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ABSTRACT
Purpose: Humans are increasingly exposed to ionizing radiation (IR). Both low (<100 mGy) and
high doses can cause stochastic effects, including cancer; whereas doses above 100 mGy are
needed to promote tissue or cell damage. 10–15% of radiotherapy (RT) patients suffer adverse
reactions, described as displaying radiosensitivity (RS). Sensitivity to IR’s stochastic effects is termed
radiosusceptibility (RSu). To optimize radiation protection we need to understand the range of
individual variability and underlying mechanisms. We review the potential mechanisms contribu-
ting to RS/RSu focusing on RS following RT, the most tractable RS group.
Conclusions: The IR-induced DNA damage response (DDR) has been well characterized. Patients
with mutations in the DDR have been identified and display marked RS but they represent only a
small percentage of the RT patients with adverse reactions. We review the impacting mechanisms
and additional factors influencing RS/RSu. We discuss whether RS/RSu might be genetically deter-
mined. As a recommendation, we propose that a prospective study be established to assess RS
following RT. The study should detail tumor site and encompass a well-defined grading system.
Predictive assays should be independently validated. Detailed analysis of the inflammatory, stress
and immune responses, mitochondrial function and life style factors should be included. Existing
cohorts should also be optimally exploited.
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1. Introduction

The human population is being increasingly exposed to ion-
izing radiation (IR), due predominantly to the rising usage
of medical radiodiagnostic procedures, in addition to natural
background irradiation, including radon in homes built on
radon emitting rocks and exposure during flights (McLean
et al. 2017) (Figure 1). X-ray exposure during computed
tomography (C-T) scanning and interventional radiology are
highly beneficial diagnostic tools and their usage has esca-
lated dramatically in the US and in Europe in recent years
(Power et al. 2016).

Radiation exposure of normal, non-cancer tissue can also
arise during radiotherapy (RT). This also represents a sig-
nificant and increasing aspect of exposure since RT remains
a frontline treatment for cancer, with more than fifty per-
cent of cancer patients receiving RT as a single modality,

following surgery or in conjunction with chemotherapy
(Begg et al. 2011). Conventional RT commonly involves
daily exposures of about 2Gy (with total tumor doses of
60–75Gy being received) although for some cancers (e.g.
breast and prostate), lower total doses delivered in fewer,
larger daily exposures are being increasingly used (Yarnold
2019). Considerable technological advances, such as inten-
sity-modulated RT, image-guided RT and stereotactic RT
have enhanced dose conformation, i.e. delivery of the max-
imal dose to the tumor while sparing healthy tissues.
However, some of these new technologies expose a larger
volume of healthy tissue to IR than conventional RT (Hall
2006; Palm and Johansson 2007; Lisbona et al. 2010;
Tommasino and Durante 2015; Ding et al. 2018; Durante
and Debus 2018). A review of imaging practices in five
Finnish radiotherapy clinics revealed that the organ
absorbed doses depended on the imaging technique and
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frequency, and could vary widely. Indeed, especially for cone
beam computed tomography, the cumulative imaging organ
dose could differ as much as tenfold (Siiskonen et al. 2017).

Finally, there are now RT procedures that do not use
photons as the radiation source but involve proton/particle
therapy because of greater tumor targeting potential. These
different RT procedures can strongly influence the dose-rate
and the total delivered dose, as well as the dose received by
the surrounding normal tissue. Nonetheless, currently the
dose received by the normal tissue is often greater than
100 mGy.

The health effects of exposure to IR can be divided into
two main categories: tissue reactions, formerly referred to as
deterministic effects, and stochastic effects (ICRP 2007).
Deterministic effects generally arise after exposure to higher
doses while stochastic effects ensue after lower and higher
doses. There is evidence that the incidence of both

radiation-induced deterministic and stochastic effects in the
human population is individually variable (AGIR 2013;
Foray et al. 2016; Rajaraman et al. 2018). Individual variabil-
ity emerges in epidemiological studies when risk modifying
factors such as sex and age at exposure are considered.
Radiosensitivity has been defined by the Independent
Advisory Group on Ionizing Radiation (AGIR) as a measure
of the degree of response of a cell or an organism to radi-
ation with a large response indicating high radiosensitivity
(AGIR 2013). There has been a recent proposal to define
and distinguish radiosensitivity and radiosusceptibility
(Foray et al. 2016; Foray and Bourguignon 2019). Here, we
follow this proposal and define radiosensitivity (RS) as any
enhanced tissue or cell reaction following exposure to IR
compared to that of the majority of individuals, classified as
normal responding individuals. We use the term radiosus-
ceptibility (RSu) in relation to stochastic effects, of
which IR-induced cancers are an important example.
Radiosusceptible individuals, therefore, represent those with
an elevated risk of IR-induced cancer. Although these terms
distinguish events arising after distinct doses and with dif-
ferent kinetics, and thus likely represent mechanistically dis-
tinct processes, there is likely to be overlap since some
exposures and outcomes (such as cataracts or heart disease)
do not neatly fall into one or other category. Although this
terminology clearly has limitations (Wojcik et al. 2018), we
use it here as a useful, current working terminology.

Although RS and RSu may arise after a range of distinct
types of exposures, individual RS is most strikingly evident
following RT, where cancer patients treated for a common
form of cancer and using the same treatment scheme, can
show widely different degrees of tissue reactions (Bentzen
and Overgaard 1994) (Figure 2). For stochastic effects the
impact of individual variability on risk is less clear
(Rajaraman et al. 2018), although it is well documented that
some rare genetically inherited factors contribute to an
enhanced risk of IR-induced cancer (AGIR 2013; Foray
et al. 2016). There is also evidence for combinatorial effects.
For example, smokers were suggested to have a significantly
higher risk of radon-induced lung cancer compared to non-
smokers (AGIR 2013). Finally, although significant differen-
ces in the background incidence of certain cancers are
observed between human populations, it is not well estab-
lished how far these differences contribute to the risk of
radiation-induced cancers, causing significant uncertainties
when radiation-related cancer risks are transferred between
populations (AGIR 2013).

The goal of radiological protection policy is to protect
not only human populations and the environment but also
individuals (Cho et al. 2018). Inherent to this aim is the
need to gain an improved understanding of the degree and
mechanisms of individual variability in RS and RSu and,
particularly, whether inter-individual differences result in a
subset of sensitive individuals being more adversely affected
than the average exposed individual for stochastic effects as
well as tissue reactions. This requirement is timely and fits
with the overall trend of personalizing the health system
moving away from a “one size fits all” approach (Jackson

Figure 1. Radiation dose received during a range of environmental and medical
sources. Background radiation can vary substantially depending on location.
Single and repeated exposure from radiodiagnostic procedures can result in
exposure to a range of doses and dose rates. For example, during mammog-
raphy 2 mGy can be delivered in some minutes; for CT examination, 10 to 40
mGy is delivered in tens of minutes; during interventional radiology, 10–200
mGy is received over some hours. Exposure for radiation workers is normally
much lower, being limited to 20 mGy per year, but can potentially be delivered
(at very low dose rate) during each working day. Exposure during a 1000 km
flight represents about 6-7 mSv per hour and chronic exposure to background
radiation on Earth ranges between 2 and 70 mSv per year. Importantly, all these
exposures can cumulate over a life-time to represent a non-negligible risk (Hall
and Brenner 2012; Brenner 2014). Organ doses are given except for situations
marked by asterisks where effective doses are indicated.
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and Chester 2015). Related to this, is the important question
of whether a radiosensitive person can be identified prior to
exposure, allowing optimal protection and personalized deci-
sion making via individual dose optimization during RT.

Based on the degree of RS, individuals exposed to RT can
be classified into graded clinical responses (grade 0–5) (with
grade 0–1 corresponding to the absence of or a minor post-
RT tissue reaction, grade 2 representing a mild response
outside of the normal range and grade 3–5 corresponding to
responses of increasing severity. A grade 5 response is a fatal
post-RT reaction (Figure 2). Although there is some vari-
ation between countries, most likely due to the categoriza-
tion of grade 2, generally 10–15% of patients are reported to
display a grade 2–4 response (Figure 2). The above classifi-
cation is based largely on tissue reactions, which include
inflammation and fibrosis. IR-induced heart disease, cogni-
tive decline and cataracts are additional well-reported conse-
quences of IR exposure (Averbeck et al. 2018). Although
doses >500 mGy were considered to be required to induce
these endpoints, there is emerging evidence that they can
arise at lower doses (Dauer et al. 2017; Hughson et al.
2018), making precise dose categorization difficult.
Additionally, tissues differ in their RS (and RSu) to IR and,
as importantly, the time when tissue damage manifests post
IR exposure. Historically, when considering RS, tissues have

been divided into early and late responding. Acute or early
side effects mainly occur in highly proliferating tissues and
develop within 90 days of the onset of radiotherapy. Late
effects can be observed several months or even years after
radiotherapy, and they occur in both early and late respond-
ing tissues (Dorr 2015). However, this division is not abso-
lute and, notably due to the diversity of new RT modalities
and the different ways of delivering the dose, the precise dis-
tinction between early and late effects is poorly defined.

2. Goal of this review

The aim of this paper is to review the mechanisms that
could underlie or modulate individual variability in RS and
RSu, and to consider future approaches to gain further
insight. Understanding the underlying mechanisms will
enhance our ability to identify RS and RSu individuals via
optimized bioassays and biomarkers. This will not only
avoid substantial pain or discomfort arising from an adverse
reaction during RT but could allow the use of higher doses
for more radioresistant individuals, enhancing the overall
efficacy of RT. The understanding of factors conferring RSu
and identification of such individuals could help to reduce
IR-induced cancer incidence from low dose exposure and
from RT. These goals, namely to understand the mechanistic

Figure 2. Grade assessment for distribution of responses to Radiotherapy. Radiotherapy doses are chosen to ensure that the majority (at least 85%) of patients dis-
play no or minor post-RT tissue reactions. Such patients are defined as showing grade 0-1 reactions. Some patients (up to 15%) show moderate tissue complications
that can cause moderate to severe discomfort. Such patients fall into grade 2-3/4 responses). A small subset of patients display a severe response, which for a grade
5 response can be fatal. Patients with mutations in the genes that function in DNA non-homologous end-joining or the ATM-signaling pathway can fall into this cat-
egory. The precise percentage of patients that are considered to be RS differs slightly between countries and/or departments/hospitals. Particularly critical is the
assessment of whether a grade 2 response lies within the normal or RS range. Here, we have placed a grade 2 response as being within the RS category. We give
the percentage of RS individuals as �15%, which represents an average of estimates presented in the literature.
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basis underlying RS/RSu and to predict such responses,
represents a major challenge, which will necessitate a cross-
disciplinary approach involving interface between clinicians,
clinical scientists, and basic scientists of distinct disciplines.
Additionally, there are several distinct approaches that can
provide insight. Thus, we aim to present a co-ordinated set
of reviews discussing the available evidence and approaches
to evaluate RS/RSu and to promote mechanistic insight into
the underlying processes. Review 1 will consider the epi-
demiological and clinical evidence (Seibold et al. 2019).
Epidemiological studies are powerful in providing risk esti-
mation and, potentially, when coupled with molecular ana-
lysis, insight into mechanisms. Review 3 will consider the
evidence for radiation specific biomarkers and the validity of
current screening assays (Gomolka et al. 2019). Review 4
covers ethical implications (Kalman and Oughton 2019).
Our focus in this review 2 is to consider the underlying
mechanisms conferring RS or RSu, including aspects such as
life style factors, that can modify or impact upon RS/RSu.
We consider RS and RSu separately since the underlying
pathways, although overlapping, are likely to have distinc-
tions. Currently, most insight has been gained from cellular
studies aimed at addressing the mechanisms underlying the
response to RT, which will form a substantial part of our
review. However, other approaches to consider RS/RSu in
other contexts are important and will be discussed.

Here, we firstly review and evaluate the main cellular
pathways that influence RS/RSu. We also review multiple
factors, including life style factors, that can influence RS/
RSu by impacting upon these pathways or via distinct mech-
anisms. Additionally, we discuss non-physiological aspects
that are important in evaluating RS/RSu. We include a brief
discussion of some potential predictive assays that monitor
functionality of the cellular pathways with a focus on the
underlying mechanism. Further discussion of the assays as
potential biomarkers for RS/RSu is encompassed within
review 3. We provide a summary of these findings to aid
consideration of the critical questions that need to be
addressed and finally propose recommendations for how
these can be optimally addressed in a co-ordinated manner.

3. Main cellular pathways determining radiation
sensitivity (RS)

3.1. The DNA damage response (DDR)

DNA has long been identified as the major cellular target
with DNA double strand breaks (DSBs) being the most bio-
logically significant lesion determining survival following
radiation exposure. The response to DSBs encompasses
pathways of DNA repair and a signal transduction response,
which interface but are mechanistically distinct (Shibata and
Jeggo 2014). Collectively, this is called the DNA damage
response (DDR). Any variation in efficiency of the DDR
and its impact on the fidelity of repair is expected to affect
cell survival and/or genomic stability. The most significant
DNA repair pathway is DNA non-homologous end-joining
(NHEJ) (Chang et al. 2017). In brief, this pathway involves
the binding of the Ku protein to DNA ends, which protects

them from degradation. This is followed by recruitment of
the DNA dependent protein kinase catalytic subunit (DNA-
PKcs) (generating the DNA-PK complex) and finally, liga-
tion by a complex involving DNA ligase IV, XRCC4 and
XLF (see (Shibata and Jeggo 2014) for a review).

Homologous recombination represents a second DSB
repair pathway, which functions uniquely in late S/G2 phase
since it necessitates a sister chromatid as a template to
repair the DSB (Shibata and Jeggo 2014). As a consequence
of using an undamaged sister molecule to repair the DSB,
HR is often considered an accurate repair process whilst
NHEJ is argued to be error-prone. However, although NHEJ
certainly has some limitations, it is likely to be relatively
accurate in repairing DSBs induced by low doses of low
LET radiation. Significantly, although in G2, there is the
potential for DSBs to be repaired by HR, the majority of
DSBs still undergoes repair by NHEJ; thus, even in G2,
NHEJ represents the major DSB repair pathway after low
LET radiation (Jeggo et al. 2011). However, HR plays a
more significant role in G2 in repairing complex DSBs
induced by high LET IR (Jeggo et al. 2011). Interestingly,
recent work has shown that an important subset of DSBs,
namely, those within transcriptionally active regions (termed
TA-DSBs) appear to preferentially undergo repair by HR
(Marnef et al. 2017; Yasuhara et al. 2018). Factors regulating
the choice between HR and NHEJ usage are currently under
intense study, of which those determining the use of HR at
TA-DSBs, may be particularly important in the context of
influencing RS. Since an early step in HR involves DSB end-
resection, which serves to preclude the use of NHEJ, factors
influencing resection are important in determining pathway
choice (Shibata and Jeggo 2014). It should be stressed, how-
ever, that the major role of HR lies in repairing DSBs that
arise following replication fork collapse and in promoting
replication fork restart after stalling (Shibata and
Jeggo 2014).

The ataxia telangiectasia mutated (ATM) kinase lies at
the center of the signaling response to DSBs and activates a
choreographed assembly of proteins, which collectively
orchestrate chromatin changes over large regions around the
DSB (Shibata and Jeggo 2014; Guleria and Chandna 2016).
These have been termed irradiation-induced foci (IRIF).
ATM has a huge number of substrates and hence impacts
upon many modifying pathways, of which cell cycle check-
point arrest and apoptosis are important in considering RS/
RSu. These two responses will be discussed in section 5c
below, when discussing predictive assays based on these
responses. Although ATM signaling and NHEJ can function
independently, ATM has an essential role in a sub-
component of NHEJ. Additionally, and of significance here,
ATM has a major role in regulating the accuracy of repair
via its influence on a range of processes, including the for-
mation of IRIF and cell cycle checkpoint arrest, which will
be considered when discussing RSu.

Human and rodent cell lines defective or deficient in
NHEJ or ATM signaling proteins display severe RS, reflecting
the significance of these pathways in the DSB response.
Patients carrying mutations in NHEJ or ATM signaling
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proteins have also been identified and cells from such patients
similarly display pronounced RS (Woodbine et al. 2014;
Foray et al. 2016). In some cases, such patients have received
RT and displayed subsequent marked RS (usually with a
grade 5 response) (Foray et al. 2016). The majority of these
patients display syndromic features and are diagnosed at a
young age. Efficient diagnosis normally prevents the use of
RT based treatments for such patients. However, a small
number of patients with weaker impacting mutational
changes do not display syndromic features and can escape
diagnosis. Patients of this nature have received RT for cancer
(they are also prone to carcinogenesis) and have displayed
severe RS (see (Riballo et al. 1999) for an example). Thus, a
level of residual activity of these proteins sufficient to protect
against DSBs arising endogenously or from background radi-
ation is insufficient to protect against the higher doses that
the normal tissue may receive during RT. Heterozygous car-
riers of ATM, however, have not generally been identified as
over-responding to RT, although there is some evidence that
they can show a heightened sensitivity in some cellular-based

assays (Royba et al. 2017; Aghamohammadi et al. 2018).
Although single nucleotide polymorphic (SNPs) variations in
some DDR proteins have been reported (e.g. in XRCC1 and
ATM), weakly impacting polymorphic modifications in the
majority of proteins whose loss confers major RS (grade 4–5
responses) are not commonly observed in patients displaying
grade 2–3 responses nor in genome-wide association (GWAS)
studies (Seibold et al. 2015; Andreassen, Rosenstein, et al.
2016). An important question is whether deficiency in HR
confers RS. Since HR is essential, any mutational changes
observed in patients are hypomorphic. Significantly, heterozy-
gous loss of BRCA1 or BRCA2 confers breast and ovarian
cancer predisposition and there is evidence that such patients
may be RSu (see below). Whether they display RS is less clear
(see Table 1 for syndromes that might confer RS or RSu).
We discuss the potential RS caused by mutations in genes
that impact upon the DDR, including BRCA2, suggested by
the findings from a predictive assay below.

In summary, patients displaying marked RS (i.e. showing
grade 4–5 responses) frequently harbor homozygous or

Table 1. All references for these findings are given in (Foray et al. 2016).

Syndromes Mutated Genes

Radiosensitivity Radiosusceptibility

Expected
CTCAE
grade

Cellular
surviving
fraction at

2 Gy (SF2) in % Cancer Risk
Tumor type
expected

Ataxia telangiectasia ATM
Bi-allelic mutations

5 1-5 þþþ Leukemia/
Lymphoma

Ligase IV Lig IV
Bi-allelic mutations

5 2-6 þþþ Leukemia/
Lymphoma

Nijmegen NBS1
Bi-allelic mutations

4 5-9 þþþ Leukemia/
Lymphoma

Hutchinson-Gilford
(progeria infantum)

Lamin A
homozygous mutations

5 8-19 0 –

Bruton’s disease
(agammaglobulinemia)

BTK
Bi-allelic

4-5 10 0 –

Hypo-gammaglobulinemia Lig I 3-4 11 0 –
Glutathione synthetase deficiency GSS 3-4 14 0 –
ICF syndrome DNMT3B 3-4 14 0 –
Huntington’s disease IT15 0-4 19 0 –
Neurofibromatosis type I (Von

Recklinghausen)
NF1 0-4 15-20 þþþ Brain tumors

Neurofibromas
Tuberous sclerosis TSC genes 0-4 24 þþþ Brain tumors
Cockayne syndrome CS genes 0-4 15-30 0 –
Xeroderma pigmentosum XP genes 0-4 15-30 0/þþ Skin tumors
AT like disorders MRE11 0-4 15-40 0/þþ Breast ?
Fanconi anemia FANC gene 0-4 15-40 0/þþ Leukemia

Solid tumors
AT þ/� ATM

heterozygous mutations
0-2 20-30 0/þþ Breast?

Li-Fraumeni p53 0-2 20-30 þþþ Breast
Turcot and Gardner syndromes APC genes 0-3 20-30 þþþ Digestive tumors
Hereditary retinoblastoma cancer RB1 0-3 30-40 þþþ Eye
Severe combined

immunodeficiency
Artemis
Cernunos/XLF

0-3 20-40 0 –

Hereditary breast/ovary cancer BRCA2 0-3 20-40 þþþ Breast/Ovary tumors
Hereditary breast/ovary cancer BRCA1 0-3 30-50 þþþ Breast/Ovary tumors
Bloom’s syndrome BLM RecQ 0-3 30-50 þþ Leukemia/

Lymphoma
Rothmund-Thomson syndrome RecQL4 0-2 30-50 0 –
Werner syndrome WRN RecQ 0-2 30-50 0 –
Hereditary non polypoid colorectal

cancer (Syndrome de Lynch)
hMLH1, hMSH2/6, hPMS2 0-2 30-50 þþþ Digestive tumors

Radioresistance – 0 50-70 0 –

CTCAE refers to Common terminology criteria for Adverse events. It represents any abnormal clinical finding temporally associated with the use of a therapy for
cancer, in this case radiation.

The major human syndromes associated with RS and/or RSu.
All references for these findings can be obtained from Foray et al 2016.
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compound heterozygous mutations in NHEJ or ATM signal-
ing genes, such as ATM, LIG4 or NBS1. However, these gen-
etically RS individuals (i.e. those with identified bi-allelic
mutations in known DDR proteins) represent a minor sub-
set (less than 1%) of the patients showing adverse tissue
reactions following RT although such patients normally dis-
play a severe response and hence represent a greater per-
centage of those displaying a grade 5 reaction. The diagnosis
of syndromic patients is reasonably well established because
such patients are usually earmarked for RS analysis due to
displaying characteristic features. Identifying the very small
subset of patients with mildly impacting mutations in DDR
proteins (i.e. without syndromic features) is also important
and is not carried out routinely due to the lack of the iden-
tifying syndromic phenotype. However, it is also important
to identify any additional genes that indirectly impact upon
the DDR to radiation, particularly if they prove to con-
fer RS.

In summary, deficiency in the DDR proteins clearly con-
fers RS to doses that normal tissues can encounter during
RT. However, mutational changes in the encoding genes do
not make a major contribution to the group classified as
moderate RS individuals (grade 2–4 responses) based on
their response to RT. Therefore, in sections 3–5 below we
consider additional responses or pathways that may confer
RS with a grade 2–4 reaction. It is noteworthy that the pro-
posed factors (or pathways) may modify the DDR or they
may have a distinct mode of action, such as causing additive
DNA damage or influencing a distinct process, which is
additive or synergistic to the DDR.

3.2. The oxidative stress response

3.2.1. Activation of the oxidative stress response and pre-
existing oxidative stress

Approximately 30% of DNA damage induced by photon
irradiation arises directly from interaction of the radiation
tracks with DNA. Most indirect DNA damage (i.e. 70% of
IR-induced damage) arises from radicals, mainly hydroxyl
radicals (OH�) produced by the interaction of IR with water
(Nikjoo et al. 1999). However, reactive oxygen species (ROS)
can also be released from dysfunctional mitochondria dir-
ectly induced by IR or through the activation of a stress
response involving members of the BH3 domain protein
family such as Bax or Bak. ROS can furthermore be gener-
ated after activation of NADPH oxidases.

The release of ROS by mitochondria and NADPH oxi-
dases during the oxidative stress response elicits the activa-
tion of processes to cope with ROS including the
deactivation of ROS. In this context, it is noteworthy that
ATM influences the stress response by activating ROS scav-
engers (Bagley et al. 2007). However, additional processes
can be activated involving a range of transcriptional
changes, including processes that can remove oxidized prod-
ucts. Importantly, exposure to IR can activate the stress
response. However, additionally, a range of factors, includ-
ing life style and the presence of a tumor, can activate a

stress response and affect preexisting oxidative stress and
redox regulation (Zhang et al. 2011).

Hydroxyl radicals and other ROS species can exert a
range of cellular impacts (see (Spitz et al. 2004; Zhou et al.
2014) for a review), which includes damage to DNA.
However, they can also damage nucleotides within the
nucleotide pools, which, unlike DNA, are not protected by
chromatin. The damaged nucleotides have the potential to
be incorporated into DNA since they can be efficient sub-
strates for DNA polymerases. However, normally only a
small component of indirect DNA damage arises via the
incorporation of damaged nucleotides since the pools are
efficiently sanitized by mechanisms that function in addition
to ROS scavenging. 8-oxo-dGTP represents an important
damaged nucleotide and Mth1, an 8-oxo-dGTPase, plays a
critical role in sanitizing the nucleotide pools by removing
8-oxo-dGTP (Ichikawa et al. 2008). This process results in
the release of 8-oxo-dG into the urine or serum and pre-
cludes its usage during DNA repair or replication. Thus, if
Mth1 is impaired in function or becomes saturated, the
impact of IR-induced DNA damage arising following
incorporation of damaged nucleotides can increase and sig-
nificantly contribute to the level of IR-induced DNA dam-
age. Support for a model of this nature has been provided
by findings showing that the level of 8-oxo-dG increased in
the urine of normal responding patients after RT but not in
radiosensitive (group 3–4) patients (Haghdoost et al. 2001).
Further studies involving ex vivo irradiation of blood sam-
ples from normal and radiosensitive patients (group 3–4)
(Skiold et al. 2013; Danielsson et al. 2016; Khavari et al.
2018) were consistent in revealing distinctions between nor-
mal responding and RS patients in their ability to generate
8-oxo-dG. In these studies, the presence of 8-oxo-dG in the
urine or serum was argued to arise following Mth1 action
on 8-oxo-dGTP in the nucleotide pool, which was consoli-
dated by comparing fibroblasts in which Mth1 was normally
expressed or silenced (Haghdoost et al. 2006). In follow-up
studies, a proteomic approach on a retrospective cohort
revealed that RS patients have higher expression of several
antioxidant enzymes several years after RT which was not
observed in normal responding patients (Skiold et al. 2015).

Collectively, these findings suggest that the ability to rap-
idly remove 8-oxo-dGTP from nucleotide pools is an
important response following RT and that the inability to
achieve this efficiently may lead to RS (Haghdoost et al.
2006). Moreover, RS patients appear to be in a preexisting
state of oxidative stress with high levels of 8-oxo-dG in their
serum prior to IR exposure, which may preclude the normal
response of increased 8-oxo-dG excretion post IR. Thus, it
was proposed that RT causes massive dGTP oxidation (8-
oxo-dGTP). This could, if not efficiently removed, e.g. due
to saturation of the sanitizing response, be incorporated into
DNA, causing abasic sites and SSBs following repair process-
ing, potentially enhancing the complexity of IR-induced
DNA damage. Aberrant levels of damaged bases in the
nucleotide pools may also lead to harmful pool imbalance.
Thus, oxidative stress levels prior to RT could be a deter-
minant of RS influencing the response to oxidative stress
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post RT. Potential biomarkers for analysis have been identi-
fied (Haghdoost et al. 2001; Danielsson et al. 2016). The
impact of high endogenous oxidative stress could modulate
the response to IR by causing DNA damage that is additive
to directly induced damage (as discussed above) or it could
impact upon the repair of IR-induced damage, for example
by affecting the kinetics and fidelity of repair due to
increased damage complexity. The extent to which genetic
factors underlie the response to oxidative stress or to which
the response is influenced by lifestyle or other non-genetic
factors is unclear. It is also possible that the tumor itself
influences oxidative stress levels and the radiation response.

3.2.2. Protein oxidation/carbonylation
There is also evidence emerging that oxidative stress can
affect protein and membrane functions, which can substan-
tially contribute to RS in living systems. In some extremely
radioresistant species, e.g. bacteria such as Deinococcus
radiodurans, bdelloid rotifers, tardigrades, nematodes and
insect cells, radioresistance can be attributed to specific
mechanisms that protect against protein oxidation (Slade
and Radman 2011; Krisko et al. 2012; Chandna et al. 2013;
Beltran-Pardo et al. 2015). Based on these findings, Radman
proposed the novel concept that protein damage underlies
RS/resistance as well as aging and related diseases (Radman
2016). Indeed, the ability to protect against protein carbony-
lation, a form of oxidative protein damage caused by IR,
correlates with resistance to radiation across many species
(Daly et al. 2004; Aryal and Rao 2018). The individual anti-
oxidant defense and capacity to deal with oxidative stress is
highly variable (Valko et al. 2007; Ruszkiewicz and Albrecht
2015; Kurutas 2015). Thus, it is possible that the inter-
individual response to RT can be influenced by the individu-
al’s antioxidant and antiradical defense capacity, impacting
upon protein as well as DNA damage. The oxidation of pro-
teins may, however, affect overall DNA repair capacities.

Further, supporting a role for antioxidant protein defenses,
there is indirect evidence that such defense processes may
play a significant role in the protection against oxidative
stress and the induction of premature senescence in human
fibroblasts exposed to chronic low dose rate IR (Loseva
et al. 2014). It is also noteworthy that protein carbonylation
by oxidative stress and subsequent diminished DNA repair
has been observed after UV irradiation and with melanoma
induction (Emanuele et al. 2014). Currently, however, pro-
tein carbonylation has not been examined in patients receiv-
ing RT and any direct link to RS of such patients has not
been established.

3.3. Predictive assays for RS based on monitoring the
DDR and/or oxidative stress

Given the importance of the DDR and the oxidative stress
response in determining the response to IR, assays to predict
RS have focused on monitoring these responses and several
assays have been reported (see Figure 3 for a depiction of
some functional assays that can assess the response to IR).
Paper 3 discusses the utility of these assays as biomarkers
for assessing RS. Here, we discuss two of these assays
(namely the RILA assay and an assay involving cH2AX and
pATM) from the mechanistic viewpoint and consider how
they provide potential insight into the mechanisms underly-
ing RS. The impact of the stress response was dis-
cussed above.

3.3.1. The nucleoshuttling of ATM
This functional test uses fibroblasts derived from patients
(Bodgi and Foray 2016; Granzotto et al. 2016). In fibroblasts
derived from normal responding patients (designated grade
0 or 1), foci of ATM phosphorylated at S1981 (p-
1981ATM), the autophosphorylation site on ATM required

Figure 3. Functional assays that can assess the response to IR exposure in cells. A range of assays have been reported that can assess RS in cultured cells. Four of
these assays have been reported to correlate with the patient response following RT (highlighted in red). In addition, GWAS studies have been carried out on
patients following RT and are included in this Figure. Further assays and biomarkers are discussed in review 3 (Gomolka et al. 2019).
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for its DSB-dependent activation, form rapidly in the
nucleus after IR exposure. In fibroblasts from RS patients
(grade 2–4), nuclear p-1981ATM foci formation is delayed
and does not reach the same yield as in the cells from nor-
mal responding patients. At later times, however, the DSBs
are recognized and repaired. Cells from extremely radiosen-
sitive patients (designated grade 5) display either very few or
no p-1981ATM foci (e.g. if they are ATM deficient) or they
form foci efficiently but display a gross DSB repair defect
(e.g. patients mutated in DNA ligase IV, the NHEJ ligase).
An explanation for delayed formation of ATM foci in grade
2–4 patients is that the level of nuclear ATM is insufficient
to mount an efficient DDR since most ATM in undamaged
cells is localized in the cytoplasm as an inactive dimer and
after IR converts from the inactive dimer status to an active
monomer. Only active monomers are transported to the
nucleus. The working model is that the grade 2–4 RS
patients specifically express cytoplasmic proteins that form a
multiprotein complex with monomeric ATM, sequestering
activated ATM in the cytoplasm and precluding its shuttling
to the nucleus (hence called delayed ATM-nucleoshuttling).
This impedes the rapid formation of MRE11 foci and hence
normal ATM and/or MRN function during the DDR. This
model has also been used to explain RS of genetic syn-
dromes caused by mutations in cytoplasmic proteins such as
Huntington’s disease, neurofibromatosis and Tuberous
Sclerosis syndrome (Ferlazzo et al. 2014; Ferlazzo
et al. 2018).

The functional test has predicted the response of 117
patients to RT based on a complete version of the assay
(Granzotto et al. 2016) and of 30 patients in a faster, modi-
fied version, with a high degree of accuracy and independ-
ent of cancer site and the early/late nature of the post-RT
reaction (Pereira et al. 2018; Vogin et al. 2018). Of mechan-
istic importance, the findings strongly suggest that non-core
DDR proteins can influence the DDR and that an aberrant
DDR contributes to RS. Currently, the findings do not
reveal whether the response is genetically determined or due
to other factors. Importantly, however, the assay uses patient
fibroblasts but is predictive for a range of tissues, suggesting
that either there is a genetic determinant or there is a gen-
eral response arising in multiple tissues or cell types.

Interestingly, the assay has led to the identification of
heterozygous mutations in genes that have been proposed to
impact on the DDR, such as Neurofibromatosis (NF1),
Tuberous Sclerosis (TSC) and the breast cancer susceptibility
gene, BRCA2, which functions during HR, in patients show-
ing grade 2–4 responses (Foray et al. 2016). Thus, if the
findings of the assay are verified, they can provide important
insight into factors that by affecting the nucleoshuttling of
ATM, can influence the response to IR.

3.3.2. Radiation-induced CD8 T-lymphocyte apop-
tosis (RILA)

Apoptosis represents an important pathway of programed
cell death and can arise as part of the DDR, being activated
in a p53-dependent manner. Such apoptosis is attributed to
excessive or persisting DNA damage. However, additionally,

via a death receptor-mediated process, apoptosis can be
induced by generation of sphingolipid ceramide clustering
of membrane-bound proteins (receptor proteins) which ini-
tiate the activation of a cascade of mitogen-activated protein
(MAP) kinases and caspases leading to the fragmentation of
nuclear DNA (e.g. (Taha et al. 2006)). This latter pathway
leading to apoptosis and cell death arises independently of
DDR signaling. Thus, cell apoptosis may involve either
DNA damage signaling or signaling from damaged mem-
branes. Importantly, apoptosis has been linked to intrinsic
RS in peripheral lymphocytes and EBV-transformed lym-
phoblastoid cell lines (Biechonski et al. 2018). Significantly,
in the present context, it has been proposed that apoptosis
in CD8þ lymphocytes can predict IR-induced late toxicity,
from which a test for radiation-induced CD8 T-lymphocyte
apoptosis (RILA) was developed (Ozsahin et al. 2005;
Schnarr et al. 2009; Azria et al. 2015; Mirjolet et al. 2016).
In this test, lymphocytes from normal and RS patients are
irradiated ex vivo with 2 or 8Gy and apoptosis is assessed.
After exposure to 2Gy, there is a direct relationship with
high apoptosis correlating with the overresponse to RT but
at 8Gy, the apoptotic level is inversely related to response.
The validation and predictive capacity of this assay has been
undertaken in two studies, and several prospective trials are
progressing (West et al. 2014; Azria et al. 2015; Mirjolet
et al. 2016). The working model is that radiosensitive
patients display aberrant activation of apoptosis, which
could be a consequence of changes affecting the DDR or
distinct changes that only impact upon apoptosis. However,
it should be noted that the RILA assay cannot predict RS
alone but needs additional information (e.g. confounding
factors such as systemic treatments or tobacco use) to be
added to the determinant (Azria et al. 2015).

Given the relationship of apoptosis activation to clinical
RS and the evidence for a heritable component, studies were
undertaken to investigate the relationship between single
nucleotide polymorphisms (SNPs) in TRAIL/TNFSF10 with
apoptosis in CD8þ lymphocytes and clinical RS endpoints
in a series of breast cancer patients (Ozsahin et al. 2005;
Schmitz et al. 2007). Using blood samples from patients a
genetic association was found between mRNA levels of the
TRAIL/TNFSF10 locus and acute and subacute dermatitis
and RS of T4 effector memory lymphocytes suggesting that
TRAIL/TNFSF10 genetic variants may be used as markers of
individual RS (Baijer et al. 2016). These studies reveal a
prominent role for the membrane bound protein, TRAIL
(mTRAIL) in mediating pro-apoptotic autocrine signaling in
T4 lymphocytes (Baijer et al. 2016).

3.3.3. Cell cycle checkpoint arrest
Cell cycle checkpoint arrest represents an important compo-
nent of the DDR, which likely impacts upon both RS and
RSu (Jeggo and Lavin 2009). Effectively the presence of
DNA damage activates a signal transduction response which
halts cell cycle progression, precluding entry into cell cycle
phases (S and mitosis), where DNA damage can be com-
pounded either following replication or cell division.
Following IR exposure, ATM represents the major kinase
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activating checkpoint arrest, with progression through G1
and G2 phases, being the most significant pathways acti-
vated (Jeggo and Lavin 2009). Interestingly, failure to imple-
ment G1 checkpoint arrest, which occurs in cells lacking
p53, does not confer major RS although it may be important
in restricting RSu. However, the ability to activate G2/M
arrest has been evaluated as a mechanism conferring RS
(Roberts et al. 1999). Radiosensitivity, in this context, was
assessed as chromosomal radiosensitivity, and there was
some evidence for heritability of such sensitivity. However,
follow up studies have not consolidated this assay as predict-
ive for RS following RT (Hall et al. 2017). However, it is
possible that the assay can detect genetic conditions confer-
ring predisposition to breast cancer, since breast cancer
patients showed evidence of enhanced chromosomal radio-
sensitivity (Scott 2004).

Collectively, the findings of predictive assays of RS can be
important not only in providing a biomarker or bioassay for
assessing RS but in revealing insight into mechanisms that
may confer RS. The findings discussed here raise the possi-
bility that the speed with which the DDR is activated and/or
the ability to regulate apoptosis may be factors determin-
ing RS.

4. Additional factors influencing RS

Above we have discussed the major pathways (the DDR and
the oxidative stress response) which determine RS. However,
there are a substantial number of further responses or fac-
tors which also influence the response to radiation, which
we consider in this section. The separation into a distinct
section is more operational than defined and should not
undermine their significance, however. These factors or
responses, may directly impact upon the DDR or oxidative
stress response, but may have distinct effects with a complex
interplay. For example, activation of the immune response
may result in death of the targeted cell, which is entirely dis-
tinct to DDR induced cell death pathways, such as apop-
tosis. Other factors such as telomere attrition may lead to
cell death via activation of DDR signaling.

4.1. The epigenetic status of DNA and influence
of chromatin

Epigenetic patterns play a major role in regulating gene
expression. DNA methylation and post-translational histone
modifications determine the epigenetic status and affect
chromatin structure and accessibility of DNA sequences.
Unwarranted alterations in epigenetic patterns result in
altered cell function and morphology, and hence cellular
dysfunction. Epigenetic marks are highly responsive to IR
and influence the DDR (Price and D’Andrea 2013; Agarwal
and Miller 2016; Miousse et al. 2017) and it has been pro-
posed that “the DNA methylation landscape may influence
the tissue response to IR” (Miousse et al. 2017). Three types
of underlying mechanisms can be defined: i) changes intro-
duced at the DNA damage site and the surrounding chro-
matin domain in the process of damage recognition, signal

transduction and repair, ii) changes related to programed
gene expression alterations in the response to IR and iii)
changes related to IR-induced disturbances in the availability
of enzymes and co-factors (Karabulutoglu et al. 2019).

Alterations of epigenetic marks at the damage site or in
the chromatin domains marked as IR-induced foci have
been well investigated. They have roles in signaling, alter-
ation of chromatin structure to facilitate repair or coordin-
ation between different events taking place on DNA (Wilson
and Durocher 2017). If, after successful repair, these marks
are not reverted to their original status, it is likely that long-
term, randomly distributed alterations will arise in the
genome (O’Hagan 2014). The response of cells to IR with
activation or repression of specific genes, is accompanied by
alterations of epigenetic patterns. If subsequently the original
epigenetic patterns are not restored, there may be long-term
alterations enriched at IR-responsive genes (Antwih et al.
2013). Altered expression or activity of epigenetic enzymes,
such as the DNA methyltransferase DNMT1 or changes in
metabolism which lead to alterations in the availability of
co-factors can also affect epigenetic patterns (Koturbash
et al. 2016; Miousse et al. 2017). This type of long-term epi-
genetic alteration is expected to be randomly distributed and
potentially frequent.

Evidence has accumulated that nutrition and diet can
affect the epigenetic pattern, e.g. by providing or limiting
co-factors such as S-adenosyl-methionine or acetyl-CoA
needed by the histone and DNA modifying enzymes
(Etchegaray and Mostoslavsky 2016; Feinberg 2018). First
indications for an effect of physical activity and stress factors
on epigenetic patterns have also been provided (Thomas
et al. 2017; Denhardt 2018). Thus, it is conceivable that life-
style factors may influence the epigenetic pattern present
before IR and the resilience to IR-induced long-term altera-
tions. In addition, the epigenetic status present at the dam-
age site can influence the nature of the repair process. For
example, DSBs located within highly compacted regions of
DNA (heterochromatin) have been reported to be repaired
with slow kinetics in an ATM-dependent manner (Goodarzi
and Jeggo 2012). Finally, by altering epigenetic patterns, life-
style may modulate any health effects, including tissue
effects and IR-induced cancer, caused by IR-induced
changes in epigenetic patterns.

The question arises how large are the inter-individual dif-
ferences in epigenetic patterns related to lifestyle factors.
Recent work on the so-called epigenetic clock suggest a
major influence of lifestyle on the age-associated accumula-
tion of epigenetic alterations (Quach et al. 2017; Declerck
and Vanden Berghe 2018). Vitamin C is an important
modulator of the activity of the methylcytosine dioxygenase
TET2, which is involved in DNA regulating methylation sta-
tus (Agathocleous et al. 2017; Cimmino et al. 2017).
Vitamin C levels in blood serum were observed to vary
more than 10-fold in the population (Schleicher et al. 2009),
and at least part of this variation presumably is due to diet.
These and other examples strongly suggest that individual
RS and RSu could be modulated by the effects of lifestyle on
epigenetic patterns.
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4.2. Non-coding RNA

In addition to epigenetic factors influencing histone and
DNA modifications, changes in non-coding RNAs can also
lead to transcriptomic and proteomic changes (Schofield
and Kondratowicz 2018). MiRNAs are one such class of
small non-coding RNA capable of regulating gene expres-
sion post-transcriptionally and influencing the radiation
response (Kraemer et al. 2011). They influence multiple
aspects of cellular responses including DNA damage sensing,
signal transduction, DNA repair, cell cycle checkpoint acti-
vation and induction of apoptosis (Zhang and Peng 2015).
MiRNAs, can also confer persistently elevated ROS levels
due to an influence on mitochondrial function, causing acti-
vation of an oxidative stress response (Kim et al. 2006). In
addition to endogenous miRNA expression influencing RS,
expression of non-coding miRNAs undergoes changes post
IR exposure, which can be predictive of the radiation
response (Ma et al. 2010; Li et al. 2018). Indeed, miRNA
expression profiles are a hallmark of cancer (Zaheer et al.
2019), useful for cancer diagnosis, prognosis and, import-
antly, in the present context, for influencing and potentially
predicting RS (Lacombe and Zenhausern 2017). As an
example, IR-induced miR-34a expression affects both the
response of the tumor and normal tissue to radiotherapy by
enhancing the level of DNA damage and the response to it
(Kofman et al. 2013; Lacombe and Zenhausern 2017).
Additionally, important components of the DSB repair path-
ways, NHEJ and HR, are regulated by miRNAs including
miR-101 which confers radiosensitivity by targeting DNA-
PKcs and miR-107, miR-222 and miR-96, which can target
HR (Czochor and Glazer 2014). ATM also can be regulated
by miRNAs (Kabacik et al. 2015). Interestingly, miRNAs can
also be regulated by dietary and nutritional compounds,
providing a mechanism whereby life style factors can influ-
ence RS (Carlos-Reyes et al. 2019; Hassan et al. 2019; Liu
et al. 2019).

Another species of non-coding RNAs that may have an
impact on cellular and individual RS are the so-called dam-
age-inducible long non-coding RNAs. These are generated
from free DNA ends at DSB sites by RNA Polymerase II
and serve as precursors of small non-coding DNA damage
response RNAs (DDRNAs) (Michelini et al. 2017). DDRNAs
have been proposed to be necessary for activation of the
DDR and as such they may also influence the cellular out-
come of radiation-induced DNA damage (Wei et al. 2012).

4.3. The response of stem cells

Stem cells (SCs) are effectively the cells that can renew tis-
sues when differentiated cells lose the capacity to replicate.
While stem cells are clearly extremely important for consid-
eration of RSu, they are also important in considering RS
due to their role in tissue renewal. There is substantial evi-
dence that both the DDR and oxidative stress response in
stem cells can differ to that of differentiated cells, especially
at low doses (<100 mGy). However, the precise response
appears to differ between distinct stem cells. The most com-
monly studied stem cell systems include the skin, intestinal

crypt, hematopoietic stem cells (HSCs) and neural stem cells
(Paris et al. 2001; Etienne et al. 2012; Martin et al. 2016;
Barazzuol et al. 2019; Gault et al. 2019). Nonetheless,
some general trends have emerged. SCs appear particularly
sensitive to ROS, which in some SCs, for example HSCs,
can confer hyper-radiosensitivity (Gault et al. 2019).
Additionally, quiescent stem cells are frequently resistant to
IR-induced apoptosis in contrast to progenitor stem cells,
which at least in certain tissues can sensitively activate apop-
tosis. Progenitor stem cells can also undergo proliferation
arrest and premature differentiation following low dose
IR exposure.

4.4. Telomere attrition

Telomeres (T2AG3), the very end of chromosomes, consist
of specialized nucleoprotein structures which protect
chromosome ends from being recognized as DSBs, and pre-
vent unwanted activation of the DDR (De Lange 2005).
Telomere length (TL) varies in humans from 2 to 20 kilo-
bases. TL in somatic proliferative tissues naturally declines
with each cell replication cycle at a rate of approximately
50–200 base pairs per population doubling (varying with cell
type) (Martens et al. 2000) due to the incomplete replication
of telomere ends. Telomere maintenance is determined by
genetic factors, and both causal and potentiating roles for
telomere attrition in human diseases have been described
(Blackburn 2005). One factor associated with accelerated
telomere shortening is oxidative stress (Barnes et al. 2019).
The impact of oxidative damage and stress on telomere
homeostasis raises the possibility that short telomeres are
markers for enhanced background oxidative stress.

Telomeres can play a role both in RS (discussed here)
and RSu (discussed below). For RS, individuals with short
telomeres have higher frequencies of IR-induced micronu-
clei, a commonly used marker of cell damage, and DSBs,
than individuals with longer telomeres (Castella et al. 2007).
TL indeed correlates well with RS in many in vivo and
in vitro studies in telomerase-deficient mouse and human
cells (Bouffler et al. 2001). These studies have established
that there is an inverse correlation between RS and mean
TL, implying that telomere shortening enhances RS
(Genesca et al. 2006). However, it has also been reported
that telomere elongation beyond a certain length in tumor
cells (>17kb) significantly decreased clonogenic survival
after IR (Fairlie and Harrington 2015). Consequently, target-
ing telomerase and telomeres has been proposed to enhance
IR effects both in vitro and in vivo (Berardinelli et al. 2017).

4.5. Influence of the microenvironment

Tissue microenvironment or stroma represents a dynamic
population of cellular and non-cellular constituents main-
taining the organ homeostasis. The microenvironment
encompasses extracellular matrix components (laminin,
fibronectin, collagen and proteoglycans), the immune sys-
tem, fibroblasts, the vascular network, cytokines, and other
secreted factors. All cells are profoundly affected by
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communication with their microenvironment. Radiation
exposure can modify the homeostasis of the microenviron-
ment, which itself can determine the toxicity of a normal
tissue, but equally, the response of the tissue can influence
the microenvironment. Radiation may induce death or accel-
erated aging of stroma cells. As an example, acute endothe-
lial apoptosis mediated by the rapid generation of
sphingolipid ceramide via the activation of acid sphingomye-
linase can enhance intestinal crypt stem cell radiosensitivity
leading to intestinal collapse (Paris et al. 2001). Long term
endothelial senescence through the dysfunction of the
respiratory complex II of the mitochondria is observed dur-
ing intestinal or lung fibrosis (Corre et al. 2013; Beach et al.
2017; Lafargue et al. 2017). Considering all the components
of the microenvironment, the ubiquitous immune system
has been recently highlighted for its major participation in
the normal tissue response to IR exposure (Arnold et al.
2018), and this aspect is specifically considered below.
Additionally, the inflammatory response secretome released
by senescent or activated stroma cells can profoundly influ-
ence the microenvironment (Philipp et al. 2017), which is
discussed further below. Thus, finally the actual tissue
response likely arises from the cross talk between the dis-
tinct factors influencing the microenvironment. How these
factors interplay to influence RS and RSu needs to be bet-
ter defined.

4.6. Activation of signaling mechanisms including
inflammation

Autocrine and paracrine communications between cells dir-
ectly influence the cellular response to IR. Such communica-
tions can include the secretion of factors including
cytokines, chemokines, proteases, lipids, DNA and miRNAs
which can be present freely in the extracellular milieu or
transported via extracellular vesicles such as exosomes. The
best studied secreted factors are pro-inflammatory chemo-
kines and cytokines (including TNF-a, IL-1a, IL-1b, IL-6, Il-
8, GM-CSF, FAS-L, TGF-b, VEGF), which bind to receptors
or membrane proteins to signal to targeted cells which may,
in turn, influence their IR response. The inflammatory
response can be later down-regulated due to the short half-
life of the pool of pro-inflammatory cytokines and the pro-
duction of anti-inflammatory cytokines, such as IL-4, IL-10
or IL-13 (Koj 1998). The impact of secretion is observed for
most cell types (including immune cells, vascular cells and
fibroblasts). The secretory factors can be either pro- or anti-
inflammatory, with the balance being critical in determining
a favorable or adverse tissue outcome following IR, namely
tissue repair or regeneration, fibrosis and other radiotoxic-
ities (Sun et al. 2013). Many different radiobiological param-
eters can influence the secretome profile, including dose,
radiation quality (e.g. protons versus photons) and delivery
as fractions (Nielsen et al. 2017). The secretome profile
changes as a function of time post IR and can be divided
into acute and chronic secretory profiles. The two secretome
profiles may include different factors causing distinct prop-
erties defined by the tissue response. The acute tissue

response to IR involves tissue necrosis as well as tissue
regeneration, angiogenesis, and immunosuppressive
responses. The acute secretory activated phenotype (ASAP)
production usually peaks in the first days after IR (Hong
et al. 1995). However, this secretory profile needs further
investigation for improved definition. After high IR doses, it
is known to include pro-inflammatory death cytokines such
as TNF-a or FAS-L, the sphingolipid ceramide and the
related metabolic enzyme, the acid sphingomyelinase, which
is involved in apoptosis of endothelial cells after IR (Paris
et al. 2001), as described above. After doxorubicin treatment,
the ASAP phenotype is dependent on the activation of the
p38 MAPK molecular cascade. Whether this holds for the
ASAP phenotype after other stressors, including IR, requires
further investigation. The late and chronic secretion appears
several weeks after IR. It is observed in injured tissue
through the secretion of pro-inflammatory cytokines such as
TGF-b in lung fibrosis (Dadrich et al. 2016).

A specific secretome is the one appearing during cellular
senescence, a phenotype characterized by permanent cell
cycle arrest, the expression of p16 and p21, the overexpres-
sion of b galactosidase in the lysosomes and the AMPK and
NF-kB-dependent secretion of a pool of pro-inflammatory
factors including IL-1a/b, IL-6, IL-8, TGF-b, TNF-a, and
matrix metalloproteinases (Michaud et al. 2013; Ferrand
et al. 2015). The initiation and the maintenance of the sen-
escent associated secretory phenotype (SASP) requires the
persistence of DNA damage from months to years after IR
(Coppe et al. 2008; Rodier et al. 2009; Strzeszewska et al.
2018). IR-induced pro-inflammatory cytokines have a sig-
nificant effect on the immune system, which can influence
tissue RS (Gougerot-Podicalo et al. 1996). DNA damage
induced breaks may also activate the inflammatory process
through the generation of cytoplasmic micronuclei. Cyclic
GMP-AMP synthase (cGAS) acts as a cytosolic DNA sensor
that is binding to cytosolic DNA and catalyzing the forma-
tion of the second messenger molecules, cyclic GMP-AMP
(cGAMP) from ATP and GTP. cGAMP binds to the adaptor
Stimulator of Interferon Genes (STING), activating a
STAT3-dependent signaling pathway, leading to the tran-
scription of pro-inflammatory type I Interferon (Bartsch
et al. 2017; Harding et al. 2017; Mackenzie et al. 2017).

These different secretory factors represent interesting
markers of acute or late tissue toxicities. However, there are
challenges to be overcome. Since inflammation can be
encompassed within the umbrella of a trauma response, the
timing and the exact profile of the pool of pro-inflammatory
factors must be well defined in terms of the IR-induced
pathogenesis. Finally, polymorphisms in cytokine signaling
may contribute to the differences in the individual response
and could contribute to RS (Venkatesh et al. 2014).

4.7. The immune response

The immune system can influence RS in multiple ways. Cell
and tissue damage induce a so-called sterile inflammatory
reaction to eliminate debris and restore cellular homeostasis
and tissue function (Chen and Nunez 2010). As already
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mentioned, a wide range of pro-and anti-inflammatory fac-
tors are produced after radiation exposure, via for example
DNA damage and the presence in the cytosol of micronuclei
or dsDNA leaking from damaged mitochondria which acti-
vate the cGAS-STING pathway (Bartsch et al. 2017; Harding
et al. 2017; Mackenzie et al. 2017) or through senescence
induction (Michaud et al. 2013; Ferrand et al. 2015). In
turn, these factors direct the recruitment and activation of
immune cells to the site of damage, and therefore modulate
and shape the development of these inflammatory reactions.
The fate of irradiated cells results from the balance between
IR-induced pro-death and pro-survival signaling pathways
(Roos et al. 2016). The activation of Akt and NF-jB signal-
ing pathways by cytokine/cytokine receptor interactions can
alter this balance and promote the survival of damaged cells.
Thus, the production of inflammatory factors influences the
outcome of IR exposure at several levels and profoundly
changes the cellular environment, which also has a major
impact on irradiated cell fate, as reviewed in the section
above. Impairment of the immune system composition and/
or functions will therefore, most likely, result in changes in
the response to IR.

Immune functions are, for example, known to decline
with time, so that the immune system becomes less efficient
in the elderly. This “immunosenescence” results from
changes in both the homeostasis and function of innate and
adaptive cells and results, among others, in a state of inflam-
mation termed “inflammaging”, with high levels of circulat-
ing inflammatory mediators such as IL-6 and TNF-a
(Franceschi and Bonafe 2003; Olivieri et al. 2003; Alvarez-
Rodriguez et al. 2012; Michaud et al. 2013). This preexisting
inflammatory milieu can alter the mobilization and function
of immune cells in response to radiation exposure. Thus, the
age of the immune system at exposure might be a factor
influencing the response to IR.

In addition to its direct effects on immune cell homeosta-
sis and function, IR exposure also affects the protective
functions of the immune system by accelerating aging and
immunosenescence (Richardson 2009; Candeias et al. 2017).
Therefore, IR induces the development of immune responses
aimed at counteracting the tissue effects of exposure, but at
the same time affects the functionality and efficiency of the
immune system. The overall impact on IR-induced health
effects, and especially individual RS is currently unknown.
RT represents a particular situation characterized by
repeated exposure of a defined tissue volume to kill tumor
cells or to modify an inflamed microenvironment (Frey
et al. 2017). However, blood-borne immune cells circulating
though the tumor bed are exposed at the same time. In add-
ition, tumor cells shape their micro-environment to favor
their growth. They recruit regulatory T cells and myeloid-
derived suppressor cells, a category of specialized immune
cells that secrete anti-inflammatory, pro-tumor cytokines
and prevent the activity of specific anti-tumor T lympho-
cytes (Candeias and Gaipl 2016; Wennerberg et al. 2017).
Recent work unraveled the very high degree of inter-individ-
ual variability in the composition of circulating immune
cells (Brodin and Davis 2017), but the activation status of

these cells may also be a key parameter of the individual
response to IR. How these changes are dependent on age at
exposure and on the initial inflammatory/activation status of
immune cells, and how they subside over time is unknown.

Thus, a key feature of IR effects on the immune system is
that localized reactions expand into regional or systemic
responses, where complex intercellular communication path-
ways play a major role. Alterations in the different intercellu-
lar communication pathways both within the irradiated
microenvironment and at a systemic level can lead to abnor-
mal manifestations of the response. These cell-to-cell commu-
nication pathways, mainly via inflammatory factors and
extracellular vesicles, participate in the orchestration of the
immune system response to IR. Since these are dynamic
processes, the outcome is greatly influenced by environmental
factors. These can be signals originating from the irradiated
microenvironment or signals initiated at a systemic level by
exogenous factors (lifestyle, diet, other co-morbidities, etc).
These factors can shape the response of a tissue to IR even in
the absence of a genetic defect. The importance of extracellu-
lar vesicles relies on the fact that they are membrane-bound
structures with a complex cargo composed of different nucleic
acids (RNAs, small non-coding RNAs), proteins, lipids, lipo-
proteins, small metabolites through which they are able to
transmit a multitude of signals concomitantly and thus are
able to induce different biological processes in the recipient
cells (Szatmari et al. 2019; Zonneveld et al. 2019). It has been
shown that IR can impact both the quantity and the internal
composition of extracellular vesicles (Al-Mayah et al. 2012;
Xu et al. 2015). Several groups have shown that IR (both low
and high doses) altered the miRNA composition of extracel-
lular vesicles involved in key cellular pathways related to radi-
ation response and carcinogenesis. Thus, signals delivered to
neighboring or distant cells by extracellular vesicles pro-
foundly affect radiation response of recipient cells. For
example, delivery of bone marrow-derived extracellular
vesicles originating from irradiated mice to non-irradiated
naïve animals induced activation of DDR pathways (increased
levels of c-H2AX foci) in the splenocytes of naïve mice
(Szatmari et al. 2017). A major characteristic of signals trans-
mitted by extracellular vesicles relies in the fact that they
transmit information “packages”, which allows much more
complex information transfer compared to “traditional” single
information units represented by cytokines or chemokines,
although chemokines and cytokines rarely act alone. These
information packages reflect the complex radiation response
of the extracellular vesicles-releasing cells. Their role in medi-
ating radiation effects and response has been recognized rela-
tively recently and it will be important to determine the
mechanism by which extracellular vesicles can modulate
radiosensitivity and radiosusceptibility.

4.8. Potential influence of life-style factors on
cellular pathways

The impact of life-style factors such as smoking, alcohol
consumption, diet, degree of physical activity, physical
injury, hygiene and medication as factors modulating the
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degree of RS has received increasing interest. While clini-
cians are well aware of the response-modifying effects of at
least some of these factors, systematic overviews are still
scarce. Some of these factors may, in fact, impact upon the
response via a cellular mechanism, as considered above for
how life-style may influence the epigenetic status of a cell.
However, we have included these factors in this additional
category, since the impact may be highly complex and
multifactorial. Within the scope of this review, we concen-
trate on diet and smoking, since these lifestyle factors have
been investigated more deeply than the others.

Due to the pivotal role of reactive species in the radiation
response, both for immediate damage induction and for
later-occurring effects including inflammatory processes, the
influence of spontaneous oxidative stress levels and the sta-
tus of detoxifying systems has been investigated in detail.
Oxidative stress markers exhibit wide inter-individual vari-
ability and can be affected by nutritional factors (Alajbeg
et al. 2017; Bjorklund and Chirumbolo 2017; Saha et al.
2017). Since chronic oxidative stress is a major issue in nor-
mal tissue injury after radiotherapy, in addition to radical
scavenging medication, a diet rich in anti-oxidants may help
to reduce or delay side effects caused by oxidative stress
(Citrin and Mitchell 2017). A recent systematic review on
the influence of various natural and derivative compounds
and diets in vitro and in vivo on radiation effects concluded
that antioxidants such as ascorbic acid and N-acetyl-cyst-
eine, but also polyphenols, lactoferrin and others can act as
radioprotectors and reduce induction of DNA damage
(Smith et al. 2017). Overall, in the studies analyzed little
attention was given to the second wave of (cellular) ROS
production, although some of the studies involved prolonged
administration of the radioprotective compound. The
authors concluded that diet modification alone could pro-
vide radioprotective effects given that the radioprotective
agents are often phytonutrients frequent in a plant-based
diet (Smith et al. 2017). Amongst these phytonutrients, poly-
phenols have attracted interest as potentially mitigating fac-
tors in acute radiation syndrome and radiation-induced
bone loss (Schreurs et al. 2016; Singh et al. 2017). Diet may
also affect pathways involved in late, inflammation-associ-
ated effects. For example, lower levels of pro-inflammatory
cytokines were detected in head and neck cancer patients
consuming whole foods and diet rich in vegetables and
fruits (Arthur et al. 2014). Concerning gastrointestinal radi-
ation toxicity, the preventive activity of plant products
appears to rely on their fiber content, in addition to antioxi-
dant and anti-inflammatory activities (Wedlake et al. 2017;
Pathak et al. 2019). Since diet, and especially fiber compos-
ition, affect the intestinal microbiome, it is conceivable that
the microbiome participates in the pathogenesis of radi-
ation-induced bowel injury (Kumagai et al. 2018). There is
also evidence that caloric restriction or a ketogenic diet can
reduce radiation-induced side effects, possibly by altering
metabolic and inflammatory pathways (O’Flanagan et al.
2017), although the tolerance and acceptance of these inter-
ventions may be limited (Zahra et al. 2017). However, nutri-
tional deficiencies were found associated with higher risk of

hemorrhagic cystitis after pelvic RT (Platzer et al. 2018) and
of adverse events in head and neck cancer patients treated
with RT (Kono et al. 2017).

Another life-style factor frequently implicated in affecting
adverse effects of RT is smoking habit. By causing additional
DNA damage and oxidative stress, smoking may affect the
ability of cells to handle radiation damage. A small study
investigating induction, processing and fixation of DNA
damage after ex vivo irradiation of lymphocytes in pairs of
monozygotic twins discordant for their smoking habit did
not find that smoking habits influence cellular radiosensitiv-
ity (Marcon et al. 2013). In contrast, in a recent report of
the US Surgeon General about 90% of all studies including
results for the association between cigarette smoking and
increased toxicity of cancer treatment showed a positive
association (National Center for Chronic Disease Prevention
2014). An exception to this may be radiation-induced lung
injury including fibrosis, for which smokers may carry a
lower risk (Kong and Wang 2015; Menoux et al. 2018).

4.9. Other personal factors

While sex and age at exposure are routinely considered as
risk modifying factors in epidemiological studies on radi-
ation-associated carcinogenesis (i.e. RSu), their role in RS,
while certainly acknowledged by clinicians, has received less
vigorous assessment. Increased age has consistently been
associated with higher RS including endpoints such as car-
diac toxicity and endocrine deficiency (AGIR 2013; Bouffler
2016; Marliere et al. 2016; Rose et al. 2016). However, the
contribution of age to radiation-induced lung toxicity is less
clear (Kong and Wang 2015). For several, but not all, organs
increased risk of physiological abnormalities is seen follow-
ing exposure of children (e.g. brain) compared to adults. In
addition, children can develop radiation-induced impair-
ment of growth and maturation (UNSCEAR 2013). In gen-
eral, sex is not regarded as a major factor in RS and if
differences are observed, they may by caused by lifestyle fac-
tor variability (AGIR 2013; Kong and Wang 2015; Bouffler
2016). However, in animal models differential biological
responses of both sexes have been observed, such as differ-
ential gene expression patterns and epigenetic alterations
(Narendran et al. 2019).

4.10. Diseases potentially conferring RS

In the discussion above, we have highlighted some genetic
syndromes that are associated with RS, such as ataxia tel-
angiectasia and LIG4 Syndrome, due to mutations in known
DDR components. Such proteins also function during the
development of the immune response and during neuronal
development. Thus, in some instances, immunodeficiency or
microcephaly can be associated with radiosensitivity. Many
disease states can cause activation of inflammatory responses
or metabolic changes, which, as discussed above, can also
impact on RS. Diabetes is an important example, with
chronic diabetes being associated with microvascular occlu-
sion, atherosclerosis and tissue hypoxia. Multiple groups
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have observed a hyper-response of diabetic patients follow-
ing RT (AGIR 2013). One of the more recent studies found
that diabetes could be a contributing factor for RS when
Standardized Total Average Toxicity scores were assessed for
late radiotoxicity in breast cancer patients (Barnett et al.
2012). It is unclear, however, if such a correlation could be
due to the predisposition to breast cancer and diabetes
(especially type 2 diabetes) associated with deficiency in
DDR proteins, such as ATM or whether any RS is a direct
consequence of diabetes via, for example, the activation of
inflammatory responses (Ditch and Paull 2012). ATM affects
insulin signaling, glucose metabolism and the response to
oxidative stress (Ditch and Paull 2012). Thus, it is possible
that changes, genetic or through a disease state, that affect
these pathways, feedback and impact upon RS. A striking
more recent report revealed that diabetic individuals with
prostate cancer had lower survival rates and worse adverse
effects from RT compared with non-diabetic patients, inde-
pendently of whether they took insulin or other anti-diabetic
medicine (Zaorsky et al. 2017). Collectively, these findings
suggest that diabetes does influence RS, although the under-
lying mechanism is unclear.

Collagen vascular disease (CVD), which encompasses
rheumatoid arthritis, systemic lupus erythematosus, poly-
myositis and systemic schloerosis, represents another disease
state characterized by immune dysregulation and inflamma-
tion. For these diseases, there also appears to be heightened
late toxicity reactions following RT (AGIR 2013).

5. Non-physiological factors that can modulate RS

The aspects above relate to individual differences in patient
responses. However, consideration should additionally be
given to non-patient derived factors that can influence the
apparent response of individuals.

5.1. Definition and delineation of RS

A system for grading adverse effects of any treatment has
been defined and is used in the assessment of the response
to RT (see https://www.eortc.be/services/doc/ctc/CTCAE_4.
03_2010-06-14_QuickReference_5x7.pdf. for details).
However, the precise delineation of grades lacks rigor and
can differ between hospitals, professionals as well as coun-
tries. Grade 2 responses are considered to be on the edge of
the normal response in some countries but a well-defined
over-response in others. One important compounding aspect
is the time at which responses arise; the response can be
observed at early times after RT (categorised as early effects)
but can arise multiple years later (late effects). Although spe-
cific tissues can be classified as early or late responding, a
feature determined predominantly by their rate of prolifer-
ation, some tissues such as skin can be both early and late
responding. It is currently unclear whether the early or late
responses really represent distinct classes of responses or a
spectrum, not least because there is no rigorously defined
time scale shut off for these two types of responses. Another
important consideration is the impact of tumor type and

site on the timing of the response. Frequently, patients are
classified as showing a grade 1–5 early or late response with-
out any consideration of the tumor site or tissue. Thus, the
specificity of IR responses of different organs should also be
considered. To attempt to evaluate the underlying cause for
RS, these factors need to be defined and monitored.
Currently, it is unclear whether early or late responses are
caused by similar or distinct genetic or non-genetic factors.
Finally, the diversity of new RT modalities and the manner
of dose delivery have contributed to the complexity of defin-
ing early/late reactions, notably by accelerating or decelerat-
ing tissue reactions and the responses need to be evaluated
within this context.

5.2. Treatment planning and dosimetry

Significant differences exist between hospitals and RT pro-
fessionals in contouring the primary tumor volume PTV
and estimation of organs at risk. Such differences could
potentially modulate the response to RT for certain patients.
Another consideration is variation in dosimetry estimations
and distinctions between treatment planning systems.

5.3. Radiation quality

Although X-rays (low linear energy transfer (LET) are used
for most RT, increasingly proton and carbon ion therapy
(high LET) are being used. Thus, it is important to evaluate
the influence of the radiation quality (Relative Biological
Effectiveness) when considering individual RS. The local dis-
tribution of radiation insults and damage differs with low
compared to high LET irradiation. Sparsely ionizing, low
LET radiations such as photons induce multiple DNA
lesions that include a high fraction of single-strand breaks
and base damage, and a lower level of DSBs. Densely ioniz-
ing, high LET radiations (such as heavy ions and alpha rays)
induce more localized and complex lesions, giving rise to
complex clustered lesions and complex exchange aberrations
(Sabatier et al. 1992; Mladenov et al. 2018). Such lesions are
more difficult to repair accurately (Stewart et al. 2011; Sage
and Shikazono 2017). Hence, the impact on cells, tissues
and organs, including cell death, genomic instability and
cancer induction, differs between low and high LET radi-
ation and is in general considered to be more severe for
high LET radiation (Sabatier et al. 1987). Interestingly, there
is both in vitro and in vivo data suggesting that tumors
exposed to charged particles are less invasive than tumors
exposed to low LET radiation, a notion supported by recent
“omics” analysis suggesting that the signaling pathways asso-
ciated with angiogenesis, vasculogenesis, migration and inva-
sion are downregulated when exposed to charged particles
(Story and Durante 2018). The mitochondrial respiratory
chain appears to be significantly upregulated after heavy ion
exposure (Fan et al. 2019). A further important advantage of
high LET radiation such as carbon ions, is that most of the
energy is delivered with defined localization, termed the
Bragg Peak, resulting in better sparing of normal tissue
which is relevant when considering the response of the
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normal tissue during RT. Additionally, the assay monitoring
nucleo-shuttling of ATM (described above) predicted the
radiation response in human quiescent cells irrespective of
LET, and provided evidence that high-LET particles pro-
vided protection against the cytoplasmic sequestering of
ATM (Maalouf et al. 2019). Collectively these findings reveal
that the quality of the radiation needs to be considered
when assessing RS.

5.4. The shape of the dose-response curve for tissue
effects and the influence of chance

Classically, the phenotype of an organism is defined as the
interaction of the genotype and the environment. However,
a third contributing component is chance, that is the out-
come of stochastic intracellular processes influencing the
expression of genes (Burga and Lehner 2012). When dealing
with radiation effects, a fourth component is the stochastic
nature of radiation damage, leading to an unpredicted fate
of an irradiated cell. Above, we have considered the impact
of genetics and the environment. The influence of genetics
on individual RS is clear, as demonstrated by the high RS of
people with genetic diseases such as ataxia telangectasia or
Nijmegen breakage syndrome (AGIR 2013). The impact of
the environment is equally demonstrated by the observations
that surgery increases the radiotoxicity of RT (AGIR 2013)
and that mouth hygiene modulates the risk of mucositis in
patients treated by RT for head and neck cancers (Sroussi
et al. 2017). The impact of chance is difficult to prove.
However, it is reasonable to assume that the sigmoid dose-
response curves for tumor control after IR arise due to the
stochastic nature of IR-induced cell killing of tumor cells
(Munro and Gilbert 1961). The dose response curves for
normal tissue complications are also sigmoidal, and it is
likely that severe normal tissue complications are a stochas-
tic accumulation of radiation-induced DNA lesions leading
to cell death. That is, some patients will lie at the extreme
edge of the normal distribution simply by chance. This
explanation should be seriously considered given the inabil-
ity to find a validated genetic fingerprint of RS in RT treated
patients having normal tissue complications (AGIR 2013).
Indeed, as mentioned above, the very extreme RS patients
(groups 4–5) are those with defined mutations in the known
DDR genes, but a proportion of the less severely over-
responding patients (groups 2–3) could, thus, represent
those that arise simply by chance. The important question is
what is the level of this chance contribution versus the
impact of genetic or life style factors. Whilst it is imperative
that an assessment of the underlying causes of RS is under-
taken, the possible existence of the “chance” component
should not be neglected.

6. A consideration of radiosusceptibility (RSu);
cellular pathways conferring RSu

As discussed above, RSu represents the sensitivity to IR-
induced stochastic endpoints, of which cancer is the most
significant. Although IR is not a strong carcinogen, given

our increased exposure to low doses, it is vital to assess can-
cer risks from background and diagnostic radiation expos-
ure, and to identify whether there are RSu individuals. This
is more challenging than gaining insight into RS, partly
because, although there is evidence emerging for a signature
for IR-induced cancers, currently such cancers cannot be
distinguished from those arising from a distinct origin
(Behjati et al. 2016; Wilke et al. 2018). They may also repre-
sent a small subset of cancers compared to those arising via
other exposures/causes. It is also possible that RSu individu-
als will be susceptible to carcinogenesis from other expo-
sures. Indeed, patients with increased cancer predisposition
due to genetic alterations have been described (e.g. Li
Fraumeni, Retinoblastoma patients and BRCA1/2 heterozy-
gous carriers) and some may display enhanced RSu.
Whether IR exposure contributes to the cancer susceptibility
of such patients remains unclear albeit with some evidence
supporting this possibility (Berrington de Gonzalez et al.
2009; Obdeijn et al. 2016; Bernstein et al. 2017). There may
also be individuals without marked overall cancer suscepti-
bility but with RSu. Such limitations, however, should not
undermine the importance of gaining insight into RSu.

Multiple lines of evidence have demonstrated that low
level IR exposure can enhance cancer levels, raising the pos-
sibility that there could be RSu individuals. In addition to
the well reported data derived from the A-bomb survivors,
epidemiological studies have provided strong evidence for
an increased risk of tumors correlating with exposure to
diagnostic X-rays. A-T and BRCA1/2 carriers have increased
cancer risk, and their encoded proteins function in the
response to IR-induced damage, raising the possibility that
they display RSu, with indeed some supporting evidence
(Berrington de Gonzalez et al. 2009; Obdeijn et al. 2016).

All the pathways and factors influencing RS are likely to
also affect RSu. Below we include a discussion of mecha-
nisms or aspects that may be of specific relevance for con-
sidering RSu compared to RS.

6.1. The fidelity of DSB repair

RS strongly correlates with unrepaired DSBs (which may be
induced directly via IR exposure or arise as a consequence
of misrepair). Such DSBs can trigger responses such as sen-
escence, apoptosis, permanent checkpoint arrest or mitotic
catastrophe. In contrast, a cancer cell must be viable to be
able to develop into a tumor. For IR-induced carcinogenesis,
it is therefore likely that DNA misrepair is an underlying
causal event. For a DSB, misrepair can involve small dele-
tions at the DSB site or translocation events, which effect-
ively represent the rejoining of the incorrect DNA ends.
Translocations often cause interstitial deletions (which may
cause cell death) but balanced or reciprocal translocations
compatible with cell survival can also arise. Significantly, a
recent study searching for an IR-induced DNA signature in
cancers that were potentially IR-induced found evidence for
elevated small deletions and balanced translocations (Behjati
et al. 2016). In considering factors conferring RSu, therefore,
we can consider mechanisms that promote inaccurate DSB
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repair. Although loss of NHEJ proteins causes a reduced
level of DSB repair, indirect evidence suggests that there can
be increased misrepair leading to increased aberrations even
though unrepaired DSBs and lethality increases (Kemp and
Jeggo 1986). The ATM signal transduction pathway has a
major role in ensuring both the accuracy of DSB repair as
well as the activation of pathways (such as checkpoint
arrest) that remove damaged cells (Jeggo and Lavin 2009;
Clouaire et al. 2017). Indeed, cells lacking ATM have sub-
stantially enhanced IR-induced translocations (Cornforth
and Bedford 1987). There is also evidence for a role of
BRCA1 and homologous recombination (HR) in the repair
of transcriptionally active DSBs, which may be prone to
translocation formation if misrepaired (Marnef et al. 2017;
Yasuhara et al. 2018). Additionally, HR plays a major role in
regulating the appropriate response to replication fork stall-
ing or collapse, and diminished HR function can promote
carcinogenesis due to translocations arising following repli-
cation. Importantly, in contrast to RS, there is strong evi-
dence that heterozygosity for HR genes confers an elevated
risk of carcinogenesis (e.g. as observed in cancer predisposed
BRCA1/2 carriers). It is possible that such heterozygous
individuals display elevated RSu although it is unclear
whether IR exposure provides a significant contribution to
the enhanced tumor levels in such patients.

6.2. Diminished cell death or checkpoint
arrest pathways

Apoptosis is a significant cell death pathway, which is
down-regulated in many cancers. Patients, such as Li
Fraumeni Syndrome patients, with heterozygous mutations
in genes controlling such cell death pathways display ele-
vated cancer predisposition. As for heterozygosity for HR
genes, it is likely that such patients would display elevated
RSu, but the relative contribution of radiation exposure to
their cancer predisposition is unclear. Indeed, reduced
expression of any tumor suppressor gene could enhance IR-
induced carcinogenesis, although the specific contribution of
IR exposure remains unclear. Importantly, apoptosis is sub-
ject to intricate regulatory mechanisms. Thus, many of the
factors discussed above for RS, could also influence RSu. As
one example, many factors involved in apoptosis can be
regulated by miRNA-dependent post-transcriptional changes
with the degree of changes being highly complex (Czochor
and Glazer 2014; Heider et al. 2017).

Cell cycle checkpoint arrest can also represent a cell
death pathway if the arrest is permanent, and thus repre-
sents an important pathway to remove damaged cells, which
have the potential to initiate carcinogenesis. Additionally, by
restricting the traversal of damaged cells through replication
and mitosis, the activation of checkpoint arrest has the
potential to enhance the accuracy of DSB repair. Thus, effi-
cient activation of cell cycle checkpoint arrest is likely to be
significant in maintaining genomic stability in the presence of
DNA damage and thus in restricting Rsu. G1/S arrest is p53-
dependent and most likely contributes to the tumor suppres-
sor function of p53 (Wahl et al. 1997). Failure to activate G2/

M arrest and chromosomal radiosensitivity has also been
reported to be elevated in breast cancer patients, as well as
colorectal, head and neck and some childhood cancers.
However, whether this confers RSu specifically or broader
cancer predisposition remains unconfirmed (Scott 2004).

6.3. Telomere attrition

Above, we have considered the role of telomere length in
determining RS. Here, we consider its impact on RSu. For
this endpoint, it is important to appreciate that carcinogen-
esis is a complex, multi-step process. Telomere-driven
instability can aid the acquisition of certain hallmarks of
cancer, as it generates mutations, chromosomal rearrange-
ments, and other types of genetic alterations which, upon
accumulation in oncogenes or tumor suppressor genes, can
fuel tumor progression (Beerenwinkel et al. 2007; Hanahan
and Weinberg 2011). Exposure to IR induces multiple reces-
sive mutations via long-term IR-induced genomic instability
that remain silent until unmasked when they can potentially
accelerate the process of carcinogenesis (Morgan 2003).
End-to-end dicentric chromosomes cause cell cycle arrest in
normal cells with intact cell cycle checkpoints. However,
cells lacking normal checkpoints continue to divide, and
unstable dicentric chromosomes can break during cell div-
ision, leading to the propagation of chromosomal instability
via breakage-fusion-bridge (B/F/B) cycles (Murnane and
Sabatier 2004). Loss of whole chromosomes or partial
chromosomal arms may arise due to chromosomal instabil-
ity caused by telomere loss, leading to massive loss of het-
erozygosity (LOH), a phenomenon that has been coined
“TELOLOH” (Pommier et al. 1995). Thus, in a single step
via telomere-induced chromosomal imbalances, recessive
mutations of hundreds of genes that have accumulated in
the genome can become unmasked. These mutant cells may
gain a proliferative advantage, leading to cell immortaliza-
tion and eventually, carcinogenesis (Ducray et al. 1999;
Ayouaz et al. 2008).

There are inter-individual and intra-individual differences
in TL; that is, TL varies among healthy individuals (Gilson
and Londono-Vallejo 2007), and it also varies for each
chromosome arm in a cell. Indeed, the particular shortest
telomeres can vary between individuals (Pommier and
Sabatier 2002). Moreover, this inherent cellular heterogeneity
of TL is conserved throughout the lifespan of the individual
(Graakjaer et al. 2004). Therefore, the inherent TL and TL
heterogeneity both per individual and within the individual
could contribute to individual RSu (as well as RS) resulting
from cells with chromosomal instability gaining a prolifera-
tive advantage (Shim et al. 2014).

6.4. Immune response

As stated for RS, the immune response can have multiple
impacts on RSu. The changes in transformed cells can trig-
ger immune responses aimed at their elimination, which
effectively can function as a significant cell death pathway
(Dunn et al. 2004). However, tumor cells use several
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strategies to escape immune surveillance, from the recruit-
ment of immunosuppressive myeloid derived suppressor
cells to the tumor bed (Candeias and Gaipl 2016) to the
expression of immune checkpoint proteins such as the
Programmed cell Death Ligand (PD-L1) which inhibits the
activity of tumor-specific cytotoxic T lymphocytes by engag-
ing their inhibitory Programmed Death (PD)-1 receptor
(Bardhan et al. 2016). There is increasing evidence that
DNA damage and IR exposure, in particular, can further
activate PDL-1 expression on tumor cells, effectively dimin-
ishing the capacity of the immune response to remove them
(Sato et al. 2017; Sato et al. 2019). The significance of these
effects are being increasingly recognized and inhibitors of
immune checkpoint responses, such as PD-L1 inhibitors,
have the potential to be used in conjunction with RT
(Boustani et al. 2019; Portella and Scala 2019). However,
PD-L1 up-regulation after genotoxic stress seems to be lim-
ited to “established” cancer cells (Hagiwara et al. 2018), and
the importance of this DNA-damage induced mechanism in
RSu and the “de novo” development of IR-induced cancer
is, therefore, currently unknown. Notwithstanding, the
expression of PD-L1 can be induced in normal cells by
stimulation with cytokines such as IFNc (Hagiwara et al.
2018), suggesting that an IR-induced inflammatory environ-
ment might be able to promote PD-L1-mediated escape of
neo-transformed cells from immunosurveillance. A chronic
low-grade inflammation is, indeed, thought to be one of the
key factors in ageing and in the development of age-related
chronic diseases, including cancers (Fougere et al. 2017).

6.5. Responses of stem cells

Stem and primitive progenitor cells are considered to be the
cell of origin for most cancers, partly because they are suffi-
ciently long-lived cells that can accumulate the required
mutational changes for carcinogenesis. For considering RSu,
exposure to low dose IR may be particularly important,
given that survival of the cell is required. IR exposure can
particularly enhance the risk of leukemia, making the
response of HSCs of importance. Significantly, differences in
the response of hematopoietic stem and progenitor cells to
low dose radiation compared to more differentiated cells
have been reported and could contribute to leukemia risk
following IR exposure (Gault et al. 2019). Several studies
have focused on the specific response of stem cells to low-
dose IR (Squillaro et al. 2018). An important response in
considering RSu is the sensitivity of many primitive progeni-
tor cells to cell death via apoptosis, although this is not
observed in all stem cell compartments. (Revenco et al.
2017; Barazzuol et al. 2019). Interestingly, bulge epidermal
stem cells do not commit to death via apoptosis after low
dose IR, due to a hypoxia-inducible Factor 1a response, and
low dose IR conferred elevated carcinogenesis specifically in
the epidermis in mice lacking the tumor suppressor Ptch1,
supporting the notion that the apoptotic response in stem
cells may be important in protecting against carcinogenesis.
A further interesting concept is the ability of specific muta-
tional changes, such as mutations in p53, that arise after low

dose IR to confer a growth advantage within a stem cell
compartment in a manner related to oxidative stress
(Fernandez-Antoran et al. 2019).

6.6. Influence of personal and lifestyle factors

Epidemiological assessments of cancer risks after radiation
exposure use risk models that, in addition to dose, dose rate
and radiation quality, also include a number of intrinsic fac-
tors such as effect modifiers, among which age-at-exposure
and sex have major importance (Wakeford 2012). Since
modification of radiation risks by these factors is well-char-
acterized, they are explicitly considered in risk calculations
for NASA astronauts, which can be viewed as a step toward
personalized risk assessing (Locke and Weil 2016). Analysis
of the Life-Span Study (LSS) of atomic bomb survivors and
various other studies have indicated that, for many cancer
types, younger age at the time of exposure confers a greater
cancer risk from a given radiation dose than higher age.
However, the mechanistic basis of this difference has not
entirely been clarified (UNSCEAR 2013; Ozasa 2016).

Concerning the influence of sex, excess relative rates
(ERR) per dose for many cancer types are higher for females
than males (Grant et al. 2017), which, at least in part,
reflects lower baseline levels in females for many tumor
types (Ozasa 2016); consideration of excess absolute rates
(EAR) tends to reduce the observed sex difference. In trans-
ferring risk estimates from one population to another, rela-
tive risk coefficients are considered important, since it is
assumed that radiation may interact mechanistically with
other risk factors in a way that both absolute risks are
supra-additive, i.e. the excess risk from both factors is
greater than the sum of the risk of either factor alone
(Wakeford 2012). Thus, one could assume that a variety of
cancer risk factors (smoking, BMI, UV exposure etc.) affect
the radiation-associated risk by increasing the mutational
load and modulating other carcinogenic processes. However,
smoking, which is the best-investigated of these potential
factors, has been shown to interact with radiation in a com-
plex manner with different effects for low-moderate vs.
heavy smokers on lung cancer risk after radiation exposure
(Cahoon et al. 2017).

7. State of the art: Summary of what we know

7.1. Are RS and RSu genetically determined

Worldwide, a subset of patients (usually around 10–15%)
receiving RT display pronounced reactions assessed via a
grading system of post-IR responses (Figure 2). Such
patients have been termed RS. Although factors associated
with the delivery of RT and the precise response assessment
differs between hospitals and countries, the relative uniform-
ity in identifying such individuals is striking. Only a minor
fraction (<10% of RS patients) can be attributed to muta-
tions in known DDR genes (Figure 2). Such patients, how-
ever, tend to be those with dramatic RS (grade 4–5)
reactions and, despite being a minor subset, are important
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to identify. For these patients, RS can be attributed to genetic
factors. For the large majority of less marked RS individuals
(those with grade 2–4 reactions), it is currently unclear if the
cause is predominantly genetic or a consequence of non-gen-
etic factors. Significantly, several candidate gene studies and
genome wide association studies (GWAS) have suggested evi-
dence for genetic signatures of RS. However, the number of
investigated patients was usually quite small resulting in
insufficient statistical power (Andreassen, Schack, et al. 2016).
Thus, a more profound exploration of the emerging field of
radiogenomics is important to take advantage of the full
potential of genomics technologies and their application to
personalized RT medicine.

Several lines of evidence raise the possibility that RS is
intrinsic to the patient and linked to defined cellular
responses. Firstly, as discussed above, functional tests appear
able, at least to some degree, to predict or correlate with RS
(Figure 3). Additional predictive assays have also been
described (Vandevoorde et al. 2016). These tests utilize
defined cell types (e.g. lymphocytes or fibroblasts), which
may not be equivalent to the precise tissue showing RS, sug-
gesting a fundamental sensitivity to IR. It is important to
note, however, that these findings do not necessitate a gen-
etic cause; e.g. an activated stress response could be a conse-
quence of non-genetic or genetic factors. Additionally, it is
unclear if these functional tests have a common underlying
basis and identify the same patients or whether they identify
patients with distinct mechanistic explanations for their RS.
Establishing the validity of these assays and the fraction of
RS patients they can detect will be helpful in assessing the
contribution of life-style factors and whether the basis for
RS is genetically based.

Finally, biomarkers which correlate with RS have been
described (Pernot et al. 2012; Hall et al. 2017). Although such
biomarkers may be a consequence of RS rather than defining
the underlying basis, their existence provides evidence that RS
can be intrinsic to the patient. Importantly, as discussed
above, classification of RS remains poorly defined and the
link with life style factors has not been rigorously examined.
Thus, for the majority of patients who suffer painful and
occasionally fateful responses to RT, there is no insight into
the underlying cause and whether there is a genetic etiology
or whether there are causal non-genetic factors.

7.2. Combinatorial impacts underlying RS

Our discussion here provides clear evidence that for some
patients there is a genetic basis underlying their RS, and
potentially RSu. Such patients have marked RS, however.
We have also highlighted how multiple additional factors
can influence the DDR and oxidative stress pathways. They
may also lead to more endogenous DNA damage that can
be compounded by IR exposure. Additionally, however, fac-
tors such as the degree of inflammation or the status of the
immune response, can exert impacts on the response, either
via an influence on the DDR and oxidative stress pathways
or via distinct mechanisms. Thus, as discussed above, there
are multiple factors that act in a combinatorial manner to

determine the individual response to IR exposure, both
underlying RS and RSu. The fact that most GWAS studies
have not identified major causal genetic defects, could, argu-
ably, be evidence for such an explanation. Thus, the future
challenge may well be to gain insight into this complex
interplay of factors underlying RS/RSu and a consideration
of the potential factors and mechanism as considered here
will be key to this.

8. Questions that need to be addressed

In the discussion below, we will predominantly focus on the
majority of RS patients who do not have mutational changes
in known DDR genes (but will make it clear when we spe-
cifically discuss this small subset of patients). The important
questions to be addressed include:

1. What are the pathways causing RS following RT?
Is there a single major pathway or can multiple fac-
tors contribute?

2. Is the underlying cause genetically determined or due
to other host factors?

3. If, as is likely, there are multiple factors, what is
their interplay?

4. Can we identify RS individuals with functional tests or
via the use of specific biomarkers?

5. Do the described functional tests identify the same or
distinct RS patients?

6. Do they identify patients with tumors of specific tis-
sues or are they broader?

7. Do they identify patients displaying early and late
enhanced responses?

8. What is the mechanistic basis underlying these func-
tional tests?

9. What is the role of the immune system in RS/RSu?
10. Finally, to address the questions above, we need

to define and delineate the description of RS
individuals?

9. Recommendations

As evident above, RT is an important situation where RS
exerts a profound impact. Given the significant number of
patients who receive RT and the fact that treatment plans
are designed such that 10–15% of RT patients display some
level of RS, the strongest pressing need is to establish the
underlying cause. To achieve this, patient cohorts and inter-
actions, between and within scientists and clinicians, need to
be established. Our recommendations discussed below focus
particularly on RS following RT. RSu, i.e. sensitivity to car-
cinogenesis following IR exposure, represents a more diffi-
cult analysis since the identification of patient cohorts is
challenging. Nonetheless, we also make some recommenda-
tions to help pursue analysis of RSu individuals. In assem-
bling these proposed recommendations, we consider
responses and analysis that can be conveniently undertaken
using patient derived material.
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9.1. A newly established prospective study to assess RS
following RT

We recommend that a prospective study is undertaken to
allow a coordinated analysis of the multiple endpoints (dis-
cussed above) that might impact upon RS after RT on a
defined cohort of cancer patients receiving RT. This analysis
should include all RT patients irrespective of their response to
provide a suitable control cohort. The cohort should be subdi-
vided for specific tumor sites, however, since this is a critical
variable. Parameters important to include for analysis are:

� Good quality data that includes the time-frame of RS
(early or late response) and assessment of grading, using a
rigorously defined system to enable comparison between
hospitals and radiation oncologists. Details should include
the site and hypoxic environment of the tumor.

� Follow up information should be obtained at 3, 6 months
and then annually post RT for at least 10 years.

� The functional tests discussed above (plus any other tests
that appear reproducible and suitable following review)
should be undertaken to allow the coordinated analysis
on the same patients. This will involve establishing fibro-
blast cultures from patients as well as blood, urine and/
or plasma samples.

� Detailed analysis of the inflammatory response and other
paracrine factors.

� Detailed mechanistic analysis of the dynamics of the
immune response before and after RT, taking into

account the preexisting status. This should include
inflammatory responses, cell-cell communication (includ-
ing the role of extracellular vesicles), and adaptive and
innate immune responses.

� Mitochondrial function, including an assessment of oxy-
gen and glucose metabolism.

� The age of the patient and any signs of premature ageing
should be recorded.

� Extensive details of life style factors should be recorded,
including smoking, alcohol consumption, diet, exercise,
hygiene and relevant environmental exposure.
Questionnaire-derived data could be complemented by
metabolite analysis using blood or urine samples.

� It would be beneficial to include a high throughput ana-
lysis of epigenetic markers, including DNA methylation
status, histone modifications by ChIP-Seq analysis

� The goal is to evaluate whether there are multiple single
factors and/or the interplay between factors influences
the response to RT. To achieve this goal, integrative ana-
lysis of the multi-modal data will be required. We also
note that this type of approach requires close interface
between clinicians, research scientists and data analysts,
and we place a priority on achieving this.

9.2. Use of existing cohorts

We recognize that establishing a new cohort involving all
RT patients will take time, be costly and require rigid co-
ordination. We, therefore, consider that existing patient

Figure 4. Potential factors or responses that could enhance RS and their interplay. The figure displays the responses that could potentially impact upon RS as dis-
cussed in the text. These responses could be regulated genetically or they could be influenced by environmental or life style factors. They could interplay to impact
upon the DDR (left hand side of the figure) or could act independently but enhance DNA damage or an adverse tissue reaction (right hand side).
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cohorts can also be exploited to address some of the ques-
tions delineated above. Data and material established from
the REQUITE program should be exploited where possible.

9.3. Functional test consolidation

As a priority, we believe that the functional tests discussed
above should be consolidated by independent analysis and,
preferably on the same group of patients to establish if they
identify same or distinct patients.

9.4. Analysis of a genetic contribution

We recognize that the recommendations above will not
establish whether there is a genetic contribution to RS after
RT. Once a predictive functional test (or tests) becomes vali-
dated and/or mechanistic insight is gained, it will be essen-
tial to consider this important question. To achieve this,
advancing sequencing technology could be exploited to help
identify polymorphisms or mutations that may link to RS,
i.e. whether there is a genetic component and the candidate
genes. We have not included such sequencing analysis in the
list above due to cost constraints but this will become a pri-
ority once functional tests or mechanistic insight are gained.

9.5. Establishment of tissue specific tests for analysis of
RS individuals

We note that currently functional tests use cell types that
can be readily established from patients, either lymphocytes
or fibroblasts. However, it is highly possible that an individ-
ual RS could be tissue specific. For example, a patient may
have an over response (due to genetic or other factors),
which only affects a specific type of tissue. We, therefore,
recommend that studies are pursued to enable the analysis
of specific tissues in RS patients. This can be achieved via
the analysis of organoid cultures although it is time consum-
ing to carry out on a large patient cohort. Thus, we recom-
mend that such analysis be progressed on a subset of
control and RS patients.

9.6. Assessment of RSu

We need to identify and/or consolidate an IR-induced signa-
ture to help establish the origin of the cancer.

For RSu, there is not a defined cohort of patients due to
the difficulty of identification. Thus, for this sensitivity,
more epidemiological studies are required and more assess-
ment of the underlying mechanisms.

10. Summary

In summary, there is strong evidence that individuals differ
in their response to radiation exposure, and it is likely that
this will hold for RS and RSu. However, the underlying basis
is likely to be multifactorial given that a range of processes,
which may function additively or even synergistically, can

influence RS and RSu (Figure 4). Understanding the
response of the individual to radiation is a current goal,
which will certainly enhance our opportunity to benefit
from medical applications exploiting radiation and protect
individuals from radiation encountered during daily life. To
achieve this goal requires a broad approach, including the
assessment of biomarkers and the use of epidemiological
studies. However, understanding the mechanisms underlying
RS and RSu is essential, not least to help identify biomarkers
and to direct epidemiological studies. Our understanding of
the DDR is now at a sophisticated level but we need to learn
more about the breadth of interfacing processes. In this art-
icle, we have provided an in depth discussion of mecha-
nisms that could influence RS and RSu, and presented a
framework for a future strategy to achieve this import-
ant goal.
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