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Featured Application: The characteristics of X-rays generated at the synchrotron facilities in
Australia (the Australian Synchrotron) and France (the European Synchrotron Radiation Facility)
share common features which provide the basis for development of new modalities for cancer ra-
diotherapy treatment. In addition to the empirical optimization of the physical configurations of
the radiation, research is now focused on the underlying radiobiological mechanisms, especially
in the context of systemic “non-targeted effects”.

Abstract: Studies have been conducted at synchrotron facilities in Europe and Australia to explore a
variety of applications of synchrotron X-rays in medicine and biology. We discuss the major technical
aspects of the synchrotron irradiation setups, paying specific attention to the Australian Synchrotron
(AS) and the European Synchrotron Radiation Facility (ESRF) as those best configured for a wide range
of biomedical research involving animals and future cancer patients. Due to ultra-high dose rates,
treatment doses can be delivered within milliseconds, abiding by FLASH radiotherapy principles. In
addition, a homogeneous radiation field can be spatially fractionated into a geometric pattern called
microbeam radiotherapy (MRT); a coplanar array of thin beams of microscopic dimensions. Both
are clinically promising radiotherapy modalities because they trigger a cascade of biological effects
that improve tumor control, while increasing normal tissue tolerance compared to conventional
radiation. Synchrotrons can deliver high doses to a very small volume with low beam divergence,
thus facilitating the study of non-targeted effects of these novel radiation modalities in both in-vitro
and in-vivo models. Non-targeted radiation effects studied at the AS and ESRF include monitoring
cell-cell communication after partial irradiation of a cell population (radiation-induced bystander
effect, RIBE), the response of tissues outside the irradiated field (radiation-induced abscopal effect,
RIAE), and the influence of irradiated animals on non-irradiated ones in close proximity (inter-animal
RIBE). Here we provide a summary of these experiments and perspectives on their implications for
non-targeted effects in biomedical fields.

Keywords: synchrotron radiation; microbeam radiotherapy (MRT); FLASH; non-targeted effects;
radiation-induced bystander effect (RIBE); radiation-induced abscopal effect (RIAE); Australian
Synchrotron (AS); European Synchrotron Facility (ESRF)

1. Introduction

One of the greatest advances in the field of radiation research is the evolution of the
use of synchrotron X-rays in a variety of medical and biological applications, extending
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to imaging, diagnostics, and radiotherapy (RT). Typical photon energies in synchrotron
beams dedicated to biomedical applications range from approximately 10 to 150 keV.
Currently, many synchrotron facilities operate with an electron beam energy greater than
or equal to 2.4 GeV and high electron-beam currents are achievable in the accelerator ring
of third- and fourth-generation synchrotrons, which include the Australian Synchrotron
(AS) in Melbourne, the National Synchrotron Light Source (NSLS) in Brookhaven, USA
and the European Synchrotron Radiation Facility (ESRF) in Grenoble, France, [1-3]. A
table summarizing third- and fourth-generation synchrotrons around the world housing
beamlines capable of conducting radiobiological and clinical research is presented in
Supplementary data (Section S1). Operation principles of synchrotrons are presented in
Supplementary data (Section S2).

The ESRF shares a physical site, called the European Photon and Neutron Science
Campus, with the neutron source Institut Laue-Langevin and the European Molecular
Biology Laboratory. The AS is a major research facility located in Clayton, a technology and
innovation hub of southeast Melbourne. The AS belongs to the Australian Nuclear Science
and Technology Organization (ANSTO), which is a statutory body of the Australian gov-
ernment, formed in 1987 to replace the Australian Atomic Energy Commission. Currently,
AS and ESREF facilities are best configured for a wide range of biomedical research studies,
including animals and potentially human cancer patients in the future.

In this review, we discuss the properties of synchrotron X-ray beams that are essential
for generation of novel radiation modalities and their applications for radiobiology and
medicine. Synchrotron-based RT is, so far, preclinical, but has great potential to improve
outcomes of cancer RT [4-6]. Studies on non-targeted effects of X-ray synchrotron RT are
scarce. In recent years, our groups have conducted such studies at the Imaging and Medical
Beamline (IMBL) of the AS and at the Biomedical Beamline (ID17) of the ESRF. Here, we
summarize our findings and outline perspectives for future studies and implications in the
biomedical arena.

2. Characteristics of Synchrotron X-rays at AS and ESRF
The key characteristics of synchrotron X-rays relevant for radiobiology include:

o  The high brightness, or brilliance, which describes synchrotron radiation power. Bril-
liance measures the source quality and implicates the number of photons produced
per second. The higher the brilliance value, the stronger the emitted beam.

e  The low divergence of the synchrotron beam enables the irradiation of the target with
collimated parallel microbeams, in contrast to conventional RT. The low divergence
results from the fact that the target is several meters away from the permanent magnet
wiggler which generates the X-ray beam. At the AS, the distance between the wiggler
and the target is about 32 m, while at the ESRF it is 40 m.

e  The beam current, which is the basic quantity of the beam. In this regard, the ESRF’s
characteristics are superior to those of the AS. The ESRF has a significantly longer
periphery of 844 m, while the AS has 200 m. The brilliance values are 8 x 10?° and
4.6 x 1018 photons/(s x 0.1% bandwidth x mradz) for the ESRF and AS, respec-
tively [7]. Both have a beam current of 200 mA; however, the maximum electron
energy is 6 GeV for ESRF and 3 GeV for AS.

e  The intense flux (dose rate) of photons allows samples to be irradiated very quickly in
the range of seconds and milliseconds. Dose rates in the AS range from 30-1000 Gy /s,
while at the ESRF can be up to 16,000 Gy/s.

e  The energy of the synchrotron beam is in the KeV range, which has the advantage of
allowing for low secondary electron (Compton) scattering. The energy range at both
the AS and ESRF is “tunable”, meaning, the energy spectrum can be filtered to remove
low energy photons and use a poly energetic X-ray beam typically between 30 and
120 KeV.
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These physical properties enable the development of new spatially fractionated RT
(SFRT) such as microbeam RT (MRT) and FLASH RT, which are described below.

3. Synchrotron-Generated Novel RT Modalities
3.1. Microbeam Radiation Therapy (MRT)

Biomedical beamlines at synchrotrons can generate both uniform (broad beam, BB)
radiation fields as well as spatially fractionated fields (Figure 1). The radiation field can be
spatially fractionated by adding a multislit collimator to the beam path. This generates an
array of planar X-ray microbeams, typically only tens of um thick, separated by gaps of
a few hundred pum [8]. This array of microbeams is known as MRT and is used to target
tumors in animal models. MRT shows significant promise for increased tumor control and
reduced normal tissue damage compared to conventional RT. Synchrotrons can generate
such high dose rate X-ray microbeams with physical properties superior to conventional
sources [9].

Broad Beam RT Microbeam RT

Uniform dose distribution Heterogeneous dose distribution
with peaks and valleys

Ei .'t
T Toremd 2

or Bmm

(@) (b)

Figure 1. Synchrotron can generate both broad beams and microbeams. (a) Broad beam synchrotron
RT is a type of conventional RT which uses spatially uniform dose distribution. (b) MRT has a
heterogeneous dose distribution with ablative peak and low valley doses. Typical beam dimensions
used in the AS experiments are described below.

The MRT collimator normally produces planar microbeams of 25 or 50 pm thick
spaced by 200 or 400 pm center-to-center in the horizontal dimension. In the vertical
dimension, the microbeam array is just a few mm high (between 0.3 to 1.5 mm). However,
this can be extended by using the goniometer stage to scan the sample vertically through
the beam, and thus extending the microbeam array several cm. The multislit collimator
then generates a heterogenous dose distribution, where hundreds of Gy are delivered
directly by the microbeams (“peak doses”) with regions between them receiving low-dose
scatter irradiation (“valley dose”). However, this heterogeneous dose distribution depends
on factors such as the energy spectra inherent to the synchrotron facility:

e  The main clinical research focus at the IMBL, AS, are RT and imaging. Imaging can be
performed in an energy range of 15-150 KeV, while radiotherapy can be performed
in an energy range of 30-120 KeV and with dose rates close to 1000 Gy/s [10]. The
radiation source of MRT is a wiggler with a peak magnetic field of 4.2 T [11]. Starting
from a storage ring current of 200 mA, a standard MRT spectral configuration can be
delivered in 300 Gy/s by setting the wiggler to 3 T, which produces a spectrum with
an average energy of 94 KeV and a peak energy of 87 KeV. Another MRT configuration
can deliver 991.7 Gy/s by setting the wiggler to 4 T, with similar spectra as above
(93 KeV on average) [12].

e  The ESRF’s beamline ID17 is also intended for medical imaging and RT studies. The
radiation used for MRT comes from a wiggler of 1.5 m in length and a magnetic field
of 1.6 T at a gap of 24.8 mm. The X-ray beam produced by the wiggler then continues
for 37 m until it is attenuated to produce one of three different spectral configurations:
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(i) the standard MRT configuration used for rodent experiments for many years has
an average energy of 104.2 KeV and a peak energy of 87.7 keV, (ii) the preclinical MRT
configuration developed for veterinary trials and has a mean energy of 119 KeV and a
peak energy of 102.1 KeV, and/or (iii) the clinical MRT configuration for future clinical
applications with a mean energy of 122.8 KeV and a peak energy of 108.2 KeV [3,13].

Synchrotron radiation is required for MRT because: (i) the minimal beam divergence
maintains the microbeam geometry at the microscopic level, (ii) the X-ray energy spectrum
of 80-150 keV minimizes the range of secondary electrons that make an important contri-
bution to the valley dose, and (iii) the ultra-high dose rates avoid beam smearing due to
the cardiovascular movement [14]. The use of ultra-high dose rates has another advantage,
namely the reduced radiation toxicity of normal tissue due to the rapid irradiation. This
phenomenon is called the FLASH effect and is considered one of the most promising recent
advances in radiation oncology.

3.2. Ultra-High Dose Rate Radiotherapy (FLASH-RT)

FLASH-RT delivers large single doses of radiation (10-30 Gy) with ultra-high dose
rates, in less than 500 ms [15]. The whole idea lies on preliminary theoretical and experi-
mental results showing very low normal tissue toxicity enabling dose escalation and thus
enhanced tumor control. Within this context, FLASH-RT is considered for electrons and pro-
tons, but also photons [16]. The normal tissue sparing effect, the “FLASH effect”, prevents
lung and brain toxicity, based on studies in several cellular or animal models [17]. Recently,
it was confirmed that FLASH-RT spared normal rat brain from radiation-induced cognitive
impairment when the overall irradiation time was less than 200 ms [15]. The FLASH effect
has been shown to occur in pig’s skin and squamous cell carcinoma (SCC)-bearing cat
patients irradiated within a phase I veterinary clinical trial [18,19], indicating the treatment
potential for human patients. High radiotolerance of normal tissues was observed using
X-ray micro or broad beams delivered in a FLASH mode [20]. Recent results from the AS
underline the pivotal role of the very high dose rate [21]; the toxicity of synchrotron and
conventional RT was compared, based on a total and partial body irradiation in mice. The
results indicate no normal tissue sparing effect at 37-41 Gy/s in contrast to studies with
a very high dose rate of >100 Gy/s [21]. The 10 Gy broad beam whole-brain irradiation
of mice or rats with synchrotron generated X-rays (mean dose rate of ~17 kGy/s) did not
induce memory deficits up to 6 months after exposure compared to standard dose rates of
~0.05 Gy/s [16].

3.3. MRT Delivered in a FLASH Mode

Micrometer collimation allows for the application of hecto-Gy doses and is the basis
for the FLASH-mode MRT [22] (Figure 2). A highly heterogeneous pattern of high and low
radiation doses is delivered simultaneously in just a few milliseconds thanks to the ultra-
high dose rates of the synchrotron facilities (up to 16 kGy/s). Compared to conventional
RT, this MRT dose delivery pattern has been proven to (i) spare various normal tissues from
radiation-related toxicity [6], and (ii) efficiently eradicate local tumors [23] (Figures 3 and 4).

Studies of synchrotron MRT in animal models indicated that tumors can be ablated
by MRT at radiation levels that spare normal tissues [8,24-26]. Thus, the therapeutic in-
dex for MRT is greater than conventional RT, and it is quite conceivable that MRT may
become a major mode of cancer RT in the future. Recently, the first dog patient treatment
of spontaneous glioma was successfully treated at the ESRF (report pending), and issues
surrounding the clinical implementation of MRT have been discussed in several publica-
tions [20,22,27,28]. The reason for the beneficial difference in response to MRT in tumors
and normal tissues are being actively investigated, with inter-cellular effects between maxi-
mally and minimally irradiated cells in the peak and valley regions implicated [9,24,29]. An
integrated knowledge of the effect of MRT on tumor and normal tissues can be summarized
as follows:
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Microbeam Radiotherapy-MRT

MRT has been proven to be an efficient treatment strategy for several tumor types
in animal models, including glioma, glioblastoma, mammary carcinoma, melanoma,
squamous cell carcinoma and lung cancer [23].

A fractionated MRT schedule controls the primary tumor better than a single MRT
treatment [26,30,31].

MRT has been proven to efficiently spare normal tissues of the central nervous system
(CNS, including immature CNS), skin, liver, lung, liver, vasculature and testis from
detrimental effects of radiation [6,12].

The higher the dose rate, the better the normal tissue sparing effect [16,32].

MRT valley doses correlate best with lower acute normal tissue toxicity [21,23].

MRT selectively destroys tumor neovasculature leading to tumor hypoxia and necrosis,
while vasculature in normal tissues is more tolerant and, if damaged, can repair itself.
This contributes to differences in survival between tumor and normal tissues [33-35].
Ultra-high doses of MRT beams are likely to induce high DNA damage-generated
‘immunogenic cell death’, as has been suggested for FLASH irradiation [36].

Similar to the activation of the immune system after heterogenous dose delivery with
conventional-source SFRT [37], immune cells in the valleys are spared following MRT
and can activate an anti-tumor immune response (manuscript under review). In
addition, short-pulse FLASH mode is capable of protecting the majority of local and
circulating immune cells [36], thus further contributing to the active recruitment of
immune cells to the microbeam paths.

MRT promotes an anti-tumor immune response that contributes to exceptional killing
of the primary tumor [38]. We recently showed that fractionated MRT-induced im-
munomodulation is associated with a pronounced decrease in metastasis (manuscript
under review). The ability of local MRT to trigger immune-mediated, systemic, non-
targeted radiation effects can contribute significantly to the future clinical utility of
this irradiation modality.
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Figure 2. Synchrotron X-ray radiation properties are essential for both MRT and FLASH RT. Syn-
chrotron MRT in FLASH mode is the combinatorial result of MRT and FLASH RT, whose properties
dictate its therapeutic potential.



Appl. Sci. 2022,12, 2079 6 of 20

RIBE

- N Danger signals
/ \ ROS
O | DNA & / IL8, TNFa, COX2

| J Cytokln&s
S .5 Hiingoe / Serotonin
== O ’ Exosomes
N R -
Irradiated cells / tissues
Bystander (naive) Gap jundtion ‘@ %
cells / tissues O A O ?{_ DNA damage
( %2 Altered DNA repair

- Mutations

-

© o

Senescence arrest
Apoptosis

Figure 3. Radiation-induced bystander effect (RIBE). Directly irradiated cells produce danger signals
inducing DNA damage and cell death in adjacent, non-irradiated cells. The latter are called bystander
or naive cells.
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Figure 4. Non-targeted effects in animals that can be generated at synchrotron facilities. RIAE within
the same organism in tumor (a) and non-tumor settings (b) display different systemic effects mediated
by the immune system. RIAE can be both beneficial (a) or genotoxic (b). (c) Detrimental or beneficial
non-targeted effects mediated by volatile factors can occur in another bystander organism(s) sharing
an environment with irradiated animals (see Section 5.2.2).
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4. Radiation-Induced Bystander and Abscopal Effects
4.1. Studies of RIBE and RIAE and Their Mediators

Cancer RT is based on the dogma that radiation kills targeted cells. This dogma
is challenged by the radiation-induced bystander effect (RIBE), in which unirradiated
(naive) neighboring cells can also be damaged after receiving signals from irradiated
populations, whether through direct cell-to-cell contact or exposure to conditioned medium
(Figure 3) [39-42]. RIBE is now a well-established consequence of ionizing radiation and
manifests as increased genomic abnormalities and loss of viability of ‘naive’ cells. Nagasawa
and Little [43] published the first modern report on RIBE. Their data showed that alpha
particles directed at 1% of a given cell group induced sister chromatid exchanges in 30% of
that population. The authors supported their findings with statistical data showing that
the proportion of cells damaged by a single alpha particle was less than the number of
cells that exhibited sister chromatid exchanges. Later it was discovered that the targeted
cells release damage-inducing substances into the medium, and medium conditioned by
irradiated cultures was shown to induce various types of genotoxic events in unirradiated
cultures [40].

Researchers in this field agree that the induction of RIBE is mediated by signals
transmitted from irradiated cells to non-irradiated cells [44,45]. Bystander effects are
known to be communicated in two ways, both discovered around the same time by different
researchers. The first is by gap-junction intercellular communication [42], and the second is
extracellular soluble factors [41]. These mechanisms were the only known communication
pathways for several years until it was recently discovered that UV photons from irradiated
cells can also trigger bystander responses [46,47].

Affected bystander cells exhibit increased levels of micronuclei, apoptosis, muta-
tions, altered DNA damage and repair, senescence arrest [40,48], and increased levels of
phosphorylated histone H2AX (y-H2AX) [49], a marker of DNA double-strand breaks
(DSBs) [50-52]. In contrast to DSB dynamics in irradiated cells, where maximal y-H2AX
signal is observed 30 min after irradiation, foci formation is delayed in bystander cells. In
3D tissue models irradiated with microbeams, the maximal number of y-H2AX foci was
observed 12—48 h after irradiation and gradually decreased over 7 days [51].

Mediators of RIBE include several inflammatory cytokines that were found at elevated
levels in the medium conditioned by irradiated cells [53,54]. The cytokine TGF-f3, when
added to cell cultures, induced increased DSB levels similar to those induced by the
conditioned medium [55]. IL-8 was found to be associated with an increase in ROS [56],
which itself plays a role in RIBE [57-59]. In addition to ROS and NAD (P)H oxidase, TNF-«
was also found to be involved in the bystander signaling process [60]. Nitric oxide was
found to play a role in the bystander signaling process when cell proliferation was induced
in neoplastic human salivary gland cells [61,62]. Increased radioresistance was observed in
p53 wild-type glioblastoma cells [63] after exposure to nitric oxide-containing conditioned
media. COX2 [64] and serotonin [65] have been implicated in the process of bystander
signaling, with the latter confirmed by several publications [66—-69]. Recent research has
shown that long-noncoding RNAs contained in exosomes are bystander candidates [70-72],
while UV photons are the only physical factor shown to induce bystander effects [46,47].

Although RIBE are usually considered detrimental to the cell, there are also reports of
protective bystander effects in vitro, such as (i) bystander signaling leading to a reduction
in neoplastic transformation [73] and (ii) evidence that bystander effects trigger adaptive
responses [74,75]. In fact, for decades, radiation oncologists have reported reactions in
normal, unirradiated tissues after RT. These “out-of-field”, or abscopal effects have been
described as “an action at a distance from the irradiated volume but within the same
organism” [76]. The discovery of the RIBE has prompted the description of radiation-
induced abscopal effects (RIAE) as distant in vivo bystander effects, and their further
investigation. Several studies reported in vivo RIAE in animal models. Using strategies
that involve partial head or body 1 Gy X-ray irradiation, profound genetic and epigenetic
changes were identified in shielded organs, such as skin and spleen [77,78]. Others reported
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DSBs, apoptosis, and tumor induction in shielded cerebellum of 3 Gy X-ray-irradiated
radiosensitive Ptchl heterozygous mice [79]. Strikingly, the results of the in vivo non-
targeted effects can be transmitted to future generations. While genomic instability was
known to be elevated in offspring of parents whose germ cells were directly irradiated
prior to conception as part of a medical procedure [80], male rats given cranial irradiation
(20 Gy applied as two doses of 10 Gy on two consequent days) had an accumulation of
unrepaired DNA damage in their sperm cells [81]. This effect was manifested as epigenetic
dysregulation in the unexposed progeny conceived after paternal exposure. RIBE and
RIAE are potential contributors to the well-documented clinical phenomenon of secondary
cancers, a major concern in cancer RT, affecting more than 1% of patients [40,82].

Clinically, patients often suffer from systemic side-effects, such as fatigue, diarrhea,
and weight loss during local RT. Additionally, RIAE can cause damage to a distant, non-
irradiated tumor [83]. The reported instances of spontaneous anti-tumor abscopal effects
following local RT as a sole therapy are rare. In a review by Siva et al. [84], 10 cases of
abscopal effects in RT patients with a range of solid tumor types were reported, and in
another review, 35 cases over 45 years were reported, out of millions of patients treated
during this period [85]. The clinical reports of anti-tumor RIAE have covered a wide range
of doses given in either single or multiple fractions; however, they are more prominent
following larger doses, supporting the use of hypofractionation [86].

Most published studies of RIAE in animals and patients describe biological effects
observed in distant, non-irradiated normal or tumor tissues (Figure 4a,b). However, pub-
lished data also describes the transmission of bystander signals from one irradiated animal
to another non-irradiated animal (Figure 4c). The first observation of such inter-animal
communication was made when non-irradiated rats and mice were placed in the same
cage with irradiated animals for one to two weeks [87]. The researchers observed that the
peripheral blood of the non-irradiated animals showed a marked decrease in leukocytes
and a lower immune reactivity. A similar communication was also shown between fish [88].
In these experiments, unirradiated rainbow trout showed bystander effects after swimming
with trout that had been exposed to radiation. This was later confirmed in zebrafish [89]
and with proteomic analysis of non-irradiated, bystander rainbow trout [90]. Bystander
responses have also been found to persist throughout the lifespan of fish after they have
been irradiated in the early life stages [91]. Below, we review the studies conducted at the
AS and ESREF facilities to explore various types of non-targeted effects of ionizing radiation
and summarize the biological mechanisms discovered.

4.2. First RIBE Studies at Synchrotrons

Bystander effects are important in synchrotron radiation because tissues exposed to
valley doses also receive the signals emitted by cells in the peak dose regions and vice versa.
Research on the relevance of these bystander effects in synchrotron RT has a traceable
history of no more than 14 years. The first study to suggest that bystander effects play
an important role in synchrotron MRT was published by Dilmanian et al. [24]. In their
experiments, the team irradiated bovine aortic endothelial cells and rat spinal cord with
MRT. The results showed that the elimination of apoptotic cells and repair processes were
faster than expected. This finding suggests that “beneficial” bystander factors are involved
in tissue repair by promoting proliferation, migration, and differentiation of progenitor
cells in the spinal cord. However, there are previous studies showing an increase in cell
proliferation [92] and radiation-induced changes in the immune response of local immune
cells and tumors [93], but these have not been associated with bystander effects.

Kashino et. al. [94] provided further evidence for bystander effects by examining the
response of the C6 glioma cell line to synchrotron micro-beams. The authors observed a
higher number of DNA DSBs in cells adjacent to the irradiated area than would be expected
from scattered radiation alone. They also noted cellular migration into the zones irradiated
with peak doses. The team confirmed the role of RIBE by exposing unirradiated cells to the
conditioned medium and observed a marked increase in 53BP1 foci.
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Tomita et al. [95] found that normal human fibroblast WI-38 cells that had been exposed
to synchrotron microbeams induced cell death in unirradiated cells. The authors confirmed
their finding by treating WI-38 cells with aminoguanidine (an inhibitor of nitric oxide)
before irradiation, which abolished the bystander effects and thus cell death. Another study
published by the same group [96] showed that synchrotron-induced bystander effects were
also observed in Chinese hamster V79 lung cells and that they could also be abolished by
using nitric oxide inhibitors.

The studies by Tomita, Maeda, and team [95,96] also showed clonogenic bystander
survival characterized by high cell killing at low doses followed by a marked escalation of
survival with increasing doses. The authors described this response as a parabolic increase
in bystander cell death. This is a well-known response in radiation biology and is known
as low-dose hyper radiosensitivity (HRS) and increased radioresistance (IRR).

5. RIBE and RIAE Studies at the AS and ESRF Synchrotron Facilities
5.1. Studies at the AS
5.1.1. In Vitro RIBE Studies at the AS

Earlier reports of bystander endpoints following partial irradiation of animals with
conventional X- or y-rays have attracted criticism asserting that the observed effects may
have been due to low doses of scattered radiation, rather than true bystander signaling. To
address this possibility, RIBE experiments were conducted at the IMBL at the AS by Martin’s
team [97,98]. The design of irradiations was such that a defined zone of a cell population
grown in one well of a two-well chamber slide was irradiated with various doses of MRT
or BB at the dose rate of 49.3 Gy/s. The chambers were divided by a plastic wall; therefore,
the cells grown in the non-irradiated well were separated from the irradiated cells and not
exposed to the factors that the irradiated cells secrete to the medium. Scoring of y-H2AX
foci in different cell populations—directly irradiated, out-of-the irradiated zone bystander
cells in the irradiated well, and separated cells in the non-irradiated well—allowed a
quantitative analysis of the impact of scattered radiation on the cellular response.

Doses of scattered radiation were determined by a sensitive radiochromic film XRQA2
dosimetry at various distances from the irradiated zone. As expected, the scattered dose at
the given distance correlated with the absorbed dose in the irradiated zone measured by
a radiochromic film, EB3. The sensitivity of the y-H2AX assay was sufficient to measure
as low as 0.01 Gy of scattered radiation at 30 min post-exposure [97], the time point that
corresponds to maximum foci formation. Therefore, while the y-H2AX assay has not
been shown to be an appropriate biodosimeter for MRT valley doses [99], it seems to be
good for estimating the effects of scattered radiation after exposure of biological targets
to synchrotron radiation. This quantification provided a tool for answering an important
question: whether scattered radiation contributes to the appearance of RIBE.

Lobachevsky et al. [97] observed RIBE (manifested as increased DNA damage mea-
sured by y-H2AX foci) in naive human keratinocytes sharing medium with the cells in
the irradiated well. An overall trend for a larger number of y-H2AX foci was observed
in bystander cells compared to the cells in a separated well, only affected by scattered
radiation. In the following study by Lobachevsky et al. [98], human colon cancer cells
were subjected to the similar study design as described above for MRT and BB irradia-
tions. Scattered radiation substantially contributed to overall DNA damage accumulation
in naive cells sharing medium with irradiated cells. Moreover, the cells exposed to the
low-dose scatter also generated unrepairable DNA damage, possibly due to an ongoing
exchange of bystander signaling induced by low dose-irradiation. A more pronounced
bystander response was observed in unirradiated cells co-cultured with cells exposed to
BB compared to MRT. A question as to whether loss of p53, the major tumor suppressor
gene [100], would modify DNA damage response in non-irradiated cell cultures was also
addressed. For p53-null cells, an overall reduced response to low-dose scatter irradiation,
but not for RIBE, was detected. As a clinical implication, slower DNA damage repair
and maintenance of unrepairable DNA damage in out-of-field tumor and normal tissues
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may cause over-sensitivity to low-dose scattered radiation in cancer radiotherapy patients,
especially those carrying p53 deficiencies. Since p53 plays a central role in DNA damage
responses, such as cell cycle arrest, senescence, apoptosis, and DNA repair [101,102], the
implication may be valid for deficiencies in the related genes.

5.1.2. In Vivo RIAE Studies at the AS

In the absence of a tumor, we compared the induction of RIAE following local MRT
irradiation and BB field synchrotron X-ray irradiation in mice to establish whether MRT
also induces long-range RIAE. A thorough study of RIAE as a function of irradiated tissue
volume, radiation dose, beam configuration and time has never been performed before. We
extended the investigation of the RIAE by determining the influence of these parameters
on its propagation by tracking the kinetics of its appearance. The overall experimental
strategy was to choose the irradiation parameters which produce the most robust RIAE
by investigating the effect of irradiated tissue volume, dose, and time. Based on the
results, optimal irradiation parameters were then used to establish the extent of RIAE in
immune-compromised mice, in order to understand the role of the immune system in
RIAE propagation.

Young C57BL/6] female mice were positioned in a specially designed jig so that only
the right flank was exposed during irradiation. Skin on the right hind leg was irradiated
with a short pulse of MRT or BB (200 and 810 ms for 10 and 40 Gy peak dose with dose
rate of 49 Gy/s) [103]. Energy deposition was assessed by analysis of incident and exit
doses using radiochromic film affixed to the skin. Scattered radiation was measured in
the organs of interest and its ability to directly induce cellular responses was found to be
negligible. Both radiation modalities were equally capable of inducing significant and
persistent effects to normal, out-of-field tissues in mice, attributed to RIAE. These effects
included elevated y-H2AX foci indicating DNA DSBs, apoptosis, local oxidative stress,
inflammation and senescence, and decreased proliferation in the out-of-field duodenum,
a highly proliferative tissue that is vulnerable to the systemic cell—cell signaling induced
by a local stressor [55,104]. Oxidative clustered DNA lesions (OCDL) were elevated in
various tissues throughout the body. Local and systemic immune responses were also
induced. The innate immune response, i.e., increases in macrophages/dendritic cells (DC)
and neutrophils, was observed in the irradiated skin, while in out-of-field duodenum both
the innate and adaptive immune response (macrophages/DC, neutrophils, and T-cells)
were activated. Significant alterations in a range of plasma cytokines including CSF1R, IL-
10, TIMP1, VEGE TGFf(1, and TGF{32 were also observed, which likely affected activation
of other factors responsible for the propagation of RIAE.

Under a similar irradiation procedure, skin of mice with a range of immune system
abnormalities was irradiated with 10-Gy peak dose MRT to identify which components
of the immune system were essential RIAE mediators [105]. These immune-deficient
mice were: SCID/IL2yR~/~ (NOD SCID gamma or NSG) mice that lack mature T and B
lymphocytes and natural killer (NK) cells; C57BL6/] wild-type (WT) mice treated with an
antibody that neutralizes CSF-1R, which is expressed on monocytes and monocyte-derived
macrophages/DC at sites of inflammation produced by tissue injury; and C57BL6/] mice
deficient in CCL2/MCP1, a member of the C-C chemokine cytokine family that recruits
monocytes, memory T cells, and macrophages/DC to sites of tissue injury. C57BL6/] WT
mice served as a control cohort. CCL2 KO mice were of particular interest as CCL2 plays
a role in inflammation-related diseases [106] and has been implicated in the progression
and prognosis of several cancers [107]. The blockade of CCL2 can inhibit tumor growth
of primary and metastatic disease in animal cancer models [108]. CCL2 is also involved
in elevated COX-2 production and TGF-f3 up-regulation [109], both critical factors in
bystander signaling and carcinogenesis [40]. In non-irradiation settings, when tumors were
implanted into C57BL6/] WT and CCL2 KO mice, there was no measurable increase in
distant DNA damage in the tumor-bearing CCL2 KO mice, while DSB and OCDL were
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elevated in distant tissues of WT mice [104]. Thus, CCL2 was essential in the tumor-induced
systemic genotoxic response in vivo.

Little or no change in DNA damage and apoptosis was observed in out-of-field
tissues of the immune-deficient mice after local MRT exposure, proving that RIAE relies
on the functional immune response [105]. No change in DNA damage and apoptosis was
observed between CCL2 KO mice and WT mice injected with anti-CSF1R neutralizing
antibody, which renders mice macrophage-depleted, indicating that macrophages and
CCL2 play key roles in generation and propagation of RIAE. We speculate that CCL2,
induced at the irradiated site, attracts macrophages that secrete more CCL2 and TGEp,
that bind to their receptors, CCR2 and TGF(R1, in out-of-field tissues. CCL2 then creates
a site of local inflammation by activating tissue-associated macrophages (TAM). ROS at
the abscopal site can be generated directly by TAM, or via TGF( production. CCR2 also
up-regulates TGFf3. Subsequently, TGFf3 promotes RIAE, including DNA damage and
apoptosis. Therefore, targeting the innate immunity via CSFIR in macrophages and/or
blocking TGFf and CCL2 could potentially protect out-of-field tissues from non-targeted
systemic effects of IR [105,110].

Finally, out-of-field (i.e., 35 mm from the irradiated site) skin samples were collected in
both aforementioned studies for gene expression analysis [111]. The influence of irradiated
target size, dose, and beam modality (MRT and BB) on gene expression was investigated in
both C57BL6/] WT and CCL KO mice. Gene expression changed in six genes, Tgf(3, Tp53,
Tnf, Ccl2, Ccl22, and Mdm2, with a degree of independence from dose and radiation modal-
ity. Particularly significant were an increase in Tnf expression and a decrease in Mdm?2
expression, genes associated with inflammation, including macrophage activation [112],
and DNA damage. In CCL2 KO mice, gene expression profile exhibited an early increase
in Mdm?2, Tgff31, Tnf and Ccl22 expression that was not observed in the immune-proficient
mice. Therefore, the innate immune system is involved in out-of-field tissue responses and
alterations in the immune status change the tissue response to RIAE.

5.2. Studies at the ESRF
5.2.1. In-Vivo RIBE/RIAE Studies at the ESRF

The first set of experiments at the ESRF demonstrating that RIBE play a role in the het-
erogeneous dose distribution of MRT began with work on rats performed by the Mothersill
lab [113]. In this study, brain tissue and urinary bladders were harvested from irradiated
and nonirradiated Wistar rats and cultured as tissue explants to produce conditioned
media containing potential bystander signals. This explant-conditioned media were then
added to HPV-G cells, which “reported” the occurrence of bystander effects by decreasing
their colony-forming capacity. For this experiment, the right hemisphere of the brain of
normal and tumor-bearing rats was irradiated with MRT at peak doses of 17.5, 35, 70, or
350 Gy. This dose-escalation approach is important because, until then, bystander effects
had been associated only with low doses of radiation. The results showed that all MRT
doses directed to the right hemisphere resulted in bystander effects, regardless of whether
the animals were tumor-free or tumor-bearing. In addition, unirradiated abscopal tissue
(left hemisphere and urinary bladder) also resulted in RIBE in the reporter cell line. This
was an important finding, because it showed that RIBE, normally thought to occur in the
vicinity of cells, could also be a systemic effect. The team then published another study
examining proteomic changes in the rat brain triggered by MRT-induced RIBE [114]. The
results showed that bystander effects after MRT dose peaks of 35 or 350 Gy appear to have
a protective effect on the animals. Specifically, the team uncovered an anti-tumor bystander
proteomic signature directly related with ROS-induced apoptosis. This bystander signature
confirmed previous studies from rainbow trout overexpressing protective proteins after
exposure to bystander signals [90].
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In a similar study design, Fernandez-Palomo et al. paid special attention to the
induction of non-targeted effects in animals with a weakened immune system [115]. In
these experiments, the brains of athymic mice were implanted with F98 glioma cells and
irradiated at the ESRF with MRT and a series of collimated pencil beams (PB). Peak doses
of 200 Gy for MRT and 1000 Gy for PB were used to irradiate the entire brain. The results
showed that the presence of the F98 tumor in the immunocompromised mice abrogated
both RIBE and RIAE. This strongly suggests that a healthy immune system or part of its
cellular pathway is necessary for RIBE and RIAE to take place, in agreement with the
results of aforementioned studies conducted at the AS [105].

Another set of experiments on rats bearing glioblastomas explored the use of the
v-H2AX as a marker for dose deposition after synchrotron MRT, which also revealed a role
of bystander effects in spatially fractionated radiation [116]. MRT was administered to the
right hemisphere of rats in the form of an array of 50 microbeams with a width of 25 pm
and a distance of 200 pm center-to-center, while delivering peak doses of 35, 50, or 350 Gy.
Quantification of the occurrence of DNA damage by way of y-H2AX, showed a 1.8-fold
increase in the width of the microbeam track compared with its original size (from 25 um to
45 um) 4 h after peak MRT doses of 350 Gy. At 8 h after MRT, the width of the microbeam
track further increased to 2 times its original size (from 25 pm to 50 pm. This increase in
v-H2AX immunoreactivity over time is clearly independent of direct radiation injury and
can currently only be explained as a bystander effect originating from cells exposed to both
the high peak doses and the dose gradient in the transition zone. This RIBE would then
amplify DNA damage and manifest itself as broader y-H2AX tracks.

5.2.2. Inter-Animal Communication of RIBE at the ESRF

The Mothersill laboratory examined a concept first proposed by Surinov [117], who
hypothesized that irradiated animals have the ability to communicate stressors via volatile
compounds (Figure 4c). Surinov’s original study showed, first, that the urine of irradiated
mice and rats was the source of the bystander signals and, second, that no physical contact
between the urine and naive mice and rats was required for transmission of the bystander
signals. They confirmed the latter by removing the bedding of the irradiated animals
and placing it under the cage of the non-irradiated mice and rats. The bystander animals
exhibited lower immunoreactivity than the control animals. Thus, since there was no
physical contact, the bystander signals, which are yet to be identified, must have been
transmitted via volatiles.

There are no publications about specific chemical signals of pathological states and
their effects on intact animals. The only exception are reports about “fear smell” re-
lease by stressed animals; this smell modifies the immunity of intact animals [117,118].
Surinov et al. [117] speculate that under physiological conditions, syngeneic secretions can
be attractive, while allogeneic secretions are immunosuppressive to intact animals. Pre-
sumably, this is a manifestation of emission of different chemical signals, with a biological
purpose associated with the natural selection. At least in plants, methyl salicylate (MeSA)
and methyl jasmonate (MeJA) serve as volatile signals communicating genome instabil-
ity (as measured by an increase in the homologous recombination frequency) between
UVC-irradiated plants and their unexposed neighbors [119].

In the study conducted by Mothersill’s team at the ESRF, Wistar rats exposed to local-
ized BB or MRT were placed in the same cage with unirradiated animals [120]. After 48 h,
the BB and MRT-exposed rats, as well as the unirradiated “cage-mates” were euthanized
and tissues were collected to produce explant-conditioned media for the clonogenic reporter
assay. Their results confirmed the transfer of bystander factors from the irradiated rats
to completely unirradiated rats. This work was complemented by a subsequent study in
which the bystander proteome was examined. BB radiation increased serum albumin, heat
shock protein 71 (HSP-71), triosephosphate isomerase (TPI), fructose bisphosphate aldolase
(FBA), and prohibitin and decreased dihydrolipoyl dehydrogenase (DLD) and pyruvate
kinase in exposed animals. MRT-exposed animals demonstrated increased HSP-71, FBA,
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and prohibitin, and decreased aconitase, dihydropyrimidinase, TPI, tubulin DLD, and
pyruvate kinase. The cage mates with BB irradiated rats showed increased HSP-71 and
FBA and decreased pyruvate kinase, DLD, and aconitase, indicative of tumorigenesis.
The cage mates of MRT-irradiated rats showed an increase in HSP-71, prohibitin, and
FBA, and decreased aconitase and DLD, which, the authors believe, is indicative of an
oxidative stress response and an antitumor bystander proteome that could also confer
radioresistant properties.

6. Conclusions

In conclusion, extensive data have accumulated over the years on studies of RIBE and
RIAE generated by synchrotron sources. While the results are largely consistent with those
obtained after irradiation by conventional sources, there are several areas that should be
investigated further. First, it is important to decouple the role of peak doses, valley doses,
and transition zone doses in the induction of signaling molecules. Perhaps next-generation
sequencing focusing on spatial transcriptomic analysis could shed more light on these
mechanisms. Second, synchrotron facilities are capable of delivering MRT at ultra-high
dose rates, but the studies reviewed here largely do not consider FLASH-RT; only generated
non-targeted effects. This is a limitation of our review, but we believe that this vacuum is
rooted in the fact that the FLASH effects have only recently been rediscovered. Therefore,
it would be of great importance to re-evaluate some results with special reference to dose
rate. This reevaluation could shed more light on interesting findings such as the protective
bystander proteome or the involvement of the immune system in RIAE.
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ANSTO
AS

BB
CCL2/MCP1
CCL22
CCR2
CERN
CNS
COX2
CSFIR
CT

DC

DLD
DSB
DNA
ESRF
FBA
FLASH
FT-IR
Gamma (y)-H2AX
GRID RT
Gy

HRS
HSP-71
D17
1L-8
IL-10
IMBL

IR

IRR

KeV, MeV, GeV
LHC
LINAC
MeJA
MeSA
MDM2
MISTRAL
MRT
NAD (P)H oxidase
NK

NSG
NSLS
OCDL
PB
PSICHE
Ptchl
RIAE
RIBE
ROS

RT

SCC
SFRT
SYRMEP
TAM

Australian nuclear science and technology organization
Australian synchrotron

Broad beam

Chemokine ligand 2/monocyte chemoattractant protein-1
Chemokine ligand 22

Chemokine ligand 2 receptor

European organization for nuclear research

central nervous system

Cyclooxygenase-2

Colony-stimulating factor-1receptor

Computer tomography

Dendritic cell

Dihydrolipoyl dehydrogenase

Double-strand break

Deoxyribonucleic acid

European synchrotron radiation facility

Fructose bisphosphate aldolase

Ultra-high dose rate radiotherapy
Fourier-transform infrared microscopy
phosporylated histone H2AX

Type of SFRT

Gray (unit of ionising radiation dose)

Hyper radiosensitivity

Heat shock protein 71

ESRF biomedical beamline

Interleukin-8

Interleukin-10

Imaging and medical beamline

Ionising radiation

Increased radioresistance

kiloelectron volts, megaelectron volts, gigaelectron volts (a unit of energy)
Large hadron collider

Linear accelerator

Methyl jasmonate

Methyl salicylate

mouse double minute 2 homolog

Full-field transmission X-ray microscopy beamline
Microbeam radiotherapy

nicotinamide adenine dinucleotide phosphate oxidase
natural killer cells

NOD SCID gamma

National synchrotron light source

Oxidative clustered DNA lesion

Pencil beam

Pressure, structure and imaging by contrast at high energy beamline
Patched 1

Radiation induced abscopal effect

Radiation induced bystander effect

Reactive oxygen species

Radiotherapy

Squamous cell carcinoma

spatially fractionated radiotherapy

Synchrotron radiation for medical physics beamline
Tissue-associated macrophages
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TGFp Tumour growth factor 3

TGFpR1 Tumour growth factor (3 receptor 1

TIMP1 Tissue inhibitor matrix metalloproteinase 1
TNF-« Tumor necrosis factor-«

TP53 Tumor protein 53

TPI Triosephosphate isomerase

uvC Ultraviolet C

VEGF Vascular endothelial growth factor

WT wild type

XRD-CT X-ray diffraction tomography
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