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FLASH radiotherapy (RT) is considered one of the most promising revolutions in radiation oncology, placing itself
at the intersection of technology, physics, and biology. The unique healthy tissue-sparing effect and, at the same
time, the equivalent tumor response have already been identified in vivo for multiple organ systems, such as the

lung, brain, skin, intestine, and blood, and even in the first human patient.

FLASH radiotherapy FLASH effect ultra-high dose rate

| 1. Introduction

The prevention or mitigation of radiation-induced damage to normal tissues has always been a theme of interest in
radiotherapy research. Ongoing studies are focusing on developing new treatment modalities aiming to reduce the
risk of complications arising from radiation treatments. FLASH radiotherapy (FLASH RT) is one of the most

promising approaches based on the normal tissue-sparing effects of ultra-high dose rate (UHDR) irradiations &,

FLASH RT is based on the delivery of UHDR radiation several orders of magnitude higher than what is presently
used in clinical conventional radiotherapy (CONV RT) (240 Gy/s vs. <0.03 Gy/s) [&El. Even though FLASH RT has
been defined using its mean dose rate, the complete definition requires other physical parameters, such as the
repetition rate, number of pulses, and the total duration of irradiation. Moreover, the FLASH effect is most
thoroughly characterized by electron irradiations, but proton and X-ray UHDR irradiations have been shown to

reduce toxicity in healthy tissues, maintaining a similar tumor control compared to CONV RT HEI6],

FLASH RT has potential benefits corroborated by a growing body of preclinical data &2, Once the potential of
FLASH RT will be confirmed in clinical trials, this novel technology may revolutionize the field of radiation oncology,
becoming the principal modality of radiotherapy for certain tumors 19, In view of this exciting perspective, more

research is needed to better understand the conditions inducing the FLASH effect.

2. FLASH Radiotherapy: Tumor and Normal Tissue
Responses

2.1. Lung Tissue
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In 2014, a well-established mouse model of lung fibrosis was presented as the first proof-of-principle study @. A
significant reduction in normal tissue injury was identified with electron FLASH RT L while the overall treatment
efficacy did not appear to differ at similar doses compared to CONV RT. FLASH irradiation showed a protective
effect against pneumonia and fibrosis at a dose of 17 Gy compared to conventional dose rate irradiation. However,

at a higher dose of 30 Gy, mice subjected to FLASH irradiation began to develop pneumonia and fibrosis 12,

The potential benefits of UHDRs from proton beams have been also investigated in a mouse model of non-small-
cell lung cancers, receiving thoracic radiation therapy using CONV RT (<0.05 Gy/s) and FLASH RT (>60 Gy/s) 23],
FLASH dose rate proton delivery was shown to modulate the immune system, improving tumor control. In
particular, proton FLASH RT was more efficient compared to CONV RT in increasing the infiltration of T-
lymphocytes inside the tumor, simultaneously reducing the percentage of immunosuppressive regulatory T-cells.
Moreover, FLASH RT was more effective in reducing pro-tumorigenic M2-like macrophages and the expression of

checkpoint inhibitors in the tumor, indicating a decreased immune tolerance 131,

2.2. Brain Tissue

The most extensive data about FLASH RT for the central nervous system arises from Montay-Gruel and
colleagues. In 2017, they first performed preclinical studies on the brain tissues of mice, demonstrating that spatial
memory was significantly protected with an average dose rate of radiation >100 Gy/s. Even 2 months after
irradiation, the ability of mice to recognize objects was significantly better after electron FLASH RT compared to
CONV RT. Interestingly, the protective effect of FLASH RT on nerve regeneration depended on the protective effect

of neural stem cells 4],

Further research in experimental models with intracranial tumors was performed in the succeeding years.
Altogether, these studies concluded that FLASH RT had a more considerable protective effect on healthy brain
tissue than conventional dose rates [13I[161IL7][18][19]

To approximate clinical treatment scenarios, hypofractionated electron FLASH RT has been proposed as an
effective treatment against glioblastoma. Mice that received FLASH RT, either as a 10 Gy single dose or hypo-
fractionated regimens (2 x 7 Gy and 3 x 10 Gy), exhibit neurocognitive sparing, maintaining the same efficiency as
CONV-RT in delaying tumor growth 18],

2.3. Skin Tissue

Numerous preclinical studies investigated the FLASH effect in terms of reduced skin toxicity in mice using UHDR
proton and electron irradiations (22121122123 Notably, Zhang et al. investigated the protective role of FLASH proton
irradiation (130 Gy/s) on the skin varying the oxygen concentration. FLASH proton irradiation decreased skin
contraction, epidermis thickness, and collagen deposition compared to conventional irradiations. Interestingly, this
effect was controlled by changing oxygen concentration, highlighting the role of oxygen in the FLASH tissue-
sparing effect. In fact, FLASH tissue sparing was not observed for mice breathing pure oxygen for 6 min pre-

irradiation until after the irradiation was completed. Hypoxic skin also did not result in a difference in outcome
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between FLASH and conventional dose rate irradiations 23, To prompt the clinical transfer, Vozenin and
colleagues assessed the FLASH effect in higher mammals, including in minipigs and cats 24, Using the radiation-
induced depilation and skin fibrosis as acute and late endpoints, respectively, a protective effect of FLASH-RT was
observed in minipigs and cats [24l. Pig skin was irradiated to single-fraction radiation doses of 28, 31, or 34 Gy
using either CONV (0.083 Gy/s) or UHDR electron irradiation (300 Gy/s). The presence of late effects, such as
fibronecrosis, collagen deposition, and skin contracture, was greater in animals irradiated with CONV dose rates
(24 These preclinical results are consistent with results obtained in a veterinarian clinical trial conducted in cat
patients with squamous cell carcinoma of the nose. Cats were treated using single fractions from 25 to 41 Gy at
ultra-high dose rates. No dose-limiting toxicity and relatively mild long-term toxicity were found. FLASH-RT
treatment yielded a favorable outcome with complete response at 3 months for all cat patients and a free survival
rate of 84% at 16 months [24],

2.4. Intestine Tissue

Several studies have investigated the FLASH effect on the intestine [221[268127](281[291130] E|ectron FLASH has been
shown to reduce changes in microbiota with UHDR of about 280 Gy/s at doses of 7-12 Gy [28. Moreover, both
proton and X-ray FLASH irradiation spare mouse intestinal crypts 2429 |nterestingly, Diffenderfer et al. designed
and dosimetrically validated a proton FLASH RT system with accurate control of beam flux on a millisecond
timescale and online monitoring of the integral and dose delivery time structure. Utilizing this system, the authors
first demonstrated that whole abdominal proton FLASH RT (78 £ 9 Gy/s) reduced acute cell loss and late fibrosis
following both whole-abdomen and focal intestinal treatments while maintaining comparable tumor growth inhibition
between the two modalities B%. Proton beams were also found not to induce the sparing effect (23, Partial
abdominal FLASH irradiation (~120 Gy/s) delivered to C57BL/6j and immunodeficient Rag1-/-/C57 mice has been
shown not to spare intestinal tissue or circulating blood lymphocytes 221, There was no difference in the number of
lymphocytes between FLASH and CONV RT, a similar number of proliferating crypt cells and thickness of the

muscularis externa were found 22,

2.5. Blood Tissue

Most of the experimental studies were performed using models of whole organ irradiation; inversely, the impact on
blood tissue at the UHDR has been only recently investigated 1. Using a prototype 6 MeV electron beam linear
accelerator, the effect of FLASH total body irradiation was analyzed on humanized models of T-cell acute
lymphoblastic leukemia. In particular, three T-ALL patient-derived xenografts and hematopoietic stem and CD34+
cells isolated from umbilical cord blood were transplanted into immunocompromised mice. Mice were irradiated
with 4 Gy FLASH and CONV, and tumor growth and normal hematopoiesis were assessed. Interestingly, FLASH

RT reduced functional damage to human blood stem cells and presented a therapeutic effect on human leukemia
[31]

Recently, the effects of FLASH RT on blood lymphocytes in humans and small animals were analyzed using a

mathematical model (2. This model has been developed to depict the survival level of lymphocytes in the
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bloodstream following FLASH RT and lower dose rates of partial-body irradiation. This model is expressed through
analytic formulae, incorporating several parameters, such as physiological factors (blood flow characteristics),
biophysical factors (lymphocyte radiosensitivity), and physical parameters related to irradiation. It has been
observed that FLASH irradiation in humans, administered at doses ranging from 10 to 40 Gy and exposure
durations significantly shorter (<1 s) than the blood circulation time (~60 s), results in maximal blood lymphocyte

sparing.
2.6. Zebrafish as an Emerging Model System

Zebrafish is emerging as an intriguing model to investigate the FLASH effect. The feasibility of electron FLASH RT
has been tested with positive results in zebrafish embryos. In fact, electron beams showed fewer morphological
alterations than CONV RT at doses above 10 Gy Bl. No significant impact of high proton dose rates was shown for
embryonic survival, and the rate of spinal curvature was one type of developmental abnormality. For the rate of
pericardial edema as an acute radiation effect, a significant reduction after proton FLASH RT (100 Gy/s) was also
observed [33],

| 3. Treatment of Human Patients and First Clinical Trials

The first human patient with refractory cutaneous lymphoma was treated with electron FLASH RT in 2018 [34],
FLASH RT treatment was given with a 5.6-MeV linac (Oriatron, PMB Alcen, France) and resulted in being
practicable with a positive outcome on the tumor and normal skin B4, Regarding the skin surrounding the tumor,
there was no decrease in the epidermal thickness and disruption at the basal membrane. An asymptomatic mild
epithelitis and a grade 1 edema were found at 3 weeks. However, for this patient, when compared to previous skin
reactions after exposure to 20 Gy in ten fractions or 21 Gy in six fractions, the FLASH RT adverse effects were
minimal and disappeared in a much shorter time. Similarly, the tumor response was durable, with a follow-up of 5
months. Of interest, this patient was subsequently treated for two additional tumors with FLASH and conventional
dose rates (166 Gy/s vs. 0.08 Gy/s). At the dose level of 15 Gy, ultra-high and conventional dose rates had similar

tumor control along with similar acute and late toxic effects 22!,

The protocol for the first-in-human clinical investigation of proton FLASH RT has been recently described by
Daugherty et al. B8, FLASH radiotherapy for the treatment of symptomatic bone metastases (FAST-01) is a
prospective, single-center trial (NTC04592887) designed to evaluate the efficacy and toxicity of palliative FLASH
treatment of bone metastases 8. The study demonstrates that proton FLASH treatment (dose rate = 51-61 Gy/s,
single dose = 8 Gy) was clinically practicable in the treatment of bone metastases, with the efficacy and the
presence of adverse effects being analogous to CONV RT 4. The main results of the trial indicated that eight out

of the twelve treated sites experienced complete or partial pain following FLASH treatment.

Figure 1 summarizes the preclinical and first-in-human clinical evidence about the FLASH effect. These studies

show that, to date, the capability of FLASH RT to spare healthy tissues has been investigated in several tissues
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using preclinical models of different genetic backgrounds. Further data at different experimental conditions (e.g.,

dose, dose rate, oxygen tension) are necessary to confirm the protection of normal tissue under FLASH RT.
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Figure 1. Overview of the preclinical and first-in-human clinical evidence about the ultra-high dose rate FLASH
effect [WILLI[L21[13][14][15][16][17][18][10][20][21][22][23][24][25][26][30][311[32][33][34][35][37][38][391[40][41][42][43][44][45][46]

4. Biological Mechanisms behind the FLASH Effect: The Role
of DNA Damage

Non-mutually exclusive hypotheses regarding the mechanism underlying the FLASH effect have been proposed,
such as the rapid oxygen depletion and reactive oxygen species (ROS) production, DNA damage, and the immune
and inflammatory processes B However, even though one of the most widely considered hypotheses is that
the effect is related to substantial oxygen depletion upon FLASH, recent observations showed that oxygen
depletion during pulse irradiation at an ultra-high dose rate is marginal and cannot entirely account for the FLASH
effect in healthy normoxic tissues [4Z148149]

It is well recognized that nuclear DNA is the primary target and the most crucial molecule in the response to
radiotherapy BB The subsequent cascade of DNA damage response (DDR) and signaling pathways are
essential in determining the fate of cancer cells, such as death or survival BUBL. Thus, elucidating DNA damage
associated with UHDR irradiation is the most crucial radiobiological mechanism in order to fully define the benefits
associated with FLASH RT.
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The extent of ionizing radiation-induced DNA damage alterations primarily depends on the density dose, dose rate,
and linear energy transfer (LET), which is a measure of locally absorbed energy (kiloelectron volts, keV) per unit
length (micrometer, um). Low LET photon (X-ray or y rays) irradiation implies a homogenous deposition of energy
throughout the tissue volume, whereas high LET radiation (protons, alpha particles, and heavy ions), decelerates
faster than photons, leading to the formation of a rapid Bragg peak BBl with penetration depth in tissues

increasing with the beam energy (Figure 2).

Lo LET radiation
ﬂrlﬂlltrﬁldllﬂk
Lowe= LET radiation

b

&
Dousle strand break nmniumu._

Tissue depth
(B | Radiation physics || Radiation chemistry | |Radiation biology |

10 10% 10° 10% 100 1 10° 10*

| (S S| S S S S

loriiatiani  Frew radeesl D#A damape DRA repair Callular and tisus esponis
Escitabiors  formatson

—-m
——FLASH

Figure 2. (A) Schematic illustration of depth dose distribution and DNA damage induction patterns for low and high

LET beams; (B) timescales of physical, chemical, and biological phases of conventional and FLASH radiotherapy.

Both low and high LET radiation act directly or indirectly on the DNA target. The direct effects are induced by
ionizations and excitations of DNA molecules directly, disrupting the molecular structure. The indirect effects are

mediated by water radiolysis, and free radicals are produced, which act as intermediaries causing DNA damage.

Typically, radiolytic events occur in three main stages taking place on different typical timescales. During the first or
“physical” stage, which takes place within 1071°-10712 s, extremely reactive free radicals (e.g., aqueous or
hydrated electrons and other reactive oxygen species, such as H,O,, O,~, or OH™) are produced and undergo fast
reorganization in the chemical stage (10712-107% s), leading to the formation of an array of reactive products,
which, in turn, can break the chemical bonds and produce DNA damage and possible repair processes in the cell
over a wide timescale (“biological” stage). FLASH irradiation is around 1000 times faster than conventional
irradiation, and this might interfere with the radiation—chemical reactions, and, consequently, with the biological

processes in response to irradiation.
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High LET radiation is more lethal than similar doses of low LET radiation types, which is probably a result of the
condensed energy deposition pattern and a very dense ionization pattern, which induces highly condensed DNA
damage and is considered highly complex damage that is more difficult to repair. Ultra-high dose rate irradiation
may have a significant impact on the DNA damage and the DNA response compared to conventional ion beam

effects due to both spatial and temporal differences in their delivery (Figure 2).

Knowing how cells respond to DNA damage is critical for understanding the FLASH effect, and suitable in vitro
studies are required to fully evaluate this damage. Several in vitro assays can be employed to quantify ionizing
radiation-induced DNA damage from different radiation beams. Two of the most commonly used tests are the

comet assay and the analysis of the phosphorylated histone variant (yH2AX) (Figure 3).

. No DMA lesion

Head Tail
®
High levels of
DNA lesions
Comet assay

Figure 3. Schematic representation of the in vitro tests for ionizing radiation-induced DNA damage quantification.

The comet assay can detect DSBs using neutral single-cell gel electrophoresis, whereas the alkaline single-cell gel
electrophoresis is more sensitive for the detection of SSBs 52, Even though the comet assay is a fast and easy
method to evaluate the degree of DNA damage, it has limitations regarding specificity and sensitivity, such as a
limited dynamic range B2l y-H2AX is a protein marker that is quickly phosphorylated at sites of DSB and, therefore,
can be microscopically visualized as nuclear foci by immunofluorescence 23l The analysis of yH2AX foci allows
DSB detection even in the very low dose range, going down to a single cell 23, The main disadvantage of this

analysis is the highly dynamic change in yH2AX foci early after irradiation. Additionally, the loss of y-H2AX foci is a
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reasonable indicator of the timescale of rejoining DSB induced by low LET radiation but is less appropriate for
those induced by high LET radiation B4, Cytogenetic tests are the golden standard in radiobiology to quantify
radiation-induced DNA damage 2. These tests include the chromosomal aberration analysis, especially dicentric
chromosome formation and the cytokinesis block micronucleus assay (CBMN), which are considered the most
sensitive and reliable DNA biomarkers (Figure 3). The gold standard technique is the dicentric chromosome assay
due to its high specificity for radiation 22!, but CBMN often remains the preferred approach as it has the important
advantage of allowing an economical, easy, and quick analysis of chromosomal damage (chromosome fragments

or whole chromosomes) (21,

| 5. Technologies for FLASH Radiation Beams

The characterization of beam parameters and dosimetry to produce the FLASH effect is fundamental for the clinical
translation of the UHDR RT. FLASH RT relies on a combination of dose, dose rate, and irradiation time that falls
outside the operational range of existing conventional clinical linear accelerators. These accelerators deliver doses
through beams of X-ray photons with a broad energy spectrum produced by the bremsstrahlung of primary
electrons, typically with energies ranging from 6 to 20 MeV. Unfortunately, the conversion of electrons into photons
is highly inefficient, significantly limiting the maximum dose rate achievable at the treatment crosshair. Achieving
the required dose rate for FLASH RT would necessitate a power increase of a thousand times or more in the
existing clinical linear accelerators. These circumstances are motivating major efforts in the scientific and
technological development of accelerators, including upgrades to existing experimental devices or the design and

construction of entirely new systems based on advanced and disruptive concepts.

A combination of VHEEs and FLASH RT may offer a comprehensive solution for the clinical translation of this
innovative approach. However, generating electron beams within the 150-250 MeV range with a compact footprint
will demand advanced accelerator technology. Existing RF linac technology displays a low acceleration gradient,
necessitating excessively large accelerator lengths. This results in clinical equipment of prohibitive size and cost,

inevitably restricting access to future FLASH RT.

However, the energy required for VHEE RT, ranging between 100 and 250 MeV, might still be too high for a
compact RF accelerator, even considering high gradient RF cavities. A disruptive approach based on laser plasma
acceleration (LPA) is also being considered, which has no such limitations in terms of electron energy. LPA can
easily provide VHEE beams 58 with a compact size and innovative setup based on optical technology rather than
RF technology and can already deliver Gy doses per shot on a pencil beam-like configuration, with an
instantaneous dose rate that can exceed by orders of magnitude the expected FLASH dose rates. Such pencil
beams could be scanned to cover larger target volumes in a similar fashion as is currently performed with proton
beams. Significant technological developments are still needed to reach the specifications of clinical FLASH-RT in
terms of dose per fraction over a larger area for clinical treatment. The main approach here consists of increasing
the average power and repetition rate of the driving laser power source from the current 10 W-10 Hz to 100 W-
100 Hz that is currently being developed at an industrial level for this class of accelerators. The roadmap at CNR-

INO for the development of a clinical VHEE device is indeed based on a laser plasma accelerator setup, exploiting
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proof of principle experimental demonstrations of VHEE beam generation and dosimetry B2 and building on fast-

developing laser technology [28l.
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