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Nowadays, more than 50% of cancer patients can benefit from a radiation-therapy treatment. Despite
important technological advance and dose delivery precision, encephalic radiation-therapy still induces
large and irreversible side effects in pediatric and adult cancer patients, justifying the urge to develop new
radiation-therapy techniques. Preclinical studies on FLASH irradiation (FLASH-RT) showed a possibility to
efficiently treat the tumors, without inducing drastic side-effects on the normal tissue, by increasing the
dose-rate over 40 Gy/s. This so called “FLASH effect” set off an important interest in this new irradiation
technology to increase the therapeutic ratio of radiation-therapy.

This PhD work aimed at investigating the anti-tumor effect of FLASH-RT on brain tumor models along
with the assessment of the ultra-high dose-rate irradiation effects on the normal brain tissue. In this
context, subcutaneous, orthotopic and transgenic glioblastoma murine models were used to investigate
the curative effect of FLASH irradiation delivered with an experimental LINAC available at the CHUV, and
able to deliver both conventional and FLASH irradiation. Moreover, murine models of whole brain
irradiation were developed to investigate the radiation-induced cellular and functional alterations at early
and late time-points post-FLASH-RT. These models were used to decipher the cellular effectors involved
in the brain’s radiation response including hippocampal cell-division and neuronal responses but also
more physiopathological aspects as radiation-induced reactive astrogliosis and neuroinflammation. A
panel of well-defined cognitive tests was also developed to investigate the radiation-induced cognitive
alterations. Eventually, the physico-chemical events induced by FLASH-RT, and particularly the role of
dioxygen consumption, were investigated to decipher the mechanisms that underlie the FLASH effect.

In all investigated tumor models, FLASH-RT displayed an efficient anti-tumor effect at least similar to
the conventional irradiation. The whole brain irradiation models showed an innocuousness of FLASH-RT
on the normal brain tissue, with an absence of cognitive deficit several months after irradiation at dose-
rates above 100 Gy/s, coupled with a preservation of hippocampal cell division and neuronal structure.
This protection was also observed at the physiopathological level with an absence of astrogliosis and
neuroinflammation. Moreover, these results were reproduced with ultra-high dose-rate X-rays delivered
with a synchrotron light source. On the mechanistic side, the reversion of the protective effects of FLASH-
RT by hyperoxia, and the absence of effect of anoxia on the anti-tumor effect, along with a decreased ROS
production underlie the primary role of dioxygen consumption during ultra-high dose-rate irradiation.

Altogether, these unique results depict the possibility to increase the therapeutic index of radiation-
therapy by the use of FLASH-RT. Indeed, this new irradiation technology preserves the normal brain tissue
from radiation-induced toxicities by increasing the dose-rate over 100 Gy/s, while keeping an anti-tumor
effect equivalent to the conventional dose-rate irradiation. According to these preclinical results and an
upcoming clinical translation, FLASH-RT might become a major contributor to the cancer treatment by

radiation therapy.
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De nos jours, plus de 50% des patients porteurs de tumeur bénéficient d’un traitement de
radiothérapie. Malgré des avancées technologiques récentes augmentant la précision des traitements, la
radiothérapie encéphalique induit toujours des effets secondaires invalidants et irréversibles. Ce constat
justifie le développement de nouvelles techniques de radiothérapie. Des études précliniques réalisées sur
Iirradiation FLASH ont montré la possibilité de maintenir un effet anti-tumoral tout en réduisant
drastiquement les effets secondaires sur le tissu sain. Cet effet a été appelé « I'effet FLASH ». Cette
technologie consistant a délivrer des doses a des débits supérieurs a 40 Gy/s a généré un intérét important
pour I'augmentation de I'index thérapeutique de la radiothérapie.

Ce travail de these vise a étudier I'effet anti-tumoral de l'irradiation FLASH sur des modeles
précliniques de glioblastome, tout en évaluant ses effets sur le tissu cérébral sain. Des modeles murins de
glioblastome sous-cutané, orthotopique et transgénique ont été développés et irradiés grace a un
prototype d’accélérateur linéaire d’électrons délivrant une irradiation FLASH ou conventionnelle. De plus,
des modeles murins d’irradiation encéphalique ont été mis au point afin d’investiguer les effets cellulaires
et les altérations fonctionnelles induites par l'irradiation FLASH. La division cellulaire et la structure
neuronale dans I’hippocampe ont été évaluées, ainsi que des aspects plus physiopathologiques comme la
neuroinflammation ou I'astrogliose. Un panel de tests cognitifs a également été utilisé afin d’étudier les
altérations cognitives induites par I'irradiation encéphalique. Enfin, les événements physico-chimiques
engendrés par l'irradiation FLASH et plus particulierement le réle de la consommation de dioxygéne lors
de l'irradiation, ont été analysés afin d’élucider les mécanismes qui supportent I'effet FLASH.

Dans tous les modeles étudiés, I'irradiation FLASH a présenté un effet anti-tumoral au minimum
similaire a celui de l'irradiation conventionnelle. Les modéles d’irradiation encéphalique ont montré une
innocuité de l'irradiation FLASH sur le tissu cérébral sain, avec une absence de déficits cognitifs pour des
débits de dose supérieurs a 100 Gy/s, couplée a une absence d’altération de la division cellulaire et de la
structure neuronale dans |I’hippocampe, une absence de neuroinflammation et d’astrogliose. De plus, des
résultats similaires ont été observés avec I'utilisation de rayons X délivrés a ultra-haut débit par un
rayonnement synchrotron. Sur le plan mécanistique, la réversion des effets protecteurs de l'irradiation
FLASH par l'induction d’une hyperoxie, I'absence d’effet de I'anoxie sur I'effet anti-tumoral et la
production de moins de radicaux libres souligne le r6le primaire du dioxygene dans I’effet FLASH.

L'ensemble de ces résultats illustre la possibilité d’augmenter l'index thérapeutique de la
radiothérapie en utilisant l'irradiation FLASH. En effet, cette nouvelle technologie permet de préserver le
tissu sain contre les toxicités radio-induites lorsque 'irradiation est délivrée a des débits supérieurs a 100
Gy/s, tout en conservant un effet anti-tumoral équivalent a l'irradiation conventionnelle. D’aprés ces
résultats précliniques et grace a un transfert clinique envisagé dans un futur proche, l'irradiation FLASH

pourrait devenir une technique de choix dans le traitement des tumeurs par radiothérapie.
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De nos jours, plus de 50% des patients porteurs de tumeurs bénéficient d’un traitement de
radiothérapie, couramment appelé « rayons ». Malgré de récentes avancées technologiques augmentant
la précision de ces traitements, I'utilisation de la radiothérapie pour traiter les tumeurs du cerveau induit
toujours des effets secondaires invalidants et irréversibles comme des pertes de mémoire ou des
inflammations du cerveau. Ce constat justifie le développement de nouvelles techniques de
radiothérapie. Des études réalisées sur des souris avec une irradiation appelée FLASH ont montré la
possibilité de traiter les tumeurs tout en réduisant drastiquement les effets secondaires sur le tissu sain
qui les entoure : cet effet a été appelé I'effet FLASH. Cette technologie consistant a délivrer des doses
élevées de radiothérapie dans un temps court (quelques millisecondes) pourrait améliorer I'efficacité du
traitement des tumeurs du cerveau et la qualité de vie des patients a long terme.

Ce travail de thése vise a étudier sur des modeles de souris la possibilité de traiter des tumeurs du
cerveau par l'irradiation FLASH, tout en évaluant ses effets sur les parties saines du cerveau. Différents
modeles de souris ont été traités avec un prototype d’irradiateur permettant d’irradier de maniere
conventionnelle (durée d’irradiation de plusieurs minutes), ou de maniére FLASH avec une durée
d’irradiation de I'ordre de la milliseconde. Enfin, le role de I'oxygéne lors de l'irradiation FLASH a été
analysé.

Dans tous les modeéles de tumeurs du cerveau étudiés, I'irradiation FLASH a présenté une efficacité de
traitement au minimum similaire a celui de l'irradiation conventionnelle. Les modéles d’irradiation du
cerveau ont montré une innocuité de l'irradiation FLASH sur le tissu sain, avec une absence de déficits
cognitifs a long-terme. Nous avons aussi montré que l'irradiation FLASH réduisait la production de
radicaux libres, ceci expliquant vraisemblablement son effet protecteur.

L'ensemble de ces résultats illustre la possibilité d’augmenter I'efficacité de la radiothérapie en
utilisant I'irradiation FLASH. En effet, pouvoir délivrer 'irradiation dans un temps trés court permet de
préserver le tissu sain contre les toxicités induites par les rayons tout en gardant la possibilité d’éliminer
les tumeurs. Avec ces résultats précliniques et grace a une application chez les patients envisagée dans
un futur proche, l'irradiation FLASH pourrait devenir une technique de choix dans le traitement des

tumeurs par radiothérapie.
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The concept of ionizing radiation arose in 1895 when Wilhelm Roéntgen identified for the first time a
particular form of “rays” produced by vacuum tubes. He observed their characteristics to penetrate
through the matter and described them as “a new kind of invisible light [...] clearly something new,
something unrecorded.” (W. C. Rontgen 1898). Rontgen subsequently performed several experiments
involving his discovery, including the famous photograph of his spouse’s hand. Temporarily named “X-
rays” according to their unknown characteristics and composition, this appellation stayed, and X-rays
started to be widely used in all scientific fields. The discovery of this technologically produced ionizing
radiation pre-dated the description in 1886 by Henri Becquerel of similar rays naturally emitted by
uranium salts. A few years later, Becquerel’s thesis student Maria Sklodowska-Curie and her husband
Pierre Curie identified the radium as another natural source of radiation and named this phenomenon:

“radioactivity”.

The first physiological effects of ionizing radiations were described in 1901 by P. Curie and H.
Becquerel who observed similar actions of radium and X-rays on the biological tissues (P. Curie et al.
1901). Their precise observations were made after the accidental but also intentional exposition of
Becquerel’s, Giesel’s and P. Curie’s skin to radium ionization. Firstly, a few hours after the exposition, a
light redness was observed on the irradiated skin. Two to three weeks later the redness increased,
followed by the formation of a scab and a wound. Interestingly, the authors described different long-term
evolutions depending on the time of exposition and the activity of the source. In the best cases, normal
healing was observed whereas, for longer expositions, deeper and necrotic wounds were described. These
first experiments and observations following radioactive sources handling allowed to identify the dangers

but also the possible benefits of ionizing radiations.

Immediately after their discovery by Rontgen, X-rays were used in 1896 by Despeignes in France to
treat the gastrointestinal cancer of his neighbor (V. Despeignes 1896). This clinical case is nowadays
considered as the first radiation therapy treatment ever delivered. The same year, Ludlam and Gilman
used a Crookes tube developed by Grubbé to treat a breast carcinoma in Chicago (E. H. Grubbé 1933),
and Freund treated the first melanocytic nevus-bearing pediatric patient with X-rays in Vienna (E. Schiff
et al. 1898). These three patients treated the same year but independently from each other and in three
different countries, are the first recorded cases of radiation-therapy treatments. Interestingly, they were
treated before the description of the biological effects of ionizing radiations by Becquerel and Curie.
During the early 20™ century, many studies described the possibility to treat skin malignancies with
radium radiations, benefiting from their highly toxic effects on the cells and low penetration into tissues.

Moreover, higher energy X-rays devices were developed by Coolidge around 1910 and gave access to
31



deeper tumors (E. O. Lawrence et al. 1932). Nevertheless, despite their obvious benefits on the cancer
treatment, the use of ionizing radiations was highly limited by their important side effects on normal
tissues, mainly due to a non-regulated use and a lack of knowledge on their characteristics and
mechanisms of action. During the following decades, the scientists, aware of the unique cancer-cure
possibilities provided by radiation-therapy, developed methods, tools and devices to extensively
characterize the ionizing radiations and use them in the most safely and efficient way in radiation-therapy.

The French scientists, such as P. and M. Curie, Bergonié, Tribondeau or Régaud have been important
pioneers in radiobiology and radiation-therapy. Improving the differential effect of radiation-therapy in
increasing the tumor control while reducing the normal tissue injury has always been the main goal of the
research in radiobiology, exemplified by the development of the fractionated radiation-therapy by
Claudius Régaud in 1920 (C. Régaud 1920). With the advent of new technologies at the end of the 20t
century, radiation-therapy devices became more and more reliable, allowing the delivery of extremely

precise doses on the tumors with the possibility to spare the surrounding normal tissues.

Within slightly more than a century, radiation-therapy became, along with surgery and
chemotherapy, a major contributor to the treatment of cancer. Nowadays, more than 50% of the cancer
patients benefit from safe and efficient radiation-therapy treatments. Nevertheless, and despite efficient
therapies, cancer cure is not always achievable due to highly resistant tumor types. Moreover, the
occurrence of radiation-induced side-effects on the normal tissues is still high, especially in very radiation
sensitive organs. In this context, it is of an utmost interest to orient the research toward an increase of

the radiation-therapy’s therapeutic index.

In line with the French school of radiobiology, and with the goal to improve the differential effect of
radiation-therapy, the work carried out in the framework of this PhD thesis aimed at investigating a new
technology of radiation-therapy delivered at ultra-high dose-rate and called “FLASH-RT” in the context of
the brain tumor treatment. On one hand, preclinical studies have been performed to evaluate the anti-
tumor effects of FLASH-RT on glioblastoma tumors along with the assessment of the normal tissue
toxicities. On the other hand, the biological events involved after irradiation have been investigated in

order to decipher the mechanisms of FLASH-RT interaction with the biological matter.
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1. Brain tumors and their treatments

Brain tumors can be divided into two main subtypes: malignant, i.e.: cancerous tumors, or benign
tumors. Primary cancerous brain tumors directly develop within the brain and are, in almost all cases,
limited to this organ (P. Beauchesne 2011). Moreover, in nearly all cases, the causes of primary brain
tumors development are mostly unknown and few genetic or environment-associated factors are
identified (J. L. Fisher et al. 2007). On the contrary, metastatic brain malignancies derive from a distant
primary tumor that spreads out and forms brain metastases, mainly from lung, breast, melanoma and
colorectal cancers (Carsten Nieder et al. 2011). Brain tumors symptoms vary depending on their
localization but include mainly headaches, vomiting or seizures along with functional alterations such as
visual deficits, motor and sensation disorders (E. Davies et al. 2004; A. Perkins et al. 2016). For evident
reasons, this introduction will not discuss the whole brain tumor diversity but will rather develop the main
features, epidemiology and treatments of the most prevalent ones, mostly according to their relevance
in this thesis work. Medulloblastoma, glioblastoma and brain metastases will particularly be developed
because of their high prevalence in childhood and adulthood respectively. The high frequency occurrence
of radiation-induced brain toxicities in pediatric and adult brain-tumor patients following radiation-
therapy treatments justifies the interest in developing new technologies to prevent these impairments.
Moreover, the bad prognoses associated with glioblastoma and brain metastases make them ideal

candidates to investigate innovative treatments.

1.1. Childhood brain tumors and medulloblastoma

As for many other tumor types, brain tumors in children differ from the adult malignancies, due to the
ongoing development of the brain during the childhood. With an incidence rate of 1-5 over 100’000
people, pediatric brain tumors are rare diseases. Nevertheless, they remain the most common form of
solid tumors among children under the age of 15 and represent the second cause of death in this
population (K. J. Johnson et al. 2014). Pediatric brain tumors comprise a myriad of different tumor types
that are classically classified on the basis of their histological features and presumed site of origin.
Nevertheless, the increasing use of biological parameters to describe these tumors tend to implement the
classification with molecular features, rendering it less confusing and more informative for potential
therapeutic strategies. This introduction focuses on the most common pediatric brain tumor:

medulloblastoma and its current therapeutic management.
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1.1.1. General features of medulloblastoma

Medulloblastoma is the most frequent malignant brain tumor in childhood, comprising 40% of all
childhood posterior-fossa tumors and with an incidence of 1.5 per million people (N. R. Smoll et al. 2012).
They occur all throughout childhood with two identified peaks of incidence between 3-4 and 7-10 years
of age. Nevertheless, 15-20% of medulloblastomas are developed under 2 years of age and complicates
the therapeutic management due to the highly sensitivity of the developing central nervous system (CNS).
(D. N. Louis et al. 2016). In terms of symptoms and diagnosis, medulloblastomas often develop in the
fourth ventricle region and rapidly result in cerebellar deficits, cranial neuropathies and obstruction of
the cerebrospinal fluid (CSF) flow resulting in hydrocephalus in 80% of the patients.

The recent molecular characterization of medulloblastoma has allowed a classification into 4
biological subtypes (Table 1): Wnt mutated, SHH mutated, Group 3 with MYC amplifications and Group 4
with NMYC and CDK6 amplifications (M. Kool et al. 2012; M. D. Taylor et al. 2012). This molecular
classification is currently being integrated into the treatment planning since it has been associated with

patients’ outcomes and metastatic progression (O. Klein et al. 2015).

Table 1: Medulloblastoma classification by molecular biology. Adapted from the Neurosurgical Encyclopedia
(Encyclopedia Neurochirurgica). CTNNB1: Béta catenin gene ; CDK6: Cyclin Dependent Kinase 6 ; Gli2: Zinc Finger Protein

GLI2 gene; PTCH1: Protein Pateched Homolog 1; SUFU: Suppressor of Fused Homolog.

Wnt MUTATED
FEATURES ( ) Shh MUTATED (25%) GROUP 3 GROUP 4
15%

Classical, large cells,
Classical, rare large Classical, large cells,  Classical, large cells,
Histology anaplasia,
cells / anaplasia anaplasia anaplasia
desmoplasia, nodule
Rare Not frequent Highly frequent Frequent

Good for infants,

Prognosis Very good Intermediate for Bad Intermediate
older children
PPTCH1, Smo and
SUFU mutations NMYC and CDK6

CTNNB1 mutation MYC amplification

Gli2 and NMYC amplifications
amplifications
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1.1.2. Medulloblastoma treatment

Currently, the treatment management, consisting in surgery and postsurgical adjuvant radiation-
therapy (RT) and chemotherapy for children above 3 years of age has been stratified based on two major
risk-groups of patients. Patients with “average-risk disease” have undergone a total or near-total surgical
resection, without any evidence of dissemination at the time of the diagnosis. Patients with “high-risk
disease” display tumors with sub-total resection or have evidence of dissemination (R. J. Packer et al.
2003).

Following surgery, patients with average-risk medulloblastoma are treated with craniospinal and
tumor site boost radiation-therapy and chemotherapy, during and after radiation-therapy. Interestingly,
the dose of craniospinal radiation-therapy has been reduced over the past decade for patients with non-
disseminated disease (around 24 Gy) and has not resulted in a higher incidence of disease relapse (A.
Gajjar et al. 2006; R. J. Packer et al. 2003). A variety of different chemotherapy regimens have been
utilized, including vincristine during radiation-therapy and drugs such as vincristine, cisplatin, CCNU
(lomustine), and cyclophosphamide following radiation (A. Gajjar et al. 2006; R. J. Packer et al. 2003).
Randomized studies are presently attempting to determine if the dose of craniospinal radiation-therapy
can be further reduced. With the current treatments, children with an average-risk disease have an 80%
to 90% likelihood of 5-year disease control, the majority of patients being cured of their tumor (A. Gajjar
et al. 2006; R. J. Packer et al. 2003). However, because of the tumor development, the surgery, the use of
craniospinal and tumor-bed radiation-therapy and chemotherapy, survivors are at risk to develop
significant long-term sequelae, including neurocognitive damage, cerebrovascular complications,
endocrinological deficiencies or secondary brain tumors (A. O. Von Bueren et al. 2011; D. N. Louis et al.
2016; M. D. Ris et al. 2001).

For children with high-risks medulloblastoma, the therapeutic management is less settled. Higher
doses of craniospinal radiation-therapy are usually delivered (36-40 Gy), and more aggressive
chemotherapy is given during and following radiation. However, even within this poorer-risk group of
patients, 50% to 60% of children can be expected to be alive and free of disease 5 years after treatment,
again with many cured of their disease (A. Gajjar et al. 2006; R. J. Komotar et al. 2009). Because higher
doses of radiation-therapy are delivered, children are at even higher risks of long-term sequelae

development.

1.1.3. The use of proton-therapy in pediatric patients
Considering the long-term sequelae induced by the conventional post-operative X-rays irradiation,
the use of proton-therapy has been seriously considered due to its particular in-depth penetration,

allowing the reduction of the dose delivered to the normal tissue. Initial dosimetry studies showed a
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reduced dose-delivery to the normal brain (R. Miralbell et al. 1997), suggesting a potential benefit interms
of second cancer development and cognitive function (T. E. Merchant et al. 2008; X. Mu et al. 2005; R.
Zhang et al. 2014).

Clinical data comparing the secondary malignancy incidence in long-term survivors following proton
and photon therapy are limited given the significant follow-up time necessary to effectively evaluate
radiation-induced malignancy occurrence. Nevertheless, follow-up studies of medulloblastoma patients
treated with proton-therapy tend to show a very low incidence of secondary malignancies compared to
conventional X-rays radiation-therapy (C. S. Chung et al. 2013; B. R. Eaton et al. 2015; T. I. Yock et al. 2016).

Early-toxicity studies have shown that proton-therapy induced low toxicity rates compared to photon
radiation-therapy (B. J. Moeller et al. 2011), suggesting a better long-term toxicity outcome and a better
patient’s quality of life (QOL) (K. A. Kuhlthau et al. 2012). The evaluation of early cognitive toxicity after
proton-therapy showed no significant alteration of the intellectual quotient (1Q), verbal comprehension,
perceptual reasoning, or working memory, 2.5 years post-irradiation, suggesting encouraging outcomes
compared to photon radiation-therapy (M. B. Pulsifer et al. 2015). Moreover, no I1Q decline was observed
in children treated with proton-therapy up to 7 years post-irradiation, when X-rays RT induced a lower
mean IQ (12.5 points lower) and a decline of 1.57 points per year (L. S. Kahalley et al. 2016).

Even if more long-term follow-up studies are needed to fully conclude on the advantages of proton-
therapy versus conventional X-rays RT, these results tend to show a protection of the normal tissue by
enhancing the dose delivery geometry. The recent development of proton-therapy for the treatment of
pediatric brain tumors shows how a technological advance in radiation-therapy techniques can increase

the therapeutic index by decreasing the deleterious effects on the normal tissue.

1.2. Glioblastoma multiforme: the most common and aggressive adult CNS tumor

Each year, 5-6 out of 100’000 adult people are diagnosed with a primary malignant brain tumor, with
a vast predominance of gliomas (J. A. Schwartzbaum et al. 2006). Gliomas are defined as a type of brain
tumors developed from neoplastic glial cells (M. L. Goodenberger et al. 2012). The World Health
Organization (WHO) classifies gliomas in grades, mostly depending on certain pathological features, such
as nuclear atypia, mitotic activity, vascular proliferation, necrosis, proliferative potential, and features of
clinical course and treatment outcome. Malignant gliomas are subcategorized into grade Il tumors
(anaplastic astrocytomas, oligodendrogliomas or ependymomas) and grade IV (out of IV) tumors:
glioblastoma multiforme (D. N. Louis et al. 2016). Given to their relatively low incidence, some glioma sub-

types cause disproportionate mortality and morbidity compared to other tumor types like breast or
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prostate cancers (Q. T. Ostrom et al. 2015). This is particularly the case for the glioblastoma multiforme

(GBM).

1.2.1. General features of glioblastoma multiforme

With an incidence around 3 out of 100’000 people, GBM is the most common primary brain tumor in
adults: 80% of all primary CNS malignant tumors and 55% of the gliomas. The mean diagnosis age is 64
years and it is 1.5 more common in men than in women with a predominance in the population of
Caucasian origin (Q. T. Ostrom et al. 2015). As for many other tumor types, its incidence has slightly
increased within the last decades, mostly due to an improvement of the radiologic diagnosis and an
increase in life expectancy (J. L. Fisher et al. 2007). As for other brain tumors, GBM patients present with
headaches, neurologic and cognitive deficits or seizures. Diagnosis and follow-up are usually realized by
magnetic resonance imaging (MRI), and can be reinforced by the use of functional MRI and positron-
emission tomography (PET) (P. Y. Wen et al. 2006).

The etiology of GBM identifies several risk factors that lead to its development. Environmental risk
factors include a former exposition to ionizing radiations or toxic substances such as vinyl chloride,
petroleum-associated materials, pesticides and smoking (M. Wrensch et al. 2002). Other controversial
environmental factors like formaldehyde, residential electromagnetic fields, diagnostic radiation
exposure and cell-phone use are still under investigation. Concerning genetic alterations, EGRF
amplifications and mutations, IDH1 mutations, amplifications of CDK4 and MDM?2 oncogenes, and
mutations or deletions of TP53, RB or PTEN cancer suppressor genes have been documented (M. Wrensch
et al. 2002). Nevertheless, no risk factor or particular genetic alteration has been found to be accounting
for a large percentage of GBM.

The pathogenesis and the different available and experimental GBM treatments are reviewed in the

following paragraphs.

1.2.2. Glioblastoma multiforme pathogenesis

The large majority of the GBM patients are associated with a sporadic tumor development, whether
in only 5% of them, hereditary syndromes such as neurofibromatosis can be identified (C. J. Farrell et al.
2007). The important aspect of GBM pathogenesis and malignant transformation is the accumulation of
genetic alterations and an abnormal upregulation of cell-cycle-associated genes and pathways. The
aberrant cell-proliferation has been identified as mediated by several growth factors such as: Vascular
Endothelial Growth Factor (VEGF), Epidermal Growth Factor (EGF), Platelet-derived Growth Factor (PDGF)
or Hepatocyte Growth Factor (HGF). Moreover, alterations in cell-cycle pathways, including Phosphatase

and Tensin homolog (PTEN) and PI3K/AKT, have been described (P. Y. Wen et al. 2008). When low-grade
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gliomas with these genetic features recur, a higher histologic grade is most frequently described,
supporting a tumor progression rather than a new primary tumor development (D. N. Louis 2006). For
example, low-grade gliomas are often associated with p53 mutations and PDGF-a and PDGFR
overexpression, while their transitions to higher grades and GBM is characterized by RB, p16 and 19q
tumor-suppressor genes disruption (D. N. Louis 2006).

GBM is classically subcategorized into primary (95%) and secondary (5%) GBM, depending on whether
it originates from a de-novo tumorigenesis or from the recurrence of a former low-grade glioma.
Interestingly, even if the carcinogenesis process might be different, the same molecular pathways are
often affected and the patient’s response to the treatments are similar (P. Kleihues et al. 1999). Based on
the growing understanding of the molecular heterogeneity in GBM, the Cancer Genome Atlas (TCGA) has
divided GBM in molecular subclasses based on genetic alterations and expression profiles especially of
PDGFRA, EGFR, Neurofibromin (NF1) and Isocitrate Dehydrogenase (IDH1) genes.

In order to better understand the GBM tumors’ biology and to provide efficient treatments, the
research on GBM has led to the identification of target cell-types. The recent discovery of adult stem cells
in the CNS, able of self-renewal, proliferation and differentiation, suggested the hypothesis of the
existence of tumor initiating cells (TICs) also called glioma stem-like cells (GSCs) (S. Facchino et al. 2011).
These so called “stem-like” cells have been shown to express the controversial CD133 surface marker
associated with a cell resistance to radiation-therapy and chemotherapy (P. Brescia et al. 2013; D. V.
Brown et al. 2017; S. K. Singh et al. 2003). Nevertheless, other studies have shown that CD133" cells also
have stem-like properties and can participate to the tumor initiation (E. Irollo et al. 2013). Moreover,
GSCs have the potential promote tumoral angiogenesis via the expression of VEGF and pericyte
differentiation, thus enhancing the tumor environment and the tumor growth (L. Cheng et al. 2013).
Interestingly, mutations in the adult neural stem cells (NSCs) have been recently observed (H. Koso et al.
2012). The transmission of these mutations to downstream glia precursors might partially initiate the
GBM tumorigenesis, acting via the deregulation of the cell-growth signaling and potentially Sonic
Hedgehog (SHH) pathway that participates to the NSCs renewal and is thought to be involved in the
treatment resistance of GBM (V. Clement et al. 2007). Directly targeting the GSCs via the modulation of
oncogenes and cancer suppressor genes expression might then be a potential treatment strategy to

overcome GBM treatment resistance.

1.2.3. Current treatments of glioblastoma multiforme and perspectives
The current standard treatment for GBM consists in combining surgery, radiation-therapy and
chemotherapy. The highly infiltrative features of GBM make the complete tumor resection almost

impossible and a combined radio-chemotherapy is essential to provide a good tumor control.
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1.2.3.1. Radiation-therapy and concomitant temozolomide

Temozolomide (TMZ) is an alkylating agent that pass the blood brain barrier (BBB) with an excellent
bioavailability, around 95%. The TMZ toxicity on cells is mediated via the DNA alkylation / methylation of
the DNA, mainly on the O° position of the guanine, and to a lesser extent on N’ guanine and N3 adenine.
It is usually administrated at a daily dose of 75mg.m concomitantly to 6 weeks of daily fractionated
radiation-therapy, usually consisting in 30 times 2 Gy to the surgical cavity. An adjuvant TMZ treatment is
given within 6 cycles post-RT with a maintenance dose of 150mg.m2 during the first week, and if well
tolerated, scaled up to 200 mg.m2.day* for 5 days in 28 days cycle (O. L. Chinot et al. 2001; J. L. Villano et
al. 2009). Concomitant TMZ and RT result in a median survival of 14.6 months post-diagnosis and a two-
year survival rate of 26.5% compared to respectively 12.1 months and 10.4% with RT alone. Patients with
0°%-methylguanine-DNA-methyltransferase (MGMT) methylated promoter exhibit a better prognosis with
an overall survival rate at 2 years of 46% versus 14% for patients with non-methylated MGMT promoter

(M. E. Hegi et al. 2005; Roger Stupp et al. 2005, 2009).

1.2.3.2.  Resistance of glioblastoma multiforme to radiation and chemotherapy

GBM tumors often exhibit an intrinsic or acquired resistance to chemotherapy. The silencing of MGMT
gene expression via the methylation of its promoter contributes to the TMZ sensitivity by inhibiting the
0° guanine alkylation repair (M. Esteller et al. 2000; M. E. Hegi et al. 2005). Absence of MGMT methylation
has been associated with a lower median survival. A possibility to overcome this resistance is to increase
the doses of TMZ in order to enhance the DNA alkylation and/or administrate O®-benzylguanine to
saturate the repair mechanisms (J. L. Clarke et al. 2009; J. A. Quinn et al. 2009). Poly(ADP-ribose)
polymerase-1 (PARP-1)-associated resistance has also been described. Its role in N’ and N3-purine base
excision repair counteracts the TMZ toxicities, particularly in the cases when 0®-methylguanine adducts
are repaired. PARP-1 inhibitors have shown promising results in combination to TMZ (P. Y. Wen et al.
2008; J. Zhang et al. 2012).

Several preclinical studies have proven that GSCs highly contribute to GBM resistance to
chemotherapy and radiation-therapy. Expression of multidrug resistance protein MDRP-1 and P-
glycoprotein (Pgp) was observed in gliomas. Interestingly, MDRP-1 expression was found in a higher
percentage grade IV gliomas compared to the Pgp that has been associated to lower-grade gliomas (G. P.
De Faria et al. 2008). EGFR and EGFRvIIl expression increase has also been identified and might explain
the high resistance of GBM to cancer treatments by an exacerbated GSCs proliferation (J. L. Munoz et al.
2014).

These treatment resistance mechanisms show the importance of the development of new

therapeutical strategies to provide a better tumor control and prognosis.
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1.2.3.3. New therapeutic targets to treat glioblastoma multiforme

The increasing investigations led on GBM genetic features have promoted a rational development of
new targeted therapies. Many studies have investigated the administration of tyrosine-kinase receptors
antagonists such as EGF-R, PDGF-R, VEGF-R or IGF-R inhibitors. Unfortunately, neither monotherapy nor
combined therapy has reported a highly enhanced clinical benefit (S. Sathornsumetee et al. 2007; T.
Wilson et al. 2014). Other studies, have and are currently investigating potential other molecular targets
(c-MET, mTOR, PI3K, SHH, HDAC, Hsp, JAK/STAT...) to develop new GBM targeted treatments, but none
of them has shown promising results yet. The potential therapeutic benefits of monoclonal antibodies
(mADb) against EGF-R, VEGF-R, PDFG-R, have also been widely investigated. The VEGFR-targeting mAb
Bevacizumab, which has shown interesting benefits in other cancer types, has been administered
concomitantly to TMZ and RT in a phase lll clinical trial. Again, no improvement in the overall survival (OS)
has been observed (15.7 vs 16.1 months), and even if a slight improvement in progression-free survival
(PFS) was described (10.7 vs. 7.3 months), Bevacizumab was associated with a decrease in patient’s QOL
(M. R. Gilbert et al. 2014). The uncountable number of preclinical and clinical studies that have or are
currently investigating potential interest in inhibiting molecular pathways in the case of GBM without

outstanding results, highlights the medical urgent need to develop new treatment strategies.

1.2.4. Preclinical glioblastoma multiforme murine models
The need to develop new treatments for the therapeutic management of GBM in clinics is translated
by an important research on the set-up of preclinical GBM models. While in vitro cultured GBM cell lines
can be useful for drug-screening or pilot studies, the translation of new treatments to the clinics requires
the use of animal models. GBM animal models include non-mammalian animals such as drosophila and
zebrafishes (R. D. Read 2011; M. Vittori et al. 2015), murine experimental models (E. Laurenti et al. 2009)
and pet dogs involved in veterinary clinical trials (J. Hicks et al. 2017). This paragraph focuses on the

murine models, which are the most common GBM animal models.
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Figure 1: Preclinical models of glioblastoma multiforme. None of this model can faithfully reproduce the spontaneous
human carcinogenesis, but the use of multiple models in a study allows to be as closer as possible to the GBM
pathogenesis and treatment response.

Ideally, a preclinical glioma model has to meet different requirements: 1) its genetic background must
be as close as possible to the human GBM (taking in consideration the different subsets of human GBMs);
2) it has to reproduce the tumoral heterogeneity in its genetic and phenotypic features; 3) it has to provide
an adequate microenvironment including cell-cell interactions, vascular compartment, immune system;
4) it needs to be reproducible within the different experiments and can be followed by the experimenter.
The different preclinical glioma models can be subdivided into separate groups (Figure 1): carcinogen
induced murine model, genetical engineered murine model, orthotopic and heterotopic xenografted
murine models.

The relevance of each model regarding the requirements listed above is summarized in Table 2. In an

ideal preclinical study, the investigation of different models is necessary to answer the hypotheses.
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Table 2: Relevance of the different preclinical murine glioblastoma models regarding the requirements needed to mimic
the human GBM pathogenesis. Adapted from Lenting et al. (K. Lenting et al. 2017). BBB: Blood Brain Barrier; PDX:
Patient’s Derived Xenograft.

(Epi)GENETIC IMMUNE MICRO STABILITY
HETEROGENEITY

BACKGROUND SYSTEM ENVIRONMENT FOLLOW-UP

Heterogeneous.
ENU Partly relevant (p53, No
Different cell-
induced bRAF, PDGFR) Yes Relevant Yes Imaging (CT;
types initiate the
model No IDH mutation. MRI; IVIS)

tumor.

GEM Depends on the Homogeneous. Yes
eI model. Initiation depends  Yes Relevant Yes Imaging (CT;
mice p53; KRas; IDH1... on the promoter MRI; IVIS)

Yes
Intra-tumoral
Partly relevant No Non-relevant No Direct
heterogeneity
measurement
Yes
PDX Intra-tumoral Yes,
Relevant No Relevant Imaging (CT;
Orthotopic heterogeneity partly
MRI; IVIS)
Cell lines Yes/no
Yes
neuro- depends Yes,
Possibly relevant Homogeneous Relevant Imaging (CT;
spheres on the partly
MRI; IVIS)
Orthotopic model
Yes/no
Cell lines Yes
depends
P CEIEVETEY  Less relevant Homogeneous Non-relevant No Direct
on the
Subcut. measurement
model

1.3. Brain metastases

Brain metastases (BM) are the most common intracranial malignancies in adults and display a
significant cause of morbidity and mortality in cancer patients. The incidence of BM is difficult to assess
due to the high heterogeneity in methodology. Nevertheless, in the US, an estimated range of 150’000 to
200’000 cases per-year has been reported, representing 25-30% of all the cancer patients (B. D. Fox et al.
2011). The frequency of diagnosis appears to increase over time due to longer survival resulting from
more effective systemic treatment, the aging population and improved imaging techniques. Most BM
originate from lung, breast cancer or melanoma, but renal cell carcinoma, colon cancer, and gynecologic
malignancies also make up a significant fraction. While lung cancer accounts for the majority of brain

metastases, melanoma has the highest propensity to disseminate to the brain; 50% of patients with
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advanced melanoma eventually develop metastatic brain disease (I. T. Gavrilovic et al. 2005; J. H. Sampson
et al. 1998). Interestingly, the localization of BM in the brain reflects the cerebral blood flow and volume.
Approximately 80% of metastases occur in the cerebral hemispheres, 15% in the cerebellum, and 5% in

the brainstem (J. Y. Delattre et al. 1988).

1.3.1. Physiopathology, clinical features and prognostic factors of brain metastases
Metastatic spread involves a series of sequential steps, beginning with the escape of cancer cells from
the primary tumor site, followed by invasion of surrounding tissue into the bloodstream or lymphatics,
and finally the extravasation, survival, and proliferation in a secondary site. It is believed that only a
subpopulation of cells has the required genetic and epigenetic alterations necessary to escape, to invade
and to disseminate (R. Bernards et al. 2002; C. L. Chaffer et al. 2011)
Several theories have been postulated to explain the propensity of tumor types to disseminate to

III

specific organs, including the brain. The classic “seed and soil” hypothesis, originated by Paget in 1889,
states that a tumor’s organ-specific spread is dependent on pro-tumorigenic interactions between the
tumor cell and its microenvironment (S. Paget et al. 2006). Alternatively, the pathologist Ewing believed
that circulatory patterns between the primary tumor and targeted secondary organs were sufficient to
explain the specific pattern of metastatic spread (E. D. Munz 2017). Today, attention has been directed to
the role of cancer stem cells as the “seed” and the effects of specific stromal components, or the “soil,”
on malignant progression and resistance to therapy (R. R. Langley et al. 2011).

Brain metastases are typically associated with a poor prognosis: most studies show a median survival
of less than 6 months. Important prognostic factors include age, functional status (designated by
Karnofsky Performance Scale - KPS), number of brain metastases, primary tumor type, extent of active
systemic disease and the time elapsed between the primary cancer diagnosis and the development of the
brain disease. The number of brain metastases appears to be important in the survival; across multiple
studies, patients with single metastases consistently survive longer than those with multiple metastases,
even after adjusting for other prognostic factors (J. Lutterbach et al. 2002). Retrospective data analyzing
the molecular alterations in primary sites suggest that ERBB2-positive breast cancer patients or those with

NSCLC caused by mutations in EGFR, survive longer than comparable patients with wild-type tumors (April

F. Eichler et al. 2008, 2010).

1.3.2. Treatment of brain metastases
The therapeutic management of brain metastases has improved over the past decades with advances
in surgical and radiation techniques, a better understanding of the underlying biology, and an awareness

of prognostic factors leading to better patient selection for invasive treatments. Surgical resection of brain
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metastases is a treatment option considered primarily in patients with single large tumors. Although
uncommon prior to the 1980s, the resection of brain metastases has now become a standard treatment
option in patients with surgically accessible single lesions, good performance status, and controlled or

absent extracranial disease.

1.3.2.1. Whole-Brain radiation-therapy (WBRT)

Traditionally, radiation-therapy has constituted the backbone of treatment for brain metastases.
WBRT is administered to address both visible disease and presumed micro depositions of tumor cells in
the brain. A total dose of 30 Gy to 40 Gy is typically delivered to the patient in daily fractions of 2 Gy to 3
Gy. Increase of either total dose or daily fraction dose raises the risk of neurotoxicity. WBRT can be given
alone or as adjunctive therapy, although monotherapy is usually reserved for patients with multiple brain
metastases not amenable to surgery, poor performance status, or active systemic disease.

Nonrandomized studies have found that WBRT impacts survival only modestly, increasing median
survival from 1 to 2 months to 3 to 6 months (D. Khuntia et al. 2006). About 60% of patients experience a
complete response or partial response on follow-up imaging. Tumor histology also plays a role in the
effectiveness of WBRT: some tumors, such as small cell lung cancer, breast cancer, and germ cell tumors,
tend to be highly sensitive to fractionated radiation, whereas melanoma, sarcoma, and renal cell
carcinoma are relatively unresponsive.

One of the greatest concerns about WBRT is the risk of late neurocognitive effects, which can range
from mild cognitive impairment to overt dementia. Thus, the current practice is to limit daily WBRT
fractions to 3 Gy or less. Even with these schedules, however, it is clear that some patients develop
significant problems with short-term memory and cognition that cannot be explained by tumor
progression or other insults and that negatively impact their quality of life. The second part of this

introduction further investigates this point.

1.3.2.2.  Stereotactic radiosurgery (SRS)

Because of the concerns of late neurotoxicity associated with WBRT, attention has been directed
toward more focal treatments, including stereotactic radiosurgery (SRS). SRS uses multiple convergent
beams to deliver a single high dose of radiation to a discrete target volume. There are a variety of devices
that can be used, including Gamma Knife (Elekta AB, Stockholm, Sweden), Cyberknife (Accuray, Sunnyvale,
CA, USA), gantry—based linear accelerator (LINAC) systems (Novalis TX, BrainLab) and less commonly
proton beam-based systems. All systems have a rapid fall-off dose at the margin of the tumor volume,
resulting in delivery of a very low radiation dose to the surrounding normal tissue (L. Halasz et al. 2013).

Because brain metastases are distinct lesions with discrete pathologic and radiographic margins, they are
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attractive targets for SRS that displays the advantage to treat locations that are surgically inaccessible,
such as the brainstem or basal ganglia. Local tumor control with SRS ranges from 70% to 90% at 1 year in
various studies and tends to be higher when combined with WBRT (L. J. Hazard et al. 2005). In the RTOG
95-08.28 study, 333 patients with one to three brain metastases were randomized to receive either WBRT
with SRS to all tumors or WBRT alone. Overall, no significant difference was seen in median overall
survival. However, in patients with a single metastasis, median survival was increased in the WBRT plus

SRS group. Patients with one to three lesions experienced superior local control.

1.3.2.3. Chemotherapy

Several factors have traditionally limited the role of chemotherapy in the treatment of brain
metastases, notably because of the blood brain barrier presence. Another limitation regarding the efficacy
of chemotherapy for brain metastases is the exposition of the patients to a primary line of chemotherapy,
that can induce the selection of resistant clones, responsible for tumor dissemination. The few
chemotherapy treatments tested or used to target BM are summarized in Table 3.

For non-small cell lung-cancer (NSCLC) patients, a variety of agents with activity against NSCLC have
been studied for patients with brain metastases, and response rates tend to be higher in patients who
have not received prior systemic chemotherapy (A. F. Eichler et al. 2007).

Breast cancer is generally more chemo-sensitive than NSCLC, and consequently many of the
traditional drugs with activity in breast cancers and reasonable BBB penetration have utility in patients
with brain metastases.

Metastatic melanoma typically has a poor response rate to systemic chemotherapy given both
intracranially and extracranially. Only a few trials have evaluated the role of chemotherapy in melanoma

patients with brain metastases, and most have focused on fotemustine and TMZ.
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Table 3: Chemotherapy for the treatment of BM. CTL-4: Cytotoxic T-lymphocyte associated antigen 4; CycloP:

cyclophosphamide; EGFR: Epithelial Growth Factor Receptor; ERBB2: Erythroblastosis oncogene B2; mAb: monoclonal

antibody; metho: methotrexate; pred.: prednisone; vinc: vincristine; 5-FU: 5-fluorouracile.

Non-small-cell lung cancer
(NSCLC)

Breast tumors

Melanoma

Temozolomide

EGFR inhibitors

cycloP/5-FU/pred.;
5FU/pred./metho./vinc.;

5-FU/metho.

Trastuzumab
(anti ERBB2 mADb)

Lapatinib (EGFR &

ERBB2 inhibitor)

Fotemustine

Temozolomide

Ipilimumab
(anti CTL-4 mAb)

No effect

(because no effect on the
NSCLC?)

Better response in EGFR
mutated patients

Better response rates (42 to
59%)

Poor effect on the BM due to
BBB penetration

Increase the BM occurrence
(increase local tumor control
and survival)

Phase Il on Trastuzumab + RT
patients

Increased response rate

Modest activity when
combined to WBRT

Increase in the objective
response rate

Stable disease in 26% of the
patients

Objective response
Durable disease control
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(G. L. Ceresoli
2004)

(W. Boogerd et al.
1992; D. Rosner et
al. 1986)

(H. J. Burstein et
al. 2005)

(N. U. Lin et al.
2009, 2011)

(M. F. Avril et al.
2004; F. Mornex
et al. 2003)

(M. Hofmann et al.
2006)

(G. Feldmann et
al. 2013; F. S. Hodi
et al. 2008)



2. Effects of radiations on the normal brain tissue

Radiation-induced brain injuries have been largely described after cranial exposure to ionizing
radiations. Via their direct and indirect toxicities on the brain cells, ionizing radiations induce an alteration
of the brain homeostasis by molecular and cellular modifications that lead to functional alterations (Figure
3). Since no single cell-type can explain the response of an organ to a particular stress, the radiation-
induced brain toxicities are nowadays considered to occur in a dynamic environment made out of multiple

brain cell-types (P. J. Tofilon et al. 2016).

2.1. Effects of radiations on the glial cells

Glial cells include four different cell-types: astrocytes, microglia, oligodendrocytes and ependymal
cells. They highly contribute to the brain’s homeostasis and stress response by their numerous roles

including physical support, nutrients and oxygen supply, or immune functions (S. Jakel et al. 2017).

2.1.1. Oligodendrocytes

Oligodendrocytes are responsible for the formation of the myelin sheet in the brain. Their role in the
CNS initially focused the research on the radiation-induced brain toxicity due to the major contribution of
myelin to the neurotransmission. Acute decrease in oligodendrocytes type-2 astrocytes (0-2A) population
and loss of their proliferation abilities have been described as soon as 24h post WBI above 3 Gy in murine
models (M. Bellinzona et al. 1996; H. Kurita et al. 2001; M. C. Raff et al. 1983; C. Shinohara et al. 1997).
The radiation-induced loss of O-2A cells results in an acute brain demyelination that cannot be
counterbalanced by the surviving fraction of oligodendrocytes (D. M. Chari et al. 2003). Interestingly, the
acute decrease in the number of oligodendrocytes has been attributed to a p53 dependent radiation-
induced apoptosis in specific regions of the brain such as the sub-ventricular zone (SVZ) and the sub-
granular zone of the hippocampus dentate gyrus (SGZ) that both support neurogenesis (B. M. Chow et al.
2000; H. Kurita et al. 2001; K. Sano et al. 1997; R. Sasaki et al. 2000). Nevertheless, no decrease in
oligodendrocytes number nor in myelin distribution has been observed one year post-fractionated
irradiation in rats with a total delivered dose of 45 Gy, despite an important decline in cognitive functions
(L. Shi et al. 2009). Even if these results tend to attribute to oligodendrocytes an acute role in the brain

radiation-induced toxicity, their involvement in long-term changes remains unclear.

2.1.2. Astrocytes
Astrocytes represent about 50% of the total glial cell population and play diverse functions including

synaptic transmission modulation, nutrient supply and secretion of growth factors. Their implication in
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the blood brain barrier by tight interactions with endothelial cells and neurons triggers a protective role
against oxidative or physical stresses. In the context of a brain injury, morphological changes are observed
along with an increase in proliferation and expression of Glial Fibrillary Acidic Protein (GFAP). These
modifications known as reactive astrogliosis have been described after brain exposure to ionizing
radiations. Increase in GFAP expression has been observed acutely as soon as 24 hours in the irradiated
brain, but also chronically up to 180 days post whole brain irradiation (WBI) above 7 Gy (C. S. Chiang et
al. 1993; J. H. Hong et al. 1995). Moreover, these reactive astrocytes secrete pro-inflammatory molecules
such as COX-2 or ICAM-1 that may induce neuroinflammation and peripheral immune cell recruitment.
Even if their exact role in the radiation-induced brain pathogenesis is mostly unknown, the interactions
of astrocytes with microglial and endothelial cells surely contribute to the brain’s response to ionizing

radiations.

2.1.3. Microglia

Microglia cells account for 10 to 15% of the total brain cells (P. J. Gebicke-Haerter 2001; L. J. Lawson
et al. 1992) and are described as the brain’s innate immune cells due to their role in monitoring the brain
environment and their high similarity to the macrophages upon activation (G. Stollg et al. 1999). Microglia
activation following injury consists in a loss of their processes and an increase in proliferation, production
of reactive oxygen species (ROS), and release of cytokines and chemokines that mediate the
neuroinflammation (P. J. Gebicke-Haerter 2001; S. Y. Hwang et al. 2006; W. H. Lee et al. 2010; G. Stollg et
al. 1999). Even though their phagocytosis role might be important for dead cells and debris clearance
following irradiation (R. Fu et al. 2014), microglial activation has been identified as a major contributor to
chronic neuroinflammation. In-vitro experiments on microglia cultures showed a radiation-induced
production of pro-inflammatory molecules such as TNFa, IL-1f3, IL-6, IL-18, INFy, MCP-1 or Cox-2.
Interestingly, an increase in the expression of these factors has been described in the murine brain
following whole brain irradiation with a dose of 10 Gy (C. S. Chiang et al. 1993; S. Y. Hwang et al. 2006; S.
Kyrkanides et al. 1999; W. H. Lee et al. 2010), along with an augmentation of microglial activation
characterized by an increase in CD11b, CD68 and Ibal expression (C. S. Chiang et al. 1997; R. Ladeby et al.
2005; M. Mildenberger et al. 1990; M. L. Monje et al. 2003). Moreover, radiation-induced microglial
activation has been associated with a chronic neuroinflammation. Indeed, elevated expression of TNFa
was measured in the mouse brain up to 6 months post-irradiation (J. H. Hong et al. 1995), along with an
elevation of the CCR2 receptor expression level 9 months post-exposure (R. Rola et al. 2005) and a
persistent microglial activation (K. R. Conner et al. 2010; S. Ramanan et al. 2008; M. K. Schindler et al.
2008). This chronic neuroinflammation has been linked to neurogenesis deficits and loss of cognitive

functions in rodent models (M. L. Monje et al. 2002, 2007; R. Rola et al. 2004).
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2.2. Effects of radiations on the brain’s vascular compartment

The brain’s vasculature differs from the systemic network by the presence of tight junctions between
endothelial cells, which restricts the flow of molecules from the blood to the brain compartment. This so
called “Blood Brain Barrier” (BBB) makes the brain a particularly isolated organ and allows the precise
control of homeostasis to ensure a proper cerebral function (R. Daneman et al. 2015). The structure of
the BBB also depends on the presence of astrocytic processes or “feet” that ensure a physical and
biochemical support to endothelial cells (N. J. Abbott et al. 2006). Many studies have focused on the
impact of irradiation on the endothelial cells and on the BBB integrity since breakages in this physical
protection can lead to major brain dysfunctions.

Long-term blood vessel dilatation, blood vessel wall thickening and endothelial cell nuclear
enlargement have been extensively described following whole brain irradiation in rats at doses ranging
from 17-25 Gy (W. Calvo et al. 1988; H. S. Reinhold et al. 1990). Moreover, these results correspond to
the description of a dose-dependent decrease in CD31+ endothelial cells along with a loss of brain blood
vessel density and length (W. R. Brown et al. 2005; H. S. Reinhold et al. 1990). lonizing radiation exposure
induces ceramide-mediated endothelial cells apoptosis within 24h post-irradiation via the activation of
the acid sphingomyelinase (Y.-Q. Li et al. 2004; Y. Q. Li et al. 2003; L. A. Pefia et al. 2000; P. Santana et al.
1996). The radiation-induced blood brain barrier disruption and the underlying mechanisms have also
been investigated. The use of permeability tracers such as FITC-dextran, albumin or
diethylenetriaminepentaacetic acid (DTPA), allowed the observation of a radiation-induced BBB
disruption as soon as 24 hours post-irradiation with single-doses ranging from 2 to 50 Gy. These
alterations have been described as long-lasting and associated with white matter necrosis (D. d’Avella et
al. 1998; T. E. Schultheiss et al. 1992; H. Yuan et al. 2006). Alteration in the metalloproteases MMP-2,
MMP-9 and TIMP-1 expressions balance, along with a degradation of the type IV collagen in the BBB
extracellular matrix have been described 24 hours post single-dose and fractionated whole brain
irradiation (W. H. Lee et al. 2012). These modifications in the extracellular compartment are associated
to a significant decrease in VEGF, Ang-1 and Tie-2 expression and an increase in Ang-2 mRNAs amount
(W. H. Lee et al. 2011). An increase in VEGF expression by the astrocytes after the delivery of 8 to 22 Gy
to the rat’s brain has also been linked to an increase in vascular permeability (M. N. Tsao et al. 1999). In
the specific region of the hippocampus, a rarefaction of blood capillaries along with tissue hypoxia has
been identified months after the delivery of 36 Gy in a fractionated regimen (J. P. Warrington et al. 2011,
2012). Altogether, the loss of endothelial cells, decrease in vessel density, increase in the vessels
permeability, loss of endothelial cells tight junctions and destruction of the extracellular matrix have been
associated to breakages in the BBB accompanied by an increase in leukocyte adhesion (T. E. Schultheiss

et al. 1992; H. Yuan et al. 2003). This peripheral immune cell infiltration participates to the establishment
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of a radiation-induced chronic neuroinflammation along with the activation of the microglia, and thus

increases the response of the other brain cell-types in a downward circle.

2.3. Effects of radiations on neurons and neurogenesis

2.3.1. Neurons

Due to their former classification as post-mitotic cells, neurons have been long considered as a
radiation-resistant cell population. Nevertheless, an important number of studies have described
molecular, morphological and functional radiation-induced alterations in neurons and in their
progenitors. In 1960, experiments performed on cat’s brain identified electrical activity changes in the
EEG following whole brain irradiations at doses of 20 and 40 Gy (H. Gangloff et al. 1960). Further
investigations performed with microelectrodes after a 45 Gy total body irradiation in rabbits showed
important disturbances in the hippocampal cellular activity. These modifications were concomitant with
a decrease in the neuronal discharge rate and deficits in synaptic efficiency and spike generation (M. H.
Bassant et al. 1978). Neuronal gene expression changes have also been identified post-irradiation. A
significant reduction in both mRNA and protein levels of Arc (activity-regulated cytoskeleton-associated
protein) has been described 2 months post 10 Gy WBI (S. Rosi et al. 2008). Increase in the level of
expression of Arc have been related to cognitive stimuli, supporting a critical role in memory consolidation
(J. F. Guzowski et al. 2000). Moreover, changes in the expression of receptors involved in
neurotransmission have been described. A persistent decrease in the expression of the glutamatergic
NDMA receptor was observed up to 180 days post-irradiation in the rat brain (M. Machida et al. 2010).
Similarly and in the same model, glutaminergic, glutamatergic and GABAergic transmissions were affected
by whole brain irradiation (B. H. Rohde et al. 1979). The increase in NMDA receptor at the cell surface,
coupled with an increase in GABA receptors expression induced an inhibition of long term potentiation in
the dentate gyrus (P. H. Wu et al. 2012) Moreover, increased expression of PC-2 gene, involved in the
processing of neuro-endocrine peptides, has been measured as soon as 6 hours post-irradiation at 10 Gy
(F. Noel et al. 1998). Interestingly, these radiation-induced modifications occur without any change in the
total number of neurons, or in the number of myelinated axons (L. Shi et al. 2008), suggesting an
importance of neuronal network and communication between neurons and other brain cells. Changes in
dendritic structure has also been observed in hippocampal neurons 2 months post-WBI, including a
decrease in dendritic spines, dendritic length and branches, and a decrease in PSD-95 expression (V. K.

Parihar et al. 2015)
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2.3.2. Neurogenesis

The large majority of the neurons in the mammalian brain are produced before birth and during
childhood, whereas adult de-novo neurogenesis has long been controversial. Nevertheless, it is nowadays
admitted that the adult mammalian brain contains highly active regions of neurogenesis. Indeed, neural
stem cells (NSCs) have been identified in two distinct regions: the subventricular zone (SVZ), and the sub-
granular zone (SGZ) of the hippocampus dentate gyrus (DG) (Figure 2) (A. Alvarez-Buylla et al. 2004; F
Doetsch et al. 1997; G. Kempermann 2002) and associated with a particular niche environment (Fiona
Doetsch 2003). These NCSs, originating from multipotent neuronal precursors, are able to differentiate
into new neurons, astrocytes and oligodendrocytes (D. N. Abrous 2005; A. Carleton et al. 2003; P. M. Lledo
et al. 2006). Neurogenesis is finely regulated in a specific microenvironment defined by the presence of

vascular endothelial cells and astrocytes (Fiona Doetsch 2003; T. D. Palmer et al. 2000; H. Song et al. 2002).

A Corte;( ’ ~ : B

s ‘,  Hippotampus Cortex

| N aEs { ,? vV
AN S T e X
Striatum Th | ! |
o\ i Striatum . X
£ Wb e
3 B LY
¢ Amy -
\\ - | Pallidum o Lscx |svz
¢ : ik Striatum
o ;
= = o ‘%’,

/ Cortex S G
ipggcampus

‘ﬁ_v
svzl Brain Stem
RMS
Th MidBrain

Striatum ;

¢ Cay Rons Medulla
> ; !
. o

Figure 2: The neurogenesis niches. A: Coronal section of a mouse brain in the region of the hippocampus and zoom on
the hippocampus. B: Coronal section of a mouse brain in the region of the lateral ventricles and zoom on a lateral
ventricle. C: Sagittal section of a mouse brain.

Amy: amygdala; CA: cornu ammonis areas; CBX: cerebellum; Cx: cortex; DG: dentate gyrus; GCL: granule cell layer; HyT:
hypothalamus; LSCx: lateral septal complex; LV: lateral ventricles; RMS: rostral migratory stream; SVZ: sub-ventricular
zone; SGZ: sub-granular zone; Th: thalamus.
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Due to their ongoing activity of cell division and neurogenesis, both SVZ and SGZ regions are sensitive
to ionizing radiations. A radiation-induced increase in hippocampal apoptosis evaluated by TUNEL assays
and DNA laddering has been described after the delivery of 10-18 Gy to the whole brain of rodents,
peaking between 6-9 hours post-irradiation (I. Ferrer et al. 1993; R. Nagai et al. 2000; W. PeiRner et al.
1999). Moreover, single and fractionated doses of radiation-therapy delivered to the whole brain have
been described as responsible for a decrease in NSCs division and generation of new neurons in the
hippocampal DG (M. L. Monje et al. 2002; J. Raber et al. 2004; R. Rola et al. 2004). A dose-dependent
decrease in NSCs proliferation and differentiation into neurons have also been observed in the irradiated
SVZ of adult rats with doses between 1 and 30 Gy at both acute and late time-points (T. Amano et al.
2002; M. Bellinzona et al. 1996; C. Shinohara et al. 1997). The migration of newly born neurons from the
SVZ to the olfactive bulb (OB) through the rostral migratory stream (RMS) (Figure 2) has also been studied
post-irradiation. An increase in the number of doublecortin (DCX) labelled cells identified as immature
neurons has been found in the SVZ and in the RMS 7 days post-irradiation (S. Balentova et al. 2015).
Nevertheless, a decrease in the number of the DCX-labelled cells has been described in the same region
of the rat’s brain 1, 2 and 3 months post-fractionated irradiation at 3 to 5 Gy (S. Balentova et al. 2014).
The acute increase in immature neurons might be explained by a recruitment of quiescent stem cells
(gNSCs) observed shortly after brain irradiation (S. Mizumatsu et al. 2003; C. Shinohara et al. 1997). The
identification of markers able to discriminate gNSCs from activated NSCs (aNSCs) allowed to verify this
hypothesis and described a Lex(bright);EGFR- cell population able to enter proliferation via Hedgehog and
GABA receptor signaling following irradiation (M. Daynac et al. 2013, 2016). Nevertheless, the extensive
number of markers recently used to identify NSCs underlies an important heterogeneity that questions
the in-vivo dynamics of stem cells in both homeostasis and stress-associated contexts (Z. Chaker et al.
2016).

Interestingly, the role of NSCs in the adult brain has been largely studied within the last decades and
neurogenesis has been linked to cognitive functions in both rodent and human brains (L. A. Christie et al.
2012; D. L. Clarke 2003; K. L. Spalding et al. 2013). The radiation-induced impact on cognitive skills will be

further developed in this introduction.
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Figure 3: Radiation-induced alterations on the normal brain. Irradiation of the healthy brain induces early and late
time-point modifications in all cellular compartments and leads to functional alterations.

2.4. Radiation-induced functional alterations in the brain

Extensive molecular and cellular changes have been described in all cell-types after brain exposure to
ionizing radiations. These modifications in cell phenotypes and functions have been associated to

functional alterations and particularly to cognitive impairment.

2.4.1. Cognitive impairment in brain tumor patients

As survival among children treated for brain cancer continues to improve, more attention is being
focused on the chronic neurocognitive effects of cranial radiation-therapy. Deficits in cognitive
development have been described most thoroughly among children treated for posterior-fossa tumors,
and specifically medulloblastomas. Many studies have shown a decrease in IQ up to 4.3 points per year
post-RT, with a greater deficit with younger age at radiotherapy and a dose-dependent decline (J. Grill et
al. 1999; R. K. Mulhern et al. 2001; S. L. Palmer et al. 2003; M. D. Ris et al. 2001). The main cognitive
deficits were found in visual attention, verbal and spatial memories (D. R. Copeland et al. 1999; E. Hoppe-
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Hirsch et al. 1990, 1995; R. K. Mulhern et al. 2001; Raymond K. Mulhern et al. 2004), with sometimes the
necessity to enroll children in schools dedicated to children in educational difficulties (A. W. Glaser et al.
1997).

Radiation-induced cognitive deficits, from slight memory loss to dementia, have been reported to
occur in 50 to 90% of adult brain tumor patients who survive more than 6 months post-irradiation (J. R.
Crossen et al. 1994; K. Edelstein et al. 2017; A. R. Giovagnoli et al. 1994; T. B. Johannesen et al. 2003; C.
A. Meyers et al. 2006). These impairments can be characterized by loss of attention and/or a decrease in
verbal, spatial and working memories identified by difficulties in problem-solving abilities (F. H. Hochberg
et al. 1980; E. Laukkanen et al. 1988; D. D. Roman et al. 1995; A. Twijnstra et al. 1987). Cognitive
impairment incidence has also been described as increased over time and with a progressive severity that
can lead to dementia (C Nieder et al. 1999; J. N. Scott et al. 1999; M. C. Vigliani et al. 1999), which is
however less frequent in patients treated by radiosurgery or fractionated radiotherapy with fractions
under 3 Gy (E. L. Chang et al. 2009; L. M. DeAngelis et al. 1989; M. Klein et al. 2002).

All of these cognitive impairments have an impact on the patient’s quality of life, regardless of their
severity. Indeed, studies showed that cognitive dysfunctions assessed by neurocognitive testing
significantly correlated with the patient’s performance on the Functional Assessment of Cancer Therapy
-Brain Specific test (FACT-Br) aiming at evaluating the patient’s QOL (J. F. Gleason et al. 2007; J. Li et al.
2008). Similarly, Karnofsky Performance Status was found declined in 20% of the patients treated with
fractionated radiation-therapy and affected by cognitive deficiencies (C Nieder et al. 1999). The impact of
brain radiotherapy treatments on the patient’s QOL is of major importance since current therapies are
more and more efficient and brain cancer patients survive longer. The development of preclinical models
to prevent, mitigate or reverse the radiation-induced cognitive deficits is thus essential to provide better

clinical treatments.

2.4.2. Radiation-induced cognitive impairment in preclinical models

Preclinical studies are crucial to assess the different types of cognitive impairments following the brain
exposure to ionizing radiations, and to decipher the mechanisms involved in this pathogeny to further
implement techniques aiming at avoiding these dysfunctions. Given the importance of the hippocampus
in the short-term and long term memory, and its implication in the spatial orientation and learning (N. S.
Burghardt et al. 2012; E. Butti et al. 2014; P. M. Lledo et al. 2006; G. Winocur et al. 2006), most of the
investigations conducted on murine models have focused on this brain region and have been recently
reviewed by Tomé and collaborators (W. A. Tomé et al. 2016).

These impairments have been assessed using several behavioral tests, showing impaired

performances following brain irradiation (Table 4). Reduction in the hippocampal neurogenesis, assessed
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by Ki67+, BrdU+ and/or DCX+ cells quantification of the SGZ has been broadly correlated with learning
and spatial memory deficits 1 to 9 months after single and fractionated doses between 2 and 25 Gy (K.
Akiyama et al. 2001; T. M. Madsen et al. 2003; A. A. Nageswara Rao et al. 2011; J. Raber et al. 2004; R.
Rola et al. 2004, J. S. Snyder et al. 2005; W. A. Tome et al. 2015; W. A. Tomé et al. 2016). Interestingly, the
radiation-induced deficit in neurogenesis that has been linked to a loss of cognitive skills seems to be age-
dependent and was not observed in old irradiated rats (I. Lamproglou et al. 1995; M. K. Schindler et al.
2008) in which a higher inflammatory response was identified (S. Rosi et al. 2008; M. K. Schindler et al.
2008).

Table 4: Different behavioral tests used in preclinical models to assess the radiation-induced cognitive impairments.

) ;. Hippocampus
Novel Object Recognition

. Visual / Working memory  Pre-frontal cortex
(NOR) and associated tests

Temporal Order (TO)

Object in Place (OiP)

Passive avoidance (PA)

Barnes Maze (BM)

Morris Maze

Elevated Plus Maze (EPM)

Forced Swim Test (FST)

Fear Extinction (FE)

Visual / Working /
Temporal memory

Visual / Working / Spatial
memory

Contextual memory
Emotional memory

Visual / Working / Spatial
memory

Visual / Working / Spatial
memory
Anxiety

Anxiety

Behavioral despair
Depression

Conditioned learning
Anxiety

Fear suppression
Dissociation learning

Perirhinal cortex
Hippocampus
Pre-frontal cortex
Perirhinal cortex
Hippocampus
Pre-frontal cortex
Perirhinal cortex

Hippocampus
Amygdala

Hippocampus
Pre-frontal cortex
Perirhinal cortex
Hippocampus
Pre-frontal cortex
Amygdala
Hippocampus
Pre-frontal cortex
Amygdala
Hippocampus
Pre-frontal cortex
Amygdala

Hippocampus
Pre-frontal cortex
Amygdala

(M. M. Acharya et al. 2009;
Munjal M. Acharya et al.
2011, 2016; J. E. Baulch et
al. 2016; D. Greene-
Schloesser et al. 2014)

(K. Akiyama et al. 2001; G.
Baydas et al. 2008; J. Raber
et al. 2004; W. A. Tome et
al. 2015)

(P. M. Lledo et al. 2006; M.
Machida et al. 2010; J. P.
Warrington et al. 2012)

(X. Dong et al. 2015; R. A.
Rice et al. 2015; R. Rola et
al. 2004)

(S. Pellow et al. 1985; R.
Rola et al. 2004)

(A. Can et al. 2011)

(P. Achanta et al. 2009; L.
Villasana et al. 2010)

Nevertheless, the hippocampus is not the only region that seems to be involved in the radiation-
induced cognitive dysfunction. The amygdala and hippocampus regions both contribute to fear, anxiety

and depression-like responses to stress (R. G. Phillips et al. 1992) that can also be evaluated using different
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tests (Table 3). Fear conditioning assays showed a decrease in test performances as soon as 2 weeks post
4 Gy delivery (R. H. J. Olsen et al. 2017, 2014). The prefrontal and perirhinal cortices-dependent functions,
evaluated by adapted NOR tests were also found impaired in rodents models post-irradiation (Munjal M.
Acharya et al. 2016; D. Greene-Schloesser et al. 2014; T. C. Lee et al. 2012; V. K. Parihar et al. 2015; K. T.
Wheeler et al. 2014). The cellular implication in olfaction of the new neurons originating from the SVZ and
localized in the olfactive bulb after their migration through the rostral migratory stream is still
controversial (K. G. Bath et al. 2008; G. Gheusi et al. 2000; W. R. Kim et al. 2007). Nevertheless, long-term
olfactory memory was found affected by SVZ irradiation at 15 Gy, whereas short-term memory, odorant

molecules discrimination and social-guided olfactive behaviors were not affected (F. Lazarini et al. 2009).

2.5. Strategies to prevent or reverse the radiation-induced toxicities in the brain

Many preclinical and clinical studies have focused on strategies to prevent, mitigate or reverse the
radiation-induced brain toxicities, compatible with the difficulty to access to the brain through the BBB.
Different approaches have been developed including the administration of pharmacologic agents,
physical avoidance of radiation sensitive brain regions or stem-cells therapies aiming at decreasing the
radiation-induced pathogeny. Cell-death, neurogenesis reduction, neuroinflammation, vascular damage

and cognitive deficits were equally investigated.

2.5.1. Prevention against oxidative stress and neuroinflammation

Radiation-induced oxidative stress is thought to be responsible for - and result from - the
neuroinflammatory response, linked to the microglia activation, the ROS production and the peripheral
immune cell infiltration. Nevertheless, ROS production at both acute and late time-points post-irradiation
is difficult to measure and the inflammatory response is often used as a surrogate to oxidative stress
assessment.

The use of Peroxisome Proliferator-Activated (PPAR) agonists such as pioglitazone or fenofibrate,
already administrated in clinics to treat type 2 diabetes or dyslipidemia (G. Derosa 2010; K. McKeage et
al. 2011) have been widely studied to improve the radiation-induced brain toxicities. PPARy, a and 9, via
their transcription factor activity have been shown to trigger anti-inflammatory and neuroprotective
effects on CNS disorders including multiple sclerosis, Alzheimer’s and Parkinson’s diseases and after
traumatic brain injuries (J. J. Bright et al. 2008; P. F. Stahel et al. 2008), including ionizing radiation
exposure (S. Ramanan et al. 2010). Interestingly, the administration of a PPARy agonist 3 days prior, during
and 52 weeks after the delivery of a total 40 Gy dose of fractionated brain irradiation in rats significantly

improved cognition skills compared to non-treated animals and animals treated after the irradiation only
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(W. Zhao et al. 2007). Treatment with PPARa. agonists one week before, during and up to 30 weeks after
a 10 Gy single-dose WBI was shown to preserve the hippocampal neurogenesis and the survival of
immature neurons while inhibiting the microglia activation (S. Ramanan et al. 2009). Similarly, PPARS
administration 14 days before, during and after a 10 Gy single-dose WBI induced an acute decrease in IL-
1P expression and ERK phosphorylation along with a prevention of microglia activation and astrogliosis.
Nevertheless, no long-term cognitive improvement was observed compared to the non-treated irradiated
animals (C. I. Schnegg et al. 2013).

Other strategies have directly targeted microglial cells. Microglia have recently been identified as CSF-
1 dependent for their survival (M. R. P. Elmore et al. 2014) and CSF-1 receptor inhibitors have been
successfully used to reversely deplete microglia in adult rodents without inducing persistent
abnormalities (M. R. P. Elmore et al. 2015). Moreover, administration of CSF-1R inhibitors was found to
prevent glioblastoma recurrence by inhibiting the myeloid cells recruitment into the brain, leading to a
successful clinical trial (N. Butowski et al. 2016; J. H. Stafford et al. 2016). Interestingly, the same
pharmaceutical agent provided a significant cognitive benefit 3 to 6 weeks post 9 Gy single-dose WBI with
a near complete elimination of microglia investigated by Iba-1 and CD68 markers (Munjal M. Acharya et

al. 2016).

2.5.2. Other pharmaceutical strategies
Other pharmaceutical strategies are summarized in Table 5. A particularly promising approach
consists in blocking the renin-angiotensin system (RAS) with angiotensin-converting enzyme inhibitors or
angiotensin type-l receptors blockers (ARB), that are already routinely use in clinics to treat hypertension-
associated nephropathies and pneumopathies ( a Molteni et al. 2000; J. E. Moulder et al. 2003). Moreover,

hypoxia modulation and neurogenic niche protection have been investigated.
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Table 5: Pharmaceutical strategies to prevent, mitigate or reverse the radiation-induced brain injuries

ARB
L158,809

Ramipril

Hypoxia
Induction

EPO

Lithium

NSI-189

3 days before, during
and after fWBI

3 days before, during
and after fWBI.

24h before and 12
weeks after a 10 or
15 Gy single dose
WBI.

Exposition of mice to
11% of Oy initiated

one month post-WBI.

Intracranial
administration of
EPO analogue in
irradiated rats

Oral administration
before WBI

Oral administration
after fWBI

Protection against neurocognitive
impairment 26 to 52 weeks post-RT.
No late histopathology changes.
Decrease in microglial activation
Protection against perirhinal cortex-
dependent cognitive deficits.

No improvement of neurogenesis

Slight preservation of neurogenesis

No modulation of the microglia activation

and neuroinflammation

Reversion of the radiation-induced
cognitive impairments (contextual
learning)

Persistent increase in blood-vessel density

Protection against radiation-induced
neuronal dysfunction

Protection of hippocampal neurons
against radiation-induced apoptosis
Increase in Akt and Bcl-2

Improved cognitive performance
Preservation of hippocampal and
perirhinal cortex-dependent cognitive
function at acute and late time-point
Increase in neurogenesis

Decrease in microglia activation

(M. E. Robbins
et al. 2009)

(T. C. Lee et al.
2012)

(K. A. Jenrow et
al. 2010)

(J. P.
Warrington et
al. 2011, 2012)

(J. P. Knisely et
al. 2004)

(E. M.
Yazlovitskaya
et al. 2006)

(B. Allen et al.
2018)

In addition to pharmaceutical treatments, a particular interest has been sustained to stem cell

therapies aiming at protecting or restoring neurogenesis and improving neurocognition. Several cellular

sources of NSCs have been used, including embryonic stem cells (ESCs), adult NSCs and neural progenitors.

In 1990, one of the first study evaluating the possibility to rescue radiation-induced cognitive impairment

by cell transplantation was realized using fetal neurons and neural precursors injected either in the cortex

or in the hippocampus of rats, 22 weeks post WBI at 13Gy. Interestingly, both cortex and hippocampal

transplants induced a differential enhancement on behavioral tests performances (G. A. Mickley et al.

1990). Moreover, the transplantation of human stem cells into irradiated murine brains has povided

promising results. Intra-hippocampal injection of human ESCs (hESCs) two days after brain irradiation in

rats induced a preserved neurogenesis and immature neuron migration in the hippocampus, along with
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the expression of the memory-associated Arc protein. These results correlated with a protection against
radiation-induced cognitive impairment at early and late time-points post-irradiation (M. M. Acharya et
al. 2009, 2011; Munjal M. Acharya et al. 2011). Interestingly, the implantation of hESCs-derived
oligodendrocyte progenitors in the forebrain and cerebellum of irradiated rats induced a remyelination
and a functional preservation of the brain (J. Piao et al. 2015). These studies show that the radiation-
induced drop in neurogenesis coupled with cognitive deficits can be reversed by stem cells
transplantation, and the first guidelines for a potential clinical trial have been published (H. Huang et al.

2018)

2.5.4. New technologies of radiation-therapy

In order to directly prevent the occurrence of radiation-induced brain toxicities, new irradiation
techniques have been developed and investigated in preclinical and clinical trials.

One strategy is to avoid the brain structures associated with the cognitive function, and especially the
hippocampus region. A preclinical study on mice evaluated in 2015 described the benefits of hippocampal
sparing WBI versus classical WBI after the delivery of a single dose of 10 Gy. Interestingly, this study
showed a significant improvement of hippocampal-associated behavior in the animals that received
hippocampal sparing WBI versus the WBI group (W. A. Tome et al. 2015). This preclinical model was
supposed to biologically support an ongoing phase Il clinical trial (RTOG-0933) aiming at evaluating the
benefits on cognition of hippocampal avoidance during whole brain irradiation to treat brain metastases
(V. Gondi et al. 2014). An improvement in cognition and in patient’s QOL was reported in 42 patients 4
months post fractionated WBRT (3x10 Gy). However, less than 45% of the radiation-oncologists in the US
would change their clinical practice to include hippocampus avoidance and further validations in a phase
[l trial was supported by 76% of them (A. N. Slade et al. 2016). This reluctance might be due to the fact
that technology has evolved to potentially avoid WBRT with radiosurgery techniques, but also that other
regions than the hippocampus are involved in cognition, and that no long-term cognitive improvement
has been shown yet (D. Greene-Schloesser et al. 2012). The risk to miss or protect tumor cells by such
brain region avoidance must also be addressed. Moreover, other studies have recently assessed the
feasibility of hippocampus sparing with several radiation-therapy techniques, both in preclinical models
and in clinical brain tumor cases, but without further in-vivo or clinical application (C. Di Carlo et al. 2018;
C. K. Cramer et al. 2015; K. Thippu Jayaprakash et al. 2017; S. W. Yoon et al. 2017).

Highly innovative irradiation techniques have also been investigated. Microbeam Radiation-Therapy
(MRT) uses highly collimated, quasi-parallel arrays of X-rays microbeams, produced by 3rd generation
synchrotron sources. It consists in delivering X-rays on 25-75 um coplanar beams spaced from each other

by 100-400 um (J. A. Laissue et al. 1999). MRT research has been widely developed and has engendered
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many preclinical results on different animal models, including brain tumors and radiation-induced brain
injuries. Interestingly, MRT showed the possibility to highly increase the delivered dose (measure at the
entry point) without inducing any severe injury. Indeed, only 12% of glioma-bearing rats developed
abnormal clinical signs after the delivery of 625 Gy with beams spaced by 200 um, whereas the same dose
with beams spaced by 100 um induced injuries in more than 70% of the animals. Moreover no histological
lesions were observed in the first group (P. Regnard et al. 2008). In addition, cognition sparing has been
described in mice 8 months after the delivery of a 10 Gy equivalent dose to the whole brain with MRT,
without any histological change (S. Bazyar et al. 2017). A preservation of the rat sensory-motor cortex,
evaluated by motor performance and cortical architecture, was also observed after the delivery of 150 or
360 Gy to the whole brain with MRT (E. Fardone et al. 2017). Recent studies tend to show that MRT does
not affect the vascular compartment of the irradiated normal brain (A. Bouchet et al. 2015), preventing
the occurrence of radiation-induced edema (R. Serduc et al. 2008). These promising results trigger the

possibility to apply MRT in clinics for brain tumor treatment (M. A. Grotzer et al. 2015).

Despite an important number of preclinical studies develop with the aim to reduce the radiation-
induced brain injury, only a few of them are translated to clinical trials and toxicities induced by radiation-
therapy treatments are still affecting the brain tumor patient’s quality of life. It is thus of major importance
to develop new pharmaceutical and technological strategies to increase the therapeutical index of
radiation-therapy and propose better and innovative treatments in clinics. It is nevertheless crucial to fully
investigate the radiobiological processes involved in the development of these side effects in order to

ideally adapt the therapeutical strategies.
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3. FLASH irradiation

The present work has focused on a new irradiation technology called FLASH Radiation-Therapy
(FLASH-RT) that consists in the delivery of ultra-high dose-rate irradiations (> 100 Gy/s) when conventional
radiation-therapy (CONV) delivers dose-rates around 0.1 Gy/s. Recently identified as a possibility to
increase the therapeutic index of radiation-therapy by decreasing the normal tissue injury while keeping
an efficient anti-tumor effect, FLASH-RT has become a point of interest in the new irradiation technologies

development.

3.1. The FLASH-RT technology and dosimetry

Opportunities to improve the efficacy of radiation-therapy may have been under explored. Today,
modern radiation-therapy devices still use the same technology of electron acceleration in waveguides as
half a century ago. However, the recent development of proton-therapy facilities and the use of high
linear-energy transfer (LET) ions exemplify some of the possibilities that are currently opened. Previous
experiments conducted with short pulses of X-rays on lymphocytes (T. Prempree et al. 1969) or more
recently conducted with protons on human-hamster hybrid cells and skin cells (S. Auer et al. 2011; T. E.
Schmid et al. 2010, 2011) including micro-channel radiotherapy that operates at a dose-rate of 200 Gy.s
1 (0. Zlobinskaya et al. 2013) showed less cytogenetic damages and markedly protect normal tissue for
radiation-induced acute and long-term damages.

Nowadays, only few devices are able to deliver ultra-high dose-rate irradiation on large volumes of
tissue. One of them is the experimental electron eRT6 Oriatron 6MeV LINAC (Figure 4) that has been
installed at the CHUV, Lausanne, Switzerland and that was built by a French company (PMB-Alcen) (M.
Jaccard et al. 2018). This LINAC was built up based on the Kinetron 4.5MeV LINAC, available in the Institut
Curie, Orsay, France, and built by CGR-MeV. These LINACs have been designed to deliver a pulsed electron

beam at variable dose-rates: from a few Gy/min (CONV) up to thousands of Gy/s (FLASH).
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Figure 4: Photograph of the eRT6 Oriatron LINAC installed at the CHUV, Lausanne, Switzerland. This LINAC prototype
delivers a pulsed electron beam at conventional or ultra-high (FLASH) dose-rates.

The use of such high mean dose-rates but also high dose-rate per-pulse, raised the challenge of
performing a reliable dosimetry in unusual irradiation conditions. lonization chambers, which are in
general the instruments of choice for reference dosimetry, cannot be used directly because of strong
saturation effects induced by the intense beam of the LINAC prototype, which cannot be corrected in a
satisfactory way by existing saturation models (J. W. Boag et al. 1996; D. T. Burns et al. 1998; F. Di Martino
et al. 2005). An important work on dosimetry has been realized in Lausanne to assess the application of
classical dosimeters to FLASH-RT and ensure a proper-dose delivery for the biological investigations. EBT3
Gafchromic™ films usability with ultra-high dose-rates has been investigated due to their easy handling
(M. Jaccard et al. 2017). The dependence as a function of dose-rate per pulse has been studied with the
eRT6 LINAC from 7.10% to 8.10° Gy/s and showed that EBT3 Gafchromic™ films dosimetry was
independent from the dose-rate, with an excellent consistency between films and thermo-luminescent
dosimeters (TLDs), already described as dose-rate independent (L. Karsch et al. 2012). Nevertheless, both
TLDs and EBT3 Gafchromic™ films are offline dosimeters that do not allow to get a dosimetry at the
moment of the irradiation. However, online dosimetry in high dose-rate and high dose-rate per-pulse
beams is challenging because current radiotherapy dosimetry protocols are not designed for such
conditions and because the detectors available for online measurements (i.e., ionization chambers,
diodes, and diamond detectors) start to exhibit a non-negligible ion recombination when the dose-rate
and/or the dose-per-pulse is increased beyond what is used in conventional radiotherapy. The possibility

to correct the ion-recombination of the Advanced Markus ionization chamber has been investigated to

64



potentially use this technology as an online dosimeter for the eRT6 (K. Petersson et al. 2016).
Measurements performed in electron beams with varying mean dose-rates, dose-rate within the pulse,
and dose-per-pulse (1072 < mean dose-rate < 10° Gy/s, 10?> < mean dose-rate within the pulse < 107 Gy/s,
107* < dose-per-pulse < 10! Gy), allowed the establishment of a correction factor, making possible the use

of the Advanced Markus ionization chamber as an online dosimeter for FLASH-RT studies.

3.2. Interaction with the biological tissue

3.2.1. Ultra-high dose-rate irradiation triggers a radiation-induced injury protection

Early evidences that ultra-high dose-rate irradiation had a particular protective effect against
radiation-induced damage were obtained in the 60s. Experiments performed on Serratia marcescens
demonstrated that prokaryotic cells irradiated using an intense electron beam (100 Gy/s) at doses
between 100 to 200 Gy have a lower radiation-sensitivity (D. L. Dewey 1969; D. L. Dewey et al. 1959).
Similar results were obtained on mammalian cells like Hela cell-type and Chinese hamster ovary cells (R.
J. Berry et al. 1969; E. R. Epp et al. 1972; C. D. Town 1967). Investigation of the DNA damage induced by
ultra-high dose-rate irradiation has shown that a same dose delivered with short pulses of X-rays or
protons produces 35% fewer dicentric chromosomes than conventional dose-rate irradiation in human
blood lymphocytes (T. Prempree et al. 1969). More recently, similar results were observed with pulsed
protons on human-hamster hybrid cells, with less dicentrics, centric rings and excess acentric
chromosomes observed after high dose-rate irradiation (T. E. Schmid et al. 2011). In a reconstructed skin
model, 10% less micronuclei were observed in human keratinocytes after high dose-rate pulsed protons
irradiation (T. E. Schmid et al. 2010). In terms of cell-cycle, these differences tend to induce less cell-cycle
arrest, with the observation of a differential G2 arrest reported after ultra-high dose-rate irradiation
compared to conventional dose-rate irradiation (S. Auer et al. 2011).

Concerning in-vivo data, a protection of radiation-induced skin injury triggered by ultra-high dose-rate
irradiations has also been described. Radiation-induced skin reactions and late deformities were
compared after the irradiation of rats’ feet with 7 MeV electrons between 0.03 and 80 Gy/s. Interestingly,
a 30-40% increase in dose was necessary to induce similar skin reactions with high dose-rate irradiation
compared to conventional dose-rate (S. B. Field et al. 1974). Moreover, a lower skin reaction injury and a
faster recovery was observed on mice model after skin irradiation with 30 Gy at 6000 Gy/s compared to
conventional dose-rate irradiation (T. Inada et al. 1980). Similar results were assessed on a tail radio-
necrosis mouse model, with an increase of 30% of the Necrosis Dose 50 (ND50) induced by 10 MeV

electrons delivered at a dose-rate per-pulse above 10*Gy/s (J. H. Hendry et al. 1982).
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More recently, our group has published the first study combining normal tissue injury and anti-tumor
efficacy evaluation after ultra-high dose-rate irradiation (Vincent Favaudon et al. 2014). Histopathology
of lungs irradiated with conventional dose-rate y-rays and electrons showed the occurrence of lung
fibrosis as soon as 24 weeks after 17 Gy whole-lung delivery, with an increase in fibrosis development 36
weeks post-irradiation. None of these fibrotic patterns were observed after the delivery of the same dose
with ultra-high dose-rate “FLASH” electrons, and an increase in the dose up to 30 Gy was necessary to
observe the occurrence of lung fibrosis 36 weeks post-FLASH-RT. This tissue response was associated with
a decrease in apoptosis in vascular and bronchial smooth muscle cells after FLASH-RT compared to
conventional dose-rate irradiation, evaluated by caspase 3 cleavage and TUNEL staining 1 hour post-
irradiation. This protection triggered by FLASH-RT on the normal lung tissue could suggest an absence of
tumoral response. Nevertheless, FLASH-RT and conventional dose-rate irradiation triggered a similar
growth delay on HBCx-12A breast cancer cells and Hep-12 H&N cancer cells xenografted in nude mice.
Moreover, to complete the data obtained on the normal lung tissue, the radiation response of a TC-1
orthotopic syngeneic lung-tumor model was evaluated. Both FLASH and conventional dose-rate
irradiations induced an increase survival as compared to non-treated mice but, interestingly, no difference
in survival was observed between FLASH and conventional dose-rate irradiation at isodose. Moreover,
the absence of normal tissue injury allowed a dose escalation and a total tumor cure of 70% of the mice
after the delivery of 28 Gy with FLASH-RT. This study was the first to provide a preclinical evidence that
FLASH-RT is able to increase the therapeutic index of radiation-therapy by decreasing the radiation-
induced normal lung toxicity while maintaining a similar anti-tumor effect compared to conventional

dose-rate irradiation. These unique properties were called the “FLASH effect”.

3.2.2. FLASH-RT: What are the important parameters of the interaction between ionizing
radiations and the biological matter?

The interaction of the ionizing radiation with the biological matter follows a precise chronology
through physical, chemical and biological steps (Figure 5). The radiation-induced atomic ionizations and
excitations within the irradiated matter are followed by molecular dissociations in less than 102 seconds
after the beginning of the exposure. These physical interactions are followed by chemical reactions and
diffusions happening within seconds after the beginning of the irradiation. The biological steps then take
over with the activation of the DNA Damage Response (DDR) pathways and the cellular and tissue

responses, occurring several minutes and hours post-irradiation.
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Figure 5: Left: physico-chemical and biological interactions between ionizing radiations and the biological matter.
FLASH-RT and conventional dose-rate irradiation differ in the time of exposure. FLASH-RT does not interfere with the
homogeneous chemical step and the biological steps due to the very short time of irradiation. Right: direct and indirect
actions of the ionizing radiations with the biological macromolecules. Direct action is due to the direct ionizations on
the macromolecules whereas indirect action is mediated by free radicals produced by water and dioxygen radiolysis.

These chronological interactions with the biological matter explain the generation of biological
damage via direct and indirect actions of the ionizing radiations. The direct effects consist in the direct
energy deposition on the biological macromolecules (DNA, RNA, proteins, lipids...) inducing molecule
ionizations and structural alterations leading to cellular damage. In the indirect action of ionizing
radiations, the energy is deposited on the water and dioxygen molecules present in the cells, inducing
water radiolysis and oxygen ionization leading to the production of ROS. Free radicals are characterized
by an unpaired electron in the structure, which is very reactive, and therefore reacts with the biological
molecules to cause molecular structural damage. Hydrogen peroxide, H;0;, produced by the ROS
recombination is also toxic for the biological macromolecules. The indirect action of radiation on
molecules results in cell death or impairment of function. The number of free radicals produced by
ionizing radiation depends on the total dose. It has been found that the majority of radiation-induced
damage results from the indirect action mechanism, due to the fact that water constitutes nearly 70% of
the cell composition (O. Desouky et al. 2015). In addition to the ROS production, other cellular damage
can be induced by the formation of Reactive Nitrogen Species (RNS) as a result of the ionization of
nitrogen-containing molecules.

All these physical and chemical interactions between ionizing radiations and the biological matter,
leading to cellular damages are dose and radiation-dependent, i.e.: for a given ionizing particle, the
reactions kinetics depend on the energy deposition at the moment of the irradiation. In the case of FLASH-
RT, one could question how the time of irradiation might interfere with these interactions. Indeed, for a

similar dose, neither the quantity of deposited energy nor the ionizing particle differs between
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conventional and FLASH-RT. Nevertheless, the time of exposition to the radiation is highly decreased, and
the energy deposition stops before the end of the chemical reactions and the beginning of the biological
step, whereas conventional irradiation induces an exposition to the radiations for several minutes. The
investigation of a potential difference in the radiation-induced cascade of events between FLASH and
conventional irradiation might be essential to understand the physico-chemical bases leading to the

radiobiological properties of the FLASH effect.
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4. Objectives of the thesis work

This thesis work, based on the previous results obtained with the FLASH-RT, has aimed at investigating
the FLASH effect in the context of the brain in order to provide the biological rational for clinical trials.
Several murine models have been developed to investigate the effects of FLASH-RT on brain tumors and
on the normal brain tissue. Moreover, these models, along with in vitro techniques have been used to

investigate the physico-chemical mechanisms underlying the radiobiological properties of FLASH-RT

4.1. Assessment of the FLASH-RT efficacy on brain tumors

Brain tumors, and especially GBM, harbor the particularity to be highly resistant to the radio-
chemotherapy treatments, and to develop in a very radiation-sensitive organ. The current treatments are
not optimal, and the GBM-associated prognosis remains poor compared to other more frequent tumor-
types. The assessment of the FLASH-RT efficacy on brain tumors via the use of murine models is essential
to consider a potential clinical application and to ensure a significant anti-tumor effect, at least as potent
as conventional radiation-therapy. In this thesis work, subcutaneous xenografted GBM, orthotopic and
transgenic GBM models were developed to study the tumor response to several FLASH-RT regimens.
Murine GBM models can be treated with the experimental LINAC available at the CHUV. The tumor
localization in the brain is ideal since 6MeV electrons cannot penetrate deeper than 1.5-2 cm, which is

sufficient to ensure a proper whole-brain irradiation of preclinical GBM models.

4.2. Evaluation of the radiation-induced normal brain injury after FLASH-RT

The radiation-induced brain injury has been largely studied and described in the context of the
conventional dose-rate irradiation. The molecular, cellular and functional alterations induced by the
exposition of this particularly radiation-sensitive organ to ionizing radiations represent the main limitation
in the brain tumor treatment by radiation-therapy. The normal tissue protection triggered by FLASH-RT
as previously observed in the lung might also apply for normal brain tissue and might thus help to improve
the brain tumors treatment. In line with this hypothesis, we have used wild-type and transgenic mice
models in order to investigate the cellular and functional alterations induced by FLASH-RT after the

delivery of whole brain irradiation in the frame of a very precise irradiation and dosimetry set-up.

4.3. Physico-chemical and biological mechanisms involved in the FLASH effect

The delivery of ultra-high dose-rate irradiation highly decreases the time of exposure of the biological
matter to the electrons. This characteristic has been thought to be responsible for the FLASH effect,

without further knowledge concerning the involved mechanism. This thesis work has thus aimed at
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deciphering the physico-chemical and radiobiological mechanisms that trigger the FLASH effect using the

tumoral and the normal brain tissue models, along with in vitro studies and zebrafish models.
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1. Scientific publication 1: Irradiation in a FLASH: Unique sparing of memory in mice after whole brain

irradiation with dose-rates above 100 Gy/s

Published in Radiotherapy and Oncology (2017)

This interdisciplinary study has aimed at developing a relevant mouse model in order to investigate
the effect of whole brain FLASH irradiation on the cognitive functions in the context of a precise physical

dosimetry to ensure a proper and homogenous dose-delivery in FLASH and conventional dose-rate.

In-silico dose-measurements were realized by the physicist team with different off-line and on-line
dosimeters: Gafchromic™ EBT3 films, alanine pellets, TLDs and Advanced Markus ionizing chamber. These
measurements allowed to characterize the homogeneity of the delivery of a 10 Gy dose at dose-rates
ranging from 0.1Gy/s to 10 Gy delivered in a single 1.8 us pulse. Moreover, measurements realized with
Gafchromic™ EBT3 films allowed to define the in-depth dose distribution and the beam profile of the
delivery of 10 Gy at FLASH and conventional dose-rates. To complete the dosimetry characterization, ex-
vivo measurements were realized using TLDs placed in the brain of a mouse cadaver, to confirm the
homogeneous distribution of the 10 Gy dose delivered to the whole brain.

Cognitive function following 10 Gy whole brain irradiation was evaluated using a Novel Object
Recognition test (NOR), set up in our lab with the collaboration of Dr Raphaél Doenlen and consisting in
measuring the discrimination of two different objects. This NOR test evaluated the hippocampal-
associated working memory 2 months post-irradiation of control non-irradiated animals and of 10 Gy
whole-brain irradiated mice at different dose-rates: 0.1 (CONV; 1; 3; 10; 30; 100; 500 Gy/s as well as 10
Gy delivered in a single pulse of 1.8 ps (FLASH-RT).

The absorbed doses measured by the different dosimeters showed an accurate delivery of the 10
Gy dose for all the tested dose-rates. Moreover, a homogenous distribution of the 10 Gy dose was
measured ex-vivo with the TLDs placed in the mouse brain for both FLASH-RT and conventional dose-rates
irradiations. These results validate the whole brain irradiation model for a 10 Gy dose delivery at dose-
rates from 0.1 Gy/s to 10 Gy delivered in a single 1.8 us pulse.

NOR realized 2 months post-irradiation showed a significant impairment in the memory function
of mice irradiated at conventional dose-rate compared to the non-irradiated animals. For the same dose,
no alteration in memory was found in the FLASH-RT group. Interestingly, this memory preservation was

found in all groups irradiated with dose-rates above 100Gy/s. Moreover, the cell division was found
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relatively preserved in the hippocampus of FLASH-RT irradiated animals as compared to the conventional

dose-rate group.

Allinall, in this study, the association of a precise dosimetry and of a robust behavioral test allowed
the set-up of a well-defined mouse model of whole brain irradiation useful to study the functional effects
of FLASH-RT. Our results show a preservation of the cognitive function two-months after the delivery of

10 Gy FLASH-RT for dose-rates above 100Gy/s, defining for the first time a threshold for the FLASH effect.
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IRRADIATION IN A FLASH:

UNIQUE SPARING OF MEMORY IN MICE AFTER WHOLE BRAIN IRRADIATION WITH DOSE-RATES ABOVE 100 GY/s

Pierre Montay-Gruel, Kristoffer Petersson, Maud Jaccard, Gaél Boivin, Jean-Frangois Germond, Benoit

Petit, Raphaél Doenlen, Vincent Favaudon, Francois Bochud, Claude Bailat, Jean Bourhis, Marie-Catherine

Vozenin.
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This study shows for the first time that normal brain tissue toxicities after WBI can be reduced with
increased dose rate. Spatial memory is preserved after WBI with mean dose rates above 100 Gy/s,
whereas 10 Gy WBI at a conventional radiotherapy dose rate (0.1 Gy/s) totally impairs spatial memory.
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Our recent publications have shown that irradiation at an ultra-
high dose rate was able to protect normal tissue from radiation-
induced toxicity. When compared to radiotherapy delivered at
conventional dose rates (1-4 Gy/min), this so called “Flash” radio-
therapy (>40 Gy/s; Flash-RT) was shown to enhance the differen-
tial effect between normal tissue and tumor in lung models [1,2]
and consequently allowed for dose escalation. The biological inter-
est of Flash-RT seems to rely essentially on a specific, yet unde-
fined, response occurring in normal cells and tissues. We initially
hypothesized that the protective effect of Flash was related to
the high dose rate delivery, in other words related to the very short
time of exposure. In order to further explore Flash-RT and to vali-
date its protective effect on normal tissues, we decided to extend
our observation from the lung to other organs. We decided to
investigate brain response to Flash-RT as it is a well-defined and
robust model in radiobiology [3-5].

When dealing with unexpected biological results, such as the
ones previously described with Flash-RT, accurate dosimetry of
the delivered irradiation is essential. However, dosimetry at (an
ultra-)high dose rate in high dose-per-pulse beams is non-trivial
as current radiotherapy dosimetry protocols are not designed for
such conditions and because the detectors available for online

* Corresponding author at: Laboratoire de Radio-Oncologie, Centre Hospitalier
Universitaire Vaudois, Bugnon 46, 1011 Lausanne, Switzerland.
E-mail address: marie-catherine.vozenin@chuv.ch (M.-C. Vozenin).
! Equal contribution.

http://dx.doi.org/10.1016/j.radonc.2017.05.003
0167-8140/© 2017 Elsevier B.V. All rights reserved.

measurements (i.e. ionization chambers, diodes, and diamond
detectors) start to saturate when the dose rate/dose-per-pulse is
increased beyond what is used in conventional radiotherapy [6-
8]. Therefore, we needed to rely on dosimeters that had been pre-
viously validated to function accurately at more extreme irradia-
tion conditions, i.e. mainly passive dosimeters. Among these
options, we selected thermo-luminescent dosimeter (TLD) chips
because of their small size (3.2 x 3.2 x 0.9 mm?) so that they could
be used for measuring dose in the brain of mice. By positioning the
TLD inside the skull of a sacrificed mouse, we were able to validate
the dose delivered to the brain during whole brain irradiation
(WBI).

Brain injuries after WBI at sub-lethal doses delivered at conven-
tional radiotherapy dose rates are well described [5,9,10]. They
include functional alterations, neuronal [11], glial [12,13] and vas-
culature toxicities [14,15]. Cognitive impairments are the most
described functional defects observed in mice and humans follow-
ing WBI [4,16]. They are caused by an alteration of hippocampal
neurogenesis, which can occur as early as one month post 10 Gy
single fraction WBI [17]. These cognitive impairments can be eval-
uated using the “Novel Object Recognition test” [18] on WBI mur-
ine models [19]. Therefore, we used this assay to investigate the
functional effect of Flash-RT on the normal brain of irradiated mice.

Using a combination of accurate dosimetry measurements and
robust biological tests, we first aimed to investigate the potential
neuroprotective effect of Flash-RT and indeed found memory
preservation in mice after 10 Gy WBI with Flash-RT (delivered in
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a single 1.8 ps electron pulse), whereas 10 Gy WBI delivered with a
dose rate similar to what is conventionally used in radiotherapy
(0.1 Gy/s) impaired mice memory. Then, we decided to further
investigate the dose rate limits for Flash-induced neuro-
preservation. Using systematic dose rate escalation, 100 Gy/s was
found to be the lower limit for full preservation of memory func-
tions after 10 Gy WBI.

Materials and methods

Irradiation device

Irradiation was performed using prototype electron beam linear
accelerators (LINACs) of type Oriatron 6e (6 MeV) and Kinetron
(4.5 MeV) (PMB-Alcen, Peynier, France). This LINAC is able to pro-
duce electron beams at a mean dose rate ranging from 0.1 Gy/s
(=6 Gy/min, i.e. similar to dose rates conventionally used for radio-
therapy) to 1000 Gy/s, corresponding to a dose, in each electron
pulse, ranging between 0.01 and 10 Gy. This wide range of dose
rate is made possible by varying the linac gun grid tension, the
pulse repetition frequency, pulse width, and the source-to-
surface distance (SSD).

Dose prescription and measurement

The standard prescription dose for cognition assay is 10 Gy.
Therefore, 10 Gy was used in this study as the prescription dose
for the WBI. The irradiation settings, corresponding to the prescrip-
tion dose, were defined according to surface dose measurement in
a 30 x 30 cm? solid water phantom positioned behind a 1.7 cm in
diameter aperture of a graphite applicator (13.0 x 13.0 x 2.5 cm?).
Beam profiles and percentage depth dose curves of the beam
behind the applicator are presented in Fig. S1 in Sup. The measure-
ments were performed for different linac set-ups (LINAC gun grid
tension, pulse repetition frequency, number of pulses, and SSD)
corresponding to different dose rates used in this study, i.e. 0.1,
1, 3, 10, 30, 100, and 500 Gy/s, as well as 10 Gy in a single 1.8 s
electron pulse (5.6 MGy/s). The pulse repetition frequency was
kept at 100 Hz except for the lowest dose rate setting, for which
a pulse repetition frequency of 10 Hz was used. The pulse width
was kept at 1.8 s except for the lowest dose rate setting, for which
a pulse width of 1.0 us was used. The absorbed dose at the surface
of the solid water phantom was measured for the different dose
rate settings with an ionization chamber (Advanced Markus,
PTW-Freiburg GmbH, Freiburg, Germany) corrected for chamber
saturation [20], with radiochromic film (Gafchromic™ EBT3, Ash-
land Inc., Covington, Kentucky, USA), with TLD (type: LiF-100),
and with Alanine pellets. These different dosimeters, with appro-
priate correction factors, have all previously been reported to func-
tion correctly at the various dose rates used in this study [8,21-25].

Validation of the absorbed dose in the mouse brain

In order to validate that the dose measured at the surface of the
solid water phantom actually corresponds to the absorbed dose in
the mouse brain, TLD chips were positioned in the brain of one
mouse, which had been sacrificed just prior to the experiment.
The TLD chips (in vacuum sealed plastic bags) were positioned in
the proximal part of the brain, between the two cerebral hemi-
spheres, and in the lateral parts of the brain (left and right sides).

Mice irradiation

95 Female C57BL/6] mice (n=5-13) were purchased from CRL
at the age of eight weeks. Animal experiments were approved by

the Ethics Committee for Animal Experimentation of France and
Switzerland and performed within institutional guidelines.

Cognitive tests

Dose rate effect on neuroprotection was evaluated by “Novel
Object Recognition test” [18], performed on the mice two months
post-irradiation, as described by Acharya et al. [19]. All the exper-
iments were video-recorded. Analysis was performed blindedly
and the time spent on each object was measured in order to calcu-
late the Recognition Ratio (RR) such as:
RR = (time spent investigating the novel 0bject>'

time spent investigating the two objects

Statistical Analysis

The statistical analyses of the Novel Object Recognition test and
the BrdU data were performed using unpaired t-tests. Results were
expressed as mean values + standard deviations and the signifi-
cance level chosen was 5%, with Bonferroni correction for multiple
comparisons.

Results

Dose prescription and validation measurements

The absorbed dose measurements carried out at the surface of
the solid water phantom for the various types of dosimeters
showed that 10 Gy was accurately delivered, at the different dose
rates used (Fig. S2 in Sup.). The TLD measurements in the brain
of the mouse cadaver validated that 10 Gy was actually the dose
delivered to the brain for the prescription of 10 Gy WBI, for the
highest (10 Gy in a single 1.8 us pulse) and the lowest dose rate
(0.1 Gy/s) used in this study (Fig.1a and b). The measured
absorbed dose in the brain was 10Gy (10.06 and 9.90 + 8.2%,
k=2) in the center of the brain (proximal measurements) and
slightly below 10 Gy (lateral left: 9.62 and 9.29 + 8.2%, lateral right
9.56 and 9.72 + 8.2%, k = 2) at the edge of the brain (lateral mea-
surements in Fig. 1b).

Flash WBI preserves memory and neurogenesis in the hippocampus

A first set of in vivo assessments were conducted on mice fol-
lowing 10 Gy WBI with a conventional radiotherapy dose rate
(0.1 Gy/s) or with Flash-RT (10 Gy in a single 1.8 ps pulse). Novel
Object Recognition tests performed two months post-irradiation
showed a significant drop in RR in mice irradiated with 10 Gy at
a conventional radiotherapy dose rate, compared to the non-
irradiated control group (53.0 £ 1.7% vs. 78.3 £ 2.6%). Interestingly,
mice irradiated with 10 Gy in a single pulse did not show any
change in RR compared to the control (75.9+4.0% vs.
78.3 +2.6%) (Fig. 1c).

BrdU incorporation in the SGZ of the hippocampus was investi-
gated in order to evaluate de novo neurogenesis. Multiple neuroge-
nesis sites were found all over the non-irradiated SGZ with a mean
(tstandard deviation) of 771 + 188 BrdU positive clusters (Fig. 2)
Surprisingly, more than 37% (292 + 80) of these clusters were pre-
served in brains irradiated with 10 Gy in a single pulse, whereas, as
expected, mice irradiated with 10 Gy at 0.1 Gy/s only showed a low
and significantly different preservation of 14% (108 + 19) BrdU pos-
itive clusters. These results highlight a relative preservation of neu-
rogenesis after Flash-RT WBI compared to conventional dose rate
WABI. This de novo neurogenesis could partially explain the func-
tional preservation described above.
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Fig. 1. TLD measurements in the brain of a mouse cadaver, a: TLD chips positions at the center of the brain (sagittal) and at either side of the brain (Lateral left and right); b:
measurement results for a 10 Gy WBI delivery with a single 1.8 s electron pulse (filled markers) and at a 0.1 Gy/s dose rate (open markers). Error bars represent the
(expanded, k = 2) uncertainty in the absorbed dose measurements with the TLD; c: Evaluation of the Recognition Ratio (RR) two months post irradiation for groups of mice
that received sham irradiation (Control) and 10 Gy WBI with a dose rate of 0.1, 1.0, 3, 10, 20, 30, 60, 100, or 500 Gy/s, or with a single 1.8 us electron pulse (1 Pulse). Bars

represent mean values and whiskers the standard deviations.

Flash-RT neuroprotective effect is lost below 30 Gy/s but fully
preserved above 100 Gy/s

In order to further investigate the dose rate limits of the Flash-
induced neuro-preservation, the experiment was repeated for
intermediate dose rates. Interestingly, no memory alteration was
observed in the groups irradiated with dose rates of 100 Gy/s or
higher (RR were comparable to the ones of the control group),
whereas a significant drop in the RR was observed for the group
irradiated at 30 Gy/s (Fig. 1c). For the groups irradiated at dose
rates below 30 Gy/s, the drop became even slightly larger as the
dose rate was further lowered.

Discussion

We have for the first time been able to show that the damage to
normal brain tissue, for a given absorbed dose of 10 Gy, can be
reduced simply by increasing the dose rate to values 1000 times
above what is used in conventional radiotherapy treatments. These
unique results show a preservation of memory two months after a
10 Gy WBI with dose rates above 100 Gy/s, whereas 10 Gy WBI at a

conventional radiotherapy dose rate (0.1 Gy/s) totally impaired
memory.

TLD measurements of the absorbed dose in the mouse brain
showed that 10 Gy (9.90-10.06 + 8.2%, k = 2) was truly delivered
to the brain center, and slightly below 10 Gy (9.29-9.72 + 8.2%,
k=2) to its lateral parts. This slightly lower lateral dose was
expected as the beam profiles (Fig. S1 in Sup.) clearly show a slight
decrease in dose with distance from the beam center. As the dose
prescription, which was based on surface measurements of a solid
water phantom, was validated for the two extreme dose rate set-
tings used in this study, we assumed its validity also for the inter-
mediate dose rate settings.

Brain exposure to ionizing radiation is known to be responsible
for long lasting and hardly reversible impairment of cognitive
skills. Our results focus on hippocampal related memorization
impairment two months post-WBI. Our results show relative hip-
pocampal neurogenesis preservation after Flash-RT WBI assessed
by BrdU incorporation, when irradiation at a conventional radio-
therapy dose rate is known to directly impair neurogenesis. Neural
Stem Cells (NSCs) have been identified in the adult brain as respon-
sible for de novo neurogenesis [26]. Therefore, we suggest that the
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Fig. 2. BrdU immunostaining on brain hippocampal sections of non-irradiated mice (Control) and mice irradiated with 10 Gy at 0.1 Gy/s and mice irradiated with a single
1.8 ps pulse (1 Pulse). Arrows point at BrdU positive clusters in the SGZ. Blue: DAPI; Red: BrdU. Quantification was realized all over the hippocampal sections.

Flash-RT protective effect on neurogenesis relies partly on NSCs
preservation. Nevertheless, the memory skills preservation cer-
tainly relies on other radiation-induced effects. Both neuroinflam-
mation [27] and synaptic changes [28] are known to interfere with
cognitive functions after WBI and could be differentially induced
after Flash WBL.

The observed dose rate range of the Flash protective effect on
normal tissue gives some physical and biological indications for
further investigation regarding the antitumor effect. Despite recent
technological developments in radiotherapy, radiation-induced
neurotoxicity remains severe in both adult and pediatric patients
treated for brain tumors. Our previous results show that Flash-RT
demonstrates an antitumor effect similar to conventional radio-
therapy [1] in various tumor types, including glioblastoma (prelim-
inary in vitro and in vivo data). In this context, considering the use
of a high dose rate in clinics could be an efficient way to increase
the therapeutic ratio of radiation therapy. This radiobiological
advantage, together with other practical considerations that bene-
fit from rapid radiotherapy treatment delivery, such as minimizing
intra-fractional motion, increased patient comfort, and improved
treatment efficiency, makes Flash-RT a promising treatment
modality.
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Supplementary material and methods

Validation of the absorbed dose in the mouse brain

The mouse cadaver with the TLDs inserted in the brain was irradiated with 10 Gy WBI (according to
surface measurements of the solid water phantom) at the highest dose-rate (10 Gy in a single 1.8 us
pulse), these first TLDs were removed and replaced with new ones and the irradiation was repeated for a
total of five measurements at the same dose-rate. The procedure was then repeated for the lowest dose-

rate (0.1 Gy/s, i.e. conventional radiotherapy dose-rate).

Irradiation of mice

Mice were irradiated under Isoflurane anesthesia. The head was positioned behind and in contact
with the aperture of the graphite applicator in order to irradiate the whole encephalon region while
limiting the dose to eyes, mouth and the rest of the body. Each group of mice received 10 Gy WBI at
various dose-rate: 0.1, 1, 3, 10, 20, 30, 60, 100, and 500 Gy/s and 10 Gy in a single 1.8 pus pulse.

Sampling, histology and Immunofluorescence

After cognitive evaluation and two hours before sampling, mice were injected with a BrdU solution
(150 mg/kg i.p.), sacrificied in a CO, chamber and immediately intracardiacally perfused with a 4% PFA
solution for the brain fixation. The brain was removed and stored in 30% sucrose 0.1% azide at 4°C. Serial
sections (35 um) were cut through the entire hippocampus with a cryostat and stored in phosphate buffer
saline (PBS) with 0.1% azide. Neurogenesis clusters were quantified on serial brain sections using anti-
BrdU monoclonal antibody (1:100; BD 347580), from mice irradiated with the two extreme dose-rates
(0.1 Gy/sand 10 Gy in a single pulse) and non-irradiated mice (Control). The sections were then incubated
for one hour with a goat anti-mouse secondary antibody (1:200; Life Technologies A11005). The number
of BrdU clusters was counted all over the irradiated sub-granular zone (SGZ) using a stereological method

described by David et al. [1].

[1] D.J. David, J. Wang, B.A. Samuels, Q. Rainer, I. David, A.M. Gardier, R. Hen, Implications of the functional
integration of adult-born hippocampal neurons in anxiety-depression disorders, Neuroscientist 16(5) (2010) 578-
91.
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S1: The beam profiles (above) and percentage depth dose curves (below) produced by the prototype LINAC and measured
using radiochromic film (Gafchromic™™ EBT3) in a solid water phantom (profiles measured at 0 mm depth) behind the 1.7 cm
in diameter aperture of the graphite applicator, for the highest (10 Gy in a single 1.8 us pulse; 1 Pulse) and lowest dose-rate
(0.1 Gy/s) used in the study. dy.
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Figure S2: Absorbed dose measurements with the Advanced Markus ionization chamber (lon-chamber), radiochromic film
(Film), thermo-luminescent dosimeters (TLD), and Alanine pellets (Alanine) for various dose-rates used in this study: a) 10 Gy
in a single 1.8 us pulse, b) 500 Gy/s, c) 100 Gy/s, d) 30 Gy/s, e) 10 Gy/s, f) 3 Gy/s, g) 1 Gy/s, h) 0.1 Gy/s. Error bars represent
the (expanded, k=2) uncertainties in the absorbed dose measurements, which are different for the various dosimeters.
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2. Scientific publication 2: X-rays can trigger the FLASH effect: Ultra-high dose-rate synchrotron light

source prevents normal brain injury after whole brain irradiation in mice.

Submitted to Radiotherapy and Oncology, June 2018.

With the aim to speed up the clinical application of FLASH-RT, our mouse model of whole brain
irradiation was used to investigate whether the FLASH effect observed with a pulsed-electron beam could

be reproduced using X-rays.

FLASH-X-rays whole brain irradiation at 10 Gy was delivered by a synchrotron light source operated
broad-beam at the ESRF, Grenoble, France. The use of synchrotron-generated X-rays allowed to reach a
mean dose-rate around 12000 Gy/s, above the threshold defined previously (P. Montay-Gruel et al. 2017).
Cognitive function of mice irradiated with FLASH-X-rays was evaluated with the NOR test 2 and 6 months
post-WBI and compared to non-irradiated mice and animals irradiated with conventional dose-rate X-
rays. Hippocampal cell division was investigated 2 months post-RT by BrdU incorporation in all groups.

Cellular toxicity was assessed by astrocytes staining to quantify the radiation-induced astrogliosis.

NOR test performed 2 months post 10 Gy WBI showed no difference in memory skills between FLASH-
X-rays irradiated and non-irradiated animals, whereas mice irradiated with the same dose at conventional
dose-rate had a completely impaired memory. Similar results were observed 6 months post-RT,
suggesting a long-lasting memory preservation triggered by FLASH-X-rays. BrdU incorporation in the
hippocampus highlighted a relative preservation of the hippocampal cellular division in the animals
irradiated with FLASH-X-rays compared to conventional dose-rate irradiation, consistent with the
conservation of hippocampal-associated memory in the same group. Moreover, astrocytes staining by
GFAP immunofluorescence showed the occurrence of a radiation-induced astrogliosis 2 months post-
irradiation in the brain of animals irradiated with conventional dose-rate X-rays. This radiation-induced
brain injury signature was not observed in the brain of animals irradiated with FLASH-X-rays, confirming

a protection against cellular injury by X-rays delivered at ultra-high dose-rate.

This study represents a proof of concept that the FLASH effect previously described in the lung and in
the brain after FLASH-electrons irradiation is also triggered by ultra-high dose-rates X-rays generated by
a synchrotron light-source. Indeed, we described here a long-lasting functional protection along with a
relative preservation of the hippocampal cell-division and the absence of cellular toxicity after FLASH-X-

rays whole brain irradiation. These results are of major importance for a potential clinical transfer, due to
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the physical advantage of X-rays compared to electrons, especially in terms of depth penetration.
Moreover, the observation of the FLASH effect triggered by another irradiation particle suggest that this

effect is particle-independent and caused by the increase in the dose-rate.
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Summary
This study is the first proof of concept that the FLASH effect can be triggered by X-rays. Our results

show that a 10 Gy whole-brain irradiation delivered at ultra-high dose-rate with synchrotron generated
X-rays does not induce memory deficit; it reduces hippocampal cell-division impairment and induces less

reactive astrogliosis.

Introduction

Research into ultra-high dose-rate irradiation has been increasing over the last few years [1-5].
Interest in this new irradiation concept arises from a goal to improve current radiation therapy treatments
and enhance tumor control, especially since any reduction of the radiation-induced toxicities on normal
tissues enables a dose escalation. In this context, we are the first group to investigate the biological effects
triggered by this novel modality of irradiation named FLASH-radiotherapy (FLASH-RT). FLASH-RT involves
delivering large single doses of radiation (10-20 Gy) at mean dose-rates above 100 Gy/s. This has
previously been performed using electron beams of 4-6 MeV, produced with experimental LINACs. The
reduction of irradiation exposure to a few milliseconds induced differential biological effects between
normal and tumoral tissues. Indeed, a similar antitumor effect compared to conventional radiation
therapy was observed, along with a reduction of the radiation-induced side effects. This sparing effect,
called the “FLASH effect” has been found in several pre-clinical models, showing that electrons, delivered
at ultra-high dose-rates were able to protect normal lung [6] and brain tissues [7,8]. More recently, the
FLASH effect has been extended to pig skin and to SCC-bearing cat patients irradiated within a phase |

veterinary clinical trial [9].

Nowadays, proton therapy facilities operating with pencil beam scanning (PBS) are also able to
produce very high instantaneous dose-rates in the range of 200 Gy/s. However, the duration of the
scanning process drops the actual mean dose-rate (1-2 Gy/min) and limits the investigation of the FLASH
effect with Protons/PBS over large irradiation fields (cm?3). Synchrotron facilities are a potential source of
ultra-high dose-rate X-rays. For instance, the European Synchrotron Radiation Facility (ESRF) storage ring
in Grenoble, France, produces X-rays at instantaneous dose-rates of up to 18,000 Gy/s. The ID17
Biomedical beamline is dedicated to medical research, mainly developing imaging methods and novel
radiotherapy techniques. The ID17 wiggler source produces highly coherent and non-diverging X-rays at
a mean energy of 102 keV, enabling the treatment of deep-seated lesions (half value layer of 5.5 cm).
Thanks to these unique physical properties, Microbeam Radiation Therapy (MRT) has been developed at
the ESRF in close collaboration with various user groups into a very mature technique. MRT is based on

the spatial fractionation of the incident X-ray beam into wafers of parallel microbeams which are a few
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tens of um wide and separated by a few hundred um [10]. This approach has an interesting anti-tumor
effect [11] and a protection of normal vessels [12—-14] by the possible combination of both spatial
fractionation and/or ultra-high dose-rate irradiation. In this context, the protective vascular effect could

either be due to spatial fractionation of the irradiation and/or ultra-high dose-rate delivery.

In the current study, our aim was to investigate whether the FLASH effect observed after WBI in mice
[7] with a pulsed electron beam (eRT6, [15]) could be reproduced with X-rays. Previous FLASH effect
results were obtained with a pulsed electron beam delivering a dose-rate in the pulse of 4.5 10°> Gy/s,
corresponding to a mean dose-rate of 200 Gy/s [15]. Therefore, with the possibility to deliver a dose-rate
in the slice of 12 000 Gy/s corresponding to a mean dose-rate of 37 Gy/s (FLASH-X-rays), the ESRF
synchrotron facility was the ideal candidate to test this hypothesis. We used a broad beam, i.e. a flat beam
of 50 um without microbeam patterns. A dose of 10 Gy FLASH-X-rays was delivered to the whole brain of
C57BI/6J mice (<1 cm3) with strict dosimetry recordings [16] by moving the head of the mice through the
beam. Cognitive function and cellular brain toxicity were evaluated. Using a robust novel object
recognition test and immunofluorescence assays, we observed an absence of radiation-induced memory-
loss up to 6 months after irradiation, along with a better preservation of hippocampal cell-division and
less radiation-induced scar astrogliosis compared to X-ray irradiation performed at a conventional dose-
rate (0.05 Gy/s, Pxi Precision X-Ray), something which also irreversibly altered memory cognition in mice.

These results were fully comparable with our previous results obtained with FLASH-electrons [7].
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Materials and Methods

Irradiation devices

Irradiations were performed at the ID17 Biomedical Beamline of the ESRF (Grenoble, France).
Conventional dose-rate irradiations were performed using a XRad 225Cx (Pxi Precision X-Ray) at the

Lausanne University Hospital.

Dose prescription and measurement

The absorbed doses for both irradiation methods were measured with radiochromic films
(Gafchromic™ EBT3, Ashland Inc., Covington, Kentucky, USA). The standard prescription dose for
cognition assay is 10 Gy. Therefore, 10 Gy was used in this study as the prescription dose for the WBI. The
irradiation settings for conventional dose-rate irradiations, corresponding to the prescription dose, were
defined at a 5 mm depth for a 10x10 mm? field according to depth dose measurement in a solid water

phantom. The measurements were performed at 225 keV, 13 mA, with a 0.3 mm copper filter.

FLASH-X-rays irradiations were performed using the synchrotron beam on ID17 (ESRF, Grenoble,
France). The ID17 wiggler gap was set to 24.8 mm in order to benefit from the maximal photon flux, and
aluminum and copper attenuators were inserted to produce the standard MRT spectrum with its
maximum intensity at 102 keV [17]. The dose-rate was measured for broad beam conditions in solid water
plates (Goettingen White Water; 30 x 30 x 12 cm3) using a Pinpoint ionization chamber (PTW, Ref. 31014).
The chamber was calibrated with TH200 beam quality using an X-ray generator at a mean energy of 109
keV, which is very close to the MRT filtered spectrum resulting in a mean energy of 102 keV [17]. The
measured dose-rate under reference conditions was entered in the MRT Graphical User Interface and an
adequate speed for the vertical translation (moving the head of the mice through the beam) was
automatically calculated while considering the machine current in the storage ring. A pre-calculated
Monte Carlo beam model was used to find the settings which would enable a 10 Gy delivery at 5 mm

depth.

Mice irradiation

Twenty-nine Female C57BI/6 J mice (n=5-10 animals per group) were purchased from CRL at the age
of eight weeks. Animal experiments were approved by the Ethics Committee for Animal Experimentation
of France and Switzerland and performed within institutional guidelines. All irradiations were performed

under isoflurane anesthesia.
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We delivered 10 Gy absorbed dose to water whole brain irradiation (WBI) at conventional dose-rate
(CONV-X-rays, 0.05 Gy/s) using a 10 x 10 mm? field size, after fluoroscan imaging to position the mouse in
order to avoid irradiating their eyes, mouth cavity, esophagus and trachea. Two horizontal opposed

beams each delivering 5 Gy at 5 mm depth were irradiating the brain.

For 10 Gy WBI with FLASH-X-rays, the mice were anesthetized under isoflurane inhalation and
irradiated under broad beam conditions. A horizontal slit height of 50 um was selected to be able to adapt
the speed of the MRT goniometer to scan the mouse vertically through the beam at speeds around 62
mm/s to cover a total field height of 17 mm diameter defined by a conformal mask placed 1 m upstream
from the animals. A dose-rate in each 50 um slice of 67 Gy/(s.mA) was measured at 2 cm depth using a
Pinpoint ionization chamber (PTW, Ref. 31014). During the experiment, the machine current was 178 mA,
leading to a dose-rate in the slice of about 12,000 Gy/s, corresponding to a mean dose-rate of 37 Gy/s for

the delivery of 10 Gy to the whole mouse brain with the duration of 0.27 s.

Despite a difference in irradiation geometry between conventional dose-rate X-rays (10 x 10 mm? field
size) and FLASH-X-rays (17 mm diameter), imaging performed before the irradiation ensured a proper

mouse-positioning and the actual irradiation of the entire brain in both configurations.

Cognitive tests

Cognitive skills, evaluated using a “Novel Object Recognition test” [18], were performed on the mice
two and six months post-irradiation, as described by Acharya et al. [19]. All the experiments were video-
recorded. Analysis was performed blindly, and the time spent on each object was measured in order to
calculate the Recognition Ratio (RR) such as: RR = [(time spent on the novel object — time spent on the old

object) / (total exploration time) x 100].

Sampling and Histology

After cognitive evaluation two months post-irradiation and two hours before sampling, mice were
injected with a BrdU solution (150 mg/kg i.p.). They were euthanized in a CO, chamber and immediately
perfused with a 4% PFA solution to allow brain fixation. The brains were removed and stored in 30%
sucrose, 0.1% azide at 4°C. Serial sections (35 um) were cryo-cut through the entire hippocampus and

stored as floating sections in phosphate buffer saline (PBS) with 0.1% azide.
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Immunofluorescence and Microscopy

Neurogenesis clusters were quantified on serial brain sections using mouse anti-BrdU monoclonal
antibody (1:100; BD 347580) incubated overnight at 4°C. The sections were then incubated for one hour
with a goat anti-mouse AF594 secondary antibody (1:200; Life Technologies A11005). BrdU clusters were
counted all over the irradiated subgranular zone (SGZ) using the stereological method described by David

etal. [20].

GFAP expression in the striatum was assessed using GFAP immunofluorescence. Floating brain
sections were incubated with an anti-GFAP primary antibody (1:500; clone GA5; MAB360) overnight at
4°C. The sections were then incubated for one hour with a donkey anti-mouse AF555 secondary antibody
(1:200; Life Technologies A11005). Image acquisition was performed using an upright Zeiss Axiovison
microscope. GFAP expression was quantified on 15-18 fields of view (X200) using a homemade software
MoreHisto. Briefly, GFAP positive structures were isolated from background using sets of filters and
threshold and fluorescence intensities (as grey levels) were integrated on the different slices, pooled and

plotted as an occurrence of pixel.

Statistical analysis

The statistical analyses of the Novel Object Recognition test and the BrdU immunofluorescence data
were performed using unpaired non-parametric Mann-Whitney tests. GFAP expressions were compared
using a paired non-parametric Wilcoxon test. Results were expressed as mean values + standard

deviations and the significance level chosen was 5% (p < 0.05).
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Results

Long-lasting memory skills preservation

In order to compare the effects of FLASH-X-rays and conventional dose-rate X-rays (CONV-X-rays) WBI
on cognition skills, Novel Object Recognition tests were performed 2 and 6 months post-irradiation. Mice
irradiated with a single dose of 10 Gy at conventional dose-rate showed a significant drop in their
Recognition Ratio (RR) 2 months post-RT compared to control non-irradiated mice (51.9 £ 6.5% vs. 74.7 +
5.1%, p<0.001) (Figure 1a). For the same delivered dose and at the same time-point post-irradiation, mice
irradiated with FLASH-X-rays did not show any decrease in RR compared to the control group (72.0 £ 4.1%
vs. 74.7 * 5.1%, ns). Furthermore, mice irradiated with conventional dose-rate showed no real
improvement of their RR 6 months post-RT (56.0 + 6.1% vs. 74.6 + 5.2%, p=0.003) (Figure 1b), whereas RR
of the FLASH-X-rays WBI group was still comparable to the non-irradiated animals (73.8 £ 4.9% vs. 76.7
4.3%, ns). These results suggest a long-lasting preservation of the cognitive memory skills of mice
irradiated with a single dose of 10 Gy WBI at ultra-high dose-rate synchrotron X-rays, while the same dose

delivered at a conventional dose-rate induces irreversible memory alteration.
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Figure 1: Evaluation of the Recognition Ratio (RR) two (a) and six months (b) post-irradiation for groups of mice that
received sham irradiation (Control) and 10 Gy WBI with FLASH-X-rays or with X-rays delivered at conventional dose-
rate (CONV-X-rays). Bars represent mean values and whiskers the standard deviations.

Preservation of the cellular division in the hippocampus after FLASH-X-rays WBI

Cellular division was investigated 2 months post-irradiation in the hippocampus subgranular zone
(SGZ) of FLASH and conventional dose-rate X-rays irradiated mice by BrdU incorporation (Figure 2). A large

number of dividing cells clusters were found in the SGZ of non-irradiated animals with a mean of 938 + 63
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BrdU+ clusters. In all irradiated animals, a significant decrease in BrdU positive clusters was observed.
However, more clusters were found in mice irradiated with FLASH-X-rays as compared to mice irradiated
with conventional dose-rate X-rays (248 + 78 vs. 115 % 34, p=0.032). This result shows a relative
preservation of the cellular division in the SGZ of FLASH-X-rays irradiated mice, suggesting a preservation

of the neurogenesis in this memory-involved brain region.
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Figure 2: BrdU immunostaining on brain hippocampal sections of non-irradiated mice (Control) and mice irradiated
with 10 Gy WBI with FLASH-X-rays or with X-rays delivered at conventional dose-rate (CONV-X-rays). Arrows point at
BrdU positive clusters in the SGZ. Blue: DAPI; Red: BrdU. Quantification was realized all over the hippocampal sections.
Statistical analysis performed with unpaired non-parametric Mann-Whitney test. *: p < 0.05 vs. control; **: p < 0.01
vs. control.

FLASH-X-rays induces less astrogliosis in the irradiated brain

Reactive astrogliosis consists of an abnormal stress-induced increase in the number of astrocytes,
frequently observed after brain irradiation, which leads to cellular dysfunctions. GFAP expression in the
striatum of non-irradiated and irradiated mice was quantified by immunofluorescence to assess the
occurrence of radiation-induced astrogliosis 2 months post-RT (Figure 3). A low GFAP staining was

observed in the striatum of non-irradiated animals, suggesting the presence of astrocytes, with a classical
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star-shaped morphology and extended processes. The GFAP staining was highly and significantly
increased in the striatum of mice irradiated at 10 Gy conventional dose-rate, with an increase in astrocyte
number, mainly organized in patches. For a same irradiation dose, significantly less GFAP staining intensity
was quantified after FLASH-X-rays irradiation, with a localization pattern and a cell morphology similar to
the non-irradiated group. This result suggests that FLASH-X-rays induce less radiation-induced reactive
astrogliosis compared to conventional dose-rate X-rays. As the astrocytes are highly involved in brain
homeostasis, this reduced toxicity is consistent with the preservation of cognitive functions and

hippocampal cell-division.
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Figure 3: Reactive astrogliosis assessment by GFAP immunostaining on brain striatum sections of non-irradiated mice
(Control) and mice irradiated with 10 Gy WBI with FLASH-X-rays or with X-rays delivered at conventional dose-rate
(CONV-X-rays). Arrows point at GFAP positive cells in the striatum. Quantification realized over striatum sections with
MoreHisto software. Statistical analysis performed with non-parametric Wilcoxon test.

95



Discussion

The current experiments performed at the ESRF resulted in a first proof of concept that the FLASH
effect occurs after X-ray irradiation using synchrotron sources. These results confirm the preservation of
memory two and six months after a 10 Gy single dose FLASH-X-rays WBI delivered at a mean dose-rate of
37 Gy/s (i.e. dose-rate in the slice of 12000 Gy/s), and previously described after Flash-electrons above
100 Gy/s [7] (i.e. dose-rate in the pulse of 4.5 10° Gy/s). Furthermore, a preservation of hippocampal cell
division and a reduced induction of reactive astrogliosis were also shown. In comparison, 10 Gy WBI
delivered at a conventional dose-rate (0.05 Gy/s) irreversibly impaired memory skills and induced a large

decrease in hippocampal cell division along with the development of a reactive astrogliosis.

Interestingly, our results reported here on preservation of cognition when using FLASH-X-rays
delivered by synchrotron light open optimistic venues for further investigations. The fact that both
electrons and photons delivered at ultra-high dose-rates do not affect cognition supports the hypothesis
that the time of exposure has a major impact on the biological responses. One hypothesis is that the
kinetics of heterogeneous and homogeneous chemical reactions are modified by the brief exposure to
the radiation and subsequently modify the downstream biological cascades. In addition, a careful
examination of dose delivery modalities obtained with the synchrotron light source (ESRF) and the pulsed
electron beam (eRT6) shows a major difference. Indeed, with the pulsed electron beam, the dose is
temporally fractionated in microsecond pulses (eRT6). In these conditions, the threshold for cognitive
protection was identified around a mean dose-rate of 30 Gy/s and a total absence of toxicity was observed
above 100 Gy/s[7]. With the ESRF synchrotron, the dose is spatially fractionated in slices of 50 um,
delivered at a mean dose-rate of 37 Gy/s and induces cognitive protection. This last result suggests that
the mean dose rate is not the parameter of importance but that the dose rate in the pulse or in the slice
is paramount. In addition, the combination of both spatial and temporal delivery of the dose might bring

an additional benefit for normal tissue protection.

The results obtained so far on the impact of ultra-high dose-rate irradiation on biological tissues are
challenging and spark intense discussions in the radio-oncology and radiobiology fields. Reports published
more than 40 years ago [21-23] already described a protective effect on mammalian cells and rodents
exposed to a pulsed electron beam. However, these investigations were not continued until recently,
when we published a provocative paper showing that ultra-high dose-rate “FLASH” irradiation induces
less toxicity on normal tissues with a similar anti-tumor effect on lung tumors compared to conventional
dose-rate irradiation [6]. We further confirmed the protective effect of FLASH-RT on normal brain tissues

[7] while another team observed protective effects of FLASH-RT in the gut of mice after whole-abdominal
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irradiation [24] using a pulsed electron beam obtained with a modified clinical LINAC [4]. Today, there
are only a few experimental devices available to deliver ultra-high dose-rate irradiations across large
volumes of tissue. Moreover, their usefulness is limited to experimental settings either because of the
beam energy (Kinetron, Orsay, France; Oriatron, Lausanne, Switzerland) or because of the positioning of
the target [4] (Modified clinical accelerator, Stanford, USA), which limits the irradiations to superficial
targets or small animals. Despite these technological limitations, clinical applications are promising. A first
successful phase | veterinary clinical trial was conducted in cat patients [9] and confirmed the minimal
toxicity induced by FLASH-RT delivered with electrons, associated with an efficient tumor control in the
context of non-curable SCCs. These results support the development of devices suitable for clinical
applications. A first option is the implementation of the FLASH technology into Intra-Operative Radiation-
Therapy (IORT) as the current IORT protocols consist in delivering a single high dose of radiation to the
tumor bed during surgery with 10 MeV electron beams. According to our results, IORT-FLASH should
minimize normal tissue toxicity and should be suitable for treatment optimization by dose-rate escalation
in non-curable tumors such as pancreatic, Head and Neck and brain cancers. Another possible solution is
the use of Very-High Energy Electrons (VHEE) devices [25] that will probably be possible in the future
pending major technological improvement. Given the distribution profile of photons in matter, the
production of ultra-high dose-rate X-rays (FLASH-X-rays) is a good option to accelerate the clinical
transfer. Nowadays, 3" generation synchrotrons are the only facilities enabling the translation of FLASH-
X-rays into clinics with practical limitations related to the size and cost of synchrotron facilities. This issue
might be overcome by using compact synchrotron sources (ThomX, MAP) that are able to produce high
brilliance X-rays, and to deliver dose-rates above 100 Gy/sec [26,27]. Indeed, our results show that FLASH-

X-ray minimizes radiation-induced toxicity making it very significant from a therapeutic perspective.

The benefit of FLASH-RT, delivered either with electrons or X-rays [28], could be important for cancer
patients for whom normal tissue toxicities limit the therapeutic management. This could be especially
interesting for brain tumor patients, including Glioblastoma (GBM), medulloblastoma as well as brain
metastases [29-31]. GBM is one of the most common primary malignant brain tumors in adults with a
very poor prognosis and a median survival around 14.6 months after diagnosis [32]. The standard
treatments for GBM consist of surgical resection whenever possible, followed by radiotherapy (total dose
of 60 Gy in 2 Gy fraction) +/- concomitant chemotherapy based on Temozolomide [29,30,33]. This type of
aggressive protocol induces irreversible neurocognitive complications including memory deficits with
learning impairments and loss of attention [34,35] and FLASH-RT might provide an opportunity to safely

escalate the dose to improve tumor control.

97



In conclusion, our study shows that FLASH-X-rays produced using a synchrotron light source reduces
the normal brain toxicity following whole brain irradiation compared to irradiation at conventional dose-
rates. Therefore, this technique could improve the therapeutic management of brain cancer. Additional
investigations are needed to assess whether spatial fractionation of the beam (MRT), achievable with
synchrotron light sources, could further improve the normal tissue protection without compromising

tumor control.
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3. Scientific publication 3: Spare the Brain but not the Tumor, Oxygen-Dependent Benefits of FLASH-

Radiotherapy

Submitted to Nature Medicine, June 2018.

This study was realized in collaboration with the team of C. Limoli in the Universtiy of California Irvine,
USA. Murine models of normal brain irradiation and murine glioblastoma models were developed to
investigate the FLASH-effect on the normal brain tissue at both cellular and functional levels, along with
the characterization of the anti-tumor effect triggered by FLASH-RT. Moreover, both in-vivo and in vitro

experiments were led to identify the crucial role played by the dioxygen in the FLASH-effect.

For GBM studies, subcutaneously xenografted U87 GBM tumors, orthotopic H454 GBM tumors and
transgenic mice developing spontaneous GBM were irradiated with the eRT6 prototype at FLASH or
conventional dose-rate to investigate the FLASH-RT anti-tumor effect. NOR test was performed on
orthotopic GBM-bearing mice one month post 10 Gy irradiation to evaluate the memory function.

For normal tissue response, WT and Thy1-eGFP transgenic mice were irradiated to the whole brain
with 10 Gy FLASH-RT or conventional dose-rate according to the set-up described previously (P. Montay-
Gruel et al. 2017). A series of behavioral tests were performed in UCI 1, 2 and 6 months post-irradiation
to evaluate the hippocampal, amygdala and perirhinal cortex-associated cognitive functions. Radiation-
induced neuroinflammation, astrogliosis and hippocampal neuronal structure modifications were also
investigated.

ROS production after FLASH and conventional dose-rate irradiation was assessed in vitro by water
radiolysis products measurements and in vitro investigation of the cell clonogenic potential was realized
for different oxic conditions. A total-body irradiation model of zebrafish was also used to investigate the
effect of antioxidant molecules on the radiation-induced toxicities triggered by both dose-rates. Both
normal brain tissue and glioblastoma models were used to decipher the role of dioxygen in the FLASH
effect. Tumor irradiation at both FLASH and conventional dose-rates was performed in hypoxic and
hyperoxic conditions on xenografted and orthotopic GBM models. Moreover, NOR test was performed
on animals irradiated in hyperoxic conditions to assess the impact of an increase in dioxygen

concentration in the brain on the cognitive functions.

Tumor growth delay, tumor burden measurement and animal survival following the delivery of FLASH
and conventional dose-rate revealed no difference in the anti-tumor effect between both dose-rates in

all tested animal models.
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The cognitive function investigation 1 and 6 months post-irradiation revealed a better performance in
all tests for the animals irradiated to the whole brain at 10 Gy with FLASH-RT, whereas animals irradiated
at conventional dose-rate exhibited a significant impairment in cognition. These results suggest a
preservation of hippocampal, amygdala and perirhinal cortex-associated cognitive functions triggered by
FLASH-RT. These results correlated with lower levels of neuroinflammation and astrogliosis post-FLASH-
RT compared to conventional dose-rate. Moreover, no alteration in neuronal morphology and structure
was found in the hippocampus of FLASH irradiated mice whereas conventional dose-rate irradiation was
associated with modifications in the dendritic structure.

The measurement of ROS production by water radiolysis after FLASH and conventional dose-rates
showed higher H,0; concentrations after conventional dose-rate irradiation compared to FLASH-RT and
for a similar delivered dose. An increased clonogenic potential was also observed after FLASH-RT
compared to conventional dose-rate irradiation for low dioxygen concentration. Moreover, zebrafish
morphology after total-body irradiation was less altered by FLASH-RT than by conventional dose-rate and
antioxidant treatment did not modify the FLASH-induced injury. Memory protection triggered by FLASH
was reversed when the irradiation was delivered in hyperoxic conditions, and no effect of hypoxia was

found on the tumor growth delay induced by FLASH-RT.

This study confirmed the anti-tumor efficacy of FLASH-RT on different GBM models along with a
normal tissue protection demonstrated by an absence of functional impairment and cellular alteration on
multiple behavioral tests and histology analyses.

Our results suggest that dioxygen concentration in the tissue at the moment of irradiation is crucial
for the FLASH effect occurrence, and that lower ROS production could explain the differential effect
observed in the normal tissue, while the concentration of dioxygen in the hypoxic tumors do not affect
the tumor growth delay. We showed for the first time that the differential dioxygen consumption and
ROS production at the moment of irradiation, induced by a large decrease in the irradiation time, is a

major primary event involved in the FLASH effect occurrence.

All irradiations, tumor studies, NOR tests, astrogliosis immunofluorescence, in vitro and zebrafish
experiments were performed in Lausanne. All other behavioral tests, neuroinflammation and neuronal
structure assessments were performed in UCI. This collaboration was concretized in December 2016 by a
4-week visit in UCI to perform behavioral tests and neuronal structure experiments, funded by an ESTRO

Mobility grant.
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Abstract

Exploiting the differences between normal and tumor tissues lies at the heart of every oncology
treatment, and in this context, we describe a potentially paradigm shifting technology, termed FLASH,
involving the delivery of ionizing radiation at ultra-high dose rates (100 Gy/s and above). Compared to
conventional dose rate modalities (CONV), we showed that FLASH was iso-efficient at controlling GBM
growth in three different experimental models. Importantly, only FLASH was found to spare radiation-
induced cognitive deficits in learning and memory in tumor bearing and tumor free animals. Moreover,
at 6 months after exposure, FLASH attenuated anxiety- and depression-like behaviors and improved
significantly fear extinction, whereas CONV caused permanent alterations in cognitive functionality. The
long-lasting neurocognitive benefits provided by FLASH were also associated with significant reductions
in neuroinflammation and a marked preservation of neuronal morphology and dendritic spine density.
Lastly, we provide compelling evidence that the beneficial effects of FLASH are mediated through a
mechanism involving the rapid consumption of oxygen and resultant induction of transient hypoxia. With
the capability to significantly exploit differences in oxygen tension between normal tissue and tumors
comes genuine therapeutic gain, and the exciting capabilities that FLASH afford promise to hasten the

translation of this groundbreaking modality of irradiation into clinical practice.
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Introduction

Radiation therapy (RT) remains an essential part of cancer treatment and more than half of all cancer
patients are treated with RT for tumor control. Over the decades multiple strategies have focused on
increasing the amount of toxicity imparted to the tumor while minimizing such effects in the surrounding
normal tissue and today, the benefit of RT would increase dramatically if normal tissues surrounding the
tumor could tolerate higher doses of radiation 3. In the last decade, major advances in high precision
treatment delivery and multimodal imaging have improved tolerance to RT, leading to an increased
proportion of patients tumor free with fewer side effects %. Despite this progress, selective protection of
normal tissue remains a significant clinical challenge and radiation-induced toxicities as a consequence of
tumor eradication still cause complications that adversely impact quality of life. This latter fact largely
remains an unmet medical, and points to an urgent need to develop improved RT modalities for

combating those cancers refractory to state-of-the- art protocols.

This issue is especially critical for those afflicted with brain tumors including glioblastoma (GBM),
medulloblastoma as well as brain metastases °>”. GBM is one of the most common primary malignant
brain tumors in adults with a very poor prognosis, having a median survival around 14.6 months after
diagnosis 8. Standard treatment of GBM consists in surgical resection followed by RT and concomitant
chemotherapy (Temolozomide). Typical protocols for GBM consist in 60 Gy total doses delivered in 2 Gy
fractions, 5 days a week. In this clinical context, progressive and debilitating neurocognitive complications
inevitably arise, where survivors routinely exhibit impairments in learning and memory, attention,
executive function and exhibit a range of mood disorders that severely compromise their quality of life °-
13, Past work from us has linked adverse neurocognitive outcomes following cranial irradiation to a range
of associated pathologies including, reductions in dendritic complexity and spine density 47, reductions

21

in microvascular density 29 reduced myelination and synapse density and increased

neuroinflammation 2223, In addition, large clinical trials report disappointing results and poor responses
of GBM to chemotherapy, where patients with recurrent disease show a median survival of 25 weeks 2*
with no added benefit of Bevacizumab 2°. Given the paucity of promising data for these patient cohorts
major improvements are clearly needed to improve the efficacy and tolerance of RT in managing this

deadly disease.

Rationally in view of protecting at maximum the organs at risks, manufacturers of electron
acceleration have directed their developments toward improving the conformational delivery of the
beam. On the other hand, some advancement has come at the implementation of particle accelerators,

where proton and heavier ion therapy facilities highlight some of the more promising current modalities.
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26 or more recently

Previous experiments conducted with short pulses of X-rays on lymphocytes
conducted with protons on human-hamster hybrid cells and skin cells 2”-?° including micro-channel
radiotherapy that operates at 200 Gy/s dose-rate 3° have shown reduced levels of cytogenetic damage,
along with a marked protection of normal tissue from acute and long-term radiation injury. In part based
on these findings, and in efforts to more fully develop a truly innovative approach to RT, we have been
the first to conceptualize and implement a novel modality of irradiation, named FLASH radiotherapy
(FLASH-RT) 3! 32, In the brain, cognitive sparing was demonstrated when single doses of 10 Gy were
delivered at dose rates exceeding 100 Gy/s with an apparent threshold when dose rates fell below ~30
Gy/s 32. While this impressive FLASH effect seems likely to enhance significantly the therapeutic ratio of

this unique cancer treatment, more detailed studies into the potential impact on brain tumor control as

well as the mechanistic basis of neurocognitive sparing remained to be elucidated.

Based on these recent developments we first investigated the response of brain tumors to FLASH-RT.
Using three different models of GBM, we found that FLASH-RT was iso-efficient to radiation therapy
delivered at conventional dose rates for GBM control. Interestingly, FLASH-irradiated mice did not exhibit
neurocognitive decline, prompting the current series of studies aimed at elucidating the underlying
mechanisms. Therefore, we investigated the impact of FLASH-RT on a variety of neurocognitive outcomes
using robust experimental models and found significant short (1 month) and long-term (6 months)
benefits on cognition and a host of associated pathologies. Further experimentation explored the physico-
chemical basis of the FLASH effect 33. Based on the ultra-high dose rates inherent to the FLASH irradiation

(i.e 1000 times faster), we postulated that FLASH exposure could induce a rapid consumption of localized

oxygen, precluding typical reoxygenation kinetics. This is in distinct contrast to irradiation at conventional

dose rate where an equilibrium is established between vascular oxygen delivery, diffusion and the
consumption of free oxygen available in the tissue. To critically test this tenet, we modulated oxygen

tension in the brain and found that FLASH-RT immediately consumed local O; leading to rapid normal

tissue hypoxia, thereby pointing to a fundamental mechanism for the protective effect of FLASH-RT. Here

we report our findings elucidating the mechanisms of neuroprotection in the FLASH irradiated brain,
thereby promoting the translational potential of this promising new modality for the treatment of brain

cancer.
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Results

FLASH and conventional dose-rate irradiations are iso-efficient in the control of GBM but only FLASH-RT

preserves neurocoghnitive function.

We evaluated the antitumor effect of FLASH irradiation in 3 different tumor models.

First, atumor growth delay assay was performed on subcutaneous U87 human glioblastoma engrafted
in the flank of female nude mice. A mean tumor growth delay of 16 days was observed in the group
irradiated with 20 Gy FLASH single dose compared to the control. Interestingly, this tumor growth delay
was similar to the one induced by a single dose of 20 Gy at conventional dose-rate, showing an equivalent

anti-tumor effect, independent of the dose-rate (Fig. 1A).

Second, to validate this result, the antitumor effects of FLASH and conventional dose-rate irradiation
modalities were compared on genetically modified mice GFAP-HRas"'%; GFAP-CRE; p53/°/wt that
spontaneously develop GBM between 8 to 35 weeks of age. A prophylactic treatment of 15 Gy single-
dose delivered with FLASH-RT or conventional dose-rate irradiation, was given to 5-week-old mice before
the onset of GBM. The follow-up of these animals showed that radiotherapy significantly increased

survival but showed no difference between the irradiation modalities (Fig. 1B).

The foregoing established that dose rate modulation inherent to each modality did not compromise
tumor control, and validated a critically important feature of FLASH-RT. However, to demonstrate the
distinguishing characteristic that sets FLASH-RT apart from any other current modalities, it was necessary
to analyze its capability to protect normal tissue in the presence of the tumor. Tumors typically confound
neurocognitive assessment due to a variety of factors, so we focused our initial measurements on a time
(1 month post-IR) preceding the development of major neurological complications. To assess cortical and
hippocampal memory function, novel object recognition (NOR) was performed on orthotopic
glioblastoma bearing mice whole-brain irradiated with a single dose of 10 Gy delivered by FLASH-RT or
conventional dose-rate irradiation. Importantly, we observed that deficits in the NOR tasks were not
affected by the tumor per-se since non-irradiated animals showed a discrimination index (DI, means *
SEM, n=8-10) of 54.80 + 8.10. However, a drastic and significant drop in the DI was observed for the
conventional dose-rate irradiation group compared to controls (11.32 + 5.71 vs 54.80 + 8.10; P=0.0043).
Remarkably, animals subjected to FLASH-RT exhibited no such decrements and were statistically similar
to controls (45.67 + 2.87 vs 54.80 + 8.10; P=0.2403) (Fig. 2E). This encouraging finding marks the first
demonstration of an intervention of any kind, capable of preventing radiation-induced neurocognitive
function in the presence of an orthotopic tumor, thereby paving the way for the following mechanistic

studies.
109



A ns

1400+

=e— Control (n=5)

== 20Gy CONV (n=5) -
1200+ 20Gy FLASH (n=5)

o 10004 \
Eo :
2 Q °
5§ :
S 2 :
800- : |
5 S :
£E®© :
2B :
© .S 600- : -
20 :
% 3 *** vs. Ctrl
O 4001 : T
200- : T {
. T
H Thr—— T -
cl L : ] L] ] L] L] L L] ] L] I L L] ] L] L]
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
RT
Days
100+ —| —— Control (n=11)
15Gy FLASH (n=10)
© —— 15Gy CONV (n=9)
= 759
c —*— 15Gy X-Rays (n=5)
>
7
€ 9 N
o] *** vs. control
[ -
D 25 :
0 T T T T | o
0 50 100 150 200 250

Lifetime (days)

Figure 1: FLASH and conventional dose-rate irradiations display a similar anti-tumor effect. Iso-efficacy of FLASH-RT
and conventional dose-rate irradiation was observed by tumor-growth delay assessment of U87 human GBM
xenografted tumors irradiated at 0 or 20 Gy with FLASH-RT (FLASH) and conventional dose-rate irradiation (CONV) (A).
Transgenic GFAP-HRas"'2; GFAP-CRE; p53/®/"t mice developing spontaneous GBM were prophylactically whole-brain
irradiated at 0 or 15 Gy with FLASH-RT (FLASH), conventional dose-rate irradiation (CONV) or X-rays (B). For tumor
growth volumes, results are given in mean-value £ SEM. P values are derived from unpaired t-tests performed after
Gaussian distribution assessment with Shapiro test. Survival curves analyzed with Mantel-Cox test: ***P<0.001
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Figure 2: FLASH-RT can treat an orthotopic GBM model and protects the neurocognitive unction of GBM-bearing
mice. Mice orthotopically implanted with H454 murine GBM cells were treated with a single-dose whole brain
irradiation of 0 (n=11) or 10 Gy with FLASH-RT (FLASH, n=6) or conventional dose-rate irradiation (CONV, n=6) (A).
Tumor burden evaluation was realized with BLI quantification 4 weeks post-irradiation (B & C), along with survival
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are derived from unpaired non-parametric Mann-Whitney tests: *P<0.05 vs. controls. Statistics on survival curves
were performed with Mantel-Cox test against the control group (B). Neurocognitive function was assessed 4 weeks
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FLASH-RT minimizes radiation-induced cognitive dysfunction

To further elucidate the many possible neurobiological mechanisms responsible for the beneficial
cognitive effects of FLASH-RT, it was necessary to move to tumor free mice, where short and long-term
studies could be conducted in the absence of confounding disease. Therefore, to explore the capability of
FLASH irradiation to minimize neurocognitive decrements caused by cranial irradiation, animals were
subjected to a series of spontaneous exploration tasks known to interrogate hippocampal and cortical
learning and memory. The first cohort of animals was first tested using the Novel Object Recognition
(NOR) task. In the test phase, a significant overall group difference was found between the three cohorts
for the DI (F2,33 = 7.94, P=0.0015). After a 5-minute retention interval between the familiarization and
test phases, control mice showed a preference for the novel object (Fig. 3A) that was abolished by
conventional dose-rate irradiation (P<0.05). Animals given FLASH irradiation were statistically
indistinguishable from controls, and the FLASH cohorts were significantly different than the CONV cohort
(P<0.001).

Following NOR testing, mice were habituated and tested on the Object in Place (OIP) task. All cohorts
exhibited the same trends as in the NOR task, but variability within the groups precluded the data from

reaching statistical significance (Fig. 3B).

Lastly, animals were subjected to the Temporal Order (TO) task, where animals were familiarized with
two sets of objects, 4 hours apart (Fig. 3C). For this task, there was a significant difference between the
cohorts for the DI during the test phase (F(2,200= 12.9, P=0.0003). Controls showed preference for the prior
object compared to animals subjected to conventional dose-rate irradiation (P<0.0001), whereas the
FLASH cohort was statistically indistinguishable from controls and differs significantly from the CONV
cohort (P<0.05).

Mice from all cohorts subjected to spontaneous exploration tasks exhibited normal motor function
and exploration, where the total exploration time (time spent exploring both novel and familiar objects)
was unchanged following either irradiation modalities. These findings argue that results were not

confounded by any radiation-induced motor decrements.
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Figure 3: FLASH-RT minimizes radiation-induced learning and memory deficits caused by conventional dose-rate
irradiation 1 month after exposure. Wild type mice were irradiated (0 or 10 Gy, head only) under conventional or
FLASH dose-rate irradiation modalities and 1 month after exposure were subjected tested on spatial, episodic and
temporal order memory retention using the novel object recognition (NOR, A), the object in place (OIP, B) and
temporal order tasks (TO, C). The tendency to explore novel objects and/or location(s) can be assessed through a
Discrimination Index (DI), calculated as ([Novel location exploration time/Total exploration time] — [Familiar location
exploration time/Total exploration time]) x 100. Cranial irradiation delivered under conventional dose-rate conditions
caused significant reductions in DI on the NOR and TO tasks and similar trends on the OIP task compared to controls.
In each instance, FLASH-RT prevented radiation-induced cognitive deficits evaluated with the NOR, TO and OIP tasks.
Data are presented as mean * SEM (N=10-12 mice/group). P values are derived from ANOVA and Bonferroni’s multiple
comparisons test. *P<0.05; **P<0.01, compared to the 10 Gy CONV group.

To determine whether the level of anxiety and/or depression differed between our groups, our second
cohort of animals were subjected to an elevated plus maze (EPM) and a light-dark box (LDB) test to
quantify anxiety-like behavior 34, along with a forced swim test (FST) used to quantify depression-like
behavior 6 months after exposure. The EPM task provides a choice of remaining in either “open” or more
protected, “closed”, arms of the maze, while the LDB test quantifies the number of transitions between
protected “dark” and less protected “light” regions of the apparatus. The FST test measures immobility

or floating and is used as an indication of despair or “giving up”.

Significant overall group effects between the cohorts for the time spent in either arm of the EPM task
were found (Fp,22 = 6.77, P=0.005). Multiple comparison analysis revealed that controls spend
significantly more time in the open arms compared to the animals irradiated at conventional dose-rate
(P<0.005), while the FLASH cohort trended toward increased time in the open arms but was not
significantly different than the CONV group (Fig. 4A). For the LDB test, significant overall group effects

were again found between the cohorts (F2,22)= 3.77, P=0.05). In this instance, similar analyses showed
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that controls trended toward an increased number of transitions compared to CONV cohorts while the
FLASH cohort exhibited a significantly higher number of transitions between light and dark regions of the
apparatus compared to the CONV cohort (P<0.05) (Fig. 4B). In no instance did the FLASH cohorts exhibit
elevated anxiety-like behavior compared to the CONV cohort. For the FST, analysis of time spent floating
revealed a statistically significant overall group effect (F2,22) = 7.48, P=0.005). Multiple comparisons
analysis revealed that mice subjected to conventional dose-rate irradiation exhibited significantly
increased time spent floating compared to controls (P<0.01) or FLASH irradiated animals (P<0.01) (Fig.
4C). Collectively, these data demonstrate that FLASH irradiation reduced both anxiety- and depression-
like behavior that persist 6 months following conventional dose-rate exposures, representing a significant

benefit of FLASH-RT in preventing radiation-induced mood disorders.

The finding that FLASH-RT could attenuate anxiety and depression suggested it might have an impact
on extinction memory. The inability to dissociate certain events and unpleasant outcomes can often lead
to stress and anxiety, particularly if the process of fear extinction or inhibitory learning is impaired. The
capability to engage this active process is critical for cognitive health, as it facilitates how stressful
situations are managed 3>3°, To establish whether FLASH irradiation might facilitate fear extinction (FE) 6
months after exposure, mice were subjected to a rigorous protocol designed to determine whether mice
could unlearn the association between a tone and mild foot shock. Data showed that irradiation had no
impact on associative learning (T1-T3), as all cohorts exhibited robust freezing in response to the tone-
foot shock pairing (Fig. 4D). In contrast, two-way RM ANOVA across three testing sessions (Day 1-3)
revealed a significant overall group effect for the radiation effect (F(2,1473y= 31, P<0.00001) and extinction
training (F(1a,1473) = 25, P<0.00001), but not for the radiation x extinction training interaction (F(2s,1473) =
1.25, P=0.18) (Fig. 4D). In control and FLASH irradiated mice, freezing progressively decreased over
extinction training (20 trials over 3 days), while mice irradiated at conventional dose-rate showed
significantly higher freezing (P < 0.05-0.0001) compared to the other cohorts during this same training
interval (note: asterisks indicate significant differences between CONV vs FLASH) (Fig. 4D). Importantly,
these differences persisted, as animals subjected to the fear extinction test 72h after the cessation of the
extinction trials showed significant overall group differences (F(2,25) = 7.27, P<0.01) (Fig. 4d1). Multiple
comparisons analysis showed that control and FLASH irradiated mice exhibited significant extinction
behavior, while mice irradiated at conventional dose-rate could not, having significantly higher
freezing compared to control (P<0.01) and FLASH cohorts (P<0.005) when the tone was presented in
the extinction context (Fig. 4d1). Collectively, cognitive data derived 6 months following exposure,
provides compelling evidence for the neurocognitive sparing of FLASH-RT compared to conventional

dose-rate irradiation.
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Figure 4: FLASH-RT reduces mood disorders and improves fear extinction compared to conventional dose-rate
irradiation 6 months after exposure. Mice were subjected to the elevated plus maze (EPM, A) and the light dark box
(B) to measure anxiety-like behavior, followed by the forced swim test (FST, C) to quantify depression-like behavior.
Mice subjected to conventional dose-rate irradiation spent significantly less time in the open arms of the EPM and
exhibited significantly fewer transitions between the light and dark regions of the box compared to controls. FLASH
cohorts showed significant increase in the number of transitions on the light dark box compared to CONV. Mice
exposed to conventional dose-rate irradiation spent significantly more time floating compared to either controls or
FLASH, indicating the capability of the FLASH-RT to reduce depression. Data are presented as mean + SEM (N=10-12
mice/group). P values are derived from ANOVA and Bonferroni’s multiple comparisons test. *P<0.05; **P<0.01,
compared to the 10 Gy CONV group. Following these mood disorder tests, mice received 3 mild tone-foot shock
pairings (2-s, 0.7mA) to establish fear, and were subjected to extinction training (tone alone) administered 24 h later
to determine whether animals could unlearn the prior association within the same context. Exposure to either
irradiation modalities did not impair the acquisition of conditioned fear as demonstrated by similar freezing times
during the 3 tone-foot shock tri als for both cohorts (D). All mice showed a gradual decrease in freezing behavior over
the 20 extinction trials however, the time spent freezing was significantly greater for the mice irradiated with
conventional dose-rate modality as compared to controls or the FLASH cohort (D). Control and FLASH mice successfully
abolished fear memory when compared to CONV group (d1). All cohorts n=8-12/group. Data are expressed as the
mean + SEM. *P < 0.05; **P < 0.01, ***P < 0.001; Two-way repeated ANOVA followed by Bonferroni post-hoc test.
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Attenuation of neuroinflammation by FLASH-RT

Reactive astrogliosis consists of an abnormal stress-induced increase in the number of astrocytes,
known to be responsible for cellular dysfunction. GFAP expression in the striatum of non-irradiated and
irradiated mice was quantified by immunofluorescence to assess the occurrence of radiation-induced
astrogliosis at different time-points. Following FLASH irradiation (2 weeks), very few GFAP positive
astrocytes around CD31+ cells were observed around major striatum vessels (Fig. 5). A single dose of 10
Gy delivered at conventional dose-rate induced a significant 3.6-fold increase in GFAP immunoreactivity
around CD31+ cells (P=0.0077), with the presence of numerous astrocytes in close proximity to blood
vessels. Interestingly, only a non-significant 1.7-fold increase in GFAP immunoreactivity was observed
after FLASH-RT (P=0.1573), with a cell distribution similar to that found in the non-irradiated controls.
Two months post-irradiation, GFAP staining was minimal in the striatum of controls, suggesting the
relative absence of reactive astrocytes, with a classical star-shaped morphology and extended processes
(Fig. 5). On the contrary, in animals subjected to 10 Gy delivered at conventional dose-rate, a significant
2.6-fold increase in GFAP immunoreactivity (P=0.0034) was observed in the striatum of mice at this latter
post-irradiation time. At this same dose and time, GFAP immunoreactivity was non-significantly elevated
by 1.2-fold after FLASH-RT (P=0.5335). This result suggests FLASH-RT minimizes activation of astrogliosis
around blood vessels 2 weeks post-irradiation. Similarly, FLASH-RT significantly minimized radiation-
induced scar astrogliosis 2 months post-irradiation compared to conventional dose-rate irradiation,
thereby demonstrating long-lasting protection against inflammatory processes that are consistent with

the preservation of cognitive function.

To ascertain the impact of each irradiation modality on microglia, we quantified the number of IBA-1*
(resting or total) and CD68* (activated) microglia in the hippocampus at 1 and 6 months after exposure
(Fig. 6). Representative images show typical staining patterns obtained for resting microglia (IBA-1* cells)
in the hippocampus 1 month following each irradiation modality (Fig. 6A). At one month, little change is
noted in the total number of resting microglia (Fig. 6B). At 6 months, significant group differences were
found (F(2,15)= 12.2, P<0.001), where conventional dose-rate irradiation was found to reduce the yield of
resting microglia significantly compared to control (P<0.005) and FLASH (P<0.001) cohorts (Fig. 6B). Data
indicates that resting microglial levels were relatively unresponsive to the different irradiation modalities

used in this study.
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Figure 5: FLASH-RT reduces reactive gliosis over the course of 2 months in the striatum compared to conventional
dose-rate irradiation. Immunofluorescence staining and upright fluorescence microcopy was performed on
representative brain sections from each irradiated cohort. Representative high-resolution (200x) micrographs show
GFAP* astrocytes (Red) in the vicinity of CD31* endothelial cells (Green). Evident from these images is that
conventional dose-rate irradiation leads to a marked rise in GFAP* cells, indicating an increase in reactive gliosis.
FLASH-RT did not elicit such increased levels of reactive gliosis and was comparable to controls. Quantification of these
data at 2 weeks and 2 months post-irradiation reveals qualitatively similar yet significant effects. For each post-
irradiation time, conventional dose-rate irradiation increased reactive gliosis significantly, whereas FLASH-RT did not,
statistically similar to controls. Data are presented as mean + SD (N=5 animals/group. P values derived from non-

parametric Mann-Whitney unpaired test.)

The response of activated microglia was then investigated, where images show typical staining
patterns obtained for activated microglia (CD68+ cells) in the hippocampus 1 month following each
irradiation modality (Fig. 6C). Significant group differences in the yields of activated microglia were found
1 month after irradiation (F(2,15 = 155, P<0.0001). Consistent with past results, conventional dose-rate
irradiation caused a significant increase in the number of CD68* cells compared to controls (P<0.0001)
and importantly, FLASH irradiation reduced significantly (P<0.0001) the yield of activated microglia to
control levels (Fig. 6D). Remarkably, similar protective effects were found to persist 6 months following
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irradiation, where significant group differences were again found for the yields of activated microglia
persisting in the irradiated hippocampus (F(2,15 = 30.1, P<0.0001). Compared to controls, significant
(P<0.0001) increases in CD68" cells were observed 6 months after conventional dose-rate irradiation, an
effect that was attenuated significantly (P<0.0001) by FLASH irradiation (Fig. 6D). Since the activation of
microglia has been correlated with radiation-induced cognitive dysfunction, it is plausible that one
mechanism by which FLASH-RT spares neurocognitive decline is by preventing the early activation of

microglia and limiting their transition to a chronically activated state.
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Figure 6: FLASH irradiation attenuates neuroinflammation compared to conventional dose-rate irradiation.
Immunofluorescence staining and laser scanning confocal microcopy was performed on representative brain sections
from each irradiated cohort. Representative high-resolution (60x) confocal micrographs from the hippocampal
dentate hilus (DH) and granule cell layer (GCL) show IBA-1* microglial cell bodies (red) against the background of
granule cell neurons (blue) for each of the experimental cohorts (A). Quantification of IBA-1* microglia show little
effect at 1 month, but a reduction at 6 months after conventional dose-rate irradiation (B). For resting microglia, FLASH
cohort was statistically indistinguishable from controls at each of these time points (B). Similar representative images
were obtained for CD68* activated microglia (red) against the granule cell neurons (Blue) for each of the experimental
cohorts (C). Quantification of CD68* cells show a marked increase in activated microglia at both 1 and 6 months
following conventional dose-rate irradiation compared to controls (D). For each time-point, FLASH-RT prevented the
increase in activated microglia, and was statistically indistinguishable from controls (D). Importantly, these data
demonstrate the capability of the FLASH-RT to significantly attenuate neuroinflammation over protracted post-
irradiation intervals. Data are presented as mean + SEM (N=4 animals/group. P values derived from ANOVA and
Bonferroni’s multiple comparisons test. *P < 0.05; **P < 0.01, compared to the 10 Gy CONV group.
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Preservation of host neuronal structure by FLASH-RT

Significant past data has found irradiation to significantly compromise the structure of multiple
mature neuronal subtypes throughout various regions of the brain 3’. Reductions in dendritic complexity
and spine density persist for weeks to months following exposure to a variety of radiation modalities and
the resultant structural changes have been linked to functional decrements in cognition. Furthermore,
microglia have been shown to re-shape the dendritic tree, through active pruning and trimming of
unwanted or damaged dendritic arbors and spines to promote the structural plasticity needed for
remodeling the synaptic landscape. Therefore, based on the capability of FLASH-RT to minimize radiation-
induced cognitive dysfunction and attenuate the activation of microglia, another plausible mechanism
underlying the neuroprotective properties of FLASH-RT may involve the preservation of host neuronal

morphology.

To determine whether FLASH-RT had a differential impact on sparing host neuronal morphology
compared to conventional dose-rate irradiation, mice were analyzed for changes in hippocampal granule
cell neurons 1 and 6 months after exposure. Reconstructed images reveal the loss of dendritic complexity
in the CONV cohorts compared to controls, an effect that was not evident in the FLASH irradiated group
(Fig. 7A) 1 month after exposure. Higher resolution imaging provided the capability to quantify dendritic
spines, and revealed that compared to controls, conventional dose-rate irradiation caused a substantial
reduction in the number of dendritic spines (Fig. 7B, red), whereas no significant effect was observed in

the FLASH irradiated cohort 1 month after exposure.

Quantification and analysis of dendritic parameters 1 month following irradiation indicated significant
group differences for dendritic area (F2,9)= 7.4, P<0.01), length (F(2,9)= 4.5, P<0.05) and branches (F(,9) =
7.7, P<0.01), and posthoc tests confirmed that CONV cohorts showed significantly reduced dendritic area
(P<0.05) compared to controls with trends in length and branching (Fig. 8A). Importantly, FLASH irradiated
cohorts were found to exhibit significant improvements in each of these morphologic parameters,
showing increased dendritic area (P<0.01), length (P<0.05) and branches (P<0.01) compared to the CONV
cohorts (Fig. 8A). Further analysis of dendritic spines revealed significant group differences for spine
number (F,9 = 7.4, P<0.01), density (F2,9) = 29.4, P<0.0001) and volume (F;2,9) = 8.1, P<0.01) (Fig. 8B).
Posthoc tests again confirmed that CONV cohorts showed significantly reduced dendritic spine numbers
(P<0.01), density (P<0.0001) and volume (P<0.05) compared to controls. Interestingly, FLASH irradiated
cohorts were found to prevent the radiation-induced reductions dendritic spine parameters typical of
conventional dose-rate irradiation modalities, leading to significant increase in dendritic spine numbers

(P<0.05), density (P<0.0001) and volume (P<0.01) compared to CONV cohorts (Fig. 8B). Morphologic data
120



collected 1 month following irradiation provide conclusive evidence that FLASH irradiation preserves host

neuronal morphology compared to conventional dose-rate irradiation.

Control

Figure 7: FLASH-RT preserves host neuronal morphology compared to conventional dose-rate irradiation 1 and 6
months following irradiation. Representative digital images derived from deconvoluted z-stacks depict granule cell
neurons from the hippocampal dentate gyrus. Dendrites (green) are shown for each radiation modality along with
major branch points (blue)(A). Evident from these images is that the arborization in the granule cell layer is reduced
by conventional dose-rate irradiation compared to controls, an effect not apparent in the FLASH irradiated brain.
Higher magnification images reveal dendritic spines (red) against the dendritic tree following similar irradiation
modality (B). Apparent from these images is that dendritic spines numbers are reduced following conventional dose-
rate irradiation compared to controls, an effect again not evident in the FLASH irradiated brain. Scale bar 20 um (A)
and 5 um (B).
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Figure 8: Morphological parameters of granule cell neurons are preserved 1 month after FLASH-RT compared
to conventional dose-rate irradiation. Analysis of the granule cell neuron dendritic tree reveals reductions in dendritic
area, length and branching following conventional dose-rate irradiation compared to controls, effects that were all
significantly preserved in the FLASH irradiated brain (A). Similar findings were evident following quantification of
dendritic spines, where reductions in spine numbers, density and volume were found after conventional dose-rate
irradiation compared to controls (B). In each of these instances, FLASH-RT preserved dendritic spine parameters
significantly (B). Data are expressed as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA followed by
Bonferroni’s multiple comparison post hoc analysis.

Long-term analyses were conducted 6-months following exposure to determine the persistence of
any structural changes caused by either irradiation modalities. Quantification and analysis of dendritic
parameters at this protracted endpoint revealed significant group differences for dendritic area (F(2,9) =
36.4, P<0.0001), length (F(2,9) = 158, P<0.0001) and branches (Fi2,9) = 10.6, P<0.005) (Fig. 9A). In each
instance, posthoc analysis revealed that conventional dose-rate irradiation caused persistent and
significant reductions in dendritic area (P<0.0001), length (P<0.0001) and branches (P<0.01) compared to
controls. These effects were not found in the FLASH irradiated cohorts, and compared to CONV cohorts,

FLASH irradiation spared significantly dendritic area (P<0.0001), length (P<0.0001) and branches (Fig. 9A).
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Figure 9: Morphological parameters of granule cell neurons are preserved 6 months after FLASH-RT compared to
conventional dose-rate irradiation. Similar analyses of granule cell neurons at a protracted post-irradiation time
reveals persistent reductions in dendritic area, length and branching following conventional dose-rate irradiation
compared to controls, effects that were all significantly preserved in the FLASH irradiated brain (A). Similar findings
were again evident following quantification of dendritic spines, where reductions in spine numbers, density and
volume were found after conventional dose-rate irradiation compared to controls (B). With the exception of spine
numbers, FLASH-RT again preserved dendritic spine parameters significantly (B). Data are expressed as mean + SEM.
*P<0.05, **P < 0.01, ***P < 0.001; one-way ANOVA followed by Bonferroni’s multiple comparison post hoc analysis.

Additional analyses of dendritic spine parameters revealed the persistent benefits of FLASH
irradiation. At this protracted post-irradiation time point, significant group differences were found for
spine density (F2,9)= 22.4, P<0.0001) and volume (F(2,9)= 20.1, P<0.0005) (Fig. 9B). Cohorts subjected to
conventional dose-rate irradiation exhibited significant reductions in dendritic spine density (P<0.001)
and volume (P<0.0005), with trends for reduced spine numbers (Fig. 9B). While positive trends were
found for increased spine numbers after FLASH-RT, multiple comparison analyses indicated that FLASH
cohorts exhibited significant increases in spine density (P<0.001) and volume (P<0.005) compared to
CONYV cohorts (Fig. 9B). These data again point to the neuroprotective properties of FLASH-RT, where

significant long-term sparing of radiation-induced structural degradation to mature neurons is likely to
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underlie a certain fraction of the functional improvements in cognition reported here.
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To investigate further the mechanisms by which FLASH-RT might differentially impact the synaptic
landscape in the brain compared to conventional dose-rate irradiation, we analyzed postsynaptic density
protein 95 (PSD-95). Past work has shown conventional dose-rate irradiation to alter the expression of
PSD-95 foci in certain hippocampal and cortical regions of the brain #37, and current studies sought to
determine the response of this critical synaptic protein to FLASH irradiation. Representative images show
the expression of fluorescent PSD-95 foci (red puncta) in the hippocampus for each cohort (Fig. 10A).
Interestingly, 1 month following irradiation, significant group differences were found for PSD-95 foci on
granule cell neurons in the dentate gyrus (F(2,9) = 10.3, P<0.005). Animals subjected to conventional dose-
rate irradiation exhibited significantly lower yields of PSD-95 compared to control (P<0.005) or FLASH
(P<0.01) cohorts (Fig. 10B). These changes were not found at this time when PSD-95 was analyzed along
dendrites of CA1 pyramidal neurons (Fig. 10C). Analysis at the 6 month time-point revealed similar
changes in both brain regions where significant group differences were found in the dentate gyrus (F2,11)
= 8.44, P<0.005) and hippocampal CA1 (Fj2,13)= 15.7, P<0.001). Cohorts subjected to conventional dose-
rate irradiation were significantly lower than controls in the dentate gyrus (P<0.005, Fig. 10D) and CA1
region (P<0.001, Fig. 10E). While PSD-95 levels were not significantly different than controls at this latter
time, data from each region do show trends that approach controls. It is noteworthy that for each of the
foregoing situations, PSD-95 levels found after FLASH irradiation more closely paralleled those levels
found in controls than after conventional dose-rate irradiation. These data suggest that the high dose rate

FLASH-RT maintained a synaptic landscape more similar to a non-irradiated brain.
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Figure 10: FLASH-RT does not perturb PSD-95 levels compared to the brains irradiated with conventional dose-
rate. Representative fluorescence micrographs showing PSD-95 puncta (red) against the soma (blue) of granule cell
neurons following each irradiation modality (A). Quantitative analyses of fluorescent PSD-95 foci show that exposure
to conventional dose-rate reduces PSD-95 levels at both 1 (B) and 6 months (D) following exposure compared to
controls, and effect not found in the FLASH irradiated brain. Analysis of CA1 pyramidal cell neurons reveals different
trends in PSD-95 levels after irradiation, but after 1 month (C) or 6 month (E), the FLASH irradiated brain was similar
to controls, and did not show the types of changes evident after conventional dose-rate irradiation. Data are expressed
as the mean + SEM. *P < 0.05; **P < 0.01; Two-way repeated ANOVA followed by Bonferroni post-hoc test.

Physico-chemical basis of FLASH effect — minimizing oxygen toxicity

The partial pressure of oxygen in irradiated tissue is responsible for reactive oxygen species (ROS)
production and leads to a large majority of radiation-induced damage. To evaluate its contribution in the
FLASH effect, we induced an increase in oxygen concentration in the brain via carbogen breathing before

and during the 10 Gy WBI (Fig. 11A). Carbogen breathing had no impact on the discrimination index (DI,
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means + SEM, n=8-10) of non-irradiated mice under both partial oxygen pressure (58.34 + 2.63 vs. 60.11
+ 2.28; P=0.7990). A drop in DI was observed in carbogen breathing mice irradiated with conventional
dose-rate irradiation, at levels comparable with the DI of air-breathing mice (14.05 + 5.61 vs. 8.95 + 2.29;
P=0.2234). Nevertheless, a significant drop in DI was observed in the carbogen-breathing mice irradiated
with FLASH-RT when compared to both controls and the air-breathing cohort treated with FLASH-RT
(28.53 £ 4.27 vs. 60.11 £ 2.28; P=0.0003 and 28.53 + 4.27 vs 52.99 + 1.99; P=0.0079). These results show
that increasing the oxygen concentration in the brain before and during FLASH-RT reverses the
neurocognitive sparing observed under ambient air-breathing conditions. Therefore, the variation of
oxygen concentration in the brain has a significant impact on the FLASH effect, where the differential
consumption of oxygen and resultant production of toxic ROS in the brain may in part, explain why only

FLASH-RT imparts normal tissue sparing under normoxia.
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Figure 11: Intratumoral and normal brain pO, is critical for the FLASH effect. Increase in normal brain pO; by carbogen
breathing before and during the delivery of 0 or 10 Gy WBI with FLASH-RT or conventional dose-rate irradiation
showed a loss of the neurocognitive preservation induced by FLASH-RT in normoxic conditions (A). Results are given
as mean * SD and statistical analyses were performed with an unpaired non-parametric Mann-Whitney test. The
effects of tumor-clamping induced hypoxia and carbogen-breathing induced hyperoxia on the tumor growth delay of
a U87 human GBM xenografted tumors after the delivery of 20 Gy FLASH or conventional dose-rate irradiations
showed that hypoxia does not impact the anti-tumor effect of FLASH-RT (B). Results are given as mean + SEM and
statistical analyses were performed with an unpaired Student t-test after Gaussian distribution assessment by Shapiro-
Wilk normality: *P<0.05; **P<0.01***P<0.001.

As tumor tissue is typically more hypoxic, dose-rate induced changes in oxygen tension would be
predicted to be minimal, while elevations in tumor oxygen levels should elicit enhanced kill. To formally
test these possibilities, nude mice bearing U87 human GBM sub-cutaneous tumors were locally irradiated

with a single 20 Gy dose of FLASH-RT. Oxygen depletion and supplementation were performed by tumor
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clamping or carbogen breathing before and during the irradiation (Fig. 11B). No impact of the transient
vascular clamps or carbogen breathing were observed on non-irradiated tumor growth over the course
of this study. Compared to the air breathing and irradiated cohorts, a significant increase in tumor growth
delay was observed in the FLASH-RT group, subjected to carbogen breathing, validating the expected
increase in radiosensitization at elevated oxygen levels. On the contrary, no significant difference in the
tumor growth delay was observed between clamped (hypoxic) and normoxic cohorts subjected to FLASH-
RT. This result demonstrates how the FLASH effect depends on ambient oxygen levels, where FLASH-
induced tumor control on hypoxic tumors such as subcutaneous engrafted GBM is oxygen-independent,

increasing only when oxygen levels are experimentally elevated under carbogen breathing.

FLASH irradiation produces less H>0;

Our results lead us to postulate that for a given iso-dose, FLASH-RT leads to lower ROS production
compared to conventional dose-rate irradiation. H202 is the only end-product of water radiolysis partial
reactions that can be easily quantified, therefore H202 concentration was measured using a cell free
radiochemical assay with AmplexRed after FLASH or conventional dose-rate irradiation (Fig. 12A). This
measurement was used as a surrogate to evaluate the radiation-induced production of ROS by water
radiolysis. An oxygen concentration of 4% in the water was used as mimetic of physiological oxygen
tension. Interestingly, and for all doses above 10 Gy, a significantly lower concentration of H202 was
observed in the FLASH irradiated aqueous solution (P<0.001), supporting our hypothesis that FLASH-RT

reduces the production of toxic ROS.

Moving from a cell-free system, we then focused on the biological consequences of differential ROS
production generated by both irradiation modalities. First, we investigated the modulation of intrinsic
radiation sensitivity in vitro (Fig. 12B) using H454 murine glioblastoma cells irradiated at 21% and 4% of
oxygen. Consistent with previous observations 3!, for all delivered doses under 10 Gy, no significant
difference in clonogenic survival was observed between FLASH and conventional dose-rate irradiations
when cells were irradiated at an oxygen concentration of 21% or 4%. Nevertheless, a significantly better
clonogenic survival was observed after the delivery of 20 Gy with FLASH-RT compared to conventional
dose-rate irradiation. Decreasing the oxygen concentration to 4% during the irradiation enhanced the
clonogenic survival of cells irradiated with FLASH-RT for doses above 15 Gy, suggesting a protection of

these cells from radiation-induced damage when irradiated at a physiological oxygen partial pressure.

Moving then to a more complex model system, we performed ROS scavenging experiments in-vivo on

zebrafish embryos using N-acetyl cysteine (NAC) and amisfostine (Fig. 12C). We validated the protective
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effect of FLASH-RT on the development of zebrafish embryos. When 4-hour post-fertilization embryos
were irradiated at 8 Gy, both conventional and FLASH dose-rate irradiations led to significant
development alteration assessed by body length measurement. Nevertheless, FLASH-irradiated embryos
were significantly less altered in their development than embryos irradiated with conventional dose-rate
irradiation. To assess the importance of radiation-induced ROS production in the development damage
induced by both irradiation modalities, zebrafish embryos were pre-incubated with antioxidant molecules
(amisfostine or NAC). Embryos treated with antioxidants were protected from conventional dose-rate
irradiation injury following irradiation at 8 Gy whereas no further protection was observed in the FLASH-
RT groups. Moreover, even with the antioxidant treatments, the body length of embryos irradiated with
conventional dose-rate irradiation was still lower than the FLASH-irradiated animals without any
treatment. These results support the hypothesis that FLASH-RT leads to a lower production of ROS, and

thus to a lower level of radiation-induced damages to the normal tissues.
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Figure 12: FLASH-RT produces less H,O; and oxidative stress. ROS production by water radiolysis was evaluated via
H.0; measurement with AmplexRed method in water with FLASH or conventional dose-rate irradiations and showed
that FLASH-RT produces less H,0 than conventional dose-rate irradiation for a similar delivered dose (A). pO; impact
on clonogenic survival of murine GBM H454 cell line was studied by irradiation at 21% and 1% of dioxygen with FLASH-
RT and conventional dose-rate irradiation up to 20 Gy (B). Radio-induced alteration of the zebrafish morphology was
assessed by body length measurement following total body irradiation with 8Gy FLASH-RT or conventional dose-rate
irradiation and an antioxidant treatment by 5mM of NAC or 4mM of Amifostine FLASH-RT induces less morphological
alterations than all other irradiated groups which are not reversed by antioxidant treatments (C). Results are given as
mean + SD and statistical analyses were performed with an unpaired non-parametric Mann-Whitney test: *P<0.05; **

P<0.01; ***P<0.001.
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Discussion

Significance and rationale of the FLASH effect

Radiobiologists have sought to improve the differential sensitivity of tumor and normal tissue for
decades for the enhancement of therapeutic efficacy. Chemical and biologic modifiers have been at the
forefront of past and current research efforts designed to capitalize on different metabolic and signaling
pathways that distinguish cancer cells from their normal tissue counterparts. Major advancements
outside of these broader disciplines have come largely from conformational improvements in targeted
beam delivery, where image guided pencil beam irradiations from a variety of stereotactic modalities
provides improved tumor coverage while minimizing collateral dose outside the margins to the
surrounding normal tissue. While beneficial, advancements in targeted beam delivery have been
relatively incremental and costly and have failed to provide significant conceptual and innovative
advancements able to capitalize on the differential radiation response between malignant and normal

tissue.

Normal tissue sparing by FLASH irradiation has caught the field by surprise, representing a rather
unexpected outcome that repudiates many of the traditional tenets of radiobiology. This potentially
paradigm shifting technology, antagonizes a wealth of data documenting normal (and cancer) tissue
sparing achieved by reducing the dose rate (~ 0.0017Gy/s). The fact that lowering the dose rate can
prevent nearly every adverse radiobiological endpoint has long been attributed to DNA repair transpiring
during dose delivery and contributes to the counterintuitive nature of achieving normal tissue sparing via
FLASH irradiation 38, Data presented now provides compelling evidence that FLASH irradiation can
attenuate neurocognitive complications and associated pathology, without compromising tumor Kkill,
through a mechanism involving oxygen consumption. These findings corroborate very recent work from
our labs on the brain, lung, skin and gut 312, and point to the general applicability of FLASH irradiation,

to exploit differences in oxygen tension between tumors and normal tissue for therapeutic gain.

FLASH-RT does not compromise tumor cure

Given the dire prognosis of brain tumor patients, novel strategies are in desperate need for improving
the radiotherapeutic management of medulloblastoma, glioblastoma and brain metastases. These
tumors are known to be highly resistant to the current treatments consisting of standard radiation and
chemotherapy regimens. Subsequently, the prevalence of radiation-induced brain toxicities in pediatric
and adult brain-tumor patients has negatively impacted patient care and quality of life of survivors for
decades %1, Given this rather dubious backdrop, brain tumors were logical targets for the assessment of

FLASH-RT efficacy. The use of murine models was selected for reliable and quantitative comparisons
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between FLASH-RT and conventional dose-rate irradiation efficacy. The feasibility of treating such murine
tumors was also possible with the experimental LINAC available at the CHUV since the localization of the
tumor in the brain was suitable for the depth dose penetration of the electron beam (1.5-2 cm). Three
different models were used from the simple subcutaneous xenografted human GBM to the more complex
orthotopic engrafted murine GBM and transgenic spontaneous GBM in mice. In all 3 cases, doses were
administered as single fractions of 10, 15 and 20 Gy to achieve tumor control. Subcutaneous tumors given
20 Gy by either FLASH-RT or conventional dose-rate irradiation induced a growth delay of 16 days. FLASH
or conventional dose-rate irradiations used to deliver prophylactic WBI at 15 Gy, before the onset of any
symptoms in transgenic animals with spontaneous GBM, enhanced survival of mice by 2.5-fold. Similar
treatments using 10 Gy delivered by either radiation modality in the orthotopic model achieved tumor
growth delay of 12 days. In all 3 models, the anti-tumor efficacy of FLASH-RT and conventional dose-rate
irradiation were equivalent and induced significant tumor growth delay without cure. These anti-tumor
effects using multiple GBM models corroborate our previous observations on lung, breast and H&N tumor
models 3. However, present findings highlight the significant benefit of neurocognitive sparing provided

by FLASH-RT in orthotopic tumor-bearing mice irradiated at 10 Gy.

These results open prospects on the possibility to improve the tumor control. As current GBM
treatments consist of concomitant and adjuvant Temozolomide along with fractionated radiation-
therapy, it will be necessary to further investigate the benefits of such combined treatments with FLASH-
RT. Moreover, recently developed brain metastases mice models 3 or lentivirus-activated glioblastoma

models 0

would provide additional opportunities to evaluate preclinical efficacy of the FLASH-RT
modality. In addition, there is a growing interest in the study of GBM immune infiltration and its role in
modulating treatment response and outcome. Recently, the use of CSF1 receptor inhibitors has been
shown to modify the tumor immune microenvironment and abrogate the therapeutic resistance of GBM
41 As FLASH-RT is preventing activation of immunosuppressive signals (i.e. TGF-B1 3!), the investigation of

the immune infiltration in the tumors treated with FLASH-RT represents an important next step toward

the optimization of immuno-therapy protocols in combination with FLASH-RT.

Neuroprotective effects of FLASH-RT in tumor free mice

The provocative data showing that neurocognitive sparing can be achieved in tumor bearing, FLASH
irradiated animals without compromising tumor control points to the potential promise of increasing the
dose-rate to improve patient outcomes. Moreover, this significant finding represents the first
demonstration of an intervention capable of improving neurocognitive outcome in an orthotopic tumor

bearing mouse model without compromising radiocurability of the tumor itself. To further understand
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the scope of the cognitive benefits and to interrogate the neuroprotective mechanisms of the FLASH
effect paradigm, it was necessary to evaluate tumor free animals subjected to FLASH or conventional
dose-rate irradiations so as to eliminate any potential confounding effects of the tumor on the normal
brain. Each of these tasks revealed qualitatively similar trends, and most showed that compared to
conventional dose-rate irradiation, FLASH-RT did not cause hippocampal and cortical based deficits in
learning and memory. These findings demonstrate that impairments in spatial, episodic and recognition
memory in the normal, disease free brain can be spared by FLASH-RT, and importantly, provided the
means for evaluating the long-term consequences of irradiation on CNS functionality, where animals

would otherwise succumb to tumor progression.

The comprehensive array of behavioral tasks presented in this study revealed significant cognitive
deficits encompassing multiple forms of learning and memory and showed that relatively early changes
in cognition extended to longer post-conventional dose-rate irradiation intervals. Animals subjected to
FLASH-RT were preserved from radiation-induced increased anxiety- and depression-like behavior. The
inability to dissociate unpleasant events is an active process of unlearning “extinction” involving the
medial prefrontal cortex among other brain regions. The finding that conventional dose-rate irradiation
elicits such marked and long-term deficits in fear extinction points to the similarities that the irradiated
brain shares with other stress-induced disorders such as post-traumatic stress disorder (PTSD) 4?43, The
emergence and persistence of these aberrant behaviors post-treatment highlight the types of mood
disorders that can plague the recovery and quality of life of brain tumor and cancer survivors alike,
particularly pediatric brain cancer survivors 4>, Remarkably, FLASH irradiation eliminated each of these
late neurocognitive complications, reducing anxiety as measured by the EPM and light dark box, reducing
depression as measured by the FST, and improving extinction. These findings represent the first
demonstration that such long-term, functional CNS endpoints can be resolved by any intervention

(biological, chemical or physical), again highlighting the potential clinical utility of the FLASH effect.

To investigate the potential neurobiological mechanisms that might account for such impressive
cognitive benefits, we investigated how each irradiation modality might differentially impact
neuroinflammation. Reactive gliosis can disrupt CNS functionality by promoting proinflammatory
processes that can disrupt stromal and parenchymal cell compartments 6. Astrogliosis is frequently
observed after brain irradiation 4’ and can be linked to radiation-induced vascular damage. The capability
to minimize astrocytic and microglial activation would have important long-term implications for the
irradiated brain, by ameliorating the chronic footprint of radiation-injury. Data indicates that while

conventional dose-rate irradiation elevated reactive gliosis, FLASH-RT did not, pointing to the capability
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of FLASH-RT to minimize astrogliosis adjacent to blood vessels, possibly by preserving the vascular
endothelium. Similarly, the analysis of microglia showed that FLASH reduced significantly the yields of
activated (CD68+) microglia. These findings corroborate a wealth of past data showing conventional dose-
rate cranial irradiation to elicit a robust neuroinflammatory response involving activated microglia 23480,
but also highlights a major benefit of the FLASH modality. The attenuation of chronic inflammation by
FLASH-RT has far reaching implications and suggests that many of the resultant adverse effects on the
structural and functional integrity of the CNS may be preventable by implementing this novel irradiation

modality.

Recent data from our laboratories has demonstrated that an acute and long-term consequence of
conventional dose-rate cranial irradiation is a marked and persistent reduction in dendritic complexity
and spine density 3’. The capability of FLASH-RT to minimize secondary reactive processes in the irradiated
brain suggests that the structural degradation of neurons, in part mediated by the pruning activities of
activated microglia, may also be attenuated. Analysis of hippocampal granule cell neurons 1 month
following exposure to conventional dose-rate irradiation reveals reductions in dendritic area, length and
branching, effects that are all resolved significantly by FLASH-RT. The sparing effects of FLASH-RT on
dendritic arborization extended to dendritic spines, as the number, density and volume of spines was
again preserved significantly after FLASH-RT compared to conventional dose-rate irradiation. Remarkably,
these same protective effects on the structural integrity of mature neurons were found 6 months after
FLASH-RT exposure, demonstrating that compared to conventional dose-rate irradiation, FLASH-RT
preserved host neuronal morphology at multiple dendritic levels over extended post-irradiation intervals.
Similar to the overt protective effects on neuronal structure, FLASH irradiation also paralleled controls in
the number of PSD-95 synaptic foci found 1 and 6 months following. This critical synaptic protein has been
shown to organize the composition of proteins and receptors at the synaptic cleft %2, and changes
induced by conventional dose-rate irradiation were not found after FLASH-RT, suggesting again, that
FLASH-RT prevents more traditional radiation-induced changes in synaptic protein expression and/or
relocalization capable of disrupting neurotransmission. While the precise mechanism/s underlying the
prolonged structural preservation of host neurons and stabilization of synaptic proteins in the FLASH
irradiated brain remain to be elucidated, reductions in microglial activation represent a plausible

explanation.

Physico-chemical mechanism of FLASH-RT

The foregoing data has demonstrated a potentially paradigm shifting radiation modality, capable of

minimizing normal tissue toxicity without compromising tumor cure. To explore the radiochemical basis
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of this differential effect on normal and tumor tissue, we sought to analyze whether differences in oxygen
tension might provide a clue. Oxygen has long been known to be a potent radiosensitizer, and significant
past effort has been devoted to a variety of approaches aimed at modulating oxygen tension between
normal and tumor tissue for therapeutic gain °3°°. Importantly, normal tissue is already maximally
sensitized to ionizing radiation under normoxic conditions (oxygen levels ~4-6%), and only becomes
meaningfully resistant under conditions where oxygen levels approach <1.5%. Previous old studies
showed that the survival of anoxic bacteria after radiation exposure was independent of dose-rate,
whereas aerobic bacteria at very low oxygen tensions were less sensitive to radiation at high dose-rates
than fully aerobic bacteria %6, Similar results were obtained on mammalian cells clonogenic survival,
where increased clonogenicity was found in cells irradiated with high dose-rates under hypoxia (~1% of
0,) 336265 Both type of studies concluded that the protective effect on clonogenic survival might be due
to the transient depletion of oxygen during high dose-rate irradiation that lowers the concentration of
oxygen in the cellular environment. These data are fully consistent with our clonogenic survival assays
under hypoxia and water radiolysis experiments demonstrating lower quantities of hydrogen peroxide
produced after FLASH-RT, suggesting a differential production of ROS between conventional and ultra-
high dose-rate irradiation. These results suggest that the duration of irradiation is the variable that is
absolutely critical to induce the differential effect between ultra-high and conventional dose-rate
irradiation. Thus, if FLASH irradiation depletes oxygen levels from normoxic to hypoxic levels, then normal
tissue sparing would be evident, while a normally hypoxic tumor would exhibit relatively minimal
response to such dramatic changes in dose rate. Here we posit that the relative instantaneous depletion
of oxygen by FLASH represents a plausible mechanism for the differential effects of FLASH-RT between

normoxic and hypoxic tissues.

To formally test this hypothesis, two series of experiments were performed. ROS scavenging studies
implementing millimolar concentration of antioxidants to zebrafish embryos showed that amifostine or
NAC had no effect on FLASH-irradiated embryos whereas the same treatments significantly improved
embryo morphology after conventional dose-rate irradiation. Furthermore, dysmorphisms were more
severe in the embryos irradiated by conventional dose-rate irradiation, suggesting FLASH-RT induced
lower levels of toxic ROS. The presence of either antioxidant had a predictably muted effect after FLASH-
RT compared to conventional dose-rate irradiation, again pointing to the capability of FLASH-RT to
minimize oxygen toxicity, thereby limiting the efficacy of the antioxidants to scavenge oxygen free radicals

existing at reduced levels.
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In addition, mice were subjected to carbogen breathing before and during conventional dose-rate
irradiation or FLASH-RT, able to double the ambient oxygen concentration in the brain . Following
irradiation, animals were subjected to a NOR task used before to quantify neurocognitive functionality 2
months after exposure. This mode of oxygen supplementation had no impact on unirradiated cohorts, or
those subjected to conventional dose-rate irradiation. However, for animals subjected to FLASH-RT, the
neurocognitive benefits found after ambient air breathing were eradicated under excess oxygen,
demonstrating that carbogen breathing could functionally reverse the FLASH effect on cognition. While a
number of explanations are certainly possible, the simplest one suggests that under the given carbogen
breathing conditions, FLASH-RT was unable to deplete oxygen to the levels necessary to achieve
neurocognitive sparing. Similar experiments conducted on a tumor flank model confirmed expectations,
where carbogen breathing had no impact on tumor control in unirradiated cohorts or on those subjected
to FLASH-RT with transient hypoxia. Increased oxygen tension in the tumor did promote control, validating
the radiosensitizing effects of oxygen on hypoxic tissue. These data provide convincing support for the
idea of an oxygen-concentration dependent mechanism driving the differential response of normal tissue
from that of tumors subjected to FLASH-RT. Our data are fully supported by previous studies, where the
absence of skin toxicity observed in rats irradiated with high dose-rates was associated with an oxygen
partial pressure of 5-10mmHg, protection that was lost under anoxic conditions /. Moreover, the
protection against radiation-induced tail necrosis triggered by high dose-rate irradiation was reversed by

an increase in oxygen concentration .

In each instance, cell free, cell-based, zebra fish and mouse models provide fundamentally consistent
results compatible with the idea that normal tissue sparing resulting from FLASH-RT is at least in part,
based on an oxygen-dependent mechanism leading to lower levels of ROS and normal tissue toxicity. Due
to tissue hypoxia in tumors, similar effects do not operate, so that tumor cure is not impacted, leading to

the unexpected protective effects in normal tissue of delivering radiation at ultra-high dose rates.

Conclusions

Recent and current data make a compelling case for FLASH technology being at the cusp of changing
radiotherapeutic protocols worldwide. Many past strategies have long sought to enhance therapeutic
gain by modulating oxygen tension to increase tumor radiosensitivity (higher pO) while protecting normal
tissue (lower p0;) with mixed success over the years. Noteworthy too is the surprising realization that the
FLASH advancement achieves such marked and persistent normal tissue sparing while transpiring within
microseconds, a timeframe simply not obtainable from the majority of efforts focused on biological

interventions, typically able to intervene on processes operating on a relative timescale 6 orders of
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magnitude slower (Fig. 13A). This single fact is perhaps why this technology stands to change the
landscape of radiotherapy, in that no special drugs, reagents, patient preparation or overly expensive
equipment are required for its clinical implementation. Here we describe a potentially revolutionary way
to sterilize tumors while greatly minimizing the adverse side effects associated with normal tissue
damage. This is accomplished through a mechanism involving reduced oxygen toxicity, where the FLASH
irradiation effectively exploits the oxygen differential between normal tissue and tumors instantaneously
(Fig. 13B) to elicit normal tissue sparing. The resultant increases in normal tissue tolerance afford
tremendous potential for dose escalation while avoiding severe late effects and toxicities associated with
previous chemical modifiers and/or altered fractionation protocols. Further experimentation is clearly
needed to substantiate the enormous potential of this burgeoning technology, but based on current data,

rapid implementation of this promising new cancer treatment seems just a matter of time.
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Figure 13: The very short time of dose-delivery induces differential physico-chemical events that explain the
FLASH effect. A- FLASH-RT is more than 1000 times quicker than conventional dose-rate irradiation to deliver a similar
dose. While conventional dose-rate irradiation is still ongoing when chemical and biological steps happen, FLASH-RT
does not interact with these primary radiation-induced steps. B- FLASH-RT induces transient oxygen consumption and
local hypoxia. Reduces the level of ROS produced and normal brain toxicity as compared with irradiation at
conventional dose rate.
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Material and methods

Animal experiments

Animal experiments were approved by Swiss (VD2920) and American (Institutional Animal Care and
Use Committee, IACUC) Ethics Committee for Animal Experimentation and performed within institutional

guidelines.

Irradiation devices

Irradiation was performed using a prototype 6MeV electron beam linear accelerator (LINAC) of type
Oriatron 6e (eRT6; PMB-Alcen, Peynier, France), available at Lausanne University Hospital and described
previously . This LINAC is able to produce pulsed electron beams at a mean dose rate ranging from 0.1
Gy/s (i.e. comparable to conventional dose rates used in radiation-therapy) up to 1000 Gy/s,
corresponding to a dose, in each electron pulse, ranging from 0.01 up to 10 Gy. All irradiations were
performed at dose rate above 100 Gy/s FLASH and the parameters used are included in supplementary
Table 1. The dose prescriptions for FLASH irradiations were determined by surface dose measurements
ona 30x 30 cm2 solid water slab positioned behind a 1.7 cm in diameter aperture of a graphite applicator
(13.0x 13.0 x 2.5 cm3), as previously described 32. The mouse head was positioned behind and in contact
with the aperture of the 1.7cm diameter graphite applicator in order to irradiate the whole encephalon
region while limiting the dose to the eyes, the mouth and the rest of the body. Subcutaneous tumors were
positioned in sandwich between the aperture of the 1.7cm diameter graphite applicator and a solid water

slab. All FLASH irradiations were delivered in less than 0.2 s.

X-rays irradiations at conventional dose-rates were performed using a XRad 225Cx (Pxi Precision X-
Ray). The dose prescriptions were determined at 5 mm depth for a 10x10 mm?2 field according to previous
depth dose measurement in solid water phantom. The irradiations were performed at 225 keV, 13 mA,
with a 0.3 mm copper filter. Irradiations were delivered after fluoroscan imaging to position the mouse in
order to avoid irradiating their eyes, mouth cavity, esophagus and trachea. Whole brain irradiation was

performed with two horizontal opposed beams delivering each 7.5 Gy at 5 mm depth.

Tumor models and irradiation

For subcutaneous glioblastoma models, 10M U87 human GBM cells were engrafted in the flank of
female nude mice under isoflurane anesthesia. Tumors were irradiated at 20 Gy as described above when
their volume reached of 60mm3 (57+ 17 mm3) using a 1.7cm round collimator. For hyperoxic conditions,
mice were anesthetized under carbogen (95% 03, 5% CO;) and isoflurane for 15 minutes, including the

irradiation time. Hypoxic conditions were performed using a vascular clamp placed on the tumor for 5
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minutes, including the irradiation time. Tumor growth was evaluated three times a week by caliper

measurement.

For orthotopic glioblastoma models, 500°'000 H454 Luc+ murine GBM cells (D. Hanahan, EPFL,
Switzerland) were orthotopically injected in the striatum of female nude mice with the coordinates: (+1;
+1; -3). Whole brain irradiations at 10 Gy were performed as described above 3 days post tumor
implantation. Tumoral development was assessed by bioluminescence imaging the day before irradiation
and weekly post-irradiation. Image acquisition was performed under isoflurane anesthesia using a
Xenogen and 10 minutes after an ip. injection of 15mg/kg of luciferin and bioluminescence was quantified

(Living image).

A transgenic GBM model GFAP-HRas"*2; GFAP-CRE; p53/°/*t(D. Hanahan, EPFL, Switzerland) was used
for prophylactic irradiation treatment. The mice were irradiated to the whole brain with a single dose of
15Gy FLASH, or at conventional dose rate (electrons and X-rays) as described above, before the

development of the tumor at 4 weeks of age. Tumor symptoms and survival was assessed.

Whole brain irradiations

Female C57BI6/J mice (n=5-16 animals per group) and female Nude mice (n=5-12 animals per group)
were purchased from CRL at the age of eight weeks. Transgenic Thyl-eGFP mice (n=10-12 animals per
group) were bred in UCI animal facility. Transgenic GFAP-HRas"'2; GFAP-CRE; p53/©/Wt (n=5-11 animals
per group) were obtained from D. Hanahan’s laboratory in EPFL (Lausanne, Switzerland) and bred in EPFL
animal facility. Whole brain irradiations were performed under isoflurane anesthesia as described above.
For irradiations in hyperoxic conditions, mice were anesthetized with isoflurane and carbogen (95% O,,

5% CO,) for 20 minutes, including the irradiation time.

Cognitive testing

To determine the effects of conventional and FLASH dose-rate irradiations on cognitive function, mice
were subjected to behavioral testing 1 and 6 months after irradiation. Early testing (1 month) was
conducted over 2 weeks and included three open field, spontaneous exploration tasks following our
previously described protocols 16324770 Data analysis was conducted independently and blind and is
presented as the average of all trials scored for each task. Female nude mice bearing orthotopic GBM
tumors were administered the novel object recognition (NOR) task to assess neurocognitive functionality.
Tumor free transgenic mice [strain Thyl-eGFP, MIrs), stock no. 007788, The Jackson Laboratory,

Sacramento, CA] harboring the Thy1- eGFP transgene were subjected to a more extensive neurocognitive
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battery to eliminate any confounding effects of disease. These animals were first administered the NOR,

followed by the object in place (OIP) and lastly the temporal order (TO) task.

Novel Object Recognition (NOR) task involved a sequence of habituation (no objects), familiarization
(2 distinct objects) and lastly a test phase, in which one of the prior objects is switched with a new one.
Animals have a tendency to explore the novel object, and successful performance on this task is reliant

on intact perirhinal cortex function 772,

For the Object in Place (OIP) task, animals were habituated then familiarized with 4 different objects
at discrete locations. Following familiarization, the location of 2 objects is switched and animals are
reintroduced to the arena for the test phase, and their ability to discriminate the novel object locations.
Performance on the OIP task is dependent on intact hippocampal function in addition to the prefrontal

and perirhinal cortices %72,

For the Temporal Order (TO) task, animals were familiarized with two sets of objects, 4 hours apart.
In this instance, mice with functional connectivity between the hippocampus, mPFC and PRC show a

preference for exploring the prior, rather than the more recent object 772,

The NOR, OiP and TO tasks rely on intact hippocampal, medial prefrontal cortex (mPFC) and perirhinal
cortex function. While the NOR task measures the preference for novelty, the OiP task is a test of
associative recognition memory and the TO task provides a measure of temporal order memory, that
depend on interactions between the hippocampus, mPFC and perirhinal cortices. Time spent exploring
both familiar and novel object or object was counted when the nose of the mouse was within 1 cm and
pointed in the direction of the object. Mice did not show object climbing or neophobic behavior. NOR,
OIP and TO data are presented as a discrimination index (DI) and calculated as ([Novel location exploration
time/Total exploration time] — [Familiar location exploration time/Total exploration time]) x 100. A
positive index indicates that a mouse spent more time exploring novelty (i.e. switched objects or

locations), while a negative score indicates little or no preference for exploring novelty.

Radiation-induced cognitive impairments typically present several months following the cessation of
treatment and often manifest as a variety of mood disorders 73 10137475 | onger-term (6 month)
assessments of behavior necessitated the use of tumor free mice and were designed to assess potential
radiation-induced changes in anxiety, depression and extinction. The EPM, LDB and FST provide indirect

measures of anxiety- and depression-like behavior respectively ®7°, The former tasks measures an
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animal’s confidence for exploring the open rather than the closed arms of a maze or the tendency to move
between dark and light areas, while the latter task provides a measure of despair, as animals suffering
from depression tend to float more often. These tasks are quantified by calculating the amount of time
spentin the open versus closed arms of the EPM, the number of transitions between light and dark regions
of the LDB or by the amount of time floating versus swimming during the FST, behaviors that can each be

linked to the amygdala (among other regions).

Fear extinction follows a modified fear conditioning protocol 7¢ in which repeated trials dissociating
the tone-shock pairing can be used to measure the rate of reduced freezing or fear extinction. Deficits in
this behavior have been linked to the infralimbic region of the mPFC and require active learning, thereby
provide a measure of cognitive flexibility. Briefly, mice received three conditioning trials (tone-foot shock
pairings) to establish fear. Mice were placed in a conditioning chamber with Plexiglas walls and a metal
grid bottom. They were left to acclimate for 5 min and were given the tone followed by a mild foot-shock
(2s, 0.7 mA constant current). Freezing was used to measure the conditional fear response during the fear
conditioning phase, extinction training phase and testing phase. At 24 hours following conditioning,
animals were trained to “unlearn” the association by repeatedly playing the tone without the shock. Mice
were given a total of 15 extinction trials (tone alone) in 3 days (3x5 trials) to test their ability to extinguish
conditioned fear in same context. The inability to unlearn the association reinforced during conditioning
with the tone-foot shock pairing during the extinction and test phases indicates impairment in extinction
memory. Deficits in this behavior have been linked to the infralimbic region of the mPFC and require active
unlearning, thereby providing another measure of cognitive flexibility — or the ability to adapt to a

changing environment6:3>36.70,

Immunohistochemistry, confocal microscopy, and quantification

At select times post-irradiation animals were deeply anesthetized with isoflurane and euthanized with
saline with heparin (10 U/ml, Sigma-Aldrich) followed by 4% paraformaldehyde (intracardiac perfusion).
Brains were cryoprotected (30% sucrose) and sectioned coronally (30 um thick) using a cryostat (Leica

Microsystems, Germany).

For the assessment of reactive gliosis, immunofluorescence was performed on floating brain sections.
Sections were incubated overnight at 4°C with the primary antibodies, washed with PBS and incubated
with the secondary antibody at room temperature for 1h. Sections were mounted on microscope slides
with Vectashield + Dapi (Vector Lab H-1500). GFAP and CD31 expressions were assessed in the striatum

of control and irradiated mice. Floating brain sections were incubated with an anti-GFAP (1:500; clone
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GA5; MAB360) and an anti-CD31 (1:150; BD Bioscience, 553370) primary antibodies. Alexa Fluor 568-
labeled Goat anti-mouse (1/200) (Thermofisher, A21124) and Alexa 488-labeled Donkey anti-rat (1/200)
(Thermofisher, A11070) secondary antibodies were used. Image acquisition was performed using an

upright Zeiss Axiovison microscope. GFAP expression area was quantified using ImageJ.

For the assessment of microglia, the following primary and secondary antibodies were used: rabbit
anti-IBA-1 (1:500, Wako), rat anti-mouse CD68 (1:500, AbD Serotec), donkey anti-rabbit or anti-mouse
conjugated with Alexa Fluor 488 or 594 (Life Technologies/Invitrogen) and DAPI nuclear counterstain
(Sigma-Aldrich). Representative sections (3-4 sections/animal, 4-6 animals/group) through the middle of
the hippocampus were selected and immunofluorescence staining followed procedures described in
detail previously ?>77. IBA-1 or CD68 positive cells were visualized under fluorescence as green against
DAPI stained nuclei (blue). Immunofluorescent sections were imaged using Nikon Eclipse Ti C2 microscope
to obtain 20 to 30 z stacks (1024 x 1024 pixels, 1 um each) using 10 and 60x PlanApo oil-immersion lens
(Nikon). For quantification of IBA-1* and CD68" cells, 3D deconvolution and reconstruction was carried
out using the AutoQuantX3 algorithm (MediaCybernetics). Deconvolution combined with 3D
reconstruction yields higher spatial resolution images for the immunofluorescent cell bodies and stellae.
Quantification was facilitated using Imaris spot tool (v8.0, Bit Plane Inc., Switzerland) that detect
immunostained puncta within 3D deconvoluted image stacks based on a predefined diameter and
red/green channel intensity threshold. IBA-1 and CD68 data are expressed as mean immunoreactivity

(percentage) relative to unirradiated (0 Gy) controls.

The assessment of PSD-95 foci has been described previously 1437, Briefly, serial 30 um thick sections
(3/animals) from the anterior to posterior hippocampus were selected, and three different fields in each
section were imaged from the dentate gyrus. Images were collected using a Nikon Eclipse TE 2000-U
microscope with 0.5 | m-interval high-resolution Z-stacks (1024x1024 pixel). Analysis of PSD-95 was
performed using the IMARIS spot tool, and puncta satisfying pre-defined criteria (verified visually for
accuracy) were converted to spots for quantification under preset parameters kept constant throughout

subsequent analyses.

Morphometric assessments of neurons

The strong signal-to-noise ratio of fluorescent neurons in Thyl-eGFP mice provides for the high-
resolution micromorphometric analyses of specific neuronal subsets. Details regarding the reconstruction
of neurons and the morphologic classification of spines have been described 4+%’. Briefly, an algorithm is

used for the tracing of dendritic filaments to reconstruct the entire dendritic tree, where tracing originates
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from the soma and terminates near terminal dendritic diameter thresholds. Reconstructed dendritic
segments can be analyzed under higher magnification for dendritic spines that can be labeled, manually
verified, morphologically categorized, and quantified. All morphometric parameters were validated from
an independent series of pilot reconstructions in both manual and semiautomatic modes. Images were
then compared for accuracy and consistency to ensure that selected parameters represented actual

variations in dendritic structure.

For dendritic analyses, 100 mm thick hippocampal sections were prepared for confocal imaging. Three
sections per animal were used to generate Z-stacks from four animals using a Nikon Eclipse TE 2000-U
microscope (Nikon, Japan). Images comprising each Z-stack (1024 x 1024 pixels) were acquired at (60x)
over the entire dendrite tree at 0.5 mm increments. Quantification of dendritic parameters was derived
from Z-stacks reconstructed in 3D from deconvoluted images using the AutoQuantX3 algorithm
(MediaCybernetics, MD, USA). Deconvoluted 3D reconstructions yielded high spatial resolution images
for detailed dendritic tracing and spine classification using the IMARIS software suite (Bitplane Inc.) as
described previously *#37, For spines to be included in our analyses a maximum spine length and minimum
spine end diameter were set at 2.5 and 0.4 mm, respectively. Parameters of neuronal structure that were
identified and quantified through image reconstruction and deconvolution using the IMARIS software
suite (Bitplane Inc.) included the cell body, dendritic and axonal length, branching and branch points,

dendritic complexity, spines, and boutons.

H->0> production measurements (Amplex Red)

H,0; production measurements were performed using Amplex Red staining. MilliQ water (6.9 < pH <
7.1; 21°C < T°C < 22°C) was equilibrated in a hypoxia hood for 24h at 4% O2. Water was irradiated in
airtight Eppendorf polypropylene tubes at 0, 10, 20, 30, 40, 50, 60, 70 or 80 Gy at FLASH or conventional
dose-rate in a water tank. AmplexRed was added to the irradiated water (v/v) exactly 195s after the
beginning of irradiation at a final concentration of 16.67uM (previously defined as optimal) and incubated
for 90min protected from light. H,0; solutions from 0.007 to 10uM were used as standards. Fluorescence
guantification was performed using a plate reader 90 minutes post-irradiation (Excitation: 530nm;

Emission: 590nm). Measurements were realized in triplicates.

Clonogenic assays

Murine Glioblastoma cells H454 (D. Hanahan, EPFL, Switzerland) were cultured in DMEM + 10% FBS
(ThermoFischer) at 37°C and under different dioxygen concentrations: 4 or 21%. The day of irradiation,

cells were harvested with trypsin + EDTA 0.25% (ThermoFisher), counted and placed in airtight Eppendorf
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tubes for cell suspension irradiations. Tubes were irradiated in a water-tank at 0, 2, 4, 6, 10, 12, 15, 17 or
20Gy at FLASH or conventional dose-rate. Cells were then plated at a concentration of 200 to 100’000
cells in six-wells plates or petri dishes and incubated at 37°C; 5%CO,, 21%0,. 7 days post-irradiation,
colonies were fixed and stained using crystal-violet (Sigma). Colonies over 50 cells were counted and

plating efficiency and survival fractions were determined.

Oxidative stress measurement in Zebra fishes

For in vivo oxidative stress studies, WT Zebra fishes were bred in our fish facility (CHUV, Lausanne,
Switzerland). All in-vivo experiments on zebra fishes were performed on embryos under 5dpf. Fertilized
WT zebra fishes’ eggs were incubated at 28°C until 5dpf. Anesthesia was performed with 168mg/L of
tricaine and 10 to 20 embryos were transferred in 2mL Eppendorf tubes. Water + tricaine was then
removed and replaced by pure H20 + 60mg/L of ocean salt. For antioxidant treatments on WT animals,
NAC (5mM, pH=7.5; Sigma) or Amifostine (4mM; Sigma) were added to the water for 1h before
irradiation. Irradiation was performed 4hpf at 8 Gy FLASH and conventional dose-rate. Embryos were fixed
5 dpf with a solution of PFA 4% final concentration before microscopic analysis (Evos XL Core Cell Imaging

System; ThermoFisher). Fish length was measured using ImageJ 1.X. software.

Statistics

Statistical analyses were carried out using GraphPad Prism (v6) software. One-way ANOVA was used
to assess significance between control and irradiated groups, and when overall group effects were found
to be statistically significant, a Bonferroni’s multiple comparisons test was used to compare the control
and FLASH groups against the CONV cohort. In addition, the unpaired non-parametric Mann-Whitney test
or unpaired t-test after Gaussian distribution assessment by Shapiro-Wilk normality test was used. For
survival studies, Mantel-Cox test was realized. Results were expressed as mean values + SD or mean values

1+ SEM and all analyses considered a value of P £ 0.05 to be statistically significant.
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Supplementary Table S1: Irradiation parameters

Subcutaneous GBM in
Nude
+/- clamp ; +/- carbogen
(Fig. 1A and Fig. 11B)

Beam parameters

Prescribed Frequency Pulse width Number of Treatment
Mode dose (Hz) 55D (mm) (us) pulses time (s)
CONV 20 10 800 1.0 1810-1920 | 180.9-191.9
FLASH 20 100 925 1.8 20 0.19
Spontaneous GBM model Beam parameters
(Fig. 1B) P
Prescribed Frequency Pulse width Number of Treatment
Mode dose (Hz) 55D (mm) (us) pulses time (s)
CONV 15 10 800 1.0 1320-1560 | 132.9-155.9
FLASH 15 100 780 1.8 10 0.09
Orthotopic GBM
(Fig. 1B)
Normal tissue toxicity Beam parameters
+/- carbogen
(Fig. 3-11)
Prescribed Frequency Pulse width Number of Treatment
Mod SSD
~iode dose (Hz) 55D (mm) (us) pulses time (s)
CONV 10 10 612-800 1.0 639-1180 63.8-117.6
FLASH 10 100 350 1.8 1 1.8-10°
Pure water Beam parameters
(Fig. 12A) P
Prescribed Frequency Pulse width Number of Treatment
Mode dose (Hz) 55D (mm) (us) pulses time (s)
10 350 349.9
20 696 69.5
30 1047 104.6
40 1390 138.8
NV 10 400 1.0
co 50 1730 172.9
60 2075 207.4
70 2440 243.9
80 2800 279.9
10 1.75 2 0.01
20 1.8 4 0.03
30 1.84 6 0.05
40 1.87 8 0.07
FLASH 50 100 460 1.89 10 0.09
60 1.9 12 0.11
70 1.87 14 0.13
80 1.87 16 0.15
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Clonogenic cell survival

Beam parameters

(Fig. 12B)
Prescribed Frequency Pulse width Number of Treatment
Mode dose (Hz) 55D (mm) (us) pulses time (s)
2 101 10
4 202 20.1
6 303 30.2
10 505 50.4
CONV 1 10 400 1.0 605 604
15 755 75.4
17 855 85.4
20 1000 99.9
2 700 2.0 1 2-10°
4 500 1.85 1 1.85-10°
6 426 1.9 1 1.9-10°
10 335 1.98 2 0.01
FLASH 12 100 416 1.83 2 0.01
15 370 1.73 2 0.01
17 370 2.01 2 0.01
20 388 1.48 3 0.02
Fish eggs
+/- NAC ; +/- amifostine Beam parameters
(Fig. 12C)
Prescribed Frequency Pulse width Number of Treatment
Mode dose (Hz) 55D (mm) (us) pulses time (s)
CONV 8 10 808 1.0 1262 126.1
FLASH 8 100 350 1.49 1 1.49-10°
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4. Supplementary Results

4.1. Material and methods

4.1.1. Clonogenic assays
For clonogenic assays, U87, HeLa and HaCaT cell lines were cultured in monolayer with DMEM + 5%
FBS (ThermoFisher) medium. The day of irradiation, cells were harvested, counted and placed in cryotubes
for irradiations. Tubes were irradiated in the water at 0, 2, 4 or 6 Gy at FLASH or conventional dose-rate
using eRT6 LINAC. Cells were then plated at a concentration of 100 to 1000 cells per well in six-wells plates
and incubated at 37°C; 5%CO0,. 7 to 14 days post-irradiation, colonies were fixes and stained using crystal-
violet (Sigma). Colonies over 50 cells were counted and plating efficiency and survival fractions were

determined. Clonogenic survival curves were modeled using a linear quadratic model in GraphPad Prism.

4.1.2. Mice irradiation and tumor engraftment

For normal brain studies, C57BI6 female mice were irradiated at the age of 8 weeks or 1 year with a
single dose of 10Gy. Whole brain irradiations wit FLASH or conventional dose-rate were performed under
anesthesia using the eRT6 LINAC as previously described.

For orthotropic GBM model, 500'000 H454 luc+ murine GBM tumor cells (D. Hanahan, EPFL) were
cultured, injected in the brain of Nude mice as described before. Mice received total brain irradiation
using the eRT6 LINAC 3 days post-injection with 10, 13 or at 15 Gy FLASH or conventional dose-rate for
single dose experiments. For fractionation experiments, 5x5 Gy or 3x8 Gy at FLASH or conventional dose-
rate were delivered with 24h between each fraction. Irradiation set up was realized as described before.

Tumor growth evaluation was realized weekly by bioluminescence and survival follow-up was realized.

4.1.3. Novel Object Recognition
Novel Object Recognition tests were performed on conventional irradiated, FLASH irradiated and non-
irradiated control mice two, six and nine months post-irradiation as previously described. Analysis was
performed blindly, and the time spent on each object was measured in order to calculate the Recognition
Ratio (RR) such as: [(time spent on the novel object — time spent on the old object) / (Total exploration

time) x 100].

4.1.4. Sampling and immunofluorescence assays
Mice brains were fixed, sampled, stored and immunofluorescence assays for astrogliosis
guantification were performed on striatum sections 3, 14 and 60 days post- irradiation as previously

described. TUNEL assays were performed on hippocampal sections 3 days post-irradiation with an
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ApopTag® Fluorescein in-situ apoptosis detection kit (Merck S7110). The slides were analyzed using an
epifluorescence microscope (Zeiss, Axio Imager Z1). Quantification of GFAP-staining and TUNEL assays

were performed by area measurement or spot quantification with Imagel 1x.

4.1.5. Statistics
The statistical analyses of the Novel Object Recognition test and immunofluorescence quantitation
were performed using unpaired non-parametric Mann-Whitney tests. Results were expressed as mean
values * standard deviations and the significance level chosen was 5%. Survival curves analysis was

performed using a Mantel-Cox test. * p<0.05, ** p<0.01, *** p< 0.001.

4.2. Results
4.2.1. Clonogenic survival is not affected by the dose-rate at doses under 6Gy
To first investigate the biological effects of FLASH irradiation, clonogenic survival was investigated on
both tumor and immortalized cells in vitro. Interestingly, no difference was observed in terms of surviving
fraction on all the different cell types after an irradiation at 2, 4 or 6 Gy with FLASH or CONV irradiation
(Figure S1). These results suggest that increasing the dose-rate does not modifies the intrinsic radio

sensitivity of cells in vitro for doses below 6 Gy.

us7 Hela
Human glioblastoma Human cervix
Dose (Gy) Dose (Gy)
0 2 4 6 0 2 4

=

1003 - CONV 1004 - CONV
] . = FLASH ] = FLASH

104 10

Surviving fraction (%)
Surviving Fraction (%)

H454 HacCaT cell line
Murine glioblastoma Transformed keratinocytes
Dose (Gy) Dose (Gy)
0 2 4 6 0 2 4

=

1004 - CONV 100 - CONV
] = FLASH = FLASH

105 10

Surviving Fraction (%)
Surviving Fraction (%)

1+ 1

Figure S1: Clonogenic survival of different cancer (U87, H454, HelLa) and immortalized (HaCaT) cells after FLASH
(red curves) and CONV (black curves) irradiation.
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4.2.2. Glioblastoma treatment

To complete the evaluation of FLASH irradiation effectiveness to treat GBM (Montay-Gruel et al. 2018;

in prep), the H454 orthotopic GBM mouse model was used to perform a dose escalation and dose

fractionation studies (Figure S2). After the development of the disease in the brain, tumor-bearing mice

were whole-brain irradiated with a single dose of 10, 13 or 15 Gy FLASH or at conventional dose-rate. Four

weeks post-irradiation, all irradiated groups displayed a significant anti-tumor response quantified by

bioluminescence compared to the control non-irradiated animals. All doses with both irradiation

techniques induced a significant tumor growth retardation compared to the non-irradiated animals

measured by bioluminescence 4 weeks post-irradiation (respectively 2.9x108 and 2.7x10% and 4.6x107 vs.

2.5x10° photons.s™).
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Figure S2: Evaluation of FLASH anti-tumor response on orthotopic H454 murine glioblastoma model. Tumor burden

measurement was performed weekly by IVIS on animals irradiated with (a) a single dose or (b) a fractionated regimen with

FLASH or conventional dose-rate radiation-therapy (CONV). Bars represent mean total radiance and whiskers represent

standard deviations. Statistical analyses were performed with Mann-Whitney test. (c) Survival of animals irradiated with a

fractionation regiment FLASH or conventional dose-rate radiation-therapy. Statistical analyses were performed with Mantel-

Cox test and * = p<0.05; ** = p<0.01; *** = p<0.001.
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Once again, no difference was observed between FLASH and conventional dose-rate anti-tumor effect
at isodose, confirming with an orthotopic model that both techniques trigger the same anti-tumor effect.
Dose fractionation is suitable with FLASH radiotherapy. As most of the radiation-therapy treatments are
based on fractionation regimens, it was necessary to evaluate the feasibility of dose fractionation for the
tumor treatment with FLASH irradiation. Two different daily fractionation regimens were evaluated on
orthotopic glioblastoma bearing mice.

Whole brain irradiation was delivered in 3 times 8 Gy or 5 times 5 Gy with FLASH or conventional dose-
rate irradiation. Tumor burden evaluation by bioluminescence 4 weeks post-irradiation showed a
significant anti-tumor effect of both fractionation regimen with FLASH irradiation compared to the non-
irradiated animals (3.8x107 and 1.9x10’ vs. 2.7x10° photons.s). Moreover, no statistical difference was
observed between FLASH and conventional dose-rate irradiated groups. These results are in correlation
with survival studies, suggesting that fractionated radiation-therapy regimen is suitable with FLASH
irradiation and induce a similar anti-tumor effect on glioblastoma model compared to conventional dose-

rate fractionated radiation-therapy.

4.2.3. Long-lasting cognitive protection triggered by FLASH-RT

To investigate whether the memory preservation triggered by FLASH irradiation one and two months
post-RT (P. Montay-Gruel et al. 2017) (Montay-Gruel et al. 2018; in prep.) was long-lasting, NOR tests
were performed on animals six and nine months post-WBI at 10 Gy (Figure S3). Even if a higher
heterogeneity was observed in the control groups at later time points, no significant difference was
observed between non-irradiated and FLASH irradiated animals 6 and 9 months post-WBI. On the
contrary, the significant drop in RR observed in animals irradiated with conventional dose-rate was still
observed 6 and 9 months post-WBI. These results show that conventional dose-rate induces irreversible
memory alterations when, for a same dose, a long-lasting memory preservation is observed in animals

irradiated with FLASH-RT.

To assess the dose limit to protect the functional skills after FLASH-WBI, NOR tests were performed
on animals after the delivery of a dose-escalation up to 14 Gy single dose WBI (Figure S4A). No difference
in RR was observed for animals irradiated at 10 and 12 Gy FLASH-WBI compared to the controls.
Nevertheless, a single dose of 14 Gy FLASH-WBI induced a significant drop in RR, with values comparable
to the ones of animals irradiated with 10 Gy conventional dose-rate. We conclude that FLASH irradiation
protects the mice’s memory up to minimum 12 Gy single-dose, with a total loss of memory skills after a

single dose of 14 Gy WBI two months post-RT.
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Figure S3: Evaluation of the Recognition Ratio (RR) two, six and nine months post irradiation for groups of mice that received
sham irradiation (Control), and 10 Gy CONV or FLASH. Bars represent mean values and whiskers standard deviations. Statistical
analysis is realized with Mann-Whitney test.

As all the previous experiments were done on animals irradiated before 10 weeks of age, it was
necessary to assess the memory cognition of animals irradiated at older ages. For this experiment, one-
year-old mice received a single dose of 10 Gy WBI and NOR test was performed two months post-
irradiation (Figure S4B). All groups of older mice showed higher SDs compared to the young mice groups,
suggesting more heterogenous results. Nevertheless, no influence of the age on the RR was observed in
non-irradiated animals. As for young animals, a significant drop was observed after WBI at conventional
dose-rate. On the contrary, no significant difference was observed in the RR of old animals irradiated with
FLASH-WBI compared to the control groups. Nevertheless, this result was significantly lower than the one
obtained on young mice irradiated with the same dose-rate. With a higher heterogeneity in all groups and
a significantly lower RR in the FLASH irradiated group, animals irradiated at an older age tend to be more
sensitive to FLASH irradiation than younger mice. Nevertheless, FLASH irradiation still triggers a memory

preservation on older animals, depicting an advantage compared to conventional dose-rate irradiation.
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Figure S4: (A) Evaluation of the Recognition Ratio (RR) two months post irradiation for groups of mice that (a) received sham
irradiation (Control), 10 Gy Conv, and 10, 12 or 14 Gy FLASH. (B) Evaluation of RR in mice that received sham irradiation
(Control) or 10 Gy WBI with FLASH or conventional dose-rate at 8 weeks (Young) or 1 year (Old) of age. Bars represent mean
values and whiskers standard deviations. Statistical analysis is realized with Mann-Whitey test.

4.2.4. Hippocampal apoptosis

To have a first insight of a differential radiation-induced cell toxicity after FLASH and conventional
dose-rate, apoptotic cells were quantified in the hippocampi of mice irradiated at 10 Gy WBI with FLASH
or conventional dose-rate 3 days post-RT (Figure S5). The basal level of apoptotic cells was quantified in
non-irradiated animals. A significant increase of more than 6 folds in the mean number of TUNEL+ cells
was observed in the hippocampi of mice irradiated with conventional dose-rate compared to the control
group 3 days post-irradiation. Interestingly, only a two-fold-increase was observed in the FLASH irradiated
group. These results show an increase in the radiation-induced remaining apoptosis 3 days post-
irradiation with conventional dose-rate, when for a same delivered dose and at the same time-point,
significantly less remaining apoptosis is observed. This difference suggests a protection against cell toxicity

and cell death triggered by FLASH compared to conventional dose-rate irradiation.
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Figure S5: Relative number of TUNEL+ cells in the hippocampi of mice irradiated with 10 Gy WBI at FLASH or conventional dose-
rate 3 days post-irradiation. Results are normalized against TUNEL+ cell number of control non-irradiated animals. Bars
represent mean values and whiskers standard deviations. Statistical analysis is realized with Mann-Whitey test.
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To assess the reactive astrogliosis occurrence in the brain after FLASH and conventional dose-rate
irradiation, GFAP expression was observed and quantified in 10 Gy irradiated brain at 3, 14 and 60 days
time-points (Figure S6). Three days post-irradiation, no difference in astrocytes number was observed
between control mice and irradiated groups. Fourteen days post-irradiation, GFAP expression was
observed in clusters in the striatum of mice irradiated with conventional dose-rate whereas no increase
in the GFAP expression was observed in the FLASH group. Two months post-irradiation, an increase of
more than 2.5 folds in GFAP expression was observed all over the striatum of the conventional irradiation
group (Figure S6) suggesting, as expected, an important increase in astrocyte number. Nevertheless, no
difference in terms of GFAP staining area was observed between FLASH and control groups suggesting

the absence of radiation-induced reactive astrogliosis.
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Figure S6: Reactive astrogliosis evaluation by GFAP immunostaining and quantitation on brain striatum sections of non-
irradiated mice (Control) and mice irradiated with 10 Gy CONV or FLASH to identify radiation-induced astrogliosis. Arrows
point at GFAP expressing astrocytes. Red: GFAP, Blue: DAPI.
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GENERAL DISCUSSION
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1. Discussion

This PhD work focused on the study of the glioblastoma and the normal brain tissue responses to the

delivery of ultra-high dose-rate irradiation called “FLASH-RT” and delivered by an experimental LINAC.

The investigation of the tumor growth delay after the delivery of FLASH-RT on subcutaneous
xenografted human GBM, orthotopic xenografted murine GBM and transgenic spontaneous GBM mice
models showed a similar anti-tumor effect of ultra-high (FLASH) and conventional dose-rate irradiations.
The equivalent anti-tumor effects provided by FLASH-RT and conventional dose-rate irradiation on the
GBM models are in line with the observations made on the lung, breast and H&N tumor models studied

previously (Vincent Favaudon et al. 2014).

At the normal brain level, the investigation of the cell toxicity revealed a lower level of radiation-
induced delayed apoptosis after FLASH-RT compared to conventional dose-rate irradiation. This
observation correlated with the absence of astrogliosis development when conventional dose-rate
irradiation is known to be responsible for pathogenic reactive astrogliosis (C. S. Chiang et al. 1993; S. Y.
Hwang et al. 2006; L. Yang et al. 2017). Moreover, the absence of microglial activation in the brain of
FLASH-irradiated animals suggests that FLASH-RT triggers a long-term protection against radiation-
induced neuroinflammation which has been described as associated to neurogenesis and cognitive
impairments (J. D. Cherry et al. 2014; X. Dong et al. 2015; C. T. Ekdahl et al. 2009; W. J. Streit et al. 2004;
P. Su et al. 2014). Interestingly, our results on hippocampal cell-division and neuronal structure
preservation are consistent with those reported in these studies.

The protection of the cellular compartment from radiation-induced toxicity triggered by FLASH-RT
evoked a functional preservation, especially concerning the cognitive skills. The behavioral tests
performed 1 to 9 months post-irradiation showed a protection of the memory and an absence of anxiety
and stress disorders in animals irradiated with FLASH-RT above 100 Gy/s. Importantly, the cognitive skills
of orthotopic GBM-bearing animals treated with FLASH-WBRT were similar to the non-treated animals,
whereas mice treated with conventional irradiation showed a significant decrease in their memory
functions. This unique result shows that FLASH-RT can prevent from the radiation-induced cognitive
impairment, even in GBM-bearing animals.

All the results obtained on the normal tissue fit with similar preservations recently described in a lung
fibrosis model (Vincent Favaudon et al. 2014) and in a gastro-intestinal toxicity model (B. W. Loo et al.

2017).
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Eventually, normal brain toxicity studies after the delivery of ultra-high dose-rate X-rays irradiation
showed that FLASH-X-rays produced by a synchrotron light-source induce the same protection pattern
than FLASH-electrons. The demonstration of a particle-independent FLASH-effect is coherent with the
observations of similar results obtained with protons (S. Auer et al. 2011; T. Prempree et al. 1969; T. E.
Schmid et al. 2010, 2011). The observation of the FLASH effect obtained with different irradiation

modalities will surely accelerate the clinical transfer.

In-vitro, when no difference in clonogenic survival was observed following FLASH and conventional
dose-rate irradiations at doses under 10 Gy, the same experiments performed with higher doses in
physiological dioxygen concentration (1-4%) showed a radioprotection and a better clonogenic potential
in cells irradiated with FLASH-RT. Previous studies showed that the survival of anoxic bacteria after
radiation exposure was independent on the dose-rate, whereas aerobic bacteria at very low oxygen
tensions were less sensitive to radiation at high dose-rates than the same bacteria placed in high oxygen
tensions (D. L. Dewey 1969; D. L. Dewey et al. 1959). Similar results were obtained on mammalian cells
regarding clonogenic survival, with the observation of an increased clonogenic potential in cells irradiated
with high dose-rates in hypoxic conditions around 1% of O, (E. R. Epp et al. 1972; H. Weiss et al. 1974).
Both studies concluded that this protective effect on clonogenic survival might be due to a transitory
dioxygen depletion during the delivery of high dose-rate irradiation, due to the low concentration in
dioxygen in the cell environment and the very rapid delivery of the dose. Nevertheless, none of these
studies addressed the production of ROS by the different irradiation modalities.

In the present work, water radiolysis experiments demonstrated lower quantities of hydrogen
peroxide produced after FLASH-RT, suggesting a differential production of ROS between conventional and
ultra-high dose-rate irradiation. This result obtained in a non-biological model suggests that the time of
irradiation, which is the only variable, is crucial to induce the differential effect between ultra-high and
conventional dose-rate irradiation. In addition, ROS scavenging study via the use of an antioxidant delivery
to a zebrafish embryo model of total body irradiation demonstrated that the use of amifostine or NAC
had no effect on FLASH-irradiated embryos whereas the same treatments significantly improved the
embryos morphology after conventional dose-rate irradiation. Nevertheless, even with the antioxidant
treatment, these dysmorphisms were more severe in the embryos irradiated at conventional dose-rate,
suggesting a higher innocuousness of FLASH-RT induced by lower levels of ROS production.

Finally, oxygen-dependence studies were performed on both tumoral and normal tissues in murine
models. Of note, irradiation of subcutaneous GBM in hypoxic and hyperoxic conditions revealed that the
tumor growth delay was not altered by hypoxia in the FLASH-irradiated group, whereas the anti-tumor

effect induced by conventional dose-rate irradiation was totally altered by hypoxia. Nevertheless,
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hyperoxia induced an increase in the tumor growth delay for both dose-rate irradiations. The
identification of dioxygen concentration as a primary mediator of the FLASH effect via a differential
production of ROS depending on the irradiation time, is consistent with previous in vitro and in-vivo
studies. Other investigations realized in-vivo led to similar conclusions. The absence of skin toxicity
observed on rats irradiated with high dose-rates was observed at an oxygen partial pressure of 5-
10mmHg, and this protection was not observed in complete anoxic conditions (S. B. Field et al. 1974).
Moreover, the protection against radiation-induced tail necrosis triggered by high dose-rate irradiation
was reversed by an increase in dioxygen concentration (J. H. Hendry et al. 1982).

Interestingly, the reversion of the FLASH-associated cognitive protection induced by an increase in
dioxygen concentration is consistent with the hypothesis of a transient hypoxia induced by ultra-high
dose-rate irradiation. Indeed, the delivery of the dose in a very short time is thought to consume the
dioxygen present in the tissue at the time of irradiation, without allowing the refueling of dioxygen by
diffusion from the vascular compartment. This transient hypoxia without re-oxygenation before the end
of radiation delivery would thus induce a lower ROS production that could explain the lower tissue toxicity
compared to conventional dose-rate irradiation. By contrast, in a very hypoxic or anoxic condition as the
tumor environment, the indirect action of radiations is minimal, and the time of dose-delivery does no
influence the radiation-induced damage, leading to similar effects. This hypothesis would explain the
absence of difference in clonogenic survival observed in ambient dioxygen concentrations with doses that

are not high enough to induce a transient hypoxia in the cells.

Altogether, these results suggest that FLASH-RT has the potential to improve the therapeutic index of
radiation-therapy by decreasing the radiation-induced brain toxicity while keeping a similar anti-tumor
effect compared to conventional dose-rate irradiation. Moreover, in vitro and in-vivo models, including
water-radiolysis experiments, cell lines irradiation, zebrafish models and normal tissue and GBM murine

models, allowed to identify the dioxygen concentration as a primary mediator of the FLASH effect.

2. Perspectives

The data generated in this work raise several questions, hypotheses and perspectives summarized in

the Figure 5.

The results obtained on the different tumor models open new avenues on the possibility to improve
the tumor control. As the current GBM treatment consists in the administration of concomitant and

adjuvant TMZ and fractionated radiation-therapy, it will be necessary to further investigate such
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combined treatments with FLASH-RT. Moreover, the use of recently developed brain metastases mice
models (L. Sevenich et al. 2014) or lentivirus-activated glioblastoma models (T. Marumoto et al. 2008)
would complete the investigation of the FLASH-RT anti-tumor effect. In addition, there is a growing
interest in the study of GBM immune infiltration and its role in the treatment response and outcome.
Studies on the GBM microenvironment, recently and elegantly reviewed by Quail and Joyce, showed the
importance of the resident glial cells along with the peripheral immune cells, including dendritic cells,
neutrophils and lymphocytes, in the cancer progression and therapeutic response of GBM (D. F. Quail et
al. 2017). Recently, the use of CSF1-R inhibitors has been demonstrated capable to modify the tumor
immune microenvironment and to abrogate the therapeutic resistance of GBM (D. Yan et al. 2017). As we
showed that FLASH-RT does not induce neuroinflammation assessed by microglial activation in the normal
brain, the investigation of the immune infiltration in the tumors treated with FLASH-RT is essential to

consider the use of combined therapeutic agents.

The investigation of the hippocampal cell division in the FLASH irradiated mouse brain showed a
relative preservation as compared to conventional dose-rate, which might explain the absence of
radiation-induced cognitive decline. A further investigation of the NSCs fate is currently ongoing, with the
set-up of a cytometry panel aiming at identifying the quiescent and activated NSCs along with neural
precursors (M. Daynac et al. 2015). This particular qNSCs population differs from other proliferative
populations such as neuroblasts, which are usually depleted after irradiation (M. Daynac et al. 2013; C.
Shinohara et al. 1997; E. Tada et al. 1999). Indeed, gNSCs have been identified as able to re-enter cell
cycle and to induce de novo neurogenesis (F. Doetsch et al. 1999; C. M. Morshead et al. 1994). Flow
cytometry experiments will thus be performed soon to further investigate the phenotype modifications
and to test the hypothesis that an increase in qNSCs population could explain the neurogenesis and
functional preservation linked to FLASH irradiation. For this purpose, gNSCs will be sorted and their
functionalities will be investigated in vitro (P. Codega et al. 2014; M. Daynac et al. 2016) along with single
cellmRNAseq (P. Codega et al. 2014) with the aim to identify potential target genes differentially activated

after FLASH irradiation that might be involved in this particular protective phenotype balance.

The cognitive preservation observed after FLASH irradiation most probably relies on other radiation-
induced cellular and molecular effects. Many different types of intracellular signaling such as NOS/ROS,
TGFPB and TNFa can be secreted following irradiation and have been identified as astrogliosis inducing
factors (M. V. Sofroniew 2009). Thus, differential astrogliosis induction following FLASH and conventional
irradiation will be further investigated using a GFAP-eGFP transgenic mouse model. These mice will be

used to precisely radiation-induced reactive astrogliosis quantitation in several brain regions by flow
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cytometry. Moreover, it is described that ionizing radiations induce reactive astrogliosis via microglial
activation and neuroinflammation (S. Y. Hwang et al. 2006) and that this neuroinflammation participates
to the cognitive dysfunctions and neurogenesis impairment (J. D. Cherry et al. 2014; X. Dong et al. 2015;
C. T. Ekdahl et al. 2009; W. J. Streit et al. 2004; P. Su et al. 2014). In this context, we have observed that,
by contrast to conventional irradiation, FLASH-RT does not induce microglial activation via CD68
expression. In order to confirm this result and also to explore further the mechanisms behind it, we will
analyze, through flow cytometry studies, the infiltration of immune cells in the brain including bone-
marrow derived macrophages, lymphocytes and monocytes. This might probably allow us to identify a
potential difference in chronic neuroinflammation following FLASH-RT. Moreover, cytokine expression in
the whole brain and in specific brain regions such as the hippocampus, will be investigated by protein

arrays and RNAseq.

Dioxygen consumption at the moment of irradiation has been identified as an important parameter
to trigger the FLASH effect. This work supports the hypothesis of the induction of a transient O, depletion
by FLASH-RT that would induce less damage to the normal tissue in normoxic conditions by less
production of ROS. To further investigate this hypothesis, in vitro models will be reproduced in normo-,
hypo- and anoxic conditions. Moreover, a transgenic zebrafish model Hyper, allowing to evaluate in-vivo
the ROS production will be used (P. Niethammer et al. 2009; M. Oparka et al. 2016), along with in vitro
models of ROS quantification by CM-H2DCFDA oxidative stress indicator and in-silico models developed
by chemical experiments and computer scientists.

The hydroxyl radical has the particularity to be highly reactive and to induce a large amount of damage
to the cell. Nevertheless, its instability makes it difficult to measure its formation. As FLASH-RT produces
lower H,O; concentration, and given that the hydroxyl radicals react to form H;0, molecules, we
hypothesize that FLASH-RT might lead to lower secondary hydroxyl radical production. The use of an
electron paramagnetic resonance (EPR) apparatus available at the CHUV, will allow for spin-trapping
measurements. Spin-trapping is a technique which permits the determination of very reactive radicals,
such as the hydroxyl radical, by stabilization of the spin through the formation of an adduct with other
molecules (e.g. PBN or DMPO). The irradiation of solutions containing spin-trapping molecules by both
FLASH and conventional irradiation techniques will be realized and will allow us to identify the different
ROS along with the measurement of the total radical concentration by EPR spectrum generation. We are
also interested in determining the differences in production of the superoxide anion (0,°") between FLASH
and conventional irradiation. Indeed, the production of the superoxide anion is a function of the O,
concentration, which is an essential parameter of the observed difference in biological effect between

FLASH and CONV. We will thus try to measure the differences in the production of the superoxide ion by
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using the superoxide dismutase enzyme (SOD). SOD will inhibit the formation of the superoxide-adduct,
lowering the overall EPR signal. In addition, kinetic competition experiments will be performed to
establish the existence of the free hydroxyl radicals and quantified them. Using such experiments, we
expect to be able to determine the concentration of primary radicals formed during water radiolysis upon
both irradiation modalities. ROS are not the only damaging molecules produced by radiations. The effect
of various free Fe?* concentrations mimicking biological free Fe2* concentration on the overall H,0;
production will be investigated by irradiating solutions containing Fe?*.

Experiences performed in the 70’s on in vitro irradiation of bacteria and mammalian cells by ultra-high
dose-rate irradiation have revealed that the measured fractional survival curves exhibit a break at large
dose beyond which their exponential slope become independent of the molecular oxygen concentration.
This particular behavior has been successfully explained by assuming that ultra-high dose-rate irradiation
depletes the oxygen concentration within the cells and modifies accordingly the Alper and Howard-
Flanders single target model of cell radiation-sensitivity to oxygen (H. Weiss et al. 1974). This model has
the advantage of downscaling the biological mechanisms of radiation-sensitivity to three
phenomenological parameters: K, the rate of increased sensitivity to the increase of oxygen partial
pressure; m, the maximum relative sensitivity and g, the oxygen depletion dose factor. When fitted to the
70’s data, the model also predicts a larger radiation-sensitivity of cells to oxygen (large parameter K) at
ultra-high dose-rate. In a first time, we will confirm that the measured fractional survival curves of
mammalian cells irradiated by our prototype eRT6 LINAC with different oxygen concentrations and
different dose-rates can adequately be reproduced by Weiss depleting oxygen concentration model.
Repeating the measurements for various pulse configurations will further provide the dependence of the
parameters K, m and g on the time delivery structure. In a second time, we intend to explore the possibility
of expanding the Alper and Howard-Flanders model to predict the dose-rate dependence of selected
indicators of biological response to in-vivo irradiation in the zebrafish and normal brain tissue models
developed previously. If successful, we will further investigate if we can expand the model to take into

account the use of radioprotectors such amifostine by mimicking the oxygen depletion model of Weiss.

In conclusion, the description of this unique preservation of the normal brain tissue with an efficient
anti-tumor effect on glioblastoma models and the identification of physico-chemical events associated
with the FLASH-effect is encouraging and might lead to the implementation of FLASH-RT in the clinics in
a near future. Nowadays, only a few devices are able to deliver ultra-high dose-rate irradiation to large
treatment fields. The potential of low-energy electrons for FLASH-RT delivery has now been well
characterized, in this work and in previous studies, including a veterinary clinical trial on H&N cancer-

bearing pet cats (Vozenin et al, 2018; in press). The current development of a 10 MeV LINAC will allow the
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delivery of FLASH-electrons and a clinical transfer via the use of intra-operative radiation-therapy (IORT)
in order to overcome the limited in-depth penetration of electrons. Moreover, this work showed that the
FLASH effect is also triggered by ultra-high dose-rate X-rays produced by a 3™ generation synchrotron
light-source. This additional benefit should accelerate the clinical application, as X-rays-based radiation-
therapy has a broader applicability given the distribution profile of photons versus electrons. Thus, the
ability to deliver radiation-therapy treatments in a very short time also represents a clinical improvement
by potentially overriding the tumor-motion challenge but also an economical advantage by increasing the
number of treated patients per day. Added to the increase in the therapeutic index of radiation therapy,
all the advantages of FLASH-RT will undeniably accelerate it transfer to clinics to allow the addition of a
new tool in the cancer treatment management, providing a better tumor treatment and a better quality

of life for the patients.
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Figure 5: The description of a physico-chemical event triggering the FLASH-effect raises several questions, hypotheses
and work perspectives.
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Chapter 4
Novel Strategies to Prevent, Mitigate
or Reverse Radiation Injury and Fibrosis

Pierre Montay-Gruel, Gael Boivin, and Marie-Catherine Vozenin

Abstract Despite recent advances in Radiation Oncology with treatment planning
and delivery of image-guided radiation therapy, acute tissue toxicity is still a dose-
limiting factor for optimal local tumor control. Additionally, as the number of
long-term cancer survivors is increasing, unacceptable complications emerge and
dramatically impair the patients’ quality of life. This means patients and clinicians
expect therapeutic management of radiation-induced complications. Over the past
four decades, research has enhanced our understanding of the pathophysiological,
cellular and molecular processes governing normal tissue toxicity. This knowledge
has provided us with tools to improve the therapeutic ratio of radiation therapy by
enhancing its tumoricidal effect and protecting normal tissue. In this chapter, we
review biology-driven efforts to develop translatable therapeutic approaches to
prevent, mitigate or reverse radiation injury based upon cellular and signalling
pathways targeting. We also highlight innovative approaches based upon manipu-
lating external contributors such as the microbiota and applying novel radiother-
apy delivery procedures.

Keywords Normal tissue complication * Fibrosis ® Therapeutic strategies ® Stem
cells » Stroma ¢ Inflammation * Immune response ® Microbiome ¢ Novel radiother-
apy procedure

4.1 Introduction

The incidence of cancer is increasing worldwide with more than 14 million new
cases per year. About 50 % of cancer patients are treated with radiation therapy
(RT), making it, after surgery, the most important contributor to cancer cure. In
the era of targeted therapies, RT is one of the best examples of a precise and
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powerful targeted treatment. Thanks to major advancements in physics, imaging
and ballistics, high-precision dose delivery has succeeded in safely reducing the
volume of irradiated normal tissues. New and very appealing RT approaches
using high or very high dose per fraction (hypofractionation) such as stereotactic
body radiotherapy (SBRT) also called stereotactic ablative radiotherapy (SABR)
are increasingly used, both in early stages cancers and in some oligo-metastatic
patients. In parallel, the particular dose distribution of protons and heavy ions has
been therapeutically exploited with the aim to efficiently spare sensitive organs
and enhance tumor cure.

At the biological level, the molecular response of cells and normal tissues to ion-
izing radiation involves a complex series of events that leads to the loss of tissue
homeostasis caused by a direct killing of cells and an indirect stimulation of inflam-
matory mediators, as well as vascular alteration and release of thrombotic factors,
recruitment of immune cells, remodeling of the extracellular matrix and stromal
compartment associated with fibrosis initiation and maintenance. These phenomena
may lead to genomic instability, persistent modulation of gene expression and alter-
ation of the cellular phenotype leading to organ dysfunctions. This kind of modifi-
cation of normal tissue homeostasis is the origin of disabling radiation-induced side
effects which can have a huge impact on the patient’s quality of life.

Therefore, increasing tumor sensitivity to radiation or increasing normal tissue
tolerance to radiation are the two major paths toward improving the therapeutic
index of radiotherapy. In this chapter, we will discuss the management of normal
tissue complications, a research topic initiated decades ago by pioneer researchers
in the field (including [1-5]). We will review the current status and future opportu-
nities for clinical implementation of novel strategies to prevent, mitigate, and cure
radiation injuries based upon the molecular understanding of cell and tissue
responses to ionizing radiation.

4.2 Protection of Stem Cells

Recent studies have highlighted the importance of adult stem cells in restoring tis-
sue homeostasis after radiation injury (reviewed in [6]). Because of their unique
properties of self-renewal, pluripotency and the ability to differentiate into organ-
specific functional cells, stem cells are fundamentally relevant in terms of maintain-
ing life-long tissue homeostasis.

Radiation exposure may directly kill adult stem cells or induce degenerative-
mutations leading to stem cell depletion. Therefore the protection, stimulation,
recruitment or replacement of stem cells with intact functional properties facilitate
tissue regeneration, and wound healing. Novel technological, pharmaceutical, or
biological strategies to spare adult stem cells have been actively explored as well as
replacement strategies based on stem therapy (Fig. 4.1).
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Fig. 4.1 A proper balance between tissue regeneration and disruption is key to normal tissue
homeostasis through the stem cell pool. Radiation modifies this balance and different prophylactic,
therapeutic agents, and technologies have been developed to preserve and restore it

4.2.1 Preventing the Depletion of Stem Cell Pools
and Improvement of Tissue Regeneration

Recent studies have shown that adult stem cells are not evenly distributed in tissues
but rather located in specific niches able to trigger regeneration and differentiation.
The recognition of the stem cell niche and its relevance to stem cell function has
prompted extensive research into the possibility of ballistic protection of stem
cells. For instance, in the brain, Neural Stem Cells (NSCs) are mainly localized in
the subventricular and subgranular zones (SVZ/SGZ). SGZ-NSCs are of major
importance for cognitive skills as both retrospective and prospective trials have
demonstrated radio-induced neurocognitive impairment upon hippocampal irradi-
ation [7, 8]. Interestingly, recent technological advances (IMRT, Tomotherapy,
proton) have shown it is possible to spare the hippocampus (or at least reduce the
dose) with a good preservation of functional NSCs in the SGZ (preclinical model
from [9]) as well as encouraging results in terms of verbal memory (phase II clini-
cal trial from [8]). The major limitation of this strategy is tumor control or relapse
in the radiation spared field.
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Therapeutic agents have also been tested to protect stem cells from radiation
injury especially by stimulating the stem cell pool. For instance, radiation-induced
xerostomia can be counteracted by administrating Keratinocyte Growth Factor
before and just after irradiation [10]. Along the same line, the trophic factor GLP-2
[11, 12] and the peptide TP508 prevent GI crypts ulceration. TP508 is able to up-
regulate the expression of GI stem cell markers such as DCLK1 and LGRS [13],
increase the stemness potential of tissues and restore their integrity. A third method
of stem cell preservation is via niche-mediated protection. One study, for instance,
reported that the use of pharmacological inhibitors of Prolyl-hydroxylase Domains
proteins (PHD) before and after abdominal irradiation of mice showed an HIF-
mediated increase in crypt survival, enhancement of crypt regeneration, and
increase in mice survival [14].

4.2.2 Stem Cell Therapy to Counteract Radio-Induced
Toxicities

Restoration of the stem cell pool and function can also be achieved by stem cell
transplantation from syngenic or xenogenic origin; impressive positive results have
been reported in most organs (see Table 4.1). The transplanted stem cells repopulate
the injured tissue leading to cellular differentiation and cell proliferation However,
in most cases paracrine stimulation is also involved. Tissue restoration correlates
with a decrease in local inflammation, apoptosis and microvasculature damage,
altogether resolving the niche injury. Modifications in protein expression also drive
the niche restoration such as TGF-, CTGF, colla2/col3a2 and MMP/TIMP bal-
ance in the case of skin fibrosis treatment.

4.3 Protection of Resident Cells

Besides the impact triggered by ionizing radiation on the fate and function of stem
cells, irradiation also dramatically alters the immediate and long-term function of
differentiated cells. The complex interplay and the various cross-communication
that occur between the different cellular compartments, i.e. epithelial, endothelial,
mesenchymal, and immune cells of a given organ after irradiation can initiate,
amplify, and maintain tissue injury [34—40]. It is now clear that the complexity of
these interactions induces a heterogeneous response, which can only be assessed in
vivo or using sophisticated 3D-models.

Today, studies in stem cell biology (see Sect. 4.1) and microbiota (see Sect. 4.6)
show how acute ulceration and epithelial apoptosis/anoikis function can initiate
and amplify radiation injury. In addition, endothelial radiation sensitivity [41] and
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Table 4.1 Preclinical and clinical trials using stem cell therapies for treatment of radiation induced
normal tissue injury

Preclinical Clinical trials
Organ studies (stem | (stem cell
system Endpoint Toxicity cell type) type) References
Skin Fibrosis, Stem cell MSC, ADSC, | MSC [15]
Radionecrosis depletion, EPC [16]
Inflammation, [17]
Fibroblast death,
Epidermis [18]
pi
[19]
Brain Cognitive NSCs depletion, hESC, hNSC | - [20]
dysfunction, niche destruction,
Radionecrosis inflammation
Bone Aplasia HSCs depletion, BMDC, BM [21]
marrow niche destruction | HSC, MSC
H&N Xerostomia Stem cell BMDC, - [22]
depletion MSC, SGSC [23]
[24]
[25]
[26]
Gl Rectitis, Epithelial stem MSC MSC [27]
Proctitis cells depletion, [28]
inflammation [29]
[30]
Bone Bone growth Niche destruction | BMDC, MSC | BM [24]
Radionecrosis [31]
Liver Liver disease Hepatocyte cell Hepatocyte Hepatocyte [32]
death hMSCs [33]

MSC mesenchymal stem cells, BMDC bone marrow-derived cells, EPC endothelial progenitor
cells, hESC human embryonic stem cells, ANSC human neural stem cells, NSC neural stem cells,
HSC hematopoietic stem cells, SGSC salivary gland stem cells

thrombogenic activation [42] has been extensively studied. The extravasation of
blood fluids and leukocytes into the extracellular milieu generates a wounded area
prone to long-term endothelium remodeling such as endothelial-mesenchymal
transition (EMT). This chronic environment ultimately causes endothelium wall
thickening, muscular media replacement by connective tissue, and the activation of
myofibroblasts. Defined as the principal cellular effector of radiation-induced
fibrosis [36, 43], myofibroblasts can arise from a variety of sources [44] such as
trans-differentiated local fibroblasts or mesenchymal cells [45, 46], as well as from
epithelial or endothelial cells via EMT. Tissue exposure to ionizing radiation
induces phenotypic alteration of all resident cells orchestrated by TGF-f1 and a
growing list of growth factors including CTGF/lysophosphatidic acid (LPA) and
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Rho/ROCK axis, platelet-derived growth factor (PDGF), fibroblast growth factor
(FGF) [47] as well proinflammatory mediators, cytokines, interleukin (IL)-6 [48]
and reactive oxygen species (see Sects. 4.3, 4.4 and 4.5).

4.3.1 Cytoprotective Therapies

Several cytoprotective therapies [49] based upon administering trophic growth fac-
tors have been utilized to protect stem (see Sect. 4.1) as well as differentiated epi-
thelial and endothelial cells [50]. Epithelial cells [11, 12] from the gut have been
shown to be protected by the trophic factor GLP-2 which stimulates proliferation
and integrity of the intestinal barrier [11, 12]. GLP-2 protects mice from radiation-
induced mucosal ulceration prone to bacterial translocation and sepsis (see Sect.
4.6). Similarly, KGF has been shown to stimulate cell proliferation and promote
epithelial cell survival and differentiation of oral mucosa both in pre-clinical and
clinical trials [51, 52] as well as displayed an off-target effect by decreasing ROS
levels and stimulating DNA repair [51, 52].

Endothelial cell apoptosis can be inhibited by the transient blockade of p53 and
the exogenous administration of basic fibroblast growth factor (bFGF). Both
approaches protect the gastrointestinal tract from radiation injury [53, 54]. Similarly,
ceramide-targeting antibody [55], and the Flagellin-derivative, CBLB502 [56, 57],
protect microvascular endothelial cells of the gut from radiation-induced apoptosis
by activation of NF-kB. Finally, enhancing endothelial cell radiation resistance has
also been achieved by blocking the TSP1/CD47 pathway [58] in addition to stimulat-
ing M1 macrophage infiltration known to be prone to wound resolution and restora-
tion of tissue homeostasis (see Sect. 4.5).

Whether epithelial [59] or endothelial [60] cell death is the primary inducer of
acute toxicity has been a long-term dispute within the radiobiology community;
however, given the complexity of the pathogenic process it is today obvious that
effective therapeutic strategies cannot target only one cell type or pathway but
must rely upon coordinated stimulation of stem cell function, resident cell pheno-
type immunity, and reducing inflammation.

4.3.2 Phenotypical Modulators

Radiation exposure induces a persistent phenotypic activation of endothelial
cells and fibroblasts. In endothelial cells this activated phenotype is composed
of the expression of thrombogenic and adhesive markers. In fibroblasts, radia-
tion results in the trans-differentiation of myofibroblasts that then synthetize
fibrogenic molecules and oversecrete extracellular matrix. Antioxidant thera-
pies including SOD [61-64], pentoxifylline-tocol combination [65-70], and
anti-inflammatory agents such as statins [71-75] have been shown to reverse
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these activated phenotypes by inhibiting specific signaling mediators such as
ROS, thrombogenic factors i.e. Thrombin or fibrogenic pathways such as TGF-
B, Protein C, and CTGF.

4.4 Modulation of Signaling Cascade That Regulates
Resident Cell Fate Upon Radiation Injury

Of the many signaling cascades governing normal tissue response to radiation injury,
we have selected some recently described pathways for their relevance and clinical
implication. Most of these pathways are involved in multiple radiation response pro-
cesses, such as vascular/microvascular damages as well as inflammatory and fibro-
genic responses. This means that the drugs that target these pathways are effective in
mitigating toxicity to normal tissues by their combined action on these multiple
pathogenic processes.

4.4.1 Protein C Pathway

Microvascular injury is a prominent feature of normal tissue radiation injury and
plays a critical role in both acute/inflammatory and chronic/fibrotic radiation
responses. The dysfunction of the Thrombomodulin (TM)-protein C (PC) system is
involved in the pathogenic process (Fig. 4.2). Acute radiation-induced ROS release
inactivates the TM, its transcription and release into the circulation. TM alteration
in endothelial cells causes loss of local vascular thrombo-resistance, excessive acti-
vation of protease-activated receptor-1 by thrombin, and insufficient activation of
protein C. When they persist, these acute alterations are also involved in the fibro-
genesis and maintenance of fibrogenic signals.

4.4.1.1 Inhibition of Coagulation

Direct inhibition of coagulation using anti-coagulant strategies such as Hirudin and
Octreotide have demonstrated efficacy in experimental models when administered
before irradiation [76-78]. Activated PC is one other potent anti-coagulant and
cyto-protectant that inhibits blood clotting (through the proteolysis of factors V
and VII), promotes fibrinolysis and exerts potent anti-inflammatory and cytopro-
tective effects on endothelial cells, neurons and innate immune cell populations
[79]. It has shown considerable promise as a radiation mitigator as seen in a study
in which the systemic administration of soluble TM or activated PC to lethally
irradiated wild-type mice resulted in an accelerated recovery of hematopoietic pro-
genitor activity in bone marrow [80].
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Fig. 4.2 Radiation-induced alteration of the Thrombomodulin—protein C system. Radiation
exposure of microvessels induces a deficiency in thrombomodulin (TM) and leads to enhanced
coagulation status via the accumulation of thrombin and deposition of fibrin. Thrombin also has
powerful inflammatory, mitotic and pro-fibrogenic effects via TGFp- activation. In addition TM
deficiency prevents PC activation and anticoagulant activity of APC. The anti-inflammatory, anti-
apoptotic activities of APC along with its protective effect on endothelial barrier function, require
the cellular receptors EPCR and PAR-1
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4.4.2 Transforming Growth Factor (TGF-f1)

The transforming growth factor-p (TGFp) pathway contribution to radiation injury
has been extensively studied and reviewed in many articles [36, 81-85], therefore
we will shortly summarize its function and will focus on some of its less described
properties.

Transforming growth factor is secreted as a large latent complex that must be
released by proteolysis for full activity. Its signal transduction is mediated via two
serine/threonine kinase receptors [86] that recruit and phosphorylate Smad proteins
which are considered as the canonical TGFf mediated signal transduction pathway
[87] (Fig. 4.3). However, non-Smad mediated transduction also occurs via Erk, p38,
and c-Jun N-terminal (JNK) MAP kinases, PI3K-Akt, and small GTPase pathways
[86]. The TGFp receptor can also—through as yet unknown intermediates—engage
the Rho-ROCKI1 signaling module [88] as well as the Cdc42/Rac1-PAK2 complex
[89]. These molecular pathways are transactivating thrombogenic and fibrogenic
genes: More recently, TGFf has been shown to protect cells from radiation through
activation of the NHEJ repair pathway [90].

A remarkable but less-explored feature of TGFp-activated Smad?2/3 is its ability to
bind p68, acomponent of the microRNA (miRNA) processing complex DROSHA. First
described to target the primary transcript of miR-21 (pre-miR-21) in vascular smooth
muscle cells [91] where it regulates the contractile phenotype of the cells, this mecha-
nism has been now extended to the regulation of cardiogenesis [92] and myocardial
remodelling [93]. This new mechanism of selective microRNAs maturation mediated
by TGFp could be of great interest in the field of normal tissue injury since miRNA
can be either biomarkers or mediators of normal tissue injury, as highlighted in recent
publications that identified miR-21, -29 and 101 in fibrotic tissue [94, 95] and miR-
210 as a possible anti-fibrotic target in radiation enteropathy [96].

4.4.2.1 Inhibition of TGF-f Using Antibodies and Pirfenidone

One of the earliest therapeutic studies targeting TGFp was conducted with a neutralis-
ing antibody against TGFp and was effective in a model of rat lung fractionated irradia-
tion. A reduction in alveolar septal wall thickness, macrophage activation, TGFf and
its downstream signal transduction proteins was seen [97]. Subsequently, a small mol-
ecule inhibitor, SM 16, targeting TGFJ type 1 receptor kinase was shown to be effective
in a similar model [98]. Other studies used a human recombinant adenoviral vector
carrying the gene for a TGFf type Il receptor, which acted as a plasmatic competitor
trapping TGFp and leading to an improvement of radiation pulmonary and intestinal
toxicity [99, 100]. There are some limitations to interpretating these pre-clinical stud-
ies: the use of treatment schedules not fully representative of clinical settings and the
fact that these interventional therapies have predominantly been tested during the early
phase of the disease. However, some compounds, including Pirfenidone, described as
a selective regulator of most fibrogenic molecules including TGFf and PDGEF, -FGE,
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EGF, TNF-a, have been used with a certain success in humans with IPF [101]. One
pilot trial published in 2007 reported the stabilization of radiation-induced lung fibrosis
[102] but a proper randomized trial is still missing and the efficacy of Pirfenidone dis-
puted. In addition, clinical trials using TEW-7197, LY2157299, associated or not with
anti-cancer treatment are ongoing, but to our knowledge none of them is associated
with radiotherapy and the pleiotropic effects of TGFf probably remain the main limita-
tion for the clinical application of TGFf inhibition.

4.4.3 RHO/ROCK Signaling Pathway

Guanosine triphosphatases (GTPases) from the Rho family (from “Ras homolo-
gous”) are fundamental regulatory molecules in cells [103]. Post-translational
modification by prenylation (geranylgeranylation) is required for Rho activation
which is determined by the ratio of GTP/GDP-bound forms, and mediated by
various activators: the guanosine nucleotide exchange factors (GEFs); and inac-
tivators: the guanine dissociation inhibitors (GDIs). The biological effects of
Rho are mediated by a number of downstream effector proteins, including the
Rho-associated kinase (ROCK) (Fig. 4.3). Alterations in the expression of the
genes coding for proteins of the Rho family have been reported both in human
samples and mice models of delayed radiation injury affecting various organs
including the gut, lung and heart [104-107] and can be modulated using pharma-
cological agents [108].

4.4.3.1 Modulation of Rho/ROCK Using Statins and ROCK Inhibitors

Regulation of Rho/ROCK pathway can be achieved using the approved drugs
called statins which work inhibiting HMG-CoA reductase, the rate-limiting
enzyme in mevalonate synthesis needed to produce isoprenoid intermediates.
Several pre-clinical studies have shown that statins were able to modulate fibro-
genic and thrombogenic differentiation of myofibroblasts and endothelial cells;
they also reduce the expression of CTGF/CCN2, TGFp, and Col Ia2 genes [71,
72,74, 109-111] and help to restore the “gatekeeper” function of the endothelium
after irradiation [112] without decreasing the tumor’s radiation sensitivity [73].
These interesting pre-clinical findings were supported by retrospective trial con-
ducted on statin users with rectal cancer [113] and further confirmed in a prospec-
tive trial that included 308 patients undergoing radiotherapy for the treatment of
pelvic cancer [114]. In this study, the use of a statin in combination or not with
ACEi medication reduced acute gastrointestinal symptom scores and also appears
to have provided longer-term sustained protection. A second trial is currently
ongoing to confirm this beneficial effect in Head&Neck cancer and make it avail-
able for patients.
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4.4.4 The Connective Tissue Growth Factor (CTGF/CCN?2)

CTGF/CCN2 is a matri-cellular protein with heparin-binding activity. Composed
of four modules, it is susceptible to protease cleavage and can be found in its
cleaved form in various biological fluids where they play distinct functions [115].
Its synthesis is stimulated by various fibrogenic mediators, such as endothelin-1
and TGFp [116, 117], environmental changes such as hypoxia and biochemical
stimuli such as stretch [118]. CTGF/CCN2 is overexpressed in radiation-induced
fibrotic diseases [43, 105, 106, 119-123]. Despite many efforts, a specific CTGF/
CCN2 receptor has yet to be identified; CTGF/CCN2 appears to perform many of
its functions through integrins, heparin sulfate-containing proteoglycans, and the
LPA axis [124, 125]. The effects of CTGF/CCN2 seem to mirror TGFf’s fibro-
genic functions [126] but is a more attractive anti-fibrotic target as it does not
display pleiotropic function but rather an almost selective action on mesenchymal
cells.

4.4.4.1 Inhibition of CTGF/CCN2

In pulmonary fibrosis, the LPA-LPAR1/3 axis has been described as a potent modu-
lator of CTGF/CCN2 expression. Its inhibition using VPC 12249 has demonstrated
anti-CTGF/CCN?2 action associated with decreased fibroblast proliferation, improve-
ment of histological structures and pulmonary function [127]. More specific inhibi-
tion of CTGF/CCN2 using the monoclonal anti-CTGF antibody FG-3019 has been
reported [128] to prevent and reverse lung radiation-induced lung fibrosis. This anti-
CTGF/CCN2 antibody is being currently tested in the context of IPF, but to our
knowledge no studies are ongoing in the context of radiation-induced fibrosis.

4.4.5 The Platelet Derived Growth Factor (PDGF)

Like TGFp, the PDGEF is released from platelets upon radiation exposure and binds
to a tyrosine kinase receptor to transduce a mitogenic and fibrogenic signal that
stimulates the transdifferentiation of fibroblasts into myofibroblasts (Fig. 4.3).
PDGF is mainly synthesized by platelets and stored in their alpha granules; however
numerous cells such as activated macrophages, endothelial cells and smooth muscle
cells, have been shown to produce PDGF.

4.4.5.1 Inhibition of PDGF
Imatinib, desotinib and nilotinib are amongst the tyrosine kinase inhibitors that sup-

press the PDGF receptor signaling. Imatinib anti-fibrotic efficacy was proved more
than 10 years ago in preclinical experiments [129] and is currently being assessed
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in clinical trials. Nindetanib is another tyrosine kinase inhibitor that has shown
encouraging results in the management of idiopathic pulmonary fibrosis and is
being tested in lung cancer and neuroblastoma patients undergoing radiotherapy
with assessment of normal tissue complications as secondary endpoints.

4.4.6 Blockade of Other Growth Factors (EGF, FGF?2
and IGF) and Heparanase

Many other signaling cascades regulated by EGF, FGF and IGF are involved in the
acute and delayed radiation response of normal tissue. Broad range molecules such
as Suramin, a polysulfonated naphthylurea that acts as a potent competitive inhibi-
tor of reverse transcriptase, have been described to block the activity of these growth
factors. Their inhibitory action seems mediated via heparanase inhibition [130] and
physical sequestration of the fibrogenic factors. Suramin has been combined with
RT [131], but the outcome in terms of toxicities remains to be investigated.

4.4.7 Modulation of Redox Status

Exposure to ionizing radiation produces a burst of free radicals resulting from the
ionization of water molecules. This is followed by a persistent and prolonged increase
in both Reactive Oxygen and Nitrogen Species (ROS/RNS). Upon injury, if the ini-
tial increase in ROS is relatively small, the antioxidative response may be sufficient
to compensate for the increase in ROS and to reset the original balance between ROS
production and ROS scavenging capacity. However, when high and persistent ROS
production occurs, following exposure to high radiotherapy doses for example, the
antioxidant response is not sufficient to reset the system to the original level of redox
homeostasis. This new steady state is called chronic oxidative stress. The radiation-
induced vascular cell damage [53, 60] contributes to the redox imbalance with alter-
nate sequences of hyper- and hypoperfusion-lead ROS burst and tissue hypoxia
[132], leading to HIFs stabilisation, transativation of proangiogenic (VEGF) and pro-
wounding (TGFp) genes, all of which perpetuates the vicious circle.

4.4.7.1 Therapeutic Modulation of the Redox Status and Antioxidant
Strategies

Treatment with hyperbaric oxygen (HBO) [133] and antioxidant therapy [64,
134, 135] were both successfully used despite their apparent antagonistic mecha-
nism of action. HBO induces transient tissue hyperoxia (typically ~2 h/day) that
should not overcome natural antioxidant defenses [136] but may help to remobi-
lize tissue remodelling by activating signaling molecules in transduction cascades
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(see the review [137]). Antioxydant therapies scavange ROS. Initial studies with
Amifostine [138—140] and bovine liposomal Cu/Zn superoxide dismutase showed
anti-fibrotic efficacy associated with TGFp inhibition [61]. More recent trials
investigated the benefits of tocol isoforms (Vitamin E analogs) such as high-dose
alpha-tocopherol combined with pentoxifylline and Clodronate [66, 141], and
y-tocotrienol (GT3) [142]. In addition to their antioxidant action, both strategies
have displayed off-target benefits with protective endothelial activity [69, 143]
and miRNA regulation [96]. Interestingly, the efficacy of GT3 is enhanced when
combined with pentoxifylline [68]. Lastly, hypoxia-regulating molecules such as
2-methoxyestradiol (2-ME) have been shown to downregulate HIF1a-mediated
Smad activation and inhibit radiation-induced lung fibrosis in mice [144].

4.5 Modulation of Inflammation

Acute normal tissue response to radiation exposure is characterized by the orchestrated
release of numerous pro-inflammatory mediators such as tumor-necrosis factor
(TNF)-a, cytokines and chemokines. This early inflammatory phase is characterized by
the rapid resolution of the vascular changes, oedema and neutrophil infiltration and can
be followed either by a regenerative phase or by a chronic inflammation that persists
over weeks and months. This chronic inflammation is today recognized as the main
contribution to fibrosis, in which persistent immune responses occur alongside tissue
remodeling and repair processes [145, 146] and the results obtained using anti-inflam-
matory interventions suggest that both processes do feed off each other (Fig. 4.4).

4.5.1 Corticosteroid to Reduce Inflammation

Corticosteroids have a long-standing history of use in patients with severe radiation
complications after radiotherapy to inhibit inflammation; however their anti-fibrotic
properties remain uncertain. Hirota et al. [147] noted that patients in their series
who received corticosteroids as part of chemotherapy regimens had significantly
lower incidences of severe fibrosis. However, well-controlled randomized clinical
trials are lacking and similarly, experimental results are inconsistent [148, 149]
which further supports their use as anti-inflammatory agents to be administered
initially but not for their anti-fibrotic effects.

4.5.2 Blockade of TNF-a

TNF-a deficient mice have been described to be radioresistant [150] and TNF«
inhibition with chitosan/DsiRNA nanoparticles [151] and ambroxol [152] has been
shown to protect mice from acute inflammation. TNFa overexpression has also
been reported in radiation fibrosis but its inhibition does not trigger an anti-fibrotic
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effect but can potentiate the anti-fibrotic action when combined with other mole-
cules—one such example is the combination of pentoxifylline (PTX), a well-known
anti-TNFa drug, with an antioxidant, the alpha-tocopherol (vitamin E) and an anti-
macrophage, Clodronate [65, 153].

4.5.3 Blockade of Pro-inflammatory Cytokines

Strategies to inhibit pro-inflammatory cytokines have been developed to treat
inflammatory diseases. Recent molecules such as the IL-1R antagonist (Anakinra-
Kineret®) are currently used to treat rheumatoid polyarthritis [154] and might be of
interest to treat radiation-induced fibrosis as the inhibition of IL-1p attenuates fibro-
sis [155]. IL-4 and IL-13 are other potential targets with common functional activi-
ties and a common receptor (IL-4Ra) which activates STAT6-dependant signalling
pathway [156]. In vivo, blocking studies were successfully conducted and confirm
the fibrogenic role of IL-4 and IL-13 in various fibrosis models including skin [157],
liver [158], and lung [159, 160]. IL-4 inhibitors have been consistently used for
managing airway inflammatory disease (AIR645, pascolizumab). This new com-
pound may be of great interest for avoiding or reducing radiation-induced toxicities,
but it has not yet been validated for radiation injuries and the sequence of adminis-
tration needs to be accurately assessed to avoid protecting the tumor and impairing
the start of wound healing.

4.5.4 Blockade of Chemokines

Tissue homeostasis is tightly controlled by chemokine balance. CCL3 (also known
as macrophage inflammatory protein 1a, MIP1a) and CCL2 (also known as mono-
cyte chemoattractant protein 1, MCP1) have been identified as key chemotactic mol-
ecules for recruiting mononuclear phagocytes. Anti-CCL3 and CCL2 antibodies
prevent the development of bleomycin-induced fibrosis [161-163]. On the other
hand, CXCL10 and CXCL11 are natural inhibitors of fibroblast recruitment and neo-
angiogenesis via the production of the antifibrotic cytokine IFN-y, [164, 165]. Thus,
modulating specific chemokine signaling pathways in order to restore the natural
balance between profibrotic and anti-fibrotic signals is theoretically achievable, but
the fine tuning required seems hardly compatible with a clinical application.

4.6 Modulation of the Immune System

The composition of the immune cell compartment is organ-specific and organized in
a fragile balance to react against stress and restore homeostasis. However, in certain
conditions of non-self-resolutive immune activation like wounds (ex: cheloids),
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infections (ex: tuberculosis) or inflammatory diseases (ex: familial Mediterranean
fever) involving severe tissue injury can occur. In the same way, tissue exposure to
radiotherapy induces a dramatic remodeling of the tissue microenvironment. This
means that elucidating the impact of radiotherapy on the immune compartment and
subsequent immunomodulation is currently one of the most promising strategies for
enhancing the differential effect of radiotherapy.

4.6.1 Modulation of the Pool of Adaptive Immune Cells

Studies have suggested that regulating the adaptive immune cell balance would reduce
both acute and chronic injury of normal tissue. Radiation is known to modulate the
polarization of CD4+ cells within normal tissues and prime tissue response towards
fibrogenesis when TH2 polarization occurs [157, 159], whereas TH1 polarization would
be anti-fibrotic via INF-y secretion. Similarly, the role of FoxP3+ Tregs could be either
anti-inflammatory/anti-fibrotic [166] or pro-fibrotic via secretion of the fibrogenic
growth factor TGFp [167, 168]. CD4+ Th17 seems pro-fibrotic via the secretion of
IL-1p, IL-23 and TGFp [169, 170] and the recruitment of neutrophil and MMP-1 [171].

Pharmacological interventions have been performed to eradicate or reprogram
adaptive immune cells [172] but with limited success. Recent studies, however, per-
formed in blood samples of whole body irradiated mice have shown differential
radiosensitivity of subtypes of immune cells. Persistent changes in immune pheno-
type [173] with a permanent TH1 drop associated with an increase in the percentage
of blood TH17+ or FoxP3+ T cells have been observed. This recent observation
suggests that circulating cells may trigger a fibrogenic effect, something which has
never been investigated and is worth future attention.

4.6.2 Modulation of the Pool of Innate Imnmune Cells

Researchers have recently given a lot of attention to the role of macrophage repro-
gramming occurring during radiotherapy. Their relevance has been demonstrated in
both tumor and normal tissue response to radiotherapy with potential therapeutic
implications [174, 175]. Macrophage phenotype is highly dependent upon the
micro-environment and at least two functionally distinct populations—*“classical,
M1 macrophages” and “alternative, M2 macrophages”—have been described upon
exposure to Th1 or Th2 cytokines, respectively [176]. A hybrid phenotype has also
been reported [177], illustrating the high plasticity of these cells and corroborating
their function as a sensor and rheostat of tissue homeostasis (Table 4.2). In fact,
macrophage polarization seems to drive the balance between the exacerbation of
tissue damage (M1 polarization) and tissue recovery and fibrosis (M2 polarization)
[178-180]. M2 polarized macrophages are especially relevant to fibrosis as they
display immunosuppressive properties, secrete large amounts of the fibrogenic
mediator TGFf [181], go on to activate the Smad pathway and stimulate fibrogenic
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Table 4.2 Functional impact of macrophage phenotypes

M1 macrophages M2 macrophages Hybrid macrophages
Induced by Thl cytokines including Induced by Th2 cytokines

IFN-y including IL-13 and IL-4

Produce TNF-a, IL-12 and IL-6 and Produce PDGF, TGF-f1,

increase inducible nitric oxide arginase type 1 (arg-1)

synthase (iNOS), superoxide anions
(O,™) and oxygen radical

Arginase and iNOS Arginase and iNOS
to limit T cell
function
CD40, ICAM-1, MHC class II, CD206, Dectinl, CD71,
CD80, CD25 CD163 and chemokine
receptors including CXCRI,
CXCR2 and CCR2

MCRI1 low MCRI1 high

CDllc high CDllc low

genes such as CTGF and PAI-1 [182]. The macrophages isolated from broncho-
alveolar fluid from patients undergoing thoracic irradiation spontaneously released
PDGTF, another important fibrogenic growth factor [129] (Table 4.2).

Recent studies have suggested that depending on the dose administered, radio-
therapy could induce Th1/M1 or Th2 /M2 polarization [183]. High doses of ion-
izing radiation induce immunogenic cell death and normalize tumor vasculature,
thereby improving the recruitment of tumor-specific cytotoxic T cells [184, 185].
However, the balance is tight and in B16F10 melanoma, high doses of radiation
promote M2 polarization and inhibit TNF-a expression, supporting tumor-induced
anergy [186]. In a recent study, Klug et al. used a lower range of radiation doses
(down to 2 Gy) in combination with immunotherapy to induce the reprogramming
of M2 macrophages into M1 macrophages and subsequent elimination of the tumor
[187]. Interestingly, tumor-associated macrophages and fibrotic tissue-infiltrating
macrophages display similar M2-oriented phenotypes, suggesting that the modula-
tion of macrophage polarization could improve radiotherapy outcomes by enhanc-
ing anti-tumor efficacy and preventing radiation-induced fibrosis.

4.6.2.1 Macrophage Reprogramming

Clodronate liposomes were used to deplete macrophages in several studies [188]. The
reduction of the number of macrophages by clodronate in wounded tissue indeed
reduced excessive scar formation and delayed cutaneous wound healing [189]. Froom
and colleagues [190] showed that oral administration of clodronate (bisphosphonate)
significantly reduced bone marrow fibrosis. Delanian and Lefaix proposed clodronate
administration in combination with the pentoxifylline-vitamin E (PE) treatment, and
showed improved efficacy in the treatment of radiation-induced fibronecrosis [153,
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191]. The very targeted depletion of M2 macrophages by inhibiting CSF1/CSF1R
signalling [192] seems to be even more promising. CSF1R inhibition using a neutral-
izing mAb (AFS98) showed a decrease in macrophage accumulation in atheroscle-
rotic lesions of ApoE-deficient mice [193], in renal allografts [194] and damaged
skeletal muscle [195]. Its effect on fibrosis is more disputed, as it may increase renal
fibrosis [196—198] but may be beneficial in other fibrosis. Interestingly, a combination
of CSF-1R inhibition using GW2580 with radiotherapy suppressed tumor growth
more effectively than irradiation alone in a mouse prostate cancer model by TAM
blockade, suggesting that CSF-1R inhibitor should enhance radiotherapy’s differen-
tial effect [199].

4.6.2.2 Targeting Neutrophils, DCs and Other Immune cells

Neutrophils and DCs are also relevant to radiation injury. The recruitment of neu-
trophils at the injury site is important for removing tissue debris and killing invading
pathogens. They also, however, secrete ROS/NOS that may exacerbate tissue dam-
age and induce scarring [166]. Because of this, neutrophils have been described as
either pro-fibrotic (bleomycin, hypersensitivity pneumonitis—induced fibrosis)
[200] or anti-fibrotic via extracellular matrix clearance [201].

DCs are professional antigen-presenting cells (APCs) able to migrate into sec-
ondary lymphoid organs to activate T helper cells for pathogen control and clear-
ance, but in pathological inflammation and autoimmune disease, DCs can contribute
to local tissue injury [166]. Like neutrophils, the role of DCs in fibrosis is dual with
high infiltration described in Hepatic and lung fibrosis [202, 203], but not in cardiac
fibrosis [204].

Other innate immune cells, such as mast cells, eosinophils and basophils have
also been implicated in the pathogenesis of fibrosis in multiple organ systems and
are viewed as potential therapeutic targets. Indeed, mast cells have been described
to promote fibrosis by recruiting inflammatory leukocytes and by producing pro-
fibrotic mediators [205]. Eosinophils are important sources of TGF-B1 and IL-13
[206] and have been found to be associated with the development of pulmonary
fibrosis [207], skin, liver and idiopathic retroperitoneal fibrosis [206, 208]. The
role of basophils has not been explored in the context of radiation injury but they
are an important source of type 2 cytokines such as IL-4— and/or IL-13.

4.7 Contribution of the Microbiome: An Emerging
Contributor and a Possible Target?

There has not been much exploration, until recently, of the possible role of the
microbiome in regulating susceptibility/resistance to radiotherapy. Yet, bacterial
translocation induced by the disruption of the epithelial/mucosal barrier is one of
the main consequences of radiotherapy. The gastrointestinal tract from oral

192



94 P. Montay-Gruel et al.

mucosa to rectum is an ideal model to study the contribution of the flora to normal
tissue damage induced by radiation therapy and define possible innovative pre-
vention and/or mitigating strategies [209]. The recent interest in flora is partly
driven by technological advances, particularly metagenomic sequencing and
marker gene-based phylotyping. These novel approaches have helped to under-
stand that the microbiota is far more diverse than previously thought [210, 211].
The complex interactions that occur in between epithelial cells and microbiota is
the guarantee for their respective homeostasis and constitute the hormesis con-
cept. Host factors are known to influence the microbiota composition [212] and
anticancer treatment, including radiotherapy, may alter this makeup. The altera-
tion in the microbiota composition is named dysbiosis.

Recent studies have investigated the impact of radiation-induced damaging
signals coming from host cells that can modulate microbiota composition. One
of the primary effects of radiation therapy is ROS-mediated. The strong oxida-
tive milieu generated upon irradiation interferes with many cellular functions,
such as cell cycle progression and pro-apoptotic pathways. This causes ulcer-
ation that can be modulated using anti-oxidants including SOD, Amifostine and
Vitamin E. The long-term breakage of the epithelial barrier is the first point of
entry for bacteria and is mainly caused by the loss of adult stem cells. In the gut,
the stem cell response is mediated by p53 activation, which in turn induces
PUMA as a signal triggering progenitor and stem cell death via intrinsic apopto-
sis [213, 214]. But the mechanism is not as simplistic, because, at the same time,
p53 induces p21, thereby facilitating cell-cycle arrest and DNA repair in pro-
genitor cells, consequently increasing cell survival and tissue regeneration [215].

A direct role for the microbiota in regulating epithelial homeostasis has been
described. In the gut, the regulation has been shown to be mediated through activa-
tion of Toll-like receptors [216]. The immuno-modulatory activity of the gut micro-
biome has been investigated by Zitvogel et al. who showed that gut flora elicited
innate and adaptive immune responses [217]. Long-lasting dysbiosis has indeed
been associated with cancer [218]; it may promote low-grade inflammation [219],
and increase cell transformation [220]. Recent studies also suggest that the presence
of crypt-associated flora bacteria could act as “gate keepers” and help in the protec-
tion against colonization by pathogenic bacteria, thus maintaining the homeostasis
of the regenerative apparatus [221].

4.7.1 Therapeutic Modulation of the Microbiome

Studies focusing on the relevance of the microbiota to the pathogenesis of radiation-
induced normal tissue complications are just emerging. Some bacteria, such as
Roseburia or Eubacterium, seem to have beneficial effects by producing molecules
such as butyrate. Whether it is the absolute composition or the relative changes in
the microbiota that is relevant to understand and modulate the pathogenic process is
another question. Some clinical studies profiled the intestinal [222-226] and the
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oral [227-229] microbiome after radiotherapy. Andreyev et al. described gram-
negative bacterial overgrowth in patients with radiation enteropathy, both in the
acute and late settings [230, 231]. In a further study they assessed faecal microbial
populations and reported an overall increase in Bacilli and Actinobacteria, and a
decrease in Clostridia [227]. De Rick et al. measured shifts in the oral microbial
community during radiotherapy with a decrease in the richness and presence of a
small fraction of species. These shifts correlated with a poor functional outcome
including pain and nutrition problems. However, these studies included only a small
number of patients and were only associative, making it difficult to discern cause
and effect. The use of probiotics has also been developed and preclinical studies
with Lactobacillus spp. were able to partially treat proctitis in rats while preserving
intestinal morphology [232, 233]. Similar clinical trials have been developed using
Lactobacillus spp. as a probiotic treatment to mitigate gastrointestinal injury after
radiation therapy. Prophylactic treatments also seem to be efficient [234, 235].
Nevertheless, no unique microorganism strain or product has been described in
clinical trials and further studies are required to address this promising question.

4.8 Conclusion

The aim of modern targeted radiotherapy is to kill a maximum of cancer cells while
reducing normal tissue injury and decreasing morbidity. To achieve that aim, selec-
tive protection of normal tissue function is a powerful approach to improve cure
rates and simultaneously improve the quality of life of long-term cancer survivors.
The development of complex models of radiation injury based upon the use of
transgenic animals and targeted irradiation procedures with Image Guided
Radiotherapy devices dedicated to small animals has lead to a better understanding
of the normal tissue response to radiation injury. The complexity of the phenomena
has been dissected and an interconnected series of processes has been deciphered.
These series include inflammation, alteration of the vascularisation which leads to
alternative sequences of perfusion and hypoxia within tissues, alteration of the
immune cell composition and infiltration, remodeling of the extracellular matrix
and tissue fibrosis that may ultimately lead to irreversible organ failure.

The therapeutic challenge is now driven by the complexity of radiation-induced
processes. Combination strategies that target distinct pathogenic pathways with several
“old” or existing molecules—such as the combination of anti-inflammatory agents,
vascular protectors, antioxidants and immunomodulators—have given good pre-clini-
cal and clinical results. However, dosage and administration sequences require a per-
sonalized and fine-tuned follow-up for each patient. More recent targeted therapies
using specific pathway inhibitors or biological agents such as antibodies can now be
foreseen as the next approach in modulating radiation injury. Lastly, fascinating clini-
cal questions are being raised, aiming to study organ ecosystem and how it might be
exploited in the future with direct and “natural” therapeutic agents to treat radiotherapy
complications and restore the fine equilibrium altered by anti-cancer therapies.
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Interestingly, the changes described at the normal tissue level also occur in the
tumor’s microenvironment. Numerous factors activated in response to irradiation in
normal tissue such as TGF-p, CTGF and PDGEF, cytokines, TNF-a and Interleukins,
are similarly altering cellular phenotype in tumors i.e. CAFs display myofibroblas-
tic differentiation; TAM display M2 polarization. Consequently, the next challenge
will be to develop rational radiotherapy-drug combinations to target tumors and
avoid normal tissue toxicity.
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ABSTRACT

Normal tissue damages induced by radiation therapy remain dose-limiting factors in radiation oncology and this is
still true despite recent advances in treatment planning and delivery of image-guided radiation therapy. Addition-
ally, as the number of long-term cancer survivors increases, unacceptable complications emerge and dramatically
reduce the patients’ quality of life. This means that patients and clinicians expect discovery of new options for the
therapeutic management of radiation-induced complications. Over the past four decades, research has enhanced our
understanding of the pathophysiological, cellular and molecular processes governing normal tissue toxicity. Those
processes are complex and involve the cross-talk between the various cells of a tissue, including fibroblasts, endothe-
lial, immune and epithelial cells as well as soluble paracrine factors including growth factors and proteases. We will
review the translatable pharmacological approaches that have been developed to prevent, mitigate, or reverse radia-
tion injuries based upon the targeting of cellular and signalling pathways. We will summarize the different steps of the
research strategy, from the definition of initial biological hypotheses to preclinical studies and clinical translation. We
will also see how novel research and therapeutic hypotheses emerge along the way as well as briefly highlight innova-
tive approaches based upon novel radiotherapy delivery procedures.

INTRODUCTION

Cancer causes 8.2 million deaths each year globally. Today,
most of the anti-cancer therapeutic improvements are
achieved by combined treatment modalities, in which radi-
ation therapy remains a cornerstone and is delivered with
curative intent in 50% of cancer patients. During the past
20 years, ballistics and imaging improvements have enabled
the individualized treatment of patients with a precise and
conformal delivery of the dose to the tumor. These techno-
logical improvements have greatly enhanced the irradiation
therapeutic index. Nevertheless, the level of dose that can
be delivered, and accordingly, the possibility of achieving
local control over the tumor, is still limited by the toxicity

review provides a list of validated strategies as exhaustive
as possible that have been validated to prevent, mitigate, or
reverse radiation-induced toxicity in preclinical and clin-
ical studies, together with several new options provided by
novel types of radiation therapy.

Cancer causes 8.2 million deaths each year globally. Today,
most of the anticancer therapeutic improvements are
achieved by combined treatment modalities, in which radi-
ation therapy remains a cornerstone and is delivered with
curative intent in 50% of cancer patients. During the past
twenty years, ballistics and imaging improvements have
enabled the individualised treatment of patients with a
precise and conformal delivery of the dose to the tumor.

induced to normal (surrounding) tissues. In addition,
the combined treatment protocols currently used against
cancer are associated with an enhanced risk of toxicity. As
the number of cancer survivors increase, preventing and
reducing the treatment’s side effects is a priority. The present

These technological improvements have greatly enhanced
the irradiation therapeutic index. Nevertheless, the level of
dose that can be delivered, and, accordingly, the possibility
of achieving local control over the tumour, is still limited
by the toxicity induced to normal (surrounding) tissues.
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Figure 1. Biology-driven strategy to identify therapeutic approaches. RNS, reactive nitrogen species; ROS, reactive oxygen
species.
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@D Early inhibition of radiation-induced acute cell death and depletion is presented in part 1.

@D Regulation of the redox imbalance is presented in part 2.

@D Regulation of inflammatory and fibrogenic signals are presented in part 3.

In addition, the combined treatment protocols currently used
against cancer are associated with an enhanced risk of toxicity.
As the number of cancer survivors increase, preventing and
reducing the treatment’s side effects is a priority. The present
review provides a list of validated strategies as exhaustive as
possible that have been validated to prevent, mitigate, or reverse
radiation-induced toxicity in preclinical and clinical studies,
together with several new options provided by novel types of
radiation therapy.

POST-RADIOTHERAPEUTIC NORMAL TISSUE
INJURY

Typical side effects are systemic in the case of drug therapies,
whereas radiation-induced normal tissue damages are local or
locoregional and can be divided into early and late side-effects.
Typically, in the clinic, early effects occur during the time-course
of the treatment or within a few weeks of the completion of a
fractionated radiotherapy schedule. These effects include skin
erythema, dry or moist desquamation of the skin, mucositis,
nausea, diarrhea, edema or headaches. Late effects are expressed
after latent periods of months to years, and include radiation-
induced fibrosis, atrophy, and vascular damage (Figure 1). Like-
wise, in pre-clinical models, radiation-induced normal tissue
injury can be dichotomized into an acute inflammatory phase
followed by a late chronic phase characterized by both chronic
inflammation and fibrosis. The complications varies from unde-
tectable to highly disabling levels for the patient, inducing a loss
of function of the altered organ' depending upon extrinsic factors
such as variations in the dose delivered, changes in the treatment
volume or dose fractionation as well as intrinsic factors such as

individual radiation sensitivity and the presence of comorbidity
factors.*™

In order to reduce toxicities, it is important to understand the
mechanisms underlying the radiation injury of normal tissues.
While cell death is the primary and intended effect of ionizing
radiation on tumor cells, the deleterious effects of irradiation
on normal tissues comprise a cascade of molecular, cellular, and
tissue events that spans for a long time after exposure,® and has
been compared to a “complex wound”” However, whereas wound
repair has three distinct stages that include a clotting/coagula-
tion phase, a restoration phase with fibroblast migration/prolif-
eration, and a final remodeling phase where the normal tissue
architecture is restored (Figure 1), this cascade of finely-tuned
processes is disrupted post-radiation therapy. Tissue response
to irradiation depends upon the intrinsic sensitivity of the
various cellular compartments (direct cell death) that compose
the organ and the complex crosstalk established in between all
these compartments (indirect functional effects). For instance,
rapid renewing compartments, like the epithelial layers and
bone marrow, show an acute response to irradiation. This is due
to a severe depletion of actively dividing upstream progenitor
compartments, ultimately resulting in a loss of replenishment of
downstream mature cell pools.*’

In contrast, in connective tissues where cellular turnover is
low, radiation injury may be expressed months or even years
after exposure if cell death occurs when the cellular division is
attempted. The functional consequences are a result of non-le-
thal effects on different intra- and extracellular molecules and
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changes in gene expression in irradiated cells, synthesis of para-
crine factors leading, e.g. to direct inactivation of anticoagulant
molecules, activation of latent growth factors such as trans-
forming growth factor, TGFf;, and activation of proteases. The
various steps involved in this cascade can constitute valuable
therapeutic targets to modify normal tissue injury and enhance
the outcome of radiation therapy. In the following sections
of this review, we will focus our attention on selected targets,
explain their pathophysiological relevance and report the ther-
apeutic strategies that have been used over the past decades. We
also discuss how the selection of the timing of administration
depends upon the pathway targeted and precludes the selection
of the appropriate drug.

Treatment of normal tissue injury- terminology
Before reviewing available treatment options developed to
modulate radiation-induced toxicity, it is important to precisely
define the possible types of intervention that depend on the time
of administration relative to the time of radiation exposure and
the appearance of symptoms.® Prophylactic agents or protec-
tors are administered before radiation exposure, mitigators are
administered shortly after exposure, but before symptoms arise,
while curative treatments are given after the appearance of symp-
toms as shown in Figure 1.

INHIBITING RADIATION-INDUCED ACUTE CELL
DEATH AND DEPLETION

To prevent and inhibit radiation-induced toxicity, the early
prevention of epithelial, endothelial, and stem cell deaths is one
of the primary options that can be proposed. These interventions
imply the administration of drugs delivered prophylactically
(Table 1) including inhibitors of pro-apoptotic molecules, such
as the transient blockade of p53 (Pifithrin);'®!! the inhibition of
p-53 upregulated modulator of apoptosis (Puma Inhibitors) or
the inhibition of the ceramide pathway in endothelial cells.'®!”
Alternatively, stimulation of antiapoptotic molecules such as
NE-B by the flagellin-derivative, CBLB502'®!? protects micro-
vascular endothelial cells from radiation-induced death. Simi-
larly, the enhancement of endothelial cell radiation resistance
can be achieved by blocking the TSP1/CD47 pathway.”’ Other
cytoprotective therapies such as keratinocyte growth factor,
fibroblast growth factor and glucagon-like peptide-2 treat-
ment'>*"?2 also have proven efficacy, and prevent the develop-
ment of normal tissue toxicity. For instance, keratinocyte growth
factor administration has been validated and shown to stimulate
cell proliferation and promote epithelial cell survival along with
the differentiation of oral mucosa, both in pre-clinical and clin-
ical trials.**** Furthermore, it displayed a beneficial off-target
effect by decreasing reactiveoxygen species (ROS) levels and
stimulating DNA repair.?>**

These strategies prevent the alteration of an organ’s structure
and function, and/or enable the rapid restoration of the tissue,
markedly when stem cells are protected and activated. Activa-
tion of deleterious cascades will be interrupted, avoiding the
excessive release of inflammatory mediators and dramatic tissue
injury. However, two major drawbacks are associated with these
strategies: primarily, there is a high risk of tumor protection and

secondly, the acute rescue of heavily damaged cells could have a
delayed detrimental impact on normal tissue structure and func-
tion, including the occurrence of a secondary cancers.

RESTORING THE REDOX EQUILIBRIUM IN TISSUE
AFTER RADIOTHERAPY

Another important strategy that has been extensively explored
to counteract radiation injury involves antioxidant molecules
and scavengers aiming at restoring the redox equilibrium of

the tissue, immediately after irradiation or at later time points
(Table 2).

Direct interactions of ionizing radiation with biological matter
induces excitations and ionizations resulting in the ejection of
electrons from biomolecules. In addition, indirect interactions
occur through jonization of the water and represent the major
part of the radiation’s effects on the biological matter. Both effects
lead to free radical formation. In addition to this rapid burst
of free radicals that occurs immediately following radiation,
persistent and prolonged increase in reactive oxygen species/re-
active nitrogen species (ROS/RNS) is also observed after irradi-
ation. While ROS/RNS in physiological conditions do perform
useful functions such as cell proliferation and differentiation**?
and are involved in homeostatis processes such as wound
healing,* when ROS production escalates beyond a certain
threshold and becomes persistent, the antioxidant response is
not sufficient to reset the system to the original level of redox
homeostasis. These high levels of ROS/RNS result in patholog-
ical stress to tissues and cells>** by acting as messenger mole-
cules in cytoplasmic signalling pathways, and by direct effects on
transcription.*® These elevated concentrations of ROS/RNS not
only cause DNA damage, but also alter proteins, lipids, carbohy-
drates, and complex molecules.

At acute time point post-irradiation, early hypoperfusion occurs
due to vascular changes, endothelial cell damages'®*® and esca-
lated oxygen consumption, a consequence of increased cellular
metabolism. It generates tissue hypoxia, which further exac-
erbates the injury."” Then, as time passes, the system may still
reach an equilibrium associated with higher ROS concentrations
called chronic oxidative stress,*® which does not really involve
a loss of homeostasis but rather a chronic shift in the level of
homeostasis. The high level of ROS/RNS are immediate activa-
tors of the fibrogenic signals including transcriptional activation
of one of the most potent fibrogenic growth factor TGEp;,**
that subsequently upregulates collagen synthesis and perpetuates
self-induction and autocrine induction of another potent fibro-
genic growth factor, connective tissue growth factor (CTGF).>!
Activation of inflammation mediators has also been described in
the case of a high ROS level status, leading to deleterious chronic
inflammation in the irradiated tissue. These observations
support the fact that radiation-induced late effects are partially
propelled by a chronic oxidative stress*® induced at late stages
by the redox imbalance that occurs in the tissue as a result of
intrinsic hypoxia® which further enhance the redox imbalance.

Given the central and persistent role played by the loss of redox
equilibrium in the tissue response to irradiation, targeting redox
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Table 2. Therapeutic strategies that prevent, mitigate, and reverse normal tissue injury by modulation of the redox equilibrium

Intervention/ . .. ..
Substance . . . Mechanism Pre-clinical results/clinical use | References
administration route

Amifostine Prophylaxis/protection Scavenger of free radicals Prophylaxis/protection against B2

Oral application of prodrug, xerostomia during radiotherapy of head

mainly activated in normal and neck cancer

cells
Curcumin, ellagic acid, Prophylaxis/protection, ROS scavenger RIF lung in rats and mice 2
and bixin mitigation
Dietary flaxseed Prophylaxis/protection, ROS scavenger RIF lung in rats and mice 29,30

mitigation
Glutathione (GSH) Prophylaxis/protection Scavenger of free radicals Conflicting results in animal models 10

Oral application of GSH esters | (hydroxyl) regarding radioprotective effects

or reduced GSH
Genistein Mitigation ROS scavenger RIF lung in rats 332
Soy Isoflavone (83.3% Mitigation ROS scavenger RIF lung in mice 3
genistein, 14.6% daidzein
and 0.26% glycitein)
SOD therapy Mitigation treatment Detoxification of 1. Clinical trials recombinant protein 5313435
1. Recombinant protein superoxide not available anymore
2. Gene therapy 2. Radioprophylaxis/protection by
3. SOD mimetics viral delivery of SOD2 in preclinical

AEOL10150, Eukarion models; validation of plasmid
compounds, JP4-039 delivery of SOD2 in clinical studies
(suspended)
3. RIF lung in rats
Pentoxyfilline Treatment Antioxidants, improves Clinical evidence but lack of randomized 36-40
+ vitamin E+/ blood flow, anti- trialClinical trials starting (e.g.
clodronatePentoxyfilline inflammatory, NCT02230800)
+Yy-tocotrienol TNF-a and TGF-f1
inhibition

RIF, radiation-induced fibrosis; ROS, reactive oxygen species; SOD, super oxide dismutase; TGF, transforming growth factor; TNF, tumor necrosis

factor.

imbalance, ROS/RNS, and hypoxia is an obvious therapeutic
option with applications during any of the steps of the cascade
as shown in Table 2. Treatment with hyperbaric oxygen (HBO)>
and antioxidant therapy®*~>® were both successfully used despite
their apparent antagonistic mechanism of action. HBO induces
transient tissue hyperoxia (typically ~2 h day™) that should not
overcome natural antioxidant defenses,”” but may help to remobi-
lize tissue remodelling by activating signaling molecules in trans-
duction cascades (see the review)® and stimulate angiogenesis.59
In addition, the results from recent clinical trial show no benefice
of HBO on lymphoedema.®*! Antioxidant therapies are based
on a different mode of action and aim at scavenging ROS. Initial
studies with amifostine?® %’ and bovine liposomal Cu/Zn super-
oxide dismutase showed antifibrotic efficacy associated with
TGFB inhibition.®> More recent trials investigated the benefits of
tocol isoforms (Vitamin E analogs) such as high-dose alpha-to-
copherol combined with pentoxifylline and clodronate,*** and
y-tocotrienol (GT3).* In addition to their antioxidant action,
both strategies have displayed off-target benefits with protective
endothelial activity®*® and miRNA regulation.®® Interestingly,
the efficacy of GT3 is enhanced when combined with pentoxifyl-
line. Lastly, hypoxia-regulating molecules such as 2-methoxye-
stradiol have been shown to downregulate HIFla-mediated
Smad activation and inhibit radiation-induced lung fibrosis in
mice.”

TARGETING INFLAMMATORY AND FIBROGENIC
SIGNALS INDUCED BY RADIOTHERAPY

The third type of strategy is based upon the understanding of the
pathophysiological processes (cellular and molecular) governing
normal tissue toxicity. This knowledge has provided us with
tools to improve the therapeutic ratio of radiation therapy, and
biology-driven efforts have enabled the development of trans-
latable therapeutic approaches to prevent, mitigate, and even
reverse radiation injury based upon the targeting of signalling
pathways. The relevance of these various signalling pathways to
the pathogenesis and maintenance of radiation injury has been
extensively and recently reviewed in several articles,*»>1686°
Therefore, we will focus on recent results that highlight the rele-
vance of immune cells in response to irradiation. Elucidating the
impact of radiotherapy on the immune compartment and subse-
quent immunomodulation is nowadays one of the most prom-
ising strategies for improving anticancer treatment,”® and recent
studies suggest that it may also enhance the differential effect of
radiotherapy.

The importance of myeloid cells in the radiation-induced
response has been proposed and the role of macrophage
reprogramming by radiotherapy has been demonstrated.”’”?
Macrophage phenotypes are highly dependent upon the
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microenvironment and recent publications have revealed their
complexity.”* In fibrotic tissue, macrophages do display immu-
nosuppressive properties, secrete large amounts of the fibrogenic
mediator TGF-B17° that activates the Smad pathway, and stim-
ulate downstream fibrogenic genes such as CTGF and PAI-1.7°
The macrophages isolated from bronchoalveolar fluid from
patients undergoing thoracic irradiation spontaneously released
platelet-derived growth factor, another important fibrogenic
growth factor.”” Several older studies have suggested possible
benefits of macrophage depletion using clodronate liposomes.”®
The reduction of the number of macrophages by clodronate in
wounded tissue indeed reduced excessive scar formation and
delayed cutaneous wound healing.” Froom and colleagues®
showed that the oral administration of clodronate (bisphospho-
nate) significantly reduced bone marrow fibrosis, and in the early
2000’s Delanian and Lefaix successfully administered clodronate
in combination with a pentoxifylline-vitamin E treatment, and
showed improved efficacy in the treatment of radiation-induced
fibronecrosis.®"#?

More recent data validate and refine this strategy bringing
molecular highlights and a biological rationale for macrophage
targeting in the management of radiation-induced normal
tissue complications.?>3* Recently, the P Huber group showed

Montay-Gruel et a/

that blocking CTGF with a specific antibody (FG-3019) was
able to attenuate radiation-induced pulmonary remodeling and
reverse fibrosis. Interestingly, they showed that this treatment
was associated with the abrogation of M2-like macrophages
influx.® We extended these findings and recently characterized
the contribution of pulmonary macrophages to radiation-in-
duced pulmonary fibrosis.** We showed that the populations of
pulmonary macrophages are heterogeneous and their contri-
bution to fibrosis is complex. A differential phenotype for alve-
olar and interstitial macrophages was indeed shown along with
a specific fibrogenic contribution of interstitial macrophages
but not alveolar macrophages. Ultimately, selective targeting of
interstitial macrophages with CSF1R mAb was shown to display
antifibrotic action.

Lastly, an overview of the drugs that have been used to
prevent and mitigate radiation damages as well as the drugs
that have been successfully used to reverse radiation-induced
complications, fibrosis in particular, are provided in Tables 3
and 4. The impressive list of compounds shows the vitality
of the research in this field with an impressive rate of trans-
lational/clinical studies (Table 4) using curative strategies.
Three parameters have probably fostered this progress: first,
the irreversibility of fibrosis was challenged by many cellular

Table 3. Therapeutic strategies that prevent and mitigate normal tissue injury by modulation of inflammatory and fibrogenic

signals
Intervention/administration . Pre-clinical results/clinical
Substance Mechanisms References
route use

Ambroxol Prophylaxis/protection TNF-a and TGF-p1 | Clinical trial 8
inhibition

Taurine Prophylaxis/protection TGF-B1 and RIF lung in mice 86.87
collagen inhibition

IL-11 (targeted Prophylaxis/protection TGF-B1 and RIF gut in mice 88

administration) collagen inhibition

Hirudine Prophylaxis/protection Thrombine RIF gut in rats 8
inhibition

Halofunginone Prophylaxis/protection TGF-B1 inhibition RIF skin in mice %

Octreotide Prophylaxis/protection Somatostatin RIF gut in rats o
analogue

Soluble TGF-{ type II Prophylaxis/protection TGF-P1 inhibition RIF gut in mice 92

receptor

ACE inhibitors angiotensin II Prophylaxis/protection and mitigation Angiotensin IT Clinical trial %

blockers modulator and
inhibition of TGF-f

Methylprednisolone, Prophylaxis/protection and mitigation Anti-inflammatory RIF kidney and heart in rats and 94-96

dexamethasone, ibuprofen) rabbits

Gefinitinib Mitigation EGFR inhibition- RIF lung in rats 7
TKi nhances inflammation but

decreases fibrosis

LY2109761 Mitigation TGF-BR1 inhibition- | RIF lung in mice o
S/TKi Reduces inflammation and fibrosis

Chitosan/DsiRNA targeting Mitigation TNF-a inhibition RIF subcutaneous in mice 9

TNF-a

ACE, angiotensin converting enzyme; EGFR, epidermal growth factor; RIF, radiation-induced fibrosis; TGF, transforming growth factor;TKi, tyrosine

kinase inhibitor; TNF, tumor necrosis factor.
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Table 4. Therapeutic strategies that reverse normal tissue injury by modulation of inflammatory and fibrogenic signals

Intervention/administration . Pre-clinical results/
Substance Mechanisms .. References
route clinical use
All -trans-retinoic acid Prophylaxis/Protection and TGF-B1, IL-6 and collagen RIF lung and gut in mice 100,101
treatment inhibition
Angelica sinensis Prophylaxis/Protection and TGF-f1 inhibition RIF lung in mice 102
treatment
Antibody against CTGF Prophylaxis/protection and treatment | CTGF inhibition and RIF lung in mice 8
macrophages depletion
CSFRI inhibition Treatment Macrophages depletion RIF lung in mice 84
Treatment Collagen production inhibition Small Clinical trial 103
Interferon gamma (low
dose)
Pirfenidone Treatment TGF-f1, PDGE, b-FGE, EGFE, Clinical trial open 104
TNF-a inhibition
Heparine and Wwarfarine Treatment Anticoagulant Small clinical trial open 105
Colchicine Treatment Collagen production inhibition Clinical trial 106
Statins Treatment Vascular protector, anti- Clinical evidence but lack 93,107
inflammatory, of randomized trial
TGF-f1 inhibition
Treatment Antioxidants, improves blood 36-40
Pentoxyfilline + vitamin flow, anti-inflammatory,
E+/- TNF-a and TGF-B1 inhibition Clinical evidence but no
clodronatePentoxyfilline Macrophages depletion randomized trialClinical
+Yy-tocotrienol trials starting(e.g.,
NCT02230800)

CSF, colony stimulating factor; CTGF, connective tissue growth factor; EGF, epidermal growth factor; FGF, fibroblast growth factor; PDGF, platelet-
derived growth factor; RIF, radiation-induced fibrosis; TGF, transforming growth factor; TNF, tumor necrosis factor.

and experimental studies; second, curative strategies are
clinically interesting as they do not interfere with anticancer
treatments through possible tumor protection; third, they
can be delivered to the targeted population of patients that
need it.

USE OF NOVEL RT APPROACHES TO PROTECT
NORMAL TISSUES

Aside from novel biological interventions, improvements
in physics have been critical for protecting normal tissue,
enhancing differential effects, and making progress on tumor
control. Novel technologies based upon sophisticated instru-
mentation used in conjunction with imaging, such as stereo-
tactic body radiotherapy, have helped to protect normal tissue
by reducing the irradiated volume and more accurately targeting
the tumor. More complex and expensive technologies, such as
proton and carbon ion therapies, take advantage of their specific
pattern of energy deposition in the biological matter and are
already implemented in clinical practice. Other novel ideas and
approaches have also been recently proposed such as dose rate
escalation.!®®!% This last approach should be translatable into
clinical application soon, which illustrates the broad range of
opportunities that exist in radiation therapy, and highlight the
need for interdisciplinary working teams composed of biologists,
physicists, and physicians.

IGRT and Stereotactic body radiotherapy
Image-guided radiation therapy (IGRT) has been a major
advancement in radiotherapy and makes it possible to visualize
a target volume (tumor + margins) and the surrounding organs
at risk before treatment and during the treatment course. Modi-
fications in the targeted volume as well as movements are taken
into consideration, and can be compensated for and even halted
in the case of percussion-assisted RT (PART) recently described
by Péguret et al.''’ This innovative technique induces a long-
lasting apnea-like suppression of respiratory motion for up to
10-11 min without inducing any physiological side effect.''! The
pilot clinical study reported an interesting advantage of percus-
sion-assisted RT compared to free-breathing or maximal-inspi-
ration techniques coupled with three-dimensional conformal
RT, SBRT or VMAT irradiations, in breast cancer, lung cancer,
and lung metastases patients. IGRT combined with motion
management is associated with the prescription of highly confor-
mational doses (intensity modulatedradiotherapy, IMRT) which
are meant to drastically decrease the irradiated volume and the
dose delivered to the normal tissue. Different techniques may
be used to follow the anatomical structures, with or without the
addition of fiducial markers, starting from fluoroscopy, to CT,
MRI, PET-CT, ultrasounds or optical tracking.

Studies have shown an improvement in toxicity prevention on
several tumor sites''? and especially in prostate cancer patients,'!?
even if these results can sometimes be controversial.'™* It is diffi-
cult, however, to differentiate the IGRT from the IMRT effects,
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and several studies have exposed this limitation''>"'® through

their explanation of the reduced occurrence of xerostomia due to
PTV margin reductions.

Proton therapy

Ballistic features of protons prevent normal tissue
toxicities

Due to the protons’ in-depth dose deposition curves, one can
expect to prevent normal tissue toxicity and therefore, decrease
normal tissue injury. By now, more than 100,000 patients have
been treated worldwide with proton beam therapy (PBT) in
approximately 20 centers. This means that evaluating PBT supe-
riority in terms of normal tissue protection is now feasible.!!”

Proton therapy has been largely used to treat ocular tumors such
as uveal carcinoma, making it an alternative to enucleation or
ocular brachytherapy thus sparing visual acuity.'**"*! Concerning
skull base tumor treatments, different Swiss and American studies
have shown that the percentage of patients treated with PBT
and suffering from temporal lobe injury is reduced compared to
conventional X-Ray radiation therapy and IMRT.'?2-1%4

In pediatrics, the large volume of tissue exposed to low-doses
induces severe and non-acceptable long-term injuries such as
neurocognitive impairments, hearing loss, hormonal dysfunc-
tions, infertility and secondary malignancies. Therefore, PBT
seems to be ideal for treating pediatric patients. Dosimetry
reconstruction comparing X-Rays, IMRT and PBT treat-
ment plans show an improved dose distribution'? with PBT
which, according to modeling, could be responsible for at least
a 2-fold, and up to a 15-fold reduction in secondary malig-
nancies because of normal tissue irradiation.'?® Interestingly,
a Chinese study estimated that IMRT is the technique that
displays the highest risk of secondary malignancy (30%), while
PBT was linked to only a 4% risk of developing a radio-in-
duced cancer.'?’

PBT has also shown encouraging results concerning the neuro-
cognitive toxicity of whole and partial brain irradiation in
children. The reduction of the irradiated normal brain volume
enables a drastic reduction of the deleterious effects in the early
cognitive outcome 1 year post-RT compared to photon therapy.
These results were observed for IQ, verbal comprehension, and
working memory.'?®

Lung cancer treatments with PBT show a possibility of increasing
dose and subsequent anti-tumor efficacy with reduced adverse
effects—especially dermatitis, esophagitis, and pneumonitis—
compared to classical X-ray treatments. For breast cancer
treatments, PBT plans decrease by 71-81% and 75-99% of
lung and heart irradiation respectively. Moreover, dose to the
contralateral breast and dose to the whole body were also dras-
tically reduced.®13* All of these results suggest a decrease in
radio-induced lung dysfunctions and cardiopathies, but also for
the occurrence of secondary malignancies, showing that proton
therapy, by decreasing dose to the normal tissue, reduces the
occurrence of radiation-induced injury, and can improve the
therapeutic ratio of radiation therapy.

Montay-Gruel et a/

Carbon ion therapy

Increase the relative biological effectiveness and the
therapeutic ratio

The efficacy of high linear energy transfer (LET) particles in
radiation therapy has been investigated since the late 70s."*> The
first clinical trial was conducted in Japan in 1994, and since
then, more than 13,000 patients have been treated with carbon
ion radiation therapy."” Carbon ions display the same pattern of
dose deposition as protons, with a Bragg peak deposition of the
dose, low entry and exit doses as well as a fall-off after the Bragg
peak that is significantly steeper compared to protons. The dose
deposited beyond the Bragg peak is higher compared to protons
because of the nuclear interaction and fragmentation. One other
additional interesting property of Carbon ions is their high LET,
which is directly linked to their RBE that ranges between 2.0 and
3.5. The high RBE is certainly beneficial for tumor control, but can
be detrimental to the normal tissue and therefore increase compli-
cations. Still, exploring the differential effects of Carbon ions is of
great interest, and pioneering work performed more than 20 years
ago by the Denekamp team has shown that reducing the number
of fractions lowers the RBE for both normal tissue but not for the
tumor."*® Hypofractionation in carbon ion radiation therapy would
increase the therapeutic ratio, and provides a strong biological
rationale for Carbon ion use.'*-142

FLASH-RT

Opportunities to improve the efficacy of radiation therapy via
the development of new irradiation techniques may have been
under explored. Today, modern radiation therapy devices still
use the same technology of electron acceleration in waveguides
as half a century ago. However, the recent development of proton
therapy facilities and the use of high LET ions exemplify some
of the possibilities that are currently opened. Previous experi-
ments conducted with short pulses of X-rays on lymphocytes,'*?
or more recently, conducted with protons on human-hamster
hybrid cells and skin cells,"**'* including microchannel radio-
therapy that operates at 200 Gy.s™' dose-rate,'*” showed fewer
cytogenetic damages and significantly protected normal tissue
from radiation-induced acute and long-term damages.

In line with these experiments and with the objective of fostering
innovation in radiation therapy, we have been the first to propose
a completely novel modality of irradiation, named FLASH radio-
therapy. It markedly increases the differential effect between
tumors and normal tissues, and is able to destroy tumors with
the same efficiency while providing better protection to the
normal tissues and preventing side effects. Indeed, using several
pre-clinical models, %1% we have shown that an ultrahigh dose
rate delivery of irradiation was able to protect normal tissues in
mice (lung, brain, gut and skin), in pigs (skin), and in a clinical
trial performed in cats bearing spontaneous cancers for whom
a major protection of normal tissues was observed, while main-
taining a strong anti-tumor efficacy'® (Vozenin et al, under
revision; Montay-Gruel et al. in prep This effect has been called
the Flash effect. The Flash effect has been confirmed by another
team from Stanford University (USA)'® and we found similar
observations reported more than 40 years ago.'**'** In addi-
tion to this radiobiological advantage, the ultrashort duration
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of dose deposition overcomes the potential problems associated
with tumor motion, and can then enhance RT delivery accuracy.
Currently, only a few devices are able to deliver an ultrahigh dose
rate irradiation across a large volume of tissue; experimental
electron Linacs of 4/6 MeV have limited therapeutic applications
due to their energy profile and limited in-depth dose deposition
(Kinetron, Orsay, Fr, PMB-Alcen, Pegnier, France; Oriatron,
Lausanne, CH, PMB-Alcen, Pegnier, France; modified clinical
accelerator, Stanford, USA ).!%*!>! However, several technolog-
ical improvements are ongoing to upgrade those systems and
develop clinical transfer.!*>!>?

CONCLUSION

The selective protection of normal tissue function using modern
targeted radiotherapy is a powerful approach to improve cure
rates and simultaneously enhance the quality of life of long-term
cancer survivors. Nowadays, high precision radiation therapy
induces a drop in the rate of complications. In parallel, advance-
ments in radiobiology have deciphered the complexity of the
biological response induced by tissue exposure to ionizing radia-
tion, and enabled the identification of therapeutic targets. These
processes include profound microenvironment remodeling with
alteration of the vascularization, perfusion/hypoxia, inflam-
mation, modulation of immune compartments and stromal

remodeling. Therefore, currently, well-selected combination
strategies that target distinct pathogenic pathways induced by
irradiation at specific time points of the pathogenic process can
be proposed, and the next challenge will be to develop rational
radiotherapy-drug combinations to maximize the therapeutic
impact. The management of RT complication has also reach the
era of personalized medicine and in many centers in Europe
(France, UK, CH for instance), patients presenting with compli-
cations are managed in the frame of multidisciplinary consul-
tations to adapt the best therapeutic answer for each specific
situation. Simultaneously, novel radiotherapy approaches such as
the ultra-high dose rate, Flash RT, have been developed, offering
the potential to radically change the way radiation therapy is
employed and delivered over the next few years.
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