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Highlights

¢ Radiation-induced bystander effects are attenuated at below ambient pO».
e A prooxidant cellular environment amplifies radiation bystander effects.
e Early chemical steps impact the radiation bystander response.

e The bystander effect is independent of radiation dose rate.

e The reported results are relevant to radiation protection and radiotherapy.



ABSTRACT

Redox modulated pathways play important roles in out-of-field effects of ionizing
radiation. We investigated how the redox environment impacts the magnitude of
propagation of stressful effects from irradiated to bystander cells. Normal human
fibroblasts that have incorporated [*H]-thymidine were intimately co-cultured with
bystander cells in a strategy that allowed isolation of bystander cells with high purity. The
antioxidant glutathione peroxidase (GPX) was maintained either at wild-type conditions
or overexpressed in the bystanders. Following 24 h of coculture, levels of stress-

: Wafl
responsive p21™°

, p-Hdm2, and connexin43 proteins were increased in bystander cells
expressing wild-type GPX relative to respective controls. These levels were significantly
attenuated when GPX was ectopically overexpressed, demonstrating by direct approach
the involvement of a regulator of intracellular redox homeostasis. Evidence of
participation of pro-oxidant compounds was generated by exposing confluent cell cultures
to low fluences of 3.7 MeV a particles in presence or absence of t-butyl hydroperoxide.
By 3 h post-exposure to fluences wherein only ~2 % of cells are traversed through the
nucleus by a particle track, increases in chromosomal damage were greater than expected
in absence of the drug (p<0.001) and further enhanced in its presence (p<<0.05). While
maintenance and irradiation of cell cultures at low oxygen pressure (pO; 3.8 mm Hg) to
mimic in vivo still supported the participation of bystander cells in responses assessed by
chromosomal damage and stress-responsive protein levels (p<0.001), the effects were
attenuated compared to ambient pO; (155 mm Hg) (p<0.05). Together, the results show

that bystander effects are attenuated at below ambient pO, and when metabolic oxidative

stress 1s reduced but increased when the basal redox environment tilts towards oxidizing



conditions. They are consistent with bystander effects being independent of radiation dose

rate.

(282/300 words)



INTRODUCTION

Ionizing radiation-induced bystander effects refer to the emergence of biological
changes in non-irradiated cells that are in the vicinity of other cells targeted by radiation
(Little 2003). Both harmful and protective bystander effects were described. The type of
radiation to which cells are exposed, the size of the absorbed dose, the time at which a
particular endpoint is measured after exposure, are factors that impact the nature and
magnitude of the induced effect (reviewed in (Buonanno, Gonon et al. 2022). Harmful
bystander effects have been extensively observed when monolayer cultures of various
lineages of cells are exposed to low fluences of high-linear energy transfer (LET)
particulate radiations such as o particles, wherein only a small fraction of the cells are
traversed through the nucleus by a particle track (e.g., (Nagasawa and Little 1992; Azzam,
de Toledo et al. 1998; Zhou, Randers-Pehrson et al. 2000; Shao, Furusawa et al. 2003;
Gonon, Groetz et al. 2013). With relevance to clinical exposures, toxic effects were also
detected in non-irradiated cells co-cultured with cells exposed to moderate/high doses of
various types of radiation, including sparsely ionizing X and v rays (de Toledo, Buonanno
et al. 2017). Notably, bystander effects were detected in tissue models and in partial body-
irradiated animals (reviewed in (Buonanno, Gonon et al. 2022). Together, the findings
have highlighted avenues for exploiting the signaling pathways underlying out-of-field
effects both for beneficial purposes and providing a mechanistic explanation for the
emergence of adverse outcomes following radiotherapeutic treatments or occupational
and environmental exposures to densely ionizing radiations (reviewed in (Prise, Folkard et
al. 2003; Mothersill and Seymour 2004; Hei, Zhou et al. 2011; Buonanno, Gonon et al.

2022).



At the onset of efforts to elucidate the mechanisms underlying the radiation-
induced bystander phenomenon, it was shown that bystander cells neighboring irradiated
cells experienced perturbations in oxidative metabolism that mirrored those detected in
the cells traversed by radiation (Lehnert, Goodwin et al. 1997; Narayanan, Goodwin et al.
1997, Azzam, De Toledo et al. 2002; Azzam, de Toledo et al. 2003). This was confirmed
by various approaches, among which treatment of cell cultures with antioxidants and
inhibition of oxidases. The disproportionate increase in the fraction of cells harboring
DNA damage in cultures exposed to low fluences of o particles was significantly reduced
when the cultures were pre-incubated with superoxide dismutase (SOD), catalase or when
the superoxide generator NAD(P)H oxidase was inhibited. This work highlighted the
involvement of reactive oxygen species (ROS), specifically superoxide anion and
hydrogen peroxide, in mediating the spread of oxidative stress from irradiated to
bystander cells (Narayanan, Goodwin et al. 1997; Azzam, De Toledo et al. 2002).

Partial oxygen pressure (pO,) in cells is an essential controller of organ function
(Carreau, El Hafny-Rahbi et al. 2011). Acute or chronic deviation from homeostatic pO,
environments results in pathological conditions (Michiels 2004) and influences the
response to exogenous challenges whether being environmental or therapeutic (Gray,
Conger et al. 1953; Prabhakar and Semenza 2015). Whereas early radiobiological
research found that oxygen is a dose modifying factor (Petry 1923), cell cultures for
laboratory experiments are still mainly maintained in “classic” incubators under ambient
atmospheric oxygen level (~20.95 % or pO; ~159 mm Hg that is often supplemented with
5% CO; for a final pO, ~141 mm Hg or 18.6 %) (Table 1) (Wenger, Kurtcuoglu et al.

2015; Place, Domann et al. 2017; Ast and Mootha 2019). In vivo, the pO; in tissues never



reaches ambient conditions (i.e. 141 mm Hg) (Table 1). For example, the pO, of arterial
blood is 90-110 mm Hg and of venous blood is ~25-40 mm Hg. In normal tissues, the pO,
varies between 6 and 34 mm Hg (1-5 % O;) (Bambrick, Kostov et al. 2011) or even lower
for the large intestine (3-11 mm Hg) (Ast and Mootha 2019), a range that often reflects
the distance over which oxygen is delivered and consumed. Thus, classical in vitro
method of culturing cells derived from human tissue imposes an artificial "hyperoxia"
with consequences to the cellular radiation responses, which have not been fully
characterized for numerous biological endpoints. Although cells can adapt their
physiological functions to ambient pO; differently according to their type, the activity of
their oxygen and redox-sensitive signaling molecules could be altered (Keeley and Mann
2019). Such variations in the activity of signaling molecules (e.g. transcription factors,
enzymes) affects, among other functions, the magnitude and nature of the induced DNA
damage as well as the extent of its repair, cell cycle progression, and the intercellular
communications impacting the tissue response (Jagannathan, Cuddapah et al. 2016).
Consequently, the resulting signaling lesions affected by variations in pO; in cells
traversed by a radiation track(s) could modulate the nature and concentration of signaling
molecules that induce changes in bystander cells. Conversely, the pO, of affected
bystander cells may greatly modulate their response to the stress communicated from the
irradiated cells and their interaction with irradiated and other cells in their vicinity.

While acutely hypoxic cells are more resistant to the effects of sparsely ionizing
radiation than their normoxic counterparts (Russo, Mitchell et al. 1985; Brown and
Giaccia 1994), a controversy exists as to whether an increase or a decrease in the

metabolic production of ROS is involved in hypoxic signaling (Bunn and Poyton 1996;



Chandel, Maltepe et al. 1998; Chandel and Schumacker 2000; Spitz, Azzam et al. 2004).
According to Clanton (Clanton 2007), ROS are more likely to be produced in hypoxia
when there is both a high reductive capacity (e.g., high NADH/NAD" levels) and
sufficient availability of molecular oxygen for reactions linked to the respiratory chain
(Chandel, McClintock et al. 2000; Clanton 2007).

It is well-established that exposure of cells to low LET radiation under decreased
pO, results in reduced cytotoxicity, mutagenicity and DNA breaks (Tisljar-Lentulis,
Henneberg et al. 1983; Held, Bren et al. 1986; Grdina, Nagy et al. 1989; Fuciarelli,
Wegher et al. 1990; Prise, Folkard et al. 1990; Frankenberg-Schwager, Frankenberg et al.
1991; Denault and Liber 1993; Jagannathan, Cuddapah et al. 2016), which constitutes a
major cause of failure in treating tumours with low LET radiation (Sorensen and Horsman
2020). In contrast, resistance of hypoxic mammalian cells to the killing effects of
radiation was not detected following exposure to densely ionizing radiations such as o
particles (Barendsen, Koot et al. 1966). Interestingly, consistent with previous suggestions
(Alper and Bryant 1974, Baverstock and Burns 1981), Monte Carlo simulations of water
radiolysis by high LET particulate radiations (4.8 MeV *He*" ions (LET ~ 94 keV/um),
24 MeV 2C° jons (LET ~ 490 keV/um)) revealed that molecular oxygen is generated
around the particle track (Meesungnoen and Jay-Gerin 2009; Zakaria, Colangelo et al.
2020). Whereas in their 2009 study, Meesungnoen and Jay-Gerin showed that the early
generation of O, occurs around (isolated) individual particle tracks, which is in support of
“oxygen-in-the track” concept since dose-rate effects were not considered, in the study of
Zakaria, Colangelo et al., the effects of dose rate were considered. In other words, the

latter study showed that the early generation of O, now extends over the entire irradiated



volume. Regardless, this yield of oxygen provides a suitable explanation for the enhanced
toxicity of high LET radiations. Further, under hypoxic condition, the rate of cell growth
(Bedford and Mitchell 1974), expression of specific genes (Wilson and Sutherland 1989;
Graeber, Peterson et al. 1994; Semenza 2000, Nakayama and Kataoka 2019), ion
channels’ activity, and DNA repair may be modulated (Lopez-Barneo, Lopez-Lopez et al.
1988; Shimoda and Polak 2011; Kaplan and Glazer 2020), which further contributes to
the nature and extent of the cellular radiation response.

The different effects of hypoxia (i.e. pO, lower than ambient) on the expression of
bystander responses examined in cell cultures exposed to low fluences of high LET
radiation are unclear and are beginning to be examined (Zhang, Zhang et al. 2021). The
characterization of the bystander effect under conditions that mimic in vivo pO;
conditions is important for understanding the magnitude of in vitro bystander effects and
the possible implications for radiation protection and radiation therapy, in particular when
organs that vary in their oxygenation levels are targeted by radiation. Standard protocols
for cell culture at ambient pO, may or may not accurately simulate in vivo physiological
responses to ionizing radiation.

We hypothesize that varying the oxygen pressure at which cells are grown and
irradiated results in variable effects on the magnitude of stressful effects propagated to
bystander cells. To test this hypothesis, confluent normal human cell cultures maintained
in 2-dimensional architecture (2-D) were incubated at 37 °C in a 5 % CO, and ~0.5 or
~1 % oxygen (Table 1), in humidified air atmosphere for 48 h before and during exposure
in the range of 0.1-10 cGy of 3.7 MeV «a particles. At different incubation times in the

same atmosphere after exposure, the cells were processed for analyses of biological
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endpoints. In the following, the term ‘normoxia’ corresponds to the commonly used
oxygen pressure in cell culture incubators maintained at 37 °C in humidified atmosphere
at oxygen pressure of 141 mm Hg (i.e., 18.6 % in air or 182 uM O; dissolved in culture
medium; Table 1) (Ast and Mootha 2019), whereas ‘hypoxia’ refers to pO, lower than
ambient (in this study ~0.5 or ~1 % O; 1.e., ~3.3 mm Hg, ~4.3 uM or 6.7 mm Hg, 8.7 uM,
respectively; Table 1).

In additional efforts to understand the role of the inherent redox status of cells in
propagation of bystander effects, we ectopically over-expressed the antioxidant
GLUTATHIONE PEROXIDASE (GPX) gene in cells destined to be bystanders. The
latter is an intracellular enzyme that reduces hydrogen peroxide produced during
mitochondrial respiration and other enzymatic sources to water (Spitz, Azzam et al.
2004). We also pretreated normal human cell cultures with the oxidizing agent tert-butyl
hydroperoxide (t-BOOH) prior to exposure at 37 °C to low fluences of a particles ina 5 %
CO; in ambient humidified air atmosphere. Whereas glutathione peroxidase catalyzes the
reduction of hydroperoxides, incubation of cells with t-BOOH leads to generation of
alkoxyl and peroxyl radicals in the presence of metal ions. This results in generation of
excess ROS, including H,O, (Woodbine, Brunton et al. 2011), which accelerates lipid
peroxidation, DNA damage, and causes depletion of glutathione (GSH) (Sandstrom 1991,

Guidarelli, Cattabeni et al. 1997; Kim, Kang et al. 1998).
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MATERIALS AND METHODS

Cell culture; growth adaptation in low partial oxygen pressure atmosphere

To examine the effects of partial oxygen pressure, a custom-made ‘Xvivo’
chamber that integrates the latest advances in oxygen monitoring was constructed by
BioSpherix Ltd. (Parish, NY) for our specific use (Schematic I, panel A). The chamber is
equipped with dissolved oxygen sensors that do not consume oxygen, and with controllers
for humidity, carbon dioxide and temperature. Oxygen can be controlled at normobaric
pressure to within 0.1 % of any single set point over the entire 0.1 — 99.9 % range. Long-
term culturing conditions that permit cells to progressively adapt to various partial oxygen
pressures thus can be achieved. To reduce stress associated with transfer of cell cultures
from ambient pO; to a more hypoxic environment, the pO, was decreased in a controlled
manner over a 24 h period (Schematic 1, panel C).

Apparently normal AG1522 human diploid skin fibroblasts were obtained from
the Genetic Cell Repository at the Coriell Institute for Medical Research (Camden, NJ).
Low passage (p10) confluent cells were used in experiments. For a particle-irradiation,
the cells were seeded in specially designed dishes integrating a 1.5 pm-thick polyethylene
terephthalate (PET) growth surface, and fed as described (Gonon, Groetz et al. 2013).
After the last feeding, cell cultures were transferred to the controlled atmosphere chamber
and placed in a humidified incubator located within the chamber and maintained at 37 °C
in the same atmosphere of 5 % CO; in humidified ambient air, or to a different incubator
within the same chamber where the oxygen concentration was regulated from incubator
ambient (141 mm Hg) to ~1 or ~0.5% in air (6.7 or 3.3 mm Hg) over 24 h (the small

volume of 2 mL of culture medium in the circular dishes integrating a 36-mm-diameter
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growth surface facilitated its de-oxygenation). Once the desired oxygen level was
reached, the cells were further incubated at that atmosphere for additional 24 h. The
cultures were exposed to low fluence o particles delivered by an irradiator located within
the chamber (Schematic 1, panel C) and remained in the chamber until harvested for
analysis of biological endpoints. Because the maximum range of the & rays produced by
3.7 MeV a particles is only ~0.1 um (Hamm, Turner et al. 1985; Muroya, Plante et al.

20006), it is safe to consider that bystander cells do not receive any dose.

Co-Culture cell system

For experiments involving co-culture of irradiated cells with bystander cells, we
used a 10 pm-thick Transwell insert with 1-um pores allowing intercellular
communication between the co-cultured cells as we have described (de Toledo, Buonanno
et al. 2017). Briefly, AG1522 cells destined to be bystanders were seeded at the bottom
side of inverted inserts placed in 6-well plates. The attachment occurred within ~40 min.
The inserts were then re-inverted and growth medium was added to the 6-well plates.
Meanwhile, cells that were grown in flasks in medium containing 37 kBg/mL [*H]-
thymidine were rinsed several times with growth medium (although by the third rinse, no
radioactivity was detectable in the rinsing medium, additional four rinses were
performed). The labeled or unlabeled and sham-manipulated cells were then seeded,
respectively, at confluent density on the top side of the insert with confluent bystander
cells growing at the bottom side (Domogauer, de Toledo et al. 2016). Within 2 h after
plating, radio-labeled cells adhered and formed functional junctional channels with

bystander cells, as was assessed by the transfer of Calcein AM, a green fluorescent gap-
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junction permeable dye (Domogauer, de Toledo et al. 2016). Irradiated and bystander
cells may also communicate with each other through secreted factors (soluble molecules,
exosomes and other extracellular vesicles) transferred across the pores of the membrane.
The radio-labeled and bystander cells were left in co-culture for a total of 6 h. Sham-
irradiated cells that were handled similarly as the ["H]-thymidine labelled cells served as
control. As the nuclei of the bystander cells growing on the bottom side of the Transwell
insert are separated from the irradiated cells by a distance of 10 pm, the ratio of the dose
to the labelled and bystander cells is expected to be over 100,000. Therefore, according to
Goddu et al, the dose absorbed by the unlabeled bystander cells is expected to be

negligible (Goddu, Howell et al. 1994).

Alpha particle irradiation and dosimetry

Exposure to a particles was from a 0.2 mCi **' Am-collimated source at a mean
absorbed dose rate of 2 ¢cGy/min as described previously (Gonon, Groetz et al. 2013).
Irradiation occurred from below, through the 1.5 pm-thick PET base on which the cells
were growing. At the cell layer, the a particles had an estimated average energy of
3.7 MeV with LET calculated to be ~ 109 keV/um. Sham-irradiated cell cultures served
as control and were handled in parallel with test cultures. Beam uniformity was assessed
with CR-39 plastic obtained from Track Analysis Systems, Ltd. (Bristol, UK). Exposure
times of 4 s that are commensurate with typical irradiation times used in bystander effect
experiments were used to test uniformity of the beam. The plastic was etched according to

the manufacturer’s instructions. CR-39 plastic is sensitive to o particles and is not

sensitive to X rays and y rays. Thus, only the o particles emitted by *' Am were detected.
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The pits created by the etching process were scored at 40 locations (each consisting of
125,000 um?) along the entire diameter of the CR-39 plastic corresponding to the
diameter of the PET growing surface as we have described (Neti, de Toledo et al. 2004).
The o particle fluence was calculated by integrating the counts from 0.2 to 6 MeV during
a 200-s acquisition and dividing by the active area of a Canberra (Meridien, CT) CAM300
passive implanted planar silicon (PIPS) detector. The fractions of cells whose nucleus was
traversed by a primary particle were calculated according to Charlton and Sephton

(Charlton and Sephton 1991) and are described in Table 2.

Western blot analysis

Immunoblotting was performed in protein lysates of whole cells harvested 3 h
after irradiation as described previously (Gonon, Groetz et al. 2013). The levels of
proteins were quantified with anti-p21™*" (no. 05-345, Millipore), anti-p-TP53ser15 (no.
9284S, Cell Signaling), anti-p-ERK1/2 (no. 91018, Cell Signaling), anti-Hdm2 (no.
M4308, Sigma) and anti-Connexin43 (GJA1) (no.c6219, Sigma) antibodies. Respective
secondary antibodies conjugated with horseradish peroxidase were used to detect the
various proteins by chemiluminescence. To verify equal loading of samples, we used over
the course of the project either staining of the nitrocellulose membranes with Ponceau S
(Sigma) (Romero-Calvo, Ocon et al. 2010), a house-keeping protein (B-tubulin), or a non-
specific band that appeared on the autoradiogram following reaction with the secondary
antibody as loading control. Experiments were repeated at least 3 times, and

representative data are shown in results. Treated samples were compared with the control.
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Immunostaining of S3BP1

Following a 3 h incubation after irradiation, cell cultures were fixed in 3.2 %
(vol/vol) paraformaldehyde for 10 min at room temperature. Permeabilization, reaction
with anti-S3BP1 antibody (no. A300-272A; Bethyl) and detection with FITC-conjugated
secondary antibody (no. A11037; Invitrogen) were performed as described previously
(Gonon, Groetz et al. 2013).

The fractions of cells with 53BP1 foci were evaluated using a UV microscope
(Leica DM 1IL) as previously described (Gonon, Groetz et al. 2013). Each graph is
representative of at least three separate experiments. For each experiment, 2 irradiated and
2 control dishes were analyzed. For each dish, more than 3000 cells were scored by eye in
more than 40 different fields. Nuclei with atypical size or morphology or those with very
high foci counts (presumably appearing in S-phase cells) were not scored (Wilson, Nham
et al. 2010). Poisson statistics was used to calculate the standard error associated with the
percentage of cells with foci over the total number of cells scored. The Pearson’s y” test
was used to compare treatment groups versus respective control. A value of p <0.05

between groups was considered significant.

Micronucleus Formation

Radiation-induced DNA damage was assessed by measuring the frequency of
micronucleus formation by the cytokinesis-block technique (Fenech and Morley 1985).
Briefly, 2 x 10* cells were seeded in chamber flaskettes (Nalge Nunc International) in
presence of 2 pg/ml cytochalasin B (Sigma) and allowed to progress in the cell cycle. At

this concentration, cytochalasin B was not toxic to the cells. After 72 h incubation, the
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cells were rinsed in PBS, fixed in ethanol, stained with Hoechst 33342 (1 pg/ml in PBS),
and viewed with a fluorescence microscope. At least 1000 binucleated cells per treatment
in each experiment were examined. The fraction of binucleated cells in the population was
~40 % in all treatments and only the number of micronuclei per binucleated cell was
considered for analysis. Each graph is representative of at least 3 separate experiments,
and Poisson statistics was used to calculate the standard error associated with the
percentage of micronucleated cells in the total number of binucleated cells scored.
Comparisons between treatment groups and respective controls were performed using the

Pearson’s -test. A value of p < 0.05 between groups was considered significant.

Chemicals: t-butyl hydroperoxide treatment and [’H]-thymidine

t-Butyl hydroperoxide (Sigma/Aldrich, Cat. No. 458139) was dissolved in growth
medium that was conditioned by AG1522 cells for 48 h and added to the cell cultures, 1 h
before irradiation, at a concentration of 0.5 uM. The cells were incubated in the presence
of the drug until they were harvested or fixed 3 h later.

[3H]-thymidine was obtained from Perkin-Elmer Life Sciences (Billerica, MA) as
described previously (Gerashchenko and Howell 2005). Cells were treated with [*H]-
thymidine at concentration of 5.8 kBg/ml (1.9 uM) as described (Gerashchenko and

Howell 2004).

Vectors, Cell Transduction and Measurement of Enzyme Activity
Replication-defective recombinant adenovirus type S5 with the E1 region

substituted with the human gene encoding GLUTATHIONE PEROXIDASE (AdGPX)
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was obtained from ViraQuest (North Liberty, IA). The infectious units of the adenovirus
were typically at 1x 10" PFU/ml. GLUTATHIONE PEROXIDASE construct in
adenovirus was added to cell cultures in serum free fresh medium for 24 h; the cells were
then fed with fresh medium, and experiments were initiated 24 h later as previously
described (Autsavapromporn, de Toledo et al. 2011).

To measure glutathione peroxidase activity, AG1522 cell cultures were rinsed
with ice-cold PBS and harvested by scraping at 4°C. Pelleted cells (~ 107 cells) were
rinsed in PBS, re-pelleted and suspended in 50 mM potassium phosphate buffer
containing 1.34 mM diethylenetriaminepenta-acetic acid (pH 7.8), and homogenized at
4°C. Protein concentration was determined by the method of Lowry (Lowry, Rosebrough
et al. 1951) and total glutathione peroxidase activity was measured by the
spectrophotometric method of Lawrence and Burk (Lawrence and Burk 1976) using
cumene hydroperoxide as the substrate. One unit of enzymatic activity, expressed as
mU/mg protein, is defined as the amount of protein that oxidizes 1 mMol of NADPH/min.
Typically, GPX activity was increased by about threefold in AG1522 cells transduced
with AAGPX (15 mU/mg in cells transduced with empty vector vs.45 mU/mg in cells

transduced with AdGPX) (de Toledo, Asaad et al. 2000).
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RESULTS

Effect of the redox environment on the propagation to bystander cells of stressful effects

emanating from irradiated cells

a- Upregulation of antioxidant defense in bystander cells attenuates the expression of

stressful effects propagated from irradiated cells

To investigate the contribution of the redox environment to the propagation of
stressful effects from irradiated to bystander cells, we used a genetic approach whereby
the antioxidant GLUTATHIONE PEROXIDASE (GPX) gene was ectopically over-
expressed in cells destined to be bystanders. This enzyme, present in the cytoplasm and in
the mitochondrial matrix (Limon-Pacheco and Gonsebatt 2009), is a primary line of
defense that removes peroxides generated as a result of oxidative metabolism by coupling
their reduction with the oxidation of glutathione. A Transwell co-culture system whereby
bystander cells are in intimate communication with irradiated cells via gap junctions and
secreted factors was used (Autsavapromporn, de Toledo et al. 2011; Buonanno, de Toledo
et al. 2011) (Figure 1, panel A). Normal confluent AG1522 bystander cells (~98% in
Go/G1 phase of the cell cycle) were co-cultured for 6 h with AG1522 cells that had
previously incorporated [*H]-thymidine (~250 mBq/cell). The cells radiolabeled with
tritiated thymidine (t1,= 12.3 years) are still being irradiated when they are co-cultured
with bystander cells; however, the very short range (~1 um in water) of the low-energy
B particles emanating from tritium (average energy ~ 5.68 keV) is restricted to the labeled
cells only (Browne, Firestone et al. 1986; Gerashchenko and Howell 2004) and no

extracellular cross-irradiation of unlabeled bystander cells is expected to occur (see
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Methods section). Nevertheless, due to co-culture with labelled cells, increases in the

wafl

levels of p21™", p-Hdm2, and connexin43 occurred in bystander cells (2 to 3 folds
increases) (Figure 1, panel B). When AG1522 bystander cells were transduced with
adenovirus construct for GLUTATHIONE PEROXIDASE, a significant decrease in the

levels of the latter stress-responsive proteins occurred compared to control non-transduced

cells (representative results are shown in Figure 1).

b- Effect of pro-oxidant environment: the modulating effect of t-BOOH

To further understand the role of the redox environment, we increased the cellular
level of ROS above normal conditions by incubating confluent monolayer AG1522 cell
cultures with the oxidizing agent t-BOOH. Three hours after exposure to low absorbed
doses of 3.7 MeV a particles, the cells were harvested and assayed for micronucleus and
53BP1 foci formation. Under normoxia relative to control, significant increases in
micronuclei occurred after exposure to 0.2, 1 or 10 cGy (p <0.01, p <0.001 and p <0.001,
respectively) (Figure 2, panel A). The magnitude of the increase in cell cultures exposed
to 10 cGy relative to 0.2 cGy was 3.8-fold greater, and in cultures exposed to 10 cGy
relative to 1 cGy was 2.4-fold greater. Applying dosimetric calculations, the mean
fraction of cells in the population traversed by a particle track through the nucleus at
10 cGy is 50-fold greater than exposure to 0.2 cGy, and 10-fold greater than exposure to
1 ¢Gy (Table 2), which is suggestive of DNA damage occurring in bystander cells as was
observed in other studies using broadbeam or microbeam irradiations (Nagasawa and
Little 1992; Azzam, de Toledo et al. 1998; Zhou, Suzuki et al. 2001; Azzam, De Toledo et

al. 2002; Autsavapromporn, Suzuki et al. 2013). When oxidative stress was initiated by
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incubating cell cultures maintained in an atmosphere of 18.6 % O, in the presence of non-
toxic concentration of 0.5 uM t-BOOH in the growth medium beginningl h before
irradiation and until harvesting 3 h later, the increases in micronuclei formation were
greater in presence than in absence of the drug, with the differences being significant after
exposure to 1 cGy (p <0.05) (Figure 2, panel A).

Another surrogate marker of DNA damage is the p53 binding protein-1 (53BP1)
that localizes at the site of DNA breaks and forms discrete foci within minutes after
irradiation (Schultz, Chehab et al. 2000; Rappold, Iwabuchi et al. 2001; Asaithamby,
Uematsu et al. 2008). In cell cultures maintained and exposed to 0.2 or 1cGy in an
atmosphere of 21 % O,, where only 1.6 % or 8 % of cell nuclei are traversed by an
a particle, respectively, the percentage of cells with S3BP1 foci was increased at 3 h by
1.21 and 1.37 relative to control, (p <0.001 and p <0.001, respectively) (Figure 2,
panel B). Incubation and irradiation of the cell cultures in presence of t-BOOH resulted in
significant increases in both control and irradiated cultures when compared to
maintenance and irradiation of the cultures in absence of the drug (p <0.001) (Figure 2,
panel B). Collectively, the results support a significant role of the redox environment in

induction of DNA damage in irradiated cells and its propagation to bystander cells.

c- Impact of pO,
Effect on micronucleus formation

To mimic an aspect of in vivo conditions, we cultured and irradiated AG1522 skin
fibroblasts with 3.7 MeV a particles at a pO; of 0.5% O,, which avoids artificial
hyperoxia imposed by classical cell culture. Compared to maintenance and irradiation of

the cultures at ambient O, level, the increases of micronucleus formation as a function of
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absorbed dose (0.2, 1 and 10 cGy) were attenuated, but remained significantly greater
than control (p <0.05, p<0.001 and p <0.001 respectively) (Figure 2, panel C).
Comparing the effect of 0.5 and 18.6 % oxygen atmosphere, the difference in induction of
micronuclei was significant only after irradiation of the cultures with 10 ¢Gy (p <0.05)
(Figure 2, panel C). Furthermore, compared to irradiation at ambient pO,, 53BP1 foci
formation, an indicator of DNA damage, was reduced when the cultures were maintained
and irradiated at ~0.5 % O, atmosphere ((p <0.001 at 1 c¢Gy), Figure 2, panel D).

Interestingly, the background formation of S3BP1 foci was also reduced.

Effect on stress-responsive protein levels

Normal human fibroblasts sense oxygen levels and respond to hypoxic conditions
through the regulation of multiple signaling pathways (Giaccia, Simon et al. 2004). We
investigated the modulation of stress-responsive proteins in o particle-exposed confluent
AG1522 fibroblast cultures under low (0.5 %) or ambient (18.6 %) oxygen atmosphere.
The levels of p-TP53ser15, p21"*", and p-ERK1/2 were examined in whole cell lysates
by western blot analyses at 3 h after exposure. In the representative results shown in
Figure 3, the relative changes in protein levels were compared to non-irradiated samples
maintained at 18.6 % O,. Consistent with previous data, maintenance and exposure of cell
cultures to 0.2, 1 or 10 cGy, under ambient oxygen condition, resulted in increased p-
TP53serl5, p21V*" and p-ERK1/2 levels (Figure 3, panel A). When the cell cultures were
maintained under reduced O, concentration, the basal level of p-TP53serl5 and p21"*"

were lower than in ambient atmosphere. In irradiated samples, the increases in protein

levels relative to control were also less than under normoxia. These differences were
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particularly noticeable at 10 cGy where ~80 % of the cells were presumably traversed by
one or more o particle tracks through the cell nucleus. In case of the transcriptional
regulator p-ERK1/2, greater increase occurred under reduced pO, than ambient conditions
in irradiated samples (a factor of 2 at 0.2 ¢Gy) (Figure 3, panel A) highlighting that
enhanced ERK1/2 phosphorylation may be associated with propagation of radiation-
induced stressful effect under hypoxia.

Intercellular-communication via gap-junctions was shown to be highly significant
in the propagation of stressful effects from irradiated to bystander cells in normal human
cell cultures exposed to high LET radiations (Azzam, de Toledo et al. 1998; Azzam, de

Toledo et al. 2001; Shao, Furusawa et al. 2003; Autsavapromporn, Suzuki et al. 2013).

wafl
2

The results in Figure 3 (panel B) showing an increase in the level of p21 a cyclin-
dependent kinase inhibitor, and connexin43, a major constituent of gap-junction, when
AG1522 cell cultures are exposed to low fluence a particles under ambient oxygen
atmosphere are consistent with previous results (Azzam, de Toledo et al. 2003;
Autsavapromporn, de Toledo et al. 2011). At 0.1 ¢cGy, less than 1 % of the cell nuclei

wafl

were traversed by an a-particle track, yet p21™" and connexin43 levels were increased by
2 and 2.1-fold, respectively. These increases were significantly reduced when the cell
cultures were maintained and exposed to absorbed doses of a particles under low pO,.
The up regulation observed under hypoxia at 0.3 cGy, when only 2.4 % of cell nuclei

were traversed by an a particle track, although attenuated, was still twice as large

compared to its own control.
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DISCUSSION

Although in vitro radiation-induced bystander effects have been widely observed
and the mechanisms underlying their expression are increasingly being understood, the
spectrum of signaling events involved and their regulation at in vivo-like pO; is not yet
clear. Several signaling pathways impacted by different modes of intercellular
communication mediate radiation-induced bystander responses, and different cell types
respond differently to biochemical signals exchanged among and between irradiated and
bystander cells (Buonanno, Gonon et al. 2022). Notably, it has been suggested that
reduced pO; elicits a variety of adaptive responses at both the tissue and cellular levels
(Chandel and Schumacker 2000). These responses may greatly affect the nature and/or
magnitude of the biological changes induced in bystander cells. Here, we provide further
evidence that the redox environment, modulated by metabolic antioxidants, pO,, or
treatment with prooxidants, plays a key role in the magnitude of the propagated radiation-
induced bystander effects.

Glutathione peroxidase is an important antioxidant involved in the reduction of
hydrogen peroxide and soluble lipid hydroperoxides that form as a result of normal
oxidative metabolism and whose levels increase following cellular exposure to ionizing
radiation (Burtscher, Mallet et al. 2022). Upregulating GPX expression by a genetic
approach in bystander cells, protected them against oxidative stress propagated as a result
of intimate co-culture with other cells having incorporated [*H]-thymidine (Figure 1). The
Up-regulation of oxidative stress-responsive proteins (p21"*", p-Hdm2, connexin43) in
bystander cells expressing normal GPX levels was significantly reduced when GPX was

ectopically overexpressed in bystander cells co-cultured with [*H]-thymidine-labelled
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cells (Figure 1). These results support through rather direct approach that expression of
bystander stressful effects is modulated by enzymes involved in oxidative metabolism as
previously observed through treatment of cell cultures exposed to low fluences of
o particles in presence or absence of antioxidant enzymes (Narayanan, Goodwin et al.
1997, Azzam, De Toledo et al. 2002). Under homeostatic conditions, GPX acts to
maintain the balance between necessary and harmful levels of H,O, and organic
hydroperoxides (Handy and Loscalzo 2022). Previous results and those shown here show
that redox sensitive processes culminating in an increase in prooxidant production that
exceeds the ability of the cellular antioxidant capacity to maintain the normal steady state
redox potential are tightly associated with the spread of oxidative stress from irradiated to
bystander cells. The changes are consistent with involvement of a persistent perturbations
in oxidative metabolism/activation of oxidase (Spitz, Azzam et al. 2004; Azzam, Jay-
Gerin et al. 2012), as oxidative stress was observed in bystander cells not only in the
hours and days following irradiation (Gonon, Groetz et al. 2013), but also in their progeny
(Buonanno, de Toledo et al. 2011; de Toledo, Buonanno et al. 2017).

The effect of the redox environment on expression of bystander effects was further
supported upon treatment of low fluence o particle-irradiated cultures with t-BOOH.
Greater than expected increases in DNA damage as evaluated by micronuclei and 53BP1
foci formation was detected (Figure 2). Our earlier work under ambient pO, had shown
that exposure of AG1522 cells to mean absorbed doses as low as 0.3 cGy of a particles
activates as early as 1 min the redox-sensitive transcription factors NF-kB, AP-1, ELK-1,
p90-RSK and ATF2 (Azzam, De Toledo et al. 2002). Expansion of these studies to

examine the expression of these transcription factors in normal cell cultures exposed to
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low fluence o particles at in vivo-like pO, and when pO; is above ambient would further
contribute to understanding the signaling pathways mediating bystander effects and would
have relevance to radiation protection whether in occupational or clinical settings (Figure
4). Performing experiments in co-cultures of unirradiated normal cells and irradiated
cancer cells, which notably have a prooxidant microenvironment (Klaunig, Wang et al.
2011; Gupta, Patel et al. 2014), would further inform on the impact of tissue pO; in
propagation of bystander effects that contribute to normal tissue toxicity following
radiotherapy. In the context of studies with o particle-emitters, it would further inform on
recently described beneficial bystander effects leading to inhibition of proliferation and
enhanced cell killing of bystander cancer cells in mice treated with targeted oo emitters
(Leung, Canter et al. 2020; Canter, Leung et al. 2021). It also has implications in
treatment regimens where radiation is delivered in a fractionated manner. An
enhancement of oxidative stress in bystander cells following delivery of the initial dose
will greatly affect their response to subsequent doses. In particular, the modulating role of
tissue pO; is fundamental to understanding the basic biological mechanisms involved in
radiotherapeutic treatments at ultra-high dose rates (Adrian, Konradsson et al. 2020,
Wilson, Hammond et al. 2020; Cao, Zhang et al. 2021).

Herein, we have further confirmed the expression of bystander effects in studies
involving B particles emitted from tritium incorporated in DNA as well as external o
particles(reviewed in (Buonanno, Gonon et al. 2022) (Figures 1-3). Notably, we show that
cellular pO, modulates the magnitude of low fluence a particle-induced stressful
bystander effects as measured by chromosomal damage (Figure 2) and changes in the

expression levels of stress-responsive proteins (Figure 3). Whereas chromosomal damage
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was significantly greater than expected at low doses delivered to the cell culture (1 cGy)
at ~0.5 or ~1 % O,, the damage was attenuated compared to measurements at 18.6 % O,.
The attenuation was greater when the cultures were exposed to 10 ¢Gy rather than to
lower doses, suggesting reduction of stress in both the irradiated and bystander cells as a
greater fraction of cells are traversed by a particle track at 10 cGy (~80 % vs. ~2 at
0.2 cGy and -8 % at 1 cGy) (Table 2).

Our earlier work had shown that ERK1/2 and other members of the redox
sensitive mitogen activated protein kinase (MAPK) pathway are activated as early as
1 min after exposure of cell cultures to low doses of o particles (5 cGy) with the
activation increasing in the span of 15 min during which measurements were performed
(Azzam, De Toledo et al. 2002). Here we show that ERK1/2 activation measured at 3 h
after exposure of cell cultures to 0.2, 1 or 10 cGy is greater under hypoxia than normoxia
(Figure 3). Expansion of these studies to characterize downstream effectors of ERK1/2
and other members of the MAPK pathway (JNK, p38™*™™) and their downstream
effectors (e.g., ATF2, ELK-1, and AP-1) would enhance understating of the mediating
signaling events. Interestingly, ERK1/2 phosphorylation was shown to be activated under
reduced oxygen pressure in human microvascular endothelial cells-1 without increase in
total ERK proteins, but with translocation to the nucleus (Richard, Berra et al. 1999;
Minet, Arnould et al. 2000). Expansion of these studies to other cell types and examining
the effect on the status of Hypoxia Inducible Factor 1a (HIF-1a) would be informative as
HIF-1a plays a major role in oxygen homeostasis regulation (Ziello, Jovin et al. 2007).

In earlier work, we generated direct evidence for the participation of gap

junctional communication in the propagation of radiation-induced bystander effects
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(Azzam, de Toledo et al. 2001). The intercellular channels that comprise gap junctions are
formed by connexin proteins (Harris 2001), with connexin43 being highly abundant and a
well-studied form in the connexin family (21 isoforms in humans). It is present in many
tissues, including heart, central nervous system, liver, breast, skin, pancreas and lens
(Laird 2006). The results reported here (Figure 3) showing differential regulation of
connexin43 in bystander cells from cultures exposed to ionizing radiation at different pO,
conditions suggests that intercellular communication depends on pO,, which likely
impacts the overall response of cells/tissues to oxidative stress. Comparing the fold
change in expression of connexin43 between skin fibroblast cultures irradiated at ~1 or
18.6 % O,, greater increases were detected 3 h after exposure to a particles at 18.6 % vs.
~1 % (Figure 3). The cellular distribution, phosphorylation state and levels of connexin43
in various types of cells were extensively studies following hypoxia/reoxygenation
(Martinez and Saez 2000; Rodriguez-Sinovas, Garcia-Dorado et al. 2006; Marquez-
Rosado, Solan et al. 2012) or chronic hypoxia as in obstructive sleep apnea syndrome
(Kohutova, Elsnicova et al. 2019) . Examining the effects of irradiation on redistribution
of connexin43 within the cell (plasma membrane vs. cytoplasm), synthesis/degradation,
and functional coupling between irradiated and bystander cells would enhance our
mechanistic understanding of the role of junctional communication in bystander effects.

A decade after publication of the seminal paper by Nagasawa and Little on
expression of cytogenetic changes in bystander cells (Nagasawa and Little 1992), a debate
arose on the nature of the reactive species involved in triggering the spread of bystander
effects (Ward 2002; Jay-Gerin, Meesungnoen et al. 2003). Follow up work to the early

studies (Muroya, Plante et al. 2000) to characterize the identity as well as concentration of
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reactive chemical species (0,", H,O,, *NO, etc.) generated in mammalian cells exposed to
various types of radiation with different LET is warranted to enhance our understanding
of the phenomenon and the early chemical/molecular signaling events that are involved
(Hellweg 2015; Mukherjee, Dutta et al. 2021; Mukherjee, Dutta et al. 2022). Identifying
these species in irradiated cells and the pathways they modulate at different pO, will be
instructive of the dynamics of transition from early chemical events to subsequent
biochemical changes induced in the irradiated cells and their subsequent propagation to
bystander cells. In this context, it has been recently proposed that in presence of low
concentrations of bicarbonate, the most significant oxidizing radical in cells is likely the
carbonate anion radical, rather than the usually-invoked hydroxyl radical (Meyerstein
2022). Being a weaker oxidizing agent than the OH" radical, CO3™ is more selective as a
ROS (Meyerstein 2022). The use of dyes that detect specific reactive chemical species
and bystander cells engineered to express redox sensitive transcription factors tagged to
fluorescence proteins, coupled with real time microscopic observations, in identifiable
irradiated and bystander cells, would inform on the kinetics of induction of redox
modulated events.

In summary, the data reported in this study show by direct and indirect approaches
that redox modulated events have a prominent role in the propagation of radiation-induced
effects. They indicate that chromosomal damage and activation of signaling pathways
(p53, MAPK, connexin expression) are sensitive to pO, changes. Based on our studies
reported here and elsewhere and those of others (reviewed in (Buonanno, Gonon et al.
2022)), we propose that expression of radiation-induced bystander effects is dose-rate

independent. Here, we showed that exposure of a cell culture to a very low fluence of
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o particles (high LET radiation) induces events leading to propagation of oxidative stress
from irradiated to non-irradiated cells. Likewise, co-culture of [*H]-thymidine-labeled
cells (low LET radiation) with bystander cells results in biochemical changes consistent
with oxidative damage occurring in the bystander cells. In the o particle irradiation
scenario, the irradiated cells are traversed by a single particle track (Table 2); therefore, a
dose-rate effect is not involved. In contrast, in case of B particles from *H, the cells in the
labelled culture are exposed at a high dose rate, which supports that in both cases, the
physico-chemical and chemical steps are critical in induction of the observed bystander
effects. Based on Monte-Carlo simulations of the track structure of densely and sparsely
ionizing particles (Cobut, Frongillo et al. 1998; Frongillo, Goulet et al. 1998,
Tippayamontri, Sunuchakan et al. 2009; Alanazi, Meesungnoen et al. 2020), whether
traversed by a single o particle track or multiple electron tracks from *H, radical-radical
combination/recombination reactions are favored due to the high density of energy
deposition in the system. These interactions are favored within the high LET a particle
track where the density of ionization events is extremely high, and in case of *H-labelled
cells they occur between the low LET electron tracks whose number and spatial proximity
as a function of time becomes very high due to delivery of the radiation at high dose rate.
These patterns of increased intra- or inter-track radical-radical interactions facilitate
ultimate formation of molecular products (e.g., HyOz) (Kuppermann 1961; Willis, Boyd et
al. 1969; Pucheault, Ferradini et al. 1977; Jay-Gerin 2020; Alanazi, Meesungnoen et al.
2021; Sultana, Alanazi et al. 2022; Sultana, Alanazi et al. 2022). Whether the resulting
DNA lesion(s) signaling induction of the bystander effect following exposure to low

fluence o particles or to high dose rate P particles is similar remains to be investigated.
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Studies involving analyses of single and double strand breaks as well as base damage in
irradiated cells as well as the frequency and kinetics of occurrence of DNA damage foci

would be informative.
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TABLES

Table 1: Gaseous oxygen composition (in % and mm Hg) in dry air and in
experimental atmosphere conditions, and its concentration in culture medium at
37° C.

At sea level, the atmospheric pressure is 760 mm Hg. In a water saturated chamber
maintained at 37°C, the partial pressure of water (pH20) is 47 mm Hg. In a classic
incubator at ambient atmosphere (760 mm Hg), the partial pressure of 5 % carbon dioxide
(pCOy,) represents 38 mm Hg. Therefore, 20.95 % of the remaining incubator air (760-47-
38=675 mm Hg) results in pO, of 141 mm Hg. The latter pO, corresponds to 18.6 % O,
(true normoxic oxygen condition) compared to ambient atmosphere (760 mm Hg). In our
experiments, this value was decreased to respectively 0.88 % (6.7 mm Hg) and 0.44 %
(3.3 mm Hg) in the two different hypoxic humidified conditions with 5 % CO,. The
concentrations of dissolved oxygen in culture medium maintained at a given temperature
are proportional to the partial pressures of the gas above the solution according to Henry’s
law (C =P/H). At constant temperature of 37°C, the values corresponding to 18.6 %,
0.88% and 0.44 % were respectively 182, 8.7, 43 uM. Henry’s constant H of
771.65 mm Hg'mM™ was defined as a function of ionic strength of culture medium of
175 mM, which is an average value of most mammalian culture medium maintained
without 5% CO;, (Place, Domann et al. 2017). Numbers given in parentheses are the

values in mm Hg.

Ambient Standard incubator Hypoxic incubator
dry air (humidified) (humidified)
~1% ~0.5%

H,0, - 6.2% (47) 6.2% (47) 6.2% (47)
CO, 0.04% (0.3) 5% (38) 5% (38) 5% (38)

0, 20.95% (159) 18.6% (141) 0.88% (6.7) 0.44% (3.3)

Dissolved
0, in 182 uM 8.7 uM 4.3 uM
medium
N, 79.01% (600) 70.2% (534) 87.92% (668) 88.36% (672)
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Table 2: Energy and linear energy transfer (LET) of a particles and estimates of
a particle traversals in confluent AG1522 cell cultures exposed to an absorbed dose
of 0.1, 0.2, 0.3, 1 or 10 ¢Gy. The fluence (particles/cm?) is given by the following relation
b (particles/cm?) = [D (cGy) - p (g/cm’)]/[1.602 x 107 - LET (keV/um)], where D is the
mean dose p, the density. The average number of nucleus and cell particle traversals was
established on the average cross section of an AG1522 cell nucleus [i.e., 140 um?] or with
the average cross-sectional area of an AG1522 whole cell [i.e., 800 um? ] as described in
(Gonon, Groetz et al. 2013). Estimates of the fractions of whole cells or nuclei traversed
by a a particle were determined according to the method of Charlton and Sephton
(Charlton and Sephton 1991). Assuming Poisson statistics, the probability P that a given
target area is traversed by N particles is given by P(N) = e *x"/N! with x being the

product of the fluence and the target cross-sectional area (nucleus or whole cell).

- b
Energy LET Dose  Fluence Average f Fl‘i}CthH afelks
MV (keV/um)  (cGy)  (part/om’) number o nuclei traversed by 0,
traversals 1 or more than 2
Cell | Nucleus particles

Ave. | Ave. | P(O) | P(D) [P(2) |
0.1 5.7 x 10° 0.046 0.008 0.992 0.008 0.000
‘He?* 0.2 1.1 x 10* 0.092 0.016 0.984 0.016 0.000
(0) 0.92 109 0.3 1.7 x 10* 0.138 0.024 0.976  0.024  0.000
1.0 5.7 x 10* 0.458 0.080 0.923  0.074  0.003
10 57 % 10° 4.580 0.802 0449 0360 0.191

-34 -



SCHEMATIC

» & = ®B 1%

Schematic 1: (A) Custom-made ‘Xvivo’ chamber equipped with two incubators whose
0O, and CO; atmosphere are independently adjustable; (B) the a particle irradiator located
in the work space of the chamber; (C) traces describing the decrease in dissolved oxygen
concentration (red colour) from ambient conditions to a hypoxic environment (here as low
as 0.2 %) over a 24 h period. Light blue and green colour traces refer, respectively, to the
percent O, and percent CO; in the control incubator environment. Dark blue and yellow
traces refer, respectively, to the percent oxygen and percent CO; in the experimental
incubator environment. Upon reaching the desired dissolved oxygen concentration, the
cell cultures were maintained for an additional 24 h at the desired concentration before
irradiation. The CO; concentration was maintained at 5% throughout. The cell cultures
were irradiated at the respective O, and CO, atmosphere in the workspace and maintained

in the same atmosphere for the desired time following irradiation.

FIGURE LEGENDS
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Figure 1: Effect of ectopic over-expression of glutathione peroxidase on expression levels
of stress responsive proteins in bystander AG1522 cells. (A) Schematic of co-culture
strategy; (B) Western blot analyses in bystander AG1522 cells co-cultured for 6 h with
other AG1522 cells that have proliferated in growth medium containing 37 kBq/ml [*H]-
thymidine. The bystander cells were either maintained at homeostatic genomic conditions
or were transduced with either empty vector (Tagg) or a vector incorporating the human
gene encoding GLUTATHIONE PEROXIDASE (Ta4s). Reaction with anti-B-tubulin

antibody was used as the loading control. Fold change represents relative change

compared to the control indicated in red.
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Figure 2: Effect of the redox environment on chromosomal damage on bystander
responses: effect of pro-oxidant environment and of partial oxygen pressure. Percentage
of binucleated cells harbouring micronuclei (panels A and C) and percentage of cell
presenting 53BP1 foci (panels B and D) in confluent AG1522 cell cultures 3 h after
exposure to an absorbed dose of 0, 0.2, 1 or 10 ¢Gy from 3.7 MeV a particles. The cell
cultures were maintained at 18.6 % oxygen atmosphere in presence or absence of 0.5 uM
t-butyl hydroperoxide 1 h before irradiation (panels A and B) or at different oxygen
atmosphere (~0.5 or 18.6 %) 48 h before irradiation (panels C and D). They were
maintained in the same culture conditions until harvest time, 3 h after irradiation. The
results obtained under an atmosphere of 18.6 % O, in absence of the drug (left side in
panels A and B) are the same results described, respectively, in panels C and D (right
side) as all experiments were performed in parallel. For micronucleus assay, the cell
cultures were subcultured in presence of cytochalasin B 3 h after exposure. (*: p <0.05,

**: p <0.01 and ***: p <0.001)
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Figure 3: The effect of partial oxygen pressure (pOz) in propagation of radiation-induced
bystander effects. Western blot analyses of stress responsive proteins (p21"*", p-
TP53serl5, p-ERK1/2, Cx43) in confluent normal human AG1522 cell cultures 3 h after
exposure to low fluences of a particles (absorbed dose of 0, 0.1, 0.2, 0.3, 1 or 10 cGy)
under ambient (18.6% O;) or in vivo-like pO; (panel A: ~0.5% O;; panel B: ~1% O,).
Staining with Ponceau S Red or non-specific antibody reaction was used as the loading
control. Each immunoblot is representative of 3 experiments. Fold change represents

relative change compared to the control (i.e., 0 cGy) indicated in red.

-38 -



Factors modulating propagation of stressful bystander effect
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Figure 4: Factors modulating propagation of ionizing radiation-induced stressful
bystander effect: role of the redox environment, radiation quality and dose, radiation dose-
rate, cell type, and the intercellular communications involved. The image elements are not
to scale with each other. Images were modified using Servier Medical Art by Servier
which is licensed under a Creative Commons Attribution 3.0 Unported License
https://smart.servier.com/.

ROS: reactive oxygen species; RNS: reactive nitrogen species, Cat: Catalase, SOD:
superoxide dismutase; GPX: glutathione peroxidase; HZE: High atomic number (Z) and
high energy (E) particles

Cell-cell communications may involve gap junction, nanotubes, hemichannels, pannexins,

and secreted factors (e.g. soluble molecules, exosomes, micro-vesicles).
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Highlights

¢ Radiation-induced bystander effects are attenuated at below ambient pO».
e A prooxidant cellular environment amplifies radiation bystander effects.
e Early chemical steps impact the radiation bystander response.

e The bystander effect is independent of radiation dose rate.

e The reported results are relevant to radiation protection and radiotherapy.
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