nijmegen breakage syndrome | NBSL

recombinational DNA repair

chromosomal instability,
radiosensitivity, cell cycle abnormalities

Lymphoma and leukaemia

repair

DNA crosslinking agents

Bloom’s syndrome BS helicase (DNA replication) chromosomal instability, elevated sister Multiple cancers of all
chromatid exchanges types
Fanconi’s anaemia FAQ DNA damage sensing and chromosomal instability, sensitivity to Leukaemia and solid

tumours

colon cancer

instability

Familial breast cancer BRCAL, BRCA2 | recombi national DNA chromosomal instability, radiosensitivity | Breast and ovarian cancer
repair
Hereditary non-polyposis MMRD mismatch DNA repair microsatellite instability, mutational Colon and certain other

solid tumours

aThere are seven interacting FA genes.

Mismatch repair. There are several different MMR genes, inactivation of any one of which will give rise to the disorder.
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