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Background: Glioblastoma is the most common and deadliest primary brain tumor for humans. Despite many efforts toward the improvement of therapeutic methods, prognosis is poor and the disease remains incurable with a median survival of 12-14.5 months after an optimal treatment. To develop novel treatment modalities for this fatal disease, new devices must be tested on an ideal animal model before performing clinical trials in humans.

New method: A new model of induced glioblastoma in Yucatan minipigs was developed. Nine immunosuppressed minipigs were implanted with the U87 human glioblastoma cell line in both the left and right hemispheres. Computed tomography (CT) acquisitions were performed at least once a week to monitor tumor growth.

Results: Among the 9 implanted animals, 8 minipigs showed significant macroscopic tumors on CT acquisitions. Histological examination of the brain after euthanasia confirmed the CT imaging findings with the presence of an undifferentiated glioma.

Comparison with existing method: Yucatan minipig, given its brain size and anatomy (gyrencephalic structure) which are comparable to humans, provides a reliable brain tumor model for preclinical studies of different therapeutic methods in realistic conditions. Moreover, the short development time, the lower cyclosporine and caring cost and the compatibility with the size of commercialized stereotactic frames make it an affordable and practical animal model, especially in comparison with large breed pigs.

Conclusion:

This reproducible glioma model could simulate human anatomical conditions in preclinical studies and facilitate the improvement of novel therapeutic devices, designed at the human scale from the outset.
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To you all: THANK YOU Résumé Le glioblastome est une tumeur agressive au développement rapide. Il apparaît le plus souvent au niveau des lobes frontaux et temporaux du cerveau et affecte généralement les adultes.

C'est la tumeur cérébrale primitive la plus fréquente. Il représente 50 à 55% de l'ensemble des gliomes avec une incidence de 2 à 3 pour 100 000. Le traitement standard actuel combine la résection chirurgicale, la radiothérapie et la chimiothérapie à base de témozolomide. En dépit de ce protocole multimodal agressif, le pronostic reste faible (taux de mortalité > 90 %) et la médiane de survie globale reste aux alentours de 12-14,5 mois.

Depuis quelques décennies, la radiothérapie est considérée comme le traitement adjuvant le plus efficace pour augmenter le taux de survie du glioblastome. La radiothérapie des tumeurs cérébrales, dont le glioblastome, comporte deux techniques principales : la radiothérapie externe et la curiethérapie. Malheureusement, pour la majorité des techniques de radiothérapie, des effets secondaires sont observés. En effet, dans le cadre de la radiothérapie externe, les radiations croisent les tissus sains avant d'atteindre la tumeur, ce qui peut par exemple provoquer un oedème cérébral. C'est une des raisons pour lesquelles on préfère, aujourd'hui, utiliser la curiethérapie. Cette technique de radiothérapie permet d'envoyer de hautes doses de radiations ionisantes directement dans la tumeur, en épargnant les tissus sains adjacents. Cependant, en amont de l'utilisation de la curiethérapie, une chirurgie invasive est nécessaire afin d'implanter dans la tumeur l'élément radioactif. La chirurgie peut être à l'origine d'effets secondaires comme l'aggravation des signes neurologiques du patient. Afin de surmonter ce problème, la solution idéale serait l'utilisation de sources radioactives liquides dans le cadre de la microcuriethérapie. Cette méthode consiste à injecter, directement dans la tumeur, des nanoparticules ou des microsphères radioactives en suspension dans un liquide, à la place de grains radioactifs. Parmi différentes sources de radioactivité, l'holmium radioactif (holmium-166) est un élément attractif du fait, d'une part, de sa courte demi-vie (26,83 heures), et d'autre part, de l'émission concomitante de particules béta de haute énergie et de rayons gamma de basse énergie. Ces rayonnements sont respectivement utilisés pour la destruction des cellules tumorales et pour localiser l'holmium par des techniques d'imagerie telles que le SPECT ou l'IRM. D'autre part, 90% de l'énergie béta est déposée dans un intervalle de pénétration de l'holmium au sein des tissus mous de 3 à 5 mm, les 10% restants pénètrent jusqu'à un maximum de 8 mm. Ces caractéristiques permettent l'irradiation de toute la tumeur tout en préservant le tissu sain environnant. Les effets thérapeutiques de l'holmium-166 ont été testés sur les modèles murins et félins. D'après la littérature, il n'existe pas de traitement efficace contre la plupart des tumeurs cérébrales malignes. Le développement de nouvelles méthodes thérapeutiques est donc nécessaire afin d'améliorer la qualité de vie et le temps de survie des patients après le diagnostic initial.

Les essais précliniques sont réalisés le plus souvent sur modèle murin. Cependant, très peu de nouvelles thérapies arrivent aux essais cliniques chez l'homme, du fait des nombreuses différences existant entre les deux espèces. Les porcs constituent un modèle animal idéal du fait de la structure gyrencéphalique de leur cerveau, proche de celui de l'homme, contrairement au cerveau lisse (lissencéphalique) des animaux de laboratoires. D'autre part, sur un plan éthique, l'utilisation de porcs est préférée à celle de primates non humains qui heurtent davantage les sensibilités. Le principal bénéfice de l'espèce porcine pour la recherche en neuroscience réside dans la taille du cerveau. Cela permet de tester, in vivo, de nouvelles modalités thérapeutiques avant transfert clinique chez l'homme.

Il est cependant important de noter que les porcs de grandes races sont très lourds, ce qui constitue un inconvénient majeur. Cette caractéristique réduit l'utilisation des porcs aux jeunes porcs de seulement quelques mois d'âge.

Dans ce contexte, l'objectif de notre étude a été de tester une modalité thérapeutique moins invasive, telle que la microcuriethérapie, en phase préclinique sur un modèle animal de taille adaptée, pour le traitement du glioblastome. 1) Pour cette étude préclinique, nous avons développé un nouveau modèle de glioblastome en implantant une lignée cellulaire humaine de glioblastome (U87) dans le corpus striatum du miniporc de la race Yucatan. La lignée cellulaire humaine U87 a été sélectionnée en raison de sa radiorésistance, ce qui permet d'évaluer avec pertinence l'efficacité de cette nouvelle technique de radiothérapie. Le modèle porcin a été choisi en raison de la structure gyrencéphalique de son cerveau, similaire au cerveau humain en terme d'anatomie, d'histologie et de vascularisation. Le miniporc, quant à lui, est une alternative idéale aux modèles porcins usuels en terme de poids, ce qui le rend plus facilement manipulable. De plus, la taille et le poids du miniporc sont également compatibles avec les systèmes de stéréotaxie pour grands animaux, actuellement sur le marché. Après implantation, un suivi au moyen d'un scanner a été réalisé jusqu'à l'apparition de signes neurologiques sévères conduisant à l'euthanasie. Les images scanner ont montré la présence de tumeurs macroscopiques. L'analyse histologique après euthanasie a confirmé le diagnostic de glioblastome.

2) En parallèle, nous avons évalué l'injectabilité et la tolérance préliminaire in vivo de la suspension d'holmium non radioactif (holmium-165) après injection stéréotaxique dans le cerveau de miniporcs sains. Les images scanner pré-et post-injections ont permis de déterminer la distribution d'holmium. L'holmium était bien circonscrit aux zones d'injection. La méthode d'injection a été validée pour les essais ultérieurs d'injections intra-tumorales.

3) A l'étape suivante, nous avons réalisé des injections d'holmium-165, directement dans la tumeur d'un modèle de glioblastome U87 (induit). La faisabilité des injections d'holmium-165 a été testée chez le miniporc en utilisant un système d'injection préclinique spécifique (EVEON) ainsi qu'un planning de traitement (établi par le CRCT). La suspension d'holmium-165, produite sous forme de nanoparticules (Nano-H), a été injectée au sein de la tumeur par une technique de microcuriethérapie avec le système de stéréotaxie. Les résultats de cette étude ont montré que la suspension de nanoparticules d'holmium-165 pouvait être injectée, avec précision, dans la tumeur cérébrale en utilisant un planning de traitement adapté et le système d'injection prototype d'EVEON. Lors des différents tests successifs, nous avons réussi à éliminer le reflux de suspension d'holmium en superficie au retrait de l'aiguille. Ceci a constitué une étape importante, venant consolider la radioprotection indispensable, en amont de la phase ultérieure de traitement utilisant de l'holmium radioactif. La médiane de survie globale était significativement plus élevée pour le groupe 1 de miniporcs traités. Aucun reflux n'a été observé. Les analyses histologiques ont confirmé la régression de la tumeur, caractérisée par la présence d'une nécrose importante. Nous avons observé, dans le microenvironnement de la tumeur, une population cellulaire de lymphocytes pour tous les groupes et de macrophages pour les groupes 1 et 2. Nous avons émis l'hypothèse que leur présence n'était pas liée à la radioactivité de l'holmium.

En conclusion, notre étude concernant l'efficacité thérapeutique de l'holmium-166 a démontré un très bon contrôle tumoral et l'absence d'effets toxiques. De plus, l'absence totale de reflux d'holmium-166d'Ho-166 est un point important en terme de radioprotection et de sécurité du système d'injection.

Mots clés : U87, miniporc, glioblastome, modèle animal, Yucatan, microcuriethérapie, Holmium-166, nanoparticules

Abstract

Glioblastoma is a fast-growing and aggressive type of brain tumor that forms on the supportive tissue. Glioblastoma occurs more commonly in the frontal and temporal lobes and usually affects adults. It is considered as the most common primary brain tumor. It consists almost 50-55% of all the glioma with incidence rate of 2-3 per 100,000. The current standard treatment combines surgical resection, radiotherapy and chemotherapy with temozolomide. In spite of this aggressive multimodality protocol, prognosis of glioblastoma is poor (mortality rate>90%) and the median survival remains about 12-14.5 months.

In last decade, radiotherapy has been considered the most effective concomitant treatment for significantly increasing the survival rate of glioblastoma. Radiotherapy of brain tumors including GB consists two main modalities: external beam radiotherapy (EBRT) and brachytherapy (BT).

Unfortunately, in most radiotherapy modalities, side effects such as cerebral edema are observed. For example, in EBRT, radiation crosses the healthy tissue before arriving to the tumor. In this regard, today, BT as a method using a high dosage of ionizing radiation directly inside the tumor is preferred. But in BT for brain tumors, a complicated surgery is required to insert the radioactive element inside the tumor, which can result in side effects and even worsen neurological signs of the patients. To overcome this issue, an ideal solution would be the use of liquid radioactive sources with a novel method, known as microbrachytherapy. This method consists of injecting radioactive microspheres or nanoparticles suspended in liquid, instead of the radioactive grains. To perform this treatment method, among different radioactive source, radioactive holmium (holmium-166) is an attractive radioelement because of its short half-life (26.83 hours). It has been tested on murine models and cats. Holmium-166 emits at the same time high-energy beta particles and low-energy gamma rays which can be suitable for tumor cells destruction and for SPECT and MRI imaging, respectively. On the other hand, the penetration range of holmium-166 beta energy inside the soft tissues is 3-5 mm on average, resulting in a 90% deposit of beta energy within this range, and the remaining 10% up to the maximum of 8 mm. These penetration criteria allow an irradiation of the entire tumor, whilst preserving the surrounding healthy tissues. Regarding the literatures, today, lack of an effective treatment modality in malignant brain tumors is obvious. Development of new therapeutic methods is mandatory to improve the quality of life and survival time of the patient after initial diagnosis.

Preclinical phases on animal models are mainly based on murine models. However, only a few therapeutics reach the clinical trials in humans because of the major discrepancies between the 2 species. Among the different animal species, pigs are an ideal model in settings requiring human-like brain anatomy. The gyrencephalic structure of the pig brain is more similar to human in terms of development compared to the lissencephalic (smooth) brain of common small laboratory animals. Furthermore, the use of pigs is less expensive and poses fewer ethical concerns than the use of non-human primates. The major benefit of the porcine model for neuroscience research is its brain size which can facilitate the improvement of novel therapeutic devices, designed at the human scale from the outset.

However, the high body weight of mature pigs of large breeds presents an obvious disadvantage. This restriction sets the upper age limit of research pigs at only the first few months after birth. Furthermore, applying some instruments, which are necessary in neurosurgery such as stereotactic frame, is limited using large breeds of pig.

In this context, the aim of our study was to apply a less invasive therapeutic method such as microbrachytherapy for the treatment of glioblastoma in a preclinical phase on a suitable largeanimal tumor model. 1) For this preclinical study, we developed a new model of glioblastoma in Yucatan minipig as a large animal by implantation of human glioblastoma cell line (U87) in corpus striatum. U87 human cell line was selected because it is very resistant to radiation therapy. This characteristic can make it as a valuable model to evaluate the efficacy of radiation therapy. Porcine model was selected due to its gyrencephalic brain which is more similar to human in anatomy, histology and vascularization. Minipig is an ideal alternative to current porcine models in terms of weight which makes them easy to handle. Moreover this minipig glioblastoma model is as well compatible with large animal stereotactic systems currently in the market. After implantation, a CT follow-up was performed until the occurrence of severe neurologic signs and consequently euthanasia. Implanted minipigs demonstrated macroscopic tumors on CT acquisitions. Histological analysis after euthanasia confirmed the presence of a glioblastoma.

2) In parallel, we tried to assess the injectability and preliminary in vivo tolerability of the nonradioactive Holmium (Holmium-165) suspension after stereotactic injection in the brain of healthy minipig. Pre-and post-injection CT-acquisitions evaluated the holmium distribution.

Holmium was circumscribed to the injection area and was found to be suitable suspension for future intratumoral injections.

3) In the next step, we performed intratumoral holmium delivery in an induced U87 glioblastoma model. In this part, the feasibility of injection of holmium-165 was tested in minipigs using specific preclinical injection system (EVEON) and treatment planning (CRCT). The holmium-165 suspension was produced in nanoparticle form (Nano-H) and injected inside the tumor by microbrachytherapy technique using a stereotactic system. Results of this trial showed that the holmium-165 nanoparticles suspension can be injected precisely inside the cerebral tumor using calculated treatment planning and EVEON's prototype injection system. During several tests, we succeeded in eliminating the reflux of holmium suspension, which was a big step forward, before performing treatment phase using radioactive holmium. 4) In this regard, the final step was the evaluation of treatment efficacy using radioactive holmium-166 nanoparticles, as microbrachytherapy, in Yucatan glioblastoma model. The injection procedure was exactly the same as previously described in the feasibility phase of intratumoral injection of holmium-165. 12 minipigs (glioblastoma model) were used for this treatment phase divided in 3 groups. Group 1 (n=6): treated with holmium-166, group 2 (n=3): injected with holmium-165 and control group (n=3) without any injection after tumor cells implantation.

The median survival time was significantly higher for the treatment group (group 1). No reflux was observed during and after the injections. Histological analysis confirmed regression of the tumor, characterized by necrosis. In the tumor microenvironment, we observed a cells population of lymphocytes in all groups and macrophages in groups 1 and 2. We hypothesized they were not linked to the radioactivity of holmium.

As a conclusion, our trial on the therapeutic effect of the holmium-166 demonstrated an excellent efficiency in tumor control and the absence of toxic effects. Furthermore, the absence of reflux is a valuable point in terms of radioprotection and security of the injection device.

Keywords: U87, minipig, glioblastoma, animal model, Yucatan, Microbrachytherapy, Holmium-166, nanoparticles Glioma is a type of intracranial tumor which can occur anywhere in the central nervous system (CNS) but generally grows in the brain or spinal cord. In fact, it is considered as an intracerebral tumor arising from the substance of the brain. It is the most common type of primary brain tumor [1,2]. It originates from the supportive cells of the brain which are called glial cells that can develop into tumors [3]. As a result it is called glioma. Glial cells are the most common cellular component of the brain. It means there are approximately up to 10 times more glial cells than neurons [4]. Three main types of glial cells which can be found in the brain are: astrocytes, oligodendrocytes and ependymal cells [5]. Unlike the neurons, glial cells are able to divide and multiply. With this ability, if the multiplication process continues rapidly and glial cells undergo an unbridled division, a glioma forms.
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I.2 Epidemiology

I.2.1 Incidence rate

Primary tumors of the CNS are a heterogeneous group of more than 140 histological types and subtypes [6]. Many different organizations follow the incidence of gliomas [7]. Extracting this data can be performed by data collected through government cancer surveillance (i.e., statewide or countrywide cancer registries) [8,9] or via the use of health system records [10][11][12]. Regarding these data centers, the incidence of gliomas has grown from the seventies (late 1970s) [13][14][15]. This increased incidence could have some causes including improvement in diagnostic modalities such as advanced radiologic imaging, and better access to neurosurgical services [16][17][18][19]. In the literature, the value of the overall incidence of gliomas varies significantly from one study to another depending on the several items, for example, histologic type, age at diagnosis, gender, race, and country. The absence of a uniform definition of glioma and several histologic types of this cancer as well as differences in data collection methods can cause complication in comparing incidence rates from different sources. In two studies, the incidence rates for all gliomas range from 4.67 to 5.73/100,000 individuals. Furthermore, in another study which was performed on 43,929 cases with brain tumors, diagnosed from 2004 to 2009, the incidence rate of gliomas was estimated 42% of all patients [6]. In the CBTRUS statistics, gliomas represent 29% of all CNS tumors (Figure 1) [8,20]. 

I.2.2 Risk factors

Several studies concerning risk factors of glioma have been performed during last decades. They demonstrate a multitude of possible parameters causing these cancers but unfortunately most of the results are inconclusive. A great number of factors can give rise to this problem such as the heterogeneity of study designs, inconsistent procedures to find out the suspected risk factors, and most importantly, the small number of cases in some studies [21]. In general, some investigated risk factors are as follows:

I.2.2.1 Age

Glioma tends to occur among the elderly especially in developed countries [22]. The peak incidence for glioma is between 70 and 84 years [23].

I.2.2.2 Gender

The effect of gender on glioma incidence is now admitted by most of the studies. Generally, glioma is less frequent in females. Registered data in CBTRUS presents a higher incidence of glioma in men than women [23]. In a review about the link between hormonal status and glioma, the final conclusion was that women sex hormones are protective against glioma.

However, new epidemiological studies have been suggested in order to confirm this association [24]. Moreover, in some recent studies, the protective role of exogenous hormones (oral contraceptives or hormone replacement therapy) against glioma has been demonstrated [24].

However, these results are not confirmed in other studies.

I.2.2.3 Genetic

In some literatures, it was found that the presence of a family member with a glioma tumor could represent a risk factor for other members [25,26] but some other researches revealed that the incidence rate of glioma among the family of high grade glioma (HGG) patients was the same as in the general population. Their results did not confirm the hypothesis of a familial aggregation of glioma indicative of a glioma susceptibility gene [27]. Furthermore, the effect of genes has been intensively investigated by researcher to establish a connection between them (Table 1). 

I.2.2.4 Exposure to ionizing radiation

Ionizing radiation is an oncogenic agent that has been classified by the international agency for research on cancer (IARC) as being a highly potential risk factor for brain tumors [22]. Different studies have analyzed effects of ionizing radiation and they all found out an increased incidence of all brain tumor types, including glioma [28].

I.2.2.5 Other factors

Life style factors, electromagnetic fields and use of mobile phones, environment factors, head trauma and medical condition such as allergies, atopic conditions, infections, and medication like non-steroidal anti-inflammatory drugs (NSAIDs) are, among others, effective factors on glioma incidence (Table 2). 

Medical condition Relation to Glioma risk

Allergies

I.3 Classification

I.3.1 WHO 2007

The first attempt at classifying the tumors of the glioma group was made by the works of Bailey and Cushing in 1926 [29] and those of Kernohan in 1949 [30]. Following these attempts, the first edition on the histological typing of cancers of nervous system was edited by Zülch and published in 1979 [31]. This classification was modified and edited by Kleiuhues et al. in 1993. This version reflected the advances brought about through the presentation of immunohistochemistry into diagnostic pathology. The modification continued by Kleihues and Cavenee in the third edition and was published in 2000 [32]. This edition incorporated genetic profiles as supplementary aids to the definition of brain tumors. In contrast to the all previous modifications, the third edition comprises brief sections about epidemiology, clinical symptoms, prognosis and prognostic factors [33]. Fourth edition was edited by Louis et al. [34] in 2007 by adding and including new histological entities and molecular biology.

Classification of the World Health Organization (WHO) is the international standard. It classifies the glial tumors according to their histological aspects and with respect to the differentiation of the tumor cells. In this classification, gliomas have been traditionally classified as astrocytic, oligodendroglial and oligoastrocytic (mixed) based on light microscopic features. In this regard, astrocytomas possess the morphological and immunohistochemical characteristics of astrocytes; small star-shaped cells which are characterized by labeling of the Glial Fibrillary Acidic Protein (GFAP). Oligodendroglioma have the feature of olidendrocytes. Oligoastrocytomas, also called mixed glioma tumor, present the characteristic of both astrocytes and oligodendrocytes.

I.3.1.1 Grading of glioma tumors

Depending on morphologic characteristics of anaplasia, such as microvascular proliferation, mitotic activity and also necrosis, the WHO classification gives each tumor a histologic grade with a range from grade I to grade IV (Table 3) [35]. Histological grading means the prediction of the biological behavior of a neoplasm. In fact, in clinical setting, WHO tumor grade is a main parameter which influences the choice of treatment method. It is also one component of a combination of criteria used to predict a response to therapy and outcome [34].

-Grade I: Lesions are usually tumors with low proliferation character and the possibility of cure even with only surgical resection.

-Grade II: It has normally the infiltrative character in nature and in many cases recurs despite having a low proliferation activity. In some grade II lesions, entities tend to change to higher malignancy; for example it has been proven that diffuse astrocytoma grade II tends to progress to anaplastic astrocytoma grade III and glioblastoma (in 50% of cases). Patients with WHO grade II tumors usually survive more than 6 years [36].

-Grade III: It is for the lesions with clear histological signs of malignancy. These evidences include nuclear atypia and sometimes unbridled mitotic activity. In most cases, the patients should be treated by radiotherapy and chemotherapy but the median survival is maximum 2-3 years [34].

-Grade IV: The most aggressive and fatal form, is applied to cytologically malignant tumors. They are necrosis-prone neoplasms with high mitotic level and most of the time associated with rapid disease progression. Glioblastoma is the most famous example of grade IV lesions. The high infiltration in surrounding tissue and a tendency for craniospinal diffusion characterize this grade (IV) of neoplasms.

I.3.1.2 Different glioma tumors based on WHO 2007 grading

As described based on WHO 2007, glioma tumors are classified as astrocytic, oligodendroglial and oligoastrocytic tumor (Table 3).

-

Astrocytic tumors

Grade I astrocytomas are subependymal giant cell astrocytoma and pilocytic astrocytoma. These tumors are well delineated, and develop preferentially in children and young adults. WHO grade I gliomas have a noninfiltrating character which are typically localized. They occur predominantly in the pediatric population [37].

Grade II astrocytomas include pilomyxoid astrocytoma, diffuse astrocytoma and pleomorphic xanthoastrocytoma. They represent 10-15% of astrocytic tumors. They are characterized by a slight increase in cellularity, the occasional presence of nuclear atypia and the absence or presence of limited (single) mitosis. They have a high incidence between the ages of 30 and 40 years [38,39].

Grade III astrocytomas consist of anaplastic astrocytoma. They are characterized by a higher cell density, the presence of nuclear atypia and greater mitotic activity.

Grade IV astrocytomas include glioblastoma, giant cells glioblastoma and gliosarcomas. They are characterized by the presence of necrosis and the proliferation of capillary endothelial cells.

Necrosis is an ischemic type surrounded by tumor cells arranged in pseudo-palissades. The median survival of glioblastoma is less than one year with a peak incidence between 55 and 85 years [34,38,40].

-

Oligodendroglial tumors

Oliogodendrogliomas represent the third most common glial tumor, comprising 2% of all primary brain tumors and 5-20% of all gliomas [41]. These tumors are often situated at cerebral hemispheres, normally in the white matter extending into the cortex. They are divided into two grades, grades II (oligodendroglioma) and grade III (anaplastic oligodendroglioma) [34,40,41].

-

Oligoastrocytic tumors

Oligoastrocytomas are characterized by their double component oligodendroglial and astrocytic cells. They are also divided into two grades of malignancy. Grade II is oligoastrocytoma and grade III is anaplastic oligoastrocytoma. Anaplastic oligoastrocytoma is classified in grade IV when it is associated with a presence of ischemic necrosis or pseudo-palisadic. In this condition, it is called glioblastoma with oligodendroglial component (GBMO) which changes the therapeutic management of the patient (Table 3) [34].

Tumor types

Tumor Grade

I II III IV

Astrocytic tumors

Subependymal giand cell astrocytoma X Pilocytic astrocytoma X Pilomyxoid astrocytoma X Diffuse astrocytoma X

Pleomorphic xanthoastrocytoma X

Anaplastic astrocytoma X Glioblastoma X Giant cell glioblastoma X Gliosarcoma X

Oligodendroglial tumors

Oligodendroglioma X

Anaplastic oligodendroglioma X

Oligoastrocytic tumors

Oligoastrocytoma X Anaplastic Oligoastrocytoma X 

I.3.2 WHO 2016

As described, the WHO classification and grading system has long served as the international standard for the diagnosis of glioma and guidance for choosing the postoperative treatment.

The 2007 WHO classification of brain cancers was based mainly on histogenesis of the tumors.

In this way, the brain tumors could be classified according to their microscopic similarities depending on light microscopic features in:

-Hematoxylin and eosin-stained sections -Immunohistochemical expression of lineage-associated proteins

-Ultrastructural characterization
For example in 2007 WHO classification of CNS tumors, all the tumors with an astrocytic phenotype were grouped separately from those with an oligodendroglial phenotype, without considering whether the various astrocytic tumors were clinically similar or disparate [42]. The advantage of this system (2007 WHO) was its worldwide applicability due to the required histologic techniques which are easily accessible in all the countries. But continuing to use this method made a considerable degree of interobserver variability. This variation affects the diagnosis and grading of the glial tumors. The treatment decisions are normally based on histological diagnosis and grading. In this regard, the interobserver variation has an effect in patient care such as both over-and under-treatment. For example, the dosage of radiotherapy and chemotherapy are affected by tumor classification and grade [43].

The 2016 WHO officially published an update of the 4 th edition (2007 WHO) that contains numerous differences in CNS tumor part [42].

In the past years, molecular studies have demonstrated extensive variation in each morphologically defined glioma entity. They clarified that the genetic factors underlie this biological and clinical variability and can work as relevant biomarkers for more correct classification. Using genetic markers result in a more accurate classification of the histologically ambiguous gliomas. The proposition of using integrated phenotypic and genotypic parameters for CNS tumor classification was taken up in the Haarlem consensus guideline in 2014 [44]. One of the important findings that strongly promoted molecular classification of glioma was the detection of IDH1 gene mutations. It is originally identified in glioblastoma from the younger patients and also secondary glioblastomas [45]. This discovery has altered the general conception of glioma. Molecular diagnostics of diffuse gliomas are based on genetic aberrations which are considered as diagnostic biomarkers, for example (Figure 2):

-IDH1 or IDH2 mutation (IDH mutation)

-Loss of nuclear ATRX expression

-1P/19q co-deletion -H3-K27M mutation
In tumors lacking a genetic mutation, the term of wildtype can be utilized if this entity exists for the tumor. Among them, the most important diagnostic biomarker in classification of brain tumor is mutation in Isocitrate dehydrogenase (IDH 1 and 2) which was originally discovered in 2009 [46]. IDH1 mutation is detectable in about 80% of grade II-III diffuse gliomas (astrocytomas, oligodendrogliomas, and oligoastrocytomas) [46][47][48]. Mutation in IDH2 is also present in gliomas, although they are much less common than mutations in IDH1 and are mutually exclusive with mutations in IDH1 [46,49,50]. Gliomas with mutated IDH1 and IDH2

have improved prognosis compared to gliomas with wild-type IDH.

Fig. 2: Glioma biomarker patterns. They are typical for the most common diffuse glioma entities. Obtained from [51] In the past, all astrocytic tumors had been grouped together, but in the recent update all diffusely infiltrating gliomas (oligodendroglial or astrocytic) are grouped together. The basis of this grouping is not only their growth model and behavior, but also the shared genetic driver mutations in the IDH1 and IDH2 genes.

-In pathogenic aspect: This system makes a dynamic classification, based on both genotype and phenotype.

-In prognostic aspect: It categorizes tumors that have the same prognostic markers.

-In patient management aspect: It helps the use of therapies for genetically similar entities.

In this new WHO classification, the diffuse gliomas generally include (Fig. 3, Table 4):

-Diffuse astrocytic tumors (diffuse astrocytoma IDH-mutant, IDH-wildtype and NOS)

-Anaplastic astrocytic tumors (anaplastic astrocytoma IDH-mutant, IDH-wildtype and NOS)

-Oligodendrocytic tumors (oligodendroglioma IDH-mutant-1p/19q-codeleted and NOS)

-Anaplastic oligodendrocytic tumors (anaplastic oligodendroglioma IDH-mutant-1p/19qcodeleted and NOS)

-Glioblastomas (glioblastoma IDH-wildtype, IDH-mutant and NOS)

The astrocytomas that have a more circumscribed growth pattern and lack IDH gene alterations such as pilocytic astrocytoma, pleomorphic xanthastrocytoma, subependymal giant cell astrocytoma are distinguished from the diffuse gliomas through this system. With changes in new classification, diffuse astrocytoma and oligodendrogliomas are now nosologically more similar than are diffuse astrocytoma and pilocytic astrocytoma.

I.3.2.1 Categorization of diffuse astrocytoma and anaplastic astrocytoma

Based on CNS WHO 2016, grade II diffuse astrocytomas and grade III anaplastic astrocytomas are divided into 3 categories; IDH-mutant, IDH-wildtype and NOS (Fig. 3, Table 4). The majority of both grade tumors (II and III) are categorized in IDH-mutant. In the case of negative response of immunohistochemistry (R132H IDH1 protein) and/or sequencing (IDH1 codon 132 and IDH2 codon 172 gene mutations) for detection of IDH-mutant, then the lesion is identified as IDHwildtype. To avoid the misdiagnosis of the tumors resulting in over or under-treatment, the exact recognition of the lesion is crucial. If IDH testing is not available or can't be completely carried out, the tumors are considered as diffuse astrocytomas NOS, or anaplastic astrocytoma NOS. NOS (not otherwise specified) means that there is insufficient data to give a more specific code.

Historically, the prognosis of WHO grade II diffuse astrocytomas was significantly different from grade III anaplastic astrocytomas [52]. But some recent studies have presented that this difference between these two categories is not significant [53,54]. In this regard, it is recommended that WHO grading be retained for both IDH-mutant and IDH-wildtype, but the prognosis of the IDH-mutant is better nevertheless in both grades [42].

I.3.2.2 Categorization of Oligodendrogliomas

In WHO 2016, grade II oligodendroglioma and grade III anaplastic oligodendroglioma are divided into 2 categories; IDH-mutant 1p/19q-codeleted and NOS (Fig. 3, Table 4). For the diagnosis of both oligodendroglioma and anaplastic oligodendroglioma, detection of both IDH gene family and codeletion of chromosomal arms 1p and 19q are required. When a complete test cannot be undertaken or the genetic results are ambiguous, this tumor should be categorized as oligodendroglioma NOS. In anaplastic oligodendroglioma with non-diagnostic genetic results, careful investigation for genetic features of glioblastoma could be performed [55].

I.3.2.3 Categorization of Glioblastoma

Glioblastoma classification will be explained in the following part (I.4).

For diagnosis of different types of glioblastoma, a full IDH evaluation should be performed. The definition of IDH assessment [56] can differ for glioblastoma in older patients relative to glioblastoma in younger adults and also relative to grade II and III diffuse gliomas. In grade II and III tumors, IDH sequencing is very important following negative R132H IDH1 immunohistochemistry. But the near absence of non-R132H IDH1 and IDH2 mutations in glioblastoma from cases older than 55 years suggests that sequencing may not be mandatory in the setting of negative R132H IDH1 immunohistochemistry in these patients [42,57]. 

General description and incidence

Glioblastoma (GB), also formerly known as glioblastoma multiforme (GBM), is one of the most frequent and the most lethal primary brain tumors in humans [42,58]. This tumor exhibits significant variability at the histopathology, genetic and epigenetic levels. It means that GB consists of phenotypically and genetically heterogeneous type of tumors [59]. The term GB was presented by Cushing in the second half of the nineteenth century, while the first intervention on a patient suffering from this cancer was performed in Vienna in 1904. Among tumors derived from glial cells, GB is the most malignant tumor (grade IV) for which no certain treatment is available [60,61]. It accounts for 45.2% of malignant primary CNS tumors, 54% of all gliomas (Figure 4), and 16% of all brain and CNS tumors [8] with an annual incidence of 3.2 per 100,000 populations [8,62]. This is the highest incidence rate among CNS tumors with malignant behavior. For example, for diffuse astrocytoma grade II this proportion is 0.56 per 100,000 persons [8]. But this ratio is sometimes different depending on the region. In United States, the incidence rate is highest in the northeast and lowest in the south-central region. However this could be due to the differences in cancer reporting by region [8].

Fig. 4: Glioblastoma distribution compared to other glioma tumors. Obtained from [20] Incidence is slightly higher in Caucasians relative to other ethnicities [62][63][64][65][66]. This rate is 1.6 times higher in males as compared to females [8,62]. GB is usually diagnosed in elders with the median age of 64 years old [62,67,68] but can occur at any age, including childhood. In general, it is unusual in children; consisting of only about 3% of all CNS tumors reported among 0-19 year olds [8]. This incidence increases with augmenting age, peaks at 75-84 years of age and then drops after 85 years (Figure 5). 

I.4.1.2 Etiology

The etiology of GB remains obscure. It is believed that GB is a spontaneous tumor, despite the fact that medical history describes development of glioma in related persons [69]. GB sometimes occurs in more than one member of a family. This is most often the case in setting inherited tumor syndromes such as Turcot syndrome [70]. In general, a very small proportion of GBs are inherited. The familial form of this tumor is described for 1% of cases [71]. Furthermore, head injuries or trauma may predispose to the onset of GB [72,73]. Viruses, such as human cytomegalovirus (HCMV), are also believed to be an etiologic agent of glioma occurrence [74].

A great number of studies have been performed on genetic and environmental factors causing GB, but no risk factor that accounts for a large proportion of GB has been identified and like many types of cancers they are sporadic. Until now, all these assessments have yielded inconclusive or negative results [18]. As described in glioma risk factors, the only validated risk factor associations are an augmented risk with ionizing radiation to the neck and head and a reduced risk between the persons with a history of allergies or atopic disease [75]. 6). GB cells show a high degree of cellular and nuclear polymorphism with a lot of binuclear and multinucleated giant cells [76]. Lymphocytes, neutrophils, macrophages and necrotic cells, can be also present in this tumor [77].

I
Interestingly, some cells look like adipocytes and may amount to 5-10% of all the tumor cells and in some single cases even as much as 80%. The astrocytic form of the neoplasm is simply detectable in some tumors, but this identification becomes difficult to recognize in poorly differentiated tumors. The regional heterogeneity of glioblastoma is significant. This character makes the histopathological diagnosis on the samples obtained by biopsies difficult [78]. In general, the histological specifications of IDH-wildtype glioblastoma are similar to those of IDHmutant glioblastoma. However, the morphological studies have revealed some differences. For example, areas of ischemic and palisading necrosis have been seen in 50% of IDH-mutant glioblastoma which are significantly less frequent in IDH-wildtype glioblastoma constituting 90% [79], whereas focal oligodendroglioma-like components are more common in IDH-mutant glioblastomas than in IDH-wildtype glioblastomas (54% vs 20%) [79].

The increased malignancy of these tumors is associated with the increase of atypia, nuclear hyperchromatosis, increased mitotic index, presence of necrotic areas and atypical blood vessels [70]. 

I.4.2.1.2 Proliferation

Compared to lower grade gliomas, GB is characterized by an abundant cell proliferation, represented by numerous mitotic figures. Ki-67 is a nuclear protein expressed during the G1, S, G2 and M phases of the cell cycle, and has been widely used as a marker for cell proliferation in many tumor types [START_REF] Katzenberger | The Ki67 proliferation index is a quantitative indicator of clinical risk in mantle cell lymphoma[END_REF][START_REF] Scholzen | The Ki-67 protein: From the known and the unknown[END_REF]. Immunohistochemical staining of Ki-67 is classically used to characterize the GB growth factor rate, by Ki-67 labeling indices. While its level of expression may correlate with survival [START_REF] Mastronardi | Relationship between Ki-67 labeling index and survival in high-grade glioma patients treated after surgery with tamoxifen[END_REF], its use as a diagnostic marker in GB is still controversial [START_REF] Johannessen | The clinical value of Ki-67/MIB-1 labeling index in human astrocytomas[END_REF].

I.4.2.1.3 Invasion

GB results in a high proportion of death for which the cause is the highly invasive character and infiltration into brain parenchyma [START_REF] Mujokoro | Nano-structures mediated co-delivery of therapeutic agents for glioblastoma treatment: A review[END_REF]. Infiltration in cerebral parenchyma is one of the characteristics of GB and one of the main reasons for failure of surgery. In general, GB tumor infiltration extends into the adjacent cortex and via the corpus callosum into the opposite hemisphere. The recurrence of GB is inevitable. In more than 90% of the cases [START_REF] Loeffler | Clinical patterns of failure following stereotactic interstitial irradiation for malignant gliomas[END_REF], it occurs at the margin of the surgical resection or in few centimeters of the resection cavity [START_REF] Giese | Cost of Migration: Invasion of Malignant Gliomas and Implications for Treatment[END_REF]. Studies have shown that GB recurrence most often takes place within 2-3 cm from the border of the original lesion [START_REF] Gaspar | Supratentorial malignant glioma: patterns of recurrence and implications for external beam local treatment[END_REF][START_REF] Halperin | The fallacy of the localized supratentorial malignant glioma[END_REF][START_REF] Lee | Patterns of failure following high-dose 3-D conformal radiotherapy for high-grade astrocytomas: a quantitative dosimetric study[END_REF]. Invasion of GB cells in healthy brain regions is performed by a multifactorial process involving cell interactions with the extracellular matrix (ECM) and with adjacent cells, as well as accompanying biochemical processes supportive of proteolytic degradation of ECM and active cell movement. These processes closely resemble the robust inherent migration of glial cells during embryogenesis [START_REF] Hatten | CENTRAL NERVOUS SYSTEM NEURONAL MIGRATION[END_REF][START_REF] Furnari | Malignant astrocytic glioma: genetics, biology, and paths to treatment[END_REF]. Tumor cell invasion requires four distinct steps [START_REF] Nakada | Molecular targets of glioma invasion[END_REF]:

-The detachment of the invasive tumor cells from the tumor mass Tumor cells move by extending their leading edges, following directed locomotion upon cellular contraction and rear release [START_REF] Wolf | Molecular mechanisms of cancer cell invasion and plasticity[END_REF]. GB exhibits characteristics similar to that of migrating cells from the main tumor mass towards the neighboring normal tissue. The malignant cells have the ability to infiltrate and degrade physical barriers, such as basement membranes, ECM, and cell junctions. Numerous genes have been detected, which are responsible in GB invasiveness.

-
Normally they include members of the group of metalloproteases (MMP) and the endogenous tissue inhibitors of metalloproteases (TIMPs). In gliomas, expression of MMP-2 and MMP-9 has a direct effect on their proliferation and invasiveness [START_REF] Wang | The expression of matrix metalloproteinase-2 and -9 in human gliomas of different pathological grades[END_REF]. Other non-MMP proteases, such as urokinase-type plasminogen activator (uPA) [START_REF] Landau | Elevated levels of urokinase-type plasminogen activator and plasminogen activator inhibitor type-1 in malignant human brain tumors[END_REF]100] -Angiogenesis: (Sprouting capillaries from the pre-existing vessels by the proliferation and migration of endothelial cells (Figure 8)). This is the most important mechanism of vascularization in GB, called angiogenesis, whereby vascular co-option is followed by the development of new vessels from pre-existing ones. It is integral to both physiological and pathological processes that accompany embryonic development. In addition, it is induced by tissue hypoxia and allows the rearrangement of the network of pre-existing capillaries. Angiogenesis was described in GB for the first time at 1976. In that study, the intense neovascularization in rabbit corneas transplanted with GB was observed [116]. In conclusion, hypoxia is the most important driving force of GB vascularization [114] and contributes to intracellular stabilization of the hypoxia-induced factor-1 (HIF-1). The accumulation of this factor leads to transcriptional activation of so many hypoxia-regulated genes encoding proteins that control:

-Angiogenesis: such as Vascular endothelial growth factor A (VEGFA), angiopoietins, erythropoietin and IL8 

I.4.2.2 Molecular classification of glioblastoma

Based on WHO 2016 (CNS section), GB as the most common and malignant type of glioma are divided into 3 entities.

-Glioblastoma IDH-wildtype: It accounts for more than 90% of all glioblastomas.

-Glioblastoma IDH-mutant: It is the less common type of glioblastoma which is found in less than 10% of patients.

-Glioblastoma NOS: it is reserved for cases that cannot be analyzed for IDH mutation.

Moreover, the glioblastomas IDH-wildtype is subdivided into three types of glioblastomas, as follows:

-Giant cell glioblastoma (GC) is an uncommon subtype of glioblastoma. It is a rare histologic variant of IDH-wildlife which represents between 2% and 5% of GB cases but may be more common in the pediatric population [124,125] 

I.4.2.3 Genetic profile of glioblastoma

IDH wild-type glioblastoma in adults frequently presents three main genetic alterations (Figure 10) [133,134].

-Amplification of EGFR in chromosome 7p (Short arm of chromosome 7).

-Homozygous deletion of cyclin-dependent kinase inhibitor 2A (CDKN2A) and 2B

(CDKN2B) gene in chromosome 9p.

-Deletion of the PTEN gene which is typically associated with monosomy of the chromosome 10 (Long arm).

Among these, EGFR amplification is the most common and detectable in at least 40% 

I.4.3.2 Localization

GB is mainly limited to the central nervous system and its metastasis outside the brain is rare [148]. More precisely, GB is more often centered in the subcortical white matter and deeper gray matter of cerebral hemispheres. The IDH-wildtype glioblastoma mainly affects the temporal lobe (31% of GB cases), parietal lobe (in 24%), frontal lobe (in 23%) and, far less frequently, the occipital lobe of the brain (in 16%) [56]. The IDH-mutant glioblastoma has a preferential location for the frontal lobe particularly around the rostral region of the lateral ventricles (Figure 11). This is the preferred area for the appearance of astrocytomas and oligodendrogliomas. It could confirm the hypothesis that IDH-mutant glioblastoma is a secondary tumor developed from the transformation of WHO grade II diffuse astrocytoma IDHmutant [56] and oligodendroglioma IDH-mutant. showed that in 38% of cases, the tumor diameter at the diagnosis time was smaller than 5 cm, in 56% of cases was within 5-10 cm and in 6% of patients the tumor was greater 12). 

I.4.3.4 Histological diagnosis

The definitive diagnosis of GB is mainly based on histopathological analysis of the removed tumor and morphological features according to the WHO classification of brain tumors [34,157].

In the cases that tumor is not accessible for neurosurgical resection, fine needle biopsy is GB is normally a highly cellular glioma including poorly differentiated and pleomorphic tumor cells with nuclear atypia and brisk mitotic activity (Figure 14). Microvascular proliferation and necrosis is an important diagnosis hallmark. Histopathology of this tumor is variable. For instance, some cases manifest a high degree of cellular and nuclear polymorphism with numerous multinucleated giant cells (MGCs), but others are relatively monomorphic.

Verification of a primary diagnosis (using traditional histological, cytologic and histochemical methods) is carried out on the basis of immunohistochemistry. It is performed to verify the presence of GFAP which is a major intermediate filament protein of mature astrocytes [160].

GFAP is the most particular marker of astrocytic cells, both in normal and tumoral conditions. In fact, this protein has an essential role in development and maturation of astrocytes.

Interestingly, with augmenting the malignancy of astrocytic tumors, there is progressive loss of GFAP production and expression [161]. In immunostaining of GB, tumoral cells are positive for GFAP (Figure 15). Loss of GFAP expression indicates undifferentiated tumor cells, but does not represent tumor progression and development [162]. The acid protein S100 present in glial cells is another specific marker for brain tumors, but its expression cannot constitute a basic criterion

in differential diagnosis [163].
Based on 2016 WHO, diagnosis of IDH-wildtype glioblastoma is based on the observation of highly anaplastic glial cells, significant mitotic activity, intense microvascular density and presence of necrosis [42].

According to some references, performing the differential diagnosis between IDH-wildtype glioblastoma and IDH-mutant glioblastoma would be morphologically impossible [164].

However, other studies suggest that these two types of glioblastomas have two major differences:

- 

I.4.3.5 Prognosis

Different studies have been conducted to determine the natural prognosis of GB without any treatment. In a study of 677 cases with primary GB, the time from the appearance of first symptoms to diagnosis was less than 3 months in about 68% of the patients and less than 6 months in 84% [166]. Normally in cases with a considerable longer duration of symptoms, the probability of a secondary GB (IDH-mutant) that has arisen from a lower-grade astrocytoma should be considered. The mean length of the clinical history of patients with clinically diagnosed secondary GB was 15-16 months which is significantly longer than the clinical history of patients suffering primary GB (4-6 months) (Table 5) [167-169]. 

II. Chapter 2: Therapeutic approach of glioblastoma in humans

II.1.2 Chemotherapy

Chemotherapy is one of the main therapeutic procedures for GB. Although the optimal chemotherapeutic protocol for GB is not identified at present, so many studies have proposed that more than 25% of treated patients reach a significant survival benefit from adjuvant chemotherapy [176,177]. With most of the patients, chemotherapy is started 2-4 weeks after surgical resection of the tumor. In cases that GB tumor cannot be surgically removed, chemotherapy is used as a primary treatment.

In general, chemotherapy functions by destroying cancer cells with very powerful medications.

The administration of these medications is different such as swallowing in pill form, injecting into a vein, or in certain conditions, injecting into the spinal intrathecal space. In treatment of GB with chemotherapeutic agents, a high amount of expertise is mandatory because the tumors often include different types of cells. Some medications may work against some of these cells while permitting others to grow and develop unrestricted. In this context, medical oncologists must design carefully tailored treatment plans for patients with GB.

The most frequently prescribed GB chemotherapeutic agents include:

-Temozolomide: Used in the current "gold standard" of care tumor vasculature to a more normal situation. This agent also reduces vascular permeability and the regional cerebral blood volume around the tumor [190] in addition to decreasing cerebral edema. BV is an appropriate drug for patients with GB especially those with poor Karnofsky performance status (KPS) (Figure 16). It can significantly reduce cerebral edema and improves KPS, consequently [191,192]. 

Karnofsky Performance Status Scale

II.1.3 Immunotherapy

Immunotherapeutic approaches are categorized as:

-Active immunotherapy aimed at promoting an immune response through tumor vaccines, nonspecific immune stimulants, or cellular vaccines -Passive immunotherapy, to induce an antitumor effect by transferring effector immune cells into patients Today, immunotherapy is a new treatment modality which can provide potential tumor-specific cytotoxicity and fewer complications [194,195]. Immunotherapy consisting of vaccines prepared from autologic dendritic cells is also used for treatment of patients with GB. According to some studies, adjuvant immunotherapy of GB with whole-cell lysate dendritic cell vaccine may improve short-term survival. This therapeutic method seems to be safe, but its long-term effectiveness should be further investigated [196][197][198].

II.1.4 Radiotherapy

Radiotherapy (RT) is a localized treatment. In addition to surgery, radiotherapy remains the cornerstone of GB treatment [199][200][201]. The recommended delay between surgery and RT is 6 to 8 weeks. The standard target volume for RT is defined using brain imaging and infusion contrast. There are three main volumes to be considered in radiotherapy planning The first volume is the position and extent of the tumor, known as the gross tumor volume (GTV). The second one is around the GTV and describes the extent of microscopic, un-imageable tumor spread that is called clinical target volume (CTV) (Figure 17). The last one is the planning target volume (PTV) which allows for uncertainties in planning and delivery. Normally PTV must be added, and the normal tissue structures in the proximity of the target must be considered [203]. To define the PTV, the CTV must be clarified as precisely as possible. CTV includes the surgical cavity when a large resection of the tumor has been carried out or in other definition, the contrast-enhanced tumor residue (GTV) plus 2cm. PTV is obtained by adding 0.5cm to CTV. Today, the optimal treatment volume for GB remains a controversial problem. For clinicians treating in single phase, the margins added to the GTV to create the PTV varied widely and consisted of 0.5 cm (6%), 1 cm (6%), 1.5 cm (25%), 2 cm (56%), 2.5 cm (25%), and 3 cm (12.5%).

For clinicians treating in multiple phases, the total margins from GTV to PTV is 1 cm (10%), 2 cm (40%), 2.5 cm (30%), and 3 cm (20%) [204].

Since the 1940s, RT has been routinely used for the treatment of brain tumors. RT was initially performed with kilovoltage X-rays [205,206]. From the 1960s, RT of brain tumor was with megavoltage X-rays or 60 Cobalt which were emitted to the whole brain with a dose of [45][46][47][48][49][50][51][52][53][54][55][56][57][58][59][60]207]. Around the 1970s, a dose-effect relationship of RT in the treatment of GB was shown by Walker et al. They showed that doses of 50-60 Gy resulted in an improvement of survival compared with doses less than 45 Gy. In fact, 60 Gy RT was associated with a 2.3 times more survival time compared with the cases who didn't receive any RT. In this context, studies on different doses of RT demonstrated that 55 Gy doubled the survival time after the treatment and 50 Gy was associated with a 1.6 times longer life expectancy in comparison with patients who receive no RT [199,208]. This increased survival period following increased dose of RT (up to 60 Gy) was not associated with significantly increased toxicity [209].

Salazar et al.

[201] performed a retrospective review on dose escalation in patients treated with doses of 70-80 Gy. Although there was a lengthening of median survival measured in weeks, there was no increase in survival beyond 2 years, even for doses as high as 80 Gy [209].

Today, two main types of RT in treatment of GB are 1) External beam radiotherapy (EBRT), and 2) Brachytherapy (BT).

II.1.4.1 External beam radiation therapy (EBRT)

EBRT approaches have developed substantially over the years since its early use for treatment of GB. It was initially used as whole brain radiotherapy (WBRT) [210,211]. Over time, the radiation volumes have decreased using new EBRT modalities. EBRT involves emitting radiation beams from outside the body into the tumor meaning that it is considered as an outpatient treatment procedure. Machines known as linear accelerators produce the high-energy radiation beams that penetrate inside the tissues and deliver the radiation dose directly to the tumor to provoke apoptosis and degeneration of malignant cells. These modern machines have resulted in a significant reduction of side effects, not to mention improving the ability to line up and deliver the radiation beam directly in the correct position. During treatment, the patient lies down and the radiation is delivered from multiple directions. In fact, conventional EBRT mainly consists of a single beam of radiation delivered to the patient from several directions. The reason why multi-direction beams is used is that GB can occur next to the highly sensitive organs such as: brainstem, temporal lobe, eyeball, lens, optic nerves, chiasm, cochlea, and inner and middle ear [212]. This means it is imperative to focus multi direction radiation beams on the tumor and spare surrounding tissues. Despite this, it is sometimes necessary to involve a portion of healthy tissues in the field of radiation to avoid extension of the tumor by survival of tumor cells. Some different techniques of external RT are as follows:

II.1.4.1.1 3-dimensional conformal radiation therapy (3D-CRT)

In modern treatment modalities, EBRT can be delivered more precisely with the aid of 3D images and a computer. 3D Images acquired with CT scan, MRI or PET, are used to identify and delineate the tumor as treatment target. The computer is used to confirm the radiation to the tumor. This technique is known as 3D-CRT. It is a cancer treatment that shapes the radiation beams to match the shape of the tumor. The goal of this technique is to increase the dose delivered to tumor while minimizing radiation dose to surrounding healthy tissue [213]. In the past, radiation beams only matched the height and width of the tumor, thus exposing healthy tissues to radiation. In recent years, some advances in imaging technology have made it possible to locate and treat the tumor more precisely. This exact targeting makes it possible to use higher levels of radiation in treatment. More radiation is more effective in shrinking and destroying the tumors.

II.1.4.1.2 Intensity modulated radiation therapy (IMRT)

IMRT is increasingly employed in GB treatment [214]. IMRT is the 3D-CRT next generation, a highly precise type of radiation. It delivers a high dose of radiation to a target while sparing surrounding critical structures. IMRT works like the CT scanning. That is to say, in CT a beam rotates around the case to construct a sequence of cross sectional images. In IMRT also the same process is used (rotating beam), but the beam delivers radiation to target tissue. Rotating the radiation delivery around the cases permits more specific targeting of the tumor. IMRT They concluded that IMRT not only reduces the dose of radiation to the normal brain, but it also delivers simultaneously about 10% higher doses in the GTV. Considering that GB may occur close to some radiosensitive part of CNS and normal tissues such as brainstem, optic pathways and ocular globes, RT of the tumor can be very complicated [215]. In the attempt to overcome the damage to OAR during radiation therapy of the GBs located next to the radiosensitive organs, IMRT is being increasingly evaluated and exploited [225]. The use of IMRT in CNS planning permits the RT planner to specify dose limits to individual organs, including the hippocampus, potentially decreasing long-term toxicity. In general, researches indicate that IMRT is a viable treatment option for brain tumors including GB. IMRT is a promising technique but further studies need to be undertaken to analyze its real benefits.

Figure 18 shows the ability of IMRT to better cover the planning target volume compared with 3D-CRT while still sparing critical structures such as the brainstem, optic chiasm and contralateral hippocampus. 

II.1.4.1.3 Stereotactic radiosurgery (SRS)

SRS is a specialized type of EBRT which can be used in the treatment of GB. SRS uses high doses of radiation delivered as one or a few fractions. SRS is used for well-defined tumors as it precisely focuses radiation beams using extremely detailed imaging scans [226]. SRS works on the basis of three main components: 1) A stereotactic planning system, including atlas, multimodality image matching tools, coordinates calculator, etc. 2) A stereotactic device, 3) A stereotactic localization and placement procedure.

In some studies, its benefits are observed especially on small diameter tumors [227]. A study performed in 2002 [228] followed-up 64 patients on a cohort of 82 patients with confirmed GB.

Thirty-three were treated with EBRT alone (group 1) and 31 with EBRT and SRS (group 2).

Median overall survivals (OS) were compared: 13 months (group 1) vs 25 months (group 2). It was shown in this study that SRS associated with EBRT improved significantly the OS. However, high grade toxicity found in some patients necessitates further studies. In a study on hypofractionated SRS, Fogh et al. [229] reported that a younger age and a smaller GTV were associated with an improved survival, and that there was no benefit of surgical resection and chemotherapy in addition to hypofractionated SRS in this population. In general, proving the therapeutic effect of SRS in newly diagnosed GB needs further studies. Some studies suggest a benefit of combination therapy over SRS alone. An alternative application of SRS is in patients with recurrent GB that have progressed following the standard of care fractionated radiation therapy plus chemotherapy with TMZ. A number of small prospective and retrospective series suggest that SRS may prolong survival in this setting, either alone or in combination with chemotherapy [230,231].

II.1.4.1.4 Other radiation therapy techniques

Volumetric modulated arc therapy (VMAT) delivers radiation by rotating gantry, changing speed and shape of the beam with a multileaf collimator and fluence output rate of the medical linear accelerator. It overcomes the inconvenient impact of IMRT therapeutic delivery time while allowing for comparable dosimetric conformality to IMRT [232]. In this regard, VMAT is increasingly used for treatment of GB because of the shorter needed time for treatment compared to IMRT while retaining good dosimetry [209]. However, in some studies VMAT is not shown as the best method of EBRT. Wagner et al. [220] in 2009 tried to identify the best radiation technique between 3D-CRT, IMRT and VMAT. To this end, they followed 14 patients with malignant glioma and compared the result of treatment plans calculated on CT. They concluded that 3D-CRT had a good PTV coverage and was widely sufficient in case of lesions far from OARs. Otherwise, an intensity modulated technique had to be used. PTV coverage was slightly better with IMRT than VMAT, and VMAT showed a shorter treatment time. Thus, in general, in case of good PTV coverage, VMAT could be used.

Proton radiation therapy (PRT) is a type of particle therapy that uses protons beam to irradiate the tumor. Adeberg et al. [233] undertook a dosimetric comparison between 3D-CRT, VMAT and PRT. This study, carried out on 12 patients with HGG including anaplastic astrocytoma and GB, pointed out a similar CTV for all three techniques, but a lower whole brain radiation dose when using PRT.

These methods (PTR and VMAT) are new RT techniques that show some advantages. Further investigations must be implemented in order to maximize each patient's chances.

II.1.4.2 Brachytherapy (BT)

BT is another type of radiation therapy that is used in cancer treatment. BT is sometimes called internal radiation therapy. BT includes the local administration of radioactive isotopes to deliver high doses of radiations into the tumor. BT allows radiotherapists to deliver higher doses of radiation to more-specific areas of the body, compared with the conventional form of radiation therapy (EBRT) that emits radiation from outside of the body. Also BT is an interesting technique as it allows re-treatment of a tumor which has already been irradiated in association with chemotherapy [234]. BT may cause fewer side effects than does EBRT, and the overall treatment time is usually shorter with BT. As described, initial BT in treatment of GB involved placing a radioactive source directly inside or next to the target area. Today, the accuracy and safety of this method has improved with the development of manually afterloaded techniques.

In this context, some applicators or catheters are inserted inside the target area and then filled (loaded) with a radioactive source. While administrating BT, the prescribed total dose and also the dose rate of administration are very important. Regarding the administration dose rate, BT is divided into the: 1) Low-dose rate BT (LDR-BT) and 2) High-dose rate BT (HDR-BT). For treatment of GB by LDR-BT, the delivered dose is less than 30cGy/h (usually 5-20cGy/h). The most important advantage of this method is that it may increase the therapeutic ratio of treatment by allowing for the repair of sublethal damage in healthy brain tissues but not in neoplastic tissues, even during irradiation [234]. HDR-BT is characterized by the delivery of at least 30cGy/h. This dose rate leads to shorter treatment time and less patient inconvenience.

However, this increased dose rate may cause greater damage to the healthy brain tissue and consequently more side effects. BT for GB treatment has been applied for many years with variable successes with respect to results. To date, there are no complete reviews evaluating its application. In a retrospective review based on 1571 patients with GB, the longest median OS observed, after using all sorts of BT for newly diagnosed GB, was 28.5 months, and 15.9 months for BT-retreated recurrent GB [234]. Archavlis et al. [235] in 2012 analyzed the survival of patients with recurrent GB when treated with HDR-BT vs reoperated vs treated with TMZ alone. It was a retrospective study based on 111 patients who had already undergone initial surgery and radiochemotherapy. It was shown that patients treated with HDR-BT can achieve a significantly higher median OS up to 85 weeks after initial surgery vs 73 weeks if reoperation alone and 59 weeks if TMZ alone. BT is an interesting RT technique as it allows radiations very close to the tumor, but the main problem remains its toxicity. Also during the BT treatment, some complications are observed such as nausea, vomiting, loss of appetite, fatigue and infection.

II.1.5 Standard treatment of glioblastoma

Treatment of newly diagnosed GB requires a multidisciplinary approach. The current standard of care for a patient in good clinical conditions with GB is: (1) maximal surgical resection, (2) radiotherapy (RT) with concurrent chemotherapy (TMZ) and (3) adjuvant TMZ for six cycles.

Surgery must be undertaken within two weeks after clinical and radiological diagnosis according to 2015 guidelines [236]. The optimal surgery takes into account safe margins to avoid recurrence as much as possible. This tumor resection makes it possible to establish a certain histopathological diagnosis and also allows a decompression of the cerebral structures.

Postoperatively, a treatment combining radiotherapy and chemotherapy based on TMZ is performed. Then, the recommended delay between surgery and starting RT is 6 to 8 weeks.

The target volume for RT is defined using brain imaging and infusion contrast. The typical total dose for EBRT such as 3D-CRT or IMRT (whether fractionated or not) is 60 Gy, in 1.8-2 Gy fractions administered five days per week during 6 weeks. A good survival advantage manifested itself with postoperative RT doses to 60 Gy. But studies show that the dose escalation beyond this level has resulted in increased toxicity without additional survival benefits [237]. Concurrent with RT, the standard chemotherapy is the use of TMZ which is typically given at a dosage of 75mg/m 2 daily, followed by a rest period of about one month after RT is completed. When restarted as adjuvant, TMZ is administered at 150 mg/m 2 per day for five days in the first month (usually days 1-5 of 28). If tolerated, the dose is increased up to 200 mg/m 2 for five consecutive days per month for the remainder of therapy [236]. In common practice, many physicians continue TMZ cycles for 12 to 18 months, but no definitive data demonstrate that prolonged TMZ regimens confer superior survival [154,238]. A follow-up MRI should be performed every 2-3 cycles of TMZ (Figure 19). The field of RT as a part of the standard treatment of GB is enjoying considerable improvements, hoping to improve GB survival.

II.2 Mechanism of resistance of glioblastoma to the treatments

The difficulty in treating this malignant disease relates both to its inherent complexity and numerous mechanisms of drug resistance. Drug resistance can generally be categorized as either acquired or intrinsic. Acquired drug resistance occurs when a tumor that initially responded to treatment, is no longer sensitive to the anti-cancer agent. Intrinsic drug resistance refers to a tumor that shows insignificant or no response to the therapy at the onset of treatment [246]. Recent research indicates that, on a molecular level, acquired and intrinsic resistances share several common foundations [246].

II.2.1 Recurrence after surgical resection

Despite aggressive surgical resection and other therapeutic methods, GB remains an incurable malignant disease. Unfortunately, almost all patients with GB undergo tumor recurrence. It means that about 90% of these cases show tumor recurrence at the primary site or within approximately 2 cm of the original tumor bed. Their resistance to the surgical resection is probably due to their highly infiltrative nature. From the first time that neurosurgeon Walter Dandy tried to treat GB by hemispherectomy in 1923 and failed because of the recurrence in the opposite side, it has been understood that GB tumor cells diffuse in significant distances.

Due to this characteristic, making a complete resection with clean margins is nearly impossible. Therefore, surgery and tumor resection cannot be a centrally important part of GB treatment [247,248].

II.2.2 Chemotherapy resistance

In order to achieve efficient treatments of brain tumors, it is mandatory to transfer therapeutic agents across the specialized vascular system of the brain, the blood-brain barrier (BBB). The presence of this protective blood barrier is the first constraint of GB treatment with Furthermore, it is shown that, GB stem cells have an effect on resistance against chemotherapeutic agents. Normally, they are well known for their capability to differentiate and propagate. Recent cancer studies manifest the presence of a population of cancer cells in tumors with the ability of both maintain proliferation and self-renew. GB stem cells (GSCs) show these properties as well as multi-lineage differentiation into astrocytes, neurons, and oligodendrocytes. Due to their unique properties, in numerous studies GSCs have been shown to have significant tumorigenic capability after intracerebral transplantation in immunosuppressed rats [261,262]. GSCs not only act as protectors of the tumor, they themselves are highly resistant to current therapies.

II.2.3 Radiotherapy resistance

Radiation therapy is a keystone of improving the overall survival in GB patients. However, in some patients, delivery of right doses of radiation is difficult due to the limited dose tolerance of the surrounding OARs. In addition, the efficacy of this treatment method is significantly restricted by resistance to tumor cell destruction after exposure to ionizing radiation. This event is named radioresistance. GB is one of the most radioresistant tumors in humans with inherent 

III. Chapter 3: Application of different ionizing radiation in brain tumor Brachytherapy (BT)

As described, BT for treatment of brain tumors including GB involves the application of radioactive isotopes which produce the ionizing radiation. Energy transfer to the surrounding tissue causes the production of electrons by the Comptom and photoelectric effects which ultimately disrupt atomic bonds. The inverse square law explains that from a point source of radiant energy the dose absorbed is inversely proportional to the square of the distance away from the source. Therefore there is a fast drop of radiation outside the target volume when a radioactive source is implanted into a tumor. Thus moderate doses can be delivered to the margin while much higher doses can be given to the center of the lesion. In recent decades, Normally in LDR BT, the radioactive sources are located inside or close to the tumor for at least several days. These sources may be removed after the desired period or left in position permanently. Today, LDR BT is most commonly used for the treatment of brain tumors and prostate cancer.

many
In HDR BT, a single radioactive source is temporarily placed inside the tumor for a few minutes, and then usually removed. The source travels inside small catheters which is located inside the tumor. In this method, very high doses of localized radiation are delivered inside the tumors, thereby greatly reducing the doses to surrounding healthy tissues. HDR BT is most commonly used for treatment of head tumors, prostate and cervical cancers [277,278].

As described, among the different radioactive sources, isotopes most relevant to the treatment of brain tumors are iodine-125 and iridium-129.

III.1 Iodine-125 (I-125)

In Iodine-125 BT with implanted seeds is considered as a useful treatment method for cases with non-resectable, small, and circumscribed untreated tumors in any location of the brain. Also, this could be a valuable method for treatment of recurrent tumors after previously performed In recent years, a novel BT technique has been particularly developed and received considerable attention in the treatment of primary malignant glioma and metastatic brain tumors [310]. This BT technique uses an expandable balloon catheter which is named GliaSite Radiation Therapy System (RTS) (Figure 21). Tatter et al.

[311] reported the feasibility and safety of this therapeutic method. They indicated that all patients treated with this method well tolerated device implantation, radiation delivery and device explanation, without any device-related complications. They also showed that, GliaSite RTS offers a slight survival benefit and maintains a high quality of life. Wernicke et al.

also confirmed the feasibility of using GliaSite balloon BT in terms of implantation, explanation procedure and dose escalation. In general, several studies have been performed for treatment of brain tumors using these kinds of radioactive sources. Approximately, in all attempts, they could increase the median survival time of treated patients but this progression was not significant.

III.3.2 Rhenium 186/188

Today, the new forms of treatment method against brain tumor are under investigations such as fibrin glue system for adjuvant BT of brain tumors with rhenium-188 and rhenium-186 microspheres (Figure 24). In this case, radiopharmaceutical systems consisting of a gel applied immediately after surgical resection of a brain tumor is used to deliver local radiation booster 

III.3.3 Holmium-166

During the last few decades, holmium (Ho) has been investigated for its application in laser surgery and internal and topical radionuclide therapy. Holmium is a chemical and rare earth element with symbol Ho and atomic number 67 (Figure 25). 

IV.1.4 Other cell lines

U251 and U87 are the two most commonly used human GB cell lines. However, there are other GB cell lines such as U373, Hs683 and GL26.

IV.2 In vitro model

In 

IV.3 In vivo models

In vivo models of tumor growth are crucial in cancer research as they offer insight into the tumor-host interaction. They are as such essential in studies of molecular and genetic events that lead to tumor formation in the nervous system and serve as indispensable tools when evaluating potential new anti-(brain) cancer treatment strategies. However, it should be held in mind that there are some pitfalls when working with animal tumor models: 1) the tumor model may not reflect the biological properties of the patient tumor, 2) the animals used may not display the same pharmacokinetics as in humans and 3) the established tumor may not mimic the cellular heterogeneity and properties of the human counterpart.

Today, different type of GB animal model exist which assist unraveling the role of the oncogenes and tumor suppressor genes in GB pathogenesis and also evaluating new antitumoral therapeutic approaches.

IV.3.1 The rodent model

The rodent models (mice and rats) have been used for over 40 For instance, no single cell infiltration to the contralateral hemisphere and microvascular abnormalities, characteristic of human GB, are present in these models, although some invasion can be detected [240].

IV.3.1.2 Genetically engineered mouse (GEM)

Increasing knowledge about genomic alterations that possibly play a role in human gliomagenesis has led to generation of genetically engineered glioma mouse models [240,351].

The first transgenic mouse was created in 1996 [352]. GEM presents precise genetic alterations that allow us to study the effects of a drug on a specific dysfunctional cancer-related pathway without the interference of other gene alterations. These models are based on either gain or loss of specific genes, in a specific cell type, and at a specific time point in development. This is accomplished by inducing genetic changes in the cell type of interest. One such example is the RCAS/TVA system published by Holland and co-workers [353]. Here RAS and/or AKT were introduced into the viral vector RCASd, which subsequently was injected intracranially into the brain of newborn transgenic mice expressing TVAe downstream from the Nestin promoter.

Using this approach, Holland and colleagues showed that combined activation of RAS and AKT in neural progenitors induced GB formation in mice.

The genetically engineered models have helped scientists to understand the molecular events leading to GB initiation, progression and metastasis. They are furthermore good models for the tumor-stroma interaction that causemalignancy, including angiogenic processes, and as such have expanded our knowledge about the tumor micro-environment and provided insight into the sequence of genomic events that follow a specific genetic alteration. Unfortunately, this model hardly reflects a spontaneous tumor which is composed by genetic and phenotypic heterogeneity.

IV.3.1.3 Xenograft model

Although both the chemically induced and the genetically engineered glioma animal models provide insight into the events of gliomagenesis, growth and progression as well as the interaction with the surrounding brain parenchyma, these models lack one fundamental 

IV.3.2 The canine model

The canine model has been used for more than 40 years in the modeling of different cancers.

Dogs possess a valuable characteristic compared to rodents as they experience spontaneous brain tumor. Canine brain tumors have an incidence rate of 14-20 cases per 100,000 dogs. This incidence is four times higher than brain tumors in humans [357,358]. They present a brain similar to humans in size and shape, an intact immune system and molecular and histopathological characteristics reminding those of humans [358]. The genome of the dog seems to have evolved in a similar way to that of the humans. In addition, the infiltrating and spontaneous character of GB in dogs makes it an interesting model. Although, in some studies the viral-induced non-spontaneous brain tumor has been used in canine models, the spontaneous tumor still remains the most commonly used model in dogs. Dog model has an intact immune system which makes it possible to study the tumor in a similar microenvironment to that in which the human GB develops. Some molecular pathways were studied in 57 dogs with spontaneous gliomas. Among them, 7 dogs presented confirmed GB [359]. These dogs demonstrated an overexpression of EGFR and PDGFR and an expression of IGFBP2 [333].

These observations concur with the hypothesis that molecular physiopathology is similar in dogs and humans when GB is concerned, therefore making dogs good models (Figure 30). Furthermore, GB remains relatively rare in dogs. 

IV.3.4 Porcine model:

The best type of animal model for RT is a large one. Induced glioma model in pigs offers a good model for human GB as it makes it possible to analyze intratumoral application of therapeutic agents in relevant anatomic conditions [366]. The major advantage of the porcine model for neuroscience study remains the size of its brain (Figure 33). Also, its brain is comparable to human in terms of anatomy, histology and vascularization. Apart from the brain size and anatomy, experimental pigs are not often considered as pets, therefore the emotional issue encountered with dog models does not pose any more problems. The porcine model is a very attractive model but studies in the current literature remain very limited on the subject. In the last decade, radiotherapy has been considered the most effective adjuvant treatment to increase survival time of malignant glioma patients. But regarding the remaining poor prognosis, further developments of radiotherapy-based therapeutic methods are required to increase the median survival of these patients. Unfortunately, in most radiotherapy modalities, some side effects like cerebral edema occur due to the irradiation of normal tissue around the tumor, resulting in tissue necrosis. For example, in external-beam radiotherapy, the source of radiation crosses the healthy tissue before reaching the tumor. This means that some tumors are not curable with this method because delivering the required absorbed dose to the tumor would cause over-exposure of the surrounding OARs. Given this, BT is increasingly used for the treatment of cerebral glioma. It involves the use of a toxic dosage of ionizing radiation directly inside the tumoral area, therefore minimizing the irradiation of the surrounding normal tissue.

But in BT, to insert and fix the radioactive source (seeds) in cerebral tumors, a complicated surgery is needed, which can cause some secondary effects and even aggravate the neurological symptoms of the patients.

One ideal solution to overcome these issues is using a suspension of radioactive sources, which will be localized in the injection area after a certain period of time post-injection. In this context, the best way would be the microbrachytherapy method, involving the injection of microscopic radioactive sources, suspended in liquid, directly into the tumor without performing surgical resection. The new experimental tests with this method can exploit its effect for the treatment of GB. Microbrachytherapy could be beneficial for patients by increasing the overall survival and decreasing the toxicity, due to increased irradiation of the tumor and decreased irradiation of healthy tissue.

In general, development of new therapeutic methods can lead to an improved therapeutic evaluation and follow-up, and provides a fundamental advantage over current therapies. In this objective, the new injection devices should be tested in the most appropriate large animal GB model to obtain more reliable and encouraging results in preclinical studies and to develop them on a human scale from the outset in the interest of decreasing the cost of development.

All these points contributed to launch the TheraneaM project. This project aims to develop and commercialize a novel therapeutic method for patients with glioblastoma cancer, in a therapeutic impasse. In view of this, we conducted this research to validate the intratumoral microbrachytherapy method using an induced GB minipig model and then to evaluate the therapeutic efficacy of this method using radioactive holmium on glioblastoma. In terms of oncology therapeutic products, the preclinical studies are normally performed by transplantation of murine or human cancers or implantation of human xenograft into mice. In fact, todays the most common animal model used in preclinical studies is rodent model which is over 95% of conducted studies. Regarding studies on brain tumors, the major issue of working with rodent model is the complexity of the human tumor microenvironment and the difference between the brain anatomy of humans and rodents. The rodent brain is lissencephalic, meaning that the outer cerebral cortex is smooth and their brain lacks the development of the cortex in comparison to primates or larger animals. This structural difference could explain why the majority of successful cancer therapies administered in small animal models cannot be reproduced with humans.

Today, the large animal model such as porcine model is increasingly used in the field of neurosciences due to its gyrencephalic brain which is more similar to human in terms of anatomy, histology and vascularization.

In this regard and before starting the therapeutic trials, developing a suitable large animal model compatible for preclinical studies was a necessity in the project. In this context, first, we developed a new model of glioblastoma in Yucatan minipig as a large animal by implantation of human glioblastoma cell line (U87) in corpus striatum. For this development, nine pigs were implanted with U87 cells. Among them, eight presented macroscopic tumors leading to neurological symptoms within approximately 14-28 days post-implantation. The size of the tumors at the time of sacrifice was exactly what was needed for the intratumoral brachytherapy of Glioblastoma multiform. Furthermore, it was concluded that, minipigs are an ideal alternative to large breed pigs in terms of weight which makes them easy to handle. Histological analysis confirmed the presence of an undifferentiated glioma.

In summary:

We developed the U87 glioblastoma model in Yucatan minipig.

The period of development leading to animal sacrificing was short, maximum 28 days after tumor cells implantation.

Minimum blood level of cyclosporine (about 1000μg/ml) is important to develop GB in Yucatan.

Brain similarities between minipig and human make it a good model for preclinical studies.

Yucatan is an affordable animal model regarding the low cyclosporine and caring cost. 

I.2 Article published in Journal of neuroscience methods

Development of induced glioblastoma by implantation of a human xenograft in Yucatan minipig as a large animal model

I.2.3 Materials and methods

Animals

Yucatan minipigs were selected for the GB development study. Nine animals between 3 to 4 months old, both male and female, were purchased from INRA Saint-Gilles, France. They were transferred to the Claude Bourgelat institute in Marcy l'Etoile, France to be kept 7-10 days for acclimatization before surgery. The minipigs were regularly examined by a veterinarian to check for any congenital or infectious diseases before administration of the immunosuppressive treatment. The presence of any disease was a criterion for removing the animal from the study.

Minipigs were kept at a temperature of 19°C, with humidity >35% and ventilation at least 10 times/hour. The feed was provided by the breeder, with an intake of 350-400g/day/animal. through a catheter. Under orotracheal intubation, the sedation was maintained by inhalation of isoflurane 2% and Oxygen. The animals were given the analgesic: morphine hydrochloride (Aguettant ® ) and antibiotic treatments: Amoxicillin + Clavulanic acid (Augmentin ® ) before starting the surgery. During the operation, the functionality of the cardio-respiratory system was monitored. In the case of showing any sign of pain, morphine was administered throughout the intervention. For the cell injection, each animal was positioned on the operating table, fixing the head in the stereotactic frame. The tooth bar and ear bars were inserted into the mouth and ear canal, respectively, to reach the optimal positioning and the maximum immobilization of the head during the surgery. Before draping, the surgical location was disinfected with povidoneiodine (Vetedine savon ® ) and sterile water. The skull skin was cut with a 4-5 cm longitudinal incision along the midline, anterior to the occipital crest. The periosteum was medially incised and elevated to clear the skull bone and its suture lines. According to the brain coordinates obtained by the pre-operative CT images, the skull was drilled usually at 30 mm anterior to the occipital crest and 7 mm to the right and left of midline without crossing the dura-mater. The thickness of the skull bone was normally less than 3 mm in this location. Size of the holes was approximately 4-5 mm in diameter. U87 cells were slowly injected through the openings in the left (3.5 × 10 6 cells/20μl) and right (7 × 10 6 cells/40μl) hemispheres. The injection area was in the corpus striatum usually in 9 to 10.5 mm of depth, between the dura-mater and the brain ventricle. The stereotactic cell injections were performed with a 50 μl Hamilton syringe with a 25 gauge needle with the aid of a syringe pusher to ensure an injection rate of 20μl/min. To prevent the reflux of injected cells, a 1 minute pause was imposed before gradually withdrawing the needle from the brain. The holes were closed with fatty tissue to prevent the formation of adherences or scar tissues in the holes during the period of tumor growth. Periostum was sutured and skin incision was closed in two separate layers. After extubation, the animal was transferred to the recovery room for post-operative monitoring. A pain reliever was supplied via a Fentanyl patch 25μg/h. Morphine was administered every 4 hours until patch efficiency wore off. Prophylactic antibiotic (Kesium ® ) was administered until 6 days after the surgery. To prevent the cerebral edema, corticotherapy (Dexamethasone) was carried-out for the 3 days following the implant.

Immunosuppression

As described, the human glioblastoma U87 cell line was implanted into Yucatan minipigs. To avoid rejection of the grafted cells, cyclosporine (Neoral ® 100 mg/ml) was administered (25 mg/kg) twice a day with an interval of 10 to 12 hours, starting 4 days before surgery. The goal was to maintain the blood level of cyclosporine above 1000μg/L. Several blood samples were taken to observe the cyclosporine level in the serum. The administration continued until animal euthanasia.

CT-Scan Imaging

CT acquisitions were realized at Voxcan (Marcy l'Etoile, France) with an anatomical imaging system (GE BrightSpeed 16). A standard protocol of acquisition was selected using the parameters: Tension: at 120kV and Amperage at 150mA. Imaging was done with a pixel size of 391 μm and a slice thickness of 625 μm describing a field of view (FOV) of 25 cm diameter centered on the pig's head. During the CT acquisition, the minipig was positioned at ventral decubitus and was under general anesthesia with the same protocol as for the surgery. On the day of implantation, before starting the intervention, a pre-operative acquisition was first performed to assess the skull thickness and to verify the absence of any abnormalities or congenital complications in the brain. Tumor progression was evaluated with CT acquisitions on days 7, 10, 14, 21, 28 post-implantation. Tumor segmentations were done after each CT acquisition to determine the tumor volume (cm 3 ).

Euthanasia

Once a 1 cm tumor was observed in CT images, daily examination of minipigs was started to assess their neurological condition and to find any clinical sign related to the brain tumor.

Animals who presented untreatable neurological symptoms, such as ataxia, complete epilepsy and recumbency, were anesthetized with Zoletil ® and sacrificed by intracardiac administration of pentobarbital (Dolethal ® ) 200 mg/ml, resulting in an immediate and painless death. The brain was quickly removed and fixed in a 4% formalin solution for histological examination.

Histopathology

Histological examination was carried out to confirm the CT imaging findings. Fixed samples were processed and embedded in paraffin. For each tumor, a 4 μm section was stained with hematoxylin and eosin. In one case, four additional sections were obtained to be used for immunohistochemistry. Immunohistochemical stains were performed with the avidin-biotinperoxidase complex method, using the following antibodies specific for: glial fibrillary acid protein (GFAP, diluted 1:200, Dako, Carpinteria, California, United States), S-100 (S-100B, diluted 1:400, Dako), and vimentin (clone V9, diluted 1:50, Dako). For all the applied antibodies, except for GFAP, antigen retrieval was performed by heating at 90 °C for 40 minutes in citrate tampon, followed by a 20 minute cool off. A negative control was performed by omitting the primary antibody.

I.2.4 Results

Tumor development

Nine minipigs were implanted with the U87 cells. Among them, eight minipigs presented the GB in the subsequent CT images. Continuous tumor growth led to neurological symptoms (ataxia, complete lateral recumbency) within the follow-up period 14-28 days after tumor implantation.

The number of euthanized minipigs per week is presented in Fig. 1: two were euthanized at day 14, two at day 21, two at day 23, one at day 24 and one at day 28 post-implantation. In one minipig, both side tumors developed well within the first 14 days post-implantation, but tumors regression was observed after this time. The regression occurred once the whole-blood concentration of cyclosporine was lower than 1000 μg/L. This minipig was sacrificed at day 28 after the last CT acquisition. Its data after day 14 post-implantation are not considered in the figures and table. 

Anatomopathological findings

In the samples of 8 minipigs, an undifferentiated tumor, consistent with GB, was present.

Macroscopically, the implanted tumors were gray to red in color and distinguishable from surrounding tissue in terms of texture. The size of tumors at the moment of brain sampling after euthanasia was between 1.5 and 3 cm. Histologically, the tumors were mainly located within the gray and white matter of the parietal lobes. They were well delimited, not encapsulated and highly cellular. They were composed of sheets and bundles of polygonal to spindle cells in a scant fibrovascular stroma. The nucleo-cytoplasmic ratio was moderate. The cytoplasm was eosinophilic and the nuclei were round to irregular, centrally located, with a mottled chromatin and contained 1 or 2 nucleoli. Anisocytosis and anisokaryosis were moderate to severe. Mitoses were up to 10 per high-power field (400X). Tumoral cells presented a pseudopalisadic arrangement around the necrotic foci. In some samples, a moderate number of lymphocytes were present around the tumor. Tumoral cells were strongly positive for vimentin but negative for GFAP and S-100. In the minipig in which the tumor regression started after day 14, no visible macroscopic lesions were present after euthanasia at day 28. Also, no histological lesions were observed on the slides. 

I.2.5 Discussion

In this study, a GB model was developed by implanting the U87 cell line in Yucatan minipigs as a large animal model of human brain tumor. The U87 GB model is a common model for the development of GB and is a highly malignant glioma clone that comes from a 44 year-old cancer patient [START_REF] Pontén | Neoplastic Human Glia Cells in Culture[END_REF][START_REF] Strojnik | Experimental model and immunohistochemical comparison of U87 human glioblastoma cell xenografts on the chicken chorioallantoic membrane and in rat brains[END_REF]. This human cell line was selected because of its highly invasive property and its rapid proliferation rate both in mice and pigs (Selek et [START_REF] Crafts | Animal models of brain tumors[END_REF]. More recently a large animal GB model was developed in a large breed pig (white Landrace) to attempt to resolve some of the previously described drawbacks of existing animal models (Selek et al., 2014). This model can be used in standardized therapeutic studies and is relevant for preclinical trials as its characteristics are similar to those of human GB (Sauleau et al., 2009;[START_REF] Schook | A Genetic Porcine Model of Cancer[END_REF]. The main constraints remain the cost of cyclosporine adapted to the high pig weight, the housing of animals over a long period and lack of adaptation of some devices, such as the stereotactic frame. To solve these issues in this study, we selected a small breed of pig, the Yucatan minipig. All the animals were immunosuppressed by Cyclosporine. This product is widely employed in xenograft implantations in order to reduce the index of rejection [START_REF] Calne | Cyclosporine as a milestone in immunosuppression[END_REF] The follow-up period for Yucatan model was about 28 days. This short development time is interesting to reduce the risks of infection due to the immunosuppression induced by cyclosporine administration. Furthermore, regarding the lower weight and growth rate of Yucatan minipigs compared to a large breed pig, this proposed model is very affordable in terms of treatment, care costs and required housing space. Cyclosporine cost would be considerably lower than for large breed pigs due to the dose calculation based on the body weight (mg/kg/day). Actually, the immature large breed pigs grow rapidly, reaching 250 kg in mature adults, compared to 65kg in 3-year-old Yucatan minipigs. Given its small size, another important advantage of the Yucatan model is its compatibility with the imaging platform used in humans and with the current stereotactic frames that can be found on the market. In summary, the reproducibility, availability and brain similarity between Yucatan minipigs and humans, make it a valuable in-vivo system for preclinical studies. Due to the size of the minipig's brain, this model is suitable for the development of new therapeutic devices that can be directly translated onto the human scale. This would allow for a more precise evaluation of different intratumoral therapy modalities, working towards the eventual goal of finding an effective treatment for this currently incurable disease. This animal model could be considered as an ideal alternative to non-human primates, which despite being an optimal choice in preclinical studies are strictly limited to use by a European directive (2008/0211).
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II. Chapter 2: Proof of concept of intracerbral injectability of holmium-165 nanoparticles II.1 Presentation of the work

As described, in this project the holmium-166 suspension was selected as a radioactive source for microbrachytherapy of induced GB in a porcine model. Radioactive holmium is considered as an appropriate source in treatment of cancers due to several advantages such as its short halflife of 26.83 hours, so it can decay rapidly to stable products and also the emission of 94% high beta energy and 6% gamma rays at the same time. The small amount of gamma rays emitted by holmium-166 makes it suitable for imaging without any risk of damage for healthy tissues around the tumor. The high beta energy of holmium is suitable for tumor cells destruction. In general, after the injection inside the tumor, 90% of the beta energy is deposited within the range of 3-5 mm, and the rest 10% is deposited maximum until 8.6 mm, suggesting that it is mainly irradiated on the tumor, whilst preserving the surrounding healthy tissues.

The objective of this step was to test the injectability and observe the distribution of holmium-165 nanoparticles (non-radioactive isotope) after stereotactic injection in the brain of a healthy minipig. This injectability test helped us to identify any mechanical and technical problem associated with injection of holmium nanoparticles and to evaluate the incidence of suspension reflux.

In this regard, the injectability of several amount of holmium suspension (3μl, 5μl and 10 μl) was assessed using 1ml syringe. These injections were performed in different injection rate, adjusted by a syringe pusher to find out the optimum volume and injection rate for injection of holmium suspension.

Pre-and post-operative computerized tomography (CT) were performed to visualize the injection site in the brain, to observe the holmium nanoparticles distribution after injection and to observe the presence of suspension backflow (reflux) even in trajectory canal of needle inside the brain. Brain histological analysis is done after euthanasia.

It should be mentioned that the use of holmium-165 as a non-radioactive isotope enabled us to overcome limitations of handling radioactivity (mainly characterization difficulties and necessity of radioprotection) during this trial.

This procedure helped to identify suitable experimental conditions for future intratumoral injections of the radioactive suspension.

II.2 Article published in Journal of Nanomedicine and Nanotechnology

Synthesis of highly-loaded holmium-165 siloxane particles for brachytherapy of brain cancer and injectability evaluation in healthy pig

II.2.1 Abstract

Glioblastoma is the most invasive type of glial tumors, rapidly growing and commonly spreading into nearby brain tissue. Internal radiotherapy, also called brachytherapy, is an advanced cancer treatment where radioactive seeds are placed in or near the tumor itself, giving a high radiation dose to the tumor while reducing the radiation exposure in the surrounding healthy tissues.

Among the available radioactive materials, holmium-166 emits high-energy β radiation required for tumor destruction and low-energy γ radiation which can be used for quantitative SPECT imaging. In addition, Ho is a highly paramagnetic element and can therefore be visualized by MRI.

In this context, we synthesized 400 nm particles via a sol-gel process in acidic conditions using holmium (III) oxide Ho 2 O 3 as a nanostructured precursor. The objective was to design particles with a high holmium-165 content combined with an enhanced stability suitable for brachytherapy of brain cancer following neutron activation. A sol-gel process was chosen to make Ho 2 O 3 soluble in aqueous media and to improve particle's colloidal stability. The resulting suspension showed enhanced colloidal stability in water, as evidenced by zeta potential and sedimentation rate measurements, combined with a high Ho content (28% w:w).

Injectability and preliminary acute toxicity of the suspension were assessed after stereotactic injection in the brain of healthy minipig. Computerized tomography (CT) imaging was performed to visualize the injection sites and to determine the holmium distribution. It turns out that our suspension provided high holmium-165 concentration to the site of action by way of stereotactic injection. This procedure allowed identifying suitable experimental conditions for future intratumoral injections of activated suspension.

Keywords: Holmium-165; Brachytherapy; Suspension; Minipig; Injectability; Glioblastoma

II.2.2 Introduction

Most common types of tumor treatments include surgery, chemotherapy and/or external radiotherapy. Radiation therapy or radiotherapy is a treatment using ionizing radiations (photons or charged particles) to damage DNA of malignant cells. Internal radiotherapy (also called brachytherapy) is an advanced cancer treatment. Radioactive seeds or sources are placed in or near the tumor using tube-like catheters, giving a high radiation dose to the tumor while reducing the radiation exposure in the surrounding healthy tissues. 1 Radioactive seeds may be produced under the shape of microspheres doped with β -emitting radionuclides; this technique is known as micro-brachytherapy. 2 Glioblastoma is the most invasive type of primary brain tumors, rapidly growing and commonly spreading into nearby brain tissue. Its incidence is 2-3 per 100,000 adults per year in the US and Europe and approximately 13,000 cases are diagnosed each year in Europe. It shows the worst prognosis of all brain cancers because surgical resection of entire tumors is almost impossible. 3 Due to the high recurrence rate of glioblastoma, it is considered as incurable despite new medications such as Temozolomide and improved surgical techniques. 4 Consequently, many patients are eligible for micro-brachytherapy. The market for radiation therapy equipment is expected to reach US$8 billion by 2020 due to rising incidence of cancer and increasing preference for non-surgical treatment options. 5 Recently, Gliasite® (IsoRay Medical) has given a new impulse to brain tumors brachytherapy.

This system is a form of intracavitary brachytherapy where a balloon catheter is introduced into the brain and inflated with a radioactive Iodine-125 solution. 6 Radiation is delivered locally to the surrounding brain tissues to treat tumors with greater accuracy, ensuring a high dose delivery. Unfortunately, this technique is controversial since it is not applicable for inoperable tumors, it shows a limited efficacy and induces higher costs for healthcare facilities. 7 In contrast, holmium-165 polysiloxane nanoparticles have been developed for applications in brachytherapy of liver malignancies. 8 Holmium shows several advantages over other elements such as 90 Y used in brachytherapy because: 1) it is a highly paramagnetic element suitable for MRI-guided selective administration, 2) after neutron activation, holmium-166 is a combined βand γ-emitter making the particles visible by Single Photon Emission Computed Tomography (SPECT) enabling nuclear imaging (useful for dosimetric calculations) relevant for personalized patient treatments. 9 Beta particles (E max = 1.84 MeV) exhibits radiotherapeutic properties appropriate for therapy. Additionally, the penetration range of holmium-166 into soft tissues is 1.23 mm on average with a maximum of 8.6 mm, sufficient for micro-brachytherapy of glioblastoma.

Similarly, holmium-166 poly(L-lactic acid) (¹⁶⁶Ho-PLLA) microspheres have been developed at University Medical Center Utrecht (Utrecht, Netherlands) for quantitative multimodal in vivo imaging. 10 Other types of microparticles composed of lower-density polymers, including alginate, 11 and chitosan 12 containing holmium-166, as well as nanosized carrier materials containing stable holmium-165 for subsequent neutron activation, 13 have also been reported.

However, most of these polymeric carrier materials cannot withstand long neutron irradiation times without degrading or aggregating. In this regard, Di Pasqua et al. designed mesoporous silica-based nanoparticles incorporating holmium-165 showing physicochemical stability before and after long reactor irradiation times. 14 Commercially available mesostructured silica nanoparticles were used to encapsulate a lipophilic acetylacetonate complex of holmium-165 in the pores. In addition, the use of "cold" isotope holmium-165 enables to overcome limitations of handling radioactivity (mostly characterization difficulties and necessity of radioprotection) during the synthesis.

On this basis, our strategy was to design particles with a high holmium-165 content combined with an enhanced stability suitable for brachytherapy of brain cancer. We synthesized 400 nm particles via a sol-gel process in acidic conditions using Holmium (III) oxide Ho 2 O 3 as a nanostructured precursor. Such process was chosen to make Ho 2 O 3 soluble in aqueous media and to improve particle's colloidal stability. In addition, this process is cost effective, scalable and allows for a fine control over thickness. 15 The resulting particles showed good colloidal stability in water, as evidenced by zeta potential and sedimentation rate measurements, combined with a high Ho content (28% w:w).

Injectability and preliminary in vivo tolerability of the resulting holmium-165 siloxane suspension were assessed after stereotactic injection in the brain of healthy minipig. Pre-and post-operative computerized tomography (CT) imaging was performed to visualize the injection sites and to determine holmium distribution. This procedure allowed identifying suitable experimental conditions for future intratumoral injections of radioactive suspension.

II.2.3 Materials and methods

Chemicals

All chemicals were reagent grade or higher and were used as received unless otherwise Infra-red spectra were acquired using an IRAffinity 1 (Shimadzu Scientific Instruments) spectrophotometer controlled by LabSolutions IR software. One milliliter of suspension was dried in an oven at 80°C for 12 hours. Subsequent powder analysis was carried out by ATR technique using a single reflection diamond crystal on ZnSe plate.

Density of the final holmium-165 siloxane suspension was measured in triplicate at 25°C by weighing 1 mL of suspension.

Dry matter corresponds to the mass of particles once the suspension has been entirely dried.

Three glass vials were filled with 300 μL suspension and left in an oven B170 (Nabertherm) at 300°C for 10 hours. Final value was given in g.L -1 .

Viscosity was measured at 25°C using a SV-10 vibro-viscometer (A&D, Japan) by detecting the electric current necessary to resonate two sensor plates in a sample fluid.

Sedimentation rate was determined using a method based on erythrocyte sedimentation rate (ESR). ESR is the rate at which red blood cells sediment in one hour. Graduated glass sedimentation tubes and frame with cross-lever bar were obtained from Dehag (Germany).

Tubes were filled with 700 μL suspension until the zero mark. 

II.2.4 Results and discussion

First, commercial nanostructured Ho 2 O 3 precursor was analyzed using X-Ray diffractometry (XRD), exhibiting a crystallite size of 60 15 nm. Inductively Coupled Plasma -Mass (ICP-MS) measurements showed an high Holmium content of 85 3% w:w. Submicronic particles were then obtained using a sol-gel process. Reaction consisted in mixing the Ho 2 O 3 precursor in ethanol in presence of acetic acid and Si-EDTA silane (2% massic equivalent SiO 2 ) under reflux (Fig. 1). Resulting particles were washed successively with ethanol and water, and then redispersed in mQ water. The transmission FTIR spectrum of the particles is displayed in Fig. 3. The broad band around 3400 cm -1 can be assigned to -OH and -COOH stretching vibrations. The peak at 1558 cm -1 is due to -COO -vibrations. Finally, the presence of a peak at 1412 cm -1 can be attributed to C-O bonds.

Taken together, the presence of these peaks indicates the successful attachment of the Si-EDTA silane to the nanostructured Ho 2 O 3 precursor. The Ho content, as measured by ICP, was 28 3% w: w, which is superior to the value of 17 0.5% obtained by the Ho-loaded poly(L-lactic acid) microspheres produced by the University Medical Center (Utrecht, Netherlands). 10 This value will potentially enable the delivery of a high radioactive dose to tumor cells. In addition, density (1.42 0.04) as well as dry matter (550 50 g.L -1 ) high values confirmed the visual assessment that the suspension is highly concentrated.

Viscosity is around 5-9×10 -3 Pa.s which is comprised between the viscosity of blood (3-4×10 -3 Pa.s) and ethylene glycol (16×10 -3 Pa.s). 16 The rheology of a particle suspension is a complex function of its physical properties since the key factors are particle volume fraction, particle shape, inter-particle forces and the spatial arrangement of particles. 17 Unlike parenteral suspensions, the formulation of stable and injectable suspensions for glioblastoma radiotherapy involves use of high solid content and/or increased viscosity to stabilize the formulation (i.e. to enhance colloidal stability).

To assess colloidal stability, we first measured the effect of pH on the zeta potential in a pH range between 7.0 and 12.5 (Fig. 4). Under physiological conditions (pH 6-8), zeta potential is around 30 mV and decreases from 9.5 onward. It proves that inter-particle forces are greater than attractive forces among particles. Indeed, it is generally considered that particles with zeta potentials higher than 30 mV or lower than -30 mV are stable in solution. 18,19 The high positive value is mainly imparted from the predominant presence of holmium oxide slightly modified by the very negative zeta potential provided by the thin polysiloxane layer (2% massic equivalent SiO 2 ). Indeed, the isoelectric point (IEP) of the suspension was found at pH 10.5 1, which is consistent with values measured for trivalent rare earth oxides (around 11). 20 Fig. 4: Variation in the zeta potential of the holmium-165 polysiloxane suspension in function of the pH.

Finally, the sedimentation rate was measured since it provides invaluable information about the suspension stability and injectability. When suspension is placed in a test tube, particles gradually settle to the bottom. The sedimentation rate test measures the distance particles fall in a test tube in one hour and provides valuable information about colloidal stability and future behavior during syringe injections. The obtained suspension exhibits a sedimentation rate around 1-2% after 1 hour and 10-15% after 24 hours. An ideal suspension is said to be in flocculation equilibrium, meaning that no clear supernatant is visible within the tubes. In our case, the values obtained were extremely low from a clinical point of view, considering that intracerebral injections are typically performed within 10-20 minutes during high-dose rate treatments. 21 Also, sedimentation rate of the same suspension was measured after one year storage following redispersion under moderate vortex during 30 seconds and was unchanged.

These results indicate that the suspension is easy to redisperse into a uniform mixture upon moderate shaking and keeps its stability.

Taken together, these data indicate that the suspension exhibits a high solid content that enhances its physical stability in water, making it a priori suitable for brachytherapy of brain cancer.

Stereotactic injection in the brain of a minipig

Injectability, i.e. the performance of the formulation during injection, 22 was then assessed in preclinical settings in the brain of a healthy pig. Yucatan minipig has been used as a relevant model to assess the injectability of the "cold" holmium-165 siloxane suspension because of its similarities to humans in both structure and function. 23,24 For ethical concerns, only one animal was observed as a proof-of-concept. Various volumes (3, 5 and 10 μL) of the suspension were injected in the brain of a minipig by coupling a stereotactic frame to a syringe pusher (Table 1).

Injections were performed using either a metallic flexible cannula or a rigid needle pre-wetted with polyethylene glycol 400 (PEG 400). PEG 400 is a low-molecular-weight grade of polyethylene glycol widely used as a pre-wetting agent in a variety of pharmaceutical formulations due to its viscosity and low toxicity. 25,26 Also, blunt cannula has been included in the surgical procedure since practitioners increasingly use it over sharp needles due to its less traumatic shape. Injectability was subsequently assessed macroscopically and monitored by performing post-operative computerized tomography (CT) acquisitions. The ideal suspension should be delivered to the site of interest in a controlled manner, be retained for a prolonged period of time and minimize reflux. In our case, suspension could be delivered successfully in the brain and no needle clogs were observed. A waiting time of two minutes was implemented following injection and the needle/cannula was then slowly removed from the brain in about 45 sec to prevent reflux. However, a suspension volume of 1 μL refluxed in the holes after the injection of 5 and 10 μL, both with needle and cannula. In contrast, no backflow was observed following injection of 3 μL. It turns out that a lower injection volume decreases the risk of reflux through the penetration tract.

In parallel, CT-Scan observations showed that the suspension (whatever the volume) is retained at the site of injection (Fig. 5) although the slight reflux observed macroscopically is distinguishable.

Fig. 5: CT-Scan images after the injection of 3 μL, 5 μL and 10 μL of suspension from cranial to caudal respectively using a) a needle (left hemisphere) and b) a cannula (right hemisphere). Sagittal view.

Three-dimensional volumes were then reconstructed using DICOM image viewers based on the post-operative CT acquisitions to track and estimate the volumes of distribution of the injected holmium-165 suspension in healthy brain tissue. The resulting image (Fig. 6) enabled to estimate the reconstructed three-dimensional volumes (Table 1, last column). There is a difference in volume of 3 μL injections between needle and cannula (6 μL vs 16 μL). Interestingly, the distributed volumes after the injection of 10 μL suspension are smaller than in the case of the injection of 5 μL both in needle and cannula. This could be due to the additional idle time during the injection of 10 μL suspension as 2 × 5 μL with 2 minutes idle time in between, meaning that 4 minutes in total for the injections of 10 μL. It suggests that a longer post-injection waiting time would enable a better localization of the injected holmium suspension and would reduce the subsequent risk of reflux. However, this parameter will need to be adjusted in function of the clinical procedure (i.e. dosimetry, number of injections and idle time).

In addition to these results, it must be considered that permeability and elasticity of striatum tissue in healthy brain are different from those of tumoral tissue. In fact, the density of tumoral tissue is higher than healthy tissue and can potentially increase the risk of suspension backflow after intratumoral injections. 27 So, further tests using a pig xenograft model of brain cancer will be necessary 1) to get some insight about the reflux issue and 2) to circumvent it inside the tumor by adjusting needle's gauge, flow rate and injection pressure. 28

II.2.5 Conclusions and perspectives

The suspension described previously can potentially enable the delivery of high holmium-166 concentration to the site of action via stereotactic injection. CT-Scan images following intracerebral injection of the suspension in a pig model showed that reflux issues may appear.

However, this problem will be solved in future studies by decreasing the flow rate and the needle/cannula gauge. Next steps will consist in 1) evaluating the intratumoral injectability of cold holmium suspension and then 2) checking that the physicochemical properties of the suspension remain unchanged following the neutron activation of holmium-165 in holmium-166. These studies will also help to define the potential in vivo acute toxicity of the suspension.
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III. Chapter 3: Proof of concept of intratumoral injection of holmium nanoparticles suspension using preclinical injection system III.1 Presentation of the work

The aim of this study was to test the injectability of an intratumoral stereotaxic injection of holmium-165 suspension straight into the tumor, using the specific preclinical injection system designed by EVEON. The suspension materials were produced under the shape of nanoparticules (Nano-H) and injected inside the tumor using a stereotactic system. This task was repeated 3 times (separately) in 5 minipigs glioblastoma model. Like previous step, we used holmium-165 as a non-radioactive isotope which enabled us to overcome limitations of handling radioactivity.

To achieve following this step specific goals were:

-Assessing intratumoral distribution of Holmium suspension nanoparticles after injections using a model of treatment planning -Evaluating the potential problems during intratumoral injection of Holmium suspension using preclinical injection system.

-Observing the occurrence of suspension reflux after intratumoral injection using preclinical injection system.

-Modifying some injection parameters in order to minimize or eliminate the reflux of holmium suspension after the injection which was observed in first two trials. The elimination of holmium reflux was very important before starting to work on treatment of glioblastoma with activated holmium.

-Optimising the injection procedure in order to achieve the planned holmium distribution.

-Acquiring post injection CT images usable for holmium distribution assessment

As explained, finding a solution for suspension backflow was a crucial point before starting the treatment of glioblastoma using activated Holmium suspension (holmium-166) to prevent any risk of radioactive contamination during the treatment phase. After 2 trials, in the 3 rd one we have succeeded to eliminate the holmium-165 suspension backflow by optimizing some injection parameters in preclinical injection system. Through this study on the feasibility of stereotactic multi-injection of holmium-165 nanoparticles suspension inside the tumor, we concluded that the holmium-165 suspension could be injected successfully inside the tumor with minimal (or even no trace) holmium reflux. At the end of this step, we were ready for the final task of evaluation of the treatment efficacy using the radioactive source.

III.2.1 Abstract

Glioblastoma (GB) is the most aggressive primary brain tumor leading to death in most of patients. It consists almost 50-55% of all the glioma with incidence rate of 2-3 per 100,000.

Despite its rarity, overall mortality of GB is comparable to the most frequent tumors. The current standard treatment combines surgical resection, radiotherapy and chemotherapy with temozolomide. In spite of this aggressive multimodality protocol, prognosis of GB is poor and the median survival remains about 12-14.5 months. In this regards, new therapeutic approaches should be developed to improve the life quality and survival time of the patient after the initial diagnosis. All the innovative therapeutic methods must be studied on an ideal animal model in preclinical studies to reach the maximum encouraging results in clinical phase in humans. In thi regard, we tried to test the feasibility of intratumoral holmium-165 suspension delivery to induced U87 glioblastoma model. Among the different radioactive sources, holmium-166 can emit the high energy β radiation and low-energy γ radiation. β is required for tumor destruction and γ is used for the imaging (SPECT, MRI) and the dosimetry, consequently. In this study, the multi-injection injectability of holmium-165 was tested in 5 minipigs GB model using specific injector and needle (EVEON). The radioactive materials were produced under the shape of nanoparticules (Nano-H) and injected inside the tumor by micro-brachytherapy technique using stereotactic system. At the end of this trial, it was found that the holmium-165 suspension can be injected successfully inside the tumor with minimal (or even no trace) of holmium reflux after the injections. This technique of injection and also the holmium-165 suspension needs to be evaluated with radioactive holmium-166 in following study.
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Microbrachytherapy

III.2.2 Introduction

Glioblastoma (GB) is an inherently aggressive tumor and by far the most frequent and lethal malignant primary brain tumor in adults [1]- [4]. It constitutes almost 25% of all primary central nervous system (CNS) tumors and 50-55% of the malignant gliomas [5], [6]. GB has a high incidence among all malignant brain tumors, with an estimation of 10,000-12,000 new cases per year [6]- [8]. GB incidence has increased during the past 20 years, mainly due to the improvement of imaging diagnosis, such as CT-scan and MRI [9], [10]. GB develops highly invasive metastasis mainly located in the CNS [11] [12]- [14] The standard treatments include surgery, radiotherapy (RT) and chemotherapy [6], [14]- [16].

The gold-standard treatment protocol is a maximal surgical resection of the tumor, plus RT with concurrent and adjuvant medical chemotherapy, such as Temozolomide (TMZ) [6]. New treatments, such as immunotherapy, have emerged but results for these new modalities are not yet conclusive [14], [17]. Unfortunately, GB is associated with an extremely poor prognosis [7], [18], [19] and patients are often confronted with a recurrence of the disease after a few months [15], [3], [20], [21].

Today, in addition to surgery, radiotherapy is also the foundation of GB treatment [22]- [25].

During the 1970s, the dose-effect relationship in RT of GB was shown by Walker and colleagues [24], [26]. They showed that radiation dose of 60 Gy was associated with increased survivaltimes in comparison with other doses and without significantly increased toxicity [27], [28].

Dose escalation over 60 Gy resulted in increased toxicity without survival benefit [14], [29]. Two main types of RT that are relevant to this research are 1) External beam radiation therapy (EBRT), such as 3DCRT, IMRT, VMAT and SRS, 2) brachytherapy (BT).

EBRT is a precise and non-invasive modality that directs a beam of radiation from outside the patient. This means that the radiation passes through healthy tissue before being delivered to the tumor.

BT is defined as a short distance treatment of malignant tumors. It consists of placing sealed radioactive sources inside or next to the tumor to deliver ionizing radiation into the area requiring treatment [30]. BT can use temporarily or permanently placed radioactive sources. It can be carried out by implantation of balloon filled with radioactive elements as a new method, or placement of radioactive seeds. The balloon device gives some advantages, such as ease of use, but the treatment field is restricted to spherical contours. This constraint is solved with implanting the radioactive seed but the dosimetry related to seed implants is usually more complex [31]- [33].

The radio-resistance of GB makes its treatment more difficult. Intratumoral hypoxia and the presence of microglia have an important role in resistance to radiotherapy [34]- [38].

Nonetheless, adjuvant RT still has a key role in GB treatment with a significant survival benefit when compared with different chemotherapy protocols without RT [39]- [41]. Unfortunatly, RT only delays but does not prevent recurrence, which usually occurs within 2 cm of the initial tumor site [6], [39], [42], [43].

Further developments to radiotherapy-based therapies are required to improve the median survival of GB patients [24]. The desire to increase the irradiation of the tumor whilst sparing organs at risk (OARs) has led to the development of an extension of BT, known as microbrachytherapy. Instead of placing radioactive seeds in BT, this technics uses liquid microspheres or microparticules containing a high concentrated radioactive agent.

Microbrachytherapy, enabling a higher specific activity into the tumor and sparing healthy tissue around could be beneficial for patients with increasing overall survival and decreasing toxicity.

Experimental tests with this method can determine its efficacy with regards to the treatment of GB. However, before testing the efficacy of this new modality, a method of delivering and injection of radioactive microspheres must first be developed. Such methodology is discussed in this article.

In this study, the intratumoral injectability of the stable isotope of holmium ( 165 Ho), in suspension form, was assessed on a Yucatan minipig GB model [7]. Tumors were implanted bilaterally to increase the number of tumors per animal and, consequently, to decrease (for ethical concerns) the number of enrolled animals. Holmium was selected because it has some advantages over other elements; 1) holmium-165 is a highly paramagnetic isotope, suitable for MRI, 2) activated holmium (holmium-166) is easily neutron-activated, 3) holmium-166 has a short half-life 26.8 and decays rapidly to stable products, 4) holmium-166 penetration range into the soft tissue deposing 90% of the energy within the range of 2.1 mm and remaining 10% within the range of 2.1-8.6 mm, suggesting that it is intensively irradiated on the tumor only, whilst preserving the surrounding normal tissues, 5) holmium-166 emits high-energy β radiation and low-energy (81 keV) γ radiation [44]- [47]. β is required for tumor cell destruction and γ can be used for post-treatment dosimetric SPECT imaging. In this study, 165 Ho siloxane particles with a high 165 Ho content suitable for microbrachytherapy of brain cancer was used. It was administered intratumorally 14 days post-implantation (D14) using a preclinical injection system. This test allowed for the proof of concept of the administration of 165 Ho polysiloxane nanoarticles inside GB tumors. The use of non-radioactive isotope ( 165 Ho) allows for the perfection of administration methodologies before adding the radioactive (and therefore therapeutic) isotope, holmium-166. During the development of this procedure, injection parameters were optimized. For this reason, parameters will be gradually changed throughout the experiment, as a study is conducted into the optimal injection configuration for microbrachytherapy.

III.2.3 Material and methods

Ethical considerations

The experiments were conducted in agreement with the French Ministry of Scientific Research (2015052012034148 v1) and approved by the VetAgro Sup Ethical Committee (1522 V2). All aspects of care and use of the animals, including surgical procedures and pain assessment were carried out and monitored in compliance with French regulations (transposition of Directive 2010/63/EU) and the local Animal Welfare Body.

Animals

Yucatan minipig was used as a GB model for this study. Five minipigs, between 3-4 months old, both male and female, were obtained from INRA Saint-Gilles, France and were moved to the Claude Bourgelat institute in Marcy l'Etoile, France. A 7-10 day acclimatization period was allowed before cell implantation. Regular examinations of the minipigs were performed by a veterinarian. Any focal infection was criterion for exclusion of that minipig from the study. The maintenance condition of the minipigs was: temperature=19°C, humidity >35% and ventilation 10 times/hour.

U87 cells preparation

U87 cells were prepared as previously described to induce glioblastoma on landrace pigs and Yucatan minipigs [7]. Briefly, 35-50 × 10 6 U87 cells were harvested from two T175 tissue culture flasks after one week in growing medium (Minimum Essential Media (MEM) supplemented with 10% fetal calf serum, 100 U/ml penicillin, 100 μg/ml streptomycin, 2 mM l-Glutamine and 0.25% g/mL amphotericin B) with three medium changes. Cells were processed with 0.25% trypsin-EDTA to be harvested and then washed twice in PBS before being pelleted 4 min at 3000 g in a 2 ml Eppendorf vial just before the inoculations. The final cell concentration in each Eppendorf vial was about 1.7 × 10 6 cells/10 μl. For each subject, 40 μl and 20 μl of the cells were injected into the right and left hemisphere, respectively.

Holmium

For the preparation of 165 Ho siloxane particles, nanostructured Ho 2 O 3 precursor (0.397 mol) was slurried and refluxed in 1.5 L ethanol together with acetic acid (0.262 mol) and Si-EDTA (0.05 mol). It was allowed to cool down to ambient temperature and then transferred into 200 mL plastic centrifuge bottles. Particles were washed in ethanol twice by centrifugation cycles of 10 minutes at 4100 rpm and then resuspended in 160 mL mQ water. Particle size was homogenized by stirring the suspension for 4 days at 30°C. The objective was to create about 400 nm particles with high 165 Ho content. In this study, the particle size was 470 nm. The concentration of dry matter in the suspension was (550 50 g/L) consisting of 28% holmium.

This value will potentially enable the delivery of a high absorbed dose to tumor cells in case of administration of activated suspension. Density of the final 165 Ho siloxane suspension was 1.38 g/ml, measured in triplicate at 25°C by weighing 1 ml of suspension.

Stereotactic frame

A large animal stereotactic frame (RWD 68901) was selected for intracerebral inoculation of tumoral cells and intratumoral injections of holmium. The frame can be used for neuroscience experiments on most large laboratory animals. This system enables the neurosurgeon to perform precise injections directly into targeted tissue. The location of the injection is obtained with a pre-operative CT-Scan.

Preclinical injection system

The prototype injection system was developed by EVEON (Fig. 1). It is intended to inject a controlled dose of radioactive holmium suspension distributed over the full volume of the tumor of large animals suffering unresectable brain cancers. Tumors could be between 1 and 3 cm in diameter. Larger brain tumors can be treated but in these cases, they must be considered as several tumors having the sizes defined above. The main components of the injection system include: 1) Injector: reusable equipment used to manage the injection of a defined quantity of radioactive nanoparticles suspension, 2) Injector control software: used to manage the injection parameters, such as injection volume, number of injections per tumor and the injection flow rate, 3) injection needle: specific needle introduced and moved into the brain tumors to deliver the holmium suspension. The stereotactic frame is used to align the injection needle on the planned trajectory, 4) suspension prefilled capsules: protected containers containing a volume of radioactive nanoparticles, 5) disposable fluidic cassette: dedicated disposable fluidic circuit controlled by the injector equipment that transfers the suspension from prefilled capsules to the injection needle. This cassette is composed of 3 main elements: (a) a distributor that distributes the suspension to different parts of fluidic circuit of the injector, (b) a plunger that drive the suspension outside the capsules, (c) a connection tube that transfers the suspension from the distributor located in the injector to the injection needle.

The injection command is executed via the Injector control software or a surgeon activated footswitch. This command sends an instantaneous signal which actuates the injector pump and valves allowing the suspension to be sent to the tip of the needle and thus injected. 

Treatment planning

As with all forms of modern radiotherapy, treatment planning (TP) is required to sufficiently irradiate the tumoral zone without over-irradiating surrounding healthy tissue. The first objective of the TP was to deliver at least 95% of the target absorbed dose, 100 Gy, to at least 95% of the tumoral volume. Secondly, the treatment planner minimized the number of injections as much as possible, whilst respecting the first objective. The number of injections therefore depended on the shape and size of the tumors.

In first four minipigs, the TP was performed based on CT-scans that were acquired 10 days after the implantation (D10), meaning 4 days before the injection. But in pig n° 3 and 4, TP was modified in terms of tumor depth and diameter, based on the pre-operative CT-scan acquired at day 14 post-implantation (D14), 30 minutes before the treatment. This modification was because of an important tumor growth in diameter. In the fifth minipig, treatment planning was performed based on a CT scan that was acquired as close to the treatment as possible, 30 minutes before the 165 Ho injection, at D14 (table 1). Performing the CT-scan as late as possible meant that the planning was performed with the most up-to-date information regarding the tumor's size, shape and position.

For the CT-acquisition, product contrast was used so as to easily differentiate the tumor from healthy tissue. Tumor segmentation was then performed with the open-source software, 3D

Slicer. Once segmentation had been completed, TP was performed with the optimization algorithm, the non-dominated sorting genetic algorithm II [48]. The volume of each injection as unit of treatment (UoT) was fixed at 5 μl except in left tumor of pig n° 5, which was fixed at 9 μl to decrease the number of injection and reduce the duration of surgery, consequently (Table 1).

Immunosuppression

An immunosuppressive therapy of the animals is mandatory to reduce the risk of rejection of grafted cells during the study. Cyclosporine (Neoral ® 100 mg/ml) was administered orally, twice a day (25 mg/kg). This treatment continued each day until the minipigs were euthanized. To increase the probability of tumor development, the blood level of cyclosporine was kept above 1000 ng/ml. Blood samples were taken once a week to monitor the amount of cyclosporine in the serum.

Cell implantation and intratumoral injection of holmium-165

The tumoral cell implantation and its surgical procedure were performed as previously described in [7]. Intratumoral injections of 165 Ho were performed on five minipigs. The injections took place fourteen days after the tumor cells implantation (D14).

In the operating room, the preclinical injection system was placed near to the animal and connected to the preclinical software. A few minutes before starting the injections, the holmium suspension was prepared by vortexing it for at least one minute to ensure homogeneity. Then, a special capsule was filled with the prepared suspension. It was placed in a dedicated capsule support and mounted into the injection system. The injection needle was installed in the stereotactic frame before penetrating in the brain and accessing the tumor. To access the holes that had been created for cell implantation, the incision was done exactly on the sutured line.

The fatty tissue, which was placed in the holes to prevent the formation of scar tissue, was removed. According to the tumor position as determined by the pre-operative CT images, the needle was inserted into the brain. Several UoT were injected inside the tumor in different sites using the coordinates given by treatment planner. The number of injections varied between tumors. In the first two minipigs, the injection rate was 20μl/min. This was then increased to 50μl/min in the remaining three minipigs to reduce operation duration (Table 1). In the last minipig (n° 5), the injection timing was modified in injector control software by adding 5 seconds idle time after the injection command execution. This idle time is the delay between the actuation of the injector pump/valves and the moment when the holmium suspension starts to flow from the injection needle tip. This idle time was automatically considered by the software, before each injection. 

CT-scan imaging

An anatomical CT-Scanner (GE BrightSpeed 16) was used at Voxcan (Marcy l'Etoile, France) to perform the CT acquisitions. Images were acquired under a standard protocol with a tube voltage of 140kV and a tube current of 150 mA. Voxel sizes for imaging were 0.391 mm, with a slice thickness of 0.625 mm, describing a field of view of 25 cm diameter centered on the pig's head. The minipigs were under general anesthesia and positioned at ventral decubitus during all CT acquisitions.

On the day of cell implantation (D0), a pre-operative CT was performed just before starting the surgery, to evaluate the skull thickness and to assess the risk of any congenital problems in the brain. After the cell implantation, tumor growth was assessed with imaging on days 7, 10 and 14.

The day of cold holmium injection (D14), pre-and post-operative CT acquisitions were performed to check tumor location and to observe the distribution of injected holmium, respectively. In two minipigs that were not euthanized directly after the post-operative CT (as described in the following section), the evolution of the injected holmium was studied by performing CT-scans at days 1 and 3 post-injection. In these minipigs, a manual segmentation of injected nanoparticles was performed after each post-operative CT-acquisition. In this fashion, the movement and distribution of 165 Ho could be studied over time.

Euthanasia

Three minipigs (n° 3, 4, 5) were euthanized on the day of holmium injection (D14) and two (n° 1,

2) were sacrificed 3 days later at D17, after the last CT imaging. At the end of radiological acquisitions, while the animal was still under anesthesia, 30 ml of pentobarbital (Dolethal®) 200 mg/ml was administered intracardially. This results in an immediate and painless death.

Histology

Histological analysis was planned to confirm the CT-scan findings. After sacrificing the minipig, its brain was quickly removed and the tumors were fixed in 4% formalin. Fixed samples were processed and embedded in paraffin. One 4μm section was stained with hematoxylin and eosin and histologically examined.

III.2.4 Results

Tumor growth

For the intratumoral injection of 165 Ho, five minipigs were implanted with the U87 human cell line. In all animals, the subsequent CT-acquisitions after GB inoculation demonstrated tumor development in both hemispheres at the injection site in corpus striatum (Fig 2). Following the implantations, the whole-blood concentration of cyclosporine in all minipigs was above 1000ng/ml which prevented tumor rejection over the tumor development period. In this time, no infections or neurologic symptoms were observed. The tumor diameter at the day of holmium injection (D14) was between 1 and 1.5 cm. 

Intratumoral stereotactic injection of 165 holmium

The intratumoral injectability of the 165 Ho siloxane suspension was tested in preclinical studies with the minipig (Yucatan) GB model. The number of injections per tumor depended on the tumor size and shape (Table 2). Some parameters were modified in the injection system and TP during the test on these five animals to improve injection control and optimize the results of the intratumoral administration of the 165 Ho. The time taken to perform the operations was reduced in pig n° 3, 4 and 5 due to increasing the injection rate to 50μl/min. After intratumoral injection of the 165 Ho suspension, the backflow was observed in the holes. This occurred after withdrawing the needle. In first two minipigs, the backflow volume was bigger than all the others. In pig n° 3 and 4, the backflow volume was smaller, despite increasing the injection rate to 50μl/min. In pig n°5, in which the injection timing was optimized, the quantity of holmium outside the right tumor following the 15 injections of 9μl was nearly eliminated. After the minipigs had been sacrificed and the tumors had been removed injected holmium was observed inside the all tumors (Fig. 3). Visually, there was no evidence of hemorrhage because of the needle penetration for holmium-165 injection (Fig. 3). 

CT imaging and distribution of holmium nanoparticles

CT images were acquired during the tumor growth period, as well as before and after holmium injections. Before injections of 165 Ho, all the tumors displayed a slight increase in density compared to the surrounding cerebral paranchyma, with clear boundaries and a plurilobed form. There was no hemorrhaging after cell implantation and a homogenous marking of the tumor. In pig n° 3 and 4, a significant tumor growth (4-5mm) was observed from the day of TP preparation (D10) and the day of holmium injection (D14), which resulted in a modification of the TP (Fig 4A ,4B).

According to the post-operative CT-scans, the 165 Ho suspension was successfully injected intratumorally in all five animals, especially in the last minipig. In the left tumor of pig n° 1 and both tumors in pig n° 2, the location of injected holmium was towards the periphery of the tumor. In pig n° 3, 4 and 5, holmium was successfully injected in the desired sites (Fig 4).

In the two minipigs (n° 1 and 2) with continued observation at days 1 and 3 post-injection, CT imaging showed that the holmium suspension was localized and retained at the site of injection 

Histology

In all the examined samples, the tumor was well delimited, not encapsulated and highly cellular (Fig 6). They were composed of bundles of polygonal to spindle shaped cells in a scant fibrovascular stroma. Cells were moderate to large in size, with no evident cellular borders.

Nucleo-cytoplasmic ratio was moderate; the cytoplasm was eosinophilic and the nucleus was round to irregular, centrally located, with a motted chromatin and 1 to 2 nucleoli. Anisocytosis and anisokaryosis were moderate to severe; some multinucleated cells and megalocytes were visible. Mitoses were up to 10 per high power field (400X). Small foci of necrosis were present. A moderate number of lymphocytes and plasma cells were present around the tumor. Pigs n° 3, 4 and 5 presented a moderate amount of intravascular and perivascular inflammatory cells (mainly lymphocytes, less plasma cells) within the tumor; inflammatory cells were also present around it. Refrangent, lightly brown-gold, polygonal crystals consistent with Holmium, were detected in all pigs (Fig 6). In pig n° 1 and 2 they were present on the superficial part of the tumor, while in pigs n° 4 and 5 they were located in intra-tumoral cavities. Crystals were mixed with erythrocytes (hemorrhage). 

III.2.5 Discussion

In this experiment, the feasibility of intratumoral injection of 165 Hosuspension was tested in Yucatan GB model.

The main pitfall of the intratumoral delivery route of anticancer agents is leakage of the injected material [49], [50]. Rodent brains are lissencephalic, meaning that their brains do not contain sulci causing improvement in the drug delivery in animal experiments [51], [52]. This explains why many successful treatment methods applied in rodent models fail in the human clinical phase [53]. In this regard, the Yucatan minipig was chosen as a GB model, because of the similarity between it and humans. Also due to the minipig's brain size, it is an appropriate model for the development and improvement of new therapeutic devices that can be designed directly at the human scale [7], [54]. Following the histology of implanted tumors (Fig 6 ) as described in the previous study [7], tumors presented the same features as described by Jacobs et al. in the case with the U87 rodent model [55]. Tumors were not capsulated but a clear demarcation with the normal parenchyma was present. The tumor presented small to moderate areas of hypoxic necrosis, lined by cells in palisade, as described by Candolfi et al. As with the rodent model, no glomeruloid vascular proliferation was observed [55], [56]. Blood vessels were present, but they were neither hyperplastic, nor were there as many as reported by Candolfi et al. [56].

As described, GB remains an incurable disease in spite of all efforts made to improve current therapeutic methods [47], [57]. Recently, BT is used increasingly in treatment of cerebral glioma, because of reducing the side effects of other radiotherapy modalities due to the irradiation of normal tissue around the tumor [47], [58], [59]. But in BT, for inserting and fixing the radioactive source in cerebral tumors, a complicated surgery is needed which can cause some secondary effects and even aggravate the neurological symptoms in the patients [33], [60]. A way to overcome this issue could be the microbrachythepray method consisting the injection of microscopic radioactive source, suspended in liquid, directly into the tumor. In this context, the main issue is using liquid radioactive sources which will be gelatinized and localized in the injection area after a certain period.

In our study, 165 Ho siloxane was used to test the feasibility of the intratumoral injection procedure and rectify any potential problems that might occur before advancing to future studies using the radioactive, therapeutic version, holmium-166. This source is an attractive therapeutic radionuclide due to its reasonable half-life (26.8 h), low-energy gamma ray, which is used for imaging, and high-energy beta suitable for treatment. The advantage is that the β particles have a limited penetration in tissue. This results in toxic irradiation of the tumor and minimal irradiation of the healthy tissue [46]. The use of holmium on cancer cells has been demonstrated in several studies. Huh et al. have reported that holmium-166 can be used for the treatment of malignant glioma when injected at the appropriate dose. This suggestion was according to the results of their study on the therapeutic effects of the holmium-166 chitosan complex on the malignant cerebral tumor model of rats [47].

In the ideal condition, the injected holmium suspension should be retained for an extended period of time to avoid its diffusion outside the tumor and also to minimize the reflux after the injection [63]. In our case, holmium suspension was successfully delivered inside the tumor. As reported that after intrahepatic administration of holmium-166 in rats, most of the administered radioactivity was retained at the administration site for over 72 hours [64].

As shown in CT-imaging (Fig 4G ) and histology of pigs n° 1 and 2, the 165 Ho suspension was injected superficially, in the periphery of the tumor. This could be due to the tumor growth and movement during 4-day interval between preparing TP (based on the CT-scan at D10) and the holmium injection (D14).

In pig n° 3 and 4, the results were considerably better because, the TPs were modified based on the pre-operative CT-scans (D14). For the pig (n° 5) injected using TP that was produced using CT images taken as late as possible, the most successful positioning and distribution of holmium inside the tumor was observed. These results highlight the importance of real-time treatment planning for this treatment method. In this case, anatomical accuracy would be improved, increasing protection of the healthy tissue and better targeting the tumoral tissue.

Furthermore, during the tests on the five minipigs, the main difficulty encountered issue was the backflow of holmium after withdrawing the needle, which sometimes even came in the holes that were drilled in the minipigs' skulls in order to implant the tumors. In the treatment phase using radioactive holmium-166, a non-negligible presence of reflux would introduce the possibility of radioactive contamination. There would be a risk that sufficient irradiation of the tumor would not be achieved if some of the radioactive products were no longer located within the tumor. Using the real-time TP had a relative effect on diminution of 165 Ho backflow as it was observed in minipig n° 3 and 4 after modifying the TP just before the injections and in minipig n° 5 which was injected applying TP based on CT images that were acquired 30 minutes before the 165 Ho injection. In this condition, suspension is injected correctly in depth of tumor causing reduction in risk of backflow. Also, it was found that the rest time (5 seconds idle time) of the injector before injecting each UoT has an important effect on reflux volume. This means that by adding the idle time needed for injector before each injection, the volume of suspension reflux can be significantly reduced. In this condition, the UoT is injected completely before withdrawing the needle and consequently well circumscribed in the injection point. With this technique, reflux in the last minipig (n° 5) was eliminated, despite increasing the flow rate to decrease the operation duration.

In addition, as can be seen in Fig. 3, no hemorrhage was observed in the removed tumors. This means that the injection needle is compatible for intratumoral injection of 165 Holmium siloxane with minimum risk of brain damage.

III.2.6 Conclusion

Through this study on the feasibility of stereotactic multi-injection of holmium-165 siloxane inside the tumor, it was found that the holmium-165 suspension can be injected successfully inside the tumor with minimal (or even no trace) of holmium reflux after the injections. This technique of injection and also the holmium-165 siloxane suspension needs to be evaluated with radioactive holmium-166. The final step will be the evaluation of treatment efficacy using radioactive holmium-166, as microbrachytherapy, in Yucatan GB model.
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IV.Chapter 4: Treatment phase. Assessment of therapeutic efficacy of activated holmium in a large animal glioblastoma model

IV.1 Presentation of the work

At the end of the study on the feasibility of stereotactic multi-injection of holmium-166 suspension nanoparticles inside the tumor, it was concluded that the holmium suspension could be injected accurately inside the tumor without any holmium reflux and that radiation protection rules were fully respected during the process.

The final step of evaluation of therapeutic efficacy using radioactive holmium-166 in the Yucatan glioblastoma model was performed. For the injections we used the specific preclinical injection system of EVEON.

In preclinical setup, glioblastoma was induced by the implantation of U87 cell line. U87 human cell line is known to be quite resistant to radiation therapy and very aggressive. In case of positive therapeutic response, the treatment modality and technic could be strongly offered and investigated for treatment of human glioblastoma.

Tumor cells were implanted in 12 pigs, 2 weeks before the radiotherapy. Among them:

6 pigs (Group 1): animals were treated with activated Holmium (holmium-166) via the stereotactic modality and dedicated treatment planning system (TPS). TPS was defined targeting the injection of 100 Gy in at least 95% of the tumor volume.

3 pigs (Group 2): Non-radioactive holmium (holmium-165) was injected into the tumor via stereotactic modality and dedicated treatment planning system (TPS). All the injection procedure was exactly the same as group 1.

pigs (Control Group): animals had no treatment

To achieve the distribution target, several injections were performed based on calculated TPS, in both groups 1 and 2. The number of injections varied for each animal according to size and spatial shape of the tumor. CT acquisitions were performed by (GE BRIGHTSPEED 16) pre-and post-injection and then during 2 months observation period, every 10 days. According to CT images acquired after the treatment day, D14, tumor regressed significantly in the group 1 and was no more observable 45 days post holmium injection.

These results showed that, the overall survival of group 1 was significantly different from the 2 other groups. No significant difference was observed between group 2 and 3.

As a conclusion, our trial demonstrated the absence of therapeutic side effects and an excellent efficiency in tumor control of the holmium-166 nanoparticles. In addition, no reflux was observed during and after the injections, which is a valuable point in terms of radioprotection and security of the injection device.

IV.2.1 Abstract

Glioblastoma is a type of very aggressive brain tumor and considered as the most common malignant primary tumor of central nervous system. About 15 percent of people with primary brain tumors have glioblastoma with incidence rate of 2-3 per 100,000. The current standard treatment of this neoplasm consists in the surgical resection and then undergoing radiotherapy and concomitant chemotherapy. In spite of this aggressive multimodality protocol of treatment, the prognosis of glioblastoma is poor. For this reason, new therapeutic approaches need to be developed to improve the life quality and overall survival of the glioblastoma patient.

In our study, the main objective was to perform a preclinical experiment to evaluate therapeutic efficacy of holmium-166 nanoparticles suspension with microbrachytherapy method in minipigs glioblastoma model. Twelve minipigs were divided in 3 groups. Minipigs were injected into the glioblastoma tumor with holmium-166 suspension (group 1; n = 6) or with holmium-165 suspension (group 2; n = 3). In control group 3 minipigs were kept without any injection after tumor implantation. As result, the median survival times after the treatment were 55, 8.66 and 7.33 days in groups 1, 2 and control, respectively. Statistically, the survival rate of group 1 was significantly different from the two other groups (p < 0.01) but no significant difference was observed between group 2 and control (p=0.09). From histological and immunohistochemical analyses, the efficacy was related to a severe holmium-166 induced necrosis, which caused a granulomatous reaction and a severe dendritic cell infiltration. As a conclusion, our trial on the therapeutic effect of the holmium-166 demonstrated an excellent efficiency in tumor control without observing any toxic effects. Also no reflux was observed during and after the injections which is a valuable point in terms of radioprotection and security of the injection device.

Keywords: Glioblastoma, U87, minipig, Holmium-166, microbrachytherapy, animal model

IV.2.2 Introduction

Glioblastoma (GB) is a type of brain cancer that forms from star-shaped cells called astrocytes. It is a primary neuroepithelial cancer categorized by a highly aggressive phenotype [1][2][3]. GB is considered as the most common malignant primary tumor and as one of the most resistant cancer of the central nervous system [4]. In most patients, GB occurs exclusively in the frontal lobe of the brain but it has been known to appear in the cerebellum, brain stem, and spinal cord [2,5,6]. GB, like many malignant cancers, is sporadic. In terms of etiology, many risk factors and genetics have been assessed but no definitive reason has been found [7]. It accounts for 15-16% of all primary intracranial tumors [2,5], 45% of malignant primary CNS tumors, and 54% of all gliomas [8]. The average incidence rate of GB is 3.2 per 100,000 [2,9,10] with an estimation of 12,000 new cases per year [6]. GB incidence has increased a little during the past 20 years, mainly due to the improvement of radiologic diagnosis, such as CT and MR imaging [2,11]. In many cases, GB is diagnosed after the appearance of clinical signs which represent the disease progression. Unfortunately, GB is associated with extremely poor prognosis, and long-time survivals after diagnosis are rare due to its highly invasive character [12][13][14]. Common therapeutic methods in the management of this disease include surgery, radiotherapy and chemotherapy [12,[15][16][17]. The gold-standard treatment protocol comprises a maximal surgical removal of the tumor followed by radiotherapy and both concurrent and adjuvant chemotherapy, such as Temozolomide (TMZ) [15]. This protocol is by far the most effective therapeutic regime, increasing the median overall survival to 14.6 months [3]. The 2-year survival rate is approximately 26.5% [18][19][20]. Generally, the treatment of GB remains palliative and patients often relapse after a few months [12]. New treatments have emerged, such as immunotherapy (vaccines prepared from autologic dendritic cells, monoclonal antibodies).

However, results for these new modalities are not yet conclusive [16,21].

GB has a high proliferative activity [16,22]. It is almost impossible to resect completely because of its infiltrative nature [23,24]. In chemotherapy, the most frequent agent is TMZ [16,25]. TMZ is an alkylating drug that breaks the DNA double-strand, resulting in tumor cells death [17]. The half-life of TMZ is short, so it should be administered at high doses, which in the case of prolonged systemic use consequently causes side effects [26]. Also, O-6-methylguanine-DNA methyltransferase (MGMT) is a gene that repairs and reverses the DNA damages induced by alkylating agents and alleviates the effects of alkylating drugs [15,[27][28][29]. Another constraint of GB treatment with chemotherapy agents is the protective blood-brain barrier (BBB) [30]. The BBB poses a major obstacle in treatment of brain tumors by preventing the delivery of adequate quantities of chemotherapeutics [12,31]. GB sometimes occurs near highly sensitive organs. In these cases, surgical resection is extremely difficult and adjuvant radiotherapy is very useful in destroying the remaining tumoral tissue [32,33]. In the last decade, radiotherapy has been considered the most effective concomitant (adjuvant) treatment to increase the survival rate of malignant glioma patients and decrease the neurologic symptoms [18,[34][35][36]. In the 1970s, the dose-effect relationship in GB radiotherapy was investigated [37,38]. A target absorbed dose of 60 Gy was associated with augmented survival period in comparison with other radiation doses.

This increased life expectancy was not associated with significantly increased toxicity [39][40][41]. In general, regarding different publications, dose escalation over 100 Gy resulted in increased toxicity without any survival benefit [42,43].

Radiotherapy of brain tumors consists primarily of two modalities: external beam radiotherapy (EBRT) and brachytherapy (BT). Unfortunately, in most radiotherapy modalities, side effects such as cerebral edema occur due to the irradiation of normal tissue around the tumor, resulting in tissue necrosis [44][45][46]. For example, in EBRT, radiation crosses the healthy tissue before arriving to the tumor. This results in the impossibility to sufficiently irradiate some tumors because delivering the required absorbed dose to the tumor would cause over-exposure of the surrounding organs at risk (OARs). In this regard, BT is increasingly used in the treatment of cerebral tumors. BT involves the use of a toxic dosage of ionizing radiation directly inside the tumoral area, therefore minimizing the irradiation of the surrounding normal tissue [47,48].

However, a complicated surgery is required to insert the radioactive element inside the tumor, potentially resulting in side effects and even worsening of neurological signs [49,50]. An ideal solution to overcome this issue would be the use of liquid radioactive sources with a novel method, known as microbrachytherapy. This method consists of injecting radioactive microspheres or nanoparticles suspended in liquid, instead of the radioactive grains typically used in BT. In this context, holmium-166 is an attractive radioelement because its short half-life of 26.83 hours means that it decays rapidly to stable products. Holmium-166 emits high-energy beta particles with E βmax of 1.766 MeV (48%) and 1.855 MeV (51%), and 6% gamma rays with 80.5 keV. The small proportion of gamma rays emitted by holmium-166, makes it suitable for capture a part of the stable atoms of holmium (holmium-165) were transformed into activated holmium (holmium-166). In nuclear physics, this neutron capture reaction is written as holmium-165 (n,γ) holmium-166 since when capturing an incident neutron, the nucleus also emits a gamma ray to compensate the excessive energy provided by the neutron, returning to his fundamental energy state. At the end of the production, the vials are unloaded from the irradiation bunker and the activity of each vial is measured with an activimeter (accuracy 5%).

The level of activation was crucial to allow the delivery of a suitable absorbed dose in the tumor target. For this purpose, the activation production was controlled by the irradiation time and the proton beam current intensity. In this study, the samples were activated with irradiation parameters allowing for suitable therapeutic absorbed dose as compared to the standard EBRT level (60Gy). Here, the samples were produced in order to obtain specific activities at the time of injection of 2 to 3 MBq/mg of nanoparticles. This level of specific activity was then used as an input parameter for the treatment planning process, which took the initial activity into account.

After activation, the vials were placed in a lead pot and sent to the preclinical center the day before treatment. On the day of treatment, each vial was mixed in a dedicated injector device, allowing safe operation for the users. Finally, the product was ready for intratumoral injection.

Stereotactic frame

As previously described a suitable large animal stereotactic instrument, obtained from RWD Life Science Inc. (Ref. 68901) was selected for the intracerebral implantation of the U87 cells and the intratumoral injections of radioactive holmium [14]. The frame can be used for neuroscience experiments on most large laboratory animals. The use of fixed-skull stereotactic head frames remains an integral part of neurosurgical practice. This system enables the neurosurgeon to perform more precise injections directly into the targeted area in the brain. Before any injections, the location of the tumor is obtained with a pre-operative CT-Scan.

Preclinical injection system:

The prototype injection system of holmium suspension (Fig. 1) was designed and developed by EVEON in Montbonnot-Saint-Martin, France. It has been designed to inject a precise volume of holmium suspension. Thanks to this preclinical injection system, the holmium suspension is supposed to cover the entire volume of the tumor in large animals. Tumor size should be between 1 and 3 cm in diameter. Larger brain tumors must be considered as several tumors of 1 to 3 cm. The main parts of this prototype injection system include: 1) Injector: reusable part 

Treatment planning

The first objective of the TP was to deliver at least 95% of the target absorbed dose, 100 Gy, to at least 95% of the gross tumor volume (GTV). Secondly, the treatment planner minimized the number of injections as much as possible, whilst respecting the first objective. The number of injections therefore depended on the shape and size of the tumors.

In all injected minipigs, the TP was performed based on the pre-operative CT-scan acquired as close to the treatment injections as possible at day 14 post-implantation (D14), 30 minutes before the injection of holmium suspension. Performing the CT-scan as late as possible meant that the planning was performed with the most up-to-date information regarding the tumor's size, shape and position.

For the CT-acquisition, product contrast was used so as to easily differentiate the tumor from healthy tissue. Tumor segmentation was then performed with the open-source software, 3D Slicer. Once segmentation had been completed, TP was performed with the optimization algorithm, the non-dominated sorting genetic algorithm II [61]. The volume of each injection's unit of treatment (UoT) varied between 5 and 8μl, depending on the tumor size, to decrease the number of injections and reduce the duration of surgery, consequently (Table 1).

Immunosuppressive therapy

Immunosuppression of the animals was used to prevent grafted cell rejection throughout the duration of experiment. Cyclosporine solution (Neoral ® 100 mg/ml) was administered orally, twice a day (25 mg/kg). The cyclosporine treatment continued each day until the last day of the experiment. Generally, the blood level of cyclosporine was maintained above 1000 ng/ml so as to increase the probability of tumor development. In this regard, blood sampling was performed at least once a week to monitor the cyclosporine serum concentration.

Tumor cell transplantation and intratumoral injection of holmium nanoparticles

12 Yucatan minipigs were anesthetized and the tumor cells were injected into the brain in the corpus striatum area in the right hemisphere at D0. The surgical procedure of U87 cell implantation was carried out as previously described [14]. One single tumor developed unilaterally in the right side. Fourteen days after tumor cell transplantation, the minipigs were divided into three groups: Group 1 (n=6) received injections of holmium-166 (radioactive), group 2 (n=3) received injections of holmium-165 (non-radioactive), group 3 ad the control group (n=3), didn't receive any injection.

A few minutes before starting the injections in groups 1 and 2, the holmium suspension in the special capsules was homogenized by vortexing (1 minute) in an isolated room. Then, the capsule was placed in a dedicated lead pot and transferred to the operation room for mounting into the injection system. After anesthesia, pigs were put on a tray which was placed on the surgical table to catch of any possible radioactive leaks during the intervention. The pigs' heads were fixed in the stereotactic system and then the injection needle was installed in the stereotactic frame before penetrating the brain and accessing the tumor. To access the holes that had been drilled at D0 for cell implantation, an incision was done exactly along the sutured line. The fatty tissue, which was placed in the holes to prevent the formation of scar tissue, was removed. According to the tumor position, determined by the pre-operative CT images acquired just before the holmium injection, the needle was inserted into the brain. Several UoTs were injected inside the tumor in different sites using the coordinates given by the TP. The number of injections varied between the tumors. For all minipigs, the injection rate was set at 50μl/min.

Although all necessary precautions were taken so as to avoid any risk of radioactive contamination, the needle was inevitably contaminated when coming out of the tumor. In this regard, the needle housing was positioned on the tray beside the animal to put the injection needle inside it immediately after withdrawing from the brain. This meant that any activated suspension that was dropped was confined and easily cleanable.

After treatment of each animal, all the equipment, surgeons and the operation room were checked by an advanced radiation detector to identify any potential radioactive contamination.

CT-scan imaging

To study the distribution of holmium inside the tumor and evaluate the development of tumor size over time, all minipigs were periodically scanned via CT-Scan. A CT-Scanner (GE BrightSpeed 16) was utilized at Voxcan (Marcy l'Etoile, France) to perform all CT acquisitions. Images were acquired under a standard protocol with a tube voltage of 140 kV and a tube current of 150 mA.

Voxel sizes for imaging were 0.391 mm, with slice thickness of 0.625 mm. A field of view of 25 cm diameter was created, centered on the pig's head. During all CT-Scans, the minipigs were under general anesthesia and positioned at ventral decubitus. In order to evaluate the skull thickness and to assess the presence of any congenital problems in the brain structure, a preoperative CT acquisition was performed just before implanting the U87 cells at D0. After cell implantation, tumor growth was assessed in all minipigs with imaging on days 7, 10 and 14.

Pre-and post-operative CT imagings were performed on the day of holmium suspension injection (D14) to assess tumor positioning and to verify the distribution and location of injected holmium, respectively. After the treatment, the evolution of injected holmium suspension and the therapeutic effect of this radiation therapy were studied by performing the first postinjection CT-Scan, 5 days after the intervention and then every ten days. For all minipigs, a manual segmentation of the tumor was performed after each post-operative CT-acquisition. In this fashion, the changes of tumor size could be studied over time.

Follow-up

A standardized follow-up period was used for the 2 months after treatment. In this period, all the animals were monitored for clinical side effects on a daily basis. Clinical parameters observed consisted of food intake, body temperature, weight, alertness, consciousness levels, posture and gait.

In all animals, blood samples were taken at least once a week during this observation period, to check renal and hepatic parameters and to evaluate the presence of any infection or inflammatory process. In this period, reasons for sacrificing the minipigs were: severe ataxia, lateral recumbency, anorexia, head tilt and complete apathy. When some of these neurological study period. From D0 to D14, no infections or neurologic symptoms were observed. The tumor diameter at the day of holmium injection (D14) varied between 1 and 2 cm. 

Intratumoral injection of Holmium

The number of injections per tumor depended on the tumor size and shape (Table 1). In this study, the time needed for the execution of a treatment (both holmium-166 and holmium-165) for each pig was about 2h, including the pre-operative CT-Scan, injector preparation, installation of minipig in the stereotactic frame, attaching the injection needle to the stereotactic system at the appropriate angle, opening of the skull holes, injection of several UoTs, withdrawal of the needle, suture of the incision line and animal transfer to a recovering room. Also, the average time for injecting each UoT was 1 minute. After intratumoral injection of the holmium suspension in groups 1 and 2, no backflow was observed in the holes in spite of the different volumes that were intratumorally injected (Table 1). After removing the tumor-bearing brain, the injected holmium was observed inside all tumors, except in one tumor in which the injected liquid was found in the lateral part of the tumor. In this case, a large mass as GB tumor was observed. Furthermore, the healthy tissue beside the injected area presented a modified macroscopic aspect like brain softening with attenuation of gyri and sulci (Fig. 3A). Visually, there was no evidence of hemorrhage due to needle penetration (Fig. 3B). 

Survival time

In order to calculate the survival time of the animals in each group, the experimental minipigs were kept alive for 2 months after the treatment date. The Kaplan-Meier survival curve (Fig. 4) was the longest in group 1. For group 2 and the control group, the survival curves were almost the same.

Fig. 4: Kaplan-Meier survival curves of group 1 (holmium-166), group 2 (holmium-165) and the control group (no treatment). This graph demonstrates that the survival time for group 1 was significantly longer than the two other groups.

The survival period for all animals was calculated from the date of holmium injection at day 14 post-implantation (D14). In group 2 and the control group, all minipigs demonstrated severe neurologic signs between 6 and 9 days after D14 and consequently they were euthanized. In 

CT Imaging:

During the tumor growth period, several CT-acquisitions were performed, as well as before and after injections of the holmium suspension in groups 1 and 2. At D14, all the implanted tumors demonstrated an increased density in comparison with the surrounding cerebral paranchyma, with clear boundaries and a plurilobed form. There was no hemorrhaging after cell implantation and there was homogenous marking of the tumor. According to the post-operative CT-scans in groups 1 and 2, substantial accumulation of nanoparticles was seen at the injection sites. This indicated that the holmium suspension had been successfully injected intratumorally in all but one minipig in group 1. In this animal, a considerable quantity of holmium-166 was injected outside the lateral part of the tumor (Fig. 5G). CT imaging showed that the holmium suspension was localized and remained at the injection sites over 2 months post-injection. According to CT images acquired after D14, tumors regressed significantly in group 1, and were not observable in CT-imaging of 3 minipigs, 45 days after injections of holmium (table 3, Fig. 5F). But in groups 2 and the control group, tumor growth continued, leading to animal sacrifice (Fig 5H ,I). 

Histology

In all the examined samples, the tumor, when visible, was well delimited, not encapsulated and highly cellular (Fig. 6A). It was composed of bundles of polygonal to spindle shaped cells in a scant fibrovascular stroma. Cells were moderate to large in size, with no evident cell borders.

Nucleo-cytoplasmic ratio was moderate; the cytoplasm was eosinophilic and the nucleus was round to irregular, centrally located, with motted chromatin and 1 to 2 nucleoli. Anisocytosis and anisokaryosis were moderate to severe; some multinucleated cells and megalocytes were visible. Mitoses were up to 10 per high power field (400X). The morphology of the tumor was consistent with an anaplastic glioblastoma. Tumor was detected in all the animals of group 2 and control group. In group 1, the tumor was clearly observed in 1 animal, while in the other 5 a proper tumor was not identified: necrosis and inflammation were so severe that residual tumoral cells were probably dispersed among them and they were not easily recognizable.

Holmium crystals were observed in almost all the animals of groups 1 and 2 (5/6 group 1, 3/3 group 2), but not in animals of control group. Holmium was visible as yellow-brown crystals, 30μm in size with an irregular, angular shape (Fig. 6B). Crystals were mainly located free in necrotic areas within the tumor. Granulomatous inflammation was evaluated on HE slides as the presence of recognizable macrophages, epithelioid cells and multinucleated giant cells (Fig. 6D). The inflammatory infiltrate was absent in animals of the control group (0/3 animals); it was mild in animals of the group 2 (3/3 animals), composed of scant macrophages, epithelioid cells and multinucleated giant cells which were located mainly around holmium-165 crystals and necrosis. In animals of group 1 granulomatous inflammation was moderate to severe (5/6 animals); it was characterized by the presence of a moderate amount of multinucleated giant cells, Langhans and foreign body types, arranged in palisade around necrotic foci. In conclusion, holmium-166 was associated to a moderate to severe granulomatous reaction (table 4). The histological analysis of the other organs of all the animals revealed the presence of a slight to moderate lymphocytic and plasmacytic inflammation in the kidney and in the lungs of 5/6 animals of group 1, 3/3 animals of group 2 and 1/3 animals of control group. 

Immunohistchemistry

Immunohistochemical negative controls were characterized by the absence of positive labeling.

For lymphocytes characterization, two antibodies have been applied: anti-CD3 epsilon, which labels T lymphocytes, and anti-Pax-5, which detects B lymphocytes. In the positive control spleen, anti-CD3 epsilon antibody labelled round cells, with a high nucleo-cytoplasmic ratio, in T areas, consistent with T lymphocytes, while anti-Pax-5 labelled cells with the same morphology but forming follicles, consistent with B lymphocytes. These results confirmed that the applied antibodies were specific for swine lymphocytes.

In brain samples, in all the animals of all the groups, most of the tumor-associated lymphocytes were CD3 + , consistent with a T cell infiltrate. They were observed in a high number around the tumor, in less number dispersed within the lesion, and in a moderate amount located around blood vessels and necrosis. Some B lymphocytes were also present, as demonstrated by Pax-5 antibody. They were few, dispersed within the tumor in all the animals and forming small follicles respectively in 1 animal of group 2 and control group and in 4/6 animals of group 1. In conclusion, in all the animals, tumor associated lymphocytes were present and composed mainly of T lymphocytes; in holmium-166 treated animals a mild B lymphocyte reaction was also observed.

CD303 is a specific marker of plasmacytoid DCs [62]. No positive cells were found in the normal spleen, as described also in humans [63,64]. In the brain, CD303 + plasmacytoid DCs were detected in almost all the animals (4/6 group 1, 3/3 group 2, 4/4 control group). They were few, dispersed within the lesion, presented plasma cell morphology and their number was constant among animals and groups. Their little number and the lack of difference among groups are suggestive that holmium-166 effects are not dependent on plasmacytoid DCs activity.

For macrophages and DCs identification, anti-Iba-1 was used as a panmarker recognizing both of the cell types, while anti-CD204 and anti-DC-Lamp were used to identify respectively macrophages and conventional DCs. In humans, anti-Iba-1 is a marker for microglial cells; in veterinary medicine it has a more widespread use, since it recognizes also DCs and macrophages in other body locations [65,66]. In the positive control spleen, anti-Iba-1 antibody labelled splenic peri-arteriolar macrophages, reticular cells and T and B antigen presenting DCs, demonstrating its large spectrum in identifying macrophages/DCs in pigs. In brain samples, Iba-1 + cell infiltrate in peritumoral location was moderate to severe in groups 1 and 2 while it was mild to absent in control group. Within the tumor, a moderate to severe amount of Iba-1 + cells were present in all the animals, without any difference among groups (Fig. 7A,7B). Around holmium associated necrosis, a moderate to severe infiltrate was also observed in groups 1 and 2 (Fig. 7C,7D) and around coagulative necrosis in group 2, while it was slight in control group.

Iba-1 + cell infiltrate among lymphocytes was mild to moderate in almost all the groups, without any remarkable difference (table 5). Thus, in peritumoral location and around necrosis Iba-1 + macrophages/DCs were more abundant in groups 1 and 2 then in control group, indicating a holmium effect. Within the tumor, a large amount of Iba-1 + macrophages/DC were detected in all the animals of all the groups, indicating that the immune infiltrate is related to the presence of the tumor and not to a holmium effect. Within lymphocytic aggregates, no differences in the amount of Iba-1 + cells were observed among groups.

To detect macrophages, anti-CD204 antibody was used, since it is specific for this type of cells and it does not label DCs [67]. In the positive control spleen, the used antibody labelled reticular cells in the splenic red pulp, as anti-Iba-1, but neither peri-arteriolar macrophages nor T and B antigen presenting DCs. Thus the applied anti-CD204 antibody revealed to be specific for pig macrophages. In brain samples, CD204 + macrophages were present in a moderate amount around the tumor of animals of groups 1 and 2, while they were almost absent in control animals. Within the tumor, and around necrosis, coagulative or holmium associated, a moderate amount of CD204 + macrophages were observed in all the animals, without any relevant difference among the three groups (Fig. 8). Within lymphocyte aggregates, few CD204 + macrophages were detected in all the animals of all the groups (table 5). Thus, CD204 + macrophages were more abundant in peritumoral location in groups 1 and 2 than in control group, indicating that their presence is associated to holmium treatment. Within the tumor and around necrosis, their presence was comparable in all the groups, indicating that CD204 + macrophages infiltrate in these locations is related to the presence of the tumor and not to a holmium effect. For conventional DCs, anti-DC-lamp antibody was chosen, since it is a marker for T-cell antigen presenting DCs [68]. In positive control spleen, it labelled conventional DCs located in T areas, while no labeling was observed within the lymphoid follicles. In the red pulp, few positive cells were observed. Periarteriolar macrophages presented a fine granular cytoplasmic positivity.

Thus, the used anti-DC-lamp was specific for swine DCs but not macrophages.

In brain samples, in almost all the animals of group 1, in peritumoral and intratumoral locations and around coagulative and holmium associated necrosis, DC-lamp + DCs were detected in a moderate to severe amount (Fig. 9). In group 2, DC-lamp + DCs were slightly to moderately present in peritumoral location and within lymphocytic infiltrate, while they were absent within the tumor, around coagulative necrosis, and, except for 1 animal, also around holmium associated necrosis. In control group DC-lamp + DCs were absent to slightly present in peritumoral and intra-tumoral locations and around coagulative necrosis. Within lympohcytic aggregates DC-lamp + DCs was slightly more abundant in group 1 than in 2 and control groups.

Thus, DC-lamp + DCs were little in control group, slightly present in group 2 and abundant in group 1, indicating that holmium-166 is associated to a severe DC-lamp + DC infiltration (table 5). In conclusion, from immunohistochemical analysis, in peritumoral location, a moderate to severe macrophage/DC infiltration was observed in groups 1 and 2, while it was slight in control group. This infiltrate was composed of macrophages and DCs, which were more abundant in group 1 than in group 2. The intra-tumoral infiltrate was severe in all the groups; it was composed of macrophages but also DCs, especially in group 1. Necrosis was also associated to a moderate to severe macrophage/DC infiltrate, composed of macrophages in all the groups and also DCs in group 1. In all the groups, within lymphocytic aggregates, a moderate amount of macrophages/DCs were detected; they were composed mainly by DCs, though macrophages were also present. Thus, holmium-166 was associated to a high infiltrate of conventional DCs around and inside the tumor; as well as around the necrosis and within the lymphocytic infiltrate. 

IV.2.5 Discussion

The GB infiltration is a great problem [69] that makes the complete treatment of this tumor impossible with current therapeutic methods [70]. In this study, the therapeutic efficacy of holmium-166 suspension was evaluated after its intratumoral injection in a GB minipig model.

This radioactive source was selected due to its reasonable half-life (26.7 h), and its ability to emit both low-energy gamma rays (used for imaging) and high-energy beta particles (suitable for tumor treatment). Beta particles have a restricted infiltration in tissue resulting in a minimal irradiation of the healthy tissue [71]. One of the most important points in microbrachytherapy is the retention of the injected suspension in the injection area over time to avoid its leakage outside the tumor. As can be seen in To our knowledge, this is the first study of intratumoral treatment with radioactive holmium nanoparticles in porcine model with GB. This trial showed that the Yucatan GB model can be curatively treated with holmium-166 microbrachytherapy. A positive response to treatment was obtained in 5 out of 6 animals of group 1 (83%) (Table 3). This means that the activated holmium nanoparticles provided good tumor control with no remaining evidence of tumor in the CT acquisitions of three of the animals from 45 days post-injection. Two animals in group 1

showed a significant reduction of tumor size at the end of the 2 months post-treatment observation period. It is important to mention that all the 5 minipigs (group 1) were in good general condition and nutrition state until euthanasia. This confirms the absence of local and systemic side effects following an intratumoral administration of holmium-166 suspension. In group 1, one minipig was euthanized 15 days after holmium-166 microbrachytherapy because of severe neurological symptoms. This was due to the injection of holmium-166 suspension, which was injected in an area far from the desired location in the lateral part of the tumor (Fig. 3, Fig. 5). In this case, the injected holmium-166 did not control or prevent the tumor growth:

202 Tumor volume at the day of euthanasia was approximately 12 times greater than the D14. Also, the structure of healthy tissue next to the injection location showed a lesion like brain softening (probably encephalomalacia), maybe because the healthy tissue was irradiated by the poorly placed injections of radioactive nanoparticles. These conditions resulted in the occurrence of neurologic signs, which led to euthanize this animal. The results of this minipig could almost be considered as a positive point meaning that the tumor continues to grow if it is not targeted properly. Holmium-166 has been explored in several studies. [46].

On our histological study, the tumor was detected in all the animals of the group 2 and of the control group, with the same morphologic features as described previously [14]. In group 1, tumoral cells were not clearly identifiable due to necrosis and inflammation. Holmium crystals were detected in almost all the treated animals in the groups 1 and 2 except in one minipig in group 1 because the holmium-166 was injected far from the central part of the tumor. In animals of the control group and the group 2, a coagulative necrosis was observed. It was located around blood vessels, many of them presenting intra-vascular thrombosis. So it was interpreted as an ischemic necrosis caused by obliterated and probably defective tumoral vessels. In group 2 animals, a mild liquefactive necrosis was also observed. This was associated to holmium crystals and often it extended to the surface of the brain, indicating an associated traumatic injury due to the holmium injection. An interesting point was that, in the group 1, necrosis was very widespread within tumoral lesion, almost avoiding the detection of tumoral cells. It was a liquefactive necrosis, indicating a not-controlled massive cell death, as the one caused by radical oxygen species produced by ionization therapy [75,76]. These results confirm the efficacy of holmium-166 microbrachytherapy in tumor cell destruction.

In group 1, a moderate to severe granulomatous inflammation was observed. It was located around necrotic areas, suggesting that it was an immune response to antigens liberated by holmium-induced necrosis. Holmium crystals themselves, independently from the radioactivity, probably participated in inducing this kind of inflammation, as a foreign body reaction, since a mild granulomatous reaction was also observed in group 2.

For immune surveillance, the key cells are natural killer and cytotoxic T lymphocytes (CTLs), both of them responsible of cancer cell death by cytotoxicity. Both of them are boosted by Interferon I, which is mainly secreted by plasmacytoid DCs. Conventional DCs, presenting the antigen by major histocomptability (MHC) class II induce an adaptive response stimulating CD4T lymphocytes, and presenting the antigen by MHCI, stimulate CTLs [76]. In our study we evaluated lymphocytic, macrophages and DCs infiltration to characterize the immune microenvironment and try to better understand Holmium-166 mechanism of action.

Lymphocytic infiltration was present in all the animals, without any remarkable difference among groups. The lymphocytic infiltrate was composed by T lymphocytes, with few B lymphocytes. We could identify specifically neither CTLs nor natural killers, since no available antibodies work on paraffin embedded pig tissues. Nevertheless, the constant presence of lymphocytes among groups, independently from the holmium treatment, is indicative that they are not Holmium-166 treatment related. Renal and lung lymphocytic infiltration were observed in all animals, regardless of the group. The fact that the same lesions were noted in the control group suggests that they were not due to the injected holmium but probably they were preexistent in the animals as background lesions.

Plasmacytoid DCs were present within all the brain lesions. Plasmacytoid DCs are the main source of interferon I types, stimulating the cytotoxic activity of the innate immune system.

Their presence in tumors is controversial, since they have been associated to an anti-tumoral and a pro-tumoral effect [77]. In our study we found few plasmacytoid DCs in all the brain lesions, without any difference among groups. Thus, their presence is related to the tumor, and not to a holmium effect, and their scant number indicates probably a not very prominent role in immune system tumoral microenvironment.

In conclusion, on the basis of the lack of differences among groups about lymphocytic infiltration and plasmacytoid DC presence, we can speculate that the observed necrosis in holmium-166 treated animals was not dependent on a cytotoxic lymphocytic activity, despite their presence.

DCs were almost absent in animals of group 2 and control group, while they were abundant around and inside the tumor and around the holmium associated necrosis. These cells are necessary for developing an acquired specific immune response, which is particularly interesting when directed against tumoral cells. As previously discussed, holmium-166 caused a massive tumor necrosis, liberating a large amount of antigens and cytokines, responsible of DCs recruitment, as already described in literature [63,64,78,79]. It would be interesting to explore the efficacy of this stimulation on lymphocytes, and their ability to destroy the tumor as an added mechanism to direct Holmium-166 effect. In addition to DCs, an increased number of macrophages were found in peritumoral location of holmium treated animals. Since it was observed in holmium-166 and holmium-165 treated animals, it was interpreted as a reaction to holmium particles or injections than to radioactivity. Not surprising, within the tumor of all the animals, a large amount of tumor-associated macrophages was observed, without any differences among groups. Unfortunately, we could not explore if they were M1 or M2 macrophages, since the positivity for our anti-M2 antibody overlapped the anti-CD 204 labeling.

Thus, though Holmium-166 does not affect the number of tumor associated macrophages, we cannot conclude about a possible effect on macrophage types and roles.

IV.2.6 Conclusion

Through this study on the therapeutic effects of injecting suspensions of holmium-166 nanoparticles in a GB tumor model in minipigs, the excellent efficiency on tumor control and the absence of toxic effects have been demonstrated. Holmium-166 can be used to treat GB induced by implantation of U87 cells line which is considered as one of the most radioresistant cell lines. Regarding these encouraging results, it can be considered that intratumoral treatment with holmium-166 nanoparticles could be a good option for the treatment of GB as well as of other solid tumors. The benefits of this method are largely due to the intensive irradiation of the tumor with the high-energy beta particles, thereby inducing severe central necrosis of the malignant tumor without direct impairment or side effects through distribution to other organs.

Another advantage of this novel holmium-166 microbrachytherapy in comparison with other 205 treatment modalities is the single session approach and its minimally invasive nature, without the severe secondary effects that are often encountered with chemotherapy and other radiotherapy methods. Overall, further studies on the long-term efficacy and toxicity of these holmium-166 nanoparticles are needed. Furthermore, association with a systemic administration of TMZ could be investigated to improve therapeutic efficacy.
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PART 4: Conclusion and Perspective

Today, several treatment methods are performed to control the GB tumor and improve progression-free and overall survival. However, in spite of all these efforts, the current therapeutic regimens achieve only modest improvement in overall survival and the prognosis of adult patients with GB remains poor. Unfortunately, in most of the cases, tumor usually recurs after standard multimodal treatments. In these patients, treatment decisions are very complicated because multiple cycles of radiation therapy may increase the risk of radioactive toxicity, and options for chemotherapy may be restricted by the development of resistance to chemotherapeutic agents. It is obvious that the current treatment modalities are not enough curative for this fatal disease. To improve clinical outcomes and quality of life in patients with GB, novel agents and new therapeutic approaches are required. In recent years, radiotherapy has been considered the most effective concomitant treatment that is capable of significantly increasing the survival rate of GB patients but in most modalities, some side effects like cerebral edema worsen the general condition of the patient.

In this regard, during this project (Theraneam), we tried to test the therapeutic effect of microbrachytherapy in GB with injection of Holmium-166 radioactive source, suspended in liquid, directly into the tumor. To perform this project, we found that there is often an inadequacy of appropriate animal models for cerebral tumor preclinical studies. Today murine animal models, both xenograft and genetically engineered, are most commonly used for cancer research but their brain lacks development of the cortex in comparison to humans. The complexity of human tumor environment and the difference between the brain anatomy of human and rodents could explain why the majority of successful cancer therapies administered in rodent model cannot be reproduced in human. This results in a failure in phase 2 and 3 of clinical studies.

At the first part of the study, we tried to develop a novel GB model in Yucatan minipig as a large animal model. The gyrencephalic structure of pig brain is more similar to human in terms of anatomy in comparison with lissencephalic brain of common small laboratory animals. The major benefit of our minipig model for neuroscience research is its brain size. These advantages make this model to be obviously superior to rodent model for clinical test. Furthermore, the appropriate devices as novel therapeutic method could be designed in a human scale from the beginning of the trials, regarding the brain size. This procedure can ease the development of novel treatment modalities for the GB incurable disease.

1)

In our Yucatan minipig GB model, we demonstrated that:

-The tumor was developed in 100% of the implanted animal (9/9) with U87 human GB cell line. In one minipig, tumors have developed in the first 14 days post-implantation but the regression was observed in CT acquisitions after this time. The rejection occurred once the whole-blood concentration of cyclosporine (immunosuppressive agent) was lower than 1000μg/L. This confirmed the important role of an appropriate blood concentration of cyclosporine (≥1000μg/L) for the development and maintenance of induced tumors with human xenograft in Yucatan minipig.

-The follow-up period for our minipig GB model was about 28 days. This short time of development is important to reduce the infectious risks due to the immunosuppression induced by cyclosporine administration.

Today, another GB porcine model (large Land-race) exists. But regarding the lower weight and growth rate of Yucatan minipig compared to large breed pigs, our model is very reasonably priced in terms of treatment and care cost and required housing space. Cyclosporine cost is considerably lower than large breed pigs due to the dose calculation based on the body weight (mg/kg/day). In general, this model appears relevant for preclinical studies in cerebral tumors as the radiological and histological data are almost similar to those for human GB. Another important advantage of our model was that U87 human cell line was selected to induce the GB tumor. This provides a good model on which to evaluate tumor sensitivity to different treatment modalities. Moreover, U87 cells line is considered as one of the most radioresistant cell lines, so the positive response following the treatment phase (radiotherapy with holmium-166) can confirm that our therapeutic method is a valid approach for the treatment of GB as well as of other solid tumors.

2)

In parallel with the development of minipig GB model, we tried to test the intracerebral injectability of holmium-165 (non-radioactive) nanoparticles suspension in healthy Yucatan. It means the performance of the formulation during injection was assessed in preclinical settings.

In this step we showed that:

-The Holmium-165 was injected and delivered (3, 5 and 10 μl) successfully in the brain without any needle obstruction. However, a small volume of the suspension refluxed after the injection of 5 and 10 μl but no reflux was seen following injection of 3 μL, meaning that a lower injection volume can reduce the occurrence of suspension backflow after withdrawing the needle.

-CT imaging following the injections represented that the holmium-165 suspension was retained at the site of injection which is a very important point in brachytherapy with liquid sources.

-The distributed volume after the injection of 10 μL suspension was smaller than in the case of the injection of 5 μL due to the additional idle time during the injection of 10 μL suspension (2 × 5 μL with 2 minutes idle time in between). This could confirm that a longer post-injection waiting time would result in a better localization of the injected suspension and would decrease the risk of backflow.

At the end of this step, it was concluded that our suspension can potentially enable the delivery of high holmium concentration to the desired area via stereotactic injection. CT-Scan images following intracerebral injection of the suspension in a healthy minipig showed that reflux is an important issue after the injection. However, this problem can be solved with optimizing some injection parameters such as injection rate and injection volume. These parameters needed to be optimized in next task in evaluation of the feasibility of intratumoral injection of holmium-165 suspension.

3) After the first two steps, we tested the feasibility of intratumoral injection of non-radioactive holmium suspension in GB minipig model using our special preclinical injection system (EVEON).

In fact, the permeability and elasticity of healthy brain tissue are different from those of tumoral tissue. It means higher density of tumoral tissue compared to healthy tissue can potentially increase the risk of suspension backflow after intratumoral injections. So, supplementary tests using the GB minipig model and special injector were necessary to observe the amount of holmium suspension reflux after intratumoral injection. It was important to find out a solution for circumventing the injected suspension inside the tumor by adjusting injection parameters.

This part of study demonstrated that:

-Technically, we succeeded in injecting the holmium suspension inside the tumor in all 5

minipigs. The post-operative CT-scans confirmed it, especially in the last minipig which a real-time treatment planning was applied. It means treatment plans, that were prepared using CT images acquired as late as possible, can result in the most successful positioning and distribution of holmium inside the tumor. In this condition we can increase the accuracy of injection and consequently decrease the risk of damages to surrounding healthy tissue. Also, histological analysis of the tumor samples after sacrificing the minipigs confirmed the presence of holmium inside the tumor of all animals.

-CT imaging demonstrated that holmium-165 suspension was circumvented and retained at the site of injection. This point is an ideal condition in brachytherapy using radioactive suspension to overcome the damage to OAR following brachytherapy of the tumors.

-During the tests, the main issue occurred was the presence of holmium backflow after withdrawing the needle. In the last minipig, we eliminated the occurrence of suspension reflux by adding the idle time, needed for preclinical injection system (EVEON) before each injection. This idle time was the delay which was required for the injector system between the execution of injection command in the software and the moment of holmium injection. With eliminating the reflux of holmium, we could minimize the risk of radioactive contamination during treatment phase using radioactive holmium.

Through this study we found that our holmium suspension could be controlled and injected successfully inside the tumor using special EVEON's injector system coupled with stereotactic instrument. The performance and good behavior of the suspension formulation inside the tumor was attended for the treatment phase using holmium-166 suspension. However, this technique of injection was needed to be evaluated with radioactive holmium-166 suspension.

4)

We started to perform the final task about the evaluation of treatment efficacy using radioactive holmium-166, as microbrachytherapy, in Yucatan GB model. To overcome the issues of other radiotherapy methods such as EBRT and BT, microbrachytherapy method was chosen and involved injecting the microscopic radioactive source, suspended in liquid, directly into the tumor.

This part of the project showed that:

-Among 12 minipigs divided in 3 groups, the median survival time was 55 days in group 1 (n=6, Holmium-166), 8.66 in group 2 (n=3, Holmium-165) and 7.33 in the control group (n=3). The survival period for all animals was calculated from the date of holmium injection at day 14 post-implantation (D14). The observation period was planned maximum 2 months after the treatment.

-Statistically, the survival time of group 1 was significantly different from group 2 and control group (p < 0.01). A comparison between group 2 and the control group showed that the survival rate of these 2 groups was not statistically significant (p=0.09).

-In 5 out of 6 minipigs of group 1, no side effect was observed during the post-injection period. In one minipig in which we had neurological signs, the holmium was injected outside of the tumor which resulted in healthy tissue damage. This can confirm that in 5 minipigs, the radioactive suspension was injected properly in the targeted area inside the tumor without leakage to surrounded healthy tissues.

-In CT imaging, tumor was not observable in 3 minipigs of group 1, from 45 days postinjections.

-Histologically, tumor was not observable in 4 out of 6 minipigs of group 1. The mechanism of action for destroying the GB tumor was liquefactive necrosis. It indicates a not-controlled massive cell death, as the one caused by radical oxygen species produced by ionization therapy.

Regarding these results, an excellent efficiency in tumor control and regression was observed following the microbrachytherapy with holmium-166 nanoparticles suspension in our minipig GB model. Tumor volume was a significant predictor of response in our study. Regarding the absence of toxic effects during the observation period, we found that this method could be utilized for treating induced GB tumor with delivering a high dosage of ionizing radiation directly inside the tumor, therefore minimizing the irradiation of the surrounding normal tissue.

Furthermore, as described, our GB model was developed by implantation of U87 cells line which is one of the most radioresistant cell lines. Consequently, regarding our interesting results, it can be considered that microbrachytherapy with our holmium-166 formulation using special preclinical injection system could be a valid approach for the treatment in almost all cases of cerebral tumors. Another interesting point of this therapeutic method is the single time administration which can significantly limit the invasive nature of intervention and consequently the side effects and morbidity.

In the future, with optimization of preclinical injection system and injection procedure, we might improve further spatial distribution of holmium-166 nanoparticles suspension inside the In addition, further trial according to Good Laboratory Practice (GLP study) aiming to evaluate the medium-and long-term toxicity of the holmium-166 nanoparticles administered inside the brain are needed. Determination of the toxicity profile of the holmium-166 suspension is essential before planning for clinical trials (phase 1) in humans.
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 4 L'étape finale a donc été d'évaluer l'efficacité du traitement à base de nanoparticules d'holmium-166 (radioactif) en microcuriethérapie sur le modèle de glioblastome du miniporc Yucatan. La procédure d'injection était exactement similaire à ce qui a été décrit précédemment. Douze miniporcs divisés en 3 groupes ont été utilisés pour cette phase de traitement. Groupe 1 (n=6) : injection d'holmium-166, groupe 2 (n=3) : injection d'holmium-165, groupe 3 (n=3) : aucune injection après implantation des cellules tumorales.
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Fig. 1 :

 1 Fig.1: Brain tumors incidence rate. Distribution of Primary Brain tumors and CNS Gliomas by histology. Obtained from[20] 

Fig. 3 : 4 :

 34 Fig.3: 2016 WHO classification of astrocytic and oligodendroglial tumors. Obtained from[42] 

Fig. 5 :

 5 Fig.5: Relation of glioblastoma incidence rate with age and gender. Obtained from[8] 

Fig. 6 :

 6 Fig. 6: Representative of glioblastoma tumor. (A) Glioblastoma tumor beside the adjacent parenchyma which is hypercellular, (B) tumoral cells (*) are disposed in a palisaded arrangement around the necrosis part.

-

  vascularized organ develop rapidly by becoming richly vascularized. The concept of the angiogenic dependence of solid tumors has led to the development of numerous antiangiogenic treatments against cancer. But the mechanisms of adaptation and recurrence established by the tumor, in particular the GB, have highlighted and demonstrated other mechanisms of vascularization involved in tumor development. Several mechanisms are implicated in occurrence of GB vascularization: Vessel co-option: (Adoption of pre-existing vessels by migration of tumor cells) [112,113] vascular co-option is the first mechanism by which gliomas achieve their vasculature. In this mechanism, tumors obtain a blood supply, without recourse to angiogenesis, by hijacking the existing vasculature and tumor cells migration along the vessels of the host organ [114]. This process involves organization of tumor cells into cuffs around normal microvessels (Figure 7) [115].

Fig. 7 :

 7 Fig. 7: Vascular co-option. A: Vascular co-option as a first process that GB achieves a vascular supply. The process involves organization of tumor cells into cuffs around normal microvessels. B: Microscopic view of tumor cells in a sectioned human GB stained with H&E show vascular co-option as classic perivascular cuffs. Obtained from [115]

Fig. 8 :

 8 Fig. 8: Angiogenesis. A: Angiogenesis follows vascular co-option at the period of tumor development and is defined as the construction of new vessels from pre-existing ones. Hypoxic pseudo palisading tumor cells around nectrotic areas release proangiogenic factors. This results in the shift of the angiogenic balance toward a proangiogenic phenotype, inducing sprouting from pre-existing vessels. B: Microscopic view of a sectioned human GB shows sprouting angiogenesis. Obtained from [115]

Fig. 9 :

 9 Fig. 9: Vasculogenesis. It involves the mobilization, differentiation, and recruitment of BMDCs (blue). Similar to the angiogenic switch, vasculogenesis is induced largely by hypoxia-mediated release of various factors. Obtained from [115]

Fig. 10 :

 10 Fig. 10: Representation of the most frequent molecular changes in primary GB vs secondary GB. Chr (chromosome); EGF (epidermal growth factor); EGFR (EGF receptor); ERK (extracellular signale regulated kinase); HGF (hepatocyte growth factor); LOH (loss of heterozygosity); NF1 (neuroFibromatosis typeI); PDGF (platelet-derived growth factor); PDGFR (PDGF receptor); TGF (transforming growth factor); VEGF (vascular endothelial growth factor). Obtained from [137] I.4.3 Clinical Characterization

Fig. 11 :I. 4 . 3 . 3

 11433 Fig. 11: Structure of the human brain: A) representation of brain lobes. GB can develop in one of the four lobes of the brain and rarely in the cerebellum. The black line (in A) represents the sagittal section allowing to obtain the representation of the internal structure of the brain in B) The white matter is the main location of development of the GB. The tumor can invade the contralateral hemisphere through corpus callosum. (Produced by Chantal PROULX)

Fig. 12 :

 12 Fig. 12: Radiographic features of GB on MRI. 1) Hypointense center of necrosis, 2) dense ring of enhancement, 3) perilesional oedema.

Fig. 13 :

 13 Fig. 13: Radiographic features of GB on CT-Scan. 1) hypointense center of necrosis 2) dense ring of enhancement.

  performed[158]. However, cell heterogeneity of GB makes the histopathological diagnosis of the specimens taken by stereotactic biopsy difficult due to their small size. Staging of the brain tumors includes evaluation of their morphology, malignancy grade, index of proliferation and reaction to treatment[159]. The procedure for tumor tissue conservation is standardized. The tissue should be fixed in 10% buffered formalin at least during one to two hours and ideally less than 24 h before embedding paraffin to preserve pathological features of the tumor[149].

  The IDH-mutant glioblastoma has the necrotic and ischemic area 2 times less than the IDH-wildtype -The IDH-mutant glioblastoma have a higher percentage of cells with oligodendroglial morphology than the IDH-wildtype glioblastoma [165].

Fig. 14 :

 14 Fig. 14: GB histology. (A) GB poorly differentiated cells with pseudo palisading necrosis (H&E stain), (B) microvascular proliferation and glomeruloide pattern (Sirius red). Obtained from [149].

Fig. 15 :

 15 Fig. 15: Immunohistochemical staining for GFAP. Focal or diffuse positivity for GFAP is the rule in GBs detection.

II. 1

 1 Current treatment methods of glioblastoma II.1.1 Surgery Surgical resection has a crucial role in diagnosis and treatment management of GB. The first attempt to cure GB through hemispherectomy was done by neurosurgeon Walter Dandy in 1923. Normally, neurosurgical approaches such as tumor resection or tumor biopsy are better carried out with as minimum delay as possible after clinical and radiological diagnosis. The best condition is to perform within maximum 2 weeks after diagnosis [149]. The optimal decision is a maximal secure resection in these cases. This intervention can improve outcome and quality of patients' life [170]. The feasibility of performing a maximal safe resection should be assessed based on brain imaging (MRI and CT-Scan). Today, there is an important point of contention between neurosurgeons concerning the effect and capacity of operational cytoreduction to prolong quality of life and survival time. Before the operation, a logic balance should be considered between the aggressive surgical resection of tumoral tissue and minimizing the risk of worsening or making new neurologic deficits that may negatively affect outcomes. To have this optimal balance, the neurosurgeon evaluates preoperative prognosis and tumor location to identify the extent of resection. In this context, for the GB tumors located in non-eloquent zones, an aggressive total removal of the tumor is recommended. For lesions beside the critical areas in the brain, the solution is a tissue biopsy or subtotal resection due to the potential costs of surgically acquired deficits [171]. Resection for tumors located in eloquent areas can be aided by using intra-operative MRI and intra-operative neuromonitoring [172]. After this assessment, surgical resection of GB is used to remove mass, relieve its effect, confirm the diagnosis by pathological analysis and set the stage of multimodal adjunctive therapy [173-175]. Quality and extent of surgical resection should be assessed using brain imaging, without and with contrast, within 48 h after the operation. In this regard, a multiparametric MRI and CT scan can be considered as the standard post-operative imaging [149].

-Carmustine:

  Another common medication for high-grade brain cancers -Bevacizumab: Typically used as a second-line treatment for recurrent GBs -Lomustine, which may help to improve the efficacy of bevacizumab when both medications are administered at the same time Temozolomide (TMZ) is an imidazotetrazine derivative of dacarbazine which is administered orally. It has excellent penetration into the central nervous system (CNS). It was approved by the United States Food and Drug Administration (FDA) in 2005 [178]. This chemotherapy agent is used in patients newly diagnosed with GB. TMZ is an alkylating agent that its mechanism of cytotoxicity involves alkylation at the O6 position of guanine, and also at the N3 and N7 positions of adenine [179]. This alkylation damages the DNA and results in the death of tumor cells. This chemotherapeutic agent is highly recommended and used in treatment of HGG such as GB. Several studies have shown that TMZ provided a survival benefit [180-182]. Adjuvant and concomitant TMZ with surgery and other therapeutic modalities were associated with significant improvements in median progression-free and overall survival (14.6 vs 12.1 months) [183]. The survival benefit was most apparent in patients whose tumors had methylation of the O(6)-methylguanine-DNA methyltransferase (MGMT) promoter, which likely results in diminished MGMT expression [184]. Carmustine (1,2 bis[2-chloreoethyl]-1-nitrosurea (BCNU)) and lomustine (CCNU), are two alkylating agents, used in the treatment of GB. Most of the times, BCNU is administered as the second step of treatment in GB that has developed after administration of TMZ. BCNU (carmustine)-polymer biodegradable wafers (Gliadel) were approved by the FDA in 2002. They are an implantable depot form of BCNU that are placed in the hole, created after surgical resection of tumor in newly diagnosed or recurrent cases. Normally, wafers release BCNU for about 3 weeks after implantation. They are considered relatively safe device for GB treatment, but some disadvantages such as delayed wound healing, intracranial edema, cerebrospinal fluid leakage, intracranial infection and seizures, have been reported for this therapeutic method [185,186]. Bevacizumab (BV) is a humanized monoclonal antibody against VEGF [187,188]. It was approved in the US for GB in 2009 [189]. Blocking the VEGF pathway changes the abnormal

  . The current standards to define and delineate these volumes in radiotherapy of HGG including GB are based on anatomic imaging techniques, usually CT-Scan and MRI [202]. To improve delivery of the right doses of radiation to the right sub volumes, advanced imaging techniques such as positron emission tomography (PET) and magnetic resonance spectroscopy (MRS) are increasingly used [202].

Fig. 17

 17 Fig. 17 Representation to illustrate the main three radiotherapy planning volumes. Obtained from [203]

  emits multiple beamlets of radiation to the target from many angles. These beamlets are dynamically formed and shaped resulting in delivering different doses of radiation into the different areas within the tumor, simultaneously. IMRT far better achieves the main objectives of radiation therapy which are to deliver a high dose of radiation to the tumoral tissue and avoid irradiating the normal tissue [215-217]. Several studies have been carried out during the recent years to compare the 3D-CRT with IMRT [218-221]. Almost all these studies, with few exceptions [222], show that IMRT radiotherapy techniques result in a diminution of radiation doses to organs-at-risk (OAR) and to normal tissue around PTV. Also, a dosimetric comparison study of IMRT and 3D-CRT was carried out on 96 patients with malignant gliomas [223]. It was observed that the conformal index was significantly higher with IMRT. The dose-target seemed to be better achieved with IMRT, and the adjacent tissues better protected. Moreover, Chan et al. [224] compared IMRT with older 3DCRT techniques in patients with newly-diagnosed GB.

Fig. 18 :

 18 Fig. 18: Comparison of IMRT vs 3D-CRT dosimetry. (A) Using IMRT (60 Gy) displaying excellent coverage of the planning target volume (PTV) outlined in red. (B) Using IMRT (40 Gy) displaying sparing of half the brainstem and no dose distribution in contralateral brain. (C) 40 Gy dose distribution using 3D-CRT displaying underdosing of the PTV to avoid the radiation of brainstem and chiasm and significant low dose radiation to contralateral brain. Obtained from [209]

Fig. 19 :

 19 Fig. 19: The standard treatment regimen for GB that combines RT with TMZ. Obtained from [238]

  chemotherapy agents [249]. It makes a major obstacle in treatment of brain tumors by preventing the delivery of adequate amount of chemotherapeutic agents [250], since most chemotheray agents fail to cross the BBB using the transvascular routes following intravenous (IV) administration [250]. In fact, the treatment of GB is limited by the inadequacy in delivering therapeutic agents in such a way that drug molecules reach the desired targets. Many commonly administered chemotherapeutic drugs induce DNA damage, resulting in an induction of apoptosis. But, many tumoral cells represent mechanisms of DNA repair which decrease chemosensitivity. Today, one of the main therapies for GB is administration of TMZ as an alkylating agent [251]. As described before, the antitumoral effect of TMZ is released (revealed) by methylation of guanine at O6 position causing an unsuccessful attempt to repair DNA and resulting in cell apoptosis. However, this tumor cells destruction normally happen if the tumor is O6-methylguanine methyltransferase (MGMT) negative [252]. The MGMT, as a DNA repair enzyme, appears to have an important role in resistance to TMZ and other alkylating agents by removing alkyl groups from the O6 position of guanine [253,254]. It is clear that MGMT expression conversely correlates with chemosensitivity of alkylating agents such as TMZ and Carmustine in glioma cells and glioma stem-like cells [247,255-257]. Differentiated cell lines with elevated levels of MGMT show increased chemoresistance [258,259]. This protein is implicated as one of the most important reasons of resistance to TMZ and alleviates the effects of alkylating drugs. Another factor is the role of miRNA in chemoresistancy. All miRNAs are noncoding singlestranded RNA molecules that after the transcription can modify the translation of target mRNA. Shi et al. assessed the correlation between upregulation of miR-21 and resistance to apoptosis using TMZ [260]. They found that overexpression of miR-21 prevented the effect of TMZ on apoptosis significantly.

  radiation resistance pathways [263,264]. Resistance is usually induced by some biologic/intrinsic factors within the tumor and tumor microenvironment features [265,266]. Based on the years of research on GB, it is clear that GB includes extensive areas in which the tumor cells are subjected to unphysiological levels of hypoxia. The tumor cells have a rapid proliferation resulting in an insufficient supply of blood vessels around the tumor. This process causes a microenvironment often characterized by areas of hypoxia and acidity. Extensive hypoxic regions in GB contribute to the highly malignant character of this cancer. The hypoxic cells are resistant to radiation. The resistance of cells, that are hypoxic at the time of therapy, may influence the efficacy of the treatment of these tumors with radiation and combined modality regimens. In this regard, the GB hypoxic areas can aggravate the prognosis and clinical outcomes of the patients. In general, anticancer drugs may kill cells on the exterior portion of the tumor, but the hypoxic cells are more likely to survive and develop resistance to anticancer drugs [267,268,268-270]. Furthermore, among the numerous cell types of the brain microenvironment, microglia, the brain resident macrophage, has also been shown to give radioresistance to tumor cells. Inhibition of microglia activation by semapimod was shown to sensitize GB to RT [271,272]. Other mechanisms of resistance have been demonstrated as the expression of Cyclindependent kinases (CDKs). Wang et al. showed that CDK2 might contribute to radioresistance in GB, thereby leading to tumor recurrence after therapeutic failure. It is indicated that these kinases, whose physiological role and biological mechanisms are not still well known, cause a cellular hyperproliferation and can induce resistance to RT of GB tumor cells. This phenomenon's interest lies in the context of therapeutic research. In some studies, CDK2 inhibitors demonstrated their efficacy (in vitro and in vivo) on the GB tumor cells [273]. Furthermore, Bao et al. demonstrated that GSCs show a greater resistance to radiation than traditional GB cells, both in vivo and in vitro [274].

  1951, Friedlander and Orr prepared iodine-125 by alpha bombardment of natural antimony [279]. Since 1979, Mundinger began to implant iodine-125 seeds for BT in brain tumors [280,281]. Iodine-125 radiates gamma-rays with very low average photon energy of 28.5 KeV [281,282]. It has a long half-life of about 60 days [283,284], a half-value tissue thickness of 2cm and also for lead of 0.025 mm which makes shielding easy during this element use [285]. Iodine-125 produces an extreme dose inhomogeneity inside the tumor that ranges from strong necrotizing doses around the iodine-125 seeds to ultimate form of fractionation at the periphery of the target volumes [286]. In BT with iodine-125, there are two main techniques including temporary and permanent placement [287]. Normally, temporary implants are preferred because permanent implants cause an increased risk of prolonged edema [288]. The iodine-125 seeds with low activity (< 20mCi or <740 MBq) are mainly chosen for the tumors with slow proliferation, such as low-grade gliomas (LGG), to achieve a dose of 50-60 Gy at the tumor margin. In this condition the dose rate is normally very low (5-20Gy/h). To treat tumors with highly proliferating processes such as HGG, HDR BT (> 30cGy/h) is recommended, which uses high activity iodine-125 seeds (up to 40mCi= 1480 MBq) [289,290]. Some studies showed that HDR BT (30-60cGy/h) alone or in combination with EBRT is associated with a high frequency of radiogenic complications [290,291]. In this method of BT (seeds implantation) the principle aim is to obtain a good coverage of the target volume with an acceptable uniformity of the dose distribution by a minimal number of catheter implants. In this regard, a treatment planning system based on stereotactic CT and MRI is necessary. It allows placing of seeds inside target volumes and displays the resulting isodose distribution [292,293]. Normally, one to five encapsulated seeds are necessary to reach a conformal interstitial irradiation, even in complexly shaped tumor volumes. Today, different shapes in iodine-125 seeds are available making their dose distribution non-isotropic, which must be considered for therapy (Figure 20) [294-296].

Fig. 20

 20 Fig. 20 Stereotactic BT with implantation of iodine-125 seeds. (A) Biopsy before RT. (B) size of iodine-125 seed (C) Catheters used for stereotactically implantation of radioactive seeds inside the tumor. (D) Per-operative x-ray monitoring displays the positioning of the seeds and allows comparison with the planed position (E) overlapping the plan with the x-ray. Obtained from [297]

Fig. 21 :

 21 Fig. 21: GliaSite RTS device. Obtained from [310]

Fig. 22 :

 22 Fig. 22: Treatment with GliaSite balloon. A) The placement of the GliaSite balloon into the surgical cavity. B) The placement of the reservoir. c) Closure of the scalp after the placement of the GliaSite balloon. D) Pretreatment brain lesion in MRI (axial section). E) The CT scan (Axial section) with the GliaSite balloon placed in the surgical cavity. Obtained from [312]

  doses. The gel, which strongly adheres to tissue in the treatment area, consists of fibrin glue containing the β emitters' rhenium-188 and rhenium-186 in microsphere bound form. In this context, Hafeli et al. (2007) prepared the microspheres by neutron activation producing a mixture of the two β-emitters rhenium-188 (E max = 2.1 MeV, half-life = 17 h) and rhenium-186 (E max = 1.1 MeV, half-life = 90.6 h). The treatment efficacy of this radioactive combination was evaluated in a rat GB model. This study showed that radioactive fibrin glue (rhenium-188 and rhenium-186 microspheres) is an effective modality for delivering high local doses of radiation and can significantly alter the survival time of treated animals. The use of rhenium β-emitters prevents the irradiation of normal brain tissue more than 3-4 mm away from the fibrin glue layer. However, clinical trials in brain tumor patients are necessary to know what the needed radiation doses are [322].

Fig. 24 :

 24 Fig.24: Microspheres containing rhenium oxide. The white areas represent higher rhenium concentrations than the surrounding areas. Obtained from[322] 
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 25 Fig. 25: Ultrapure holmium
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 2611213 Fig. 26: Mechanism of neutron activation to generate Holmium-166 from Holmium-165 source. The absorption of a neutron by Holmium-165 nucleus allows the formation of Holmium-166. Radioactive Holmium-166 works as an electron emitter (β-) and disintegrates to give rise to erbium-166 (Er-166). During the disintegration (holmium decay), there is also the emission of a photon (gamma ray) of 80 keV.

  vitro cancer models are simple to work with, giving great insight into cellular pathways and mechanisms involved in cancer cell growth. In addition, they are usually the first step in identifying new therapeutic targets and testing potential new anti-cancer drugs. Traditional in vitro culturing of mammalian cells occurs in the presence of fetal calf serum (FCS) as it contains many important mitogenes and other components that support cell survival and growth. Serum containing cultures have also been widely used for culturing of cancer cells such as HGG cells and thus GB cells. However, when established and cultured in the presence of serum, GB cells lose important tumor hallmarks and fail to resemble the original patient tumor, after a few in vitro passages [338-340]. As a consequence, commercially available cell lines established and cultured in traditional way are poor experimental models for GB and have therefore been modified to express GB hallmarks such as EGFR amplification and mutations. An example is the U87 cell line that has been modified to contain amplified EGFR and the mutant EGFR variant, EGFRvIII. The U87 cell line has been classified by the American Type Culture Collectiona (ATCC)as a GB. As of today, there are no commercially available GB cell lines with endogenous EGFRvIII expression[341,342]. During the past decade, it has become more common to culture glioma cells in serum-free media, as has been standard when establishing and culturing normal neural stem cells (NSC) since the mid-1990s. In that context, it has been shown that culture conditions composed of a well-defined media ,when growth factors such as the epidermal growth factor (EGF) and the basic fibroblastic growth factor (bFGF) are added, support NSC growth and maintenance[343,344]. In 2006, Lee and colleagues showed that GB cells cultured as NSC exhibited an expression profile similar to that of the parental patient tumor and normal NSC, while GB cells established and cultured in the presence of serum showed resemblance to traditional serum cultured, and commercially available GB cell lines[338]. The study by Lee and co-workers has subsequently been supported by the demonstration that serum-free GB cell cultures reflect the cytogenetic of the parental tumor, even after several passages[340]. With the serum-free cell culture media as a base, there have been several attempts to improve the growth of glioma and GB cells in vitro. Almost every laboratory working with establishing in vitro cultures from GB tumors has more or less developed its own serum-free culturing formula[345]. Although it is important to emphasize that in vitro model cannot be representative for all processes within a multi cellular organism. The interaction between a tumor and its surrounding microenvironment require valid in vivo models.
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 311 years and are currently accepted as a pre-clinical in vivo research model. It is an attractive, cost-effective model, allowing experiment on a large number of individuals. A 2012 review from Huszthy et al. [346] describes different kinds of rodent models: Chemically induced model This model allows us to learn about chemically induced mutagenesis. It has been shown that tumors in the rat brain can be induced by administrating methylnitrosourea or ethylnitrosourea compounds either intravenously, orally, locally or transplacentally to the rat [240,347]. The main problem with this model lies in the fact that rodents are being exposed to toxic drugs via one bolus injection or via repeated administrations, whereas the exposure in humans most often occurs sporadically. Moreover, chemically induced brain tumors appear to be quite different from human GB. In fact, the exposure time, dose and kinetics of the carcinogenic compound differs between rat and human and moreover no single chemical agent has been implicated in human brain tumor development [348,349]. Furthermore, after intracranial engraftment, rodent glioma cell lines derived from chemically induced tumors, show only modest resemblance to human gliomas when morphology and histology are concerned [350].

  feature: namely, the cancer cells are not of human origin. Since the development of athymic nude mice, reliability of transplantation of GB has been on the rise. In the xenograft model, human cancer cells are transplanted or grafted onto immunocompromised mice or rats. There are two commons types of tumor xenografts in rodent models: the subcutaneous (SX) or ectopic xenograft, in which the tumor-cells or tissue are injected or inoculated respectively onto the flanks of the experimental animal, and the orthotopic xenograft (OX), established, in the case of brain tumors is, by injecting human brain cancer cells intracranially into the brain of the model animal (Figure 27).

Fig. 27 :

 27 Fig. 27: Commons types of tumor xenografts in rodent models

Fig. 28 :Fig. 29 :

 2829 Fig. 28: Ectopic xenograft model. The cancer cells were subcutaneously injected in nude mice. After approximately two weeks, the tumor was observed. Obtained from [356]

  Finally,Lipsitz et al. [360] reported MRI images and histological features in dogs with GB. The MRI showed peritumoral edema, sharp borders, ring enhancement and necrosis, then again close to what can be observed in humans. The histology was made of necrosis with glial cells pseudopalisading and micro-vascularization. These characteristics in humans differentiate GB from a grade III astrocytoma. It is noteworthy that RT can be implemented on dogs and can be useful to treat their disease, as a mutual benefice. All of these present the dog as the almost perfect candidate for human model. However, the progression of cancer in dogs, even though faster than in humans, is slower than in rodent models, the cost of clinical trials is therefore increased compared to rodent models. Moreover, with the use of spontaneous canine brain tumor model comes along the pet owner's concern, including money, emotion and observance.
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 3033 Fig. 30: Characteristic histological features present in human GB, intracranial xenograft, and syngeneic rodent GB models and dog spontaneous GB. Obtained from [333]

Fig. 31 :

 31 Fig. 31: The time of cells implantation in zebrafish and following fluorescence imaging.

Fig. 32 :

 32 Fig. 32: Zebrafish model (in vivo) of GB

Fig. 33 :

 33 Fig.33: Anatomical and MRI correlation between brains of four different species: human, rhesus monkey, swine and rat. Brains are displayed at the same scale. Human, monkey and swine brains are gyrencephalic, contrary to the rat brain, which is lissencephalic. Obtained from[367] 

Fig. 34 :Part 2 :

 342 Fig. 34: Macroscopic examination of the (A) U87 and (B) G6 tumor on a coronal shape. (A) large heterogeneous tumor with venous stasis, (B) large homogeneous tumor. Obtained from [366]
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 311 Development of a glioblastoma model and the therapeutic trial with brachytherapy Development of a large animal glioblastoma model by implantation of human cell line in brain of a porcine model Presentation of the workGlioblastoma is an aggressive type of cancer that can occur in the brain or spinal cord. It forms from cells called astrocytes that support nerve cells. Glioblastoma can occur at any age, but tends to occur more often in older adults. It can cause worsening headaches, nausea, vomiting and seizures. It can be very difficult to treat and a cure is often not possible. Treatments may slow progression of the cancer and reduce signs and symptoms. In this regards, new therapeutic methods are needed to be investigated and tested in animal model (in vivo) before testing in humans, because one of the factors limiting the translation of knowledge from preclinical studies to the clinic has been the limitations of in vivo diseases models.

Fig. 1 -

 1 Fig. 1-Number of sacrificed minipigs with GB per week, after U87 cells implantation (n=8). The minipig with regressed tumor is not considered in this figure.

Fig. 3 -Fig. 4 -

 34 Fig. 3-Volume of U87 tumors induced in left hemispheres. The volumes based on CT images 7, 14, 21 and 28 days after implantation. The number of injected cells in this hemisphere: (3.5 × 10 6 cells/20μl). Each histogram bar corresponds to a minipig. Two minipigs were euthanized before CT acquisition at day 21 and seven ones before day 28. The minipig with regressed tumor is not considered after day 14.

Fig. 5 -

 5 Fig. 5-Mean volume of tumors implanted in the left and right hemispheres. The volumes based on CT images 7, 14, 21 and 28 days after implantation. The number of injected cells in left and right hemispheres are (3.5 × 10 6 cells/20μl) and (7 × 10 6 cells/40μl), respectively. The minipig with regressed tumor is not considered after day 14.

Fig. 6 -

 6 Fig.6-Macroscopic image of the U87 induced tumor in sagittal section. An oval 3mm mass is present in the left hemisphere (parietal lobes), replacing the gray matter and extending into the white one. It is firm, well delimited gray to red in color because of some intra-tumoral hemorrhages.

Fig. 7 -Fig. 8 -

 78 Fig. 7-Microscopic findings of U87 tumor. (A) Delimited tumor from the adjacent parenchyma, (B) the tumor is hypercellular and composed of polygonal to spindle cells, (C and D) tumoral (*) cells are disposed in a palisaded arrangement around necrotic foci.

  specified. Nanostructured holmium oxide Ho 2 O 3 precursor was supplied by Nano-H SAS (Saint-Quentin Fallavier, France). N-propyl]ethylenediamine triacetic acid trisodium salt (Si-EDTA) 45% in water was obtained from Abcr. Acetic acid glacial was purchased from VWR Chemicals. Diethylene glycol ≥99% and polyethylene glycol 400 (PEG 400) were supplied by Sigma-Aldrich. Ethanol absolute anhydrous was obtained from Carlo Erba.Characterization of the nanostructured Ho 2 O 3 precursorNanostructured Ho 2 O 3 precursor was characterized by X-Ray diffractometry (XRD) using a Brüker D8 Advance diffractometer equipped with a Vantec high speed one dimensional detector. Analysis was performed by the Centre of diffractometry (CLEA -University Claude Bernard, Lyon, France). Holmium content was determined using Inductively Coupled Plasma -Mass (ICP-MS) spectrometry by analytical laboratory Antellis (Toulouse, France).Holmium-165 ( 165 Ho) siloxane particles synthesisNanostructured Ho 2 O 3 precursor (0.397 mol) was first slurried and refluxed in 1.5L ethanol together with acetic acid (0.262 mol) and Si-EDTA (0.05 mol) for 20 hours. Mixture was then allowed to cool down to room temperature and transferred into 200 mL plastic centrifuge bottles(Fisher Scientific). Particles were washed in ethanol twice and water by centrifugation cycles (10 minutes at 4100 rpm) and resuspended in 160 mL mQ water. Then, particle size was homogenized by stirring the suspension for 4 days at 30°C.Characterization of the holmium-165 ( 165 Ho) siloxane particlesParticle size was determined via Dynamic Light Scattering using a zetasizer Nano-ZS (Red Badge) Zen 3600 (Malvern Instruments) equipped with a 633 nm laser. holmium-165 siloxane suspension was diluted 200 times in diethylene glycol (DEG) to reach a mass concentration of approximately 2.5 g.L -1 . A total of 6 measurements were performed after 5 minutes equilibration time. Zeta potential was determined using the same apparatus coupled with an automatic titrator MPT-2 (Malvern Instruments). pH of the suspension was automatically adjusted between 7.0 and 12.5 using NaOH 0.1M and HCl 0.12M. Measurements were performed at 25°C after a temperature homogenization time of 2 minutes.

  Suspension was then allowed to stand in the tube placed vertically for one hour. Under gravity, particles tend to settle out from the solvent. The rate at which they settle is measured as the number of graduations (millimeter) of clear solvent present at the top of the tube after one hour (mm per hour or %). Each measurement was made in triplicate.Animal and surgical procedureA four months Yucatan minipig (19.3 kgs, INRA Saint-Gilles, France) was left 10 days for acclimatization. Minipig was premedicated with an intramuscular injection of atropine sulfate and azaperone. After 20 minutes, anesthesia was administered intramuscularly with Zoletil® 100 (Tiletamine + Zolazepam). Sedation was achieved by a continuous inhalation of Isoflurane 2%.Pre-operative analgesia consisting of morphine hydrochloride (Aguettant®) was injected. Head of the pig was subsequently fixed in a Large Animal Stereotactic Frame (Stereotaxic Instruments, RWD 68901). Incision site was disinfected with a povidone-iodine solution. A 7 cm longitudinal skin incision was made on the midline of skull, 2 cm in cranial part of occipital crest. Periosteum was abducted to clear the skull bone and the intersections. Six holes (diameter 4 mm) were drilled in the skull on both left and right hemispheres. Syringe pusher KDS Legato 130 (KD Scientific, USA) was mounted on the stereotactic system. In parallel, holmium-165 siloxane suspension was vortexed for 1 minute and then loaded into a 1 mL syringe (BD Plastipak) connected to either a 25G × 40 mm cannula (Magic Needle) or a 25G × 50 mm lumbar puncture needle (BD Neonatal) pre-wetted with PEG 400 surfactant. The syringe-needle combination was mounted on the syringe pusher. A total of six injections were performed.Three injections were made in the right hemisphere using 25G cannula as follows: 1) 3 μL of suspension at an injection rate of 100 μL/min (injection depth: 10.8 mm from the surface of the skull), 2) 5 μL at 100 μL/min (injection depth: 11.3 mm), 3) 10 μL (2 × 5 μL with 2 minutes idle time in between) at 100 μL/min (injection depth: 13.4 mm). Then, three injections were made in the left hemisphere using 25G needle as follows: 1) 3 μL at 100 μL/min (injection depth: 10.8 mm), 2) 5 μL at 100 μL/min (injection depth: 11.3 mm), 3) 10 μL (2 × 5 μL with 2 minutes idle time in between) at 100 μL/min (injection depth: 13.4 mm). Cannula and needle were gently withdrawn in about 45 seconds from the brain two minutes after the injections.Post-operative CT scans of the brain were performed by Voxcan (Marcy l'Etoile, France) using a CT-Scan GE BrightSpeed 16 (GE Healthcare) to determine the location of injection sites and observe the distribution of cold holmium. Three-dimensional volumes were reconstructed using OsririX and RadiAnt softwares. Then, 30 ml of pentobarbital (Dolethal) were administered intracardially, causing a painless and immediate death.

Fig. 1 :

 1 Fig. 1: Synthesis scheme of holmium-165 polysiloxane particles.

Fig. 2 :

 2 Fig. 2: Averaged hydrodynamic diameter of holmium-165 polysiloxane particles. Each measurement consists of 6 runs.

Fig. 3 :

 3 Fig. 3: FTIR spectrum of the holmium-165 polysiloxane particles.

Fig. 6 :

 6 Fig. 6: Three-dimensional (3D) CT-Scan images in caudo-ventral view after injection of the suspension. Left: Needle. Right: Cannula.

Fig. 1 :

 1 Fig. 1: Preclinical injection system. Injector is located beside the operation table in CT room. Injection needle is connected to injector through a connection tube to transfer the holmium suspension from the injector to needle.

  pig n° 5, treatment unit was 5 μl in left and 9 μl in right tumor. b, c : Treatment planning was modified on the day of holmium injections based on pre-operative CT-scan (D14)

Fig. 2 :

 2 Fig.2: U87 GB tumor growth over time. A) Tumor size approximately 3 mm 7 days after implantation, (B) tumor size approximately 7 mm 10 days after implantation, (C) tumor size approximately 13 mm 14 days after implantation, before 165 Ho injection.

Fig. 3 :

 3 Fig.3: Injected holmium-165 inside the tumor

(Fig 4 )

 4 Fig 5.Comparing the holmium distribution of all tumors showed that the last minipig seemed to have the most successful injection. For this reason, only the results of pig n° 5 are shown inFig 4. 

Fig. 4 :Fig. 5 :

 45 Fig.4: The position of holmium after the injection (A, B) Significant tumor growth from the day of TP preparation (D10) and the day of holmium injection (D14), (C) 3D image of the injected holmium inside the tumor in pig n° 3, (D,E,F) Pig n °5, injected holmium inside the tumor. In image E and F, the brightness is decreased to highlight volumes that receive higher concentrations of holmium, (G) Pig n°1, injected holmium is a little in the periphery of the tumor, CT acquired at D14, (H,I) Pig n°1, injected holmium has remained in the injection site, CT acquired 1 and 3 days after 165Ho injection

Fig. 6 :

 6 Fig.6: Microscopic findings of U87 tumor and injected 165 Ho. (A) Delimited tumor from the adjacent parenchyma, (B) hyper cellular tumor, composing polygonal to spindle cells, (C) lightly brown-gold, polygonal crystals consistent with Holmium

can be seen in Fig 4 ,

 4 from the CT-scans of the two first minipigs 1 and 3 days post-injection, it was demonstrated that 165 Ho siloxane is well circumscribed inside the tumor. This is a very important point for the prevention of damage to the normal brain tissue.Suzuki et al. have 

  used to control and manage the injection of a defined quantity of radioactive nanoparticle suspension; 2) Injector control software: used to adjust the injection parameters comprising injection flow rate, injection volume, time needed between each injection and the number of injections per tumor; 3) injection needle: a novel needle which was installed in the stereotactic frame to align the injection needle axis to the planned trajectory; 4) Needle housing: protection for the injection needle when it is not in use. Furthermore, it has a role in radioprotection when withdrawing the contaminated needle from the tumor after the injection of radioactive holmium; 5) Holmium suspension prefilled capsules: protected containers filled with a volume of radioactive nanoparticles; 6) Lead container and its support: container for holding the radioactive suspension capsule, to be installed in the injector. The support is useful for safely transporting the lead container once the capsule is filled with the radioactive suspension; 7) disposable fluidic cassette: dedicated disposable fluidic circuit controlled by the injector equipment that transfers the suspension from prefilled capsules to the injection needle. This cassette is composed of 3 main elements: (a) a distributor that delivers the suspension to different parts of fluidic circuit of the injector, (b) a plunger that drives the suspension outside the capsules, (c) a connection tube that transfers the suspension from the distributor located in the injector to the injection needle. The injection command is executed via the injector control software or a surgeon-activated footswitch. This command sends an instantaneous signal, which actuates the injector pump and valves allowing the suspension to be sent to the tip of the needle and thus injected.

Fig. 1 :

 1 Fig. 1: Preclinical injection system. Injector is located beside the operation table in CT room. Injection needle is connected to injector through a connection tube to transfer the holmium suspension from the injector to needle

Fig. 2 :

 2 Fig.2: Tumor growth over 14 days post-implantation of the U87 cell line. The number of injected cells in the right hemisphere was (7 × 10 6 cells/40 μl). A) Injection area before cells implantation at day 0, B) tumor size 3 mm, 7 days after implantation, (C) tumor size 7 mm, 10 days after implantation, (D) tumor size 13 mm, 14 days after implantation, just before injection of the holmium suspension.

Fig. 3 :

 3 Fig. 3: Macroscopic aspect of the tumor-bearing brain after the treatment with holmium-166 suspension. A) Holmium injection outside of the GB tumor (yellow circle). Tumor growth continued on the opposite side of the holmium-166 injection area (arrow). The healthy tissue next to the injection area showed a cerebral lesion like brain softening with attenuation of gyri and sulci in this area (yellow square); B) holmium-166 was injected entirely inside the tumor in the targeted location. No evidence of hemorrhage due to needle penetration.

Fig. 5 :

 5 Fig.5: Representative example of the images acquired from D14 onwards (after injection of contrast agent). A) Tumor size 1.5 cm just before Holmium suspension injection, B) presence of holmium-166 just after intratumoral injection at D14 in the center of the GB, C) tumor condition 15 days after intratumoral injection of holmium-166. Tumor size is regressing, D) tumor at 25 days after intratumoral injection of holmium-166. Tumor size is still regressing, E) tumor condition 65 days post-injection of holmium-166, just before animal euthanasia at the end of observation period (2 months post-injection of holmium). A small volume of tumor is observable, F) tumor condition 65 days after intratumoral injection of holmium-166, just before animal euthanasia at the end of the observation period. This image was acquired from the minipig in which the tumor was no more observable from 45 days post-injection of holmium-166, suggesting a complete response G) CT-scan of the animal (group 1) in which the holmium-166 suspension was injected outside the tumor. Tumor growth continued (arrow) on the opposite side from the holmium-166 injection area, H) CT-Scan of a minipig from group 2 (holmium-165) acquired before euthanasia. Tumor volume increased, I) CT-Scan of a minipig from the control group acquired before euthanasia. Tumor volume increased.

Fig. 6 Table 4

 64 Fig. 6 Microscopic findings of U87 tumor in 3 groups. A) Delimited tumor from the adjacent parenchyma. Tumor is highly cellular, B) presence of holmium Crystals located in necrotic areas within the tumor, C and F) coagulative necrosis located around the blood vessels in control group, D) Granulomatous inflammation in group 1 (holmium-166) as the presence of macrophages and multinucleated giant cells, E) severe necrosis in tumors treated with holmium-166 (group 1).

Fig. 7 :

 7 Fig. 7: Representative of Iba-1 positivity. A) Intratumoral infiltration of Iba-1 + cell. Moderate to severe positive labeling in a minipig of group 1, B) Intratumoral infiltration of Iba-1 + cell. Severe positive labeling in control group, C) infiltration of Iba-1 + cell around holmium (arrow) associated necrosis. Moderate positive labeling in a minipig of group 1, D) infiltration of Iba-1 + cell around holmium associated necrosis. Severe positive labeling in a minipig of group 2.

Fig. 8 :

 8 Fig. 8: Representative of CD204 marker. A) intratumoral infiltration of CD204. Moderate positive labeling in a minipig of group 1, B) intratumoral infiltration of CD204. Moderate positive labeling in control group, C) infiltration of CD204 marker around holmium (arrow) associated necrosis. Moderate positive labeling in a minipig of group 1, D) infiltration of CD204 marker around holmium (arrow) associated necrosis. Moderate positive labeling in a minipig of group 2.

Fig. 9 :

 9 Fig. 9: Representative of DC-lamp antibody. A) intratumoral infiltration of DC-lamp + DCs. Severe positive labeling in a minipig of group 1, B) intratumoral infiltration of DC-lamp + DCs. Very mild labeling in control group, C) infiltration of DC-lamp + DCs around holmium (arrow) associated necrosis. Moderate positive labeling in a minipig of group 1, D) infiltration of DC-lamp + DCs cell around holmium associated necrosis. Negative labeling in a minipig of group 2.

Fig 5 ,

 5 the holmium-166 suspension was well circumscribed inside the tumor and following scans demonstrating good retention of holmium particles at the site of injection up to 2 months post-injection. This is a very important point for the prevention of damage to normal brain tissue following microbrachytherapy. Suzuki et al. have indicated that after intrahepatic administration of holmium-166 in a rodent model, most of the administered radioactivity was retained at the administration site for over 2 months[72].

  tumor after the microbrachytherapy. Furthermore with improvement of the holmium suspension formulation, EVEON's injector could demonstrate a more accurate performance during the operation. These improvements are mandatory before performing clinical trial in humans (phase 3).Irradiation kills tumor cells but plays another important role: it impacts on tumor microenvironment as well. In many studies, irradiation has been shown to induce macrophage infiltration in tumors. It programs tumor associated macrophages (TAMs) toward both proinflammatory phenotype (anti-tumor response) and anti-inflammatory function (pro-tumor phenotype). Classical (M1) macrophage can be proficient effectors in promoting fighting against malignant tumors and alternative (M2) macrophage can participate in the tumor progression. In this regards, identifying the presence of each subtype can give a good knowledge about the immune response following radiotherapy and understanding of potential synergistic effects of TAMs.
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Table 1 :

 1 Gene mutations and gene variants possibly participated in glioma risk. Obtained from[21] 

	Gene Mutations/Gene variants/Genotypes	Relation to glioma risk
	Tp53	Increased or no connection
	MGMT methylation	Increased risk. Predicts tumor response to TMZ
	PARP1 A762VA genotype	Increased risk
	MGMT F84L	Increased risk
	Rs 1760944 GG genotype of APE1/Ref-1	Decreased risk
	CHAF1A -rs243356	Increased risk
	ATR (MIM 601215) RPA3 (MIM 179837)	Could determine genetic glioma risk
	ERCC1c8092a and ERCC2 k751q	Increased risk

Table 2 :

 2 

Medical conditions and relation to glioma risk. Obtained from

[21] 

Table 3 :

 3 WHO 2007 grading of CNS tumors. Obtained from[34] 

.4.2 Morphologic characterization I.4.2.1 Histology and Immunohistochemistry I.4.2.1.1 Microscopy of glioblastoma

  

	GB typically shows a highly cellular level composing poorly differentiated tumor cells. The
	histopathology of this tumor is extremely inconstant. It includes small cells, characterized by
	anaplasia, polymorphism and significant anisokaryosis. GB cells are polygonal to spindle shaped
	with acidophilic cytoplasm and unclear cellular borders. Their nuclei are normally oval and have
	hyperchromatic chromatin (Figure

1 Symptoms

  

	In IDH-mutant glioblastoma (secondary) the behavioral and neurocognitive changes are likely in
	majority of the cases although focal neurological deficits such as hemiparesis and aphasia also
	frequently occur. Because of the slow progression from low-grade astrocytomas (diffuse
	astrocytoma or anaplastic astrocytoma) to secondary glioblastoma, tumor associated edema is
	less diffused and clinical signs of intracranial pressure may develop less rapidly than cases with
	primary IDH-wildtype glioblastoma (Table 5).	
		IDH-wildtype	IDH-mutant
		glioblastoma	glioblastoma
	Synonym	Primary glioblastoma, IDH-wildtype	Secondary glioblastoma, IDH-mutant
	Precursor lesion	Not identifiable, develops de novo	Diffuse astrocytoma, Anaplastic astrocytoma
	Proportion of glioblastomas	~90%	~10%
	Median age at diagnosis	~62 years	~44 years
	Male-to-female ratio	1.42:1	1.05:1
	Mean length of clinical history	4 months	15 months
	Median overall survival		
	-Surgery+radiotherapy	9.9 months	24 months
	-Surgery+radiotherapy+		
	chemotherapy	15 months	31 months
	Location	Supratentorial	Preferentially frontal
	GB develops rapidly. The symptoms can vary greatly depending on the location and size of the Necrosis Extensive Limited
	tumor and also the anatomic structures of the involved brain [142,143]. Patients manifest the TERT promoter mutations 72% 26%
	signs of increased intracranial pressure due to the tumor associated edema, including headache TP53 mutations 27% 81%
	and focal or progressive neurologic deficits (hemiparesis and aphasia). A seizure is the ATRX mutations Exceptional 71%
	presenting symptom in as many as 25% of patients and can occur at a later stage of the disease EGFR amplification 35% Exceptional
	in as many as 50% of patients [144,145]. In fact, about 50% of all cases are diagnosed after an PTEN mutations 24% Exceptional
	inaugural seizure. In that case, many patients are prescribed corticosteroids after diagnosis to
	control vasogenic edema and reduce accompanying signs and symptoms. Other common
	symptoms of GB include ataxia, dizziness, vision disturbances (blurred vision, diplopia), and
	frequent syncope [146,147].		

Table 5 :

 5 Characteristics and properties of IDH-wildtype and IDH-mutant glioblastomas. Obtained from[42] 

Definition Score Criteria Able to carry on normal activity and to work; no special care needed 100

  

	Unable to work; able	70	Cares for self; unable to carry on normal activity or to do active work
	to live at home and care for personal needs; assistance needed	60 50	Requires occasional assistance, but is able to care for most personal needs Requires considerable assistance and frequent medical care
	Unable to care for	40	Disabled; requires special care and assistance
	self; requires equivalent of	30	Severely disabled; hospital admission is indicated although death not imminent
	institutional or hospital care; disease	20	Very sick; hospital admission necessary, active supportive treatment necessary
	may be progressing	10	Moribund; fatal processes progressing rapidly
	rapidly	0	Dead
	Fig.		

Normal, no complaints; no evidence of disease 90

Able to carry on normal activity; minor signs or symptoms of disease 80 Normal activity with effort; some signs or symptoms of disease 16: Karnofsky performance status scale. Obtained from

[193] 

Table 6

 6 Common radioactive isotopes used for BT in brain tumors. Obtained from[275,276] radiation exposure[275]. Moreover, depending on the activity of utilized radioactive sources, the needed time or the duration of delivering the desired dose is different from a few minutes to a few months. For administrating BT, it is important to consider not only the prescribed total dose, but also the dose rate. BT can be applied administrating low dose rate (LDR) or high dose rate (HDR) techniques, depending on the period of time that the radioactive sources remain in place.

	Isotope	Emission	Mean energy (MeV)	Half-life Days
	Iodine-125	γ	0.028	60
	Iridium-192	γ	0.38	74
	Phosphorus-32	β	0.69	14
	Rhenium-186	β	0.36	4
	Cobalt-60	γ	1.25	5 (years)
	Yttrium-90	β	2.3	3
	Among these radioisotopes, the radioactive elements most relevant to the treatment of GB are
	iodine-125 ( 125 I) and iridium-192 ( 192 Ir). The energy content of photons depends on the parent
	isotope of each radioactive element. In this context, iodine-125 represents a low-energy about
	27-32 KeV and iridium-129 indicates a high-energy isotope about 380 KeV [275]. In general,
	choosing a correct source of radioactive for tumor BT is dependent upon several parameters

radioisotopes have been utilized in clinical BT of different cancers in different sites. The most important radioactive elements (radionuclides) are: Cesium-137, Cobalt-60, Iridium-192, Iodine-125, Yttrium-90, Ruthenium-106 and Rhenium-186 (Table

6

). such as half-life, the activity of radioactive source and the energy of the isotope. These factors affect the penetration of the radiation via tissue and the capability to save and protect personal health care from

  radiotherapy and surgery[298]. In summary, some advantage of iodine-125 implants for brain tumor therapy consist of the accurate dose distribution, the rapid dose decrease from center to periphery of the tumor resulting in high doses inside the tumor and low doses in the normal tissue[286]. Many retrospective studies indicate a better survival for patients with primary GB treated with a temporary or permanent iodine-125 BT boost, alongside parallel or sequentialEBRT [299,300]. Iodine-125 can be considered as a relatively safe method as no toxicity was reported in 92%, severe acute toxicity in about 6%, life threatening in 1% and fatal in less than

	1% [301]. Radiation toxicity (edema) was reported mostly in cases treated with permanent
	implants [302,303]. It happens in 1.7-7% of the cases, although for tumors greater than 3.5 cm
	in diameter [302]. It is mentioned that the size of the tumor should be ideally smaller than 3 cm.
	In the case of larger tumor sizes, the partial resection of tumor might be combined with BT
	[287]. In general, patients with tumors larger that 5cm or with a volume bigger than 100 ml, and
	patients with KPS less than 60 and presence of significant edema, are thought to be unsuitable
	for seeds implanting [304-306].

Following this type of BT, some side effects and complications have been described such as intracranial pressure due to severe edema, cerebral artery occlusion, intracranial hemorrhage and subdural bleeding, headaches, nausea, vomiting, seizures, increased neurological deficits, abscesses, long-term steroid dependency, psychotic symptoms, and facial pain [300,307-309].

3 Other radioisotopes in brachytherapy of brain tumors III.3.1 Californium-252 ( 252 Cf) and Cobalt-60 In

  According to their study, the encouraging survival and local control results indicate that the approach with the GliaSite device may provide benefit to patients with localized CNS malignancies. Mean survival time for newly diagnosed HGG with current standard treatment is approximately 14.6 months. Wernicke et al. showed that in their trial, mean survival time translated to 17.6 months, which is significantly better than standard treatment [312]. In contrast, some studies have shown that GliaSite have no effect on improvement of OS in patients with brain glioma [313,314] except in patients whose recurrent GB and Karnofsky indices are greater than 70 and were treated with low-dose GliaSite BT [315].Implantation was performed using CT-guided placement of afterloading catheters. After the administration, the californium-252 source was removed after delivery of approximately 300 neutron rads. Patients then received 60 to 70 Gy by external beam. The median survival time was 10 months. At the end of this study, they concluded that the survival results obtained by radiation alone using low doses of interstitial neutron radiation emitted from californium-252 implants plus conventional EBRT were equal to the results attained with other available conventional therapy.Another radioisotope used during the 1980s in BT of brain tumors, is Cobalt-60. It is a synthetic radioactive isotope of cobalt with the high γ-energies (1.17 and 1.33 MeV)[320]. Its half-life is

	Today, this device is used in clinical practice throughout the United States and some European
	countries [310].

III.2 Iridium-192

HDR-BT for malignant brain tumors including GB may involve iridium-129 (Figure

23

). As described, HDR-BT can deliver at least 30cGy/h, leading to shorter treatment time and less patient discomfort. However, an increased dose rate puts normal brain tissue at risk of greater damage and also more advanced events.

Mundinger 

had a pioneering role in the development of BT for brain tumors. At 1960, for the first time, he started to implant iridium-192 wires into gliomas [276]. In the following studies, iridium-192 has been used by implanting its radioactive seeds inside the tumors. Hosobouchi et al. (1980) treated 6 patients with inaccessible, slowgrowing or recurrent malignant primary brain tumors. They were treated by the stereotaxic implantation of a radionuclide seed; iridium-192 with a half-life of 74.2 days, in permanent form. The power for iridium-192 seeds was selected to deliver 100 to 120 Gy to the periphery of the tumor. Three of the patients showed survival times of 8, 11, and 12 months, respectively; and one patient's disease stabilized for 18 months [290]. Liu Z et al. (1999) performed a study on 56 patients with GB and anaplastic astrocytoma which were treated with BT using highactivity iridium-192. The median survival for cases (Grade III and IV astrocytoma) which were treated with this type of BT was 28 months. It was concluded that survival period for the patients with malignant brain gliomas can be extended by temporary implanted high doses of iridium-192 sources [316]. Matsumoto et al. (1992) treated 26 patients with malignant gliomas with iridium-192 using interstitial BT method by implantation of radioactive seeds after which the therapeutic effects were evaluated by serial CT and MRI acquisitions. In 17 out of 26 cases, tumor regression was seen within 1 to 3 months post-implantation. In contrast, tumor development after treatment was seen in only 3 cases. Median survival time was 18 months after implantation. This study revealed that brachytherapy with iridium-192 was not curative but prolonged the median survival time up to a few months [317].

Fig. 23: CT Scan, three catheters with iridium-192 radioactive source in place which are implanted in to a left thalamic brain tumor (arrows). Obtained from [318] III.the 1980s and 1990s, the development of remote afterloading techniques has rekindled the interest of using some agents with higher energy level such as Californium-252 ( 252 Cf) and Cobalt-60 ( 60 Co). Remote afterloading is cancer treatment with radioactive controlled from a distance. Remote afterloading improves radiation control and provides technical advantages, such as isodose distribution optimization, which improve patient care [275]. These devices reduce significantly the concern of excessive radiation exposure to patient's family and health care providers. It also allows for the delivery of high doses over minutes to hours or for the fractionation of BT. In this context, Patchell et al. treated 33 patients with malignant glioma using californium-252 in 2 weeks post-surgical resection of the tumor. Californium-252 was selected as a relatively stable neutron-emitting isotope suitable for implant therapy [319]. 5.27 years. Pradeep Kumar et al. (1989) reported their treatment results in 49 patients treated

between 1982 and 1987 with high-dose cobalt-60 BT using an intraoperative remote afterloading device. Thirty of these were newly diagnosed (group 1) and treated using cobalt-60 BT and EBRT. Other 19 patients (Group 2) with recurrent GB were treated with cobalt-60 BT alone. The 12-month survivals, calculated from the date of intraoperative cobalt-60 BT for groups 1 and 2 were 41.75% and 18.65% respectively. Median survival time from the date of cobalt-60 treatment for Groups 1 and 2 was 7 months and 6 months respectively. The median survival for Group 2 patients starting from the date of diagnosis was 13 months. They conclude that in this treatment method, the median survival time of cases in both groups is better than what is achieved using other treatment modalities. Nonetheless, the difference is not significant. The short treatment time and low morbidity with this method eliminates long hospitalization and makes this procedure highly cost-effective

[321]

.

  Mehrdad Khoshnevis a , Claude Carozzo a , Catherine Bonnefont-Rebeix a , Sara Belluco a , Olivia Leveneur c , Thomas Chuzel d , Elodie Pillet-Michelland a , Matthieu Dreyfus e , Thierry Roger a , Beyond this period, the survival rates 2 and 3 years after diagnosis are 26.5% and 2%, respectively[START_REF] Thomas | Immunotherapy for the treatment of glioblastoma[END_REF] Walid, 2008).[START_REF] Kikuchi | Intratumoral injection of dendritic and irradiated glioma cells induces anti-tumor effects in a mouse brain tumor model[END_REF][START_REF] Lidar | Convection-enhanced delivery of paclitaxel for the treatment of recurrent malignant glioma: a Phase I/II clinical study[END_REF]. For this kind of treatment modality, the main issues are the reflux and the leakage after the injection[START_REF] Buonerba | A comprehensive outlook on intracerebral therapy of malignant gliomas[END_REF]. Reflux is when the fluid flows towards the outside of the tumor through the injection canal. It causes anSauleau et al., 2009;[START_REF] Schook | A Genetic Porcine Model of Cancer[END_REF]. The gyrencephalic structure of the pig brain is more similar to human in terms of development compared to the lissencephalic (smooth) brain of common small laboratory animals[START_REF] Lind | The use of pigs in neuroscience: Modeling brain disorders[END_REF]. Furthermore, the use of pigs is less expensive and poses fewer ethical concerns than the use of non-human primates, especially when accurate behavioral measurements are not necessary[START_REF] White | A robust MRI-compatible system to facilitate highly accurate stereotactic administration of therapeutic agents to targets within the brain of a large animal model[END_REF]. The major benefit of the porcine model for neuroscience research is its brain size. These advantages cause this model to be obviously superior to rodent for preclinical testing and also make it compatible with high-resolution imaging platform used in humans(Sauleau et al., 2009;[START_REF] Snyder | Canine Intracranial Primary Neoplasia: 173 Cases (1986-2003)[END_REF].However, the high body weight of mature pigs of large breeds, which can be as much as 250-

	I.2.2 Introduction
	Glioblastoma (GB) is the most common and aggressive primary malignant brain tumor in adults
	(Dréan et al., 2016; Louis et al., 2016) for which no certain cure is available (Burger et al., 1985; These limitations make it essential to administrate high drug concentrations for treatment,
	Ferreira et al., 2016). GB leads to death in most patients because of the highly invasive potentially exposing patients to severe toxicity and side effects. Therefore, to circumvent the
	character and infiltration into brain parenchyma (Mujokoro et al., 2016). It is typically confined BBB and other restricting factors, novel therapeutic approaches, such as the injection of
	to the central nervous system (CNS) and does not metastasize outside (Omuro and DeAngelis, therapeutic agents directly into the tumor, are advocated to prolong survival time (Cokgor et al.,
	François Berger e , Frédérique Ponce a,b 2013). GB accounts for almost 25% of all primary CNS tumors and 55% of all the gliomas with an annual incidence of 3.2 per 100,000 (Allahdini et al., 2010; Thakkar et al., 2014). GB has the highest number of cases among all malignant tumors with an incidence estimation of 12,120 2010). Brachytherapy and stereotactic radiosurgery are used for relapsed GB but tend to be associated with notable toxicity (Barani and Larson, 2015). In addition, the blood brain barrier (BBB) is a major limitation, reducing efficacy of anti-cancer drugs in the treatment of GB patients. The passage of anti-tumor agents through the BBB is poorly and heterogeneously documented in the references (Dréan et al., 2016). Despite all efforts to improve the treatment 2000; useful in preclinical studies to assess and investigate intratumoral injections in relatively similar
	methods, the overall outcome remains poor. With an optimal treatment, the disease remains conditions to humans. A spontaneous dog glioma model (brachycephalic breeds) exists, but this
	tumor is quite rare in dogs and constitutes a non-reproducible model (Chen et al., 2013;

new cases in 2016

[START_REF] Ostrom | American Brain Tumor Association Adolescent and Young Adult Primary Brain and Central Nervous System Tumors Diagnosed in the United States in 2008-2012[END_REF]

. After the first treatment, the majority of all GB patients experience disease progression

(Omuro and DeAngelis, 2013)

. The prognosis of GB is very poor and long-term survivals are rare.

GB management remains palliative and includes the standard treatments of brain tumors, being surgery, radiotherapy and chemotherapy. Cancer immunotherapy is under investigation as an additional treatment modality

(Weiss et al., 2016)

. Today, post-operative radiotherapy combined with concurrent and adjuvant temozolomide (TMZ) as a systemic chemotherapy is the standard treatment method

(Hingorani et 

al., 2012; Johnson and O'Neill, 2012; Omuro and DeAngelis, 2013; Stupp et al., 2005; Walid, 2008). Unfortunately, after an aggressive total surgical resection, GB still remains non-curative because of the infiltrative property of the tumor (Tate and Aghi, 2009; Zagzag et al., 2000). It progresses diffusely and commonly recurs locally within 2cm of the original tumor bed (Ashby et al., 2016). The therapeutic potential of radiotherapy alone is limited due to the inherent radio-resistance of GB cells (Shaifer et al., incurable with a median survival of approximately 12 and 14.5 months after adjuvant radiation and temozolomide-based chemoradiotherapy, respectively (Hingorani et al., 2012; Yang et al., 2015). injected distribution in the tumor that differs from that which was planned. This phenomenon is mainly due to the tumor density. It normally happens if the injection rate exceeds the diffusion rate within the tumor. The second pitfall is the leakage of therapeutic agents during intracerebral injection, which is usually due to the brain ventricles and the cortical sulci near to the injection location (Acabchuk et al., 2015; Selek et al., 2014). The rodent brain is lissencephalic, meaning that the outer cerebral cortex is smooth and the brain does not contain the sulci (Howells et al., 2010; Semple et al., 2013). This anatomical property, minimizes leakage and improves local drug delivery during infusion in animal experiments (Sampson et al., 2007). Murine animal models, both xenograft and genetically engineered, are most commonly used for cancer research due to the relatively fast generation time (Chen et al., 2013; McNeill et al., 2015; Oh et al., 2014). However their brain lacks the development of the cortex in comparison to primates or larger animals (Sauleau et al., 2009; Semple et al., 2013). The complexity of the human tumor microenvironment and the difference between the brain anatomy of humans and rodents could explain why the majority of successful cancer therapies administered in small animal models cannot be reproduced with humans. This results in a failure in clinical studies and fails to obtain similar efficacy in patients (Buonerba et al., 2011; Chen et al., 2013). Developing a cerebral tumor in a large animal model would be very Dickinson et al., 2010). Among the different large animal species, pigs are an ideal model in settings requiring human-like brain anatomy, histology and vascularization (Lind et al., 2007; 300 kg, presents an obvious disadvantage. This restriction sets the upper age limit of research pigs at only the first few months after birth. Therefore, in terms of weight, a reasonable alternative to large breed pigs would be the minipigs. An immunosuppressed strain is essential if human cell lines are inoculated as xenografts to generate the tumors and to avoid the rejection of injected cells (Michel-Monigadon et al., 2010). In this study, a minipig model with a human brain tumor is developed by implantation of human GB cell line (U87) in both left and right hemispheres with different cell concentrations to assess the tumor growth and evaluate the imaging and pathological findings. Cells were implanted bilaterally to increase tumor take rate in each animal and consequently to decrease for ethical concerns the number of enrolled animals for subsequent research purposes.

Table 1 :

 1 Left and right side tumor volumes (mm3) of 9 minipigs. Volumes are based on CT images 7, 14, 21, 28 days after implantation.

		day7		day14			day21	day28
	Minipig								
		Left	Right	Left	Right	Left	Right	Left	Right
								Regressed,	Regressed,
	1 a	299	251	53	372	Regressed	Regressed	Euthanized	Euthanized
								Day 28	Day 28
	2	39	95	2186	818	3639	9239	Euthanized, Day 21	Euthanized, Day 21
	3	194	145	563	224	4389	766	Euthanized, Day 21	Euthanized, Day 21
	4	152	209	1219	2236	Euthanized, Day 14	Euthanized, Day 14	Euthanized, Day 14	Euthanized, Day 14
	5	111	180	2260	2462	Euthanized, Day 14	Euthanized, Day 14	Euthanized, Day 14	Euthanized, Day 14
	6	80	113	681	1020	4564	6672	Euthanized, Day 23	Euthanized, Day 23
	7	81	174	463	551	623	3156	Euthanized, Day 23	Euthanized, Day 23
	8	96	89	367	550	4694	4868	Euthanized, Day 24	Euthanized, Day 24
								3827,	10690,
	9 b	67	181	305	568	1484	3432	Euthanized	Euthanized
								Day 28	Day 28

a Tumor regression was observed from day 14 post-implantation. The minipig was euthanized at day 28 postimplantation,

b 

The minipig was euthanized at day 28 post-implantation just after the last CT acquisition.

  with its natural counterpart in humans. Some models have demonstrated limitations and variations in the size of the produced tumor. For example, GB was developed in immunosuppressed cats. The results indicated a vast range of tumor sizes (2-20 mm in diameter), over an extended period of 27-44 days after implantation[START_REF] Krushelnycky | Development of a large-animal human brain tumor xenograft model in immunosuppressed cats[END_REF], which is considered as a negative point for therapeutic studies. Moreover, the size and vascularization of cats' brains are very different from that of the human's brain. Therefore, the preclinical studies in cat models with induced brain tumors take us away from the real condition of humans. Another large animal model is the spontaneous canine glioma model. The infiltrative nature of canine GB makes it an emerging and appropriate model to evaluate novel therapeutic

al., 2014).

Researches have shown that the prosperity of tumor development in animal models diminishes with lower histological grades

[START_REF] Krementz | Heterologous transplantation of human neural tumors[END_REF]

) and good transplantability is correlated to the tumor malignancy

[START_REF] Greene | The significance of the heterologous transplantability of human cancer[END_REF] Huszthy et al., 2012)

. Another attractive characteristic was the radioresistance of the U87 cell line. Due to this fact, positive outcomes of novel radiotherapy methods on this GB model could be strongly reliable and reproducible in clinical studies in humans. Today, several GB models in small and large animals exist, but clearly, none of the developed animal models can perfectly represent human GB development and progression. For example, the murine model for primary brain tumors has developed over the last 60 years, and notable improvements have been achieved with the validation of invasive GB models

(Huszthy et al., 2012)

, but when the results of therapeutic trials were evaluated in humans, they failed in phase 2 or 3 of clinical studies. According to different studies, glioma cell lines grown in rodent animal models were unreliable in predicting clinical results for a translational purpose

[START_REF] Dinapoli | Phase III comparative evaluation of PCNU and carmustine combined with radiation therapy for high-grade glioma[END_REF][START_REF] Schold | Therapeutic profile of the human glioma line D-54 MG in athymic mice[END_REF]

. Several attempts have been made to establish a replicable model of the human brain tumor in large animals. Most of these trials were not successful or showed the histological dissimilarity of implanted tumors in animal models when compared modalities for GB

[START_REF] Chen | Vertebrate animal models of glioma: Understanding the mechanisms and developing new therapies[END_REF]

. But there are some issues: firstly, the incidence rate of spontaneous canine GB is low and accounts for only 5% of all canine astrocytomas

(Lipsitz et al., 2003; Selek et al., 2014) 

and providing enough large series over the short study period is quite impossible. Secondly, spontaneous tumors are heterogeneous in terms of size and location. In summary, a suitable animal model for GB should have a brain anatomy similar to humans but with a body size as small as possible which can facilitate animal handling during the studies. The tumor model should be reproducible with a predictable growth rate and the period of tumor induction should be short

  The blood level was lower than 1000 μg/L in several blood samples taken after day 14 post-implantation. These results, coupled with the absence of tumors in brain histological analysis, confirmed the crucial role of an appropriate blood concentration of cyclosporine (≥1000 μg/L) on the development and maintenance of induced tumors with human xenografts in Yucatan minipigs. Following histology, 8 animals presented macroscopic tumors with radiological and anatomopathological characteristics of undifferentiated gliomas. They were not capsulated but a clear demarcation with the normal parenchyma was present and no highly infiltrative features were observed, as is the case with the U87 rodent model(Jacobs et al., 2011). Histologically, cells were polygonal to spindle in shape, highly undifferentiated with a high mitotic count. The tumors presented small to moderate areas of hypoxic necrosis, lined by cells in palisade. As in the rodent model, no glomeruloid vascular proliferation was observed

	; Cunha et al., 2011) through
	an immunosuppression with inhibition of T-cell activation. The administration of cyclosporine
	(Neoral ® ) allowed a rapid tumor growth in the brain of Yucatan minipigs. No signs of rejection
	were observed in all but one minipig. In this animal, the tumor regression was observed 14 days

after the implantation via CT images. A reduction of cyclosporine intake (per os) due to the transient dysorexia in this minipig, could explain a drop of whole-blood cyclosporine concentration.

(Candolfi et al., 2007)

. Blood vessels were present, but they were neither hyperplastic, nor were there as many as reported by Candolfi et al. in GB rodent model, and no hemorrhages were detected. Tumoral cells were positive for vimentin but negative for GFAP and S-100, as with U87 rodent models

(Candolfi et al., 2007;[START_REF] Jacobs | Current review of in vivo GBM rodent models: emphasis on the CNS-1 tumour model[END_REF]

. Tumor growth rate in this Yucatan minipig model was similar to mice

[START_REF] Strojnik | Experimental model and immunohistochemical comparison of U87 human glioblastoma cell xenografts on the chicken chorioallantoic membrane and in rat brains[END_REF][START_REF] Strojnik | Experimental model and immunohistochemical analyses of U87 human glioblastoma cell xenografts in immunosuppressed rat brains[END_REF] 

and large breed pigs

(Selek et al., 2014) 

after implantation of the U87 human cell line.

Table 1 :

 1 Summary of injection parameters and experimental observations. Column 3: Refluxed volume as estimated visually. Column 4: Distributed volumes in brain tissues estimated from the CT acquisitions. Flow rate: 100 μL/min. Injection depth between 10.8 mm and 13.4 mm from the surface of the skull.

			Refluxed	Distributed
		Injected		
	Tube characteristics		volume †	volume
		suspension		
	(Injection site)		(μL)	in brain tissue ‡
		volume (μL)		
				(μL)
	25G× 50 mm lumbar puncture	3	/	6
	needle	5	1 μL	19
	(left hemisphere)	10*	1 μL	16
		3	/	16
	25G × 40 mm cannula			
		5	1μL	25
	(right hemisphere)			
		10*	1 μL	14
	*2 × 5 μL with 2 minutes idle time			
	† Volumes estimated visually			
	‡ Estimated from the CT acquisitions			

Table 1 :

 1 Different injection parameters for each minipig

Table 2 :

 2 Tumor volume (mm 3 ), measured based on CT-acquisition at day 14. The number of injections per tumor was different depending on both tumor shape and size

			1		2		3		4		5
	Pig									
			Left	Right	Left	Right	Left	Right	Left	Right	Left	Right
	Tumor									
	volume (D14)	993	1014	1115	2019	966	879	759	797	872	2036
	mm	3									
	N° of									
	injections/	10	9	10	15	8	8	6	5	8	15
	tumor									

  Lee et al. showed the radionecrosis of hepatoma, transplanted subcutaneously in the nude mouse, after an intratumoral injection of holmium-166[61].Bult et al. have concluded that intratumoral injections of holmium-166 Acetylacetonate Microspheres in the orthotopic mouse model of renal cancer stopped tumor growth. In addition, powerful multimodal imaging opportunities such as CT, MRI and SPECT are possible with holmium[62].

Table 1 :

 1 number and volume of unit of treatment (UoT), injected in each animal

		Type of	Number of	Volume of
	Pig			
		treatment	injected UoT (μl)	injected UoT (μl)
				5μl x 3
	1	holmium-166	9	
				6μl x 6
				5μl x 3
	2	holmium-166	15	6μl x 4
				8μl x 8
				5μl x 8
	3	holmium-166	20	
				6μl x 12
	4	holmium-166	13	5μl x 13
				5μl x 13
	5	holmium-166	16	
				6μl x 3
				5μl x 11
	6	holmium-166	20	
				6μl x 9
				5μl x 9
	7	holmium-165	11	
				6μl x 2
				5μl x 16
	8	holmium-165	20	
				6μl x 4
				5μl x 3
	9	holmium-165	20	
				6μl x 17
	10	Control group	-	-
	11	Control group	-	-
	12	Control group	-	-

  group 1, five minipigs survived until the end of the observation period, 2 months after D14. At time of euthanasia 5 out of 6 minipigs were healthy, in a good general condition without any clinical or paraclinical signs of any disease. In one minipig, untreatable neurological symptoms were observed, which led to the animal being sacrificed 15 days after the treatment. The survival times for all minipigs are presented in table 2. The median survival time was 7.33 days in the control group, 8.66 days in group 2 and 55 days in group 1. According to statistical analysis, the survival rate of group 1 was significantly different from the two other groups (p < 0.01). A comparison between group 2 and the control group showed that the survival rate of these 2 groups was not statistically significant (p=0.09).

Table 2 :

 2 Survival time of all the animals in the 3 groups. This time was considered from fourteen days after the U87 cells implantation (D14).

	Group 1 (

treated with 166 Ho) n= 6 minipigs Group 2 (injected with 165 Ho) n= 3 minipigs

  

			Control group
			n= 3 minipigs
	63	9	8
	63	8	6
	15	9	8
	63	Mean: 8.66 days	Mean: 7.33 days
	63		
	63		
	Mean: 55 days		

Table 3 :

 3 Tumor volumes (mm

	3 ) of the 12 minipigs. Volumes are based on several CT images acquired after U87 cells implantation. At D14, holmium-166 and	holmium-165 were injected intratumorally in groups 1 and 2, respectively.	Volume tumor (mm 3 )	Group	D0 D7 D10 D14 inj D19 D29 D40 D50 D60 D70 D80	0 263 1064 2710 6787 3173 1726 2045 2259 2319 1596	0 279 543 1789 4863 unobservable unobservable unobservable unobservable unobservable unobservable	Euthanized Euthanized at Euthanized at Euthanized at Euthanized at Euthanized at	0 218 419 871 2843	1 11124 D29 D29 D29 D29 D29	0 222 460 1108 2788 5724 4759 unobservable unobservable unobservable unobservable	0 170 325 1210 3099 4112 1208 613 unobservable unobservable unobservable	0 322 239 694 3229 7259 2083 958 905 806 800	Euthanized at Euthanized at Euthanized at Euthanized at Euthanized at Euthanized at	0 181 262 579 2714	D23 D23 D23 D23 D23 D23	Euthanized at Euthanized at Euthanized at Euthanized at Euthanized at Euthanized at	2 0 390 572 2264 8010	D22 D22 D22 D22 D22 D22	Euthanized at Euthanized at Euthanized at Euthanized at Euthanized at Euthanized at	0 316 399 1191 5237	D23 D23 D23 D23 D23 D23	Euthanized at Euthanized at Euthanized at Euthanized at Euthanized at Euthanized at	0 481 707 787 2511	D22 D22 D22 D22 D22 D22	Euthanized at Euthanized at Euthanized at Euthanized at Euthanized at Euthanized at	control 0 157 342 1179 5419	D20 D20 D20 D20 D20 D20	Euthanized at Euthanized at Euthanized at Euthanized at Euthanized at Euthanized at	0 505 743 928 1694	D22 D22 D22 D22 D22 D22

  animals) and in group 2 and control group it was scored as slightly (1/3 animals of group 2 and 1/3 animals of control group) to moderate (2/3 animals of group 2 and 1/3 animals of control group); with the exception of one animal of the control group, which presented a severe lymphocytic inflammation. Thus, lymphocytic inflammation seemed to be slightly more severe in group 1 when compared to group 2 and control group (table4).

	Necrosis was detected in almost all the animals (6/6 group 1, 3/3 group 2, 2/3 control group). In
	group 2 and control group, necrosis was less than 60% of the tumoral surface. In particular, in
	control group it was absent in 1/3 animal and mild (less than 30% of the lesion) in 2/3 animals. It
	was mainly a coagulative necrosis centered on blood vessels (Fig. 6C, 6F), which were
	obliterated by thrombi, indicating that the necrosis was related to the ischemia caused by
	vascular thrombosis. In group 2, necrosis was mild (less than 30% of the lesion) in 1/3 animal
	and moderate (30-60% of the lesion) in 2/3 animals. It was located around blood vessels but
	also in the site of Ho injection. In this location it was a liquefactive necrosis, extending up to the
	meninges and often it was associated to haemorrhages, indicating a traumatic necrosis more
	related to the injection (table 4). In group 1, necrosis was severe, replacing the tumor, which
	was not identifiable any more in 5/6 animals. It represented 60-100% of the lesion in all the
	animals (Fig. 6E), it was a liquefactive necrosis and it was associated to a granulomatous
	inflammation. The severity and the type of necrosis were indicative of a holmium-166 effect

(table

4

). Lymphocytic inflammation was present in all the groups. It was located around and inside the tumor and in group 1 was evaluated from moderate (2/6 animals) to severe (4/6

Table 5 :

 5 Evaluation of macrophage and dendritic cells infiltration in the brain tumor NA: Not applicable.

  Lee et al. showed radionecrosis of hepatoma, transplanted subcutaneously in the nude mouse, after an intratumoral injection of holmium-166 [73]. Bult et al. have concluded that intratumoral injections of holmium-166 Acetylacetonate Microspheres in the orthotopic mouse model of renal cancer stopped tumor growth [74]. Huh et al. have reported that holmium-166 chitosan complex can be used for the treatment of malignant glioma in murine model when injected at the appropriate dose
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Ethical considerations

The experimental protocol was reviewed and approved by the VetAgro Sup Ethical Committee (1522_V2) and received official authorization by the French Ministry of Scientific Research (2015052012034148_v1). All aspects of care and the use of the animals, including surgical procedures and pain assessment, were performed and monitored in compliance with French regulations (transposition of Directive 2010/63/EU) and the local Animal Welfare Body.

U87 Cells preparation

U87 cells were chosen because they were used in a previous study on large landrace pigs (Selek et al., 2014). Cells were obtained from the American Type Culture Collection (Manassas, VA, USA). For inoculation of U87 cells in each subject, U87 cells were plated in 2 T175 tissue culture flasks with a density of 0.8-1.2 × 10 6 cells per flask. Cells were grown in Minimum Essential Media (MEM) medium supplemented with 10% fetal calf serum, 100 U/ml penicillin, 100 μg/ml streptomycin, 2mM L-Glutamine and 0.25% g/mL amphotericin B. Cells were maintained at 37°C in a humidified Co2 (5%) atmosphere, and the medium was changed every 3 days. A week later, cells from these flasks were trypsinized with 0.25% trypsin-EDTA and then 35-50 × 10 6 cells per flask were harvested. Cells were washed twice in PBS before being pelleted 4 min. at 3000g in a 2ml Eppendorf vial just before the inoculations. The final cell concentration in each Eppendorf vial was about 1.7 × 10 6 cells/10μl. For each subject, 40μl and 20μl of the cells pellet were drawn up into the syringe and injected into the right and left hemisphere, respectively.

Stereotactic system

A large animal stereotactic frame (RWD, 68901) was used to perform intracerebral stereotactic injections of tumor cells. Using different adaptors, the frame is applicable to most of large laboratory animals. Using a steretactic frame had the advantage of being able to perform the injections as accurately as possible according to the coordinates of injection location obtained by the pre-operative CT-Scan.

Surgical procedure

The minipigs were pre-medicated with an intramuscular injection of azaperone (Stresnil ® ) and atropine sulfate. After 15 to 20 minutes, the anesthesia was induced by intramuscular injection of Tiletamine + Zolazepam (Zoletil 100 ® ). An isotonic solution was continuously administered

CT-Scan images

Post-implant CT acquisitions were performed at least once a week (days 7, 10, 14, 21, 28) until observing severe clinical symptoms in each animal. All the tumors displayed a slight increase in density compared with adjacent cerebral parenchyma, with clear boundaries and a plurilobed form. After injection of contrast product, there was a significant and homogeneous marking of the tumor with lack of mineralization foci. There was no evidence of hemorrhage after cell implantation. (Fig. 2) Tumor volumes were determined by a manual segmentation of each tumor using the acquired CT images 7, 14, 21 and 28 days following the implantation (Table 1, Fig. 3,4). The mean volumes of the U87 tumors in the left and right hemispheres are presented in Fig. 5.

III.2 Article in preparation for the Journal Plos One

Feasibility of intratumoral Holmium-165 siloxane delivery to induced U87 glioblastoma in a large animal model, the Yucatan minipig. SPECT imaging. As well as this, holmium-166 can be visualized with MRI due to its paramagnetic properties and also with CT due to its high density [51][52][53][54]. On the other hand, the penetration range of holmium-166 inside the soft tissues is 3.2 mm on average, with a maximum of 8.6 mm [55]. In general, following injection inside the tumor, 90% of the beta energy is deposited within the range of 3-5 mm, and the remaining 10% is deposited up to the maximum of 8.6 mm. This suggests that it mainly irradiates the tumor, destroying the tumoral cells, whilst preserving the surrounding healthy tissues [56,57].

IV.2 Article in preparation (Journal to be defined)

Therapeutic efficacy of holmium-166 microbrachytherapy for induced glioblastoma in minipig model

This study first objective was to demonstrate that microbrachytherapy using holmium-166 is safe and efficient to treat induced GB in Yucatan minipigs, as a preclinical study prior to attempting clinical trials on patients with GB. The criteria of treatment efficacy were destruction of the tumor, regression of its growth and consequently, overall survival time after the intratumoral injection of holmium-166 nanoparticles.

IV.2.3 Materials and methods

U87 cells culture

U87 cells as a human primary GB cell line, formally known as U-87 MG (Uppsala 87 Malignant Glioma), were chosen because U87 is one of the most radioresistant [58,59]. They were prepared as previously reported to induce GB on landrace pigs [60] and Yucatan minipigs [14].

Briefly, 35-50 × 10 6 U87 cells were harvested from two T175 tissue culture flasks after one week in growing medium (Minimum Essential Media (MEM) supplemented with 10% fetal calf serum, 100 U/ml penicillin, 100 μg/ml streptomycin, 2 mM l-Glutamine and 0.25% g/mL amphotericin B) with three medium changes. Cells were processed with 0.25% trypsin-EDTA to be harvested and then washed twice in PBS before being pelleted for 4 min at 3000 g in a 2 ml Eppendorf vial just before the inoculations. The final cell concentration in each Eppendorf vial was about 1.7 × 10 6 cells/10 μl. For each subject, 40 μl of the cells were injected into the right hemisphere.

Ethics statement

All experimental protocols were carried out in accordance with the French Ministry of Scientific Research (2015052012034148 v1) and approved by the VetAgro Sup Ethical Committee (1522 V2). All aspects of the maintenance and use of the animals, including surgical procedures and pain assessment were performed and monitored in compliance with French regulations (transposition of Directive 2010/63/EU) and the local Animal Welfare Body.

Animals

The experiments were performed using 12 Yucatan minipigs as a large animal GB model. The minipigs were aged between 3-4 months old and of both sexes. The animals were obtained from INRA Saint-Gilles, France and were transferred to the Claude Bourgelat institute in Marcy l'Etoile, France. The minipigs were housed under conventional conditions (temperature=19°C, humidity >35% and ventilation 10 times/hour) with ad libitum access to tap water and given pelleted feed twice a day. A quarantine period of 2 weeks was allowed as acclimatization period before the implantation of U87 cells. Daily observation and examination of the minipigs were carried out by a veterinarian. Detection of any focal infection was an exclusion criterion.

Holmium-165 nanoparticles preparation

Suspensions composed of holmium-165 (stable isotope) nanoparticles were synthesized following a methodology described below. Nanostructured Ho 2 O 3 precursor (0.397 mol) was slurried and refluxed in 1.5 L ethanol together with acetic acid (0.262 mol) and Si-EDTA (0.05 mol). It was allowed to cool down to ambient temperature and then transferred into 200 mL plastic centrifuge bottles. Particles were washed in ethanol twice by centrifugation cycles of 10 minutes at 4,100 rpm and then resuspended in 160 mL mQ water. Particle size was homogenized by stirring the suspension for 4 days at 30°C. The objective was to synthesize particles with high holmium-165 content. In this study, the particle size was 470 nm. The dry matter (i.e. the solid phase once completely dried) was 550 50 g/L consisting of 28 ± 3% holmium weight. This elevated fractional weight of holmium enables the delivery of a highly activated holmium-166 dose to tumor cells. Density of the final holmium-165 nanoparticle suspension was 1.38 g/ml, measured in triplicate at 25°C by weighing 1 ml of suspension.

Activation of holmium-166 nanoparticles suspension

A volume of 1 ml of the holmium-165 suspension aimed for one tumor was withdrawn from the initial vial and filled in a thermoplastic PolyEtherEtherKetone (PEEK) capsule suitable for the activation process. Each capsule was weighed before and after the activation process. Then the holmium-166 was produced within the suspension of nanoparticles with a neutron activator (Advanced Accelerator Applications) coupled to a 70MeV cyclotron (IBA, C70 of GIP Arronax facility). The principle of the activation consisted of the production of a neutron flux generated by the interaction of a proton beam (70MeV) and a metallic target. The neutrons then interacted with the vials filled with the suspension of nanoparticles and through neutron symptoms were observed, a last CT-Scan was performed. At the end of the acquisition, while the animal was still under anesthesia, 30 ml of pentobarbital (Dolethal®) 200 mg/ml was administered intracardially. This resulted in an immediate and painless death.

Histology and Immunohistochemistry

Histological and immunohistochemical analyses were performed. Samples from brain tumor, heart, liver, lung and kidney were collected, fixed in 4% formalin, routinely processed and embedded in paraffin. For each sample one 4μm section was obtained and stained with hematoxylin and eosin (HE). For each brain sample, 7 sections were cut and used for immunohistochemistry. Immunohistochemical stains were performed with the avidin-biotinperoxidase complex method. Lymphoid infiltrate was characterized by using anti-CD3 epsilon (diluted 1:100, Bio Rad, Hercules, California, USA) for T lymphocytes and anti-Pax-5 (clone 24/Pax5, undiluted, BD Transduction laboratories, Lexington, Kentucky, USA) for B lymphocytes.

In order to detect the macrophage/dendritic cell (DC) population, the following antibodies were applied: anti-Iba-1, (ab5076, diluted 1:500, Abcam, Tokyo, Japan), which is a panmarker for macrophages/DCs, anti-CD204 (MSR-1, clone SRA-E5, diluted 1:50, Abnova, Taipei, Taiwan), which labels conventional macrophages/monocytes but not DCs, anti-DC-lamp (CD208, clone 1010E1,01, diluted 1:200, Dendritics, Lyon, France), which labels conventional antigenpresenting DCs but not macrophages and anti-CD303 (BRDA-2, clone 124B3, diluted 1:200, Dendritics, Lyon, France), which labels plasmacytoid DCs. For all the antibodies applied, except for anti-DC-lamp, antigen retrieval was performed by heating at 90°C for 40 minutes in citrate tampon pH6, followed by a cool off. Antigen retrieval for anti-DC-lamp was performed in a pH9 solution, (Dako target retrieval solution, pH9, Dako, Carpinteria, CA) at 90°C for 40 minutes.

Labeling was amplified with the last step-product of the ultraTek HRP (anti-polyvalent) Ready to use kit (ScyTek) (30 minutes at 20°C) and revealed with Vector NovaRED Peroxidase (HRP) Substrate kit (5 minutes). Hematoxylin counterstain (10 seconds) was applied; then sections were dehydrated and mounted.

For each antibody a negative control, characterized by the replacement of the first antibody with PBS solution, and a positive control for each antibody applied, represented by a 4μm section of spleen from a control group pig, were used.

Scoring and pattern identification at light microscopy

On the HE stained section of the brain, the following parameters were scored: All the histological and immunohistochemical parameters were scored blindly.

Statistical analysis

Survival data were analyzed using a log-rank test (Mantel-Cox). Statistical analyses were conducted using this nonparametric test which is widely used in preclinical and clinical trials to establish the efficacy of a new treatment in comparison with a control treatment. A value of p < 0.01 was taken to indicate statistical significance.

IV.2.4 RESULTS

Tumor growth following U87 implantation

In all 12 Yucatan minipigs, the post-implantation CT-acquisitions leading up to D14 demonstrated tumor development at the injection site in corpus striatum of right hemisphere (Fig 2). Following the implantations, the whole-blood concentration of cyclosporine in all 12 animals was kept above 1000 ng/ml, which prevented tumor rejection or regression over the