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Background: Radiotherapy outcomes are limited by toxicity in the healthy tissues surrounding the irra-
diated tumor. Recent pre-clinical studies have shown that irradiations with electrons or photons deliv-
ered at so called FLASH dose rates (i.e. >40 Gy/s) dramatically reduce adverse side effects in the
normal tissues while being equally efficient for tumor control as irradiations at conventional dose rates
(3-5 cGy/s). In the case of protons however, FLASH effects have not been investigated partially because of
the limited availability of facilities that can achieve such high dose rates.

Methods: Using a novel irradiation platform, we measured acute and long-term biological effects in nor-
mal human lung fibroblasts (IMR90) exposed to therapeutically relevant doses of 4.5 MeV protons
(LET = 10 keV/um) delivered at dose rates spanning four orders of magnitude. Endpoints included clono-
genic cell survival, YH2AX foci formation, induction of premature senescence (p-gal), and the expression
of the pro-inflammatory marker TGFp.

Results: Proton dose rate had no influence on the cell survival, but for the highest dose rate used (i.e.
1000 Gy/s) foci formation saturated beyond 10 Gy. In the progeny of irradiated cells, an increase in dose
(20 Gy vs. 10 Gy) and dose rate (1000 Gy/s vs. 0.05 Gy/s) positively affected the number of senescence
cells and the expression of TGFp1.

Conclusions: In normal lung fibroblasts proton dose rate had little impact on acute effects, but signifi-
cantly influenced the expression of long-term biological responses in vitro. Compared to conventional
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dose rates, protons delivered at FLASH dose rates mitigated such delayed detrimental effects.
© 2019 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 139 (2019) 51-55

It is estimated that each year in the United States almost
500,000 cancer patients receive radiation alone or in combination
with chemotherapy [1]. In radiotherapy, the dose delivered to
the tumor is limited by the toxicity to the surrounding healthy tis-
sue. As the number of cancer survivors increases each year, there is
a need to develop novel treatment modalities that eradicate the
tumor while preventing or mitigating radiation-induced normal
tissue injury.

Pre-clinical studies have shown that the induction of lung fibro-
sis in mice exposed to 4.5 MeV electrons [2] delivered at dose rates
>40 Gy/s, also known as FLASH therapy, occurred at higher dose
compared to irradiations at conventional dose rates; while fibroge-
nesis was observed 24 weeks after exposure to 17 Gy delivered at
conventional dose rates, 30 Gy delivered as FLASH elicited only
rare fibrotic patches at the same time point [3]. Additionally, spar-
ing of brain tissue at dose rates above 100 Gy/s was proven by
measuring brain toxicity and cognitive functions in mice after
whole brain irradiations with X rays [4]. The advantages of FLASH
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dose rate irradiations over conventional radiation modalities have
been recently extended to higher mammals such as cat-cancer
patients [5].

In the case of protons however, FLASH therapy studies have
been limited by the availability of irradiators that can provide such
dose rates [6-10]. For example, proton beams for radiotherapy that
deliver as much as 5 Gy/s are already considered as ultra-high dose
rate beams [11]. While such dose rates are still below those
required to elicit the FLASH effect, new laser plasma accelerators,
which are already considered as the next generation of cost effec-
tive tools for radiotherapy, will be able to surpass the FLASH dose
rates by several orders of magnitude [12]. The need to characterize
the biological effects of protons irradiation on normal tissues is
also driven by the rapid adoption of proton radiotherapy and the
increase in long-term survivors. The extent of the normal tissue
toxicity following proton radiotherapy is still controversial. In fact,
recent studies have shown that among younger men with prostate
cancer, proton radiation was associated with a significant reduc-
tion in urinary damage but increased bowel toxicity [13].

We have developed a unique FLASH dose rate proton irradiator
that can deliver therapeutically relevant doses at dose rates from
0.025 Gy/s up to 1500 Gy/s. The average linear energy transfer
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(LET) of the proton beams is around 10 keV/um, which is compara-
ble to that of the typical spread out Bragg peak (SOBP) of a thera-
peutic proton beam [14].

Despite encouraging pre-clinical results using radiation deliv-
ered as FLASH, the molecular mechanisms behind the observed
sparing effects of normal tissues remain elusive. In irradiated cells,
physiological levels of free radicals may increase for days and
months after the initial exposure due to perturbations in oxidative
metabolism [15], and these processes occur not only in the irradi-
ated cells but also in their progeny [16,17]. In tissues, a chronic
radiation-induced inflammatory response may increase the risk
of late effects such as organ fibrosis and other degenerative dis-
eases including cancer [16]. Here we investigated acute and long-
term effects in normal human lung fibroblasts (IMR90) exposed
in vitro to protons delivered at dose rates ranging from 0.05 Gy/s
to 1000 Gy/s. In particular, we assessed clonogenic cell survival
immediately after irradiation and yH2AX foci formation 30 min-
utes post-exposure; delayed effects such as premature cell senes-
cence and expression of the pro-inflammatory marker TGFB were
measured in the progeny of irradiated cells.

Material and methods

The proton FLASH irradiator

The new FLASH irradiator at the Radiological Research Acceler-
ator Facility (RARAF) can deliver an intense pulse of protons accel-
erated by the HVE 5.5 MV Singletron accelerator (High Voltage
Engineering Europa B.V., Amersfoort, Netherlands) to a circular
spot with a diameter of around 11 mm [18]. The variation in beam
intensity across the spot is less than 3%. The dose rate can be
adjusted to any value between 0.025 Gy/s and 1500 Gy/s by chang-
ing the proton beam current. The beam current, and thus the
instantaneous dose rate, is controlled by a thin (3 mm) custom
made parallel plate ionization chamber whose electrodes are made
of 6-pum thick aluminized mylar foil. The chamber is operated in a
current mode and positioned right after the vacuum exit aperture
(10 mm diameter) and 10 mm in front of the samples. The exit
aperture is covered by a 2.9-um thick havar foil that allows for ions
to exit into the atmosphere, traverse the ionization chamber and
reach the samples mounted on an automated motorized stage
[19]. During the experiment, the beam was deflected off the target
by a 1000 V potential difference applied between two 40-cm long
deflector plates mounted approximately seven meters away from
the vacuum window on the FLASH beamline. The irradiations were
performed by sending a square voltage pulse (generated by the
waveform generator) with a well-defined time length to discharge
the beam deflector and allow for the unobstructed beam passage
toward the target. In that way the “beam ON” time (ranging from
a one millisecond to several tens of milliseconds) was precisely
controlled and outside of the duration of the discharging pulse
the beam was prevented of hitting the sample. The product of
the “beam ON” time and the dose rate determined the total dose
to which the sample was exposed. Unlaminated EBT3 films (Gaf-
Chromic™) were used first to calibrate the system and later as an
absolute dosimeter to assure that the correct dose was delivered
during the irradiations [20]. As a part of the dosimetry protocol,
the film was irradiated immediately before the samples with the
same beam current (monitored by the ionization chamber) and
for several “beam ON” times equal to those that were later used
to expose the samples. Films were scanned 48 h post-irradiation
and the applied doses were determined from the change in the
optical density of the film. The calibration of the unlaminated
EBT3 film response was performed at the RARAF track segment
facility where we have an established dosimetry protocol for ion
beam irradiations of biological samples [20].

Cells

Normal human diploid lung fibroblasts (IMR90) were obtained
from the American Type Culture Collection (ATCC® CCL-186). Cells
at passage 10-12 were grown in Eagle’s Minimum Essential Med-
ium (CellGro) supplemented with 12.5% heat-inactivated (56 °C,
30 min) fetal calf serum, 400 mM t-alanyl-i-glutamine, 100 U/ml
penicillin and 100 pg/ml streptomycin (Sigma-Aldrich Corp.). The
cells were maintained at 37° C in a humidified incubator with 5%
CO,; in air.

For each experiment the cells were seeded 24 h before irradia-
tion. At the time of irradiation (and for the mock-irradiated sam-
ples) the medium was removed from the cells. To take into
account of the variability of the irradiation time depending on dose
and dose rate, at any one time we irradiated a number of wells
such that the total time the cells were left without media did not
exceed 15 minutes. Similarly for each endpoint, the sham-
irradiated cells were left without medium for 15 min.

Clonogenic cell survival

Immediately following irradiation to 0, 0.5, 1, 2, 5 or 10 Gy of
4.5 MeV protons delivered at 0.05, 100 or 1000 Gy/s, the cells were
trypsinized and seeded in 60-mm dishes at numbers that resulted
in ~100 clonogenic cells per dish [21]. Three replicates were done
for each experimental point. After an incubation period of
~12 days, the cells were rinsed with PBS, fixed in 95% ethanol
and stained with crystal violet. We counted colonies consisting of
at least 50 cells.

Immunolabeling of yH2AX and TGFp1

We seeded approximately 1000 cells per well 24 h before irra-
diation. Induction of YH2AX foci formation was assessed 30 min
post-irradiation whereas TGFB1 was assessed 24 h and one month
after exposure (for the latter time point, the medium was changed
once a week). Briefly, (1) the cells were washed in PBS and fixed
with 2% paraformaldehyde/PBS at room temperature (RT) for
20 min; (2) they were permeabilized with methanol at —20 °C for
20 min; (3) unspecific binding of antibody was blocked in 0.2%
bovine serum albumin (BSA)/PBS at RT for 15 min; (4) the samples
were incubated with a solution of 1:200 anti-yH2AX (Ser139) anti-
body (Cell Signaling 2577) or 1:100 anti-TGFB1 (Abcam 92486) in
0.2% BSA/PBS in 0.2% BSA/PBS at RT for 45-60 min and (5) subse-
quently incubated at RT for 45 min in anti-rabbit Alexa555 anti-
body (Invitrogen A21429) 1:800 in 0.2% BSA/PBS. Between each
step, the cells were washed three times in PBS for 5 min with gen-
tle shaking. The samples were mounted on slides with VectaShield
Mounting Medium with 5 mg/ml of 4’,6-diamidino-2-phenylindole
(DAPI) (Vector Lab Inc. H-1200) and examined at the Olympus [X70
fluorescent microscope equipped with filters and a Photometrics®
PVCAM high-resolution, high-efficiency digital camera. For each
sample we acquired 40x images of several random fields of view.
For any cell, image analysis [22] yielded to the ratio of the YH2AX-
conjugated Alexa555 fluorescence intensity and the fluorescence
intensity of the whole nucleus (DAPI). In the case of TGFB1, Image
] was used to measure the TGFB1-conjugated Alexa555 fluores-
cence intensity.

Senescence

We seeded approximately 1000 cells per well 24 h before irra-
diation. Immediately after irradiation the cells were re-seeded at
low density (~1000 cells) in 6-well plates and the medium was
changed once a week for one month. We measured the percentage
of senescent cells one month after irradiation using the B-
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galactosidase staining kit (Abcam ab102534) following the manu-
facturer instructions. The samples were observed under a 10x
objective at the bright field Olympus IX70 microscope and for each
field of view we counted the percentage of B-gal positive cells
divided by the total number of cells in at least three random fields
of view per treatment.

Statistical analysis

The results are reported as mean + SEM and for each endpoint
the values were normalized to that measured in sham-treated
cells. Comparison between treatment groups and respective con-
trols was performed using the Student t test. Analysis of variance
(ANOVA) was conducted to compare multiple linear regressions.
A p value of <0.05 was considered significant. Each graph repre-
sents the combined results of at least three separate experiments.

Results

The effect of protons dose rate on clonogenic cell survival

Limited data are available on the survival of normal cells
exposed to protons delivered at protons delivered at FLASH dose
rates. To characterize the clonogenic cell survival depending on
the proton dose rate, cells were exposed to different doses deliv-
ered at 0.05, 100 or 1000 Gy/s. The survival curves for all three
dose rates followed a typical exponential decay trend with the
dose. Although a slight difference between the low (0.05 Gy/s)
and the two FALSH dose rates (100 and 1000 Gy/s) can be observed
at the highest dose tested (10 Gy) (Fig. 1), the trends were not sta-
tistically different, as calculated by analysis of variance (ANOVA).
In particular, for each dose rate, the survival fraction (SF) values
were natural log (In) transformed to bring the error distribution
closer to normal [23]. We applied linear regression using the nor-
malized In(SF) values as the dependent variable and proton dose
(D, Gy) as the independent variable. Using this approach, the SF
were fitted to first-order kinetics according to the equation In
(SF)= —kD. The regressions were performed with the intercept
set to zero, which corresponds to 100% survival at the zero radia-
tion dose. Bootstrap 99% confidence intervals for the parameter k
were calculated using ANOVA, which resulted in a F-ratio of 0.05
(p =0.95). These results indicate that proton dose rate had little
impact on the clonogenic survival of irradiated normal cells.

The effect of proton dose rate on DNA damage

The reduced adverse long-term effects of FLASH irradiation
observed in normal tissues compared to conventional dose rates
[2,5] may be explained by the different type and/or amount of
the induced DNA damage. To test this hypothesis in cells, we mea-
sured YH2AX foci formation 30 min after exposure to 0, 1, 2, 5, 10
or 20 Gy of protons delivered at 0.05, 100 or 1000 Gy/s (Fig. 2). We
observed a statistically significant reduction (p < 0.05) in foci fluo-
rescence intensity at the highest dose (20 Gy) when the protons
were delivered at the highest dose rate (1000 Gy/s).

In fact, foci formation increased by ~13-folds when the protons
were delivered at 0.05 Gy/s or 100 Gy/s. In contrast, the increase
was ~8-fold when the protons were delivered at 1000 Gy/s. At this
dose rate, there might be a possible saturation for foci formation
beyond 10 Gy (Fig. 2).

Our results indicate that the initial formation of DNA damage
foci was positively influenced by the proton dose rate only at rela-
tively high doses (20 Gy), and that the effect was observed only at
the highest dose rate tested (1000 Gy/s).

The effect of proton dose rate on premature cell senescence

We measured the percentage of B-galactosidase (B-gal) positive
IMR90 cells one month after exposure to 20 Gy of 4.5 MeV protons
delivered at different dose rates (Fig. 3); we found that compared
to 0.05 Gy/s, the FLASH dose rates of 100 Gy/s or 1000 Gy/s led to
a reduced number of senescence cells (p =0.036 and p =0.01 for
100 Gy/s and 1000 Gy/s, respectively). The results suggest that in
cells irradiated in vitro the proton dose rate modulates long-term
effects such as senescence.

The effect of proton dose rate on the expression of the inflammatory
marker TGFp

We assessed the impact of proton dose rate on the induction of
TGFB1 by measuring its fluorescent intensity in cells exposed to
20 Gy of protons delivered at low (0.2 Gy/s) or high dose rates
(1000 Gy/s); 24 h after exposure we found that while protons
delivered at low dose rate induced a ~6.5-fold increase in TGFp1
fluorescent intensity compared to sham-irradiated cells while pro-
tons delivered at 1000 Gy/s resulted in a 1.8-fold increase (Fig. 4).
Remarkably, the statistically significant (p < 0.05) differential effect
persisted up to a month after exposure when protons delivered at
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Fig. 1. The effect of protons dose rate on clonogenic cell survival. Survival fraction of normal human lung fibroblasts (IMR90) exposed to different doses of 4.5 MeV protons
delivered at 0.05, 100 or 1000 Gy/s. For all dose rates, the survival fraction (SF) decreased with the dose D (Gy) as In(SF) = —kD. The table summarizes the value of k, the 95%
confidence interval (upper, lower) and correlation coefficient for the linear regressions applied to each dose rate.
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Fig. 2. The effect of proton dose rate on DNA damage. Fold change of YH2AX foci
fluorescence intensity (normalized to controls) in normal human lung fibroblasts
(IMR90) 30 min after exposure to different doses of 4.5 MeV protons delivered at
0.05, 100 or 1000 Gy/s.
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Fig. 4. The effect of proton dose rate on the expression of the inflammatory marker
TGFB. TGFB1 fluorescence intensity fold increase in normal human lung fibroblasts
(IMR90) 24 h and one month after exposure to 20 Gy of 4.5 MeV protons delivered
at 0.2 or 1000 Gy/s. p < 0.05.

low dose rate induced a ~2.7-fold increase compared to controls
while protons delivered at 1000 Gy/s yielded only a ~0.4-fold
increase (Fig. 4). These results suggest that protons delivered as
FLASH may mitigate the expression of markers typically associated
to radiation-induced inflammatory responses.

Discussion

Using a novel irradiation platform, here we investigated in vitro
acute and long-term biological effects induced in normal cells by
protons delivered at conventional or at conventional or at FLASH
dose rates. Previous studies on the biological effects induced by
proton irradiation delivered at different dose rates involved extre-
mely high dose-rates [7-9,24] (10° Gy/s) delivered in nanoseconds,
which are much higher than those found to elicit the FLASH effects
with electrons. Moreover, the conventional irradiation times used
for comparison with the nanosecond irradiations typically lasted
100 ms, which is still too short to be categorized as FLASH. Finally,
the biological endpoints focused exclusively on acute effects like
cell survival [24] or DNA damage [9].

In this work, we tested the hypothesis that the beneficial effects
observed in normal tissues when radiation is delivered as FLASH as
opposed to conventional dose rates may be due to a gain in cell
survival. However, in our system this was not the case (Fig. 1).
The dose rate however may influence the complexity and/or the
extent of the induced DNA damage. To test this notion, we com-
pared the induction of YH2AX foci formation in cells 30 min fol-
lowing exposure to protons delivered at different dose rates. It
appeared that proton dose rate had an impact on the formation
of the foci only at relatively high doses (20 Gy). At the highest dose
rate tested (1000 Gy/s), foci fluorescence intensity appeared to sat-
urate at doses beyond 10 Gy and at 20 Gy it resulted in a statisti-
cally significant reduction (p <0.05) in foci induction compared
to similar doses delivered at relatively lower dose rates (Fig. 2).
In agreement with a previous study in HeLa cells showing differen-
tial G, arrest after proton FLASH irradiation compared to conven-
tional dose rates [24], one can speculate that the proton dose
rate modulates the complexity of the induced damage; if the
observed results would persists for at least 24 h protons delivered
at FLASH dose rates may generate a smaller number of clustered
DNA damage.

Despite having little impact on acute cell damage, the proton
dose rate may influence the manifestation of delayed harmful
effects. Indeed, exposure to radiation induces a perturbation in
the cellular oxidative metabolism that may persist long after the
initial exposure in the irradiated cells and their progeny [25]. In tis-
sues, radiation-induced chronic inflammatory responses may
increase the risk of late effects such as organ fibrosis and other
oxidative stress-driven degenerative diseases including cancer
[16]. Radiation-induced premature cell senescence has been pro-
posed as a potential mechanistic link between radiation-induced
metabolic oxidative stress and prolonged tissue injury [26]. In cells
we found that one month after exposure to 20 Gy of protons deliv-
ered at FLASH dose rates the number of senescence cells was
reduced compared to that induced by a relatively lower dose rate
(Fig. 4). Remarkably, senescent cells release pro-inflammatory
molecules that may further contribute to the progression of cell
and tissue injury, with TGFB1 being one of the major players in
modulating such signals. Here, we found that while protons deliv-
ered at the low dose rate of 0.2 Gy/s increased the level of TGFp1
fluorescent intensity compared to sham-irradiated cells 24 h after
exposure, the extent of the levels of TGFB were significantly lower
when the protons were delivered at the relatively higher dose rate
of 1000 Gy/s; the differential effects persisted in the progeny of the
irradiated cells for up to one month after exposure (Fig. 4).

In summary, our data support the concept that in normal cells
exposed in vitro proton dose rate affects long-term outcomes,
which may be triggered by a radiation-induced inflammatory
response. Here we propose that proton dose rate, despite having
little influence on acute effects such as cell survival and DNA dam-
age, may affect the long-term balance between anti- and pro-
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inflammatory molecules; radiation delivered at conventional dose
rate may tip the balance toward the latter leading eventually to the
chronic inflammation and degenerative injury observed in normal
tissues after conventional radiation therapy. Here we show that
delivering protons at ultra-high dose rates can mitigate such
adverse delayed responses in normal cells.

Our approach will allow systematic studies on the role of proton
dose rate on the induction of biological effects, which is still not
fully understood. Indeed, our irradiation platform allows for highly
customizable end-station and sample holders making it well suited
for studying dose rate effects induced by protons in vitro and
in vivo. The ability to use models of increasing biological complex-
ity (cells, 3-D tissues and small animal models) allows for strategic
translational studies. In addition, the drastic increase in the dose
rate to 100 Gy/s and above needed for proton FLASH therapy would
allow to shorten the irradiation time from minutes to tens of mil-
liseconds with the additional benefit of solving the issue of organ
motion, which notably increases the challenge for the clinical use
of proton beams [27,28]. Opportunely paired with similar studies
in tumor cell lines, FLASH therapy has the potential to enhance
the therapeutic ratio by mitigating the adverse effects of proton
irradiation on healthy cells.
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