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Simple Summary: Dose and efficacy of radiation therapy are limited by the toxicity to normal
tissue adjacent to the treated tumor region. Recently, ultra-high dose rate radiotherapy (FLASH
radiotherapy) has shown beneficial reduction of normal tissue damage while preserving similar
tumor efficacy with electron, photon and scattered proton beam irradiation in preclinical models.
Proton therapy is increasingly delivered by pencil beam scanning (PBS) technology, and we therefore
set out to test PBS FLASH radiotherapy on normal tissue toxicity and tumor control in vivo in
mouse using a clinical proton delivery system. This validation of the FLASH normal tissue-sparing
hypothesis with a clinical delivery system provides supporting data for PBS FLASH radiotherapy
and its potential role in improving radiotherapy outcomes.

Abstract: Ultra-high dose rate radiation has been reported to produce a more favorable toxicity and
tumor control profile compared to conventional dose rates that are used for patient treatment. So far,
the so-called FLASH effect has been validated for electron, photon and scattered proton beam, but
not yet for proton pencil beam scanning (PBS). Because PBS is the state-of-the-art delivery modality
for proton therapy and constitutes a wide and growing installation base, we determined the benefit
of FLASH PBS on skin and soft tissue toxicity. Using a pencil beam scanning nozzle and the plateau
region of a 250 MeV proton beam, a uniform physical dose of 35 Gy (toxicity study) or 15 Gy (tumor
control study) was delivered to the right hind leg of mice at various dose rates: Sham, Conventional
(Conv, 1 Gy/s), Flash60 (57 Gy/s) and Flash115 (115 Gy/s). Acute radiation effects were quantified
by measurements of plasma and skin levels of TGF-β1 and skin toxicity scoring. Delayed irradiation
response was defined by hind leg contracture as a surrogate of irradiation-induced skin and soft tissue
toxicity and by plasma levels of 13 different cytokines (CXCL1, CXCL10, Eotaxin, IL1-beta, IL-6, MCP-
1, Mip1alpha, TNF-alpha, TNF-beta, VEGF, G-CSF, GM-CSF and TGF- β1). Plasma and skin levels
of TGF-β1, skin toxicity and leg contracture were all significantly decreased in FLASH compared
to Conv groups of mice. FLASH and Conv PBS had similar efficacy with regards to growth control
of MOC1 and MOC2 head and neck cancer cells transplanted into syngeneic, immunocompetent
mice. These results demonstrate consistent delivery of FLASH PBS radiation from 1 to 115 Gy/s in a
clinical gantry. Radiation response following delivery of 35 Gy indicates potential benefits of FLASH
versus conventional PBS that are related to skin and soft tissue toxicity.

Keywords: FLASH; ultra-high dose rate; proton therapy; proton beam scanning; skin and soft tissue;
normal tissue toxicity
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1. Introduction

Conventional X-ray radiation therapy (XRT) remains one of the major therapies for
cancer, and half of all cancer patients receive XRT treatments. Total deliverable dose to
the tumor has always been a limiting factor due to radiation-induced toxicity to adjacent
normal tissues and organs. Proton therapy (PT) features physics characteristics that allow
for increased tumor control and decreased toxicities. While X-ray irradiation deposits
energy continuously along the beam path, charged particles deposit most of their energy at
the end of their trajectory in the so-called Bragg peak, without exit dose and with lower
dose deposition along the path of the beam. Thus, PT generally allows maximal dose
deposition in the tumor while reducing off-target dose deposition in normal tissue. Even
with the high accuracy of more recent proton beam scanning (PBS) radiotherapy, however,
tissues proximal or adjacent to the tumor target will still receive off-target dose deposition.
In most clinical scenarios, skin and muscle are inevitable organs at risk for any type of
radiotherapy. Despite this improvement of normal tissue toxicity by PT, complications are
therefore still observed during the course of patient treatment, for the most part causing
skin and soft tissue damage [1–5].

Since 2014, growing interest in further improvements have emerged in the radiation
oncology field based on the observation that ultra-high dose rate electron radiation delivery
(average dose rate > 40 Gy/s), referred to as FLASH, showed less toxicity to normal tissue
despite similar tumor control in comparison to conventional proton dose rates (0.5–1 Gy/s)
used in the clinic [6]. Radiation-induced skin fibrosis and muscle atrophy are often ob-
served in patients with head and neck squamous cell carcinoma (HNSCC) and breast
cancer [7,8]. Skin complications range from acute dermatitis to long-term reactions such
as ulceration and/or skin fibrosis. Muscle damage is also frequently observed after radio-
therapy treatment and includes muscular pain and long-term definitive muscle atrophy.
Skin fibrosis along with muscle atrophy ultimately leads to a stiffening of the affected area,
creating issues with facial appearance, motion range limitations, discomfort and chronic
pain. A mouse model based on the measurement of radiation-induced leg contracture has
been extensively used to study and develop preventive treatments for radiation-induced
skin/soft tissue toxicity [9–11]. Radiation-induced fibrosis (RIF) is a complex cascade of
events starting with tissue damage and acute inflammatory responses which leads to the
activation of myofibroblasts responsible for the remodeling of the extracellular matrix [12].
Pathological fibrosis after radiation is the consequence of a deregulated tissue healing
process due to sustained oxidative stress and cytokines, including transforming growth
factor beta 1 (TGF-β1) [13].

FLASH dose delivery using electron, X-ray and more recently scattered protons to
animal models was reported to improve toxicity of a range of normal tissues including
skin, while retaining similar tumor control [6,14–18]. Recent trends in proton therapy
demonstrate a growing interest and usage of pencil beam scanning (PBS) technology [19,20].
Studies of the FLASH effect for PBS have yet to be reported. Moreover, the combination of
the spatial dose delivery advantage to the tumor and minimal FLASH effects on normal
tissue might be a promising window of opportunity towards improving radiotherapy
treatment outcomes.

Validation of the FLASH effect for PBS radiotherapy is important given the different
dose delivery properties which may impact the FLASH effect compared to previously
used radiation modalities. Contrasting with a uniform but pulsed radiation field from
photon or electron modalities or a continuous and uniform dose and fluency field from
scattered protons, PBS fields contain hundreds or thousands of discrete spots that together
create uniform fields. Simply put, only a portion of the targeted area receives radiation
at any given time. Because the main theory behind the FLASH effect relies on decreased
reactive oxygen species (ROS) generation after radiation, perhaps due to local oxygen
depletion [21], and because PBS dose rates are already higher (0.5–1 Gy/s) than X-ray or
electron dose rates, it is not known whether PBS will provide a similar benefit for the total
tumor area targeted at an average FLASH dose rate. At the current time, only transmission
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treatment using the plateau area of a mono energy proton beam can be achieved. Spread-
Out Bragg Peak (SOBP) treatment at FLASH dose rates still requires further technological
development [22]. SOPB treatment is based on succession of layer of beam spots allowing
precise dose delivery to the tumor volume. SOBP requires modulation of the energy of
the proton beam during the treatment delivery in order to create different layers of beam
spots. For the purposes of this study, we studied single-layer, transmission fields at FLASH
dose rates. This is a viable method for future FLASH radiotherapy clinical trials, even if
the ultimate modality may be Bragg Peak FLASH radiotherapy. In the Bragg Peak FLASH
radiotherapy case, validating the FLASH effect on the entrance region is still valuable as,
for most deep-seated tumors, skin, soft tissue and other organs may be in the beam path
and therefore irradiated.

For this purpose, we used a classical radiation-induced mouse leg contracture assay to
define toxicity of FLASH versus conventional PBS on skin and soft tissue for the first time.
We used a Varian ProBeam clinical gantry at the CCHMC/UC proton center to conduct
the work described in this manuscript. We were therefore able to deliver up to 35 Gy at an
average dose rate of 1 Gy/s and up to 115 Gy/s. Improvement of leg contracture and skin
toxicity was observed in mice receiving PBS irradiation at FLASH dose rates compared
to conventional dose rates (1 Gy/s). Because other studies have shown dysregulation of
inflammation and cytokine levels after FLASH irradiation in different tissues [21,23,24],
we defined FLASH PBS tumor control in vivo using a syngeneic mouse model. MOC1 and
MOC2 cells, originally derived from oral carcinoma that arose in C57Bl/6 mice [25], formed
subcutaneous tumors on the right hind leg of immunocompetent mice. In accordance with
other radiation modalities, FLASH PBS was equivalent to conventional PBS for the control
of indolent (MOC1) and aggressive (MOC2) tumors in the context of a functional immune
system. Taken together, we demonstrate the existence of a beneficial FLASH effect on skin
and soft tissue using proton PBS, and show that FLASH PBS is equivalent to conventional
dose rate for the control of indolent and aggressive squamous cell carcinoma.

2. Results
2.1. FLASH Dose Rate Is Achievable Using the Clinical PBS Gantry System

To precisely align and deliver proton radiation to the right hind leg of mice with or
without engrafted tumors, we used an in-house 3D-printed mouse immobilizer and jig
allowing anesthesia of the animals on a removable bed outside the main mouse holder.
The mouse holder was maintained in the same position during the entire experiment
(Figure 1A,B). Field quality control, dose, dose rate and animal positioning were confirmed
before irradiation as described in materials and methods. Using this set-up, we delivered
35 Gy and 15 Gy in a single fraction at an average dose rate of 1.0 Gy/s (Conv), 57.4 Gy/s
(Flash60) and a maximum achievable dose rate of 115.1 Gy/s (Flash115) with a variation
of dose rate ranging from 0.9% to 1.9% (Figure 1C). Using the Varian ProBeam proton
clinical gantry system, we were able to reproducibly and stably deliver PBS radiation at
average dose rates above 40 Gy/s. The described set-up was used to determine the benefit
of FLASH dose rate in a mouse model of skin and soft tissue toxicity.

2.2. TGF-β1 Production Is Attenuated Following FLASH PBS versus Conventional Radiation

To measure the effect of FLASH versus conventional PBS on skin and soft tissue
toxicity, the right hind leg of C57BL/6 female mice was irradiated. Mice were randomly
separated into groups and irradiated with a total of 35 Gy at either 1 Gy/sec (Conv),
57 Gy/s (Flash60) or 115 Gy/sec (Flash115). TGF-β1 has been widely reported as a marker
of tissue damage, and causes radiation-induced fibrosis in lung and skin tissue [26,27].
Moreover, TGF-β1 levels are known to increase in skin and blood in the acute phase
of the radiation-induced stress response [28–30]. Therefore, we measured systemic and
local levels of TGF-β1 in sham or PBS-irradiated mice at day 1 (blood) and day 4 (blood
and skin) post radiation in order to quantify the acute radiation response (Figure 2). As
expected, Conv irradiation induced an increase of TGF-β1 level in the blood at day 1, and
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this increase was sustained at day 4 post IR (Figure 2A). On day 1, TGF-β1 levels in the
Flash60 and Flash115 groups were above Sham but below Conv levels. On day 4, TGF-β1
levels in those same groups were reduced down to baseline. Decreased latent and active
TGF-β1 levels were also observed in the irradiated skin on day 4 for the FLASH groups
compared to Conv (Figure 2B). Thus, FLASH PBS versus Conv leads to attenuated TGF-β1
production following radiation, and this might indicate a diminished radiation-induced
stress response in both blood and skin.

2.3. Diminished Leg Contracture and Skin Toxicities in Response to FLASH PBS versus
Conventional Radiation

As a surrogate for radiation-induced skin and soft tissue toxicity, we quantified murine
leg contracture over a period of 12 weeks post irradiation. As expected, animals in all
groups developed contracture of the irradiated compared to the non-irradiated leg over
time (Figure 3A,B). However, FLASH dose rate groups harbored significantly decreased
contractures in comparison to Conv mice as early as 3 weeks post irradiation and up to
the end of the experiment. No significant differences were observed between the Flash60
and Flash115 group. A second, independent cohort of mice was shaved 72 h before
irradiation and used for skin toxicity studies comparing Flash60 with Conv radiation. As
no difference had been observed between Flash60 and Flash115 on leg contracture, we
focused on comparison of Conv vs. Flash60 effects on skin toxicity to prevent unnecessary
use of animals. Skin toxicity was quantified based on a previously published score [29]
ranging from normal (score 1) to severe moist desquamation (>30% irradiated area, score
6). Compared to Conv, Flash60 PBS irradiation induced a lesser degree of toxicity with
a reduced skin damage score (Figure 3C). Furthermore, animals in the Flash60 group
exhibited a significant delay in moist desquamation, together with accelerated resolution
(Figure 3D,E). Only 47% of the Flash60-treated animals developed the highest level of moist
desquamation (score 6) between days 45 and 55 in comparison with 100% of Conv-treated
animals between days 30 and 55. Thus, FLASH PBS versus Conv irradiation offers the
advantage of less severe soft tissue damage and skin toxicity over Conv treatment.
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Figure 1. Irradiation approach for PBS radiation of the murine hind leg. (A) Representative picture of the animal holder,
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Figure 2. Decreased early TGF-B1 production following FLASH PBS versus Conv irradiation. Right hind legs of the mice
were PBS-irradiated with 35 Gy or left untreated (Sham) with dose rates of 1 Gy/s (Conv), 57 Gy/s (Flash60) and 115 Gy/s
(Flash115). (A) Plasma measurement of total TGF-B1 by ELISA at 24 and 96 h post irradiation of the mice at the different
indicated dose rates (n = 8/group). (B) Detection of latent (45 kD) and activated (12 kD) TGF-β1 by Western blot analysis
in individual sham or irradiated mouse leg skin at 96 h post treatment is shown. Vinculin was used as a loading control.
Differences between conditions were determined by a one-way ANOVA test with a multiple-comparison Tukey correction.
* p ≤ 0.05 vs. Sham and # p ≤ 0.05 vs. Conv. Bars represent the mean +/− SD. The whole western blot figures can been see
in the Supplementary Materials.
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Figure 3. Benefits of FLASH PBS with regards to leg contracture and skin toxicity. Right hind legs of the mice were either
PBS-irradiated with 35 Gy or left untreated (Sham) with dose rates of 1 Gy/s (Conv), 57 Gy/s (Flash60) and 115 Gy/s
(Flash115). (A) Irradiated leg contracture measurements at 3, 7 and 12 weeks post irradiation. Leg contracture was calculated
as described in Materials and Methods using the non-irradiated left leg of each animal as a reference (n = 8/group). (B)
Representative pictures of leg extension measurements with an in-house 3D-printed jig at 84 days post IR. (C) Irradiated
skin toxicity score of Conv (red square) and Flash60 (blue triangle) mouse groups (n = 8/group) as a function of time after
radiation. Skin toxicity was scored as: Score 1 = normal, Score 2 = alopecia, Score 3 = erythema, Score 4 = dry desquamation,
Score 5 = <30% moist desquamation and Score 6 = >30% moist desquamation. (D,E) Percentage of mice with (D) moist
desquamation (scores 5 + 6) or (E) irradiated leg moist desquamation >30% of irradiated area (score 6) after Conv (red
square) and Flash60 (blue triangle) irradiation. Differences between conditions were determined by a two-way ANOVA test
with multiple-comparison Tukey correction. Bars represent mean +/− SD. * p ≤ 0.05 vs. Flash60 and # p ≤ 0.05 vs. Flash115.
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2.4. Detection of Limited Number of Cytokine Level Changes in the Blood of
FLASH-Irradiated Mice

To detect systemic markers of FLASH PBS in the blood of the irradiated mice, we mea-
sured 12 different cytokines (CXCL1, CXCL10, Eotaxin, IL1-beta, IL-6, MCP-1, Mip1alpha,
TNF-alpha, TNF-beta, VEGF, G-CSF and GM-CSF) by multiplex array at 12 weeks post
radiation (Figure 4). Among these cytokines, only Cxcl-1, G-CSF and GM-CSF were signifi-
cantly different between the Conv- and FLASH-irradiated groups. Cxcl-1 and G-CSF levels
were increased in Conv- versus FLASH-irradiated animals, while GM-CSF was decreased.
Published reports using blood from patients with cystic fibrosis have demonstrated that
the GM-CSF over G-CSF ratio is inversely correlated with the degree of tissue toxicity [31].
In line with increased toxicity in response to Conv (Figure 3), Conv-treated animals had a
decreased GM-CSF/G-CSF score when compared to FLASH PBS- or Sham-treated animals.
IL-6 levels were significantly increased in FLASH animals in comparison to SHAM con-
trol animals but not in Conv animals. No significant differences were observed between
Flash60- and Flash115-treated animals for any cytokines. Thus, FLASH PBS versus Conv
treatment regulates a distinct subset of cytokines in the blood of irradiated animals, which
may reflect and perhaps promote a lesser degree of toxicity.
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with 35 Gy or left untreated (Sham control mice) with dose rates of 1 Gy/s (Conv), 57 Gy/s (Flash60) and 115 Gy/s
(Flash115). Blood was collected at 12 weeks post radiation and the levels of 12 cytokines were quantified by multiplex
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Tukey correction. * p ≤ 0.05 vs. Sham and # p ≤ 0.05 vs. Conv. Bars represent mean +/− SD.
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2.5. Conv and FLASH PBS Exhibit Equivalent Control of Tumor Growth in
Immunocompetent Mice

To determine whether FLASH tumor control was retained in the face of reduced
toxicity, we quantified treatment-induced regression of indolent (MOC1 cell-derived) and
aggressive (MOC2 cell-derived) murine squamous cell carcinomas in a well-established
immunocompetent mouse model (Figure 5). This allows definition of radiation efficacy
in an immunocompetent mouse background. To generate tumors, MOC1 or MOC2 cells
were injected subcutaneously into the right hind leg of C57bl/6 mice to quantify radiation
efficacy in the same area that was used for toxicity studies. After 3 weeks, the mice were
separated into 3 groups of equal average tumor size (MOC1: Sham = 69.4 ± 20.9 mm3,
Conv = 66.7 ± 19.3 mm3, Flash60 = 68.6 ± 17.5 mm3 and MOC2: Sham = 128.5 ± 39.1 mm3,
Conv = 125.0 ± 35.1 mm3, Flash60 = 124.9 ± 36.8 mm3) and either treated with 15 Gy
Conv or FLASH PBS or left untreated (Sham). Both Conv- and FLASH-irradiated groups
exhibited a significant tumor growth delay in comparison to the Sham animals. After
both dose rate modalities, tumors grew less robustly at 18 days post radiation for MOC1
cells (Figure 5A) and at 10 days post radiation for MOC2 cells (Figure 5B). No differences
were observed between the Conv and Flash60 dose rates at different time points. Taken
together, FLASH PBS versus Conv treatment offers equivalent control of tumor growth
with significantly fewer toxicities.
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Figure 5. FLASH PBS and Conv irradiation induce equivalent control of indolent and aggressive squamous cell carcinomas.
MOC1 (2 × 106 cells) or aggressive MOC2 (2 × 105 cells) murine squamous cell carcinoma cells were injected subcutaneously
into the right flanks of C57Bl/6 immunocompetent mice (n = 8/group). Twenty-one days post injection, the mice were
randomized in groups of equivalent average tumor sizes. Tumors were irradiated with 15 Gy of Conv or FLASH PBS. (A)
MOC1 and (B) MOC2 tumor volume measurements as a function of post irradiation time. Differences between conditions
were determined by a two-way ANOVA test with multiple-comparison Tukey correction. Bars represent mean +/− SD.
* p ≤ 0.05 vs. Conv and # p ≤ 0.05 vs. Flash60.

3. Discussion

The FLASH effect has been reported previously in vivo in murine preclinical models
with electron [6], photon [32] and scattered proton beams [14]. However, a similar effect
for proton pencil beam scanning (PBS) has not yet been described, yet is key for future
development of FLASH PBS. The differences in dose delivery comparing the available
clinical radiotherapy modalities suggest the need to validate the FLASH effect in PBS itself.
Given that the FLASH mechanistic hypotheses imply that the FLASH effect is dependent
on specific time structures, it is not a given that different modalities or delivery systems at
the same dose and dose rate yield the same FLASH effect. Further investigations into the
spatial and temporal structures of PBS and their impact on the FLASH effect are warranted
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because of the growing interest in PBS application in clinic [19,20]. We conducted the first
investigation of FLASH PBS consequences on skin and soft tissue using a clinical gantry
with no modification of the beam line. The gantry nozzle was equipped with an updated
Varian FLEX ion chamber to ensure stable delivery of conventional and FLASH dose rate
with no impact on radiation. With respect to dose rate, several definitions exist in the
literature along with their clinical implications [33]. For this study, composite or average
dose rate is used as the comparator. Relative comparisons demonstrating differential effects
using differing dose rates with the same radiation delivery modality are at liberty to use one
of several dose rate definitions with no impact on the differential effect results. However,
caution must be exercised when comparing results from other modalities (e.g., electron or
non-scanning protons). For example, the cumulative and local dose rate for pencil beam
scanning may be a factor of 5–10 or more different; whereas, no such distinction exists
for passive scattering protons. Settling the important issue of how to compare different
modalities with respect to dose rate or a dose rate-related parameter definition is beyond
the scope of this study. Composite dose rate is defined as the total field dose divided by the
total field irradiation time [33]. This is the most conservative definition of the published
dose rates, thus ensuring that a minimum FLASH dose rate condition is guaranteed. For
this study, modification of the beam current (i.e., higher current for FLASH, lower current
for conventional) is the only change when switching between dose rate cohorts. This
ensures accurate comparison of different conditions among the same delivery modality by
removing potential issues from differential set-up or radiation source between conventional
or FLASH dose rates. This clinical gantry set-up is likely to accelerate future translation
of the pre-clinical data to the clinic by removing extra validation steps for experimental
delivery systems. Our PBS gantry delivery system was validated for a larger field size
(8 cm × 8 cm) and delivery of 8 Gy at an average dose rate of 60 Gy/s (data not shown).
Those FLASH radiation conditions are currently used at the CCHMC/UC Proton Center
in a human feasibility study (https://www.clinicaltrials.gov/ct2/show/NCT04592887
(accessed on 27 February 2021)).

Our initial focus was on the consequences of FLASH versus conventional PBS dose
rates on skin and soft tissues. This choice was motivated, in part, by the fact that skin and
soft tissues are inevitably organs at risk of most radiotherapy procedures and they are
the normal tissues exposed to any incident irradiation. To this end, we used a classical,
well-defined irradiation-induced leg contracture mouse model as a surrogate for skin
and soft tissue damage [9]. This model is based on the measure of the shortening of the
irradiated rear limb of the mice caused by radiation damage to the skin and soft tissue. In
response to FLASH versus control PBS irradiation, we observed reduced skin toxicity and
leg contracture. The improved mouse skin toxicity at FLASH dose rate is in accordance
with a recent study using electron in the same dose range with a dose rate of 180 Gy/s [17].
Because leg contracture was identical between 57 and 115 Gy/s average dose rates, it
appears that maximum FLASH effect was already achieved at the average dose rate of
57 Gy/s. The optimal FLASH dose rate in this study is different than in a previous report
showing maximal FLASH effect on mouse brain at a dose rate of 100 Gy/s. This could
indicate a difference between normal tissue origins on dose rate requirement for optimal
FLASH effect. A second explanation might relate to the fact that the dose rate at the beam
spot is higher than the average field dose rate, and therefore a maximal FLASH effect
might be obtained at a lower average dose rate in comparison to other scattered radiation
modalities. The latter possibility would have significant implications for the design of
future clinical trials along with technological development of the delivery system.

We confirmed previously reported in vitro data wherein a reduction of TGF-β1 pro-
duction was reported after FLASH irradiation [34]. Early TGF-β1 level reduction observed
in the blood and skin may be indicative of a lesser degree of initial tissue damage following
FLASH PBS. Reduced initial stress is also supported by the attenuated development of
acute skin damage along with a reduced proportion of animals developing maximal skin
toxicity. This is in line with published studies showing that inhibition of TGF-β1 signaling

https://www.clinicaltrials.gov/ct2/show/NCT04592887
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improves acute skin toxicity in mice [35]. Reduction of early tissue damage after FLASH
dose rate irradiation was also observed by others as a reduction of initial DNA damage or
induction of oxidative stress [21,36]. Less TGF-β1 production in response to FLASH PBS
might have a long-term benefit on the development of the contracture phenotype since
TGF-β1 is in part responsible for stimulation of the inflammatory response post irradiation
and activation of fibroblast to a pro-fibrotic phenotype [13]. Such attenuated inflammation
has been demonstrated with electron and X-ray FLASH irradiation in the lung and electron
FLASH irradiation in the brain [24,32]. Further investigation of the induction and duration
of inflammation in this model could deepen our insights into benefits (and potentially
risks) of FLASH PBS on radiation-induced skin and soft tissue toxicities.

To determine potential sustained effects of FLASH versus conventional PBS irradiation,
we measured the levels of a panel of 12 cytokines at 12 weeks post irradiation in the blood.
Among these cytokines, CXCL1 levels were increased in the Conv-irradiated animals in
comparison to both FLASH animal groups. Interestingly, increased levels of CXCL1 have
been reported in the blood of UVB-irradiated mice, and inhibition of CXCL1 was sufficient
to improve UVB-induced skin toxicity. Furthermore, reducing UVB-induced skin toxicity
in mice using quercetin and astragalin was correlated with reduced level of CXCL1 in
protected animals. Thus, reduced CXCL1 in the FLASH PBS versus Conv-treated mice
might support the attenuated skin toxicity observed in FLASH PBS- versus Conv-treated
animals. Interestingly, differences in G-CSF and GM-CSF levels and the GM-CSF/G-
CSF ratio were also observed in the FLASH animal groups in comparison to the Conv
group. Observations in the blood of patients with cystic fibrosis showed a correlation
between elevated G-CSF/GM-CSF ratios and a lesser degree of lung damage. In line with
those observations, functional characterization of G-CSF and GM-CSF have shown that
while both cytokines were able to activate neutrophils, only G-CSF was able to attract
neutrophils [37] which are also elevated in irradiation-induced skin dermatitis [12]. G-CSF
but not GM-CSF levels were correlated with high neutrophil numbers in the broncho-
alveolar lavage of acute respiratory distress syndrome patients [38]. Thus, increased G-CSF
levels and a decreased GM-CSG/G-CSF ratio observed in Conv-treated mice supports
the increased level of skin damage observed in this group at 12 weeks. Increased levels
of IL-6 that are only observed in FLASH animal groups are in line with reduced skin
toxicity and accelerated recovery. Previous studies have shown that IL-6 was an important
immunomodulatory signal essential for the repair of UV radiation damage to the skin
through induction of IL-10 [39] and for limiting dermatitis following irritant contact through
deregulation of IL-22R expression [40]. Importantly, we did not observe a global change
of cytokines in this set between the FLASH and Conv groups of mice, indicating the
dysregulation of specific cytokines, which remain to be further investigated in response
to FLASH with regards to their activities and timed modulation. Overall, the differential
pattern of a subset of cytokines observed for FLASH PBS is in accordance with previous
work and implicates the inflammatory response in the FLASH effect. The benefit of FLASH
RT on inflammatory response has been observed in mouse brain [23] and mini-pig skin [18]
with different radiation sources and thus could be a common important mechanism of the
FLASH sparing effect. Only limited data are available concerning the tumor inflammatory
response following FLASH RT. To our knowledge, only one group has shown preliminary
data suggesting increased tumor lymphocyte recruitment following proton FLASH RT [41].
Nevertheless, those results also point to an immunomodulatory effect of FLASH RT at the
tumor levels. Thus, further studies need to be conducted to fully understand the effect
of FLASH RT on normal tissue and tumor immune response. Because the Conv- and
FLASH-irradiated animals exhibited differential levels of skin toxicity at 12 weeks, we
cannot currently rule out the possibility that blood cytokines are regulated by, rather than
the cause of, skin and/or soft tissue damage.

Because of the above FLASH versus Conv radiation-induced differential cytokine pro-
duction with possible inflammatory responses, we quantified the relative efficacy of these
radiation qualities on tumor regression in immunocompetent mice. We used the immuno-
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active indolent MOC1 and immuno-cold aggressive MOC2 squamous cell carcinoma flank
tumor model. Those 2 cell lines were derived from oral squamous cell carcinoma (OSCC)
tumors from immunocompetent C57Bl/6 mice and are commonly used to study squamous
cell carcinoma tumor growth and treatment in an immunocompetent background [25,42,43].
MOC1 is considered an indolent model and MOC2 an aggressive model with metastatic
capacity. Interestingly, those 2 cell lines have been extensively characterized genetically,
and harbor driver mutations similar to those in human OSSC [44], reinforcing their authen-
ticity for pre-clinical studies. To be consistent with single-radiation dose use in previous
FLASH radiation studies (8–34 Gy) [45] and based on previous irradiation studies of in vivo
MOC2 tumor [43], we used a single dose of 15 Gy to study the FLASH versus Conv tumor
control efficacy. This choice was also motivated by our experience with MOC1 tumors
reaching a complete growth arrest or shrinkage above proton irradiation doses of 15 Gy
(data not shown). FLASH and Conv proton PBS had similar efficacy in both tumor models.
This shows the specificity of FLASH-specific PBS tissue-sparing effect on normal tissue as
observed with other radiation modalities. The similarity in tumor control between two
different cell lines suggests that, as a single agent, FLASH PBS does not confer additional
tumor kill in comparison to Conv proton PBS. This is only based on quantification of tumor
growth, since modification of the microenvironment was not measured here. Further
investigation of the tumor microenvironment and molecular response to FLASH remains to
be carried out. The MOC1/2 models could help define the impact of FLASH on the tumor
microenvironment based on stromal and immune composition of the tumors. Because the
leg contracture assay and levels of different cytokines measured in this study did not show
differences between Flash60 and Flash115 irradiation and to avoid the unnecessary use of
animals, we decided to limit the tumor control efficacy comparison to Conv versus Flash60.
We cannot rule out the possibility that Flash115 might be more or less effective for tumor
control. However, previous studies [6,36,46,47] have shown similar tumor control efficacy
across different Flash dose rates.

A limitation of this study is the usage of single-fraction radiation doses. The 35 Gy
single-fraction dose is commonly used for quantification of skin toxicity and leg contracture
and effects of therapeutic drugs on both phenotypes. This single high-dose regimen is far
from conventional fractionation treatment used in clinic. There is a current need to verify
the existence of a FLASH effect with dose and fractionation regimen relevant for clinical
applications and we take the first required step towards addressing this question using the
experimental set-up developed in this study. Use of the mouse model could be a limiting
factor to further investigate precise proton PBS irradiation delivery to a small volume of
normal tissue or precise targeting of the tumor to recapitulate clinical practice. Because this
study was done with a clinical gantry that is utilized for human treatment, larger animal
models such as rats or veterinary trials could easily be conducted with the same delivery
system. Finally, the use of just one mouse strain is a limitation. Radiation sensitivity due
to mouse strain-dependent DNA damage repair, immune response and development of
tissue injury is well documented and this work needs to be extended to a broader range of
mouse strains. This might deepen our understanding of the FLASH tissue-sparing effect,
especially with regards to differences in inflammatory responses as observed in this study
and reported in previous studies using different radiation modalities [18,23].

4. Materials and Methods
4.1. Proton Delivery, Dosimetry and Monitoring

The ProBeam Pencil Beam Scanning Gantry (Varian Medical Systems, Palo Alto,
CA, USA) was used to deliver a monoenergetic, single-layer transmission radiation field.
FLASH dose rates were delivered at 250 MeV, while conventional dose rates were delivered
at 244 MeV. Since the water-equivalent depth of the mouse is small (i.e., approximately
1.0 cm), the small change in incident energy does not yield a measureable difference in
linear energy transfer or material stopping power at the mouse depth. Full CW (72 MHz)
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beam currents of 1.7 nA, 90 nA and 180 nA were used to obtain dose rates of 1 Gy/s,
57 Gy/s and 115 Gy/s respectively.

The field dosimetric metrology system is composed of both an ion chamber and elec-
trometer and radiochromic film and scanner. Ion chamber and electrometer calibration
factors have been determined independently by an Accredited Dosimetry Calibration
Laboratory (ADCL). The radiochromic film and scanner are cross-calibrated to the ion
chamber. Using the International Atomic Energy Agency (IAEA) TRS-398 absolute dose
formalism, collection efficiency and recombination effects are quantified, using two-voltage
technique, and the ion chamber correction is measured to be less than 1.0% in all conditions.
Independently, the ion chamber was validated against a graphite calorimeter in order to
ensure accuracy of a dose and dose-rate independence. The ion chamber and graphite
calorimeter agree within 1.0%. Fields were measured for flatness and symmetry using cali-
brated gafchromic film (Gafchromic EBT3) and calibrated flatbed scanner (Epson 10000XL).
Furthermore, fields were measured for absolute dose and dose rate using a calibrated
Advanced Markus (PTW, Freiburg im Breisgau, Germany) ion chamber connected to a
calibrated IBA Dose1 (IBA-Dosimetry, Schwarzenbruck, Germany) electrometer. Tolerances
of 5% flatness and symmetry, 3% for dose and 5% for dose rate, were used. The single-layer
spot patterns were designed using in-house software to a 5% uniform dose of 35 Gy or
15 Gy to a field of 25 mm × 23 mm (95% isodose line) composed of 30 individual spots
(beam spot sizetion = 4.0 mm) with a 0 degree gantry position. The field was irradiated
with a continuous beam without beam pause between the spots. Prior to irradiation, the
dose was measured at a water equivalent depth of 1.0 cm in a solid water phantom using a
calibrated Advanced Markus ion chamber (PTW Germany) connected to a calibrated IBA
Dose 1 electrometer (IBA Dosimetry Germany). Dose rate was determined by computing
the ratio of the total dose to total field delivery time as provided by the machine log files.
During irradiation, an Advanced Markus ion chamber was placed distal to the mouse to
verify the dose for each irradiation. To ensure proper alignment, the mouse jig was first
positioned at isocenter using the gantry laser alignment system (accuracy 1 mm). The
radiation field alignment was visually verified by irradiating gafchromic film secured
within the jig. Each mouse was placed such that the leg was coinciding with the isocenter
using both the laser system and visual indication from the gafchromic film. Localization
was verified on a subset of mice using the orthogonal kilovoltage image guidance system,
and no discrepancies with the laser alignment were detected.

4.2. Irradiation-Induced Leg Contracture and Skin Toxicity

All animal studies were approved by the Cincinnati Children’s Hospital Institutional
Animal Care and Use Committee. For IR-induced leg contracture, the unshaved right
hind leg of 10-week-old female C57Bl/6j mice was aligned to the proton beam in a 3D
in-house-printed jig equipped with an anesthesia nose cone to ensure animal anesthesia
during the treatment with a Somnosuite unit using 2.5% isoflurane and ambient air. The
room video system was used to monitor animal immobility. After alignment validation by
the gantry X-ray imaging system, the right hind leg was irradiated with an absolute dose
of 35 Gy at conventional dose rate of 1 Gy/s (Conv, n = 12 mice/group) or at FLASH dose
rate of 57 Gy/s (Flash60, n = 12 mice/group) or 115 Gy/s (Flash115, n = 12 mice/group).
At 96 h post irradiation, 4 mice/group were euthanized in order to collect the skin of the
irradiated (right) or Sham (left) rear hind for protein extraction. The remaining 8 mice
per group were checked twice a week to ensure the absence of severe morbidity. Leg
contracture of the mice was measured using a 3D-printed jig at 3, 7 and 12 weeks post
irradiation. The un-irradiated (Sham) left hind leg of each mouse was used as control
to calculate the leg contracture score. The extension of the sham (left) and irradiated
(right) leg was measured under a 0.1 N force. Percentage leg contracture was calculated as:
[1 − (leg extension irradiated leg/leg extension sham leg)] × 100.

For radiation-induced skin toxicity, the right hind leg of an independent cohort of
mice was shaved 72 h before radiation to allow accurate scoring of early skin toxicity. Eight
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animals per group were irradiated as described above. Skin toxicity was graded every 5
days until the end of the study at 12 weeks. A previously published skin toxicity grade
scale was used [29]: Score 1 = normal, Score 2 = alopecia, Score 3 = erythema, Score 4 = dry
desquamation, Score 5 =<30% moist desquamation and Score 6 =>30% moist desquamation.

4.3. Irradiation Efficacy on Tumor Growth Control

Eight-week-old female C57Bl/6j mice per group were injected subcutaneously into
their shaved right hind leg with either 2 × 105 MOC2 or 2 × 106 MOC1 mouse oral
carcinoma cell lines in PBS [25]. Three weeks post injection, tumors were measured with
calipers and mice were randomized using an Excel macro function to create 3 groups of
equal average tumor size. The tumor-bearing hind legs were irradiated as described above
with an absolute dose of 15 Gy and dose rate of 1 Gy/s (Conv) or 60 Gy/s (Flash60). Tumor
volume was determined by caliper measurement once a week post irradiation. Volume
was calculated as Tumor volume (mm3) = (Width tumor2 (mm) × Length tumor (mm))/2.

4.4. Cytokine Blood Level Quantification

A volume of 150 uL of blood from isoflurane anesthetized mice (n = 8 mice/group)
was collected into EDTA micro tubes (Becton Dickinson, Bergen County, NJ, USA) via retro
orbital bleeding on day 1, 4, and 84 post irradiation with 35 Gy Conv or FLASH PBS. Plasma
was collected by 15 min centrifugation at 2000× g and kept frozen at −80 ◦C until cytokine
measurement. Total TGF-β1 levels were measured using the LEGEND MAX mouse TGF-β1
ELISA kit (BioLegend, San Diego, CA, USA) following the manufacturer’s protocol. Plasma
from the 12 week time point was also used to measure murine CXCL1, CXCL10, Eotaxin,
G-CSF, G-MCSF IL-1beta, IL-6, MCP-1, MIP-1alpha TNF-alpha, TNF-beta and VEGF by
Luminex cytokine array. The Luminex measurements were done by the CCHMC Research
Flow Cytometry Core following the manufacturer’s recommendation. Plasma samples
(5 uL) were mixed with 25 uL cytokine array beads overnight in reaction plates. After
2 washes, 25 uL of detection antibody were added to each sample and incubated for 1 h at
room temperature. After 1 h incubation, 25 uL of S-RPE were added directly to the samples
for 30 min. Plates were washed and 150 uL of sheath fluid were added. Samples were
analyzed using a Luminex 200 dual-laser system.

4.5. Western Blot Analysis

Skin from the right hind leg of Sham or irradiated animals was harvested 4 days
post irradiation and kept frozen at −80 ◦C before processing. Total protein extraction was
done by bead beating using a FastPrep-24 classic bead beating grinder (MP Biomedical,
Santa Ana, CA, USA) in RIPA buffer containing HALT protease and phosphatase inhibitor
(Thermo Scientific, Waltham, MA, USA). Protein concentrations were quantified by BCA
assay (Thermo Scientific). TGF-β1 was then detected by Western blot analysis. Briefly,
20 ug of protein were separated on 4–20% SDS-Page gradient gel (BioRad, Hercules, CA,
USA) and transferred onto PVFD membrane for immuno-detection using a primary rabbit
polyclonal anti-TGF-β1 antibody (Genetex, GTX130023) or a primary rabbit polyclonal
anti-Vinculin antibody (Genetex, GTX109749) and a secondary HRP-linked anti-rabbit
antibody (Cytiva, Marlborough, MA, USA). Chemi-luminescence signal was acquired
using a Chemidoc device (Bio-Rad).

4.6. Statistical Analysis

Statistical analysis was performed using GraphPad Prism v8.0.1. One-way ANOVA test
with Tukey correction for multiple comparison was used for analysis of data in Figures 2A and 4.
Two-way ANOVA test with Tukey correction for multiple comparison was used for analysis
of data in Figure 3A,B and Figure 4A,B. Differences between groups of mice were considered
significant for p < 0.05. All data are represented as mean ± standard deviation (SD).
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5. Conclusions

In conclusion, we report the benefit of FLASH PBS on normal skin and soft tissue
toxicity using a clinical proton PBS gantry delivery system with no experimental modi-
fication. The irradiation set-up developed in this study can be easily adapted for other
animal models and for body areas or organs of interest for radiotherapy such as brain or
lung. Also, the use of a clinical PBS delivery system is key for translation of FLASH PBS
using current delivery systems into future clinical trials.
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Author Contributions: Conceptualization, M.S., A.M. and S.G.; methodology, M.S., J.P.P. and A.M.;
formal analysis, S.C., S.M. and K.V.; investigation, S.C., S.M., K.V., J.P.P. and M.S.; resources, M.S.,
J.P.P. and A.M.; data curation, M.S., A.M., S.I.W., S.G., E.A., R.A.S. and J.P.P.; writing—original draft
preparation, M.S.; writing—review and editing, J.S., S.I.W., S.G., A.M., E.A., R.A.S., J.P.P.; supervision,
M.S. and A.M.; project administration, M.S.; funding acquisition, M.S., A.M. and S.I.W. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by an Academic Research Committee Grant from Cincinnati
Children’s Hospital Medical Center (Cincinnati, OH, USA), the TQL Foundation (Cincinnati, OH,
USA), and an Industrial Varian Medical System Inc. Grants (Palo Alto, CA, USA).

Institutional Review Board Statement: All animal studies were approved by the Cincinnati Chil-
dren’s Hospital Institutional Animal Care and Use Committee (Protocol# 2020-0064).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to a disclosure agreement with Varian
Medical System Inc.

Conflicts of Interest: M.S., A.M., J.P.P. and S.I.W. report research grants from Varian Medical System.
S.G., E.A. and R.A.S. are employees of Varian Medical Systems.

References
1. Cuaron, J.J.; Chon, B.; Tsai, H.; Goenka, A.; Deblois, D.; Ho, A.; Powell, S.; Hug, E.; Cahlon, O. Early Toxicity in Patients Treated

with Postoperative Proton Therapy for Locally Advanced Breast Cancer. Int. J. Radiat. Oncol. Biol. Phys. 2015, 92, 284–291.
[CrossRef]

2. Romesser, P.B.; Cahlon, O.; Scher, E.D.; Hug, E.B.; Sine, K.; DeSelm, C.; Fox, J.L.; Mah, D.; Garg, M.K.; Chang, J.H.-C.; et al. Proton
Beam Reirradiation for Recurrent Head and Neck Cancer: Multi-Institutional Report on Feasibility and Early Outcomes. Int. J.
Radiat. Oncol. Biol. Phys. 2016, 95, 386–395. [CrossRef]

3. DeCesaris, C.M.; Rice, S.R.; Bentzen, S.M.; Jatczak, J.; Mishra, M.V.; Nichols, E.M. Quantification of Acute Skin Toxicities in
Patients with Breast Cancer Undergoing Adjuvant Proton versus Photon Radiation Therapy: A Single Institutional Experience.
Int. J. Radiat. Oncol. Biol. Phys. 2019, 104, 1084–1090. [CrossRef] [PubMed]

4. Gabani, P.; Patel, H.; Thomas, M.A.; Bottani, B.; Goddu, S.M.; Straube, W.; Margenthaler, J.A.; Ochoa, L.; Bradley, J.D.; Zoberi, I.
Clinical outcomes and toxicity of proton beam radiation therapy for re-irradiation of locally recurrent breast cancer. Clin. Transl.
Radiat. Oncol. 2019, 19, 116–122. [CrossRef] [PubMed]

5. Iwata, H.; Toshito, T.; Hayashi, K.; Yamada, M.; Omachi, C.; Nakajima, K.; Hattori, Y.; Hashimoto, S.; Kuroda, Y.; Okumura, Y.;
et al. Proton therapy for non-squamous cell carcinoma of the head and neck: Planning comparison and toxicity. J. Radiat. Res.
2019, 60, 612–621. [CrossRef] [PubMed]

6. Favaudon, V.; Caplier, L.; Monceau, V.; Pouzoulet, F.; Sayarath, M.; Fouillade, C.; Poupon, M.-F.; Brito, I.; Hupé, P.; Bourhis, J.;
et al. Ultrahigh dose-rate FLASH irradiation increases the differential response between normal and tumor tissue in mice. Sci.
Transl. Med. 2014, 6, 245ra93. [CrossRef] [PubMed]

7. Bray, F.N.; Simmons, B.J.; Wolfson, A.H.; Nouri, K. Acute and Chronic Cutaneous Reactions to Ionizing Radiation Therapy.
Dermatol. Ther. 2016, 6, 185–206. [CrossRef]

8. Kim, J.; Shin, E.S.; Kim, J.E.; Yoon, S.P.; Kim, Y.S. Neck muscle atrophy and soft-tissue fibrosis after neck dissection and
postoperative radiotherapy for oral cancer. Radiat. Oncol. J. 2015, 33, 344–349. [CrossRef]

9. Stone, H.B. Leg contracture in mice: An assay of normal tissue response. Int. J. Radiat. Oncol. Biol. Phys. 1984, 10, 1053–1061.
[CrossRef]

10. Horton, J.A.; Li, F.; Chung, E.J.; Hudak, K.; White, A.; Krausz, K.; Gonzalez, F.; Citrin, D. Quercetin Inhibits Radiation-Induced
Skin Fibrosis. Radiat. Res. 2013, 180, 205–215. [CrossRef] [PubMed]

https://www.mdpi.com/2072-6694/13/5/1012/s1
https://www.mdpi.com/2072-6694/13/5/1012/s1
http://doi.org/10.1016/j.ijrobp.2015.01.005
http://doi.org/10.1016/j.ijrobp.2016.02.036
http://doi.org/10.1016/j.ijrobp.2019.04.015
http://www.ncbi.nlm.nih.gov/pubmed/31028831
http://doi.org/10.1016/j.ctro.2019.09.005
http://www.ncbi.nlm.nih.gov/pubmed/31692702
http://doi.org/10.1093/jrr/rrz036
http://www.ncbi.nlm.nih.gov/pubmed/31147697
http://doi.org/10.1126/scitranslmed.3008973
http://www.ncbi.nlm.nih.gov/pubmed/25031268
http://doi.org/10.1007/s13555-016-0120-y
http://doi.org/10.3857/roj.2015.33.4.344
http://doi.org/10.1016/0360-3016(84)90177-9
http://doi.org/10.1667/RR3237.1
http://www.ncbi.nlm.nih.gov/pubmed/23819596


Cancers 2021, 13, 1012 14 of 15

11. Zhao, X.; Psarianos, P.; Ghoraie, L.S.; Yip, K.; Goldstein, D.; Gilbert, R.; Witterick, I.; Pang, H.; Hussain, A.; Lee, J.H.; et al.
Metabolic regulation of dermal fibroblasts contributes to skin extracellular matrix homeostasis and fibrosis. Nat. Metab. 2019, 1,
147–157. [CrossRef]

12. Borrelli, M.R.; Shen, A.H.; Lee, G.K.; Momeni, A.; Longaker, M.T.; Wan, D.C. Radiation-Induced Skin Fibrosis: Pathogenesis,
Current Treatment Options, and Emerging Therapeutics. Ann. Plast. Surg. 2019, 83, S59–S64. [CrossRef]

13. Pohlers, D.; Brenmoehl, J.; Löffler, I.; Müller, C.K.; Leipner, C.; Schultze-Mosgau, S.; Stallmach, A.; Kinne, R.W.; Wolf, G. TGF-β
and fibrosis in different organs—Molecular pathway imprints. Biochim. Biophys. Acta 2009, 1792, 746–756. [CrossRef] [PubMed]

14. Diffenderfer, E.S.; Verginadis, I.I.; Kim, M.M.; Shoniyozov, K.; Velalopoulou, A.; Goia, D.; Putt, M.; Hagan, S.; Avery, S.; Teo, K.;
et al. Design, Implementation, and In Vivo Validation of a Novel Proton FLASH Radiation Therapy System. Int. J. Radiat. Oncol.
Biol. Phys. 2020, 106, 440–448. [CrossRef]

15. Field, S.; Bewley, D. Effects of Dose-Rate on the Radiation Response of Rat Skin. Int. J. Radiat. Biol. Relat. Stud. Phys. Chem. Med.
1974, 26, 259–267. [CrossRef] [PubMed]

16. Inada, T.; Nishio, H.; Amino, S.; Abe, K.; Saito, K. High Dose-Rate Dependence of Early Skin Reaction in Mouse. Int. J. Radiat.
Biol. Relat. Stud. Phys. Chem. Med. 1980, 38, 139–145. [CrossRef]

17. Soto, L.A.; Casey, K.M.; Wang, J.; Blaney, A.; Manjappa, R.; Breitkreutz, D.; Skinner, L.; Dutt, S.; Ko, R.B.; Bush, K.; et al. FLASH
Irradiation Results in Reduced Severe Skin Toxicity Compared to Conventional-Dose-Rate Irradiation. Radiat. Res. 2020, 194,
618–624. [CrossRef] [PubMed]

18. Vozenin, M.-C.; De Fornel, P.; Petersson, K.; Favaudon, V.; Jaccard, M.; Germond, J.-F.; Petit, B.; Burki, M.; Ferrand, G.; Patin, D.;
et al. The Advantage of FLASH Radiotherapy Confirmed in Mini-Pig and Cat-Cancer Patients. Clin. Cancer Res. 2019, 25, 35–42.
[CrossRef]

19. Depuydt, T. Proton therapy technology evolution in the clinic: Impact on radiation protection. Ann. ICRP 2018, 47, 177–186.
[CrossRef]

20. Langen, K.; Zhu, M. Concepts of PTV and Robustness in Passively Scattered and Pencil Beam Scanning Proton Therapy. Semin.
Radiat. Oncol. 2018, 28, 248–255. [CrossRef]

21. Montay-Gruel, P.; Acharya, M.M.; Petersson, K.; Alikhani, L.; Yakkala, C.; Allen, B.D.; Ollivier, J.; Petit, B.; Jorge, P.G.; Syage, A.R.;
et al. Long-term neurocognitive benefits of FLASH radiotherapy driven by reduced reactive oxygen species. Proc. Natl. Acad. Sci.
USA 2019, 116, 10943–10951. [CrossRef]

22. Jolly, S.; Owen, H.; Schippers, M.; Welsch, C. Technical challenges for FLASH proton therapy. Phys. Medica 2020, 78, 71–82.
[CrossRef]

23. Simmons, D.A.; Lartey, F.M.; Schüler, E.; Rafat, M.; King, G.; Kim, A.; Ko, R.; Semaan, S.; Gonzalez, S.; Jenkins, M.; et al. Reduced
cognitive deficits after FLASH irradiation of whole mouse brain are associated with less hippocampal dendritic spine loss and
neuroinflammation. Radiother. Oncol. 2019, 139, 4–10. [CrossRef] [PubMed]

24. Fouillade, C.; Curras-Alonso, S.; Giuranno, L.; Quelennec, E.; Heinrich, S.; Bonnet-Boissinot, S.; Beddok, A.; Leboucher, S.;
Karakurt, H.U.; Bohec, M.; et al. FLASH Irradiation Spares Lung Progenitor Cells and Limits the Incidence of Radio-Induced
Senescence. Clin. Cancer Res. 2020, 26, 1497–1506. [CrossRef]

25. Judd, N.P.; Winkler, A.E.; Murillo-Sauca, O.; Brotman, J.J.; Law, J.H.; Lewis, J.S.; Dunn, G.P.; Bui, J.D.; Sunwoo, J.B.; Uppaluri, R.
ERK1/2 Regulation of CD44 Modulates Oral Cancer Aggressiveness. Cancer Res. 2012, 72, 365–374. [CrossRef]

26. De Andrade, C.B.V.; Ramos, I.P.R.; De Moraes, A.C.N.; Nascimento, A.L.R.D.; Salata, C.; Goldenberg, R.C.D.S.; De Carvalho, J.J.;
De Almeida, C.E.V. Radiotherapy-Induced Skin Reactions Induce Fibrosis Mediated by TGF-β1 Cytokine. Dose-Response 2017, 15,
1559325817705019. [CrossRef]

27. Hakenjos, L.; Bamberg, M.; Rodemann, H.P. TGF-beta1-mediated alterations of rat lung fibroblast differentiation resulting in the
radiation-induced fibrotic phenotype. Int. J. Radiat. Biol. 2000, 76, 503–509. [CrossRef] [PubMed]

28. Martin, M.; Lefaix, J.L.; Pinton, P.; Crechet, F.; Daburon, F. Temporal modulation of TGF-beta 1 and beta-actin gene expression in
pig skin and muscular fibrosis after ionizing radiation. Radiat. Res. 1993, 134, 63–70. [CrossRef] [PubMed]

29. Randall, K.; Coggle, J. Expression of Transforming Growth Factor-β1 in Mouse Skin during the Acute Phase of Radiation Damage.
Int. J. Radiat. Biol. 1995, 68, 301–309. [CrossRef] [PubMed]

30. Boothe, D.L.; Coplowitz, S.; Greenwood, E.; Barney, C.L.; Christos, P.J.; Parashar, B.; Nori, D.; Chao, K.S.C.; Wernicke, A.G.
Transforming growth factor β-1 (TGF-β1) is a serum biomarker of radiation induced fibrosis in patients treated with intracavitary
accelerated partial breast irradiation: Preliminary results of a prospective study. Int. J. Radiat. Oncol. Biol. Phys. 2013, 87,
1030–1036. [CrossRef]

31. Moser, C.; Jensen, P.; Pressler, T.; Frederiksen, B.; Lanng, S.; Kharazmi, A.; Koch, C.; Høiby, N. Serum concentrations of GM-CSF
and G-CSF correlate with the Th1/Th2 cytokine response in cystic fibrosis patients with chronic Pseudomonas aeruginosa lung
infection. APMIS 2005, 113, 400–409. [CrossRef]

32. Montay-Gruel, P.; Bouchet, A.; Jaccard, M.; Patin, D.; Serduc, R.; Aim, W.; Petersson, K.; Petit, B.; Bailat, C.; Bourhis, J.; et al.
X-rays can trigger the FLASH effect: Ultra-high dose-rate synchrotron light source prevents normal brain injury after whole brain
irradiation in mice. Radiother. Oncol. 2018, 129, 582–588. [CrossRef] [PubMed]

33. Folkerts, M.M.; Abel, E.; Busold, S.; Perez, J.R.; Krishnamurthi, V.; Ling, C.C. A framework for defining FLASH dose rate for
pencil beam scanning. Med. Phys. 2020, 47, 6396–6404. [CrossRef]

http://doi.org/10.1038/s42255-018-0008-5
http://doi.org/10.1097/SAP.0000000000002098
http://doi.org/10.1016/j.bbadis.2009.06.004
http://www.ncbi.nlm.nih.gov/pubmed/19539753
http://doi.org/10.1016/j.ijrobp.2019.10.049
http://doi.org/10.1080/09553007414551221
http://www.ncbi.nlm.nih.gov/pubmed/4547756
http://doi.org/10.1080/09553008014551031
http://doi.org/10.1667/RADE-20-00090
http://www.ncbi.nlm.nih.gov/pubmed/32853385
http://doi.org/10.1158/1078-0432.CCR-17-3375
http://doi.org/10.1177/0146645318756252
http://doi.org/10.1016/j.semradonc.2018.02.009
http://doi.org/10.1073/pnas.1901777116
http://doi.org/10.1016/j.ejmp.2020.08.005
http://doi.org/10.1016/j.radonc.2019.06.006
http://www.ncbi.nlm.nih.gov/pubmed/31253467
http://doi.org/10.1158/1078-0432.CCR-19-1440
http://doi.org/10.1158/0008-5472.CAN-11-1831
http://doi.org/10.1177/1559325817705019
http://doi.org/10.1080/095530000138501
http://www.ncbi.nlm.nih.gov/pubmed/10815630
http://doi.org/10.2307/3578502
http://www.ncbi.nlm.nih.gov/pubmed/8475255
http://doi.org/10.1080/09553009514551231
http://www.ncbi.nlm.nih.gov/pubmed/7561390
http://doi.org/10.1016/j.ijrobp.2013.08.045
http://doi.org/10.1111/j.1600-0463.2005.apm_142.x
http://doi.org/10.1016/j.radonc.2018.08.016
http://www.ncbi.nlm.nih.gov/pubmed/30177374
http://doi.org/10.1002/mp.14456


Cancers 2021, 13, 1012 15 of 15

34. Buonanno, M.; Grilj, V.; Brenner, D.J. Biological effects in normal cells exposed to FLASH dose rate protons. Radiother. Oncol.
2019, 139, 51–55. [CrossRef]

35. Flanders, K.C.; Major, C.D.; Arabshahi, A.; Aburime, E.E.; Okada, M.H.; Fujii, M.; Blalock, T.D.; Schultz, G.S.; Sowers, A.; Anzano,
M.A.; et al. Interference with Transforming Growth Factor-β/ Smad3 Signaling Results in Accelerated Healing of Wounds in
Previously Irradiated Skin. Am. J. Pathol. 2003, 163, 2247–2257. [CrossRef]

36. Levy, K.; Natarajan, S.; Wang, J.; Chow, S.; Eggold, J.T.; Loo, P.E.; Manjappa, R.; Melemenidis, S.; Lartey, F.M.; Schüler, E.; et al.
Abdominal FLASH irradiation reduces radiation-induced gastrointestinal toxicity for the treatment of ovarian cancer in mice. Sci.
Rep. 2020, 10, 21600. [CrossRef]

37. Castellani, S.; D’Oria, S.; Diana, A.; Polizzi, A.M.; Di Gioia, S.; Mariggiò, M.A.; Guerra, L.; Favia, M.; Vinella, A.; Leonetti, G.; et al.
G-CSF and GM-CSF Modify Neutrophil Functions at Concentrations found in Cystic Fibrosis. Sci. Rep. 2019, 9, 12937. [CrossRef]

38. Aggarwal, A.; Baker, C.; Evans, T.; Haslam, P. G-CSF and IL-8 but not GM-CSF correlate with severity of pulmonary neutrophilia
in acute respiratory distress syndrome. Eur. Respir. J. 2000, 15, 895–901. [CrossRef] [PubMed]

39. Nishimura, H.; Tohyama, C.; Satoh, M.; Reeve, V.E.; Nishimura, N. Defective immune response and severe skin damage following
UVB irradiation in interleukin-6-deficient mice. Immunology 1999, 97, 77–83. [CrossRef] [PubMed]

40. Frempah, B.; Luckett-Chastain, L.R.; Gallucci, R.M. IL-6 Negatively Regulates IL-22R. J. Immunol. Res. 2019, 2019, 6276254.
[CrossRef] [PubMed]

41. Rama, N.; Saha, T.; Shukla, S.; Goda, C.; Milewski, D.; Mascia, A.; Vatner, R.; Sengupta, D.; Katsis, A.; Abel, E.; et al. Improved
Tumor Control through T-cell Infiltration Modulated by Ultra-High Dose Rate Proton FLASH Using a Clinical Pencil Beam
Scanning Proton System. Int. J. Radiat. Oncol. Biol. Phys. 2019, 105, S164–S165. [CrossRef]

42. Nagaya, T.; Nakamura, Y.; Okuyama, S.; Ogata, F.; Maruoka, Y.; Choyke, P.L.; Allen, C.; Kobayashi, H. Syngeneic Mouse Models
of Oral Cancer Are Effectively Targeted by Anti–CD44-Based NIR-PIT. Mol. Cancer Res. 2017, 15, 1667–1677. [CrossRef] [PubMed]

43. Nambiar, D.K.; Aguilera, T.; Cao, H.; Kwok, S.; Kong, C.; Bloomstein, J.; Wang, Z.; Rangan, V.S.; Jiang, D.; Von Eyben, R.; et al.
Galectin-1–driven T cell exclusion in the tumor endothelium promotes immunotherapy resistance. J. Clin. Investig. 2019, 129,
5553–5567. [CrossRef]

44. Onken, M.D.; Winkler, A.E.; Kanchi, K.-L.; Chalivendra, V.; Law, J.H.; Rickert, C.G.; Kallogjeri, D.; Judd, N.P.; Dunn, G.P.; Piccirillo,
J.F.; et al. A Surprising Cross-Species Conservation in the Genomic Landscape of Mouse and Human Oral Cancer Identifies a
Transcriptional Signature Predicting Metastatic Disease. Clin. Cancer Res. 2014, 20, 2873–2884. [CrossRef] [PubMed]

45. Hughes, J.R.; Parsons, J.L. FLASH Radiotherapy: Current Knowledge and Future Insights Using Proton-Beam Therapy. Int. J.
Mol. Sci. 2020, 21, 6492. [CrossRef]

46. Zlobinskaya, O.; Siebenwirth, C.; Greubel, C.; Hable, V.; Hertenberger, R.; Humble, N.; Reinhardt, S.; Michalski, D.; Röper, B.;
Multhoff, G.; et al. The Effects of Ultra-High Dose Rate Proton Irradiation on Growth Delay in the Treatment of Human Tumor
Xenografts in Nude Mice. Radiat. Res. 2014, 181, 177–183. [CrossRef]

47. Montay-Gruel, P.; Acharya, M.M.; Jorge, P.G.; Petit, B.; Petridis, I.G.; Fuchs, P.; Leavitt, R.; Petersson, K.; Gondre, M.; Ollivier, J.;
et al. Hypo-fractionated FLASH-RT as an effective treatment against glioblastoma that reduces neurocognitive side effects in
mice. Clin. Cancer Res. 2021, 27, 775–784. [CrossRef] [PubMed]

http://doi.org/10.1016/j.radonc.2019.02.009
http://doi.org/10.1016/S0002-9440(10)63582-1
http://doi.org/10.1038/s41598-020-78017-7
http://doi.org/10.1038/s41598-019-49419-z
http://doi.org/10.1034/j.1399-3003.2000.15e14.x
http://www.ncbi.nlm.nih.gov/pubmed/10853855
http://doi.org/10.1046/j.1365-2567.1999.00733.x
http://www.ncbi.nlm.nih.gov/pubmed/10447717
http://doi.org/10.1155/2019/6276254
http://www.ncbi.nlm.nih.gov/pubmed/31781680
http://doi.org/10.1016/j.ijrobp.2019.06.187
http://doi.org/10.1158/1541-7786.MCR-17-0333
http://www.ncbi.nlm.nih.gov/pubmed/28923838
http://doi.org/10.1172/JCI129025
http://doi.org/10.1158/1078-0432.CCR-14-0205
http://www.ncbi.nlm.nih.gov/pubmed/24668645
http://doi.org/10.3390/ijms21186492
http://doi.org/10.1667/RR13464.1
http://doi.org/10.1158/1078-0432.CCR-20-0894
http://www.ncbi.nlm.nih.gov/pubmed/33060122

	Introduction 
	Results 
	FLASH Dose Rate Is Achievable Using the Clinical PBS Gantry System 
	TGF-1 Production Is Attenuated Following FLASH PBS versus Conventional Radiation 
	Diminished Leg Contracture and Skin Toxicities in Response to FLASH PBS versus Conventional Radiation 
	Detection of Limited Number of Cytokine Level Changes in the Blood of FLASH-Irradiated Mice 
	Conv and FLASH PBS Exhibit Equivalent Control of Tumor Growth in Immunocompetent Mice 

	Discussion 
	Materials and Methods 
	Proton Delivery, Dosimetry and Monitoring 
	Irradiation-Induced Leg Contracture and Skin Toxicity 
	Irradiation Efficacy on Tumor Growth Control 
	Cytokine Blood Level Quantification 
	Western Blot Analysis 
	Statistical Analysis 

	Conclusions 
	References

