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Tunneling Nanotubes (TNTs) are thin open membrane connections that allow the cytoplasmic continuity of two distant cells and the bidirectional transfer of cellular material. TNTs play an important role during development, in the dissemination of viruses and in several neurodegenerative diseases. TNTs are also implicated in cancers where their presence and functionality have been correlated with tumour progression. Recent data have shown that in GBM, GSCs are interconnected in a vast network through thick neurite-like protrusions called Tumor Microtubes (TMs), allowing the propagation of ion flows through GAP-like Junctions. The extent of this network has been correlated with high resistance to treatment as well as cell invasion. One of my main objectives was to determine whether, in addition to the TMs, connections corresponding to the functional definition of TNTs, thus allowing the transfer of cellular material, existed in the GBM models and whether there was a correlation between their presence and the tumour phenotype or its resistance to treatment.

To this aim, in my research project, I studied TNT-mediated communication in three GBM cell lines and in two patient-derived GSCs obtained from distinct areas of the same tumor. GBM cell lines can form TNTs whose functionality has been evaluated by quantifying the transfer of vesicles and mitochondria by imaging and flow cytometry. GSCs also form TNTs when grown in adherent culture but also in three-dimensional tumour organoids, a model that better summarises the characteristics of the tumour. Of interest, the two GSCs showed different TNT communication capabilities, in both control and irradiated conditions, with higher TNT activity (and mitochondrial transfer) in cells from the area with a high potential for relapse, as clinically characterised by functional magnetic resonance imaging. In the organoid model, I observed that the GSCs are interconnected in a network composed of both TMs and TNTs. In conclusion, I propose that TNTs exist in GBM tumour networks, where they allow the transfer of cellular material and that together with TMs they are involved in the resistance to treatment and the relapse of tumours.
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Résumé

Le glioblastome (GBM) est la plus agressive et la plus mortelle des tumeurs cérébrales primaires, car il est capable de récidiver malgré la chirurgie, la chimio et la radiothérapie. Le mécanisme de résistance aux traitements n'est pas entièrement compris, mais la récidive semble être due aux cellules souches cancéreuses du GBM (GSCs).

Les Tunneling Nanotubes (TNT) sont de fines connexions membranaires ouvertes qui relient les cytoplasmes de cellules distantes et permettent le transfert bidirectionnel de matériel cellulaire.

Les TNTs jouent un rôle important au cours du développement, dans la dissémination des virus et dans plusieurs maladies neurodégénératives. Les TNTs sont aussi mis en jeu dans les cancers où leur présence et leur fonctionnalité ont été corrélées avec la progression des tumeurs. Des données récentes ont montré que dans le GBM, les GSCs sont interconnectés au sein d'un vaste réseau notamment grâce à d'épaisses protubérances semblables à des neurites, appelées Tumor Microtubes (TMs), permettant la propagation de flux ioniques à travers des GAP-like Junctions. La densité de ce réseau a été corrélée à une meilleure résistance aux traitements ainsi qu'à l'invasion cellulaire. L'un de mes principaux objectifs était de déterminer si, en plus des TMs, des connexions correspondant à la définition fonctionnelle des TNTs, et permettant donc le transfert de matériel cellulaire, existaient dans les modèles GBM et s'il y avait une corrélation entre leur présence et le phénotype de la tumeur ou sa résistance au traitement. J'ai d'abord étudié la communication par TNTs dans trois lignées cellulaires GBM et dans deux GSCs obtenues à partir de zones distinctes d'une même tumeur. Les lignées cellulaires GBM peuvent former des TNTs dont la fonctionnalité a été évaluée en quantifiant le transfert de vésicules et de mitochondries par imagerie et cytométrie de flux. Les GSCs forment aussi des TNTs quand elles sont cultivées classiquement sur boîte mais aussi dans des organoïdes tumoraux tridimensionnels, un modèle qui récapitule mieux les caractéristiques de la tumeur. Il est intéressant de noter que les deux GSCs ont montré des capacités de communication par TNT différentes, dans des conditions contrôle et après irradiation, avec une activité TNT plus élevée (et un transfert mitochondrial) dans les cellules provenant de la zone au potentiel élevé de rechute, caractérisée chez le patient par l'imagerie par résonance magnétique fonctionnelle. Dans le modèle organoïde, j'ai observé que les GSCs sont interconnectées dans un réseau composé à la fois de TMs et de TNTs. En conclusion, je propose que les TNTs existent dans les réseaux tumoraux de GBM, où ils permettent le transfert de matériel cellulaire et qu'avec les TMs, ils sont impliqués ensemble dans la résistance au traitement et la rechute des tumeurs. xiv 4.2.1. Theory of clonal evolution ____________________________________________ 4.2.2.
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Section II: Introduction Preamble

The introduction will be divided in two Chapters. The first Chapter will give an overview about Glioblastoma from its clinical to molecular aspects, with specific focus on its heterogeneity and the biological mechanisms involved in its treatment-resistance. The second Chapter will be dedicated to Tunneling Nanotubes, their roles in cell-to-cell communication and in particular it will summarize the findings related to the tumoral context. At the end of this part the two topics will converge giving the context where to place the premises of my research project.

Chapter 1: Glioblastoma, the most aggressive of the brain tumors 1. Brain tumors, gliomas and their classification Brain tumors are a group of intracranial malignancies originating from the abnormal and uncontrollable growth of cells of central nervous system (CNS). The number of new brain cancers for both sexes, at all ages, was estimated to be around 300.000 cases worldwide in 2018, over around 18 millions of all cancer cases (https://gco.iarc.fr). More than 150 different types of brain tumors have been documented: although close in their anatomical location, CNS tumors differ in terms of morphology, site, molecular biology, clinical behaviour and aetiology. They can be divided in primary tumors, deriving directly from tissue of the brain or its surrounding, or metastatic, evolving from malignancies located elsewhere in the body and migrating to the brain through the bloodstream (https://www.aans.org). Generally, primary brain tumors can be benign or malignant according to their grade of aggressiveness (Figure 1). On the other hand, metastatic brain tumors are always considered as malignant. 78% of all malignant brain tumors are composed of glial cells and are therefore named glial tumors (or gliomas), the remaining is defined as not-glial [START_REF] Crocetti | Epidemiology of glial and non-glial brain tumours in Europe[END_REF], developed from other brain tissues or structures (as nerves, blood vessels and glands). Glial cells are mainly constituted of microglia, astrocytes, and oligodendrocyte lineage cells and they provide the conditions for the appropriate function of neurons and synapses.

Gliomas are a heterogeneous group (Figure 1), they are traditionally ranked accordingly to their histologic type (as astrocytic or oligodedroglial) and malignancy grade (assigned on the base of mitotic activity, nuclear abnormalities, necrosis, microvascular proliferation, level of de-differentiation) by the World Health Organization (WHO):

WHO grade I (low-grade) are low proliferative and well differentiated lesions, with discrete nature unlikely to evolve negatively.

WHO grade II (intermediate-grade) presents atypical cells with infiltrating nature, low mitotic activity, moderately differentiated, it can evolve to higher grade. WHO grade III (high grade) shows histologic evidence of malignancy as infiltrative capacity, anaplastic, increased mitotic activity and poorly-differentiated histology.

WHO grade IV (high grade) are undifferentiated, mitotically-active lesions with a propensity for craniospinal dissemination, necrosis, neovascularization and a rapid postoperative progression with fatal outcome.

The classification and nomenclature of CNS tumors and gliomas was revised in 2016 [START_REF] Louis | The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A summary[END_REF][START_REF] Wesseling | WHO 2016 Classification of gliomas[END_REF], including distinctive molecular-genetic criteria on top of histological ones, although the diagnostic use of both approaches also raises the possibility of discordant results (Figure 2). One major observation that has fostered the establishment of a genotype-driven classification was the detection of recurrent point mutations leading to a shared clinical outcome despite divergent histological characterization (Figure 2). Particularly, point mutations in isocitrate dehydrogenase 1 and 2 (IDH1/IDH2), enzymes involved in the Krebs cycle and often dysregulated in carcinogenesis [START_REF] Olar | IDH mutation status and role of WHO grade and mitotic index in overall survival in grade II-III diffuse gliomas[END_REF], occurs at high frequencies in grade II and III. An astrocytic or oligodendroglial type of glioma can be further distinguished according to its histopathological features. Each type also carries specific molecular signatures as the codeletion of the chromosomes 1p and 19q, typical of oligodendrogliomas rather than astrocytomas. Within the astrocytoma histological type, at the IV and highest grade of malignancy, we find Glioblastoma, the most aggressive of the gliomas (Figure 2).

A general look to Glioblastoma

Glioblastoma (GBM) is ranked at the grade IV of the WHO classification, it is the most aggressive, invasive, undifferentiated and lethal of the CNS tumors. GBM alone accounts for 14,6% of all primary CNS tumors (including non-malignant ones) and 57.3% of all gliomas (Figure 1) according to the Central Brain Tumor Registry of the United States (incorporating the statistic of the cases between the years 2012-2016). In around 90% of the cases it originates de novo (primary GBM), without previous clinical or histological evidence of a less malignant precursor lesion [START_REF] Ohgaki | Genetic Pathways to Primary and Secondary Glioblastoma[END_REF]. GBMs with an IDH mutation originate from such a lower grade precursor lesion ('secondary GBM', S). However, IDH-wildtype GBMs are much more frequent, these tumours are generally highgrade malignant from the start ('primary GBM', P). Of note, many histologically grade II and especially grade III IDH-wildtype diffuse gliomas in adults show molecular characteristics of and behave like GBM (!). Differently, lower grade oligodendroglial tumours are typically IDH-mutant and 1p/19q-codeleted. Hatched bar correspond to the tumors were the classification resulted to be inconclusive and are therefore defined 'not otherwise specified' (NOS) as they display various features of those mentioned (types 1, 2 or 3).

Only 10% of the GBM cases derive from lower grades astrocytoma evolving into a secondary GBM (Figure 2) and correspond to a different prognosis.

Epidemiology

The incidence of GBM is around 3 people every 100.000 and it mainly affects the older population with a mean age of diagnosis at 64 years old. It is very uncommon in children, which account for only the 3% of the cases, while its incidence peak ranges between 75 and 84 years old [START_REF] Thakkar | Epidemiologic and Molecular Prognostic Review of Glioblastoma[END_REF]. The incidence rate can depend on gender or ethnicity as it is higher in male and Caucasian individuals. GBMs are more commonly located in the supratentorial region of the forebrain (in the frontal, temporal, parietal and occipital lobes), although cerebellar location is possible and usually more frequent in younger patients. Also, secondary GBMs, evolving through a different genetic pathway, are more likely to occur in younger age at a mean of diagnosis of 45 years old [START_REF] Thakkar | Epidemiologic and Molecular Prognostic Review of Glioblastoma[END_REF].

Risk factors and etiology

The main risk factor associate to with GBM is prior exposure to therapeutic radiation [START_REF] Hodges | Prevalence of glioblastoma multiforme in subjects with prior therapeutic radiation[END_REF]. Various life-style characteristics, as smoke, alcohol, drugs consumption, nitrate-containing diet or mobile phone usage, were tested and not substantial evidences of correlation with GBM were found [START_REF] Thakkar | Epidemiologic and Molecular Prognostic Review of Glioblastoma[END_REF].

Curiously, allergies, some atopic diseases (e.g. asthma, eczema, psoriasis) and use of antiinflammatory medicament were associated to a protective effect against GBM as GBM patients present low level of IgE, a biomarker for allergy [START_REF] Buerki | Serum immuno-biomarkers in gliomas[END_REF]. At genetic level, some gene variants of cyclin-dependent kinase inhibitor 2B (CDKN2B) and the regulator of telomere elongation helicase 1 (RTEL1) were associated to risk of high-grade glioma [START_REF] Thakkar | Epidemiologic and Molecular Prognostic Review of Glioblastoma[END_REF].

Symptoms

GBMs usually evolve rapidly and have a short clinical history before their diagnose (between 3 and 6 months), unless they derive from previous, lower-grade, gliomas.

Symptoms are numerous and can vary accordingly to the brain region affected, nevertheless, they can be reconducted to three major mechanisms [START_REF] Hanif | Glioblastoma Multiforme: A Review of its Epidemiology and Pathogenesis through Clinical Presentation and Treatment[END_REF]: i) destruction of the brain tissue, as result of the cellular necrosis, that give rise to cognitive impairments and neuronal deficit, ii) increase of the cranial pressure, due to the increase of the tumoral size and edema surrounding the tumor, leading to shift of intracranial content and headaches which can assume progressive severity, iii) depending on the brain region, seizures could be occurring in 20-40% of the cases.

Imaging

Magnetic resonance imaging (MRI) with or without contrast agent (Gadolinium) is the gold standard for brain tumor visualization and diagnosis [START_REF] Hanif | Glioblastoma Multiforme: A Review of its Epidemiology and Pathogenesis through Clinical Presentation and Treatment[END_REF]. T1-and T2weighted MRI, based on different atomic spin echos, allow together the complete visualization of the tumoral architecture. T1 gives high contrast to the areas higher in fat content corresponding the dense cellularity of the tumor and necrosis, while T2 gives higher signal of area rich in water, representative of the surrounding edema. T2 can be implemented with fluid-attenuated inversion recovery (FLAIR) sequence to suppress the signal of the cerebrospinal liquid allowing a better definition of the tumoral borders (Figure 3). Beyond diagnosis, spectroscopy MRI can be implemented to monitor the levels of cellular metabolites such as choline (Cho), creatine, N-acetylaspartate (NAA), lactate, and lipids to determine tumor activity [START_REF] Bush | Current and future strategies for treatment of glioma[END_REF]. These parameters are relevant to determine the metabolic activities of the tumor areas (Figure 3) and retain a prognostic value [START_REF] Horská | Imaging of Brain Tumors: MR Spectroscopy and Metabolic Imaging[END_REF]. For example, increase of lactate or Cho and decrease of NAA have been associated with a poorer outcome [START_REF] Deviers | Evaluation of the Lactate-to-N-Acetyl-aspartate Ratio Defined With Magnetic Resonance Spectroscopic Imaging Before Radiation Therapy as a New Predictive Marker of the Site of Relapse in Patients With Glioblastoma Multiforme[END_REF]. For these reasons, the spectroscopic characterizations of the tumor has been recently incorporated into the treatment-planning process. 

Prognosis and survival

GBM has very poor prognosis as the median survival is around 14.6 months from the diagnosis. In most cases, a diagnosis of GBM is a death sentence within a short period of time. Despite the adverse survival and mortality rate, patients surviving 2.5 years from diagnosis have a relatively favourable conditional probability of future survival compared to newly diagnosed patients, with 5% of the cases surviving beyond 5 years [START_REF] Thakkar | Epidemiologic and Molecular Prognostic Review of Glioblastoma[END_REF]. Age and tumor location can also affect the prognosis of GBM patients.

Secondary GBM, deriving from lower grade gliomas and corresponding to only 10% of the cases, has a more positive prognosis with an overall median of survival of 31 months.

Treatments

GBM is still nowadays an incurable form of cancer and little progress has been made in its therapy. Despite the treatments, which improves patients' survival, GBM relapse is almost inevitable. GBM is treated with a multimodal approach that requires, first, its maximal surgical resection, and then, external beam radiations (radiotherapy) and concomitant chemotherapy (Stupp et al., 2005). GBM is an infiltrative tumor with jagged edges and, even with the support of functional MRI, it remains impossible to completely eradicate with surgery. Interestingly, some novel intra-operative techniques are trying to improve the limitation of the operation including the use of fluorescent marker 5-amuionlevulinic acid, a dye preferentially taken up by tumor cells and enhancing the visualization of tumor to aid maximal resection [START_REF] Bush | Current and future strategies for treatment of glioma[END_REF][START_REF] De Boer | Optical innovations in surgery[END_REF]. Surgery is followed by radio and chemotherapy; this double approach aims to target remaining highly proliferative cells as both methods induce errors in DNA replication which overwhelm cellular repair mechanisms and triggers apoptosis. Ionizing radiation generates reactive oxygen species (ROS) that directly damage DNA. The standard dose of radiation is 60 Grays (Gy) and it is usually delivered in 30 to 33 fractions of 1.8-2 Gy in a localized brain field and its surrounding (2-3 cm). Interestingly, previous radiotherapy is one of the few risk factor correlating with GBM [START_REF] Hodges | Prevalence of glioblastoma multiforme in subjects with prior therapeutic radiation[END_REF] and evidences suggest that ionizing radiations activate survivin pathway in GBM cells and possibly favor a fast tumor recurrence [START_REF] Dahan | Ionizing radiations sustain glioblastoma cell dedifferentiation to a stem-like phenotype through survivin: Possible involvement in radioresistance[END_REF].

GBM treatment also includes the use of Temozolomide (TMZ), an oral cytotoxic DNAalkylating agent introducing methylation of guanine bases, consequent mismatch in the double-strand which cause DNA damages. The addition of this drug, has improved the median overall survival compared to radiation alone (14.6 months compared to 12.1 months), with a two-fold increase in 2-year survival from 10.4 to 26.1% [START_REF] Stupp | Effects of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on survival in glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial[END_REF]Stupp et al., 2005). TMZ is one of the few drugs able to cross the Blood Brain Barrier (BBB); nevertheless, it has a short half-life and it is administrated in high dose to result effective of in the specific site of the tumor. Prolonged systemic administration might lead to significant side effects on the rest of the body. To overcome this limitation, a developing research area is exploring the use of nanoparticles, specifically functionalized, to direct drug delivery in the interested area (C. Y. [START_REF] Lee | Strategies of temozolomide in future glioblastoma treatment[END_REF][START_REF] Ung | Nanotechnology to augment immunotherapy for the treatment of glioblastoma multiforme[END_REF]. Some alternative therapeutic strategies have been tested with few successes. Immunotherapy with Bevacizumab, a humanized monoclonal antibody targeting the Vascular Endothelial Growth Factor (VEGF) with the aim to inhibit GBM neovascularization, has so far demonstrated no particular benefit as GBM displayed adaptive upregulation of alternative angiogenic pathways (Y. [START_REF] Li | Bevacizumab in Recurrent Glioma: Patterns of Treatment Failure and Implications[END_REF]. Everolimus, an inhibitor of mTOR (mammalian Target Of Rapamycin), has also been tested and led to an increased toxicity and no clinical benefit in patients [START_REF] Chinnaiyan | A randomized phase II study of everolimus in combination with chemoradiation in newly diagnosed glioblastoma: Results of NRG Oncology RTOG 0913[END_REF]. Moreover, intratumoral gene therapy is an alternative strategy under exploration. The rational is to provide specific genes to the cancer cells, through retroviral vectors, inducing their apoptosis or directing an adverse immune response [START_REF] Bush | Current and future strategies for treatment of glioma[END_REF]. Finallythe use of vaccines has been considered with the aim to sensitize the immune system against specific antigens involved in GBM pathogenesis [START_REF] Schumacher | A vaccine targeting mutant IDH1 induces antitumour immunity[END_REF].

Models

One of the reasons that contributed to proceed slowly in the advancement of GBM care, is the lack of valid models that can authentically reproduce the genetic and phenotypic properties of human GBM. Immortalized serum-cultured cell models have been demonstrated to fail in recreating the original tumor in their biological and transcriptomic features (J. [START_REF] Lee | Tumor stem cells derived from glioblastomas cultured in bFGF and EGF more closely mirror the phenotype and genotype of primary tumors than do serum-cultured cell lines[END_REF]. Research moved toward models more recapitulative of tumoral environment and heterogeneity. One strategy is to isolate from patient tumor cells and maintained them as neurospheres or organoids in serum-free medium as they retain their genetic heterogeneity and tumorigenic ability [START_REF] Hubert | A Three-Dimensional Organoid Culture System Derived from Human Glioblastomas Recapitulates the Hypoxic Gradients and Cancer Stem Cell Heterogeneity of Tumors Found In Vivo[END_REF][START_REF] Kim | Isolation and Culturing of Glioma Cancer Stem Cells[END_REF]. These cells can also be implanted in immune-suppressed mice, as xenograft murine model, and initiate tumor formation [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF]. Alternatively, spontaneous tumors can be triggered in genetically-engineered mice by induction of driver mutations, however they do not represent the complexity of GBM genetic alterations. Syngeneic murine model allows to reproduce immune system response as the tumor is allografted from an immune-suppressed mouse to an immune-competent one (Broekman et al., 2018b). Although murine models allow the study of the tumors in an adequate microenvironment, none of these is a perfect representation of the human GBM (Broekman et al., 2018b). More recently, cerebral organoids models have been developed: they consist in the recreation of a "miniature" brain, obtained from neural or embryonic stem cells, that incorporates tumoral components. Specifically, this can occur by introduction of oncogenes expression or target mutation in the neural stem/precursor cells composing the cerebral organoids [START_REF] Bian | Genetically engineered cerebral organoids model brain tumor formation[END_REF] or favouring tumor cells infiltration in pre-formed cerebral organoid [START_REF] Linkous | Modeling Patient-Derived Glioblastoma with Cerebral Organoids[END_REF]. Additionally closer to the real tumor, are patient-derived GBM organoids obtained by culturing tumor pieces after an initial microdissection of the original tumor tissue [START_REF] Jacob | A Patient-Derived Glioblastoma Organoid Model and Biobank Recapitulates Inter-and Intratumoral Heterogeneity[END_REF].

Biological signatures of Glioblastoma

Cellular origin

The cellular origin of GBM is still nowadays matter of debate. Within the cell population that populates the CNS, various progenitor, stem or differentiated cells might be susceptible to the transformation which leads to the formation of GBM. During ordinary glial development, neural stem cells (NSCs) and multipotent progenitor cells, that reside in proliferative subventricular zone, give rise to neurons or glial progenitor cells (Figure 4). Glial progenitors are heterogeneous and can subsequently originate astrocytes or oligodendrocytes [START_REF] Zong | The cellular origin for malignant glioma and prospects for clinical advancements[END_REF]. NSCs and glial progenitors continue throughout Glioma is a heterogeneous disease and could potentially arise from different cells of this differentiation paths. adulthood to self-renew and generate progeny cells, and thus are prime suspects as the cell of origin for gliomas. GBM is predominantly composed of cells that resemble immature glia, which display varying degrees of similarity to different glial lineages, suggesting that gliomas arise from cells with a glial-restricted potential. Eventually, different subtype of glioma could derive from a distinct cell of origin: neural stem cells, glial progenitors (including oligodendrocyte progenitor cells) and astrocytes could all serve as cells of origin for gliomas [START_REF] Zong | The cellular origin for malignant glioma and prospects for clinical advancements[END_REF].

Histological characterization

GBM is extremely heterogeneous tumor, in fact its remarkable intratumoral histologic and cytologic diversity has made it worthy of the epithet "multiforme" in its original name. For gliomas grading, tumoral sections are analysed, after intracranial surgery, in their cellularity by haematoxylin-eosin staining and for the expression of specific cell type marker by immunohistochemistry [START_REF] Perry | Chapter 5-Histologic classification of gliomas[END_REF]. Haematoxylin-eosin staining allows to determine mitotic activity, and presence of microvascular proliferation and necrosis. Although a specific cut-off for mitotic activity has been not officially defined, the presence of necrosis and/or microvascular proliferation are indicative of a diagnosis of GBM. Dense, irregular and large necrosis, surrounded by pseudopalisading (aligned) cells, can be an explicit feature of GBM as well as prominent microvascular proliferation (Figure 5A and B). By immunohistochemistry, GBMs show similarities to normal and reactive astrocytes, and can express astrocytic lineage markers, such Glial fibrillary acidic protein (GFAP), typical of astrocytic type of glioma (Figure 5C), but also Chitinase-3-like protein 1 (CHI3L1) and Apolipoprotein E [START_REF] Perry | Chapter 5-Histologic classification of gliomas[END_REF]. Nevertheless, a less frequent subtype of GBM express several genes typical of oligodendrocyte progenitor cells, including Oligodendrocyte transcription factor 2 (Olig2), Neuron-Glial Antigen 2 (NG2) and Platelet-Derived Growth Factor Receptor A (PDGFRα). IDH status can also monitored by immunohistochemistry, allowing the distinction between primary IDH wild-type GBM and secondary IDH-mutated GBM, deriving from previous lower grade IDH-mutated tumors. Additional cellular features can be observed which allow to discriminate some particular variants of GBM as giant cells GBM, characterized by the presence of many large, multinucleated tumor cells (Figure 5D). Giant cell GBM is a particular phenotype presenting large, highly pleomorphic, multinucleated giant cells.

Genetic and epigenetic alterations

Various genotype hallmarks have been identified in GBM, certain have been associated with the different grade of gliomas or even carry prognostic significance. These reasons leaded to the renovation of the WHO classification that occurred in 2016 now based on molecular, on top histological, features here described in the following subchapters.

IDH mutation

IDH1/2 mutations are frequent in II and III grade and are commonly established hallmark for secondary GBMs, as these evolve from pre-existing lower grade tumors. IDH enzymes are involved in the cellular metabolism, specifically in the Krebs cycle, which dysregulation can alter the cellular homoeostasis correlating with the initiating carcinogenic events [START_REF] Olar | IDH mutation status and role of WHO grade and mitotic index in overall survival in grade II-III diffuse gliomas[END_REF]. The mutation often occurs in the enzymatic active site, with higher frequency in IDH1 than in IDH2, and introduce a gain-of-function alteration that leads to a 10-100-fold increase of the level of D-2-hydroxyglutarate [START_REF] Thakkar | Epidemiologic and Molecular Prognostic Review of Glioblastoma[END_REF].

Interestingly, D-2-hydroxyglutarate is an oncometabolite which can induce epigenetic programming and disruption of normal stem cell differentiation and also favour the acquisition of additional mutations [START_REF] Galluzzi | Potent immunosuppressive effects of the oncometabolite R-2hydroxyglutarate[END_REF]. IDH mutations appear to be inversely related to, or even mutually exclusive, of the alterations of epidermal growth factor receptor pathway, usually related to primary GBM which then rather display a wildtype IDH status (Q.-J. [START_REF] Li | Evolving Molecular Genetics of Glioblastoma[END_REF].

Tyrosine-kinase receptors pathways

The signaling pathways related to growth factor receptors are majorly impacted in GBM, provoking a dysregulation of the normal cellular proliferation. Epidermal growth factor receptor pathway (EGFR/PTEN/Akt/mTOR) is mostly affected in primary GBM, while alterations of the platelet-derived growth factor receptor (PDGFR) pathway are more typical of the secondary GBM [START_REF] Agnihotri | Glioblastoma, a Brief Review of History, Molecular Genetics, Animal Models and Novel Therapeutic Strategies[END_REF]. EGFR pathway can be altered at the receptor level or in downstream elements (Figure 6), with consequences on the proliferation and cell survival [START_REF] Crespo | Molecular and Genomic Alterations in Glioblastoma Multiforme[END_REF]. Its activity is often enhanced by the amplification and overexpression of EGFR gene (in around 40-60% of the cases of primary GBM [START_REF] Ohgaki | Genetic Pathways to Primary and Secondary Glioblastoma[END_REF]). Additionally, 50% of these tumors also express an aberrant variant named EGF-RvIII, which is constitutively active and cause mitogenic effects and powerful transforming activity (An et al., 2018;[START_REF] Thakkar | Epidemiologic and Molecular Prognostic Review of Glioblastoma[END_REF]. In the same pathway, Phosphatase and Tensin homolog gene PTEN gene is mutated in 15-40% of primary GBM [START_REF] Ohgaki | Genetic Pathways to Primary and Secondary Glioblastoma[END_REF]. PTEN is a tumor suppressor act to negatively regulate the intracellular levels of phosphatidylinositol-3,4,5-trisphosphate (PIP3) modulating Akt/PKB (Protein kinase B) activity and activation of mTOR signaling pathway. On the other hand, secondary GBMs often present overexpression of PDGFR, normally involved in the development of normal tissues and acting particularly on neural stem cells and potentially related to their oncogenic transformation [START_REF] Agnihotri | Glioblastoma, a Brief Review of History, Molecular Genetics, Animal Models and Novel Therapeutic Strategies[END_REF][START_REF] Crespo | Molecular and Genomic Alterations in Glioblastoma Multiforme[END_REF].

p53 pathway

p53/MDM2/p14 ARF pathway is commonly altered in GBM, particularly in the secondary form. In normal cells, p53 network is activated in response to a cellular stress to facilitate DNA repair or induce apoptosis in case of excessive damage, but it can also regulate other cellular mechanisms including cell cycle, cell differentiation, and even neovascularization [START_REF] Crespo | Molecular and Genomic Alterations in Glioblastoma Multiforme[END_REF][START_REF] Thakkar | Epidemiologic and Molecular Prognostic Review of Glioblastoma[END_REF]. Mutation of TP53 gene (encoding for p53) have been detected already in lower grade gliomas and this has been directly correlated with the malignant transformation that leads to secondary GBM. Around 60% of secondary GBM carry TP53 mutations, while the frequency is lower in primary GBM (<30%) where they likely occur as secondary events contributing to the genomic instability during tumor development [START_REF] Ohgaki | Genetic Pathways to Primary and Secondary Glioblastoma[END_REF]. Amplification of Mouse Double Minute 2 (MDM2) gene, involved with p53 in a feedback loop regulating their activity and the activation of transcription of various genes (Figure 6), is present in <10% of GBM and exclusively in the primary ones that lack a TP53 mutation [START_REF] Agnihotri | Glioblastoma, a Brief Review of History, Molecular Genetics, Animal Models and Novel Therapeutic Strategies[END_REF].

Moreover, the loss of p14 ARF (Alternate Reading Frame protein) expression, inhibitor of p53 and tumor suppressor, has frequently been observed in GBM (76%) with no significant difference between the two subtypes [START_REF] Agnihotri | Glioblastoma, a Brief Review of History, Molecular Genetics, Animal Models and Novel Therapeutic Strategies[END_REF]. Overall, these mutations lead to a dysregulation of this pathway and the loss of its normal function. for primary GBM, in blue, for secondary GBM, and in green when frequent in both subtypes.

Cell cycle regulation pathways

p16 INK4a /RB1 pathway alteration has been observed in both primary and secondary GBM (Figure 6). This pathway coordinates cell cycle and the aberrant activity of its components might lead to the failure of the G1/S cell cycle checkpoints. In normal cells, the assembly of the cyclin-dependent kinase 4 (CDK4)/cyclin D1 complex, promoting the passage to the S phase by the consequent release of the E2F transcription factor, is regulated by inhibitory functions of p16 INK4a (INhibitor of CDK4) and retinoblastoma-associated protein RB1 [START_REF] Crespo | Molecular and Genomic Alterations in Glioblastoma Multiforme[END_REF]. Both p16 INK4a and RB1 genes may undergo a loss of their expression due to homozygotic deletion or other epigenetic alterations of the promoter.

Alteration of p16 INK4a occur with overall similar frequency within primary and secondary GBM, while aberration of RB1 are more frequent in the secondary subtype compared to primary one (43% vs 14% [START_REF] Ohgaki | Genetic Pathways to Primary and Secondary Glioblastoma[END_REF]).

Telomerase regulation genes

Alterations of the telomeres is one of the features often altered in GBM, TERT (Telomerase reverse transcriptase) and ATRX (αthalassemia/mental retardation syndrome X-linked, an ATP-dependent helicase) gene mutations are mutually exclusive and correspond to primary and secondary GBM, respectively [START_REF] Thakkar | Epidemiologic and Molecular Prognostic Review of Glioblastoma[END_REF]. TERT encodes for the enzyme telomerase, involved in telomere maintenance and essential for actively growing cells, and it is frequently mutated in the promoter region. Alternatively, ATRX mutations can cause alternative lengthening of telomeres, associated to genomic instability (Q.-J. [START_REF] Li | Evolving Molecular Genetics of Glioblastoma[END_REF].

Chromosomal loss

Another common GBM aberration is the depletion of one or several chromosome causing loss of heterozygosity and expression of a single allele increasing the vulnerability of essential genes [START_REF] Nichols | Loss of heterozygosity of essential genes represents a widespread class of potential cancer vulnerabilities[END_REF]. Chromosome 10 is lost in 80-90% of the cases causing the loss-of-function of important oncosuppressor genes here located as PTEN [START_REF] Ohgaki | Genetic Pathways to Primary and Secondary Glioblastoma[END_REF][START_REF] Thakkar | Epidemiologic and Molecular Prognostic Review of Glioblastoma[END_REF]. Also, chromosome 22 can be deleted, with a significant higher frequency in secondary GBM (82%) than primary one (41%).

While loss of chromosome 13 and 19, is also frequent but relatively uncommon [START_REF] Ohgaki | Genetic Pathways to Primary and Secondary Glioblastoma[END_REF].

C-CIMP

Epigenetic analysis of GBM identified the presence of genome-wide hypermethylation of CpG Islands, defined as CpG Islands Methylator Profile (CIMP). CIMP has been described in several tumors, including gliomas (G-CIMP) and exhibit distinct epidemiological, clinicopathological, and molecular features, in fact G-CIMP is strongly associated with IDH1 mutation and secondary GBM [START_REF] Malta | Glioma CpG island methylator phenotype (G-CIMP): Biological and clinical implications[END_REF][START_REF] Thakkar | Epidemiologic and Molecular Prognostic Review of Glioblastoma[END_REF].

MGMT status

O6-methylguanine DNA methyltransferase (also known as MGMT) status has an important role in the prognosis of GBM and specifically to the response to treatments [START_REF] Butler | MGMT Status as a Clinical Biomarker in Glioblastoma[END_REF]. Chemotherapy for GBM consists in the administration of TMZ, an alkylating agent that functions by transferring alkyl groups to guanine bases causing DNA mismatch and double-strand breaks followed by cellular death. MGMT is a DNA repair protein that removes alkyl groups and its activity can reverse the efficacity of TMZ.

Approximately 50% of GBM cases present methylation of MGMT promoter, silencing its expression and, therefore, impairing its repair ability [START_REF] Thakkar | Epidemiologic and Molecular Prognostic Review of Glioblastoma[END_REF]. For these reasons, methylation of MGMT promoter is a positive prognostic factor as it allows the therapy to work more effectively. MGMT methylation is associated with IDH1/2 mutant tumors therefore more common in secondary as compared to primary GBM.

Glioblastoma heterogeneity

GBM heterogeneity is notorious, its initial name included in fact the epithet "Multiforme".

In general, tumors can be heterogeneous on an intertumoral level, meaning that they can differ from individual to individual even sharing the same diagnosis, or on an intratumor level, when the heterogeneity is within the same tumor. Intratumoral heterogeneity can manifest itself at both cellular and molecular level with diverse cell surface markers, cellular lineage, degree of differentiation, (epi)genetic abnormality, transcriptional programs, growth rate, etc. Moreover, tumoral cells coexist with various cells of the tumoral microenvironment (pericytes, endothelial, immune cells, etc.). Also, the distribution of hypoxic or necrotic areas leads to what can be defined as a spatial heterogeneity, and it impacts on biological mechanisms of each individual region. We can even talk about a temporal heterogeneity as the genomic alterations driving the cancer relapse are distinct from those in the initial tumor [START_REF] Johnson | Mutational Analysis Reveals the Origin and Therapy-driven Evolution of Recurrent Glioma[END_REF].

Genotypic intertumoral variability: four GBM subtypes

In 2008, The Cancer Genome Atlas generated a comprehensive catalogue of genomic abnormalities driving tumorigenesis and provided a detailed view of the genomic changes in a vast cohort of GBM patients. This large-scale genomic analysis was a leverage by Verhaak and colleagues few years later to portrait a coherent subgrouping of GBM. Four molecular subtypes, featuring distinct genetic, epigenetic, and transcriptional alterations were identified [START_REF] Verhaak | An integrated genomic analysis identifies clinically relevant subtypes of glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR and NF1[END_REF]. The expression of 840 genes was evaluated and the samples were clustered accordingly identifying four subgroups named Proneural, Neural, Classic and Masenchymal (Figure 7). The subtypes were further validated in an independent dataset to ensure subtype reproducibility and the genetic signature of the GBM subtypes were compared with a brain transcriptome database to define gene sets associated with neurons, oligodendrocytes, astrocytes, and cultured astroglial cells.

Finally, the response to aggressive therapy differs by subtype underline the importance to delineate a valid subtype modelling helping in the prediction of the therapeutic response.

Proneural

This group correlate with secondary GBM and significantly younger GBM patients.

Alterations of PDGFR, as amplification and mutations, and IDH1 point mutations are the main features of the Proneural class. TP53 mutations and loss of heterozygosity are also typical in this subtype, while chromosome 7 amplification, paired with chromosome 10 loss is more frequent in the other classes compare to this one. Secondary GBM mainly display proneural phenotype. to be strongly associated with an astrocytic signature. Clinically, these patients displayed a reduced mortality upon aggressive treatment.

Mesenchymal

This phenotype is characterized by Neurofibromatosis type 1 (NF1) loss or mutations, commonly intersecting with the loss or mutations of PTEN as well. Mesenchymal, and sometimes astrocytic, markers as CHI3L1, CD44 and hepatocyte growth factor receptor (HGFR) display an enhanced activity in this subtype, potentially reminiscent of an epithelial-to-mesenchymal transition. Finally, NF-κB (nuclear factor k-light-chainenhancer of activated B cells) pathway is highly activated in this subtype, as a consequence of higher overall necrosis and associated inflammatory infiltrates.

Mesenchymal class exhibit the genomic signature typical of cultured astroglia. Similarly to the Classical group, aggressive treatments result to be more effective on this subclass.

Theories about intratumoral heterogeneity

A tumour can be considered as an aberrant organ initiated by a tumorigenic cancer cell that acquired the capacity for indefinite proliferation through accumulated mutations [START_REF] Reya | Stem cells, cancer, and cancer stem cells[END_REF]. As any other organ and tissue of the body, tumors are composed of heterogeneous combinations of cells, with different phenotypic characteristics and proliferative potentials. Intratumor heterogeneity confers an evolutionary advantage facing microenvironmental fluctuations or selective pressure imposed by therapies. Thus, the pre-existence of resistant clones can determine therapy outcome and constitute the main cause of therapeutic failure and consequent tumor relapse [START_REF] Inda | Glioblastoma Multiforme: A Look Inside Its Heterogeneous Nature[END_REF].

Theory of clonal evolution

Cancer has been considered for long time as an evolutionary process where natural selection occurs upon successive waves of genetic changes occurring in tumor cells (Figure 8A), some of these convey to a proliferative advantage and, as for Darwinian selection, the better adapted clones expand becoming responsible for the tumor growth. During cancer progression, tumoral cells inherit the expression of diverse oncogenic transcriptional programs favouring their expansion and following acquisition of new mutations which promote genetic variability and an increase in tumor heterogeneity [START_REF] Inda | Glioblastoma Multiforme: A Look Inside Its Heterogeneous Nature[END_REF]. In this theory, "driver mutations" allow the progression of a cancer, whereas "passenger mutations" are neutral or only slightly deleterious but contribute to its heterogeneity [START_REF] Greaves | Clonal evolution in cancer[END_REF]. This branched evolution underlines the importance of targeting ubiquitous alterations in the trunk of the phylogenetic tree but also of attenuating the genomic instability which fuel the unpredictable clonal heterogeneity [START_REF] Mcgranahan | Clonal Heterogeneity and Tumor Evolution: Past, Present, and the Future[END_REF] . Although the coexistence of different clones within the same tumor could be due to stochastic events, their maintenance is specifically due to the selective pressure applied by the interaction with internal or external factors that can favour or disfavour them. Serial sampling to tumoral genomes has been implemented in the clinical research to predict the trajectories of tumor evolution [START_REF] Mcgranahan | Clonal Heterogeneity and Tumor Evolution: Past, Present, and the Future[END_REF]. In GBM, single cell RNA-sequencing analysis have shown that individual tumors contain a spectrum of cells with inherently variable expression of diverse transcriptional programs related to oncogenic signaling, proliferation and even features of multiple of the four GBM subtypes, drawing into question the utility of targeting therapeutically specific subtype [START_REF] Patel | Single-cell RNA-seq highlights intratumoral heterogeneity in primary glioblastoma[END_REF].

Cancer stem cells theory

In the wide cellular heterogeneity of the tumor environment, most of the cancer cells

actually have only limited proliferative potential, only a subset of cells displays extensive proliferative ability and self-renewal potential. These were defined Cancer stem cells (CSCs) and their identification dates back to the 1990s, when, in human leukemia, the tumor clones were found to be organized as a hierarchy originating from rare leukemic stem cells [START_REF] Bonnet | Human acute myeloid leukemia is organized as a hierarchy that originates from a primitive hematopoietic cell[END_REF]. By asymmetric division, CSCs maintain their population and, at the same time, generate more differentiated daughter cells with limited proliferation properties that constitute the bulk of the tumor, while CSCs will remain as a small subpopulation (Figure 8B). According to this theory, intratumoral heterogeneity is organized in a hierarchical organization at the apex of which are CSCs [START_REF] Inda | Glioblastoma Multiforme: A Look Inside Its Heterogeneous Nature[END_REF].

It should be noted, that this hierarchy is not a one-way route, but can be reversible or plastic whereby even terminally differentiated cells can dedifferentiate and gain CSCs properties under specific conditions [START_REF] Prasetyanti | Intra-tumor heterogeneity from a cancer stem cell perspective[END_REF]. GBM stem cells, or GSCs, have been identified in human brain tumors [START_REF] Singh | Identification of a cancer stem cell in human brain tumors[END_REF] and will be described in a dedicated chapter.

Inter-clonal cooperativity and microenvironment

Each tumor area can vary in terms of cell content, both in cells of the microenvironment or different tumor clones. The presence of a specific cell composition may retain a greater or minor tumor thrust. The theory of interclonal cooperativity suggests that tumor evolution and heterogeneity is promoted by interactions between tumor cell clones and their microenvironment influencing its malignant progression [START_REF] Parker | Molecular heterogeneity in glioblastoma: Potential clinical implications[END_REF]. One clone could display oncogenic mutations leading to the production of factors that promote the establishment of a pro-oncogenic environment confering an advantage to other nearby clones. Even a small minority of phenotypically distinct cells can have a profound impact on the behaviour of the rest of the population [START_REF] Bonavia | Heterogeneity Maintenance in Glioblastoma: A social network[END_REF]. For example, in GBM, a deleted form of EGFR, common pathogenetic signature, has a potent ability to enhance tumorigenicity. Despite this, its expression is typically observed in a subpopulation of cells and almost never in the entire tumor [START_REF] Inda | Tumor heterogeneity is an active process maintained by a mutant EGFR-induced cytokine circuit in glioblastoma[END_REF]. Potentially this minority does not only enhance intrinsic tumorigenic abilities, but can promote the proliferation of the neighbouring cells for the majority expressing the amplified wild-type form of EGFR. The tumoral microenvironment is also not homogeneous as oxygen pressure, blood vessel density, growth factors, composition of extracellular matrix and immune infiltration can differ in different tumoral areas. These differences affect tumor cells and might be the cause of phenotypic and genetic differences, resulting in different cell growth, invasiveness, cell death/therapy resistance and immune escape [START_REF] Inda | Glioblastoma Multiforme: A Look Inside Its Heterogeneous Nature[END_REF]. For example, some area could select "hypoxia-fit" clones and other, more nutrient dense regions, may select for fast-growing clones. According to this heterogeneity model the interactions between immune/stromal factors and different genetic subpopulation of tumor cell clones collaborate to drive disease progression and a malignant phenotype.

Glioblastoma microenvironment

The tumoral microenvironment represents the non-cancerous cells inside the tumor. In GBM this is constituted by normal and reactive astrocytes, neurons, fibroblasts, immune cells, microglia/macrophages, endothelial cells (ECs) and vascular pericytes. The cross-talk between these cells and GBM occurs through various mechanisms of direct or indirect communication, and often favour tumor progression.

Perivascular niche

Perivascular niches are represented by small capillaries or arterioles, typical of the microvascularization and composed by ECs, GSCs, pericytes, and other specific tissue components. Tumor-initiating cells are notably detected in this location (Broekman et al., 2018b) that acts as a hub for generation of multiple cellular phenotypes and has important functions in the maintenance of the oncogenic thrust (Figure 9A). Particularly, ECs were found to closely interact with GSCs and maintain their stem cell-like state [START_REF] Calabrese | A perivascular niche for brain tumor stem cells[END_REF]. Larger vessels with defined layers, cannot function as niches as they prevent the direct contact between GSCs and ECs. Notch stemness pathway is activated in GSCs through the interaction of Notch1/2 receptors, expressed by GSCs, and their ligands JAG1

(Jagged-1) and DLL4 present on the ECs [START_REF] Schiffer | Glioblastoma: Microenvironment and Niche Concept[END_REF]. Alternatively, Notch signaling pathway can also be activated by the paracrine secretion of Nitric Oxide (NO) on behalf of ECs (A. [START_REF] Sharma | Cancer stem cell-vascular endothelial cell interactions in glioblastoma[END_REF].

It has been reported that GSCs can undergo mesenchymal differentiation and transdifferentiate into ECs or pericytes, another functional component of the perivascular niche. The activation of the Notch signaling pathway in GSCs can direct these cells toward the expression of pericytes markers as α-smooth muscle actin (α-SMA), NG2 and PDGFR [START_REF] Aderetti | The hypoxic periarteriolar glioma stem cell niche, an integrated concept of five types of niches in human glioblastoma[END_REF][START_REF] Jhaveri | Tumor vasculature and glioma stem cells: Contributions to glioma progression[END_REF]. Stimulation of pericytes activity can turn into formation of new blood vessels. GSCs act on pericytes and ECs proliferation secreting proangiogenic growth factors, as VEGF (Broekman et al., 2018b). Therefore, GSCs have the capability to generate the cell types required to construct their niches and simulate cancer progression [START_REF] Aderetti | The hypoxic periarteriolar glioma stem cell niche, an integrated concept of five types of niches in human glioblastoma[END_REF].

Hypoxic niche

In GBM, the high density of tumoral cells, the presence of pseudopalisading necrotic areas and the vasculature morphology, tortuous and often leading to dead ends, drive to the establishment to hypoxic regions. Hypoxia is, in fact, another hallmark of GBM and occurs in the whole tumor, distributed with variable intensity. Hypoxic niches are typically hyperproliferative, they can support and maintain GSCs self-renewal and even induce non-stem cells to acquire GSC characteristics increasing the tumorigenic potential [START_REF] Aderetti | The hypoxic periarteriolar glioma stem cell niche, an integrated concept of five types of niches in human glioblastoma[END_REF]. The hypoxic environment induces expression of stem cell markers as SOX2, OCT4 (octamer-binding transcription factor 4) and CD133 (Promine-1) in GBM cells, indicating their dedifferentiation to GSCs. Hypoxia also causes acidification of the microenvironment and stimulation of Hypoxia-inducible factor 1α (HIF-1α), transcription factor which triggers the production of VEGF, promoting tumoral angiogenesis [START_REF] Aderetti | The hypoxic periarteriolar glioma stem cell niche, an integrated concept of five types of niches in human glioblastoma[END_REF], and induces the expansion of GSCs through the phosphatidylinositol 3-kinase (PI3K)/Akt and ERK1/2 (Extracellular signal-regulated kinases) pathways [START_REF] Schiffer | Tumor Microenvironment-Perivascular and Perinecrotic Niches[END_REF].

Invasive niche

GBM, as other gliomas, has the propensity to invade normal tissue, although it is rarely observed forming metastasis. GBM cells preferentially invade as single cells along vascular basement membranes or on myelinated axons, suggesting that some microenvironmental features is involved in this invasion [START_REF] Bonavia | Heterogeneity Maintenance in Glioblastoma: A social network[END_REF]. Major cell types that constitute the microenvironment at the invasive edge of GBM include ECs, pericytes, activated microglia, reactive astrocytes and neurons. Invading GBM cells make surgical resection incomplete and are responsible for tumor recurrence. Invasive edges also occur at perivascular locations, where ECs expressed chemotactic molecules capable of attracting GSCs [START_REF] Diksin | The Molecular and Phenotypic Basis of the Glioma Invasive Perivascular Niche[END_REF]. Various inflammatory mediator causes blood vessels dilatation allowing extravasion of the tumoral cells. Additionally, GSCs release extracellular vesicles stimulating the disruption of tumour vasculature and BBB integrity allowing tumor cells to infiltrate normal tissue [START_REF] Diksin | The Molecular and Phenotypic Basis of the Glioma Invasive Perivascular Niche[END_REF]. Microglia, fibroblast and GSCs themselves actively remodel and degrade extracellular matrix acting through metalloproteases (MMPs).

Immune response

Compelling evidences show that this immune response contributes significantly to the creation and maintenance of immunosuppression and tumor progression. GBM microenvironment contains brain-resident microglia and infiltrating monocytes, activated into macrophages, which acquire the name of GAMs (Glioma-Associated Microglia/Macrophages). GAMs release TGF-β (Transforming Growth Factor beta) which triggers the release of pro-MMP2 from GBM cells promoting cell invasion, or other factors, as stress-inducible protein 1 (STI1) and EGF, which stimulates GBM proliferation [START_REF] Hambardzumyan | The role of microglia and macrophages in glioma maintenance and progression[END_REF]. Similarly, neutrophils and mast cells, are also recruited into the tumour microenvironment and redirected toward pro-tumoral functions: upon activation by GBM cells, mast cells produce soluble factors (IL-6, IL-8, VEGF, etc) that can facilitate tumour growth and angiogenesis (Broekman et al., 2018b). T-cells recalled into the tumoral area are exposed to a network of immune-regulatory mechanisms that promote their differentiation into a dysfunctional state (Broekman et al., 2018b).

Neurons

Neurons certainly belong to GBM microenvironment and can also participate in tumor progression. The intercommunication between neurons and GBM cells appear to have relevant outcome on both sides. GBM cells can release glutamate, causing excessive activation of N-methyl-D-aspartate receptor (NMDA) receptors on neuronal cells which can manifest symptomatically as seizures. In the other direction, neuronal activity appears to support GBM growth. The firing activity of cortical projection neurons promotes the secretion of a postsynaptic molecule (synaptic protein neuroligin 3) that activates, in glioma cells, the downstream signaling of the focal adhesion kinase (FAK), PI3K, growth factor receptors and oncogenic proteins promoting glioma proliferation and growth [START_REF] Venkatesh | Neuronal Activity Promotes Glioma Growth through Neuroligin-3 Secretion[END_REF][START_REF] Venkatesh | Targeting neuronal activity-regulated neuroligin-3 dependency in high-grade glioma[END_REF]. In addition to secreted factors, neurons can interconnect through long neuritic extensions, named Tumor microtubes (TMs), with GBM cells forming functional neuro-gliomal synapses enriched in glutamatergic AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) receptor. This intercommunication coordinates calcium transients in GBM cells and their networks regulating tumour invasion and growth [START_REF] Venkataramani | Glutamatergic synaptic input to glioma cells drives brain tumour progression[END_REF]. 

Oligodendrocytes

Oligodendrocytes establish a complex relationship with GBM cells that can include both tumour-promoting and tumour-suppressing signals.

Less is known about their interaction although some evidences suggest that oligodendrocytes activity inhibit GBM growth and proliferation by paracrine signaling via WNT inhibitory factor 1 (Broekman et al., 2018b).

Reactive astrocytes

Astrocytes [START_REF] Civita | Pre-Clinical Drug Testing in 2D and 3D Human In Vitro Models of Glioblastoma Incorporating Non-Neoplastic Astrocytes: Tunneling Nano Tubules and Mitochondrial Transfer Modulates Cell Behavior and Therapeutic Respons[END_REF][START_REF] Formicola | Differential Exchange of Multifunctional Liposomes Between Glioblastoma Cells and Healthy Astrocytes via Tunneling Nanotubes[END_REF]Zhang & Zhang, 2015). Finally, the interaction between GBM cells and astrocytes is further facilitated further by ion channels and ion transporters [START_REF] Guan | Reactive astrocytes in glioblastoma multiforme[END_REF].

6. Glioblastoma stem cells

Definition of cancer stem cell

As previously described, CSCs are a population at the apex of the cellular hierarchy within the tumoral heterogeneity. The term 'stem' does not imply a derivation from transformed stem cell, as multiple cell types are amenable to invert the differentiation process due to their oncogenic transformation. CSCs are defined accordingly to their functional abilities [START_REF] Lathia | Cancer stem cells in glioblastoma[END_REF], rather than origins, particularly the ability to self-renew and give rise to differentiated progeny (as the classical stem cells) but also the generation of a secondary tumor upon re-implantation that contains progeny at various degrees of differentiation and self-renewal capacity (typical instead of tumor-initiating or tumorpropagating cells) (Figure 11). CSCs also share other features with somatic stem cells as the expression of stem cell marker, for this reason their isolation through the identification of these marker remains controversial. The gold standard for CSC determination remains the ability of a limiting dilution of cells to recapitulate the complexity of the original patient tumor when transplanted orthotopically [START_REF] Lathia | Cancer stem cells in glioblastoma[END_REF].

Markers of GSCs

Single-cell analysis also revealed that a surprisingly large subpopulation of cells (~40%) had a stemness signature [START_REF] Patel | Single-cell RNA-seq highlights intratumoral heterogeneity in primary glioblastoma[END_REF]. GSCs exhibit activation of early growth signaling pathways, particularly common embryologic pathways of the CNS, as Notch, Wnt, and Sonic Hedgehog, governing their self-renewal [START_REF] Rajakulendran | Wnt and Notch signaling govern self-renewal and differentiation in a subset of human glioblastoma stem cells[END_REF]. Many of the transcription factors or structural proteins essential for normal NSCs function also mark GSCs, as for example SOX2, Homeobox protein NANOG, OLIG2, MYC and NES [START_REF] Lathia | Cancer stem cells in glioblastoma[END_REF]. However, a multitude of potential cell surface markers have been suggested, and particularly CD133, a glycoprotein expressed on neural stem cells, was initially elected as putative cell surface marker [START_REF] Singh | Identification of a cancer stem cell in human brain tumors[END_REF]. Although, the surface expression of CD133 marks stem cells and decreases with differentiation, CD133-negative cells were found to be clonogenic and multipotent [START_REF] Bhaduri | Outer Radial Glia-like Cancer Stem Cells Contribute to Heterogeneity of Glioblastoma[END_REF][START_REF] Sun | CD133 (Prominin) Negative Human Neural Stem Cells Are Clonogenic and Tripotent[END_REF], discarding CD133 to be an exclusive GSC marker.

Other proteins often found expressed in GBM-initiating cells are CD15/ SSEA-1 (Stage-Specific Embryonic Antigen-1) [START_REF] Son | SSEA-1 is an enrichment marker for tumor-initiating cells in human glioblastoma[END_REF], integrin α 6 [START_REF] Lathia | Integrin alpha 6 regulates glioblastoma stem cells[END_REF], CD44 [START_REF] Anido | TGF-β Receptor Inhibitors Target the CD44(high)/Id1(high) Glioma-Initiating Cell Population in Human Glioblastoma[END_REF][START_REF] Bhaduri | Outer Radial Glia-like Cancer Stem Cells Contribute to Heterogeneity of Glioblastoma[END_REF] and Sox2 [START_REF] Bhaduri | Outer Radial Glia-like Cancer Stem Cells Contribute to Heterogeneity of Glioblastoma[END_REF][START_REF] Prager | Glioblastoma Stem Cells: Driving Resilience through Chaos[END_REF].

These GSC-associated cell membrane markers do not represent a clonal entity and have high utility as GSC enrichment methods, rather than isolation, as each can mark a large percentage of cells, consistent with a high false-positive rate. Additionally, single cell RNAsequencing of various GBM has shown that tumor cells display a spectrum of stemness and differentiation states, variable proliferative capacity, and variable expression of quiescence markers, enabling the identification putative regulators of stemness in vivo and confounding therapeutic strategies [START_REF] Patel | Single-cell RNA-seq highlights intratumoral heterogeneity in primary glioblastoma[END_REF].

Regulation of GSCs

GSCs, and CSCs in general, are regulated by various intrinsic and extrinsic factors. Key intrinsic (self-autonomous) regulators include genetic, epigenetic, and metabolic regulation, while extrinsic (external) regulators include interaction with the microenvironment, including niche factors and the immune system [START_REF] Lathia | Cancer stem cells in glioblastoma[END_REF] (Figure 12A), as we previously described. The heterogeneity and chaotic fluctuations in which GSCs are immersed lead tumors for their adaptation and evolution. Their stemness is maintained by a permissive epigenetic landscape and oscillating expression of a large number of genes but GSCs are ready to respond to a wide variety of stimuli. Changes of state can be driven by non-stochastic forces or events -defined as attractors -generated by the microenvironment, therapeutic intervention, or cell-cell interactions [START_REF] Prager | Glioblastoma Stem Cells: Driving Resilience through Chaos[END_REF]. Stem cells differentiate and get locked into a more stringent and regulated genetic programs with fewer degrees of freedom compared to the original state (Figure 12B). In fact, single-cell RNA-sequencing analysis revealed that malignant GBM cells exist in a limited set of cellular states (neural-progenitor-like, oligodendrocyte-progenitor-like, astrocyte-like and mesenchymal-like). These states co-exist in the same tumor and are plastic between each other, moreover a single cell has the potential to generate all four states [START_REF] Neftel | An Integrative Model of Cellular States, Plasticity, and Genetics for Glioblastoma[END_REF]. Differentiated cells can also be directed toward a stem-like state capable of in vivo tumor propagation,

as it has been demonstrated that inducing the expression of four transcriptional factors -BRN2/POU3F2 (POU domain, class 3, transcription factor 2), SOX2, SALL2 (Sal-like protein

2), and OLIG2 -was sufficient to induce the reprogramming [START_REF] Suvà | Reconstructing and reprogramming the tumor-propagating potential of glioblastoma stem-like cells[END_REF].

Metabolism

In 1924, Otto Warburg discovered that tumor cells metabolism is strongly based on the anaerobic production of energy via conversion of glucose to lactate into of the glycolytic process, even in the presence of oxygen. In GBM, some oncogenic alteration converge toward an enhanced glycolysis: p53 mutations besides inducing genetic instability, triggers glycolysis, loss of PTEN leads to the constitutive activation of Akt1, which stimulates glucose uptake by enhancing GLUT4 (Glucose transporter type 4), and the activation of c-MYC induces Lactate dehydrogenase (LDH-A) and Phosphoinositidedependent kinase-1 (PDK1) expression facilitating the production of lactate [START_REF] Garnier | Glioblastoma Stem-Like Cells, Metabolic Strategy to Kill a Challenging Target[END_REF]. Interestingly, by infusions of (13)C-labelled nutrients into mice bearing GBM cells with a distinct set of mutations, it was shown that, beyond the typical glycolytic metabolism, GBM cells were as well directing the energy sources toward mitochondrial glucose oxidation [START_REF] Marin-Valencia | Analysis of tumor metabolism reveals mitochondrial glucose oxidation in genetically diverse human glioblastomas in the mouse brain in vivo[END_REF]. GSCs appear to rely even more on mitochondrial-based metabolism. In contrast to the proliferating tumor mass, GSCs are rather quiescent and slowly proliferating cells: they display less glycolysis, less glucose consumption and lactate production, whereas they contain higher ATP levels than their differentiated cancer counterparts [START_REF] Vlashi | Metabolic state of glioma stem cells and nontumorigenic cells[END_REF]. Of note, slow-cycling GSCs display invasive capacity and treatment-resistance to ionizing radiation and TMZ treatment [START_REF] Hoang-Minh | Infiltrative and drug-resistant slow-cycling cells support metabolic heterogeneity in glioblastoma[END_REF][START_REF] Sabelström | High density is a property of slow-cycling and treatment-resistant human glioblastoma cells[END_REF]. Glucose is not the only energetic source for GSCs, lipid catabolism and glutamate-dependency have also been described in GBM, with predilections for the mesenchymal subtype [START_REF] Garnier | Glioblastoma Stem-Like Cells, Metabolic Strategy to Kill a Challenging Target[END_REF]. GSCs appear to behold a remarkable metabolic plasticity, which allows them to adapt to transient bioenergetic crisis caused by hypoxia or nutrients deprivation. Moreover, GSCs metabolism have been shown to deeply influence their maintenance and survival as demonstrated by HIF1a activation in the hypoxic niches.

Treatment-resistance

GBM relapse occurs despite surgery, chemo and radiotherapy. Surgery is insufficient to eradicate the invasive borders of GBM as tumoral cells invade and diffuse in the normal surrounding tissue. Single-cell RNA-sequencing analysis demonstrated that infiltrating GBM cells share a consistent gene signature distinct from those of the tumoral core, as upregulation of the genes involved in the invasion of the interstitial matrix, cell survival signaling via the Fibroblast Growth Factor (FGF) receptor 3 or inhibition of TP53-mediated apoptosis [START_REF] Darmanis | Single-Cell RNA-Seq Analysis of Infiltrating Neoplastic Cells at the Migrating Front of Human Glioblastoma[END_REF]. Chemo and radiotherapy aim to the elimination of these remaining cells, but due to the complex tumoral heterogeneity, previously described, a small fraction of tumor cells survive and initiate the formation of the recurrent tumor (Figure 13). The vast cellular heterogeneity in GBM contributes to therapy-resistance by preventing adequate control of the entire tumor mass by a single drug and by facilitating escape mechanisms from targeted agents. The molecular mechanism of treatmentresistance has not been fully elucidated yet and treatments themselves appear to contribute to this phenomenon. Irradiation causes various changes in the tumoral microenvironment, including increased oxidative stress, hypoxia, neuroinflammation, altered cell adhesion and extracellular matrix and changes in stemness markers expression [START_REF] Gupta | Radiation-Induced Alterations in the Recurrent Glioblastoma Microenvironment: Therapeutic Implications[END_REF]. These alterations are not always beneficial and they have been shown to possible induced therapeutic resistance. In fact, ionizing radiations induce expression of the anti-apoptotic protein survivin and various stemness marker in differentiated GBM cells, as well as increase their tumorigenicity in vivo [START_REF] Dahan | Ionizing radiations sustain glioblastoma cell dedifferentiation to a stem-like phenotype through survivin: Possible involvement in radioresistance[END_REF]. Similarly, TMZ-chemotherapy promotes the accumulation of HIFs in the GBM cells inducing their dedifferentiation and the formation of therapy-resistant GSCs (G. [START_REF] Lee | Dedifferentiation of Glioma Cells to Glioma Stem-like Cells By Therapeutic Stress-induced HIF Signaling in the Recurrent GBM Model[END_REF] and can also facilitate the expansion of pre-existing drug-resistant GSCs [START_REF] Lan | Fate mapping of human glioblastoma reveals an invariant stem cell hierarchy[END_REF]. GSCs, that by definition own the tumor-initiating capability, seem to be the key driver of resistance. Some GBM subpopulation display an intrinsic chemo and radioresistance [START_REF] Bao | Glioma stem cells promote radioresistance by preferential activation of the DNA damage response[END_REF]J. Chen et al., 2012) and they are likely responsible for therapy failure. GSCs display higher expression of drug resistant genes as gene Breast cancer resistance protein (BCRP1) and MGMT, as well as the anti-apoptosis protein [START_REF] Liu | Analysis of gene expression and chemoresistance of CD133+ cancer stem cells in glioblastoma[END_REF]. GSCs also overexpress invasion-associated protein, such as L1 Cell Adhesion Molecule (L1CAM), and therefore retain an elevated invasive potential [START_REF] Cheng | Elevated invasive potential of glioblastoma stem cells[END_REF]. GSCs also exhibit a peculiar intercellular communication, as they interconnect through long cellular extensions and create a tumoral network which allows the propagation of electrical signals [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF]. Interestingly, the cellular cooperation sustained by this network protected from cell death inflicted by radiotherapy and promote cell invasion, proliferation [START_REF] Weil | Tumor microtubes convey resistance to surgical lesions and chemotherapy in gliomas[END_REF]. Tunnelling nanotubes, extensively described in the next part, could participate to this tumoral network and provide a route for the exchange of cellular content, participating to treatmentresistance. On the metabolic point of view, slow-cycling cancer cells are more likely to evade anti-proliferative therapies and they can give rise to a more rapidly cycling progenitor population with extensive self-maintenance capacity [START_REF] Lan | Fate mapping of human glioblastoma reveals an invariant stem cell hierarchy[END_REF]. These cells also display invasive capacity as well as chemo and radioresistance [START_REF] Hoang-Minh | Infiltrative and drug-resistant slow-cycling cells support metabolic heterogeneity in glioblastoma[END_REF][START_REF] Sabelström | High density is a property of slow-cycling and treatment-resistant human glioblastoma cells[END_REF]. In this vision, therapies target only populations which evolve from a small core of cells which remain unaffected and are permanently able to give rise to the whole tumor heterogeneity (Figure 14A).

All considered, GSCs are the most relevant target for GBM therapy, and the complete elimination of slow-cycling, resistance-driving, tumor-initiating and -propagating GSCs is crucial in treating GBM. Current therapies resulted to be unsuccessful in impairing tumor recurrence, and a change in the approaches used might be necessary. GBM remains difficult to treat at various level due to its intertumoral and intratumoral heterogeneity (including genetic, epigenetic, cellular, spatial and temporal variability) mainly driven by GSCs that additionally bring multiple therapy-resistance features and remarkable plasticity and/or adaptability to a changing environment and to the therapeutic treatments. A possible solution, proposed by Pranger and colleagues, would be to direct a complete differentiation of GSCs, in order to empty the core of recurrence-driving cells, toward a uni-lateral cellular fate that can be targeted by specific, directed therapy (Figure 14B). Chapter 2: Tunneling nanotubes, a highway for intercellular communication

Introducing intercellular communication

As in a social community, cells are able to communicate and exchange messages between them. Since the origin of life, cells, either as unicellular or multicellular organisms exchange information, either from between individual unicellular organisms or within cells forming the same tissue or from tissue to tissue. Intercellular communication permits to coordinate cellular activity in order to execute sophisticated tasks that would not be possible otherwise.

Diverse long-and short-range mechanisms of communication are displayed by various cell types to coordinate their activities ensuring the proper functioning of that tissue, organ or organ system. Specific chemical and biological signals can be delivered as paracrine, endocrine, autocrine or direct signaling (Figure 15). The main difference between these categories of signaling is the distance that the signal travels through the organism to reach the target cell. Autocrine signaling implies the production of an extracellular mediator by a cell followed by the binding of that mediator to receptors on the same cell initiating the signal transduction. This type of signaling is important to re-enforce some selfautonomous mechanisms in development, to direct cell differentiation toward the correct identity, or in the immune response of macrophages, in which secreting IL-6 activates their own receptors triggering the release of additional cytokines, including IL-1 [START_REF] King | 3-Tissue Homeostasis, Damage, and Repair[END_REF]. In cancer, autocrine signaling can be exploited to self-induce proliferation by release of growth factors [START_REF] Walsh | Autocrine growth factors and solid tumor malignancy[END_REF]. More common is paracrine signaling that also involves secreted factors targeting this time neighbouring cells. The secreted signal can be a chemical, like NO that regulates vasodilatation [START_REF] Laurindo | Chapter 8 -Endothelium-Dependent Vasodilation: Nitric Oxide and Other Mediators[END_REF], but also extracellular vesicles (EVs), including exosomes, microvesicles and apoptotic bodies. EVs expose numerous signaling proteins and lipids on their surface act to stimulate target cells directly, alternatively EVs can also allow the transfer of cellular material as receptors (on the surface) or protein, lipids, mRNA and miRNA through membrane fusion [START_REF] Ståhl | Exosomes and microvesicles in normal physiology, pathophysiology, and renal diseases[END_REF]. EVs-mediated communication take place in a variety of in various physiological mechanisms (from neurite growth to angiogenesis or immune modulation) as well as in pathologies as in cancer and various inflammatory disorders [START_REF] Ståhl | Exosomes and microvesicles in normal physiology, pathophysiology, and renal diseases[END_REF]. Synapses are also considered a form of paracrine signal specific of neuronal cells, as synaptic vesicle are released from the axon extremity in order to activate the depolarization of the post- processes and are often not interchangeable [START_REF] Weber | The permeability of gap junction channels to probes of different size is dependent on connexin composition and permeant-pore affinities[END_REF]. GJs has a cut-off of 1 kDa [START_REF] Weber | The permeability of gap junction channels to probes of different size is dependent on connexin composition and permeant-pore affinities[END_REF], granting the transfer of inorganic salts, sugars, amino acids, nucleotides or vitamins but not large molecules such as proteins or nucleic acids.

Interestingly, GJ are one of the principal mediators of tissue homeostasis as they allow a sort of intercellular network propagated by adjacent cells. This homeostasis is disrupted in the case of cancer, in fact a general decrease in GJs/Cxs expression is frequent in tumors and correlate with their progression and increased cell proliferation [START_REF] Asencio-Barría | Direct Intercellular Communications and Cancer: A Snapshot of the Biological Roles of Connexins in Prostate Cancer[END_REF]. Another form of direct signaling is mediated by direct binding of complementary (ligand-receptor) proteins expressed on the membrane surface of two distinct cells. This interaction generates an intracellular signaling cascade in the receiving cells and the consequent activation of the cellular response. For example, the activation of Notch receptors on behalf of one of its ligands (jagged or delta) plays a major role in the CNS development where it promotes NSC survival, self-renewal, and cell fate specification, neuronal or glial [START_REF] Lathia | Notch: From Neural Development to Neurological Disorders[END_REF]. An additional example, is the contact between cadherins on opposite membranes that regulates the contact inhibition of cell proliferation [START_REF] Klezovitch | Cadherin signaling: Keeping cells in touch[END_REF]. Another, more recently discovered, mechanism for direct cell communication are Tunneling Nanotubes.

Tunneling Nanotubes

Tunneling Nanotubes, or TNTs, are physical bridges of communication providing cytoplasmic continuity between distant cells (Figure 16). TNTs are thin, actin-rich membrane tubes that, differently from other cellular protrusions, are open-ended at their extremities [START_REF] Rustom | Nanotubular highways for intercellular organelle transport[END_REF][START_REF] Sartori-Rupp | Correlative cryo-electron microscopy reveals the structure of TNTs in neuronal cells[END_REF]. They allow the transfer of various-sized cellular cargoes (Figure 16), such as small molecules (e.g. calcium ions), macromolecules (nucleic acids, proteins etc.) and even organelles (vesicles, lysosomes, mitochondria, autophagosomes, etc.) (Abounit & Zurzolo, 2012). Multiple cells can be connected by TNTs, possibly leading to the formation of a functional cellular network [START_REF] Ariazi | Tunneling Nanotubes and Gap Junctions-Their Role in Long-Range Intercellular Communication during Development, Health, and Disease Conditions[END_REF].

TNTs, different from other cellular extensions

TNTs are unique compared to other cellular protrusions in the cytoplasmic continuity they provide between communicating cells [START_REF] Rustom | Nanotubular highways for intercellular organelle transport[END_REF][START_REF] Sartori-Rupp | Correlative cryo-electron microscopy reveals the structure of TNTs in neuronal cells[END_REF].

Mammalian cells can form a variety of cellular extensions, of different morphology, size and function (Table 1). For example, cilia, stereocilia and filopodia act to sense the environment and modulate cellular behavior accordingly (Gallop, 2019;Hua & Ferland, 2018;[START_REF] Tilney | Actin Filaments, Stereocilia, and Hair Cells: How Cells Count and Measure[END_REF]. Particularly, cilia and stereocilia, also play a major role in cell polarity, creating a specialized domain to receive and transduce stimuli from the environment at one specific cell side. Also involved in polarity, but rather for leading cell migration, is the role of lamellipodia, cellular ruffles and podosomes (Innocenti, 2018;[START_REF] Schachtner | Podosomes in adhesion, migration, mechanosensing and matrix remodeling[END_REF][START_REF] Veillat | Podosomes: Multipurpose organelles?[END_REF]. Alternatively, podosomes and filopodia are adherent membrane extremities that can also anchor the cell body to the adhesion surface. In the case of cancer, podosomes or invadopodia act as dynamic, extracellular matrix-degrading membrane domains and facilitate cell invasion and metastasis through the action of metalloproteases [START_REF] Castro-Castro | Cellular and Molecular Mechanisms of MT1-MMP-Dependent Cancer Cell Invasion[END_REF][START_REF] Ferrari | MT1-MMP directs force-producing proteolytic contacts that drive tumor cell invasion[END_REF]. While in development, specialized filopodia, named cytonemes, specifically deliver ligands/morphogens on the membrane of the target cells, activating the intracellular transduction of the signal [START_REF] González-Méndez | The cytoneme connection: Direct long-distance signal transfer during development[END_REF][START_REF] Korenkova | Fine intercellular connections in development: TNTs, cytonemes, or intercellular bridges?[END_REF]Kornberg & Roy, 2014). Axons and neurites are also specific cell membrane protrusions typical of the CNS and responsible for neurotransmitter release/reception and propagation of the action potential (Flynn, 2013). Similar to these last in their function are tumor microtubes (TMs), although they are thought to propagate the ion flux through Cx43-positive GJs [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF].

TMs can also appear as finger-like extensions leading cell invasion and the tumoral repopulation of a surgically resected areas [START_REF] Weil | Tumor microtubes convey resistance to surgical lesions and chemotherapy in gliomas[END_REF]. Finally, a membrane thread between daughter cells can remain as reminiscence of the cell division, through which eventually some material can be exchange; these structures have been defined mitotic bridges [START_REF] Fykerud | Mitotic cells form actin-based bridges with adjacent cells to provide intercellular communication during rounding[END_REF].

Of all these types of cellular extensions, only TNTs, mitotic bridges, and potentially TMs (as it remains unclear the presence of GJs along their length [START_REF] Osswald | A malignant cellular network in gliomas: Potential clinical implications[END_REF]), display cytoplasmic continuity between two cells. TNTs are, although, unique in their being openended and provide a direct route for the intracellular exchange of cellular content by their lumen [START_REF] Rustom | Nanotubular highways for intercellular organelle transport[END_REF][START_REF] Sartori-Rupp | Correlative cryo-electron microscopy reveals the structure of TNTs in neuronal cells[END_REF].

TNTs identification and structure

Rustom and colleagues were the first, in 2004, to identify and define TNTs in pheochromocytoma of the rat adrenal medulla PC12 cells [START_REF] Rustom | Nanotubular highways for intercellular organelle transport[END_REF]. In this study, electron-microscopy images show thin membranous connections between cells with open-extremities that allow the selective transfer of membrane vesicles and organelles. Subsequently, several publications reported the presence of "TNT-like structures", rather based on their nanotubular morphology, in many other cell types in in vitro cultures, including astrocytes (D. [START_REF] Zhu | Hydrogen peroxide alters membrane and cytoskeleton properties and increases intercellular connections in astrocytes[END_REF], immune cells [START_REF] Onfelt | Structurally distinct membrane nanotubes between human macrophages support long-distance vesicular traffic or surfing of bacteria[END_REF], human embryonic kidney HEK cells [START_REF] Sherer | Retroviruses can establish filopodial bridges for efficient cell-to-cell transmission[END_REF], Hela [START_REF] Hase | M-Sec promotes membrane nanotube formation by interacting with Ral and the exocyst complex[END_REF] as well as in several tumor cancer cell lines (further described). TNTs can be identified in cell culture by fluorescent labelling of the plasma membrane and cytoskeleton components and observed by the use of light microscopy, (Figure 16B), while their identification in a more complex context such as animal models or tumor resections is still very challenging. In fact, no specific marker for these structures has been identified yet, and the optical resolution of classical microscopy doesn't allow for the morphological characterization of these connections in complex environment, as tissues and in vivo models [START_REF] Korenkova | Fine intercellular connections in development: TNTs, cytonemes, or intercellular bridges?[END_REF][START_REF] Sartori-Rupp | Correlative cryo-electron microscopy reveals the structure of TNTs in neuronal cells[END_REF]. Also, specific fixation protocols are needed to preserve their fragile and delicate nature in cell culture [START_REF] Abounit | Identification and Characterization of Tunneling Nanotubes for Intercellular Trafficking[END_REF], and their observation needs to be supported by functional assays to fulfill the definition of TNTs as channels for cell material passage.

TNTs exhibit high variability in their morphology, in terms of length, thickness and cytoskeleton content, specifically regarding the presence/absence of microtubules [START_REF] Abounit | Identification and Characterization of Tunneling Nanotubes for Intercellular Trafficking[END_REF]. Some cell lines can even present both types of connections: those containing only actin and those with actin and microtubules [START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF]Sáenzde-Santa-María et al., 2017). Nevertheless, their functionality seems to be rather disrupted by the inhibition of actin polymerization (with latrunculin, cytochalasin) rather than the one of tubulin, as tested by Nocodazole treatment (J. [START_REF] Wang | Cell adhesion-mediated mitochondria transfer contributes to mesenchymal stem cell-induced chemoresistance on T cell acute lymphoblastic leukemia cells[END_REF] (see Table 2). TNTs can range from tens to several hundreds of microns in length [START_REF] Ady | Intercellular communication in malignant pleural mesothelioma: Properties of tunneling nanotubes[END_REF][START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF][START_REF] Sáenz-De-Santa-María | Control of long-distance cell-to-cell communication and autophagosome transfer in squamous cell carcinoma via tunneling nanotubes[END_REF], whereas, the diameter of the connections is inferior to 1 µm, hence the term "nanotubes". In some particular cases, long (>500 µm) and thick (>1 µm) extensions were observed [START_REF] Antanavičiūtė | Long-distance communication between laryngeal carcinoma cells[END_REF][START_REF] Latario | Tumor microtubes connect pancreatic cancer cells in an Arp2/3 complex-dependent manner[END_REF], however these structures are fitting best with the definition of tumor microtubes rather than TNTs (Table 1) [START_REF] Osswald | A malignant cellular network in gliomas: Potential clinical implications[END_REF]. At present, we do not know whether TNTs display different morphologies in vitro or in vivo or whether nanoscale connections are detectable in the complexity of the tissue. The thickness of TNTs also correlates with their cytoskeleton content, as microtubule-containing connections were displaying larger diameters [START_REF] Onfelt | Structurally distinct membrane nanotubes between human macrophages support long-distance vesicular traffic or surfing of bacteria[END_REF].

Few studies have addressed the ultrastructure of TNTs in cancer models using electron microscopy (Kolba et al., 2019a;J. Lu et al., 2017;[START_REF] Rustom | Nanotubular highways for intercellular organelle transport[END_REF]. A deeper structural analysis of TNTs, using a combination of cryo-fluorescence microscopy with cryo-electron microscopy, was recently conducted in our laboratory. Two types of neuronal cell lines were used, such as Catecholaminergic-a-differentiated (CAD) cell line, established from a brain tumor in a transgenic mouse, and SH-SY5Y cells, isolated from a neuroblastoma patient [START_REF] Sartori-Rupp | Correlative cryo-electron microscopy reveals the structure of TNTs in neuronal cells[END_REF]. By using experimental conditions set up to better preserve TNT structure, this study has shown that TNTs can be composed of multiple individual tubes (named iTNTs) held together by N-cadherin-positive structures and often open-ended at their tips (Figure 17). Nonetheless, whether iTNTs exist in different cell types and/or in vivo remains an open question.

The limitations, the heterogeneity and, sometimes, the poor molecular and structural characterization of TNT-like connections represent a major problem for their investigation. To lend the confusion in the field was also a variable nomenclature across the publications which named the intercellular connections observed differently as nanoscale conduit [START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF], tunneling nanotubes (Lou et al., 2012, p. 201), intercellular bridges [START_REF] Korenkova | Fine intercellular connections in development: TNTs, cytonemes, or intercellular bridges?[END_REF] or membranous tunneling tubes [START_REF] Antanavičiūtė | Long-distance communication between laryngeal carcinoma cells[END_REF]. This raised confusion and skepticism in the field [START_REF] Gurke | The art of cellular communication: Tunneling nanotubes bridge the divide[END_REF], and calls out for both more rigorous definition and more accurate technical approaches to study them. Given the current knowledge about TNT and other intercellular structures, TNTs could be defined the connections that fulfill the following characteristics: i) continuous membrane connections with the plasma membrane of the connected cells, ii) non-adherent to substratum, iii) containing actin, iv) proven cargo transport, and v) open-ended (see Table 1).

TNT formation

The full molecular mechanism driving TNT formation has not been fully elucidated yet, but according to time-lapse imaging studies two possible models have been drawn: 1) actin-driven outgrowth and 2) cell dislodgement. According to the first model, an actin-rich filopodia-like protrusion is originated from one cell and directed toward another target cell (Figure 18). The forming extension might have a precise orientation that could be directed by a chemical gradient as for the case of cytonemes (Kornberg & Roy, 2014). Once reached the target cells, membrane fusion occurs, either spontaneously or by the help of fusion proteins that lead to the establishment of an open connection (Abounit & Zurzolo, 2012;[START_REF] Zhu | Rab11a-Rab8a cascade regulates the formation of tunneling nanotubes through vesicle recycling[END_REF]. The fusion phenomenon is highly dynamic and could be transient, as the half-life of TNT is relatively short, between 15 minutes to one hour [START_REF] Gerdes | Tunneling nanotubes, an emerging intercellular communication route in development[END_REF][START_REF] Rustom | Nanotubular highways for intercellular organelle transport[END_REF][START_REF] Vargas | The Wnt/Ca2+ pathway is involved in interneuronal communication mediated by tunneling nanotubes[END_REF]. The actin-driven mechanism has been proven in CAD and PC12 cells (Abounit & Zurzolo, 2012;[START_REF] Rustom | Nanotubular highways for intercellular organelle transport[END_REF]. On the other hand, TNTs formation have been observed in consequence of the second type of mechanisms, defined as cell dislodgment, in immune, hematopoietic and leukemic cells (Davis & Sowinski, 2008;[START_REF] Gerdes | Tunneling nanotubes, an emerging intercellular communication route in development[END_REF]Kolba et al., 2019a;Reichert et al., 2016, p. 133). According to this second model, two cells come in contact so that the membrane fusion can occur and the consequent migration in opposite directions leave an open-ended nanotube that could entirely belong to one of the two cells or both (Figure 17). In the particular case of immune cells, this formation could go through an intermediate step where the two cells connect by an immune synapse, mediated by connexins oligomers (Abounit & Zurzolo, 2012).

These two models for TNT formation described here are not mutually exclusive as they could both occur in the same type of cells.

The molecular machinery at the basis of TNT formation remains unclear, although several actin regulators and vesicle trafficking components seem to provide the material required by the elongation process. M-Sec, aka TNFaip2, is one of the major positive regulator of TNT in various cell types [START_REF] Hanna | Tunneling nanotubes, a novel mode of tumor cell-macrophage communication in tumor cell invasion[END_REF][START_REF] Hase | M-Sec promotes membrane nanotube formation by interacting with Ral and the exocyst complex[END_REF]Ohno et al., 2010). It can recruit the exocyst complex and activate downstream proteins as small GTPase Ral-A and the cell division control protein 42 homolog (CDC42) to contribute to the remodelling of the actin cytoskeleton or to the delivery of membrane at the site of TNT formation. Rab GTPases are considered to be master regulators of intracellular membrane trafficking and, within these, Rab8a and Rab11a positively regulate TNT formation and transfer function through downstream v-SNARE and Vesicle-associated membrane protein 3 (VAMP3) that provide membranous component for their outgrowth [START_REF] Zhu | Rab11a-Rab8a cascade regulates the formation of tunneling nanotubes through vesicle recycling[END_REF]. On the other hand, CDC42, protein part of Ras superfamily, controls actin polymerization through direct binding to the neural Wiskott-Aldrich syndrome protein (N-WASP), which subsequently activates Arp2/3, a protein complex that promotes actin branching. Interestingly, filopodia-promoting CDC42/IRSp53/VASP network negatively regulates TNT formation in CAD cells while elevation of Eps8, an actin regulatory protein that inhibit the extension of filopodia in neurons, increases TNT formation, suggesting that these two actin modifiers might have opposite actions on filopodia and TNT formation [START_REF] Delage | Differential identity of Filopodia and Tunneling Nanotubes revealed by the opposite functions of actin regulatory complexes[END_REF].

Functional study of TNTs

The unique feature of TNTs compared to other cellular extensions previously mentioned, is their ability to transfer cellular material. Therefore, it is insufficient to provide exclusively qualitative evidence of cargoes inside of TNT-like structures without proving that actual transfer had occurred and excluding cell division as the possible mechanism to share material. This latter possibility can be excluded performing a co-culture assays between differently labelled cell populations. Membrane vesicles or organelles, such as mitochondria or lysosomes, can be labelled in a population of cells defined as donors, subsequently culture together with an acceptor population (differently labelled) to further detect and quantify the cargoes transferred from donors to the acceptors of the labelled cargo. The detection of the transfer in the acceptor cells can be performed by fluorescence microscopy (in fixed or live condition) or flow cytometry [START_REF] Abounit | Identification and Characterization of Tunneling Nanotubes for Intercellular Trafficking[END_REF]. The co-culture has to be performed allowing direct physical contact between the two populations and at an appropriate cell density that favors the formation and detection of TNTs. In order to evaluate secretion as a possible mechanism of transfer, the two populations can be separated by a filter which allows the transfer of secreted material, or they can be grown in different dishes and the acceptor population challenged with the conditioned medium from donor cells [START_REF] Abounit | Identification and Characterization of Tunneling Nanotubes for Intercellular Trafficking[END_REF]. The weakness of this approach is that it only allows the direct transfer (cell contact-mediated) of the labelled cargo to be determined. Other materials that could be transported through the same connections, including the ones that could be shared in the opposite direction, and remain undetected. To overcome this limit, other approaches such as mass spectrometry (Kolba et al., 2019a) and transcriptomic analysis [START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF] have been recently applied to detect alterations at the proteome and transcriptome levels. Few approaches have studied the dynamics and transfer ability of these structures in vivo. Using multiphoton microscopy, thick connections between tumor cells, such as tumor microtubes, were detected in mouse xenografts [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF], but the resolution was not sufficient to detect thinner structures (Table 3). Still in vivo, the transfer between human and murine cells can be monitored and quantified by amplification of speciesspecific DNA sequences [START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF][START_REF] Marlein | NADPH oxidase-2 derived superoxide drives mitochondrial transfer from bone marrow stromal cells to leukemic blasts[END_REF][START_REF] Marlein | CD38-Driven Mitochondrial Trafficking Promotes Bioenergetic Plasticity in Multiple Myeloma[END_REF]. Although powerful and of great interest, these approaches have made possible to monitor the transfer without specifically identifying its mechanism, in particular without excluding the secretion mechanism. The fields need to pursues the study of these fragile structures in cellular models as much as possible representative of the tumoral tissue (e.g, patientderived cells) and additional efforts are needed to overcome the technical limitations of the in vivo study.

Roles of TNTs

TNTs appeared to be involved in stress-related conditions or in development, rather than in homeostatic condition. Oxidative stress, viral, bacterial or prion-like pathogens presence and even tumorigenic environment seem to favor and exploit this route for cellto-cell communication, as it will be deepened in a separated chapter.

In development

Intercellular communication is a fundamental property to orchestrate the fine coordination required during embryonic development. Intercellular connections have been identified in various developing organisms, although it turns out to be difficult to definitely categorize the observed protrusion. In 1995 and 2004, the first observations of long cell connections, in sea urchin gastrula and chick embryos respectively, were rather suggesting a signaling function of these structures, more typical of cytonemes [START_REF] Miller | Dynamics of thin filopodia during sea urchin gastrulation[END_REF][START_REF] Teddy | In vivo evidence for short-and long-range cell communication in cranial neural crest cells[END_REF]. Further evidences, in chick embryo, suggested that also an active transfer mechanism was present [START_REF] Mckinney | Neural crest cell communication involves an exchange of cytoplasmic material through cellular bridges revealed by photoconversion of KikGR[END_REF]. Similar cellular extensions were also identified in the early phases of zebrafish gastrulation [START_REF] Caneparo | Intercellular bridges in vertebrate gastrulation[END_REF] and in Xenopus Laevis early blastulas [START_REF] Danilchik | Blastocoel-spanning filopodia in cleavage-stage Xenopus laevis: Potential roles in morphogen distribution and detection[END_REF]. In developing mouse embryo, the use of whole embryo culture systems in combination with live imaging of a genetically-encoded reporter allowed to visualize neural tube formation where membrane bridges containing inclusions likely of vesicle nature were identified [START_REF] Pyrgaki | Dynamic imaging of mammalian neural tube closure[END_REF]. Several of these observations highlight that the structures observed could hold a transfer ability typical of TNTs rather than other cellular protrusions, although further studies applying transfer-detecting techniques need to be perform.

Pathogens hijacks TNTs to favour their dissemination

TNTs can be used as a route for the dissemination of pathogens as various types of viruses and some bacteria. The first TNT-transmissible virus identified was the human immunodeficiency virus (HIV), of the family of retroviruses [START_REF] Sherer | Retroviruses can establish filopodial bridges for efficient cell-to-cell transmission[END_REF][START_REF] Sowinski | Membrane nanotubes physically connect T cells over long distances presenting a novel route for HIV-1 transmission[END_REF], the transfer was followed by infection in the receiving cell. This route of HIV dissemination was validated in numerous studies and in different cells if the immune system as macrophages, B-and T-cells [START_REF] Eugenin | Tunneling nanotubes (TNT) are induced by HIV-infection of macrophages[END_REF][START_REF] Hashimoto | Potential Role of the Formation of Tunneling Nanotubes in HIV-1 Spread in Macrophages[END_REF][START_REF] Hashimoto | Potential Role of the Formation of Tunneling Nanotubes in HIV-1 Spread in Macrophages[END_REF]Kolba et al., 2019a;[START_REF] Souriant | Tuberculosis Exacerbates HIV-1 Infection through IL-10/STAT3-Dependent Tunneling Nanotube Formation in Macrophages[END_REF][START_REF] Sowinski | Membrane nanotubes physically connect T cells over long distances presenting a novel route for HIV-1 transmission[END_REF][START_REF] Xu | HIV-1 evades virus-specific IgG2 and IgA responses by targeting systemic and intestinal B cells via long-range intercellular conduits[END_REF]. The virus was either transferred in endocytic vesicles in the lumen of the connection, or surfing on the outer membrane surface [START_REF] Sherer | Retroviruses can establish filopodial bridges for efficient cell-to-cell transmission[END_REF]. Interestingly, the presence of the HIV could also induce TNT formation, favoring its transmission, in T-cell via Nef-dependent pathway [START_REF] Hashimoto | Potential Role of the Formation of Tunneling Nanotubes in HIV-1 Spread in Macrophages[END_REF]. Another retrovirus, Human T-cell leukemia virus type 1 (HTLV1) can also be transferred by TNTs and trigger their formation via its p8 protein [START_REF] Omsland | Inhibition of Tunneling Nanotube (TNT) Formation and Human T-cell Leukemia Virus Type 1 (HTLV-1) Transmission by Cytarabine[END_REF]. Alphaherpesvirus induces TNT growth by the activity of Serine/threonine-protein kinase (US3) protein, although electron microscopy analysis revealed that US3-induced TNTs were closed-ended and viral spread was occurring through the exit of enveloped viral particles at the contact site, at the extremity of the extension [START_REF] Jansens | Pseudorabies Virus US3-Induced Tunneling Nanotubes Contain Stabilized Microtubules, Interact with Neighboring Cells via Cadherins, and Allow Intercellular Molecular Communication[END_REF]. Other viruses have been described to be transmitted by TNTs, as Epstein-Barr virus (EBV), murine 243 gamma-herpesvirus-68 (MHV-68), influenza, etc. [START_REF] Jansens | Bridging the Gap: Virus Long-Distance Spread via Tunneling Nanotubes[END_REF]. Finally, also bacteria can spread through TNTs, as demonstrated by [START_REF] Onfelt | Structurally distinct membrane nanotubes between human macrophages support long-distance vesicular traffic or surfing of bacteria[END_REF] which showed that Mycobacterium bovis can surf on thin TNT-like connections between macrophages before being internalized by receptor-mediated endocytosis.

Prion-like aggregates spreading

TNTs appear to play a relevant role in the spreading of prion-like aggregates causing neurodegenerative diseases as Parkinson's, Alzheimer's and Creutzfeldt-Jakob's diseases.

According to Braak's staging of neurodegenerative diseases progression [START_REF] Braak | Staging of Alzheimer disease-associated neurofibrillary pathology using paraffin sections and immunocytochemistry[END_REF], the pathology evolves with a specific and predictable pattern, moving between adjacent brain areas triggering the fibrillation of endogenous protein (as αSynuclein, βamyloid, Tau protein, etc.) in a prion-like manner. This propagation along adjacent areas is compatible with a direct, cell-to-cell, transmission of the protein aggregates. Various amyloid aggregates originated from Prion Protein (PrP) scrapie, αSynuclein, β-amyloid, Disrupted In Schizophrenia 1 (DISC1) protein, Tau or mutant Huntingtin have been shown to exploit and hijack TNTs, increasing their number, as route for their spreading and consequent seeding (Abounit et al., 2016;Abounit et al., 2016;[START_REF] Costanzo | Transfer of polyglutamine aggregates in neuronal cells occurs in tunneling nanotubes[END_REF][START_REF] Damodaran | Amyloid-β induced membrane damage instigates tunneling nanotubes by exploiting PAK1 dependent actin remodulation[END_REF]Gousset et al., 2009;Gousset & Zurzolo, 2009;[START_REF] Loria | α-Synuclein transfer between neurons and astrocytes indicates that astrocytes play a role in degradation rather than in spreading[END_REF][START_REF] Vargas | The prion-like spreading of α-synuclein: From in vitro to in vivo models of Parkinson's disease[END_REF][START_REF] Victoria | Astrocyte-to-neuron intercellular prion transfer is mediated by cell-cell contact[END_REF]Victoria & Zurzolo, 2017;Y. Wang et al., 2011;[START_REF] Zhu | Transfer of disrupted-in-schizophrenia 1 aggregates between neuronal-like cells occurs in tunnelling nanotubes and is promoted by dopamine[END_REF]. It has been proposed that prion-like proteins, when aggregated, are capable of inducing TNT formation via a common mechanism, that is possibly linked to oxidative stress pathways, as H2O2 was shown to induce TNT formation in neuronal cells and primary neurons (D. [START_REF] Zhu | Hydrogen peroxide alters membrane and cytoskeleton properties and increases intercellular connections in astrocytes[END_REF] and oxidative stress is associated with the presence of aggregated proteins in neurodegeneration (X. Chen et al., 2012). Increased number of TNTs would in turn favor the transfer of prion-like aggregate from one cell to another and contribute to the spreading of the pathogenic aggregates. Protein aggregates can travel along TNTs alone or embedded in endocytic or lysosomal vesicles and seed the aggregation of the soluble protein of the recipient cell.

TNTs in cancer

Evidences of TNTs in cancer

After the first observation of TNTs in PC12 cells, derived from a rare rat tumor of adrenal gland tissue [START_REF] Rustom | Nanotubular highways for intercellular organelle transport[END_REF]. TNTs have been identified in a wide variety of cancer cell lines (listed on Table 2). Cancer cells can share material in between themselves as, as well, form heterotypic connections with cells of the tumor microenvironment, including mesenchymal [START_REF] Pasquier | Preferential transfer of mitochondria from endothelial to cancer cells through tunneling nanotubes modulates chemoresistance[END_REF], endothelial [START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF] and immune cells [START_REF] Hanna | Tunneling nanotubes, a novel mode of tumor cell-macrophage communication in tumor cell invasion[END_REF]. This cross-talk with the tumor microenvironment plays a significant role in sustaining cancer progression, providing nutrients or buffering metabolic stress [START_REF] Yuan | Role of the tumor microenvironment in tumor progression and the clinical applications (Review)[END_REF], and interaction with immune cells can contribute to overcoming immunosurveillance (P. [START_REF] Sharma | Primary, Adaptive and Acquired Resistance to Cancer Immunotherapy[END_REF]. Beyond cell lines, TNT-like structures were also observed in primary cells directly obtained from patients, for example in squamous cell carcinoma [START_REF] Antanavičiūtė | Long-distance communication between laryngeal carcinoma cells[END_REF][START_REF] Sáenz-De-Santa-María | Control of long-distance cell-to-cell communication and autophagosome transfer in squamous cell carcinoma via tunneling nanotubes[END_REF], mesothelioma [START_REF] Ady | Intercellular communication in malignant pleural mesothelioma: Properties of tunneling nanotubes[END_REF][START_REF] Lou | Tunneling Nanotubes Provide a Unique Conduit for Intercellular Transfer of Cellular Contents in Human Malignant Pleural Mesothelioma[END_REF] and different forms of leukemia [START_REF] Marlein | NADPH oxidase-2 derived superoxide drives mitochondrial transfer from bone marrow stromal cells to leukemic blasts[END_REF][START_REF] Marlein | CD38-Driven Mitochondrial Trafficking Promotes Bioenergetic Plasticity in Multiple Myeloma[END_REF]J. Wang et al., 2018). Additionally, TNT-like connections were identified in resections of solid tumors, the first time occurred thanks to the laboratory of Emil Lou in 2012, which described mitochondria-containing connections in tissue sections of a mesothelioma resected from a patient [START_REF] Lou | Tunneling Nanotubes Provide a Unique Conduit for Intercellular Transfer of Cellular Contents in Human Malignant Pleural Mesothelioma[END_REF]). These observations were followed by others, showing various intercellular connections in squamous cells carcinoma [START_REF] Antanavičiūtė | Long-distance communication between laryngeal carcinoma cells[END_REF][START_REF] Sáenz-De-Santa-María | Control of long-distance cell-to-cell communication and autophagosome transfer in squamous cell carcinoma via tunneling nanotubes[END_REF], in ovarian [START_REF] Thayanithy | Tumor-stromal cross talk: Direct cell-to-cell transfer of oncogenic microRNAs via tunneling nanotubes[END_REF] and pancreatic cancer [START_REF] Desir | Chemotherapy-Induced Tunneling Nanotubes Mediate Intercellular Drug Efflux in Pancreatic Cancer[END_REF] (see Table 3). Little is known about the structural and functional features of these connections in vivo. In some cases, however, the presence of cellular cargoes inside them supports the hypothesis that these structures may be open-ended as canonical TNTs and may allow the transfer of cellular content. 1). Some treatments, as chemo and radiotherapy are known to increase ROS production in the tumoral context (Matejka & Reindl, 2019). Also hypoxia, typical microenvironmental feature of several cancer, in their denser regions, has been observed to stimulate TNT-mediated communication in ovarian [START_REF] Desir | Tunneling nanotube formation is stimulated by hypoxia in ovarian cancer cells[END_REF] and prostate cancers [START_REF] Kretschmer | Stress-induced tunneling nanotubes support treatment adaptation in prostate cancer[END_REF]. Other conditions mimicking the tumor microenvironment in vitro can also stimulate TNT formation, such as acidic pH, hyperglycemia, serum deprivation [START_REF] Kretschmer | Stress-induced tunneling nanotubes support treatment adaptation in prostate cancer[END_REF][START_REF] Lou | Tunneling Nanotubes Provide a Unique Conduit for Intercellular Transfer of Cellular Contents in Human Malignant Pleural Mesothelioma[END_REF] and exposure to TNF-ɑ (Tumor necrosis factor) often produced in cancer-related inflammation [START_REF] Ranzinger | Nanotube action between human mesothelial cells reveals novel aspects of inflammatory responses[END_REF]. Finally, different signaling pathways, often dysregulated in cancer, have been shown to be involved in TNT formation, as PI3K/Akt/mTor [START_REF] Desir | Tunneling nanotube formation is stimulated by hypoxia in ovarian cancer cells[END_REF][START_REF] Kretschmer | Stress-induced tunneling nanotubes support treatment adaptation in prostate cancer[END_REF]J. Lu et al., 2017;Y. Wang et al., 2011), K-RAS [START_REF] Desir | Intercellular Transfer of Oncogenic KRAS via Tunneling Nanotubes Introduces Intracellular Mutational Heterogeneity in Colon Cancer Cells[END_REF] and p53 (Y. [START_REF] Wang | Tunneling-nanotube development in astrocytes depends on p53 activation[END_REF]Zhang & Zhang, 2015). These signaling cascades could activate downstream proteins, such as M-Sec in the case of immune cells [START_REF] Hase | M-Sec promotes membrane nanotube formation by interacting with Ral and the exocyst complex[END_REF], which are involved in actin remodeling and polymerization and have been shown

to induce TNT formation (Ohno et al., 2010). Altogether, these findings suggest that the tumor context, globally experienced as a stress by cells, provides the conditions that favor TNT formation and communication. 

Roles of TNT in cancer progression

Cancer cells can interconnect among them and this ability could be possible correlate with their degree of aggressiveness. In fact, in both ovarian and breast cancers, highly malignant and metastatic cells are more prone to interconnect in tumor networks than their less aggressive counterparts [START_REF] Ady | Intercellular communication in malignant pleural mesothelioma: Properties of tunneling nanotubes[END_REF][START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF]. The mechanism by which TNTs might be beneficial for cancer progression are several and will be deepened Of the possible cargoes transferable by TNT, mitochondria appear to be one of the most frequent and has been shown to induce pro-tumoral changes in the receiving cells [START_REF] Antanavičiūtė | Long-distance communication between laryngeal carcinoma cells[END_REF][START_REF] Hekmatshoar | The role of metabolism and tunneling nanotube-mediated intercellular mitochondria exchange in cancer drug resistance[END_REF][START_REF] Pasquier | Preferential transfer of mitochondria from endothelial to cancer cells through tunneling nanotubes modulates chemoresistance[END_REF][START_REF] Sáenz-De-Santa-María | Control of long-distance cell-to-cell communication and autophagosome transfer in squamous cell carcinoma via tunneling nanotubes[END_REF]. For example, transfer of mitochondria from healthy cells was recovering UV-damages PC12 from apoptosis (X. Wang & Gerdes, 2015) or it can restore tumorigenic potential in cells devoid of mitochondrial DNA [START_REF] Dong | Horizontal transfer of whole mitochondria restores tumorigenic potential in mitochondrial DNA-deficient cancer cells[END_REF][START_REF] Tan | Mitochondrial genome acquisition restores respiratory function and tumorigenic potential of cancer cells without mitochondrial DNA[END_REF]. Nevertheless, TNTs are not the unique mechanism that allow mitochondria transfer as astrocytes were found to release mitochondria subsequently taken up by neuronal neighboring cells [START_REF] Hayakawa | Transfer of mitochondria from astrocytes to neurons after stroke[END_REF].

TNT-mediated communication promotes invasiveness

TNT-dependent transfer appears to stimulate invasiveness in various tumors. In bladder cancer, different cancer cell lines in co-culture could exchange functional mitochondria with each other stimulating invasiveness and migratory capacity in the acceptor cells, as assessed by in vitro assays (J. [START_REF] Lu | Tunneling nanotubes promote intercellular mitochondria transfer followed by increased invasiveness in bladder cancer cells[END_REF]. Interestingly, cells receiving mitochondria transfer also increased their ability to form larger tumors with a higher vascularization index when implanted in nude mice (J. [START_REF] Lu | Tunneling nanotubes promote intercellular mitochondria transfer followed by increased invasiveness in bladder cancer cells[END_REF]. Later, it was demonstrated that the acquisition of this pro-tumor properties could be due to TNT-mediated transfer of miRNA from the most aggressive to the least aggressive cells leading to the activation of the Deptor-mTor signaling pathway, an important downstream mediator of cancer cell proliferation and motility (J. J. [START_REF] Lu | Tunneling Nanotubes Mediated microRNA-155 Intercellular Transportation Promotes Bladder Cancer Cells' Invasive and Proliferative Capacity[END_REF]. In the case of breast cancer, TNT-mediated contact between macrophages and breast cancer cell line could drive the acquisition of an invasive phenotype in these latter ones [START_REF] Hanna | Tunneling nanotubes, a novel mode of tumor cell-macrophage communication in tumor cell invasion[END_REF]. Although the mechanism through which this contact was stimulating invasiveness was not defined, other studies demonstrated that breast cancer cells could receive mitochondria from mesenchymal cells (MSCs) through TNT-like structures [START_REF] Pasquier | Preferential transfer of mitochondria from endothelial to cancer cells through tunneling nanotubes modulates chemoresistance[END_REF] and MSCs-derived isolated mitochondria could be uptaken by a protocol defined as MitoCeption and induce migratory ability and cellular proliferation [START_REF] Caicedo | MitoCeption as a new tool to assess the effects of mesenchymal stem/stromal cell mitochondria on cancer cell metabolism and function[END_REF].

TNT-mediated communication promotes angiogenesis

TNT-mediated communication could also potentially induce vascularization, especially when they connect to endothelial cells (ECs). ECs have a critical role in physiological and tumoral angiogenesis and TNT-like sprouting from ECs or pericytes, constituent of the Blood Brain Barrier, have been identified in tissue sections of developing cerebral cortex and human glioblastoma, both conditions where the vascularization process is strongly active [START_REF] Errede | Tunneling nanotubes evoke pericyte/endothelial communication during normal and tumoral angiogenesis[END_REF]. Interestingly, ECs exposed to chemotherapeutic stress have been shown to be able to receive mitochondria from MSCs through TNTS, and this transfer could recover cells from the cellular stress and induce proliferation, invasive ability and angiogenesis potential [START_REF] Feng | Human Bone Marrow Mesenchymal Stem Cells Rescue Endothelial Cells Experiencing Chemotherapy Stress by Mitochondrial Transfer Via Tunneling Nanotubes[END_REF]. Metastatic tumor cells of various origin have also been found contacting ECs via TNTs and being able to induce the transformation from healthy to tumoral endothelium through the transfer of miRNA. The transcriptomic profile of the acceptor cells resulted to be altered and reprogrammed toward a angiogenic phenotype [START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF].

TNT-mediated communication induces treatment-resistance resistance

Therapy-resistance and TNTs also have demonstrated a possible correlation, the mechanisms described are multiple and a unique pattern did not appear yet. As previously mentioned, TNTs can be differently exploited by tumoral cells either to discard harmful material (as drugs or ROS-injured components) or to receive/deliver specific factor enhancing the possibility of cells to defend from the therapeutic damage, as miRNA but also mitochondria that can provide metabolic help (Figure 19). In both pancreatic and ovarian cancer cellular models, TNTs were exploited are route for the outflow of soluble doxorubicin [START_REF] Desir | Chemotherapy-Induced Tunneling Nanotubes Mediate Intercellular Drug Efflux in Pancreatic Cancer[END_REF]. Interestingly, the drug was redistributed from chemoresistant toward chemo-sensitive cells, leading to cell death of the latter and enrichment of the therapy-resistant population. In addition, therapies induce a cellular stress and often free radicals production, as in the case of irradiation and chemotherapy [START_REF] Marlein | NADPH oxidase-2 derived superoxide drives mitochondrial transfer from bone marrow stromal cells to leukemic blasts[END_REF]Matejka & Reindl, 2019) which typically induce TNT formation (D. [START_REF] Zhu | Hydrogen peroxide alters membrane and cytoskeleton properties and increases intercellular connections in astrocytes[END_REF]. For example, radiofrequency treatment was found to promote TNT networking [START_REF] Ware | Radiofrequency treatment alters cancer cell phenotype[END_REF] as well as the chemotherapeutical inhibition of the androgen receptor, in prostatic cancer [START_REF] Kretschmer | Stress-induced tunneling nanotubes support treatment adaptation in prostate cancer[END_REF]. In this study, TNTs could deliver lysosomes, mitochondria and stress-induced chaperones and the disruption of this TNT-based network, by actin polymerization inhibitor (cytochalasin D), sensitized tumoral cells to the treatment promoting their cell death. The transfer of mitochondria seems to be highly relevant in treatment-resistance [START_REF] Hekmatshoar | The role of metabolism and tunneling nanotube-mediated intercellular mitochondria exchange in cancer drug resistance[END_REF][START_REF] Vignais | Cell Connections by Tunneling Nanotubes: Effects of Mitochondrial Trafficking on Target Cell Metabolism, Homeostasis, and Response to Therapy[END_REF] as it can provide metabolic support against the therapeutic stress and rescue the aerobic respiration [START_REF] Caicedo | MitoCeption as a new tool to assess the effects of mesenchymal stem/stromal cell mitochondria on cancer cell metabolism and function[END_REF][START_REF] Moschoi | Protective mitochondrial transfer from bone marrow stromal cells to acute myeloid leukemic cells during chemotherapy[END_REF][START_REF] Spees | Mitochondrial transfer between cells can rescue aerobic respiration[END_REF]. Transfer of mitochondria from healthy cells was recovering UV-damages PC12 from apoptosis (X.

Wang & Gerdes, 2015) and it can restore tumorigenic potential in cells devoid of mitochondrial DNA [START_REF] Dong | Horizontal transfer of whole mitochondria restores tumorigenic potential in mitochondrial DNA-deficient cancer cells[END_REF][START_REF] Tan | Mitochondrial genome acquisition restores respiratory function and tumorigenic potential of cancer cells without mitochondrial DNA[END_REF]. Nevertheless, TNTs are not the unique mechanism that allow mitochondria transfer as astrocytes were found to released mitochondria subsequently taken up by neuronal neighboring cells [START_REF] Hayakawa | Transfer of mitochondria from astrocytes to neurons after stroke[END_REF]. Tumoral microenvironment could play a protective role toward tumoral cells providing healthy mitochondria. MSCs and ECs were observed to deliver mitochondria to ovarian and breast cancer cells improving their resistance to doxorubicin [START_REF] Pasquier | Preferential transfer of mitochondria from endothelial to cancer cells through tunneling nanotubes modulates chemoresistance[END_REF]. In leukemia, human tumoral cells implanted into mice bone marrow could obtain murine mitochondria from the stromal cells and stimulate aerobic cellular metabolism, cell proliferation and chemoresistance [START_REF] Griessinger | Mitochondrial Transfer in the Leukemia Microenvironment[END_REF][START_REF] Marlein | NADPH oxidase-2 derived superoxide drives mitochondrial transfer from bone marrow stromal cells to leukemic blasts[END_REF][START_REF] Moschoi | Protective mitochondrial transfer from bone marrow stromal cells to acute myeloid leukemic cells during chemotherapy[END_REF]J. Wang et al., 2018). Alternatively, MSCs can receive and eliminate damaged mitochondria from tumoral cells stabilizing the homeostasis of the cancer population (J. [START_REF] Wang | Cell adhesion-mediated mitochondria transfer contributes to mesenchymal stem cell-induced chemoresistance on T cell acute lymphoblastic leukemia cells[END_REF]. Mitochondrial transfer could be an adaptive response to treatment, in fact chemotherapy-induced ROS production enhances mitochondria transfer [START_REF] Marlein | NADPH oxidase-2 derived superoxide drives mitochondrial transfer from bone marrow stromal cells to leukemic blasts[END_REF] and targeting this organelle exchange promote apoptosis in leukemic cells and improved mice survival [START_REF] Marlein | CD38-Driven Mitochondrial Trafficking Promotes Bioenergetic Plasticity in Multiple Myeloma[END_REF]. Beyond mitochondria, other factors could be responsible of providing pro-resistant features. With the use of mass spectrometry, Kolba and colleagues identified that the transfer of a specific set of proteins, including stress-induced chaperons, that could promote cell survival in leukemic cells (Kolba et al., 2019a). miR-19 and miR-199a, miRNA highly expressed in chemoresistant cells but not in chemo-sensitive ones, can also be transferred by TNTs in osteosarcoma and ovarian cancer [START_REF] Thayanithy | Tumor-stromal cross talk: Direct cell-to-cell transfer of oncogenic microRNAs via tunneling nanotubes[END_REF], suggesting that their transfer could drive treatment-resistant features in the receiving cells.

Tumoral networking in Glioblastoma: TNTs and TMs

TNTs might possibly have a relevance in GBM too. TNT-like connections were observed in two cellular models of GBM such as U-251 and U-87 cell lines. In these studies, GBM cell lines were exploited to study the transfer of protein aggregates related to Amyotrophic lateral sclerosis [START_REF] Ding | Exposure to ALS-FTD-CSF generates TDP-43 aggregates in glioblastoma cells through exosomes and TNTs-like structure[END_REF] or their potential role in cocaine addition [START_REF] Carone | In vitro effects of cocaine on tunneling nanotube formation and extracellular vesicle release in glioblastoma cell cultures[END_REF], but their involvement in the tumoral context was not addressed. Moreover, astrocytes, abundant in the brain, were described forming TNTs toward C6 glioma cells in cell culture and their formation induced by ROS presence (Zhang & Zhang, 2015). Later in time, other publications reinforced the observation of a TNT-dependent communication between GBM cell lines and astrocytes [START_REF] Civita | Pre-Clinical Drug Testing in 2D and 3D Human In Vitro Models of Glioblastoma Incorporating Non-Neoplastic Astrocytes: Tunneling Nano Tubules and Mitochondrial Transfer Modulates Cell Behavior and Therapeutic Respons[END_REF][START_REF] Formicola | Differential Exchange of Multifunctional Liposomes Between Glioblastoma Cells and Healthy Astrocytes via Tunneling Nanotubes[END_REF] describing a protective role on behalf of the astrocytes by the transfer of mitochondria [START_REF] Civita | Pre-Clinical Drug Testing in 2D and 3D Human In Vitro Models of Glioblastoma Incorporating Non-Neoplastic Astrocytes: Tunneling Nano Tubules and Mitochondrial Transfer Modulates Cell Behavior and Therapeutic Respons[END_REF]. Only recently, some evidences have shown that TNTs might be modulated by TMZ and irradiation in two cell line models and that MGMT, marker of chemoresistance, could be transferred by these structures [START_REF] Valdebenito | Tunneling Nanotubes Mediate Adaptation of Glioblastoma Cells to Temozolomide and Ionizing Radiation Treatment[END_REF].

Nevertheless, serum-cultured cell lines and primary cells were demonstrated to be poorly representative of the genotypic, transcriptomic and biologic features of parental GBM tumor, differently from basic FGF and EGF cultured primary cells (J. [START_REF] Lee | Tumor stem cells derived from glioblastomas cultured in bFGF and EGF more closely mirror the phenotype and genotype of primary tumors than do serum-cultured cell lines[END_REF] from patients with different grades of glioma, in nude murine brain and followed the tumor progression with the use of in vivo multi-photon microscopy [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF].

What they observed was the progressive formation of a multicellular and communicative network between tumoral cells composed by long and thick (1.7 µm on average) membrane protrusions, containing both actin and microtubules, which the authors termed tumor microtubes (TMs, see Table 1). They demonstrated that more interconnected tumors were derived from higher glioma grades and were more resistant to irradiation than the lowest grades [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF]. Cancer cells were using these communications to propagate calcium fluxes, which intracellular homeostasis is critical to induce radiotherapy-induced cytotoxicity [START_REF] Tombal | A supramicromolar elevation of intracellular free calcium ([Ca 2+ ] i ) is consistently required to induce the execution phase of apoptosis[END_REF]. TMs connections were found to be positive for connexin 43 (Cx43), a monomeric component of GAP-junctions and known regulator of the intracellular concentration of calcium (Lurtz & Louis, 2007).

Interestingly, it has been previously reported that a subset of TNTs observed in kidneyderived cells contained Cx43 forming a hemi-connexon or a GAP-junction at their tip (Xiang [START_REF] Wang | Animal cells connected by nanotubes can be electrically coupled through interposed gap-junction channels[END_REF]. It was, in fact, proposed that GAP-junctions could mediate the transfer of electrical signals in electrically-coupled TNTs (Abounit & Zurzolo, 2012). Given the similarities, it was initially unclear whether TNTs and TMs were two distinct structures or a variant of each other. Nonetheless, the presence of GAP-junctions along TNTconnections would not allow the transfer of cellular cargo larger than 1 kDa, like organelles or macromolecules, in respect of their pore size [START_REF] Weber | The permeability of gap junction channels to probes of different size is dependent on connexin composition and permeant-pore affinities[END_REF]. On the other hand, in the TMs studies, the authors did not report transfer of conventional TNTcargoes, such as mitochondria or vesicles, within TM lumen [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF], suggesting that the connection might be closed by GAP-juctions. TMs nature seems to diverge from the one of TNTs as their main drivers in the formations are growth-associated protein , crucial for neurite formation, regeneration, and plasticity [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF], and tweety-homolog 1 (Ttyh1), a membrane protein also linked to neuronal development [START_REF] Jung | Tweety-Homolog 1 Drives Brain Colonization of Gliomas[END_REF]. Indeed, GAP-43 knocked down decreased TMs number and promote the sensitivity to radiotherapy [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF]. In addition, TMs display features typical of neurites, as they have been described to be post-synaptic targets for the surrounding neurons. Axons can dock onto TMs, forming chemical synapses, and generate synchronized calcium transients in glioma networks via AMPA receptors [START_REF] Venkataramani | Glutamatergic synaptic input to glioma cells drives brain tumour progression[END_REF][START_REF] Venkatesh | Electrical and synaptic integration of glioma into neural circuits[END_REF]. The depolarization of the post-synaptic glioma cells was stimulating TM formation [START_REF] Venkatesh | Electrical and synaptic integration of glioma into neural circuits[END_REF] and invasion [START_REF] Venkataramani | Glutamatergic synaptic input to glioma cells drives brain tumour progression[END_REF]. Finally, TMs also appear as finger-like protrusions and play a role in cell invasion [START_REF] Jung | Tweety-Homolog 1 Drives Brain Colonization of Gliomas[END_REF] and in the repopulation of a surgically resected area in GBM mouse models [START_REF] Weil | Tumor microtubes convey resistance to surgical lesions and chemotherapy in gliomas[END_REF]. Interestingly, GBM cells were able to form a TM-based network in mice xenografts, but failed in forming connections when cultured in vitro [START_REF] Weil | Tumor microtubes convey resistance to surgical lesions and chemotherapy in gliomas[END_REF] suggesting that TMs may exist only in the in vivo condition, although, protrusions resembling TMs have been recently observed also in pancreatic cancer [START_REF] Latario | Tumor microtubes connect pancreatic cancer cells in an Arp2/3 complex-dependent manner[END_REF]. Importantly, the complexity of the tumoral tissue and the resolution of the multiphoton in vivo imaging are an obstacle for TNT identification, therefore their presence in the tumoral network remains an open question.

GBM could possibly be an exception among the tumors and its intercellular communication might be orchestrated by TMs alone or, as we propose, GBM network is composed of both types of connections where TNTs provide a route for the direct transfer of cellular material and together, they cooperate in creating a resistant tumoral network (Figure 20). 

Aims and objectives

My thesis project has been outlined in the context of GBM and TNTs that I have described above. The general goal of my research was to study TNTs in GBM and their involvement in its treatment-resistance. The points that I specifically aimed to address were: 1)

determining the presence of TNT-connections, owning the transfer ability of cellular cargos that distinguish them from TMs, in different GBM models, from immortalized cell lines to more physiologically relevant ones, such as GSCs-derived tumor organoids; and 2) assessing whether therapeutic treatments (specifically irradiation) induced a response at TNT level, and if this would correlate with a more aggressive phenotype of cancer cells.

TMs were described to play a major role in the intercommunication and treatmentresistance of GSCs in murine xenograft model [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF] and, due to their similarity with TNTs [START_REF] Osswald | A malignant cellular network in gliomas: Potential clinical implications[END_REF] and the extensive literature describing TNTs in cancer models (that I reviewed in [START_REF] Pinto | Tunneling Nanotubes: The Fuel of Tumor Progression?[END_REF], it was initially not clear whether these two entities were distinct or one the variant of the other. In addition, the tissue complexity of the in vivo condition and the limited magnification of the applicable imaging techniques prevented the visualization of nanoscale connections, such as TNTs, leaving open the possibility that these structures could co-exist with TMs. Further studies on TMs recently revealed that TMs and TNTs, owe a different nature and physiological roles as the TMs rather resemble neuritic extensions and allow the transmission of an electrical/synaptic signal [START_REF] Jung | Emerging intersections between neuroscience and glioma biology[END_REF][START_REF] Venkataramani | Glutamatergic synaptic input to glioma cells drives brain tumour progression[END_REF][START_REF] Venkatesh | Electrical and synaptic integration of glioma into neural circuits[END_REF], likely mediated by GAP-junctions [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF]. In addition to this, we aimed to investigate whether the presence of TNTs could be correlated with a response to treatments or with a more aggressive and resistant phenotype of cells. TNTs are often described as a stress-induced response, and various treatments has been found to promote their formation [START_REF] Desir | Chemotherapy-Induced Tunneling Nanotubes Mediate Intercellular Drug Efflux in Pancreatic Cancer[END_REF]Matejka & Reindl, 2019;[START_REF] Ware | Radiofrequency treatment alters cancer cell phenotype[END_REF]D. Zhu et al., 2005). Particularly, in cancer, TNTs have been correlated with cells displaying more aggressive features and even they have been described to be the route for the transfer of oncogenic materials (as I reviewed in [START_REF] Pinto | Tunneling Nanotubes: The Fuel of Tumor Progression?[END_REF]. Also, the observations relative to TMs, orchestrating therapy-resistant network, corroborate the hypothesis that direct communication between GSCs is an important player acting in resistance to treatments typical of GBM.

Our
In this frame, our laboratory has undertaken the study of TNTs in the context of GBM. The between TNTs functionality and treatment-resistance was present, as TNTs are often described as a stress-induced response, and various treatments has been found to promote their formation [START_REF] Desir | Chemotherapy-Induced Tunneling Nanotubes Mediate Intercellular Drug Efflux in Pancreatic Cancer[END_REF]Matejka & Reindl, 2019;[START_REF] Ware | Radiofrequency treatment alters cancer cell phenotype[END_REF]D. Zhu et al., 2005). I aimed to exploit the GBM cell lines to set up the treatment conditions and determine their effect on TNT-based communication in the cell lines. Moreover, we aimed to investigate the presence and functionality of a heterotypic TNT-based astrocytes-GBM interaction, using the cell lines in study and to test whether this communication was altered by the treatments. Astrocytes are, in fact, the major component of the tumoral microenvironment in GBM and their cross-talk with GBM cells appear to facilitate tumor progression [START_REF] Guan | Reactive Astrocytes in Glioblastoma Multiforme[END_REF]. Tumoral microenvironment has been shown to support tumor progression also by TNT-based communication [START_REF] Feng | Human Bone Marrow Mesenchymal Stem Cells Rescue Endothelial Cells Experiencing Chemotherapy Stress by Mitochondrial Transfer Via Tunneling Nanotubes[END_REF][START_REF] Marlein | NADPH oxidase-2 derived superoxide drives mitochondrial transfer from bone marrow stromal cells to leukemic blasts[END_REF]J. Wang et al., 2018) and astrocytes can form TNTs with glioma cells (Zhang & Zhang, 2015).

Results

1) Characterization of TNT in GBM-derived cell lines

To characterize TNT in GBM cell lines models, I used three well-described GBM cell lines:

LN18, U-251, and U-87, the two latter already described to form TNT-like connections [START_REF] Carone | In vitro effects of cocaine on tunneling nanotube formation and extracellular vesicle release in glioblastoma cell cultures[END_REF][START_REF] Ding | Exposure to ALS-FTD-CSF generates TDP-43 aggregates in glioblastoma cells through exosomes and TNTs-like structure[END_REF][START_REF] Formicola | Differential Exchange of Multifunctional Liposomes Between Glioblastoma Cells and Healthy Astrocytes via Tunneling Nanotubes[END_REF]. I used these cell lines to validate the methodology for morphological and functional characterization of TNT, previously set up and used in the lab in the context of neurodegenerative diseases [START_REF] Abounit | Identification and Characterization of Tunneling Nanotubes for Intercellular Trafficking[END_REF], in the context of GBM. In order to identify these membranous channels, the cell's plasma membrane was labelled with fluorescent-Wheat Germ Agglutinin (WGA) and thin, continuous, non-attached to the substratum protrusions [START_REF] Abounit | Identification and Characterization of Tunneling Nanotubes for Intercellular Trafficking[END_REF] that contact-dependent transfer between cells was likely mediated by TNTs, as shown previously in other cell types [START_REF] Delage | Differential identity of Filopodia and Tunneling Nanotubes revealed by the opposite functions of actin regulatory complexes[END_REF].

2) U-251 can transfer mitochondria through contact-dependent mechanism

Mitochondria transfer appears to be particularly relevant in cancer [START_REF] Hekmatshoar | The role of metabolism and tunneling nanotube-mediated intercellular mitochondria exchange in cancer drug resistance[END_REF][START_REF] Vignais | Cell Connections by Tunneling Nanotubes: Effects of Mitochondrial Trafficking on Target Cell Metabolism, Homeostasis, and Response to Therapy[END_REF]. We aimed to verify that this transfer could occur in our cellular For all the tuning experiments that will follow, we decided to pursue with the vesicle transfer assay as it was allowing to work with an elevated percentage of transfer. particularly TMZ, that we decided to abandon for the following on the project.

Nevertheless, we cannot extrapolate general conclusions regarding GBM from this model, as it has little relevance for disease (J. [START_REF] Lee | Tumor stem cells derived from glioblastomas cultured in bFGF and EGF more closely mirror the phenotype and genotype of primary tumors than do serum-cultured cell lines[END_REF], this part of the project laid the foundation for the study of TNTs in GSCs that were not available at that time. 

Materials and Methods

TNT identification and counting

Tunneling nanotubes were identified accordingly to the protocol of [START_REF] Abounit | Identification and Characterization of Tunneling Nanotubes for Intercellular Trafficking[END_REF] We experimentally assessed the ideal cell density for the observation of TNTs (20000 cells/cm 2 for U-251, 30000 cells/cm 2 for LN-18 and 40000 cells/cm 2 for U-87). U-251, U- 

Immunofluorescence

Cell were seeded on glass coverslips at the TNT-density previously mentioned. Cells were fixed with a solution of 4% PFA for 20 minutes at RT. After PBS washes, quenching and permeabilization steps were performed using 50 nM NH4Cl solution and 0.1-0.2% Triton-X100, respectively. 30 minutes of blocking was performed with a solution of 10% FBS. Flow cytometry data were acquired with a BD Symphony A5 flow cytometer. GFP and CellTracker green, dsRed and DiD fluorescence were analysed at 488 nm, 561 nm and 640 nm excitation wavelength, respectively. 10,000 events were acquired for each condition and data were analysed using FlowJo analysis software.

TMZ treatment

TMZ was purchased from Sigma-Aldrich (T2577) and prepared in DMSO according to the datasheet instructions. TMZ was added directly in the culture medium of the GBM cell lines, control cells were treated with equal volume of DMSO. For the establishment of U-251TR, cells were cultured in their classical complemented medium in which TMZ was diluted at a concentration of 25 µM. Fresh medium was changed every 2-3 days to keep the cells under constant chemotherapeutic pressure.

Western blot

Cells were lysed in lysis buffer (50 mM Tris, pH 7.4, 300 mM NaCl, 1% Triton X-100, 5 Mm MGgCl). Protein samples were incubated at 100°C for 5 min and electrophoresed on Criterion XT Precast Gel 4-12% (BioRad 3450123). Proteins were transferred to PVDF membranes (GE Healthcare Life Sciences). Running (XT MOPS, BioRad) and transfer (Tris/Glycin). Membranes were blocked in 5% milk in Tris-buffered saline with 0.2% Tween 20 (Sigma) (TBS-T) for 1 h. Membranes were then incubated at 4°C with a primary antibody, rabbit anti-MGMT (1:1000 2739S Cell Signaling), mouse anti-αTubulin (1:1000

Sigma-Aldrich T9026) then washed several times with TBS-T. After 1 h incubation with horseradish peroxidase conjugated with the respective IgG secondary antibody (1:10,000) (GE Healthcare Life Sciences), membranes were washed with TBS-T and protein bands on the membrane were detected using an ECL-Plus immunoblotting chemiluminescence system (GE Healthcare Life Sciences). Membranes were imaged using ImageQuant LAS 500TM camera (GE Healthcare Life Sciences). humidified incubators. After one week, fluorodeoxyuridine (FdU) and Uridine were added to the medium and changed every 2-4 days in order to establish a pure-astrocyte culture.

Astrocytes preparation

Gt

Irradiation

Irradiation was performed with X-Ray machine (Xstrahl LTD). 5 Gy irradiation were performed exposing the cells to X-rays for 3 minutes and 33 seconds (250 kV, 12 mA). 

Statistical analysis

Mann

TNTs in GSCs

Premise GBM cell lines have been described to be poorly representative of tumoral context (J. [START_REF] Lee | Tumor stem cells derived from glioblastomas cultured in bFGF and EGF more closely mirror the phenotype and genotype of primary tumors than do serum-cultured cell lines[END_REF] and the study of GSCs and their features is becoming of increasing interest as their role in GBM relapse has become evident [START_REF] Bao | Glioma stem cells promote radioresistance by preferential activation of the DNA damage response[END_REF][START_REF] Prager | Glioblastoma Stem Cells: Driving Resilience through Chaos[END_REF]. We [START_REF] Deviers | Evaluation of the Lactate-to-N-Acetyl-aspartate Ratio Defined With Magnetic Resonance Spectroscopic Imaging Before Radiation Therapy as a New Predictive Marker of the Site of Relapse in Patients With Glioblastoma Multiforme[END_REF][START_REF] Laprie | Proton Magnetic Resonance Spectroscopic Imaging in Newly Diagnosed Glioblastoma: Predictive Value for the Site of Postradiotherapy Relapse in a Prospective Longitudinal Study[END_REF]. These cells were found to be tumorigenic in mice [START_REF] Dahan | Ionizing radiations sustain glioblastoma cell dedifferentiation to a stem-like phenotype through survivin: Possible involvement in radioresistance[END_REF] and to display different radio-resistance, more elevated in the GSC population owning more relapse-initiating potential (data not shown, article in preparation in Toulouse). Using these GSCs, we could investigate the role of TNTs in a relevant model of GBM relapse, also taking into account the intra-tumoral heterogeneity typical of this tumor and confronting the two different phenotypes. Exploiting the experience gained with the work on the cell lines, we aimed to identify, characterize and assess the TNT-mediated communication ability of these two GSCs populations, using both in adherent cell culture as well as in tumor organoids, a tridimensional and tumorrepresentative model [START_REF] Hubert | A Three-Dimensional Organoid Culture System Derived from Human Glioblastomas Recapitulates the Hypoxic Gradients and Cancer Stem Cell Heterogeneity of Tumors Found In Vivo[END_REF] in which GSCs retain their tumorigenic potential and TNTs presence and functionality have never been investigated. Further, we aimed to address the effect of irradiation to determine whether an heterogenous response was present at TNT level and how this was correlated with the most aggressive phenotype in both adherent and tumor organoid model. Beyond this comparison, we aimed to finally unravel the confusion between TNTs and TMs and assess whether communicative structures that directly allow the transfer of cellular material, as TNTs, are present in a relevant model of GBM, such as tumor organoids, and whether they could coexist with TMs.

Contribution

As 

Introduction

Glioblastoma (GBM) is the most common and aggressive brain cancer which nowadays lacks understanding and resolutive therapeutic strategies. After surgery, patients undergo a mixture of chemo and radiotherapy (Stupp, et al., 2005), aiming to kill the remaining cancer cells at the edges of the resected region. Although these treatments have been proven to be effective in extending patients survival [START_REF] Batash | Glioblastoma Multiforme, Diagnosis and Treatment; Recent Literature Review[END_REF], lethal relapse from these peripheral regions occurs in 100% the cases. The elevated intra-tumoral heterogeneity seems to be at the origin of the relapse and particularly due to the presence of GBM stem cells (GSCs) that have been found to be the most resistant to treatments [START_REF] Bao | Glioma stem cells promote radioresistance by preferential activation of the DNA damage response[END_REF][START_REF] Lathia | Cancer stem cells in glioblastoma[END_REF][START_REF] Prager | Glioblastoma Stem Cells: Driving Resilience through Chaos[END_REF][START_REF] Suvà | Reconstructing and reprogramming the tumor-propagating potential of glioblastoma stem-like cells[END_REF]. Moreover, it has been shown that post-surgical treatments can induce cellular plasticity and transdifferentiation resulting in more aggressive phenotypes [START_REF] Dahan | Ionizing radiations sustain glioblastoma cell dedifferentiation to a stem-like phenotype through survivin: Possible involvement in radioresistance[END_REF]. How this occurs is still not clear, however it appears that intercellular communication in the tumoral context has a major role in the plasticity, survival and progression of many different types of cancer (Asencio- [START_REF] Asencio-Barría | Direct Intercellular Communications and Cancer: A Snapshot of the Biological Roles of Connexins in Prostate Cancer[END_REF]Broekman et al., 2018a). In particular, in the case of GBM, Winkler and colleagues have shown that patient-derived GSCs, xenografted into murine brains, are able to grow tumors where cells interconnect through membranous extensions and form a unique communicating network [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF]. These finger-like protrusions called Tumor Microtubes (TMs) range in the microscale for their diameter (>1µm) and could extend for over 500 µm in length, creating a complex tumor cell network. TMs allow the propagation of ion fluxes, providing a fast, neurite-like, communication between cancer cells, and could also drive the repopulation of surgically-injured areas [START_REF] Weil | Tumor microtubes convey resistance to surgical lesions and chemotherapy in gliomas[END_REF]. TM-connected cells resulted to be protected by chemo and radiotherapy, and the protection could be suppressed in by the inhibition of TM-inducers such as Cx43, GAP43 and TTYH [START_REF] Jung | Tweety-Homolog 1 Drives Brain Colonization of Gliomas[END_REF][START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF][START_REF] Weil | Tumor microtubes convey resistance to surgical lesions and chemotherapy in gliomas[END_REF].

Another mechanism of intercellular communication that has been recently proposed to facilitate tumor progression is represented by Tunneling Nanotubes (TNTs) [START_REF] Hekmatshoar | The role of metabolism and tunneling nanotube-mediated intercellular mitochondria exchange in cancer drug resistance[END_REF][START_REF] Pinto | Tunneling Nanotubes: The Fuel of Tumor Progression?[END_REF]. TNTs are thin cellular extensions connecting distant cells observed in a wide variety of cellular and murine models as well as in ex vivo resections from human tumoral tissue [START_REF] Pinto | Tunneling Nanotubes: The Fuel of Tumor Progression?[END_REF]. They are membranous structures supported by an actin-based cytoskeleton and, differently from other cellular protrusions, including TMs (assumed to provide communication through GAP-junction), are open at both extremities, thus allowing cytoplasmic continuity between connected cells [START_REF] Rustom | Nanotubular highways for intercellular organelle transport[END_REF][START_REF] Sartori-Rupp | Correlative cryo-electron microscopy reveals the structure of TNTs in neuronal cells[END_REF]. TNTs allow the transfer of various-sized cargos, such as small molecules (e.g. Ca 2+ ions), macromolecules (e.g. proteins, nucleic acids) and even organelles (vesicles, mitochondria, lysosomes, autophagosomes, etc.) (Abounit & Zurzolo, 2012). They appear to play a critical role in several physiopathological contexts, as in the spreading of protein aggregates in various neurodegenerative diseases (Abounit et al., 2016;Abounit et al., 2016;Victoria & Zurzolo, 2015, 2017;S. Zhu et al., 2015) or in the transmission of bacteria [START_REF] Onfelt | Structurally distinct membrane nanotubes between human macrophages support long-distance vesicular traffic or surfing of bacteria[END_REF] and viruses [START_REF] Eugenin | Tunneling nanotubes (TNT) are induced by HIV-infection of macrophages[END_REF][START_REF] Souriant | Tuberculosis Exacerbates HIV-1 Infection through IL-10/STAT3-Dependent Tunneling Nanotube Formation in Macrophages[END_REF] or, finally, during development [START_REF] Korenkova | Fine intercellular connections in development: TNTs, cytonemes, or intercellular bridges?[END_REF]. Specifically, it was shown that in many cancer types, TNTs are exploited as route for the exchange of material between cancer cells or with the tumoral microenvironment. As consequence of this transfer, cells can acquire new abilities as enhanced metabolic plasticity, migratory phenotype, angiogenic ability and therapy-resistance. In particular, the transfer of mitochondria has been related to all the previously mentioned features since they can provide energy and metabolic support to the cancer cells in displaying their aggressive features as observed in various cancers [START_REF] Hekmatshoar | The role of metabolism and tunneling nanotube-mediated intercellular mitochondria exchange in cancer drug resistance[END_REF][START_REF] Vignais | Cell Connections by Tunneling Nanotubes: Effects of Mitochondrial Trafficking on Target Cell Metabolism, Homeostasis, and Response to Therapy[END_REF].

Few studies have reported TNT-like communication in GBM cells lines [START_REF] Carone | In vitro effects of cocaine on tunneling nanotube formation and extracellular vesicle release in glioblastoma cell cultures[END_REF][START_REF] Ding | Exposure to ALS-FTD-CSF generates TDP-43 aggregates in glioblastoma cells through exosomes and TNTs-like structure[END_REF][START_REF] Formicola | Differential Exchange of Multifunctional Liposomes Between Glioblastoma Cells and Healthy Astrocytes via Tunneling Nanotubes[END_REF][START_REF] Valdebenito | Tunneling Nanotubes Mediate Adaptation of Glioblastoma Cells to Temozolomide and Ionizing Radiation Treatment[END_REF]Zhang & Zhang, 2015), however, no data on the presence and role of TNTs are available in the context of a whole GBM tumor or in primary GSCs. This is likely due to the fragility of these connections and to the low-resolution images that can be obtained in the in vivo studies [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF]. Functional TNTs have been shown in a variety of cancers using in vitro and ex vivo tissue cultures [START_REF] Pinto | Tunneling Nanotubes: The Fuel of Tumor Progression?[END_REF]; whether in GBM the intercellular communication is orchestrated exclusively by tumor microtubes or TNTs are also present and functional is still not known. Specifically, whether TNTs can be formed between patient-derived GSLCs and cargo exchange occurs through these structures, as well as if their presence and/or functionality could be induced/affected by the treatments contributing to the tumoral progression and treatment-resistance remain outstanding questions. In order to address these issues, we cultured different patient-derived GBM stem-like cells both in 2D and in tumor organoids, where we assessed the presence of TNTs and their possible role in intercellular communication and cancer progression.

Results

1) Patient-derived GBM cells with stem-like features form TNT-like connections

We obtained GBM cells from one patient in the frame of the clinical trial STEMRI (Identifier: NCT01872221). This trial was aimed at studying the tumoral cells remaining in the vicinity of the core tumor after the latter has been surgically removed, and better understanding and possibly anticipating which of them are at the origin of the relapse.

Bulks of tissue were resected from the infiltrative tumor area defined by the Fluidattenuated inversion recovery (FLAIR) sequence on MRI (Figure Article 1A) [START_REF] Shukla | Advanced magnetic resonance imaging in glioblastoma: A review[END_REF]. The tumors were also characterized by multimodal MRI spectroscopy, in particular by the Choline/N-AcetylAspartate Index (CNI), indicative of the metabolism of the area.

Inside the FLAIR area, the more metabolically active zones (CNI>2, named CNI+) were found to be predictive of the site of the relapse [START_REF] Laprie | Proton Magnetic Resonance Spectroscopic Imaging in Newly Diagnosed Glioblastoma: Predictive Value for the Site of Postradiotherapy Relapse in a Prospective Longitudinal Study[END_REF] in contrast to the less metabolically active (CNI<2, named CNI-) [START_REF] Deviers | Evaluation of the Lactate-to-N-Acetyl-aspartate Ratio Defined With Magnetic Resonance Spectroscopic Imaging Before Radiation Therapy as a New Predictive Marker of the Site of Relapse in Patients With Glioblastoma Multiforme[END_REF][START_REF] Guo | The relationship between Cho/NAA and glioma metabolism: Implementation for margin delineation of cerebral gliomas[END_REF]. The tissue samples were desegregated and cultured in stem cell medium [START_REF] Dahan | Ionizing radiations sustain glioblastoma cell dedifferentiation to a stem-like phenotype through survivin: Possible involvement in radioresistance[END_REF] to enrich in GBM stem cells rather than differentiated ones [START_REF] Avril | Human Glioblastoma Stem-Like Cells are More Sensitive to Allogeneic NK and T Cell-Mediated Killing Compared with Serum-Cultured Glioblastoma Cells[END_REF]. If implanted orthotopically in mice, these kinds of cells were shown to be able to generate tumors [START_REF] Dahan | Ionizing radiations sustain glioblastoma cell dedifferentiation to a stem-like phenotype through survivin: Possible involvement in radioresistance[END_REF]. Two populations of cells were obtained from the same patient respectively corresponding to the CNI-area, named C1 cells, and to the CNI+ area, named C2 cells that both grow in suspension in neurosphere-like aggregates (Figure Article 1B).

To further characterize the two populations, we monitored the expression of genes related to different cell types, from differentiated to progenitor/stem cells [START_REF] Neftel | An Integrative Model of Cellular States, Plasticity, and Genetics for Glioblastoma[END_REF][START_REF] Prager | Glioblastoma Stem Cells: Driving Resilience through Chaos[END_REF][START_REF] Singh | Identification of a cancer stem cell in human brain tumors[END_REF][START_REF] Suvà | Reconstructing and reprogramming the tumor-propagating potential of glioblastoma stem-like cells[END_REF][START_REF] Verhaak | An integrated genomic analysis identifies clinically relevant subtypes of glioblastoma characterized by abnormalities in PDGFRA, IDH1, EGFR and NF1[END_REF]. GFAP and CHI3L1 (respectively astrocytic and mesenchymal markers) were found not to be expressed, low expression was observed for the neural markers Tubβ3 and GAP43. On the other hand, expression of the progenitor and stem cell markers Olig1, Olig2, Sox11 and Sox2 was significant (Figure Article 1C). Also, this pattern of gene expression was maintained over culture passages indicating maintenance of the stemness properties.

Altogether, these two primary cell lines fulfilled the criteria of GBM stem-like cells (GSLCs).

Different GBM-derived cell lines have been described to form TNT-like connections and to be able to transfer cellular content including mitochondria [START_REF] Carone | In vitro effects of cocaine on tunneling nanotube formation and extracellular vesicle release in glioblastoma cell cultures[END_REF][START_REF] Ding | Exposure to ALS-FTD-CSF generates TDP-43 aggregates in glioblastoma cells through exosomes and TNTs-like structure[END_REF][START_REF] Formicola | Differential Exchange of Multifunctional Liposomes Between Glioblastoma Cells and Healthy Astrocytes via Tunneling Nanotubes[END_REF]Zhang & Zhang, 2015). Because such cell lines are only partially recapitulative of the original tumoral features (J. [START_REF] Lee | Tumor stem cells derived from glioblastomas cultured in bFGF and EGF more closely mirror the phenotype and genotype of primary tumors than do serum-cultured cell lines[END_REF], here we aimed to address whether patient-derived GSLCs can form functional TNTs. Thus, C1 and C2 cells were plated for 6h on laminin-coated surface in 2D culture to make them adhere to the support for ease of TNT recognition. Thin cell connections were detected after 6 hours of culture by live imaging (Figure Article 1D). After fixation, we assessed the presence of actin-containing connections floating above the laminin coated surface, which is a the distinguishing characteristics of TNTs, that hoover above the substrate, as exemplified in Fig. 1E, where both attached-to-the-substrate (z-stack=0) and above (z-stack>3) stacks are shown [START_REF] Abounit | Identification and Characterization of Tunneling Nanotubes for Intercellular Trafficking[END_REF]S. Zhu et al., 2018, p. 8). GSLC TNTs resulted to be always and counted thin, continuous, non-attached to the substratum protrusions [START_REF] Abounit | Identification and characterization of tunneling nanotubes for intercellular trafficking[END_REF] connecting distant cells. Both C1 and C2 populations formed TNT-like connections with a significantly different frequency: about 10% of TNT-connected cells in C1 and 15% in C2 (Figure Article 1F). These data showed for the first time that GSLCs can interconnect through TNT-like structures, with a significant higher incidence in CNI+ cells.

2) TNT-like structures of GSLCs can transfer mitochondria

TNTs are described to be open-ended connections allowing the passage of cellular cargoes. To determine whether the connections observed were apt to this purpose, we decided to assess the transfer of mitochondria, shown to occur in several types of cancer cells (mesothelioma, leukemias, ovarian, etc.) [START_REF] Hekmatshoar | The role of metabolism and tunneling nanotube-mediated intercellular mitochondria exchange in cancer drug resistance[END_REF][START_REF] Pinto | Tunneling Nanotubes: The Fuel of Tumor Progression?[END_REF][START_REF] Vignais | Cell Connections by Tunneling Nanotubes: Effects of Mitochondrial Trafficking on Target Cell Metabolism, Homeostasis, and Response to Therapy[END_REF] and GSCs were described to be able to uptake isolated mitochondria [START_REF] Nzigou Mombo | MitoCeption: Transferring Isolated Human MSC Mitochondria to Glioblastoma Stem Cells[END_REF]. To observe mitochondria in living samples, we introduced a GFP-tagged fragment of the subunit VIII of human cytochrome C oxidase located in the inner mitochondrial membrane (MitoGFP) in both GSLCs by lentiviral transduction. We then performed live-imaging on GSLCs and found mitochondria moving inside TNT-like structures and entering into a connected cell (Figure Article 2A,Supplementary video 1), supporting an open-ended TNT relying the two cells. To quantify this transfer, we performed co-culture assays [START_REF] Abounit | Identification and Characterization of Tunneling Nanotubes for Intercellular Trafficking[END_REF] between a donor population, expressing MitoGFP, and an acceptor cell population transduced with lentivirus governing the expression of cytosolic mCherry (Figure Article 2B). More than 80% of each cell population was stably expressing the constructs, allowing a 1:1 co-culture ratio between the two populations. Cells were plated on laminin-coated surface and the percentage of mitochondria transfer was assessed after 2 or 5 days of co-culture by flow cytometry [START_REF] Abounit | Identification and Characterization of Tunneling Nanotubes for Intercellular Trafficking[END_REF]. Between 1 and 3% of acceptor cells received donor- 

3) Effect of irradiation on TNT-based communication in GSLCs in 2D culture

Next, we aimed to assess the effect of irradiation on the TNT-based communication in GSLCs. We irradiated cells at a dose of 2 Gray (Gy). This dose, daily administrated to GBM patients for six weeks during radiotherapy, was applied only once on our cells in order to be effective but subtoxic [START_REF] Dahan | Ionizing radiations sustain glioblastoma cell dedifferentiation to a stem-like phenotype through survivin: Possible involvement in radioresistance[END_REF] function. This consistent with the wide heterogeneity present in GBM tumors where distinct molecular profiles coexist and exhibit differential therapeutic responses [START_REF] Lathia | Cancer stem cells in glioblastoma[END_REF].

4) TNT-like structures exist in GSLC tumor organoids

In order to study whether TNTs participate to GBM networking in a context more representative of the tumor, we cultured the GSLCs in tumor organoids according to the protocol published by J. Rich and colleagues [START_REF] Hubert | A Three-Dimensional Organoid Culture System Derived from Human Glioblastomas Recapitulates the Hypoxic Gradients and Cancer Stem Cell Heterogeneity of Tumors Found In Vivo[END_REF]. Tumor organoid in culture are a relevant, 3-dimensional culture method, which allows long-term growth which has been shown to efficiently reconstitute the morphological and transcriptomic heterogeneity of the original tumor [START_REF] Hubert | A Three-Dimensional Organoid Culture System Derived from Human Glioblastomas Recapitulates the Hypoxic Gradients and Cancer Stem Cell Heterogeneity of Tumors Found In Vivo[END_REF]. We were able to grow such as both GSLCs grow similarly in organoids (Figure Article 4E). Overall, these data were consistent with the results obtained in 2D and suggested that C2 have higher ability to form and use TNTs for transferring cellular content than C1. To verify that mitochondria transfer was not due to secretion, we cocultured organoids composed of only one cell population, donor or acceptor cells, in the same medium. We have not observed any transfer of MitoGFP from donor organoids to acceptor organoids in these conditions over time, strongly suggesting that the mitochondria transfer that we quantified in mixed organoids was dependent on direct cell contacts between donor and acceptor cells.

Therefore, our data strongly suggested that GSLCs have the ability to transfer mitochondria through thin TNT-like connections.

Interestingly, when staining actin and αTubulin, we observed that different types of connections were present in organoids (Figure Article 4B): i) thin (<1 μm) connections positive only for actin filaments, as the TNTs that we observed in 2D cultures, and ii) thick (>1 μm) and long protrusions containing both actin and microtubules, rather similar to TMs (previously observed in vivo [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF], but not in the 2D cultures).

To characterize the transcriptional changes undergone by the cells in tumor organoids over time, we quantified the expression of differentiation and progenitor/stem markers from 23-days-old organoids by RT-qPCR, including GAP43, a neuronal marker driving TMs formation [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF]. We observed no significant variation in the expression of all tested genes, except of GAP43 in C2 cells (Figure Article 5A), that resulted to be 12fold more in organoids compared to classical culture. This result showed that although most of the cells still expressed progenitor markers, maintaining therefore their pluripotency, some could also commit to a more differentiated profile, as it happens in real tumors. This was corroborated by immunofluorescence that showed an increase in the number of GAP43-positive C2 cells over time (see days 2 found to be containing mitochondria in C1 and C2 organoids (Supplementary video 2, red arrow), similarly to the observations of Winkler and colleagues, although mitochondria transfer was not detected through such structures [START_REF] Osswald | Tunneling nanotube-like structures in brain tumors[END_REF]. These results

showed that the 3D organoid model using GSLCs is a valid representation of the tumoral complexity in vivo [START_REF] Hubert | A Three-Dimensional Organoid Culture System Derived from Human Glioblastomas Recapitulates the Hypoxic Gradients and Cancer Stem Cell Heterogeneity of Tumors Found In Vivo[END_REF] and that different types of connections, including TNTs and TMs, could coexist in the network formed by both cell lines, as possibly in the real tumoral environment. However, only TNTs could provide a route for the exchange of cellular material, notably mitochondria. Importantly, we did not observe either any transfer when co-culturing single population organoids in the same dish to assess secretion mechanisms of transfer. Overall, our data indicated that after irradiation, TNT functionality was preserved in C2 organoids whereas it was reduced in C1 organoids, suggesting that C2 TNT-based communication was more resistant to radiotherapy, again highlighting the different properties of these two GSLCs.

Discussion

Tunneling nanotubes (TNTs) are gaining an increasing relevance in the context of cancer development and progression [START_REF] Pinto | Tunneling Nanotubes: The Fuel of Tumor Progression?[END_REF]. Their presence and ability to transfer cellular material including organelles, has been correlated with the induction of migratory ability, angiogenesis, cell proliferation ad therapy-resistance [START_REF] Hekmatshoar | The role of metabolism and tunneling nanotube-mediated intercellular mitochondria exchange in cancer drug resistance[END_REF][START_REF] Vignais | Cell Connections by Tunneling Nanotubes: Effects of Mitochondrial Trafficking on Target Cell Metabolism, Homeostasis, and Response to Therapy[END_REF]. Few reports have addressed the presence of TNTs in GBM, where it was shown that GBM-derived cell lines were able to form TNT-like connections [START_REF] Carone | In vitro effects of cocaine on tunneling nanotube formation and extracellular vesicle release in glioblastoma cell cultures[END_REF][START_REF] Ding | Exposure to ALS-FTD-CSF generates TDP-43 aggregates in glioblastoma cells through exosomes and TNTs-like structure[END_REF][START_REF] Valdebenito | Tunneling Nanotubes Mediate Adaptation of Glioblastoma Cells to Temozolomide and Ionizing Radiation Treatment[END_REF] and even exchange mitochondria with the tumoral microenvironment [START_REF] Civita | Pre-Clinical Drug Testing in 2D and 3D Human In Vitro Models of Glioblastoma Incorporating Non-Neoplastic Astrocytes: Tunneling Nano Tubules and Mitochondrial Transfer Modulates Cell Behavior and Therapeutic Respons[END_REF][START_REF] Formicola | Differential Exchange of Multifunctional Liposomes Between Glioblastoma Cells and Healthy Astrocytes via Tunneling Nanotubes[END_REF]Zhang & Zhang, 2015). Nevertheless, serum-cultured GBM cells lines appear to be drastically divergent from the original tumor at transcriptomic level (J. [START_REF] Lee | Tumor stem cells derived from glioblastomas cultured in bFGF and EGF more closely mirror the phenotype and genotype of primary tumors than do serum-cultured cell lines[END_REF]. Indeed, TNTs

were not observed in patient-derived GSCs, which when xenografted into murine brains, formed a complex tumor cell network based on TMs, thicker neurite-like connections [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF]. Whether TNTs participate to this networking in a tumoral relevant model therefore remains unknown. To address this question, here we have assessed their presence and functionality in two GSLCs derived from two metabolically different areas of the same tumor (C1 for CNI-area, less metabolically active, and C2 for CNI+ area, more metabolically active). By using live-imaging and quantification of transferred mitochondria within both cell populations, we showed for the first time that GSLCs are able to interconnect and transfer mitochondria via TNT-like structures in 2D culture. Importantly, to visualize and characterize these connections and to monitor their ability to transfer mitochondria in a context closer to the tumor, we cultured GSLCs in tumor organoids,

where we showed that they maintained their progenitor characters over more than 23 days of culture. This organoid model is very relevant, since it recapitulates at transcriptomic level [START_REF] Hubert | A Three-Dimensional Organoid Culture System Derived from Human Glioblastomas Recapitulates the Hypoxic Gradients and Cancer Stem Cell Heterogeneity of Tumors Found In Vivo[END_REF] and cell level (this work) the cell heterogeneity and networking observed in patient tumors. We provided live-imaging showing mitochondria moving along TNTs and entering into the connected cells, therefore demonstrating for the first time that TNTs exist and are functional in tumor organoids and suggesting that TNT-based communication may be relevant in the actual tumor.

Interestingly in GSLCs tumor organoids, we also observed thicker connections resembling TMs [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF]. TMs are neurite-like extensions [START_REF] Jung | Emerging intersections between neuroscience and glioma biology[END_REF], able to connect to distant cells and propagate action potential [START_REF] Venkataramani | Glutamatergic synaptic input to glioma cells drives brain tumour progression[END_REF][START_REF] Venkatesh | Electrical and synaptic integration of glioma into neural circuits[END_REF] and proposed to scaffold the network formed by cancer cells.

Although TMs are organelle-rich structures, no cargo transfer through them has been demonstrated [START_REF] Osswald | Tunneling nanotube-like structures in brain tumors[END_REF], while the presence of GAP-junctions along their length [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF] support their role in electric signal transmission. Our data confirmed these observations in organoids, since we could follow movements of mitochondria in cell bodies and protrusions, including TM-like structures. However, the effective transfer of mitochondria until entering a connected cell could be observed only through TNT-like connections, and not in TM [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF][START_REF] Venkataramani | Glutamatergic synaptic input to glioma cells drives brain tumour progression[END_REF][START_REF] Weil | Tumor microtubes convey resistance to surgical lesions and chemotherapy in gliomas[END_REF]. Of note, we observed and quantified mitochondria transfer in both C1 and C2 GSLCs, in 2D conditions where none of them expressed GAP43, which is a typical marker and the major known driver of TMs [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF][START_REF] Weil | Tumor microtubes convey resistance to surgical lesions and chemotherapy in gliomas[END_REF], and in 3D where only C2 subpopulations began to express GAP43, strongly suggesting that the transfer of mitochondria through TNT-like connections does not occur through GAP43-dependent structures. Notwithstanding, we observed that C2 cells, which can express GAP43, were transferring mitochondria more efficiently compared to C1 cells, even after irradiation. These results are in accordance with the work of F. Winkler [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF][START_REF] Weil | Tumor microtubes convey resistance to surgical lesions and chemotherapy in gliomas[END_REF] suggesting that GAP43 expression could be correlated to the aggressiveness of the tumor. From our work, we propose that TNTs and TMs coexist and cooperate in GBM networking, carrying on complementary roles that could participate eventually to treatment-resistance. In particular, we hypothesize that in a situation in which a TM tumor network is formed based on signalling exchanges between interconnected cells there will be the possibility to form more TNTs, which will provide the transfer function and material exchange (Fig. 7). In our GSLC model we have chosen to specifically look at mitochondria transfer; as mitochondria can provide metabolic support to cancer cells [START_REF] Hekmatshoar | The role of metabolism and tunneling nanotube-mediated intercellular mitochondria exchange in cancer drug resistance[END_REF][START_REF] Vignais | Cell Connections by Tunneling Nanotubes: Effects of Mitochondrial Trafficking on Target Cell Metabolism, Homeostasis, and Response to Therapy[END_REF], transfer of mitochondria has been shown to modulate the response to treatments in a beneficial manner for the recipient cells impacting on their metabolism, rescuing their aerobic respiration and providing a metabolic support against treatment-related stress [START_REF] Vignais | Cell Connections by Tunneling Nanotubes: Effects of Mitochondrial Trafficking on Target Cell Metabolism, Homeostasis, and Response to Therapy[END_REF][START_REF] Wang | Rescue of Brain Function Using Tunneling Nanotubes Between Neural Stem Cells and Brain Microvascular Endothelial Cells[END_REF]. However the observation of mitochondria transfer between GSLCs does not preclude the possibility that other cellular material (e.g. RNA, proteins, other vesicles) could be additionally transferred through the same connections, as observed in other cancer types [START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF][START_REF] Desir | Intercellular Transfer of Oncogenic KRAS via Tunneling Nanotubes Introduces Intracellular Mutational Heterogeneity in Colon Cancer Cells[END_REF][START_REF] Kretschmer | Stress-induced tunneling nanotubes support treatment adaptation in prostate cancer[END_REF].

Wide cellular heterogeneity is one of the many reasons that make GBM very difficult to treat. We have shown that two GSLCs derived from different tumor areas of the same patient, potentially correlating with different aggressiveness, display different behaviour, including the percentage of TNT-connected cells and transfer of mitochondria over time in response to irradiation. C2 (CNI+) cells, derived from the highest metabolic part of the tumor , previously shown to be predictive of the site of the relapse after irradiation [START_REF] Laprie | Proton Magnetic Resonance Spectroscopic Imaging in Newly Diagnosed Glioblastoma: Predictive Value for the Site of Postradiotherapy Relapse in a Prospective Longitudinal Study[END_REF], are the cells where TNT functionalities are more active and resistant to irradiation. Overall, our data are consistent with tumor networking being important in GBM progression, resistance to treatment and relapse. In addition to TMs, the ability to grow functional TNTs could participate to the formation of a functional tumor network (Fig. 7). In the future, it will be interesting to further investigate the relevance of these data in further cases and to exploit them by considering inhibition of TNT-dependent transfer as a new way for optimization of radiotherapy efficacy in GBM.

Conclusions

Our data suggest that TNT-mediated exchange of cellular material occurs between GSCs and that TNTs participate to GBM tumoral networking providing a route for the transfer of intracellular material and potentially contributing to tumor progression and treatmentresistance. arrow is representative of the size of area where the live-imaging video was acquired, not of the specific location. Scale bar: 400 μm.

Material and Methods

Cell culture

The GBM samples were processed as described by [START_REF] Avril | Human Glioblastoma Stem-Like Cells are More Sensitive to Allogeneic NK and T Cell-Mediated Killing Compared with Serum-Cultured Glioblastoma Cells[END_REF]. GSLCs were cultured in suspension in DMEM-F12 (Sigma D8437) supplemented with B27 (50x Gibco 17504-44), N2 (100x Gibco 17502-048) and 20 ng/ml of FGF-2 (Peprotech 100-18B) and EGF (Peprotech AF-100-15) at 37°C in 5% CO2 humidified incubators. Fresh medium was added to the cell culture every 2-3 days. All GSC lines were used for the experiments in this medium at less than 25 passages. Absence of alteration upon culture passages on the stemness phenotype was monitored by RT-qPCR. Absence of mycoplasma contamination was verified with MycoAlert TM Mycoplasma Detection Kit (Lonza LT07-118). All methods were carried out in accordance with the approved guidelines of our institution. Single drops of 20 microliters of this solution were placed in sterile parafilm mould, obtained by pressing the parafilm between 2 PCR plates as indicated in [START_REF] Hubert | A Three-Dimensional Organoid Culture System Derived from Human Glioblastomas Recapitulates the Hypoxic Gradients and Cancer Stem Cell Heterogeneity of Tumors Found In Vivo[END_REF].

Lentivirus preparation and transduction

Lentiviral

Drops were assuming a spherical, jellified shape and kept at 37°C for 1 hour before being washed in a Petri dish using the Neurobasal solution.

Tumor organoids were cultured at 37°C in 5% CO2 humidified incubators in Neurobasal medium up to 23 days. Part of the cultured medium was removed and replaced with fresh one every 2-3 days.

TNT identification and counting

Tunneling nanotubes were identified accordingly to the protocol of [START_REF] Abounit | Identification and Characterization of Tunneling Nanotubes for Intercellular Trafficking[END_REF] We experimentally assessed the ideal cell density for the observation of TNTs (40000 cells/cm 2 for both GSLCs). For GSLCs, the adhesion surface was previously coated with laminin 10 μg/mL (Sigma) for at least 2 hours. GSLCs were fixed after 6 hours, to avoid excessive cell flattening on the coated surface. 15 minutes fixation in solution 1 (2% PFA, 0.05% glutaraldehyde and 0.2 M HEPES in PBS) followed other 15 minutes in solution 2

(4% PFA and 0.2 M HEPES in PBS) were performed at 37°C in order to preserve TNTs integrity. Cells were washed with PBS and plasma membrane was labelled with fluorescent Wheat Germ Agglutinin (1:500 in PBS, Life Technologie W21405, W849, W11261) for 20 min at RT. Nuclei ware stained with DAPI (1:5000 Sigma-Aldrich D9542) before mounting with home-made Mowiol.

Tiles confocal images of the whole volume of the cells were acquired with a Zeiss LSM 700 controlled by ZEN software. Optimal image stack was applied. Images were processed using ICY software to manually count the number of TNT-connected cells. Cells connected through thin, continuous, phalloidin-positive connections were counted as TNTconnected cells.

Immunofluorescence

Cell were seeded on glass coverslips at the TNT-density previously mentioned. Coverslips were coated with 10 μg/mL laminin (Sigma L2020). Cells were fixed with a solution of 4%

PFA for 20 minutes at RT. After PBS washes, quenching and permeabilization steps were performed using 50 nM NH4Cl solution and 0.1-0.2% Triton-X100, respectively. 30 minutes of blocking was performed with a solution of 10% FBS. Primary antibodies were incubated diluted in the blocking solution for 1 hours. Anti-αTubulin (1:1000 Sigma-Aldrich T9026) and anti-GAP43 (1:500 Cell signalling 8945S) were used. Cells were washed in PBS and incubated for 45 minutes with secondary antibody anti-mouse and anti-rabbit Invitrogen Alexa 488, 564 or 647 antibodies (1:1000) or phalloidin-rhodamine to stain Factin (1:500 R415 invitrogen) diluted in blocking solution. DAPI (1:5000 Sigma-Aldrich D9542) in PBS solution was applied for 5 minutes before washes and mounting with Mowiol.

Organoids were fixed with a solution of 4% PFA for 1 hour at 37°C. Subsequently organoids were washed with PBS-0.5% Tween and incubated in a solution of PBS + 10% FBS + 0.3% BSA (Sigma A9647) + 0.3% Triton-X100 0.3% containing primary antibody (mentioned above) overnight at 4°C. After washes with PBS-0.5% Tween, organoids were incubated in the same solution with the corresponding secondary antibody O/N at 4°C. Finally, organoids were washed with PBS-0.5% Tween and incubated with DAPI (1:1000 Sigma-Aldrich D9542) over 6h and finally mounted with a solution of 70% Glycerol.

For tumor organoids, donor and acceptor cells were mixed 1:1 during the organoid preparation. At each timepoint, organoids were disaggregated using mechanical and chemical (StemPro Accutase, Thermofisher) dissociation. To monitor the transfer by secretion, organoids prepared of only acceptor or donor cells were cultured in the same culture medium separated by a 1 μm filter. For FACS analysis, cells were passed through a cell strainer to separate cell aggregates and fixed in 2% PFA. Flow cytometry data were acquired with a BD Symphony A5 flow cytometer.

Flow cytometry data were acquired with a BD Symphony A5 flow cytometer. GFP and mCherry fluorescence were analysed at 488 nm and 561 nm excitation wavelength, respectively. 10,000 events were acquired for each condition and data were analysed using FlowJo analysis software.

Irradiation

Irradiation was performed with X-Ray machine (Xstrahl LTD). 2 Gy irradiation were performed exposing the cells to X-rays for respectively 1 minute and 25 seconds (250 kV, 12 mA).

RT-qPCR

Total RNA extraction was performed using the RNeasy Mini Kit purchased from Qiagen.

Reverse transcription was done using the Biorad iScript gDNA Clear cDNA Synthesis Kit.

Oligonucleotides were designed using Prime PCR Look Up Tool (Bio-Rad), purchased from Eurofins Genomics, and sequences are presented in Supplementary Table 1. Quantitative PCR was then performed using the Bio-Rad iTaq™ universal SYBR® Green supermix and analysed using a CFX96TM real-time PCR detection system under the CFX Manager software (Bio-Rad). Gene expression was normalized to hypoxanthine-guanine phosphoribosyltransferase (HPRT).

Supplementary Table 1. Oligonucleotides used in qPCR

Gene

Forward Reverse HPRT 5ʹ-TAATTGGTGGAGATGATCTCTCAAC-3ʹ 5ʹ-TGCCTGACCAAGGAAAGC-3ʹ GFAP 5ʹ-GGCAAAAGCACCAAAGACGG-3ʹ 5ʹ-GGCGGCGTTCCATTTACAAT-3ʹ Olig1 5ʹ-AGGTAACCAGGCGTCTCACAGT-3ʹ 5ʹ-CGGTACTCCTGCGTGTTAATGA-3ʹ Olig2 5ʹ-CAGAAGCGCTGATGGTCATA-3ʹ 5ʹ-TCGGCAGTTTTGGGTTATTC-3ʹ Sox-2 5ʹ-AGACTAGGACTGAGAGAAAG-3ʹ 5ʹ-CCTCCTCCTCTGGCCGAT-3ʹ TUBb3 5ʹ-TCGTCCCGTCCGTGCGATTG-3ʹ 5ʹ-TTAGGGACGTGGTGTGGACG-3ʹ Sox11 5ʹ-CTAGCATGCAGAGTGTAGTG-3ʹ 5ʹ-AGAAGCTGGTTAGATCGAAG-3ʹ GAP43 5ʹ-GAACCTGAGGCTGACCAAG-3ʹ 5ʹ-AAGGGACTTCAGAGTGGAGC-3ʹ CHI3L1 5ʹ-CTTTGAGACCCAAAGTTCCATG-3ʹ 5ʹ-ACGCTCTACGGCATGCTC-3ʹ

Statistical analysis

The statistical tests for percentage of connected cells and percentage of transfer were computed using either a logistic regression model computed using the 'glm' function of R software (https://www.R-project.org/.) or a mixed effect logistic regression model using the lmer [START_REF] Bates | Fitting Linear Mixed-Effects Models Using lme4[END_REF] and lmerTest [START_REF] Kuznetsova | lmerTest Package: Tests in Linear Mixed Effects Models[END_REF]) R packages. For cell connection in 2D, a mixed effect logistic regression model was estimated, adjusted on the effect of cell type, timepoint and condition. This model was also adjusted on the second and third order interactions among these 3 covariates. A random effect corresponding to replication of the experiment was also added to the model in order to account for potential batch effect. For percentage of transfer, we estimated a mixed effect logistic regression model adjusted on the condition, the day and the number of organoids. Second order interactions among condition and day and among number of organoids and day

were added to the model in order to normalize statistical tests on time-varying heterogeneity of the number of organoids. A random effect corresponding to replication of the experiment was also added to the model in order to account for potential batch effect. All statistical tests to compare groups (among either cell lines, timepoints or treatments) were deduced by computing contrasts of one the above mentioned logistic model. P-values were therefore adjusted using Tukey's method. To compare the gene expression measured by RT-qPCR, Holm-Sidak method was applied to determine statistical significance, with alpha=5. ANOVA two-way test was performed to compared cell number at different timepoints of the adherent culture. For the comparison of cell number in tumor organoids, the number of cells was transformed in logarithmic scale and slopes were compared.

Discussion

Context

The understanding of Glioblastoma (GBM), in its complexity and biological mechanisms, is a challenge still today, and this lack of knowledge has contributed to the failure of the various therapeutic attempts [START_REF] Chinnaiyan | A randomized phase II study of everolimus in combination with chemoradiation in newly diagnosed glioblastoma: Results of NRG Oncology RTOG 0913[END_REF]Y. Li et al., 2017). A diagnosis of GBM remains a death sentence in few months. Therefore, greater scientific and clinical efforts are needed to converge on the resolution of this dreadful disease. Luckily, GBM models of study are evolving and are increasingly directed towards the reconstitution in the laboratory of the original tumour complexity [START_REF] Bian | Genetically engineered cerebral organoids model brain tumor formation[END_REF][START_REF] Hubert | A Three-Dimensional Organoid Culture System Derived from Human Glioblastomas Recapitulates the Hypoxic Gradients and Cancer Stem Cell Heterogeneity of Tumors Found In Vivo[END_REF][START_REF] Jacob | A Patient-Derived Glioblastoma Organoid Model and Biobank Recapitulates Inter-and Intratumoral Heterogeneity[END_REF][START_REF] Linkous | Modeling Patient-Derived Glioblastoma with Cerebral Organoids[END_REF]. In fact, the main reason for GBM recurrence is to be attributed to the wide cellular heterogeneity, hence the difficulty in establishing a specific approach toward a single target. This heterogeneity is fuelled by the presence of cells with stem-like features, named GSCs, which hide from the treatment and keep the proliferation of the tumour alive after surgery [START_REF] Prager | Glioblastoma Stem Cells: Driving Resilience through Chaos[END_REF]. The detection and targeting of GSCs is complicated by the fact that their own population is also heterogeneous and their definition derives more from their characteristic abilities, such as tumorigenicity and self-renewal, rather than from the expression of specific markers [START_REF] Lathia | Cancer stem cells in glioblastoma[END_REF]. In addition to this, GSCs have a strong ability to adapt to a changing environment including under the selective pressure implemented by the treatments and direct their progeny toward a therapy-resistant state [START_REF] Prager | Glioblastoma Stem Cells: Driving Resilience through Chaos[END_REF]. Unfortunately, the treatments themselves appear to favour these modifications [START_REF] Dahan | Ionizing radiations sustain glioblastoma cell dedifferentiation to a stem-like phenotype through survivin: Possible involvement in radioresistance[END_REF] and all together this promotes the establishment of a treatment resistant tumour phenotype.

GSCs themselves often display multiple treatment-resistant characteristics as at metabolic level or in their genetic alterations and signaling pathways, which are still today matter of investigation [START_REF] Hoang-Minh | Infiltrative and drug-resistant slow-cycling cells support metabolic heterogeneity in glioblastoma[END_REF][START_REF] Neftel | An Integrative Model of Cellular States, Plasticity, and Genetics for Glioblastoma[END_REF][START_REF] Patel | Single-cell RNA-seq highlights intratumoral heterogeneity in primary glioblastoma[END_REF].

These features allow GSCs overcoming the medical care currently administrated to patients, hence surgery, radio and chemotherapy. Their peculiar intercellular communication seems to be one of the prominent features contributing to therapyresistance. In the last five years, the work of the laboratory of Franck Winkler has highlighted the presence of a physical cellular network between GSCs that facilitate cellular proliferation, cell invasion and treatment-resistance. This cellular teamwork is orchestrated by thick cellular extensions named Tumor Microtubes (TMs) that, through GAP-junctional proteins, allow the propagation and redistribution of intracellular calcium level [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF]. Variations in the intracellular calcium concentration are associated to the intracellular damage induced by irradiation [START_REF] Tombal | A supramicromolar elevation of intracellular free calcium ([Ca 2+ ] i ) is consistently required to induce the execution phase of apoptosis[END_REF]. TMs may also not be directly connected to another cell body, but they can appear as individual protrusions extended into the microenvironment and driving cell invasion [START_REF] Weil | Tumor microtubes convey resistance to surgical lesions and chemotherapy in gliomas[END_REF]. TMs create a cellular network which involves also the surrounding healthy neurons [START_REF] Venkataramani | Glutamatergic synaptic input to glioma cells drives brain tumour progression[END_REF][START_REF] Venkatesh | Electrical and synaptic integration of glioma into neural circuits[END_REF]. Their axons can dock on TMs, forming neurogliomal synapses mediated by the AMPA glutamate, and producing postsynaptic currents that promotes tumor growth [START_REF] Venkataramani | Glutamatergic synaptic input to glioma cells drives brain tumour progression[END_REF]. This form of tumoral communication, appears to be quite unique as TMs provided a peculiar electrical and synaptic signaling between GSCs and with the surrounding neural circuits, not present in other tumors. Nevertheless, due to some similarities, the distinct nature of TMs and TNTs was not immediately evident and it has been wondered whether they were the same communicative structure or one the variant of the other. Indeed, they are both direct cell connections allowing the transmission of electrical signals. They both can contain Cx43 and are positive for the presence of various organelles along their length (Abounit & Zurzolo, 2012;[START_REF] Osswald | A malignant cellular network in gliomas: Potential clinical implications[END_REF]. Albeit this initial confusion, the most recent evidences which I summarize here, suggests that the nature of TMs is likely neuritic and tailored towards synaptic communication [START_REF] Jung | Emerging intersections between neuroscience and glioma biology[END_REF], while TNTs are distinct open connections, found in a wide variety of cell types where they allow the transfer of large cellular cargos [START_REF] Rustom | Nanotubular highways for intercellular organelle transport[END_REF][START_REF] Sartori-Rupp | Correlative cryo-electron microscopy reveals the structure of TNTs in neuronal cells[END_REF]. Furthermore, evidences of TNT-based communication exist in several cancer models and even in patient-derived tumoral tissue (as I reviewed in [START_REF] Pinto | Tunneling Nanotubes: The Fuel of Tumor Progression?[END_REF], thus arising the question as to whether TNTs may also exist in the context of GBM. TNTs are often described to be an adaptation to cellular stress like for presence of free radicals or harmful fibrillar aggregates and even pathogens (Abounit & Zurzolo, 2012;Gousset & Zurzolo, 2009;[START_REF] Jansens | Bridging the Gap: Virus Long-Distance Spread via Tunneling Nanotubes[END_REF]. Additionally, early developmental stages in multiple organism also appear to rely on this route for communication [START_REF] Gerdes | Tunneling nanotubes, an emerging intercellular communication route in development[END_REF][START_REF] Korenkova | Fine intercellular connections in development: TNTs, cytonemes, or intercellular bridges?[END_REF]. The context of cancer brings together both the aspect of cellular stress, given by its constant inflammation, proliferation and altered cellular processes, and the regression to cellular mechanisms typical of embryonic development, as cellular re-programming and stem cells differentiation. Cancer is therefore the ideal venue for the occurrence of TNTs. The understanding of the functioning, role and outcome of communication via TNTs in tumoral context is only at its dawn. So far, the study of TNTs in cancer have been sporadic, and often superficial, just providing evidence of their existence in different types of cancer; therefore it remains unclear whether a common pattern exists in the various forms of cancer. Nevertheless, the ability to interconnect and share material between cells composing the tumour, whether between tumour cells or in relation to the microenvironment, appear to be an advantage for tumour progression [START_REF] Pinto | Tunneling Nanotubes: The Fuel of Tumor Progression?[END_REF].

Mitochondria, mRNA, proteins, and in principle all cell components, can be donated from one cell to another, triggering by this process proliferation, invasion or defence against treatments. Alternatively, TNTs can be a way to discard harmful materials, as drugs, damaged organelles and free radicals. It is not clear whether the presence of the communication mediated by TNTs is, in any way, intrinsic to the alterations to which cancer cells are subject or triggered by specific local stress conditions or external agents, such as treatments. In conclusion, the possibility to form TNTs can be an advantage for some cells making them more aggressive and more apt to be positively selected by the tumoral environment and even to survive upon the administration of therapies. Thus, whether TNTs contribute to the tumoral networking observed in GBM, it remains an outstanding question.

After this premise, for the sake of convenience, I have organised my discussion into subchapters that allow me to address the discussion points of this work individually.

Presence of functional TNTs in GBM

To address the question of the presence and role of TNTs in Glioblastoma we needed to identify the presence of connections in GBM models and characterize their function.

Various studies have defined cellular connections that presented different morphological features as TNTs, also contributing to an initial scepticism toward the existence of these structures [START_REF] Gurke | The art of cellular communication: Tunneling nanotubes bridge the divide[END_REF]. Therefore, we addressed our question from a more functional and quantitative, rather than structural point of view. The definition of TNT is an open membranous channel that allows the direct transfer of cellular cargos from cytoplasm to cytoplasm of two connected cells. In a previous work using U-251 GBM cell line, TNT-like connections were described to be containing ALS-associated aggregates [START_REF] Ding | Exposure to ALS-FTD-CSF generates TDP-43 aggregates in glioblastoma cells through exosomes and TNTs-like structure[END_REF], suggesting that these structures might be open for the exchange of cellular material. In another study, U-87 GBM cell line was displaying enhanced formation of TNT-like structures upon Cocaine treatment [START_REF] Carone | In vitro effects of cocaine on tunneling nanotube formation and extracellular vesicle release in glioblastoma cell cultures[END_REF], although the role of these structures in transfer was not addressed. Considering these previous reports, I started characterizing the presence and functionality of TNTs in these two cellular models in addition to LN-18, another available GBM cell line. I applied a rigorous methodology previously established in our lab to perform TNT investigation [START_REF] Abounit | Identification and Characterization of Tunneling Nanotubes for Intercellular Trafficking[END_REF].

According to strict criteria, I took into consideration only the connections floating above the dish surface for the TNT counting, in order to distinguish them from other adherent et al., 2011;[START_REF] Lee | Tumor stem cells derived from glioblastomas cultured in bFGF and EGF more closely mirror the phenotype and genotype of primary tumors than do serum-cultured cell lines[END_REF][START_REF] Zeng | The Tumorgenicity of Glioblastoma Cell Line U87MG Decreased During Serial In Vitro Passage[END_REF]. Nonetheless this approach allowed me to set up the conditions for the study of TNTs in GBM, and to gather supportive data before moving toward a more relevant model.

In order to use a more physiological model, I moved to the study of primary patientderived GSCs, obtained thanks to our participation in the MoGlimaging network, and the collaboration with the Equipe 11, headed by E. Moyal and C. Toulas, in the Oncopole Center of Toulouse. We used two GSCs, named C1 and C2, originated from two distinct areas of the same tumor, specifically from the external and infiltrative zone (Figure Article 1A), often remaining after the surgery and target for the radio and chemotherapy. These cells demonstrated the criteria for the classification as cancer stem cells given their ability to generate tumor in immune-depressed mice and activation of stem cells signaling pathway, as survivin, implicated in the self-renewal [START_REF] Dahan | Ionizing radiations sustain glioblastoma cell dedifferentiation to a stem-like phenotype through survivin: Possible involvement in radioresistance[END_REF]. We further characterized these cells for the expression of stemness and differentiation markers revealing a prolife typical of progenitor/stem cells, consistent with their pluripotency (Figure Article 1C). As GSCs are through to be at the origin of GBM relapse [START_REF] Prager | Glioblastoma Stem Cells: Driving Resilience through Chaos[END_REF], we aimed to characterize TNT-mediated communication in these two cell Figure 1). I validated TNT-communicative abilities of C1 and C2 cells in a significant GBM model such as 3D tumor organoids prepared with the protocol published by the laboratory of Jeremy Rich in 2016 [START_REF] Hubert | A Three-Dimensional Organoid Culture System Derived from Human Glioblastomas Recapitulates the Hypoxic Gradients and Cancer Stem Cell Heterogeneity of Tumors Found In Vivo[END_REF]. In this system, GSCs retain their tumorigenic potential, display histologic features of the original tumor, including single cell invasion, and present also regional heterogeneity [START_REF] Hubert | A Three-Dimensional Organoid Culture System Derived from Human Glioblastomas Recapitulates the Hypoxic Gradients and Cancer Stem Cell Heterogeneity of Tumors Found In Vivo[END_REF]. the investigation in the GSCs, we elected mitochondria as relevant cargo for the study of the TNT-mediated transfer. Indeed, mitochondria transfer have been described to impact on the metabolism of the recipient cells, increasing oxygen consumption and ATP production, providing energy for the elevated cellular proliferation displayed by cancer cells, that could also result enhanced [START_REF] Caicedo | MitoCeption as a new tool to assess the effects of mesenchymal stem/stromal cell mitochondria on cancer cell metabolism and function[END_REF]. Increased migratory ability, angiogenesis, resistance to apoptosis and survival in response to therapies have also been described upon mitochondria transfer in various cancer and not-cancer cells [START_REF] Hekmatshoar | The role of metabolism and tunneling nanotube-mediated intercellular mitochondria exchange in cancer drug resistance[END_REF][START_REF] Vignais | Cell Connections by Tunneling Nanotubes: Effects of Mitochondrial Trafficking on Target Cell Metabolism, Homeostasis, and Response to Therapy[END_REF]. Moreover, GSCs cells have been described

to be able to internalized isolated mitochondria derived from MSCs through a protocol defined MitoCeption [START_REF] Nzigou Mombo | MitoCeption: Transferring Isolated Human MSC Mitochondria to Glioblastoma Stem Cells[END_REF] expected to modify cancer cells properties as described for breast cancer cell lines [START_REF] Caicedo | MitoCeption as a new tool to assess the effects of mesenchymal stem/stromal cell mitochondria on cancer cell metabolism and function[END_REF]. Also, various work, including the one currently in progress in our lab [START_REF] Civita | Pre-Clinical Drug Testing in 2D and 3D Human In Vitro Models of Glioblastoma Incorporating Non-Neoplastic Astrocytes: Tunneling Nano Tubules and Mitochondrial Transfer Modulates Cell Behavior and Therapeutic Respons[END_REF]Zhang & Zhang, 2015, Saenz de Santa Maria et al., in preparation) described the exchange, via TNTs, of mitochondria between GBM cell lines and astrocytes. In GSCs, we monitored mitochondria transfer using both live-cell imaging, for the visualization, and co-culture suggesting that transfer required cell to cell contact and likely occurred through TNTs. To additionally confirm that the MitoGFP signal, observed by confocal microscopy in the acceptor cells, corresponded to real mitochondria I performed a co-staining with TOM20, marker of the outer mitochondrial membrane, and confirmed the overlapping of the two signals (Supplementary Figure 1). Although the percentage of transfer observed resulted to be rather small, it was quite consistent among GBM cell lines (lower than 3% after 1 overnight of co-culture) and GSCs (lower than 3% after 5 days of co-culture), even considering the difference in the time of evaluation since GSCs were forming less TNTs (10-20%) compared to GBM cell lines (40%). Nevertheless, our aim was to evaluate that this transfer was possible, and even if apparently limited, it could become relevant in the tumoral context. Further studies are needed to evaluate the benefit that this transfer might provide to the receiving cells, as it will be later discussed in the "Perspective" section. It is important to mention that, beyond the relevance in the pathology of the transfer of mitochondria, the demonstration that this transfer can occur opens up to the possibility that this communication channel may be accessible for the passage of other cellular materials, as miRNA, proteins or other, also correlating with pro-oncogenic potential [START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF]Kolba et al., 2019a;[START_REF] Pinto | Tunneling Nanotubes: The Fuel of Tumor Progression?[END_REF].

Correlation between TNTs and therapy-resistant phenotype

The ability of cancer cells to establish intercellular connections could possibly correlate with a higher degree of tumor aggressiveness. For example, in both ovarian and breast cancers, highly malignant and metastatic cells are more prone to interconnect in tumor networks than their less aggressive counterparts [START_REF] Ady | Intercellular communication in malignant pleural mesothelioma: Properties of tunneling nanotubes[END_REF][START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF]. In GBM cell lines, we investigated whether the expression of MGMT, known chemoresistance marker, could correlate with different TNT-communicative abilities. In colon cancer, the acquisition of mutant KRAS upregulated TNT formation in recipient KRAS wildtype cancer cells [START_REF] Desir | Intercellular Transfer of Oncogenic KRAS via Tunneling Nanotubes Introduces Intracellular Mutational Heterogeneity in Colon Cancer Cells[END_REF] However, a recent study reported that MGMT might be transferred through TNTs from MGMT-expressing GBM cells to MGMT-negative cells resulting in protection against cytotoxic therapy [START_REF] Valdebenito | Tunneling Nanotubes Mediate Adaptation of Glioblastoma Cells to Temozolomide and Ionizing Radiation Treatment[END_REF].

Concerning the study of GSCs, our investigation, related to the presence and role of TNTs, was incorporated in the frame of our multidisciplinary network named MoGlimaging, which purpose is to share material and complement skills in order to improve our understanding of GBM treatment-resistance, predict the circumstances of the relapse, ameliorate the effect of the therapies and patients' quality-life. Thanks to this collaboration we obtained two GSCs, described in this manuscript, which area of origin of was previously characterized, at clinical level, in their metabolic activity by MRI spectroscopy in the frame of the clinical trial STEMRI (Identifier: NCT01872221), carried on in the Oncopole Center of Toulouse. This trial, and our consortium, aim to understand and possibly anticipate which are the features of the tumoral area and the cells at the origin of the relapse. The areas of origin of C1 and C2 cells, peripheral and infiltrative in both cases, were characterized for their CNI ratio, an index indicative of the tumoral proliferation over the ordinary neuronal activity. CNI >2 (CNI+) areas appears to be predictive of the relapse site, suggesting that the cells derived from this zone, in our case C2, could retain more elevated recurrence-initiating potential [START_REF] Deviers | Evaluation of the Lactate-to-N-Acetyl-aspartate Ratio Defined With Magnetic Resonance Spectroscopic Imaging Before Radiation Therapy as a New Predictive Marker of the Site of Relapse in Patients With Glioblastoma Multiforme[END_REF][START_REF] Laprie | Proton Magnetic Resonance Spectroscopic Imaging in Newly Diagnosed Glioblastoma: Predictive Value for the Site of Postradiotherapy Relapse in a Prospective Longitudinal Study[END_REF] than their counterpart with CNI <2 (CNI-), in our case C1. Of interest for our consortium is the characterization and comparison of CNI-and CNI+ regions and derivedcells in their biological features, as gene expression profile, migratory ability, radioresistance, tumorigenicity in mice and also TNT-mediated communication, in Another couple of cell populations, corresponding to CNI-and CNI+ areas of another patient, are also in current investigation in our lab. Although no statistical difference was observed in their TNT frequency preliminary data suggest that the transfer of mitochondria is more consistent in the CNI+ population compared to the CNI-. Beyond the CNI parameter, it worth noticing that, as both GSCs were obtained from the infiltrative borders of the tumor, target of the post-surgical treatment before the relapse, they are already per se an interesting subject for the study of the treatment-resistance phenotype.

TNTs could be an intrinsic ability of GSCs exploited to contrast the effect of therapies. In general, more aggressive and therapy-resistant tumoral cells might better leverage this route of communication either to share beneficial, pro-tumoral materials or to get rid of therapy-damaged components or even drugs themselves, resulting in an evolutional advantage [START_REF] Pinto | Tunneling Nanotubes: The Fuel of Tumor Progression?[END_REF].

Effect of treatments on TNT-mediated communication

TNTs are often described as response to cellular stress, and various treatments has been found to promote their formation, including chemotherapy with Doxorubicin [START_REF] Desir | Chemotherapy-Induced Tunneling Nanotubes Mediate Intercellular Drug Efflux in Pancreatic Cancer[END_REF]Matejka & Reindl, 2019;[START_REF] Ware | Radiofrequency treatment alters cancer cell phenotype[END_REF]D. Zhu et al., 2005). I tested the effect of different concentrations of TMZ on TNT formation in U-251 and U-87 and found almost no variation except a tendency to an increased TNT connectivity after 24 hours from the administration of 50 µM of TMZ, although not statistically significant. Nevertheless, a recent report described an induced TNT formation in U-87 cells during the first day of 50 µM TMZ administration, this time significant [START_REF] Valdebenito | Tunneling Nanotubes Mediate Adaptation of Glioblastoma Cells to Temozolomide and Ionizing Radiation Treatment[END_REF]. The two findings are partially in concordance, since this latter work better proves the induction of TNTs that we retained to be only slightly relevant. The methodologies of TNT identification are different as in this work, they rather use live-cell imaging with an inferior magnification and resolution compared to the confocal microscopy I applied on fixed samples. Although more accurate, with our method I may have failed to capture significant variations in a wider field or the TNT induction could have been damped by the fixation step. This work [START_REF] Valdebenito | Tunneling Nanotubes Mediate Adaptation of Glioblastoma Cells to Temozolomide and Ionizing Radiation Treatment[END_REF]) also shows the induction of TNTs as a consequence of the irradiation in U-87. I have not deepened the study of U-87 cells due to the dubious validity of this cellular model (Allen et al., 2016;[START_REF] Zeng | The Tumorgenicity of Glioblastoma Cell Line U87MG Decreased During Serial In Vitro Passage[END_REF]. Although our results were uncertain about a direct induction of TNTs, there seems to be a possibility that treatments stimulate the formation of TNT in this cell line, albeit the relevance of this observation in pathophysiological terms remains doubtful.

Given the poor results obtained in response to TMZ, and the fact that the MoGliomaging consortium provided us a better characterization of the radioresistant phenotypes of the GSCs, we addressed the effect of irradiation on the TNT-based communication in this model. We decided to apply 2 Gy of irradiation, a dose that remain sub-toxic and allowed us to monitor modification in the cells without impacting on their viability, this is also the same dose daily administrated to the patients, effective as therapy in its regular administration [START_REF] Dahan | Ionizing radiations sustain glioblastoma cell dedifferentiation to a stem-like phenotype through survivin: Possible involvement in radioresistance[END_REF]Stupp, et al., 2005). Nonetheless, these results Altogether, these data seem to suggest that the communication through TNTs is more active and resistant in C2 cells, compared to C1, consistently with the description of these as more resistant to treatment. In the second couple of CNI-/+ cells in analysis, preliminary data shows as well a tendency toward a more resistant mitochondria transfer upon irradiation in tumor organoids (data not shown), allowing us to speculate on different TNT-communicative abilities exhibited by CNI-and CNI+ cells. It's important to underline that this conclusion is drawn by taking together the results of the 2D and 3D model.

Despite the differences of the two systems, both allow GSCs to retain their stemness [START_REF] Hubert | A Three-Dimensional Organoid Culture System Derived from Human Glioblastomas Recapitulates the Hypoxic Gradients and Cancer Stem Cell Heterogeneity of Tumors Found In Vivo[END_REF], in fact, adherent culture was performed on laminin-coated surface on which GSCs do not differentiate for the first week of culture (personal communication with Equipe 11), reason why I performed adherent co-culture assays for only 5 days and longer co-culture in tumor organoids. Gene expression analysis, by RT-qPCR, of the cells cultured for 23 days in tumor organoids did not show a significant alteration of their progenitor/stem state, except for GAP-43, that will be discussed in the following paragraph (Figure Article 5A). Similarly, we compared the gene expression in 23-days-old organoids comparing control versus irradiated condition and we did not observe significant variations (data not shown), suggesting that the sub-toxic dose of irradiation applied was not inducing alteration or a selection of the cells composing the tumor organoid. Concerning the relevance of TNT-mediated communication in response to treatments, we could speculate on the possibility that maintaining and exploiting this route of communication may be an advantage for the most aggressive and resistant cells, as previously described.

Coexistence of TNTs and TMs

TMs have been described to have a major role in the intercommunication and treatmentresistance of GSCs in murine xenograft model [START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF]. As TNTs, TMs also can be cell-to-cell connections able to transmit electrical signal and present Cx43 staining (Abounit & Zurzolo, 2012), but they can also appear as single extensions, not connecting to another cell, driving the repopulation of surgically resected areas [START_REF] Weil | Tumor microtubes convey resistance to surgical lesions and chemotherapy in gliomas[END_REF].

Moreover, recent finding described a neuritic nature of these structures and their synaptic-like communication [START_REF] Venkataramani | Glutamatergic synaptic input to glioma cells drives brain tumour progression[END_REF][START_REF] Venkatesh | Electrical and synaptic integration of glioma into neural circuits[END_REF], receive pro-tumoral stimuli [START_REF] Venkataramani | Glutamatergic synaptic input to glioma cells drives brain tumour progression[END_REF], while TNTs have demonstrated an interplay with astrocytes which exhibit, through the transfer of mitochondria, a protective role towards cancer cells [START_REF] Civita | Pre-Clinical Drug Testing in 2D and 3D Human In Vitro Models of Glioblastoma Incorporating Non-Neoplastic Astrocytes: Tunneling Nano Tubules and Mitochondrial Transfer Modulates Cell Behavior and Therapeutic Respons[END_REF]Zhang & Zhang, 2015). In conclusion, GBM seem to form a complex and advantageous intercellular network, where TNTs might contribute, together with TMs, to tumor progression and resistance to treatments.

pointing
Given these points of discussion, here the summary of our conclusions:

• TNT-based intercellular communication occurs in GBM as it has been demonstrated in various GBM cell lines as well as in patient-derived GSCs representative of the heterogeneity of the tumor and in GBM tumor organoids.

• TNTs are able to transfer mitochondria, and potentially other cargos, and can possibly provide a pro-tumoral thrust and an advantage to cancer cells.

• Compared to the other cell counterpart of the same tumor, more aggressive and therapy-resistance cells, that also represent the recurrence-driving population, are able to exploit more efficiently TNT-based communication and this network remains more active, if not even stimulated, in response to irradiation

• TNTs and TMs are distinct structures that can co-exist and cooperate in GBM networking, likely playing different and complementary roles act to promote tumor survival and progression

Perspectives

One general question about the future of this field, concerns the understanding of the role of TNTs in cancer. The biological impact of TNT-mediated communication and their functionality is still foggy, and whether distinct tumors types display similar mechanisms or, contrarily, they exploit differently the communication via TNTs, remains a relevant question. The implementation of "-omics" techniques in this field would bring a large number of useful information at this purpose. In fact, the methods currently in use, although necessary at the principle to develop a wider investigation, consist in the study of a specific cargo, whose transfer is followed and a biological outcome is deduced. As we have already pointed out, many are the cellular cargoes that could trigger biological processes in the receiving cells. Some studies have implemented a more general approach in which they monitor the proteomic and transcriptomic changes in the cells receiving the transfer, allowing to deduce what are the elements received (proteins, miRNA) and the actual transcriptomic alterations triggered in these cells [START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF]Kolba et al., 2019a). The next step is the isolation of receiving cells that have undergone a change in their transcriptomic profile and investigate the alteration of their biological processes and behaviours, such as metabolism, migratory capacity and resistance to therapies [START_REF] Caicedo | MitoCeption as a new tool to assess the effects of mesenchymal stem/stromal cell mitochondria on cancer cell metabolism and function[END_REF][START_REF] Feng | Human Bone Marrow Mesenchymal Stem Cells Rescue Endothelial Cells Experiencing Chemotherapy Stress by Mitochondrial Transfer Via Tunneling Nanotubes[END_REF]J. Lu et al., 2017). We could then further investigate the fate of these cells in the tumor landscape, whether the acquired abilities give an evolutionary advantage that favour their proliferation in the tumoral microenvironment, whether their migration can give rise to metastasis or whether they are the therapy-resistance cells responsible for a relapse.

All this can certainly be applied to the context of Glioblastoma, which desperately needs understanding in order to improve the duration and patients' quality of life. As follow-up of my project, it would be advisable to validate of the co-presence of TNTs and TMs, functional studies of TMs abilities should be performed in the tumor organoid model. For example, calcium imaging is based on loading of a chemical indicator, or its expression in the cells, and allows to detect by fluorescence imaging the intracellular calcium mobilization in TM-connected cells in live imaging as performed for TNTs and their mitochondria transfer. Alternatively, more magnified imaging technique have to be applied in the murine xenograft models, as the one in use of the laboratory of F. Winkler, in order to detect TNT-connections in this model. Another point concerns the investigation in the regard of a common behaviour, at TNTs level, between cells derived from CNI-or CNI+ areas. To fulfil this task, it is necessary to extend the investigation to a higher number of patients. Also, our study has raised the need to explore what biological consequences that TNTs bring in the communication between GSCs. We do not know whether the mitochondria transfer observed might be relevant and sufficient to impact on the metabolism of the receiving cells. In the practice, we should isolate the cells receiving the mitochondria transfer, by FACS sorting for example, and characterize these in comparison to cells that have not received it. To address the issue of the metabolism, closely related to the exchange of mitochondria, SeaHorse assays should be carried out to detect changes in oxygen consumption, mitochondrial and glycolytic metabolism and ATP production. As mentioned above, the transfer of mitochondria via TNTs opens up the possibility of other cargoes being transferred through these connections, that could also promote a more aggressive phenotype in the receiving cells. It would be interesting to perform a single-cell-RNA sequencing of the cells receiving the transfer, to highlight which pathways are activated and identify in which direction the behaviour of these cells can evolve. Acquired migratory abilities could be monitored by assay in transwell or wound closure assay, or, since it would be advisable to remain a three-dimensional environment at least partially reconstituting the original tumoral environment, are to be considered migratory tests by incorporating the cells in Matrigel. Even more translational would be the use of these cells in murine xenograft and see if they can give rise to more aggressive tumors. This provides a relevant model also to show the acquisition of resistance to treatments, evaluating the life span of mice after irradiation. All this become particularly relevant when the initial partner of co-culture are different cells, as sensitive cells that receive the transfer from aggressive cells (for example C1 with C2) or co-culture GSCsastrocytes, in order to assess whether the changes can also be transmitted to the other population.

Once evaluated the potential role of TNTs, it would be interesting to modulate their functionality in GBM models by using drugs or overexpress/downregulate drivers of TNT formation to test the consequence on the cells upon the induction/reduction of the TNTbased network. TNTs inhibition can be carried out using drugs directed against actin polymerization (Latrunculins, Cytochalasins) although these may have an impact on the homeostasis of the cell. Alternatively, TNT-networking could be up/downregulated acting on drivers, for example, the induced expression of CDC42, IRSp53 and VASP was downregulating TNT-communication in neuronal cell lines, while Eps8 overexpression would induce it [START_REF] Delage | Differential identity of Filopodia and Tunneling Nanotubes revealed by the opposite functions of actin regulatory complexes[END_REF] as also the overexpression of small GTPases Rab11a and Rab8a [START_REF] Zhu | Rab11a-Rab8a cascade regulates the formation of tunneling nanotubes through vesicle recycling[END_REF]. If the relevance of TNT communication would be confirmed by all this, they would become an important therapeutic target in order to dampen the tumoral thrust provided by their presence and functionality. Few drugs, Tolytoxin and Cytarabine, have been described as able to specifically inhibit TNT formation in cell culture (Dilsizoglu Senol et al., 2019;[START_REF] Omsland | Inhibition of Tunneling Nanotube (TNT) Formation and Human T-cell Leukemia Virus Type 1 (HTLV-1) Transmission by Cytarabine[END_REF], although they need to be tested in cancer mouse models. Our laboratory is setting up an automatic system for a high-content screening of potential drugs able to up/downregulate TNT-mediated communication, which could be next applied for pre-clinical studies. Conversely, TNTs have also been used as a route to diffuse therapeutics, like drugs [START_REF] Desir | Chemotherapy-Induced Tunneling Nanotubes Mediate Intercellular Drug Efflux in Pancreatic Cancer[END_REF] and nanoparticles [START_REF] Formicola | Differential Exchange of Multifunctional Liposomes Between Glioblastoma Cells and Healthy Astrocytes via Tunneling Nanotubes[END_REF], aimed to affect predominantly the network of connected cancer cells. In future years the gained knowledge of TNT-based communication and their role in tumor progression could lead to the development of new, more effective therapies.

Review

Tunneling Nanotubes: The Fuel of Tumor Progression?

Giulia Pinto, 1,2 Christel Brou, 1,3 and Chiara Zurzolo 1,3, *

Tunneling nanotubes (TNTs) are thin membrane tubes connecting remote cells and allowing the transfer of cellular content. TNTs have been reported in several cancer in vitro, ex vivo, and in vivo models. Cancer cells exploit TNT-like connections to exchange material between themselves or with the tumoral microenvironment. Cells acquire new abilities (e.g., enhanced metabolic plasticity, migratory phenotypes, angiogenic ability, and therapy resistance) via these exchanges, contributing to cancer aggressiveness. Here, we review the morphological and functional features of TNT-like structures and their impact on cancer progression and resistance to therapies. Finally, we discuss the case of glioblastoma (GBM), in which a functional and resistant network between cancer cells in an in vivo model has been described for the first time.

Cancer and Intercellular Communication

Cancer is among the leading causes of mortality worldwide, responsible for 1 in 6 deaths, according to the World Health Organization. Over the past decades, many therapeutic strategies have proven their effectiveness and the overall cancer death rate has been reduced by 27% [1]. Several features of cancer cells make these pathologies very aggressive and difficult to cure, such as their uncontrollable proliferative capacity and their ability to obtain nourishment through neoformed blood vessels, to infiltrate healthy tissues forming metastasis, to evade the immune system, and, finally, to adapt to clinical treatments. In this context, intercellular communication, particularly, cell-to-cell transfer of cellular material, can contribute to each of the aforementioned characteristics, including treatment resistance. Over the past 20 years, numerous studies have shown that exosomes and exovesicles are able to carry malignant content (e.g., proteins and nucleic acids), likely helping the recipient cells to express genes supporting proliferation, colonization, and immune evasion, or to recover from damage provoked by treatment [START_REF] Ruivo | The biology of cancer exosomes: insights and new perspectives[END_REF]3]. Recent work highlighted a new communication mechanism implemented by tumor cells, tunneling nanotubes (TNTs), which are physical channels providing cytoplasmic continuity between distant cells (Figure 1A). TNTs are thin, actin-based membrane tubes that, by contrast to other cellular protrusions, listed in Table 1, are open-ended at their extremities [START_REF] Rustom | Nanotubular highways for intercellular organelle transport[END_REF][START_REF] Sartori-Rupp | Correlative cryo-electron microscopy reveals the structure of TNTs in neuronal cells[END_REF]. They allow the transfer of various-sized cargoes (Figure 1), such as small molecules (e.g., Ca 2+ ions), macromolecules (proteins, nucleic acids, etc.), and even organelles (vesicles, mitochondria, lysosomes, autophagosomes, etc.) [START_REF] Abounit | Wiring through tunneling nanotubesfrom electrical signals to organelle transfer[END_REF]. Several cells can be connected by TNTs, possibly leading to the formation of a functional cellular network [START_REF] Ariazi | Tunneling nanotubes and gap junctionstheir role in long-range intercellular communication during development, health, and disease conditions[END_REF].

TNTs were first identified in 2004 by Rustom and colleagues in cultures of pheochromocytoma PC12 cells [START_REF] Rustom | Nanotubular highways for intercellular organelle transport[END_REF]. Later, several other publications reported the presence of 'TNT-like structures' (heterogenous intercellular connections, defined on the basis of their morphology) in many other cell types in in vitro cultures, including astrocytes [START_REF] Zhu | Hydrogen peroxide alters membrane and cytoskeleton properties and increases intercellular connections in astrocytes[END_REF], immune cells [START_REF] Onfelt | Structurally distinct membrane nanotubes between human macrophages support longdistance vesicular traffic or surfing of bacteria[END_REF], as well as in tumor cancer cell lines, where their occurrence was often correlated with more aggressive tumor phenotypes [START_REF] Ady | Intercellular communication in malignant pleural mesothelioma: properties of tunneling nanotubes[END_REF][START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF]. Beyond tumors, TNT-like structures have been observed in early developmental stages in various organisms [START_REF] Korenkova | Fine intercellular connections in development: TNTs, cytonemes, or intercellular bridges?[END_REF] as well as in relation to stress-induced responses, such as oxidative stress [START_REF] Zhu | Hydrogen peroxide alters membrane and cytoskeleton properties and increases intercellular connections in astrocytes[END_REF][START_REF] Zhang | Tunneling nanotubes between rat primary astrocytes and C6 glioma cells alter proliferation potential of glioma cells[END_REF], allowing the discharge of cellular waste or dangerous materials. Similarly,

Highlights

TNTs are physical membranous channels of communication between cells. they can be used as a route for the dissemination of pathogens, such as HIV [START_REF] Sowinski | Membrane nanotubes physically connect T cells over long distances presenting a novel route for HIV-1 transmission[END_REF][START_REF] Souriant | Tuberculosis exacerbates HIV-1 infection through IL-10/STAT3-dependent tunneling nanotube formation in macrophages[END_REF], bacteria [START_REF] Onfelt | Structurally distinct membrane nanotubes between human macrophages support longdistance vesicular traffic or surfing of bacteria[END_REF], and prions and amyloid fibrils in the case of neurodegenerative diseases [START_REF] Gousset | Tunnelling nanotubes: a highway for prion spreading?[END_REF][START_REF] Zhu | Prion aggregates transfer through tunneling nanotubes in endocytic vesicles[END_REF][START_REF] Abounit | Tunneling nanotubes: a possible highway in the spreading of tau and other prion-like proteins in neurodegenerative diseases[END_REF][START_REF] Abounit | Tunneling nanotubes spread fibrillar α-synuclein by intercellular trafficking of lysosomes[END_REF][START_REF] Victoria | The spread of prion-like proteins by lysosomes and tunneling nanotubes: implications for neurodegenerative diseases[END_REF][START_REF] Gousset | Prions hijack tunnelling nanotubes for intercellular spread[END_REF]. Although TNTlike structures have been clearly identified as physical and functional entities in solid tumors [22][23][START_REF] Antanavičiūtė | Long-distance communication between laryngeal carcinoma cells[END_REF][25][26], the existence of these connections in whole healthy organs or tissues is still a matter of debate. Here, we review studies on TNTs and their heterogeneity in cancers and their possible role in tumor progression and development of treatment resistance, with a particular focus on GBM.

Detection of TNT-like Structures In Vitro and In Vivo in Cancer

The first identification of TNTs occurred in PC12 cells, which are derived from a rare rat tumor of adrenal gland tissue [START_REF] Rustom | Nanotubular highways for intercellular organelle transport[END_REF]. Subsequently, many other cancer cell lines have been shown to form membranous connections bridging distant cells, as summarized in Table 1. Of importance for this review, TNT-like structures were also observed in primary cells directly obtained from patients, for example, from squamous cell carcinoma [START_REF] Antanavičiūtė | Long-distance communication between laryngeal carcinoma cells[END_REF]25], mesothelioma [START_REF] Ady | Intercellular communication in malignant pleural mesothelioma: properties of tunneling nanotubes[END_REF]22], and different forms of leukemia [START_REF] Wang | Cell adhesion-mediated mitochondria transfer contributes to mesenchymal stem cell-induced chemoresistance on T cell acute lymphoblastic leukemia cells[END_REF][28][START_REF] Marlein | CD38-driven mitochondrial trafficking promotes bioenergetic plasticity in multiple myeloma[END_REF]. Cancer cells can form heterotypic connections with cells of the tumor microenvironment (TME), including mesenchymal [START_REF] Pasquier | Preferential transfer of mitochondria from endothelial to cancer cells through tunneling nanotubes modulates chemoresistance[END_REF], endothelial [START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF], and immune cells [START_REF] Hanna | Tunneling nanotubes, a novel mode of tumor cell-macrophage communication in tumor cell invasion[END_REF]. Crosstalk with the TME has a significant role in sustaining cancer progression, providing nutrients or buffering metabolic stress [START_REF] Yuan | Role of the tumor microenvironment in tumor progression and the clinical applications (Review)[END_REF], and interaction with immune cells can contribute to overcoming immunosurveillance [START_REF] Sharma | Primary, adaptive and acquired resistance to cancer immunotherapy[END_REF]. While it is possible to identify TNT-like structures between the same or different cell types in cell cultures using light microscopy [START_REF] Abounit | Identification and characterization of tunneling nanotubes for intercellular trafficking[END_REF], their identification in a more complex context, such as animal models or tumor resections, is still challenging. This is because no specific marker for these structures has been identified yet, and the optical resolution of classical microscopy does not allow for the morphological characterization of these connections in a tissue environment [START_REF] Sartori-Rupp | Correlative cryo-electron microscopy reveals the structure of TNTs in neuronal cells[END_REF][START_REF] Korenkova | Fine intercellular connections in development: TNTs, cytonemes, or intercellular bridges?[END_REF]. Therefore, the heterogeneity and lack of structural characterization of TNTs represent major problems for their investigation. Given their morphological heterogeneity and poor molecular and structural characterization, the intercellular connections observed to date have been named differently in different studies (nanoscale conduit [START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF], tunneling nanotubes [22], intercellular bridges [START_REF] Korenkova | Fine intercellular connections in development: TNTs, cytonemes, or intercellular bridges?[END_REF] ,or membranous tunneling tubes [START_REF] Antanavičiūtė | Long-distance communication between laryngeal carcinoma cells[END_REF]). This has raised both confusion and skepticism in the field [START_REF] Gurke | The art of cellular communication: tunneling nanotubes bridge the divide[END_REF], and calls out for both more rigorous definition and more accurate technical approaches to study them. We propose that 'TNT' should only refer to the connections that fulfill the following characteristics: (i) continuous membrane connections with the plasma membrane of the connected cells; (ii) nonadherent to substratum; (iii) containing actin; (iv) proven cargo transport; and (v) open-ended (Table 1). By contrast, we refer to 'TNT-like' connections when one or more of these properties is not fulfilled or has not been assessed.

The first documentation of TNT-like structures ex vivo in solid tumors was provided by the laboratory of Emil Lou in 2012, which described mitochondria-containing connections in tissue sections of a mesothelioma resected from a patient [22]. These observations were followed by others, showing various intercellular connections in squamous cell carcinoma [START_REF] Antanavičiūtė | Long-distance communication between laryngeal carcinoma cells[END_REF]25], ovarian 
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Trends in Cancer, October 2020, Vol. 6, No. 10 877 [23] and pancreatic cancer [26], and human glioblastoma (GBM) cells engrafted into mice models [36] (Table 2). Little is known about the structural and functional features of these connections in vivo. In some cases, however, the presence of mitochondria and possibly other cargoes inside them supports the hypothesis that these structures are open-ended and, thus, are canonical TNTs and allow the transfer of cargoes.

Morphology and Structure of TNTs Despite the lack of a specific marker, TNTs can be identified in cell culture by fluorescent labeling of the plasma membrane and cytoskeleton components, observed by using light microscopy (Figure 1B). However, specific fixation protocols are needed to preserve their delicate and fragile nature [START_REF] Abounit | Identification and characterization of tunneling nanotubes for intercellular trafficking[END_REF], and functional assays have to be performed in addition to morphological studies to fulfill the definition of TNTs (see earlier). TNTs exhibit high variability in their morphology, in terms of length, thickness, and cytoskeleton content, specifically regarding the presence/absence of microtubules [START_REF] Abounit | Identification and characterization of tunneling nanotubes for intercellular trafficking[END_REF]. Nevertheless, they always appear as actin-based connections and their presence and functionality can be affected by inhibitors of actin polymerization (e.g., latrunculin or cytochalasin) (Table 2). In cancer cellular models, the observed connections can range from tens to several hundreds of microns [START_REF] Ady | Intercellular communication in malignant pleural mesothelioma: properties of tunneling nanotubes[END_REF][START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF]25]. In some tumor tissues, exceptional connections N500 μm have been observed [START_REF] Antanavičiūtė | Long-distance communication between laryngeal carcinoma cells[END_REF]36]. Although in most in vitro studies, the diameter of the connections in tissues was on the nanoscale (b1 μm), microscale connections (N1 μm) [START_REF] Antanavičiūtė | Long-distance communication between laryngeal carcinoma cells[END_REF]36] were also present. However, these long and thick connections fit best with the definition of tumor microtubes rather than of TNTs (Table 1). At present, we do not know whether TNTs display different morphologies in vitro or in vivo or whether nanoscale connections are detectable in the complexity of the tissue. The thickness of TNTs also correlates with their cytoskeleton content, with protrusions containing microtubules having larger diameters [START_REF] Onfelt | Structurally distinct membrane nanotubes between human macrophages support longdistance vesicular traffic or surfing of bacteria[END_REF]. However, some cancers appear to present both types of connection: those containing only actin and those with both actin and microtubules [START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF]25].

A few studies have addressed the ultrastructure of TNTs in cancer models with the use of electron microscopy [START_REF] Lu | Tunneling nanotubes promote intercellular mitochondria transfer followed by increased invasiveness in bladder cancer cells[END_REF][START_REF] Kolba | Tunneling nanotube-mediated intercellular vesicle and protein transfer in the stroma-provided imatinib resistance in chronic myeloid leukemia cells[END_REF]. A deeper structural analysis of TNTs, using a combination of cryofluorescence microscopy with cryo-electron microscopy, was conducted recently. This study used a catecholaminergic differentiated (CAD) cell line, established from a brain tumor in a transgenic mouse, and SH-SY5Y cells, isolated from a patient with neuroblastoma [START_REF] Sartori-Rupp | Correlative cryo-electron microscopy reveals the structure of TNTs in neuronal cells[END_REF]. By using 
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experimental conditions set up to better preserve TNT structure, this study showed that, in these two types of neuronal cell line, TNTs can comprise multiple individual tubes (named iTNTs) held together by N-cadherin-positive structures and often open-ended at their tips [START_REF] Sartori-Rupp | Correlative cryo-electron microscopy reveals the structure of TNTs in neuronal cells[END_REF]. Nonetheless, whether iTNTs exist in different cell types and tumors and/or in vivo remain open questions.

Functional Approaches

The distinguishing characteristic of TNTs with respect to other cellular extensions (e.g., filopodia or mitotic bridges; Table 1) is their ability to transfer cellular material. Some research has provided qualitative evidence of cargoes inside TNT-like structures observed in different cancers [22,[START_REF] Lu | Tunneling nanotubes promote intercellular mitochondria transfer followed by increased invasiveness in bladder cancer cells[END_REF], without proving that actual transfer had occurred and without excluding cell division as the mechanism by which the cellular material was shared. To exclude the latter, membrane vesicles or organelles, such as mitochondria or lysosomes, can be labeled in a population of cells defined as donors. This population is then co-cultured with an acceptor population (differently labeled) to further detect and quantify the cargoes transferred in the acceptors by fluorescence microscopy (in fixed or live condition) or flow cytometry [START_REF] Abounit | Identification and characterization of tunneling nanotubes for intercellular trafficking[END_REF]. The co-culture has to be performed placing the two populations in direct physical contact at an appropriate cell density that favors the formation and detection of TNTs. To evaluate secretion as a possible mechanism of transfer, the two populations can be separated by a filter that allows the transfer of secreted material, or they can be grown in different dishes and the acceptor population challenged with the supernatant from donor cells [START_REF] Abounit | Identification and characterization of tunneling nanotubes for intercellular trafficking[END_REF]. The weakness of this approach is that it only allows the direct transfer (cell contact mediated) of the labeled cargo to be determined. It does not consider other materials that could be transported through the same connections, including those that could be shared in the opposite direction. To overcome this limit, other approaches, such as mass spectrometry [START_REF] Kolba | Tunneling nanotube-mediated intercellular vesicle and protein transfer in the stroma-provided imatinib resistance in chronic myeloid leukemia cells[END_REF] and transcriptomic analysis [START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF], have been recently applied to detect alterations at the proteome and transcriptome levels. In these examples, the acceptor population acquired protumoral features correlated with the transfer of proteins or miRNA involved in cell survival, drug response, or cellular reprogramming. All these approaches show how TNTs might be differently exploited in various types of cancer (Table 2). However, we still do not know whether the variability observed at the TNT level in the various studies and in the various cancers corresponds to different roles for TNTs in the cancers or just to the different questions addressed.

Few approaches have studied the dynamics and transfer ability of these structures in vivo. Using multiphoton microscopy, connections between human tumor cells were detected in mouse xenografts [36] (Table 3), while the transfer between human and murine cells was quantified by amplification of species-specific DNA sequences or detection of labeled material by flow cytometry [START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF]28,[START_REF] Marlein | CD38-driven mitochondrial trafficking promotes bioenergetic plasticity in multiple myeloma[END_REF].

Although powerful and of interest, these approaches make it possible to monitor the transfer without specifically identifying its mechanism, in particular without excluding the secretion mechanism.

In conclusion, due to the limitations of the in vivo models (e.g., TNT preservation and observation), the field needs to pursue the study of these fragile structures in cellular models that are representative as much as possible of the tumoral tissue (e.g., patient-derived cells); this would enable researchers to address more easily specific questions on the mechanism and content of the transfer and its impact on the receiving cells. In parallel, new tissular models recapitulating the tumoral context as tumor-derived organoid cultures need to be implemented in the field. Finally, additional efforts need to be made to overcome the technical limitations of the in vivo study of TNTs to finally unravel their role in physiopathological contexts beyond their morphological diversities.

Tumoral Context Might Favor TNT Connectivity

Since their discovery, TNTs have been described as a mechanism of adaptive response to cellular stress. Interestingly, several cancer-related environmental conditions have been shown to stimulate their formation. Reactive oxygen species (ROS), known to be intensively produced by cancer cells [START_REF] Sosa | Oxidative stress and cancer: an overview[END_REF], have been shown to induce TNT formation in different contexts, including cancer [START_REF] Zhu | Hydrogen peroxide alters membrane and cytoskeleton properties and increases intercellular connections in astrocytes[END_REF][START_REF] Zhang | Tunneling nanotubes between rat primary astrocytes and C6 glioma cells alter proliferation potential of glioma cells[END_REF][START_REF] Victoria | The spread of prion-like proteins by lysosomes and tunneling nanotubes: implications for neurodegenerative diseases[END_REF][START_REF] Marlein | CD38-driven mitochondrial trafficking promotes bioenergetic plasticity in multiple myeloma[END_REF][START_REF] Wang | Tunneling-nanotube development in astrocytes depends on p53 activation[END_REF] (Table 1). Moreover, treatments such as chemo and radiotherapy induce ROS production [41]. Hypoxia, typical of the denser tumor regions, has been found to be a TNT inducer in ovarian [START_REF] Desir | Tunneling nanotube formation is stimulated by hypoxia in ovarian cancer cells[END_REF] and prostate cancers [START_REF] Kretschmer | Stress-induced tunneling nanotubes support treatment adaptation in prostate cancer[END_REF]. Interestingly, other conditions mimicking the TME in vitro stimulate TNT-mediated communication, such as acidic pH, hyperglycemia, serum deprivation [22,[START_REF] Kretschmer | Stress-induced tunneling nanotubes support treatment adaptation in prostate cancer[END_REF], and exposure to tumor necrosis factor (TNF)-α normally produced during inflammation [START_REF] Ranzinger | Nanotube action between human mesothelial cells reveals novel aspects of inflammatory responses[END_REF]. Finally, different signaling pathways that are often dysregulated in cancer have been shown to be involved in TNT formation, such as PI3K/Akt/mTOR [START_REF] Lu | Tunneling nanotubes promote intercellular mitochondria transfer followed by increased invasiveness in bladder cancer cells[END_REF][START_REF] Wang | Tunneling-nanotube development in astrocytes depends on p53 activation[END_REF][START_REF] Desir | Tunneling nanotube formation is stimulated by hypoxia in ovarian cancer cells[END_REF][START_REF] Kretschmer | Stress-induced tunneling nanotubes support treatment adaptation in prostate cancer[END_REF], K-RAS [START_REF] Desir | Intercellular transfer of oncogenic KRAS via tunneling nanotubes introduces intracellular mutational heterogeneity in colon cancer cells[END_REF] ,and p53 [START_REF] Zhang | Tunneling nanotubes between rat primary astrocytes and C6 glioma cells alter proliferation potential of glioma cells[END_REF][START_REF] Wang | Tunneling-nanotube development in astrocytes depends on p53 activation[END_REF]. These signaling cascades could activate downstream proteins, such as M-Sec in the case of immune cells [START_REF] Hase | M-Sec promotes membrane nanotube formation by interacting with Ral and the exocyst complex[END_REF], which are involved in actin remodeling and polymerization and have been shown to induce TNT formation [47]. Altogether, these findings suggest that the tumor context, globally experienced as a stress by cells, provides the conditions that favor TNT formation and communication. In turn, we can speculate that this route for intercellular communication allowing cells to share material may result in a beneficial effect for the connected cancer cells, as described in the following sections.

Roles of TNT in Cancer Progression

The ability of cancer cells to interconnect among themselves is correlated with more aggressive cancer phenotypes. For example, in ovarian and breast cancers, highly malignant and metastatic cells are more prone to interconnect in tumor networks than their less aggressive counterparts [START_REF] Ady | Intercellular communication in malignant pleural mesothelioma: properties of tunneling nanotubes[END_REF][START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF]. Also, in gliomas, where for the first time tumors have been described as a functional intercommunicating network, there is a correlation between extended interconnectivity and the most aggressive grades of tumors and their poorer therapeutic outcome in response to radiotherapy [36]. However, the mechanisms of treatment resistance have not been fully elucidated yet. Different cancers could be applying different strategies to protect themselves from the therapeutic attempts and eventually a unique mechanism may be determined. Here, we review the possible roles of TNT-like connections in different types of cancer and how they affect cancer progression. We then focus on the specific example of GBM.

TNT-Mediated Transfer Can Promote Aggressive Features TNTs appear to drive the acquisition of aggressive features in the receiving cells through the transfer of different cellular materials. As we will see, cells may use TNTs as a route to remove dangerous material (Figure 2A,C). Another possibility is that the uptake of cellular material, such as miRNA, mitochondria, or other sets of proteins, might drive phenotypic modifications of the recipient cells (Figure 2A,B).

In breast cancer, TNT-mediated contacts from cells of the TME, such as macrophages, appear to drive the acquisition of an invasive phenotype in the cancer cells [START_REF] Hanna | Tunneling nanotubes, a novel mode of tumor cell-macrophage communication in tumor cell invasion[END_REF]. Although it is not clear how states of aggressiveness coexist and interact via TNTs. Aggressive cancer cells (dark blue) display higher interconnection rates than their less aggressive counterparts (light blue). Cancer cells are surrounded by stromal cells (red) to which they also communicate through TNTs. The homotypic or heterotypic connections between these cell types can be used to share oncogenic content (green circle) or to remove material to degrade (red circle). (B) Magnification of oncogenic cargoes traveling along the connection providing protumoral features in the receiving cell and healthy lysosomes. Acquisition of mitochondria can promote chemoresistance and invasiveness and provide metabolic help in stress-induced conditions. Transfer of miRNA can drive modifications in the phenotype of recipient cells, leading to a more aggressive phenotype. Moreover, cellular vesicle content can impact the proteomic profile of the receiving cells and change their ability to respond to treatments. (C) Different materials discarded by a cell through TNTs. Organelles used for degradation, such as autophagosomes and lysosomes, might be transferred via TNTs as a clearing mechanism. TNTs could also be used as a route for the redistribution of drugs, which would otherwise be toxic in high concentration.

this contact could induce this phenotypic switch, mitochondria appear to be good candidates for transferred cargo that could induce invasiveness. In fact, breast cancer cells have been shown to be able to receive mitochondria from mesenchymal cells (MSCs) through TNT-like structures [START_REF] Pasquier | Preferential transfer of mitochondria from endothelial to cancer cells through tunneling nanotubes modulates chemoresistance[END_REF]. Furthermore, the uptake of isolated mitochondria derived from MSCs, by a protocol defined as MitoCeption, was able to induce migratory ability and cellular proliferation [START_REF] Caicedo | MitoCeption as a new tool to assess the effects of mesenchymal stem/stromal cell mitochondria on cancer cell metabolism and function[END_REF]. Many studies have shown TNT-mediated mitochondria transfer to be possible [START_REF] Antanavičiūtė | Long-distance communication between laryngeal carcinoma cells[END_REF]25,[START_REF] Pasquier | Preferential transfer of mitochondria from endothelial to cancer cells through tunneling nanotubes modulates chemoresistance[END_REF][START_REF] Hekmatshoar | The role of metabolism and tunneling nanotube-mediated intercellular mitochondria exchange in cancer drug resistance[END_REF]; however, the possibility that mitochondria could be transferred through the supernatant should be considered, given that research has suggested that the mitochondria could be released and taken up by neighboring cells [START_REF] Hayakawa | Transfer of mitochondria from astrocytes to neurons after stroke[END_REF]. Transfer of mitochondria has also been found to restore tumorigenic potential in cells devoid of mitochondrial DNA [START_REF] Tan | Mitochondrial genome acquisition restores respiratory function and tumorigenic potential of cancer cells without mitochondrial DNA[END_REF][START_REF] Dong | Horizontal transfer of whole mitochondria restores tumorigenic potential in mitochondrial DNAdeficient cancer cells[END_REF], although these studies did not address the mechanism of mitochondrial transfer. Furthermore, TNT-mediated traffic of mitochondria was correlated with increased invasiveness in bladder cancer [START_REF] Lu | Tunneling nanotubes promote intercellular mitochondria transfer followed by increased invasiveness in bladder cancer cells[END_REF]. Here, different cancer cell lines in co-culture could exchange functional mitochondria with each other, possibly stimulating the migratory capacity of the acceptor cells, as assessed by in vitro assays. Furthermore, their ability to form larger tumors with a higher vascularization index was stimulated when implanted in nude mice. In a second study, additional evidence suggested that the acquisition of these protumor properties is due to TNT-mediated transfer of miRNA from the most aggressive to the least aggressive cells, leading to the activation of the Deptor-mTOR signaling pathway, an important downstream mediator of cancer cell proliferation and motility [START_REF] Lu | Tunneling nanotubes mediated microRNA-155 intercellular transportation Promotes bladder cancer cells' invasive and proliferative capacity[END_REF].

Endothelial cells (ECs) have a critical role in physiological and tumoral vascularization and their angiogenic potential might be regulated by TNT-mediated interactions. TNT-like connections sprouting from ECs or pericytes have been identified in sections of developing human cerebral cortex and human GBM, two contexts in which the process of vascularization is intensively active [54]. Moreover, ECs experiencing chemotherapy stress are able to receive mitochondria from MSCs via TNT connections and this transfer could rescue the damaged cells, promoting cell proliferation and restoring migratory and angiogenic abilities [START_REF] Feng | Human bone marrow mesenchymal stem cells rescue endothelial cells experiencing chemotherapy stress by mitochondrial transfer via tunneling nanotubes[END_REF]. Furthermore, elegant work by Connor and colleagues [START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF] showed that TNT-mediated transfer from metastatic cancer cells to ECs can induce an alteration of the miRNA profile of the receiving cells. This work showed for the first time TNTs as a route for the dissemination of oncogenic material that resulted in reprogramming of the ECs. Altogether, the current evidence suggests that TNT-mediated transfer of mitochondria and mRNA stimulates invasiveness, proliferation, and angiogenic ability.

TNTs Can Support Therapy Resistance Intercellular communication through TNT-like structures and resistance to therapies appear to be tightly correlated. As for the other cancer features that might be driven by contact-mediated transfer of cargoes, TNT-like structures may provide a way for distributing harmful substances and cellular wastes, or sharing defensive tools against treatment, such as mitochondria, miRNA, and specific factors (Figure 2). TNT-mediated communication appears to be stimulated by radiotherapy, which causes free radical production, known to be a TNT inducer [41], and by radiofrequency treatment [START_REF] Ware | Radiofrequency treatment alters cancer cell phenotype[END_REF], and chemotherapy [START_REF] Kretschmer | Stress-induced tunneling nanotubes support treatment adaptation in prostate cancer[END_REF]. A recent study in prostatic cancer showed that chemotherapeutic blockage of the androgen receptor, which induces metabolic stress, enhanced TNT-like structure formation [START_REF] Kretschmer | Stress-induced tunneling nanotubes support treatment adaptation in prostate cancer[END_REF]. Disrupting these connections by cytochalasin D sensitized prostatic cancer cells to treatment-induced cell death, suggesting that the presence of this stress-induced network favors cancer cell survival upon treatment. In this study, lysosomes, mitochondria, and stress-induced chaperones were observed inside the TNT-like structures. Therefore, it is possible that transferring these cellular components benefits stressed cells. Conversely, TNT-like structures could be used as a way to remove damaged organelles or autophagosomes [25] and possibly other dangerous substances, such as ROS, produced in response to treatments, or the drugs themselves (Figure 2C). Transfer of a soluble drug via TNT-like structures has also been observed in both pancreatic and ovarian cancer cellular models [26]. Here, multidrug-resistant cell lines use TNT-like connections to redistribute doxorubicin from chemoresistant toward chemosensitive cells, leading to cell death of the latter and enrichment of the therapy-resistant population. Although the possibility of using TNT-like structures as a drug outflow pathway must be considered, there are currently no quantitative data supporting the actual relevance of this mechanism in vivo. Also, this work raises questions over the specificity of the transferred materials through TNTs, and whether this occurs through an active or passive mechanism of redistribution.

As mentioned earlier, TNT-based networking allows the exchange of 'defensive tools' against treatment (Figure 2A). The transfer of mitochondria has been shown to modulate the response to treatments in a beneficial manner for the recipient cells [START_REF] Hekmatshoar | The role of metabolism and tunneling nanotube-mediated intercellular mitochondria exchange in cancer drug resistance[END_REF][START_REF] Vignais | Cell connections by tunneling nanotubes: effects of mitochondrial trafficking on target cell metabolism, homeostasis, and response to therapy[END_REF][START_REF] Moschoi | Protective mitochondrial transfer from bone marrow stromal cells to acute myeloid leukemic cells during chemotherapy[END_REF], impacting their cellular metabolism [START_REF] Caicedo | MitoCeption as a new tool to assess the effects of mesenchymal stem/stromal cell mitochondria on cancer cell metabolism and function[END_REF][START_REF] Moschoi | Protective mitochondrial transfer from bone marrow stromal cells to acute myeloid leukemic cells during chemotherapy[END_REF], rescuing their aerobic respiration [START_REF] Spees | Mitochondrial transfer between cells can rescue aerobic respiration[END_REF], and providing metabolic support against treatment-related stress [START_REF] Moschoi | Protective mitochondrial transfer from bone marrow stromal cells to acute myeloid leukemic cells during chemotherapy[END_REF]. This was first observed in PC12 cells, where delivery of healthy mitochondria through TNT-like structures from untreated to UV-injured cells protected the latter from apoptosis [START_REF] Wang | Transfer of mitochondria via tunneling nanotubes rescues apoptotic PC12 cells[END_REF]. This rescue mechanism is also applied by MSCs to chemotherapy-treated ECs [START_REF] Feng | Human bone marrow mesenchymal stem cells rescue endothelial cells experiencing chemotherapy stress by mitochondrial transfer via tunneling nanotubes[END_REF]. Both MSCs and ECs have been found to transfer mitochondria to cancer cells of different origins, resulting in an improved resistance to doxorubicin in the cells that received the transfer [START_REF] Pasquier | Preferential transfer of mitochondria from endothelial to cancer cells through tunneling nanotubes modulates chemoresistance[END_REF]. This mechanism appears to be critical in different forms of leukemia. Leukemic cells, engrafted in murine bone marrow, were able to obtain and receive mitochondria from stromal cells with an impact on cancer cell metabolism [START_REF] Wang | Cell adhesion-mediated mitochondria transfer contributes to mesenchymal stem cell-induced chemoresistance on T cell acute lymphoblastic leukemia cells[END_REF]28,[START_REF] Moschoi | Protective mitochondrial transfer from bone marrow stromal cells to acute myeloid leukemic cells during chemotherapy[END_REF], cell proliferation [START_REF] Moschoi | Protective mitochondrial transfer from bone marrow stromal cells to acute myeloid leukemic cells during chemotherapy[END_REF][START_REF] Griessinger | Mitochondrial transfer in the leukemia microenvironment[END_REF], and chemoresistance [START_REF] Wang | Cell adhesion-mediated mitochondria transfer contributes to mesenchymal stem cell-induced chemoresistance on T cell acute lymphoblastic leukemia cells[END_REF]. The disruption of this transfer increased the sensitivity of the cancer cells to various chemotherapies [START_REF] Wang | Cell adhesion-mediated mitochondria transfer contributes to mesenchymal stem cell-induced chemoresistance on T cell acute lymphoblastic leukemia cells[END_REF]. This suggests that MSCs have a protective role toward tumor cells by eliminating the damaged mitochondria they receive, thereby stabilizing the homeostasis of the cancer population, and possibly providing metabolic support. Moreover, chemotherapy-induced ROS production can enhance mitochondria transfer [28], again suggesting mitochondrial transfer as a mechanism for adaptation to treatment. Interestingly, the inhibition of CD38, previously described to promote mitochondrial release from astrocytes [START_REF] Hayakawa | Transfer of mitochondria from astrocytes to neurons after stroke[END_REF], could prevent the contact-mediated mitochondria transfer from MSCs to leukemic cells, resulting in increased apoptosis of the leukemic cells and improved mouse survival [START_REF] Marlein | CD38-driven mitochondrial trafficking promotes bioenergetic plasticity in multiple myeloma[END_REF]. This opens the possibility of specifically targeting mitochondria transfer at the clinical level. Following this evidence, others have assessed the communication between stroma and leukemic cancer cells. Mass spectrometry was used to reveal the transfer of specific factors, such as stressinduced chaperones, together with cellular vesicles, with a potential role in survival and adaptation [START_REF] Kolba | Tunneling nanotube-mediated intercellular vesicle and protein transfer in the stroma-provided imatinib resistance in chronic myeloid leukemia cells[END_REF]. Other cargoes, such as miRNA, can be transferred between cells, leading to the acquisition of therapy resistance. Thayanithy and collaborators [23] showed that the transfer of miR-19 and miR-199a occurred in heterotypic connections between different cancer cell lines of the same tumor: osteosarcoma and ovarian cancer, respectively. Specifically, miR-199a appears to be differentially expressed in chemosensitive and chemoresistant cells, suggesting that the transfer of this particular miRNA drives treatment-resistant features in the receiving cells. Thus, TNTs could be a beneficial feature for cancer cells, and the ability to exploit this efficient route of communication may be positively selected during treatment.

GBM: An 'Exemplary' or 'Peculiar' Case of TNT-Like Network?

Among the deadliest types of cancer, GBM stands out for its aggressiveness and resilience in response to treatment. GBM is the most undifferentiated and invasive cancer within the gliomas and is classified as a grade IV tumor. Surgery followed by chemo and radiotherapy is insufficient to eradicate completely cancer cells from the brain, although the mean survival of patients increases from less than 1 year to ~15 months [START_REF] Batash | Glioblastoma multiforme, diagnosis and treatment; recent literature review[END_REF][START_REF] Stupp | Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma[END_REF]. Currently, no treatment is effective in preventing cancer relapse and the reasons for therapy failure are poorly understood. Some studies correlate the occurrence of relapse with elevated intratumoral heterogeneity: distinct molecular profiles coexist and exhibit differential therapeutic responses [START_REF] Lathia | Cancer stem cells in glioblastoma[END_REF]. In particular, GBM stem cells (GSCs) have been found to be the most resistant to treatments and likely are at the origin of relapses [START_REF] Chen | Glioblastoma recurrence patterns near neural stem cell regions[END_REF]. Moreover, treatments can positively modulate tumor heterogeneity by inducing cellular plasticity and transdifferentiation [START_REF] Dahan | Ionizing radiations sustain glioblastoma cell dedifferentiation to a stem-like phenotype through survivin: possible involvement in radioresistance[END_REF].

As outlined earlier, during the past few years, various studies have supported the possibility that intercellular communication through cell-cell connections are a critical mechanism for treatment failure and tumor relapse. GBM is the first case where a functional and resistant network among cancer cells has been described in an in vivo model [36]. Specifically, GSCs from patients with different grades of glioma were implanted in nude mouse brains, where they developed a multicellular and communicative network. In this study, Winkler and collaborators demonstrated that highly interconnected tumors, which corresponded to higher malignant grades of the original tumor, were more resistant to irradiation [36]. Cancer cells were able to propagate ion fluxes by long and thick membrane protrusions, containing both actin and microtubules, which the authors termed 'tumor microtubes' (TMs) (Table 1). Moreover, the same authors suggested that TMs are essential for driving the repopulation of a surgically resected area in GBM mouse models [67] (Figure 3). The formation of TMs appears to be dependent on the expression of connexin 43 (Cx43), a monomeric component of GAP junctions, and growth-associated protein 43 (GAP-43), a crucial protein for neurite formation, regeneration, and plasticity [36]. When Cx43 or GAP-43 were knocked down, the number of TMs decreased and the sensitivity to radiotherapy increased. Cx43 is a known regulator of the intracellular concentration of Ca 2+ [START_REF] Lurtz | Intracellular calcium regulation of connexin43[END_REF] and it has been also described to have a critical but controversial role in GBM progression, acting both as tumor suppressor and tumor inducer, promoting growth, cell migration, and resistance to apoptosis [START_REF] Sin | Opposing roles of connexin43 in glioma progression[END_REF]. Interestingly, Gerdes and colleagues [START_REF] Wang | Animal cells connected by nanotubes can be electrically coupled through interposed gap-junction channels[END_REF] reported earlier that a subset of TNTs observed in kidney-derived cells contained Cx43 forming a hemi-connexon or a GAP junction at their tip. It was also proposed that GAP junctions could mediate the transfer of electrical signals in electrically coupled TNTs [START_REF] Abounit | Wiring through tunneling nanotubesfrom electrical signals to organelle transfer[END_REF]. Nonetheless, the presence of GAP junctions along TNT connections would not allow the transfer of any cargo of a size superior to their pore size (1 kDa) [START_REF] Weber | The permeability of gap junction channels to probes of different size is dependent on connexin composition and permeant-pore affinities[END_REF], such as organelles or macromolecules. In the case of TMs, the authors did not report the transfer of conventional TNT cargoes, such as mitochondria or vesicles, within their lumen, although they did observe nuclei traveling along these connections from a healthy cell to a cell damaged by the treatment [36]. In addition, TMs display neurite-like features, because they have been described to be postsynaptic targets for the surrounding neurons. Indeed, axons can dock onto TMs and generate synchronized calcium transients in glioma networks via AMPA receptors [START_REF] Venkataramani | Glutamatergic synaptic input to glioma cells drives brain tumour progression[END_REF][START_REF] Venkatesh | Electrical and synaptic integration of glioma into neural circuits[END_REF], Furthermore, depolarization of the postsynaptic glioma cells promoted TM-dependent proliferation [START_REF] Venkatesh | Electrical and synaptic integration of glioma into neural circuits[END_REF] and invasion [START_REF] Venkataramani | Glutamatergic synaptic input to glioma cells drives brain tumour progression[END_REF].

Overall, the nature of TMs and the mechanisms at stake in this cellular network still need to be unraveled. As for their morphological appearance and physical properties, TMs are very different from TNTs because they are not open-ended, they are much thicker (1.7 μm on average), more stable in time [START_REF] Osswald | Tunneling nanotube-like structures in brain tumors[END_REF], and contain both actin and microtubules, thus resembling more of a neuritic extension than TNTs [START_REF] Jung | Emerging intersections between neuroscience and glioma biology[END_REF] (Table 1). Nevertheless, direct cell-cell communication appears to have a key role in the resistance to treatment in GBM and growing evidence suggests that the transfer of cargo mediated by open connections contributes to tumor progression, as shown previously in other cancer forms. A few in vitro studies suggest that GBM cells are capable of transferring cellular material through thinner TNT-like structures. U-87 and U-251 cell lines, common GBM cellular models, can form TNT-like structures [START_REF] Formicola | Differential exchange of multifunctional liposomes between glioblastoma cells and healthy astrocytes via tunneling nanotubes[END_REF][START_REF] Carone | In vitro effects of cocaine on tunneling nanotube formation and extracellular vesicle release in glioblastoma cell cultures[END_REF][START_REF] Ding | Exposure to ALS-FTD-CSF generates TDP-43 aggregates in glioblastoma cells through exosomes and TNTs-like structure[END_REF] (Figure 1), and their formation can be increased in response to external stimuli, such as protein aggregate uptake or cocaine administration [START_REF] Carone | In vitro effects of cocaine on tunneling nanotube formation and extracellular vesicle release in glioblastoma cell cultures[END_REF][START_REF] Ding | Exposure to ALS-FTD-CSF generates TDP-43 aggregates in glioblastoma cells through exosomes and TNTs-like structure[END_REF]. Moreover, preliminary studies show that communication between

Cancer is one of the few contexts where TNTs have been functionally described, whereby the transfer of cellular cargoes has been shown to have an impact on the behavior of the recipient cells and lead to further development of the disease. However, fundamental questions remain regarding the structural diversity of the different protrusions, as well as the molecular determinants and the signaling pathways that would stimulate their growth in cancer cells compared with noncancer cells.

Until now, the outcome of the transfer has been more often addressed as impacting predetermined features. For example, studies have investigated whether the unilateral transfer of a specific tagged cargo affected the migratory capacity or angiogenesis of the recipient cells.

The observation of a specific cargo transfer does not necessarily implicate a role for that specific cargo, since other material, not detected because it is nonlabeled, could be transported through the connections and lead to changes in the partner cells. Few studies have addressed the question globally, designing experiments to study the alteration induced by the transfer in the receiving cells at the transcriptomic [START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF] or proteomic [START_REF] Kolba | Tunneling nanotube-mediated intercellular vesicle and protein transfer in the stroma-provided imatinib resistance in chronic myeloid leukemia cells[END_REF] level. Even less work, if any, has addressed the changes under the assumption that bilateral transfer could occur and modify the fate of each one of the two connected cells. Moreover, the mechanisms by which the transfer of cargoes mediated by TNTs impacts the migratory or angiogenic ability of the cell remain largely unknown. In the case of resistance to treatments, the acquisition of cargoes, such as mitochondria and miRNA, could be the direct cause of enhanced regrowth potential [START_REF] Tan | Mitochondrial genome acquisition restores respiratory function and tumorigenic potential of cancer cells without mitochondrial DNA[END_REF][START_REF] Dong | Horizontal transfer of whole mitochondria restores tumorigenic potential in mitochondrial DNAdeficient cancer cells[END_REF] or transcriptomic reprogramming [23], respectively, leading to the establishment of a more resistant phenotype. In other cases, the treatment itself appears to induce TNT-mediated communication, which probably acts as the mechanism in response to the induced stress [START_REF] Marlein | CD38-driven mitochondrial trafficking promotes bioenergetic plasticity in multiple myeloma[END_REF][START_REF] Feng | Human bone marrow mesenchymal stem cells rescue endothelial cells experiencing chemotherapy stress by mitochondrial transfer via tunneling nanotubes[END_REF], protecting the cells from the induced damage. Overall, the ability of certain cancer cells to exploit TNTs as mechanisms of communication might be positively selected during treatment, favoring such cells to become the majority (see Outstanding Questions).

To address the complexity of the real pathology and also the diversity of TNT-like connections, the use of models representative of the tumor environment is required. Many of the studies reported here were carried out in cell lines in vitro. Only more recent work has addressed the study of TNT-like structures with the use of patient-derived xenografts in mice. Based on current knowledge, it appears that blocking TNT-like connectivity could be a promising strategy to fight cancer, eventually hindering cancer progression and sensitizing tumor cells toward treatments. A couple of drugs have been described as being able to specifically inhibit TNT formation in cell culture [START_REF] Dilsizoglu Senol | Effect of tolytoxin on tunneling nanotube formation and function[END_REF][START_REF] Hashimoto | Potential role of the formation of tunneling nanotubes in HIV-1 spread in macrophages[END_REF], but these need to be tested in cancer mouse models. Conversely, TNTs have also been used as a route to diffuse therapeutics, such as drugs [26] and nanoparticles [START_REF] Formicola | Differential exchange of multifunctional liposomes between glioblastoma cells and healthy astrocytes via tunneling nanotubes[END_REF], affecting predominantly the network of connected cancer cells. Certainly, a deeper understanding of TNT-based communication is critical for a better comprehension of cancer progression and treatment resistance, and, in future years, this knowledge could lead to the development of new, more effective therapies.

  TNTs in GBM _________________________________________________ Transfer of mitochondria _________________________________________________________ Correlation between TNTs and therapy-resistant phenotype _____________________________ Effect of treatments on TNT-mediated communication __________________________________ Coexistence of TNTs and TMs ______________________________________________________

Figure 1 .

 1 Figure 1. Distribution of primary Brain cancers and Gliomas. .......................................................

Figure 2 .

 2 Figure 2. Classification of Gliomas. ..............................................................................................

Figure 3 .

 3 Figure 3. Magnetic resonance features of Glioblastoma. ...........................................................

Figure 4 .

 4 Figure 4. Cell origin of Glioblastoma ..........................................................................................

Figure 5 .

 5 Figure 5. Histological features of Glioblastoma ..........................................................................

Figure 6 .

 6 Figure 6. Major signaling pathways involved in the pathogenesis of Glioblastoma .....................

Figure 7 .

 7 Figure 7. Glioblastoma subtypes and genetic features ...............................................................

Figure 8 .

 8 Figure 8. Tumoral heterogeneity theories ..................................................................................

Figure 9 .

 9 Figure 9. Cellular niches in Glioblastoma ...................................................................................

Figure 10 .

 10 Figure 10. Cells composing Glioblastoma microenvironment .....................................................

Figure 11 .

 11 Figure 11. Glioblastoma Stem Cells features ..............................................................................

Figure 12 .

 12 Figure 12. Regulation of GSCs. ...................................................................................................

Figure 13 .

 13 Figure 13. Therapy and recurrence of Glioblastoma...................................................................

Figure 14 .

 14 Figure 14. Conventional and proposed therapies for Glioblastoma. ...........................................

Figure 15 .

 15 Figure 15. Forms of cell signaling ...............................................................................................

Figure 16 .

 16 Figure 16. Tunneling nanotubes schematic ................................................................................

Figure 17 .

 17 Figure 17. Ultrastructure of TNTs. ..............................................................................................

Figure 18 .

 18 Figure 18. The two models of TNT formation .............................................................................

Figure 19 .

 19 Figure 19. Model of TNT-based communication in cancer..........................................................

Figure 20 .

 20 Figure 20. Schematic of a Glioblastoma network .......................................................................

Figure Cell Lines 1 .

 1 Figure Cell Lines 1. TNT characterization in GBM cell lines. ........................................................

Figure Cell Lines 2 .

 2 Figure Cell Lines 2. Establishment of U-251TR and their TNT-mediated communication. ...........

Figure

  Figure Cell Lines 3. TNT-mediated communication between astrocytes and GBM cell lines. .......

Figure

  Figure Cell Lines 4. U-251 GBM cell line can transfer mitochondria. ...........................................

Figure Article 2 .

 2 Figure Article 2. GSLCs transfer mitochondria through TNTs. ...................................................

  Types of cellular extensions ......................................................................................... Table 2. Tumor cell models exploiting in vitro. ........................................................................... Table 3. Evidence of TNT-like communication in tissue in cancer ............................................... Supplementary Table 1. Oligonucleotides used in qPCR ..........................................................

Figure 1 .

 1 Figure 1. Distribution of primary Brain cancers and Gliomas. Adapted by Ostrom et al., 2019. (A) Distribution of primary brain and other CNS tumors classified by behavior. (B) Distribution of Gliomas classified by histology subtypes. CBTRUS Statistical Report: US Cancer Statistics -NPCR and SEER, 2012-2016

Figure 2 .

 2 Figure 2. Classification of Gliomas. Obtained from Wesseling & Capper 2018. WHO 2016 Gliomas are histologically differentiated in Astrocytic and Oligodendroglial subtype and graded from II to IV accordingly to WHO parameters of malignancy. At molecular level, three categories can be defined: IDH-wildtype (red), IDHmutant but 1p/19q-non-codeleted (pink), or IDH-mutant and 1p/19q-codeleted (blue). In adult patients, lower grade (grade II and III) astrocytic tumours are typically IDH-mutant, and many

Figure 3 .

 3 Figure 3. Magnetic resonance features of Glioblastoma. Adapted from Horská & Barker, 2010. (A) In the upper side, contrasted T1-weighted MRI (left) allow in white the visualization of the tumoral core while FLAIR-T2-weighted (right) shows area of the surrounding edema (white arrows). In the lower side, spectroscopy MRI shows the spatial signal of two metabolites: Cho and NAA. (B) Spectrograms of tumoral and contralateral area (acquired in the frames indicated in the T1 upper image). Cho signal is enhanced in the tumor while NAA is reduced compared to the contralateral area. The ratio between the two is thought to retain a prognostic value.
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 4 Figure 4. Cell origin of Glioblastoma Obtained from Zong et al., 2012. At the bottom left, neural stem cells and multipotent progenitors in the subventricular zone can give rise either to neurons or glial progenitors. These later ones can further give rise to Astrocytes Progenitor cells (APC) or Glial-Restricted Progenitor (GRP) or Oligodendrocyte Progenitor Cell (OPC), from which astrocytes and oligodendrocytes can originate.
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 5 Figure 5. Histological features of Glioblastoma Adapted from Perry & Wesseling, 2016. (A) Hematoxilin-eosin staining. Pseudopalisading necrosis is a main characteristic of GBM. Black '*' indicate the necrotic areas. Black arrows point at the aligned cells surrounding the necrosis. (B) Microvascular proliferation is also typical of GBM. In this hematoxilin-eosin section arrows point at blood vessels sourronded by proliferative cells. (C) GBM is an astrocytic glioma and it displays GFAP-immunoreactive areas indicated by white '*'. (D)
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 6 Figure 6. Major signaling pathways involved in the pathogenesis of Glioblastoma Obtained from Ohgaki & Kleihues, 2007. Typical genetic alterations are highlighted in red,
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 7 Figure 7. Glioblastoma subtypes and genetic features Obtained from Agnihotri et al., 2013. (A) Primary GBM originate de novo, whereas secondary evolve from lower-grade astrocytomas. Both present similar aberrations, although certain aberrations are more prevalent in one subtype over the other. (B) Primary and secondary GBMs can be further distinguished in four subtypes characterized by specific molecular alterations.
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 8 Figure 8. Tumoral heterogeneity theories Obtained from (Reya et al., 2001). (A) Clonal evolution model. From one initiating cell different phenotypes and subclones can form giving rise to tumoral heterogeneity. Cancer cells of many different phenotypes have the potential to proliferate extensively. (B) Most cancer cells have only limited proliferative potential, but a subset of cancer cells consistently proliferates extensively in clonogenic assays and can form new tumours on transplantation.
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 9 Figure 9. Cellular niches in Glioblastoma Adapted from Hambardzumyan & Bergers, 2015. (A) ECs, pericytes, astrocytes and various immune infiltrate interact with GSCs in a specialized perivascular niche which provides a supportive environment for growth, maintenance, and survival. (B) Pseudopalisading necrotic areas contain a hypoxic core that recruits innate immune cells and promotes the expansion of GSCs through activation of HIF-1α. (C) GBM cells migrate along blood vessels and reach the invasive edge where ECs, pericytes, activated microglia, reactive astrocytes, and neurons create a permissive environment for their invasion.

Figure 10 .

 10 Figure 10. Cells composing Glioblastoma microenvironment Obtained from Broekman et al., 2018. GBM microenvironment is composed of various nonneoplastic cells that display pro-tumoral (+) or anti-tumoral (-) or mixed (±) functions.

Figure 11 .

 11 Figure 11. Glioblastoma Stem Cells features Obtained from Lathia et al., 2015. CSCs are defined accordingly to their functional abilities as sustained self-renewal, persistent proliferation and initiation and propagation of a tumor, upon re-implantation, representative of original heterogeneity. Other common feature of CSCs, shared with classical stem cells but not defining CSCs state, are frequency in the tumor, expression of specific stem surface markers and ability to originate multiple differentiation lineages.

Figure 12 .

 12 Figure 12. Regulation of GSCs. Adapted from Lathia et al., 2015 and Prager et al., 2020. (A) CSCs regulation depends on various intrinsic and extrinsic factors. (B) Attractor state model. CSCs are in the centre and have the highest degree of freedom. Their differentiation can be driven by attractors, or environmental forces, that direct them toward different possible evolutions.

Figure 13 .

 13 Figure 13. Therapy and recurrence of Glioblastoma Obtained from Osuka & Van Meir. (A) Primary tumor. A representative MRI image of the tumor (white arrow). In the schematic, the tumor is a mass with irregular borders and few invasive cells separated from the main mass. Primary tumor is highly heterogeneous (different colors) and it originates by evolution of a tumor-initiating cell (TIC) which retain the potential to give rise to several lineages. (B) After initial treatment. Surgical resection removes the main tumoral mass leaving the most invasive areas which are targeted by chemo and radiotherapy. Of the initial heterogeneity of the primary tumor, only the cells displaying particularly resistant phenotype remain and become recurrence-initiating stem-like cancer (RISC) cells. (C) Recurrence of the tumor. RISC cells proliferate and differentiate developing a new heterogeneous tumor.

Figure 14 .

 14 Figure 14. Conventional and proposed therapies for Glioblastoma. Obtained from Prager et al., 2020. Conventional therapies approach often target individual components of the tumor landscape (petals) sparing the GSC population (at the center). This generates new attractors that drive the differentiation of the GSCs repopulating the tumor. An effective therapy would be to direct tumoral adaptation toward one state, applying an initial stimulus. The secondary would be targeting specifically the resulting cellular state.

  synaptic cell. Endocrine signals travel instead along long distances, they are released by glands(pituitary, thyroid, hypothalamus, pancreas, etc.) into the bloodstream and target organs or tissues regulating their functions. Some examples are the Growth Hormone, peptide secreted by the hypothalamus and targeting multiple tissues to stimulate their growth, or cortisol, that have instead a lipidic nature and is produce from adrenal glands, it can regulate the cell metabolism and immune response. Due to the dilution to which they undergo during the transport, hormones are able to be effective even at low concentration, differently from autocrine and paracrine pathways where the local concentration of the ligand is often very high.Cells can also interact and communicate by direct cell-to-cell contact.Gap-junctions (GJs) are one of the most frequent means of direct interaction. These junctions act as small pores through the cell membranes and allow passage of molecules from the cytoplasm of one cell to the one of the adjacent cell. GJs are channels constituted by two hemichannels, named connexons, each exposed on membrane of the two cells in contact. Connexons are composed by hexamers of connexin (Cx) subunits. Over 20 Cx exist in the human genome permitting various compositions of the GJs which correspond to distinct physiological

Figure 15 .

 15 Figure 15. Forms of cell signaling Adapted from "Signaling molecules and cellular receptor" by OpenStax College, Biology. There are different form of cell signaling: in the autocrine signaling the cell realising the signals targets itself, in the paracrine signaling it targets a nearby cell, in the endocrine signaling it targets a distant cells releasing the factor in the bloodstream and in the direct cell contact the interaction between the two cells is mediated by short or long range channel of communication (ex. Gap-junction).

Figure 16 .

 16 Figure 16. Tunneling nanotubes schematic Obtained from Pinto et al. 2020. Tunneling Nanotubes (TNTs) in cell culture. (A) Schematic of two cells connected by a TNT in cell culture. The connection floats above the adhesion surface (dashed line). The lower part shows a magnification of the TNT and possible cargoes traveling along it. The range of TNT diameters and lengths is indicated. (B) Representative fluorescence images of TNTs between cells in culture. U-251 glioblastoma cells were plated at a density of 20 k cells/cm2 for 24 h, fixed with PFA 4%, and permeabilized in 0.2% Triton-X100. Actin filaments (in red), microtubules (in green), and nuclei (in blue) were stained with phalloidin-rhodamine (1/500 Invitrogen R415), anti-αTubulin (1/1000 Sigma-Aldrich T9026), and DAPI (Sigma-Aldrich D9542), respectively. White-filled arrowheads point to TNTs positive for actin staining. Dashed arrowheads indicate the absence of tubulin staining. Confocal images acquired with Spinning Disk Yokogawa CSU-X1. Scale bars 20 μm.

Figure 17 .

 17 Figure 17. Ultrastructure of TNTs. Obtained from Sartori, Cordero, Pepe at al., 2019. TNTs can either appear as a single thick connection or a bundle of thin individual TNTs, named iTNTs. iTNTs can contain vesicles and mitochondria. iTNTs appear to be held together by thin filaments. Contact site between the cell body and the connections are indicated by cyan and magenta dashed squares.
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 18 Figure 18. The two models of TNT formation Adapted from Abounit et al., 2012. On the left, the actin-driven outgrowth: one or both cells extend a protrusion that will eventually fuse with the neighboring cell, forming an open connection (in the center). On the right, the cell dislodgment model starts with an event of membrane fusion between two adjacent cells that subsequently move apart leaving an open connection (in the center). The TNTs could contain membrane element derivate from one or both cells.

  int the following paragraphs, although a global vision of their role has not been fully elucidated yet. In fact, different strategies could be displayed in different tumoral forms and eventually a unique or multiple mechanism may be determined. As we will see TNTs can drive the acquisition of various pro-tumoral features in the receiving cells through the transfer of different cellular materials. TNTs can be exploited as route to get rid of dangerous material (Figure19A, C) or to deliver cellular material such as miRNA, mitochondria or other sets of proteins might drive phenotypic modifications of the recipient cells(Figure 19A, B).

Figure 19 .

 19 Figure 19. Model of TNT-based communication in cancer Obtained from Pinto et al., 2020. (A) Cancer cells with different states of aggressiveness coexist and interact via TNTs. Aggressive cancer cells (dark blue) display higher interconnection rates than their less aggressive counterparts (light blue). Cancer cells are surrounded by stromal cells (red) to which they also communicate through TNTs. The homotypic or heterotypic connections between these cell types can be used to share oncogenic content (green circle) or to remove material to degrade (red circle). (B) Magnification of oncogenic cargoes traveling along the connection providing pro-tumoral features in the receiving cell and healthy lysosomes. Acquisition of mitochondria can promote chemoresistance and invasiveness and provide metabolic help in stress-induced conditions. Transfer of miRNA can drive modifications in the phenotype of recipient cells, leading to a more aggressive phenotype. Moreover, cellular vesicle content can impact the proteomic profile of the receiving cells and change their ability to respond to treatments. (C) Different materials discarded by a cell through TNTs. Organelles used for degradation, such as autophagosomes and lysosomes, might be transferred via TNTs as a clearing mechanism. TNTs could also be used as a route for the redistribution of drugs, which would otherwise be toxic in high concentration.
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 20 Figure 20. Schematic of a Glioblastoma network Obtained from Pinto et al., 2020. GBM cells (blue) interconnect forming a functional network comprising different types of connection. Thick (>1 μm) protrusions (tumor microtubes; TMs) connect GBM cells and contain both Connexin 43 (Cx43) and growth-associated protein 43 (GAP-43), which regulate Ca 2+ flux along the network. Thinner (<1 μm) TNT-like connections are present between GBM cells and may allow the transfer of material. GBM cells also form TMs that do not contact other cells and are able to drive cell invasion in a GAP-43-dependent manner. Presynaptic neurons (orange) extend axons that appose onto TMs and regulate the Ca2+ flux along the GBM network, promoting cell invasion and cell proliferation. Astrocytes (yellow) of the tumoral brain environment can communicate with GBM cells through TNT-like connections and transfer mitochondria to the tumoral cells, eventually affecting the behavior (e.g., proliferation and response to treatments) of the receiving cells.

  aim was to determine whether connections fitting the functional definition of TNTs, therefore allowing the transfer of cellular cargos (Abounit & Zurzolo, 2012; Pinto et al., 2020), could exist in GBM models.

  project has been initiated as part of a large collaboration, funded by Inserm, between different teams across France aimed to improve our understanding of GBM treatmentresistance from different point of view, predict the circumstances of the relapse, ameliorate the effect of the therapies and patients' quality-life. Ours is a multidisciplinary network, named MoGlimaging, in which different expertise has converged: from experimental biologist and clinicians to mathematicians and statistician. This allowed us to work on common material, and, in the specific case of this project, on GSCs cells obtained from real human tumor areas, previously characterized by magnetic resonance and cultured through the techniques aimed to the isolation (or enrichment) of GSCs. 16 couples of GSCs were obtained from as much patients that were participants of the STEMRI clinical trial (Identifier: NCT01872221). Due to the quantity of experiments to be performed with these cells and their duration, I had to restrict my thesis work to two patients.TNTs in GBM cell lines PremiseAs the GBM was a new field of exploration in our laboratory, I started to set up the conditions for the study of TNTs in GBM cell lines. Few evidences were showing the existence of a TNT-based communication in U-87 and U-251 GBM cell lines[START_REF] Carone | In vitro effects of cocaine on tunneling nanotube formation and extracellular vesicle release in glioblastoma cell cultures[END_REF][START_REF] Ding | Exposure to ALS-FTD-CSF generates TDP-43 aggregates in glioblastoma cells through exosomes and TNTs-like structure[END_REF], but its role in the context of GBM was not addressed (rather the transfer of ALS-related aggregates and the effect of Cocaine treatment). We aimed to characterize TNT-mediated communication in U-87, U-251 and LN-18 GBM cell lines, according to the well-established techniques in use in the lab[START_REF] Abounit | Identification and Characterization of Tunneling Nanotubes for Intercellular Trafficking[END_REF], quantifying TNT presence and transfer ability. This would allowed to set up the condition for the study of TNTs in a more relevant model, as the GSCs provided by our MoGlimaging network. Additionally, we aimed to compare the TNT phenotype displayed by the three cell lines as LN-18 cell line as it was providing an example of GBM cells expressing MGMT, known chemoresistant marker. In fact, our focus was also to study whether a correlation

  connecting distant cells were identified as TNTs(Figure Cell Lines 1A and B). Vinculin staining further confirmed the difference between TNTs and attached filopodia, as shown before(S. Zhu et al., 2018) (Figure Cell Lines 1C). All the three GBM lines were showing similar frequency of TNT-connected cells, around 40% (FigureCellLines 1D). In order to assess whether the connections observed were functional for the passage of cellular cargoes, an essential property of TNTs, I performed co-culture assays[START_REF] Abounit | Identification and Characterization of Tunneling Nanotubes for Intercellular Trafficking[END_REF] and assessed the transfer of intracellular vesicles from a donor cell population, labelled with the lipophilic dye DiD, to acceptor cells stained with Cell-Tracker Green. I quantified the percentage of acceptor cells positive for DiD after 24 hours of coculture by flow cytometry. As control transfer by secretion was also monitored by challenging acceptor cells with conditioned media derived from donor cells[START_REF] Abounit | Identification and characterization of tunneling nanotubes for intercellular trafficking[END_REF] grown in separate dishes. This portion of the transfer was removed from the total transfer obtained from the direct co-culture condition and referrers as cell contactmediated transfer. The contact-mediated transfer was similar in all three cell lines, with 5-10% of acceptor cells receiving donor-derived DiD vesicles (Figure Cell Lines 1E), consistent with the similar percentage of TNT-connected cells observed. Furthermore, I found TNT connections containing DiD labelled vesicles (Figure Cell Lines 1F), supporting

  model. I co-cultured Mito-dsRed expressing U-251 cells, as donor population, with acceptor nls-GFP expressing U-251 cells, and the corresponding secretion control. After 24h of direct co-culture, but not in secretion control, I could detect by confocal imaging acceptor cells receiving Mito-dsRed puncta in their cytoplasm (Figure Cell Line 2), consistently with the transfer of mitochondria via contact-mediated mechanism. The percentage of acceptor cells receiving the transfer was inferior to 2% (data not shown).
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 34 TMZ-resistant U-251 form TNTs with similar frequency compared to parental U-251Since 2005, GBM treatment includes the use of TMZ as adjuvant chemotherapy in support of radiotherapy. TMZ is an alkylating agent inducing methylation of DNA, replication errors and consequent apoptosis. We were interested setting up the treatment conditions in these cell lines and studying the response to TMZ at the level of TNT formation and contact-mediated transfer. I treated U-251 and U-87 with various concentration of TMZ (25-50-100-250-500 µM) and counted TNT-frequency after 6 and 24 hours from the TMZ administration. After 24h, in both cell lines, I observed a tendency to an increased TNTconnectivity, although not statistically significant, using 50 µM of TMZ (data not shown).Since, U-251 cells have been shown to acquire resistance under prolonged exposure to TMZ treatment (Q.Pan et al., 2012;[START_REF] Rabé | Identification of a transient state during the acquisition of temozolomide resistance in glioblastoma[END_REF][START_REF] Stritzelberger | Acquired temozolomide resistance in human glioblastoma cell line U251 is caused by mismatch repair deficiency and can be overcome by lomustine[END_REF], we decided to study whether this resistant phenotype was displaying different TNT communication ability. I established a U-251TR (TMZ-Resistant) cell line culturing the parental U-251 cells in presence of 25 µM TMZ over 3 weeks(Figure Cell Lines 3A). TMZresistance is associated with the expression of DNA repair enzymes, specifically MGMT which is able to remove the methyl group imported by TMZ on the DNA. MGMT is expressed in 50% of GBM and it is a negative prognostic factor[START_REF] Thakkar | Epidemiologic and Molecular Prognostic Review of Glioblastoma[END_REF]. I evaluated the expression of MGMT by western-blot analysis in parental U-251 and derived U-251TR and I observed enhanced expression in the U-251TR cell lines (Figure Cell Lines 3B), suggesting that the cell line had acquired TMZ resistance as also it could normally proliferate after transient slow-proliferative phase[START_REF] Rabé | Identification of a transient state during the acquisition of temozolomide resistance in glioblastoma[END_REF]. Next, I plated U-251 and U-251TR in the same condition and counted the percentage of cells connected by TNTs. U-251TR did not show variation in TNT number compared to the parental cell line (Figure Cell Lines 3C) and a light, not significant, decrease in its contact-mediated vesicle transfer (Figure Cell Lines 3D). These results suggested that neither short-not longterm TMZ treatment, correlated with the development of TMZ-resistance, affect the ability of U-251 GBM cell line to interconnect and communicate through TNTs. Chemotherapy does not affect TNT-based communication between U-251 and astrocytesThe cross-talk between tumoral cells and their microenvironment is known to influence cancer progression. In the case of GBM, astrocytes have been shown to interact and facilitate the glioma progression, aggression, and survival[START_REF] Guan | Reactive Astrocytes in Glioblastoma Multiforme[END_REF]) also via TNTlike connections(Zhang & Zhang, 2015). I co-cultured both U-251 and U-251TR cells with primary murine astrocytes. Tomato-expressing astrocytes were obtained from the postnatal (P0-P2) dissection of tomato-expressing mice pups' brains. Heterotypic connections were observed between the two cell types (Figure Cell Lines 4A). As tumoral microenvironment has been shown to be supportive toward cancer cells providing protumoral transfer of mitochondria, miRNA and protein-containing vesicles[START_REF] Connor | Physical nanoscale conduit-mediated communication between tumour cells and the endothelium modulates endothelial phenotype[END_REF][START_REF] Hekmatshoar | The role of metabolism and tunneling nanotube-mediated intercellular mitochondria exchange in cancer drug resistance[END_REF] Kolba et al., 2019a), I assessed the transfer of DiD from astrocytes to U-251. I observed that the transfer was occurring mainly by secretion process (data not shown). Alternatively, I tested the directionality U-251-to-astrocytes, as TNTs have been shown to be as well a route to discard cellular waste as autophagosomes, lysosomes or even drugs[START_REF] Desir | Chemotherapy-Induced Tunneling Nanotubes Mediate Intercellular Drug Efflux in Pancreatic Cancer[END_REF][START_REF] Sáenz-De-Santa-María | Control of long-distance cell-to-cell communication and autophagosome transfer in squamous cell carcinoma via tunneling nanotubes[END_REF] resulting in a beneficial outcome for tumor progression[START_REF] Pinto | Tunneling Nanotubes: The Fuel of Tumor Progression?[END_REF]. U-251TR did not show a significant variation of the vesicle transfer compared to the parental cell line toward primary astrocytes(Figure Cell Lines 4B), consistently with what previously observed in homotypic culture. In order to assess the effect of radiotherapy, the other typical treatment administrated to GBM patients on TNT-mediated transfer, I also treated parental U-251 cells with irradiation before co-culture with astrocytes. U-251 cells were irradiated with 2 fractionated doses of 5 Gy before the co-culture, not significant variation in the vesicle transfer mediated by cell contact to astrocytes was observed (FigureCellLines 4C).DiscussionIn this part of the project I exploited three different cellular models of GBM to set up the study of TNTs in the GBM context. Using protocols previously established in neuronal cell lines[START_REF] Abounit | Identification and Characterization of Tunneling Nanotubes for Intercellular Trafficking[END_REF], I confirm the presence of functional TNTs in the three cellular models that displayed similar TNT-based communicative abilities, in terms of frequency of connections and contact-mediated transfer(Figure Cell Lines 1). Moreover, the observation that mitochondria transfer, mediated by direct cellular contact, may occur opens the door to further study of the pro-tumoral effect that this might bring in the real tumoral context, as observed in other cancers[START_REF] Hekmatshoar | The role of metabolism and tunneling nanotube-mediated intercellular mitochondria exchange in cancer drug resistance[END_REF][START_REF] Vignais | Cell Connections by Tunneling Nanotubes: Effects of Mitochondrial Trafficking on Target Cell Metabolism, Homeostasis, and Response to Therapy[END_REF]. Interestingly, I have found that neither LN-18 nor U-251TR cells, both expressing MGMT, drug-resistance marker, presented variation in their TNT-connectivity compared to MGMT-negative cells as U-87 and the parental U-251 cells (Figure Cell Lines 1 and 2), suggesting that the expression of this DNA-repairing enzyme may not influence the ability of cells to interconnect via TNTs. Although I validated the presence of intercommunication based on TNTs between U-251 cells and astrocytes (Figure Cell Lines 3), this interplay did not result to be affected neither by the acquisition of a chemo-resistant state in U-251, nor their previous irradiation. Generally, the ability of GBM cell lines to interconnect and communicate through TNTs did not show to be drastically altered by the treatments,
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 2 Figure Cell Lines 2. U-251 GBM cell line can transfer mitochondria. (A) Representative image of the acceptor cell receiving donor-derived mitochondria. Mito-dsRed expression was induced in U-251 cells (in red) and used as donor cells in co-culture 1:1 with nls-GFP expressing U-251 (nucleus, in green) as acceptors. Cells were fixed after 24h and stained with WGA (in white). Confocal images were acquired with 40x objective.
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 3 Figure Cell Lines 3. Establishment of U-251TR and their TNT-mediated communication. (A) Protocol for U-251TR preparation. 25 µM of TMZ was added in the culture medium of U-251 for three weeks, which was changed every 2-3 days, at the end of which the U-251TR (TMZresistant) population was established. (B) U-251TR cells express MGMT differently from parental U-251. 20 μg of protein extract from U-251 and U-251TR cells was loaded on SDS-polyacrylamide gel. MGMT (21 kDa) expression was revealed with the specific antibody, anti-αTubulin (55 kDa) was used as loading control. (C) Quantification of U-251 and U-251TR TNT-connected cells. Both cell lines were plated at the same density (20.000 cells/cm 2 ), fixed after 24h and stained with WGA. Confocal images were acquired with 40x objective and analysed by Icy software. U-251 were forming 43,0 ± 18 % of connecting-cells (n=16, n cells=1989), similar to U-251TR that were forming 43.5±14% of TNT-connected cells (n=7, n cells=1167). Mann-Whitney not-parametric statistical test was performed. (D) Quantification of contact-mediated DiD labelled vesicle transfer in U-251 and U-251TR. Co-culture between donor and acceptor cells was established according to the mentioned protocol and at least 10000 events were acquired by flow cytometry. The total transfer was obtained from the direct co-culture of acceptor and donor cells and subtracted of the percentage of transfer obtained by the secretion control to obtained the contact-mediated percentage of transfer. The percentage of acceptor cells receiving the transfer was 11.2±9% in U-251 (n=7) and 4.9±2% in U-251TR (n=3). No significative statistical difference was calculated by Mann-Whitney not-parametric statistical test.
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 4 Figure Cell Lines 4. TNT-mediated communication between astrocytes and GBM cell lines.(A) Representative image of a heterotypic connection between U-251 and astrocytes. Primary tomato-expressing astrocytes (in red) were obtained from the dissection of tomato-expressing post-natal mice pups and co-cultured at 1:1 ratio with U-251. After 24 hours the co-culture was fixed and the plasma membrane was stained with WGA (in green) and nuclei with DAPI (in blue).Confocal image was acquired with 40x objective. (B) Quantification of DiD labelled vesicle contactmediated transfer from U-251 or U-251TR toward primary murine astrocytes. Co-culture between donor and acceptor cells was established according to the mentioned protocol and at least 10000 events were acquired by flow cytometry. The total transfer was obtained from the direct coculture of acceptor and donor cells and subtracted of the percentage of transfer obtained by the secretion control to obtained the contact-mediated percentage of transfer. The percentage of primary astrocytes receiving the transfer was 9.5±6% in co-culture with U-251 (n=8) and 9.9±5.6% in co-culture with U-251TR (n=8). Mann-Whitney not-parametric statistical test was performed.(C) Quantification of contact-mediated DiD labelled vesicle transfer from U-251 or irradiated U-

  87 and LN-18 were fixed after 24 hours. 15 minutes fixation in solution 1 (2% PFA, 0.05% glutaraldehyde and 0.2 M HEPES in PBS) followed other 15 minutes in solution 2 (4% PFA and 0.2 M HEPES in PBS) were performed at 37°C in order to preserve TNTs integrity. Cells were washed with PBS and plasma membrane was labelled with fluorescent Wheat Germ Agglutinin (1:500 in PBS, Life Technologie W21405, W849, W11261) for 20 min at RT. Nuclei ware stained with DAPI (1:5000 Sigma-Aldrich D9542) before mounting with homemade Mowiol.Tiles confocal images of the whole volume of the cells were acquired with a Zeiss LSM 700 controlled by ZEN software. Optimal image stack was applied. Images were processed using ICY software to manually count the number of TNT-connected cells. Cells connected through thin, continuous, phalloidin-positive connections were counted as TNTconnected cells.

  Primary antibodies were incubated diluted in the blocking solution for 1 hours. Antivinculin (1:1000 Sigma-Aldrich V9264) was used. Cells were washed in PBS and incubated for 45 minutes with secondary antibody anti-mouse and anti-rabbit Invitrogen Alexa 488, 564 or 647 antibodies (1:1000) or phalloidin-rhodamine to stain F-actin (1:500 R415 Invitrogen) diluted in blocking solution. DAPI (1:5000 Sigma-Aldrich D9542) in PBS solution was applied for 5 minutes before washes and mounting with Mowiol. Immunofluorescence staining were analysed on a Zeiss LSM 700 inverted confocal microscope (Carl Zeiss, Germany), with a Pln-Apo 10X/0.45 to image the entire organoid, 40X : EC Pln-Neo 40X/1.3 (NA = 1.3, working distance = 0.21mm) or Pln-Apo 63X/1.4 (NA = 1.4, working distance = 0.19mm) oil lens objective and a camera (AxioCam MRm; Carl Zeiss).Lentivirus preparation and transductionLentiviral particles have been produced using the cell line 293T cultured in Dulbecco's Modified Medium (ThermoFisher 31966-021) supplemented with 10% Fetal Bovine Serum (EuroBio CVFSVF00-01) and 1% Pen/Strep (100x Gibco 10378016) at 37°C in 5% CO2 humidified incubators. Cells were plated at a 50-70% confluency the day before the transfection. Transfection mix was prepared in serum-free OptiMEM (ThermoFisher 51985-026) medium, using FuGENE HD Trasfection reagent protocol (Promega E2311).Plasmids coding for lentiviral components, pCMVR8,74 (Gag-Pol-Hiv1) and pMDG2 (VSV-G) vectors, and plasmid of interest were added in the transfection mix at a ratio of 4:1:4 μg, respectively. Mito-dsRed (pLV-CMV-pDsRed2-mito) and nls-GFP (pLV-CMV-nls-GFP), plasmids encode respectively for a fragment of the subunit VIII of human cytochrome C oxidase fused with RFP, and for nuclear-localization-sequence tagged to GFP, both under the Cytomegalovirus (CMV) promoter. After 48 hours the culture medium was collected for the concentration of the lentiviral particles using LentiX-Concentrator (TakaraBio 631231).Quantification of TNT-mediated transfer by flow cytometryTransfer assays were performed accordingly to the protocol of[START_REF] Abounit | Identification and Characterization of Tunneling Nanotubes for Intercellular Trafficking[END_REF] In the cell lines U-251, U-87 and LN-18, donor and acceptor cells were respectively stained with a solution of 333 nM Vybrant DiD (Life Technologie V22887) and 10 μM Cell Tracker Green (Thermofisher C2925) both diluted in complete medium, for 30 minutes at 37°C. Cells were detached with a solution of 0.05% Trypsin (Thermofisher 25300054) and counted with TC20 Automated Cell Counter (Bio-Rad). For the 2D co-culture, cells were plated at the density previously mentioned (see TNT identification and counting). Cells were detached after one overnight of co-culture. To monitor the transfer by secretion in 2D coculture, acceptor cells were plated alone and cultured overnight with donor cells conditioned medium. Acceptor cells were similarly detached as previously mentioned and fixed for the flow cytometry analysis.

  (ROSA)26Sor tm4(ACTB-dtTomato,-EGFP)Luo mice from Institut Pasteur (Paris, France) in-house colony were used for primary astrocytes experiments. Handling of animals was performed in compliance with the guidelines of animal care set by the European Union and approved by the Ethics Committees of Institut Pasteur and Erasmus Medical Center. Pups were sacrificed between 0 to 2 days after their birth. The forebrain was isolated, meninges, hypothalamus, cerebellum were discarded. The tissue was mechanically dissociated by trituration with two fire-polished Pasteur pipettes and the resulting cellular suspension plated on Poly D-Lysin-coated (5 mg/mL for 1 hour at 37°C) surface. The cell suspension was cultured in DMEM F12 medium (Gibco) supplemented 10% Fetal Bovine Serum (EuroBio CVFSVF00-01) and 1% Pen/Strep (100x Gibco 10378016) at 37°C in 5% CO2

  -Whitney not-parametric statistical test was performed to compare the percentages of TNT-connected cells and vesicle transfer in the co-culture experiments. ANOVA twoway test was performed to compare TNT counting and contact-mediated transfer of U-251, U-87 and LN-18 in Figure Cell Lines 1.

  intended to contribute to the field investigating the communicative ability of GSCs, in light of the observations of the laboratory of F. Winkler reporting the presence of TMs in a GBM murine xenograft model, and addressing the question of the presence and role of TNTs in a GBM representative and relevant model. Thanks to our collaboration with Elizabeth Moyal and Christine Toulas leading the Equipe 11 at the Oncopole Center of Toulouse, I had the possibility to work with two different patient-derived GSCs obtained from different regions at infiltrative border of the same tumor, representative of the heterogeneous cancer cell populations remaining in the brain even after surgery. The area of origin of both GSCs were previously characterized by functional MRI and found to display different metabolic activity, correlated to a different relapse-initiating potential

  Figure Article 5B (only the Day 6), C and D. I performed the irradiation and all the experiment of transfer assays and curves upon irradiation present in Figure Article 6. I prepared the schematics presented in Figure Article 1A, 2B and 7. I acquired, deconvolved and prepared Supplementary Figure 1.

  positive for actin and negative for microtubules markers, consistent with the description of classical TNTs(Sartori-Rupp et al., 2019) (Figure Article 1F). For quantification of TNTs, we labelled the cell's plasma membrane with fluorescent-Wheat Germ Agglutinin (WGA)

  derived mitochondria, exclusively due to contact-dependent mechanisms since negligible transfer was observed when the two cell populations were separated by filter (FigureArticle 2C). Furthermore, the percentage of acceptor cells receiving mitochondria was increasing over time in both GSLCs (FigureArticle 2D). It is worth noting that C2 had higher mitochondria transfer compared to C1, in accordance with the higher percentage of TNTconnected cells in this population (FigureArticle 1E). Also, the different transfer abilities of the two cell types was independent from cell proliferation as both GSLCs had a similar proliferation rate in this condition (FigureArticle2E). To confirm that the fluorescence signal detected by flow cytometry corresponded to true mitochondria inside acceptor cells, confocal microscopy was performed in the same co-culture conditions used for the flow cytometry experiments. By this mean, MitoGFP puncta (Figure Article 2F) which overlapped with TOM20 (Translocase of the Outer Membrane, Supplementary Fig.1) were observed in acceptor cells. These data indicate that both C1 and C2 GSLCs are able to form functional TNTs when cultured in 2D. However, C1 and C2 transfer mitochondria with distinct efficiencies, consistent with their distinct abilities to form TNTs (Figure Article 1F).

  and preserve cell viability for all the duration of the experiment, independently of their actual and possibly different resistance to irradiation. Cells were plated on laminin-coated coverslips for 6 hours at 1, 3 and 6 days after the irradiation, and next were fixed and analyzed for their TNT content. While C1 cells showed a slight decrease, not statistically significant, in their TNT number after irradiation, TNT frequency was significantly increased in C2 cells the day following the irradiation (Figure Article 3A), suggesting an acute effect induced by the irradiation in this CNI+ -derived population. To assess the effect of irradiation on the transfer of mitochondria, 2 Gy irradiation was applied on the donor cells the day before the coculture and transfer was quantified after 2 or 5 days of co-culture. The percentage of C1 acceptor cells containing donor-derived mitochondria was not affected by irradiation, whereas a tendency to an increased transfer upon irradiation was observed in C2 (FigureArticle 3B), although not statistically significant. Potentially, the acute effect of irradiation on the induction of TNT in C2 resulted in an increased transfer of mitochondria, the result of which remained visible in the days following the irradiation. Of note, the growth curve showed significantly less C1 cells at 5 days after irradiation, compared to control cells, differently from C2 which were not affected in their proliferation upon the treatment (FigureArticle 3C). Interestingly enough, C2, potentially more resistant to treatment because CNI+, responded by inducing TNT after irradiation, while C1 did not. These data showed that different GSLCs of the same patient are intrinsically different and have diverse response to irradiation regarding the effect on TNT formation and likely transfer

  tumor organoids using our GSLCs up more than 23 days of culture (FigureArticle 4A), further showing that these cells, derived from the infiltrative area of patient tumor, were indeed able to reconstitute tumor's features. To date, TNT visualization in 3D cultures and their quantification had not been reported, as preserving and identifying these fragile thin structures in 3D is extremely challenging. Different types of cell protrusions were observed in these culture conditions (FigureArticle 4B), including thin (<1 μm), actin-rich structures resembling TNTs that were found in organoids already within the first week of culture in both GSLCs. However, at this resolution we were not able to assess if these connections were functional TNTs or close-ended protrusions (like filopodia). To address this, we imaged tumor organoids prepared with GSLCs stably expressing MitoGFP construct. Several cell extensions were found to be rich in content of mitochondria. Of note, by using live-imaging we observed thin TNT-like connections containing mitochondria trafficking between two connected cells (FigureArticle 4C, Supplementary Video 2, white arrow, and Supplementary Fig.2), in accordance with what was observed in 2D. Next, to quantify mitochondrial transfer, we prepared tumor organoids mixing MitoGFP donor and mCherry acceptor cells in a 1:1 ratio.After 6,[START_REF] Onfelt | Structurally distinct membrane nanotubes between human macrophages support longdistance vesicular traffic or surfing of bacteria[END_REF][START_REF] Zhang | Tunneling nanotubes between rat primary astrocytes and C6 glioma cells alter proliferation potential of glioma cells[END_REF][START_REF] Gousset | Tunnelling nanotubes: a highway for prion spreading?[END_REF][START_REF] Victoria | The spread of prion-like proteins by lysosomes and tunneling nanotubes: implications for neurodegenerative diseases[END_REF] and 23 days of co-culture inside the same organoids, organoids were desegregated in a single cell suspension and analyzed by flow cytometry for the presence of MitoGFP into acceptor mCherry-positive population. The percentage of acceptor cells receiving mitochondria was increasing over time, reaching around 3% in C1 and 8% in C2 after 23 days of culture. Higher efficiency of transfer was observed in C2 cells when comparing the general trend of the transfer with the one of C1 (Figure Article 4D), in agreement with the data obtained when cells were cultured in 2D. Mitochondria transfer was not related to cell proliferation

  , 6 and 13 labelling's in Figure Article 5B, and C), confirming that tumor organoids reproduced to some extent tumoral heterogeneity. In addition, we evaluated GAP43 labelling in TM-like protrusion by immunofluorescence in 6-day organoids. Part, but not all, of TM-like extensions resulted positive for GAP43 (Figure Article 5D) in C2. Of interest also, thick TM-like structures were

5 )

 5 Effect of irradiation on TNT-based communication in GSLC cells in tumor organoidsNext, we tested the effect of irradiation on TNT functionality in the tumor organoids derived from the two GSLCs population. 2 Gy irradiation was performed 5 days after tumor organoid preparation. Mitochondria transfer was assessed at different timepoints.In C1, 3% and 1.7% of transfer were observed at 23 days in control and irradiated condition, respectively, showing a significant decrease of transfer in the irradiated condition (FigureArticle 6A). In C2, 8% and 7% of transfer were observed at 23 days in control and irradiated condition, respectively, with no significant reduction of their transfer efficiency over time (FigureArticle 6A). This phenotype was independent of the effect of irradiation on cell growth as the number of cells into both organoids was not significantly affected by irradiation (FigureArticle 6B), as expected with the chosen doses.
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 1 Figures
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 2 Figure Article 2. GSLCs transfer mitochondria through TNTs. (A) C2 expressing MitoGFP are connected by TNTs containing mitochondria. Cells were seeded on laminin-coated dish and after 6 hours video were acquired using Bright field and laser 488 in a Spinning Disk microscope. Timeframes show the mitochondria moving along the connection and entering in one of the two connected cells. Each timeframe of the video is the result of the Zprojection of 18 slides (step size: 0.5 µm) (B) Schematic representation of the coculture experiment. Donor MitoGFP cells were co-cultured with acceptor mCherry cells at 1:1 ratio either by direct contact or through a 1 μm filter. (C) Representative flow cytometry plot of C2 after 5 days of coculture. Acceptor and donor cells respectively lie on the X and Y axis. Acceptor cells positive for MitoGFP signal are framed in the red boxes. (D) Quantification by flow cytometry of the mitochondria transfer over time in C1 and C2, respectively in green and orange. A minimum of 10000 events were analyzed after 2 or 5 days of coculture. C1 shows 0.38±0.27% and 1.01±0.33% of acceptor cells receiving mitochondria after 2 and 5 days, respectively (n=4). C2

Figure Article 4 .

 4 Figure Article 4. GSLCs in tumor organoids. (A) Representative fluorescence images of the whole C2 tumor organoid at 2 and 13 days of growth using Pln-Apo 10X/0.45 objective confocal LSM700 inverted. The resulting images represent a max intensity projection of 5 and 31 sections (step size: 7 and 3.12μm), respectively, stained for anti-αTubulin (microtubules, white), Phalloidin (actin red) and nuclei (blue). Scale bars are 200 (top) and 500 μm (bottom). (B) Representative pictures of C1 and C2 tumor organoids at 9 and 6 days, respectively, stained for anti-αTubulin (microtubules, green), Phalloidin (actin

Figure Article 5 .

 5 Figure Article 5. GAP43 expression and TM characterization in tumor organoids of GSLC cells. (A) Expression of differentiation and progenitor/stem cells markers in C1 and C2 organoids, respectively in green and orange. The relative gene expressions were quantified by RT-qPCR after RNA extraction from 23-days-old organoids, normalized over the expression of HPRT. Note the 12fold increased expression of GAP43 in C2 tumor organoids, and GFAP and CHI3L1 show no expression in both conditions and are not represented on the graph. The graphs represent means with SD of 3 and 4 independent experiments for C1 and C2 respectively, each point performed in triplicate. Holm-Sidak method was applied to determine statistical significance between cells and

Figure Article 6 .

 6 Figure Article 6. Effect of irradiation on tumor organoids. (A) Quantification of the mitochondria transfer in tumor organoids upon irradiation in C1 and C2, respectively in green and orange. Organoids were prepared mixing donor and acceptor cells for each GSLC and irradiated at 5 days from their preparation. Experiment was performed as in Fig 4D. Control C1: day 6 1.54±1.4%; day 9 2.80±2.9%; day 13 2.20±1.1%; day 16 5.07±2.06%; day 20

day 20 4 .Figure Article 7 .

 47 Figure Article 7. GSLC network. GSLCs interconnect through different types of cellular extensions. TMs are thick (>1μm) protrusions that can either contact other cells through GAP-junctions, allowing the propagation of calcium flux, or be individual finger-like extensions not connecting remote cells. They can be positive for GAP43 (rectangles along the membranes of TM), neuronal Growth-Associated Protein. GSLCs also interconnect through TNTs, thinner (<1μm), open-ended connections which allow transfer of cellular cargos, such as mitochondria (ovals in TNTs). Tumoral heterogeneity is composed by areas with different metabolic ability, here classified by CNI parameter as -(less active, green) and + (more active, red). CNI+ form more TNT connections which allow mitochondria transfer.

  particles have been produced using the cell line 293T cultured in Dulbecco's Modified Medium (ThermoFisher 31966-021) supplemented with 10% Fetal Bovine Serum (EuroBio CVFSVF00-01) and 1% Pen/Strep (100x Gibco 10378016) at 37°C in 5% CO2 humidified incubators. Cells were plated at a 50-70% confluency the day before the transfection. Transfection mix was prepared in serum-free OptiMEM (ThermoFisher 51985-026) medium, using FuGENE HD Trasfection reagent protocol (Promega E2311). Plasmids coding for lentiviral components, pCMVR8,74 (Gag-Pol-Hiv1) and pMDG2 (VSV-G) vectors, and plasmid of interest were added in the transfection mix at a ratio of 4:1:4 μg, respectively. MitoGFP (pLV-CMV-mito-GFP) and mCherry (pLV-CMV-mCherry) plasmids encode respectively for a fragment of the subunit VIII of human cytochrome C oxidase fused with GFP, and for cytosolic mCherry under the Cytomegalovirus (CMV) promoter. After 48 hours the culture medium was collected for the concentration of the lentiviral particles using LentiX-Concentrator (TakaraBio 631231). GSLCs were infected and tested for the expression of the fluorescent marker by flow cytometry at different time points to monitor expression stability. Potential modification to stemness gene expression following the infection were monitored by RT-qPCR.Tumor organoids preparation and cultureTumor organoids were prepared accordingly to the protocol published in[START_REF] Hubert | A Three-Dimensional Organoid Culture System Derived from Human Glioblastomas Recapitulates the Hypoxic Gradients and Cancer Stem Cell Heterogeneity of Tumors Found In Vivo[END_REF]. GSLCs neurospheres were mechanically dissociated and counted. For the preparation of 100 organoids, 1,500,000 cells were centrifugated at 1200 rpm, supernatant was completely removed, and cells were homogeneously resuspended in 400 µL of complete Neurobasal medium (ThermoFisher 21103-049) supplemented with B27 (50x Gibco 17504-44), N2 (100x Gibco 17502-048), 1% Pen/Strep (100x Gibco 10378016), 2 mM L-Glutamine (100x Gibco 25030081), 20 ng/ml of FGF-2 (Peprotech 100-18B), 20 ng/ml EGF (Peprotech AF-100-15) and 1.6 mL of GelTrex (ThermoFischer A1413202).

  protrusions(Figure Cell Lines 1C). Additionally, I always performed a control for the transfer through secretion in the co-culture assay that was then removed for the quantification of the contact-mediated transfer (data not shown). I found that all the three cell lines could form TNT-like structures, with similar percentage of connected cells (Figure Cell Lines 1D), and could transfer vesicles, by contact-mediated mechanism, with equal capacity(Figure Cell Lines 1E). This quantitative data is consistent with the similar connection rate displayed by the three cell lines, indicating that the connections observed are likely functional TNTs, as also they were found to be containing DiD-labelled vesicles in U-87 cells(Figure Cell Lines 1F). This results suggest that TNT-mediated communication might occur in GBM, although, it worth noticing, that these immortalized cellular models, particularly U-87, although commonly used, fail in represent genotypic and phenotypic features of the original tumor and also lose tumorigenicity upon cellular passage (Jacobs

  populations. The possibility to work with two different populations, originated from the same tumor, allowed us to take into account the intratumoral heterogeneity in our study. In adherent culture, I observed thin, actin-rich connections between GSCs fitting the criteria of TNTs, as defined in the GBM cell line models (Figure Article 1D and E) and capable of transferring mitochondria via contact-mediated transfer as demonstrated with both live-cell imaging and co-culture FACS assay (Figure Article 2 and Supplementary

  C1 and C2tumor organoids exhibited thin, actin-rich cell connections resembling those defined as TNTs in adherent culture. They were capable of transferring mitochondria as validated by both live-cell imaging and co-culture FACS assay (FigureArticle 4C and Dand Supplementary Figure2). As I will discuss later, C1 and C2 cells exhibited TNTs with different functional abilities, in accordance with the heterogeneity of GSCs from the same tumor. Altogether, these observations, obtained from both 2D cell culture models and tumor organoids, strongly point toward the existence of TNTs as an active channel of communication in GBM, and in particular in GSCs despite the heterogeneous nature of their population within the same tumor.Transfer of mitochondriaI started the project setting up the conditions for the study of the contact-mediated transfer in GBM cell lines using DiD-labelling, able to stain various membranous compartments inside the cells, that, although does not owe a specific significance in the pathophysiological context, allowed me the to monitor and quantify the transfer ability of the cells. In U-251, I tested the possibility of transferring mitochondria by contactmediated mechanism and observed acceptor cells containing donor-derived mitochondria (Figure Cell Lines 2), suggesting that this transfer could occur by TNTs. For

FACS

  assay, for the quantification. The presence of this transfer was confirmed in both adherent culture as well as in tumor organoids (Figure Article 2 and Figure Article 4C and D). Moreover, no transfer was observed in the secretion controls (Figure Article 2C),

  . Neither LN-18 cells, expressing MGMT (data not shown), nor its induced expression in U-251TR cells (Figure Cell Lines 3B) correlated with different TNT frequency or percentage of transfer compared to the not-MGMT expressing cells (Figure Cell Lines 1D, 2C and D), suggesting that the expression of the resistance marker MGMT do not correlate with a variation in the TNT-mediated communication ability.

  order to profile the cells possibly driving GBM recurrence. C2 cells displayed more radio-resistance compared to C1, but not different invasive ability (data not shown, article in writing by the group in Toulouse). Interestingly, we observed higher TNT frequency and transfer ability in C2 cells compared to C1 (Figure Article 1F and 2C), in both adherent culture and tumor organoid model (Figure Article 2D and 4D). Despite our attempts it has been impossible to obtain a satisfactory quantification in the number of connections in the organoids, due to the complexity of the system and the difficulty in distinguishing the types of protrusion. Altogether, our data indicate that the incidence of TNT, and the consequent transfer, are more frequent in the more aggressive and putative recurrentinitiating cell population. Nevertheless, no general conclusion can here be made in respect of CNI parameter and the TNT-based communication, as we only analysed one tumor.

  obtained are not easy to interpret: the irradiation appears to stimulate an acute TNT formation in C2 cells, as observed in the 2D adherent model (unfortunately we were unable to assess whether this was confirmed in the organoids due to technical limitations), and this could result in the slight tendency to greater mitochondria transfer observed in the 2D culture in the first few days after irradiation (FigureArticle 3A and B).In the 3D model, which allowed us to evaluate the transfer of mitochondria for several weeks, the C2 cells do not show an induction of the transfer, but a resistant and constant functionality of this communicative route (FigureArticle 6A). On the contrary, C1 cells, which in the 2D model did not vary significantly rather showed a tendency to a reduced presence of TNT as a result of irradiation (FigureArticle 3A) and, in the 3D long-term model, they exhibited a reduction of this communication way (FigureArticle 6A).

  toward a distinct function for TMs in respect of TNTs, that instead allow the physical transfer of large cellular cargos for cytoplasm to cytoplasm. Several other cancers demonstrated the capability of a cellular interplay mediated by TNTs, but if this was the case also for GBM, or whether in this tumor the intercellular communication is exclusively orchestrated by TMs, still remain an outstanding question. In the work lead by the laboratory of F. Winkler, the tissue complexity of the in vivo condition and the limited resolution of the applicable imaging techniques prevented the visualization of thin, nanoscale structures as TNTs, leaving open the possibility that these could co-exist with TMs. As previously discussed, we directed the question on the presence of TNTs in GBM assessing for the presence of cell-to-cell connection displaying transferring ability in various GBM models, discovering that this mean of communication was present and suggesting that TNT-based communication might exist in actual GBM tumors. C1 and C2 cells were found to express very low or even undetectable levels of GAP-43 (FigureArticle1C), principal driver of TM formation[START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF], and in 2D adherent culture, we did not observe TM-like protrusions. Indeed here we identified only TNT-like connections negative for the presence of microtubules (FigureArticle 1D), instead found in TMs[START_REF] Osswald | Brain tumour cells interconnect to a functional and resistant network[END_REF]. Similarly, in the studies carried on in F. Winkler laboratory, GSCs able to grow TMs in murine xenograft failed in the formation of TMs in classical 2D culture[START_REF] Weil | Tumor microtubes convey resistance to surgical lesions and chemotherapy in gliomas[END_REF], making necessary to address the co-existence of TNTs and TMs in 3D, tumoral representative, model. Indeed, when C1 and C2 cells were cultured in tumor organoids, in addition to the observation of thin, tubulin-negative, TNT-like connections, we also noticed thick, long and tubulin-positive cell extensions or connections resembling TMs (FigureArticle 4B), some of which displayed positiveness for GAP-43 immunostaining (FigureArticle 5D). In fact, as we assessed by RT-qPCR and immunofluorescence, culturing the cells in the tumor organoid model was inducing the expression of in C2 cells (Figure Article 5A and B). It is important to notice that similar induction of GAP-43 expression was not present in C1 cells (FigureArticle 5A), although they still presented TM-like connections (FigureArticle 4B). In tumor organoids, GSCs retain their tumorigenic, pluripotent potential and can give rise to cellular heterogeneity[START_REF] Hubert | A Three-Dimensional Organoid Culture System Derived from Human Glioblastomas Recapitulates the Hypoxic Gradients and Cancer Stem Cell Heterogeneity of Tumors Found In Vivo[END_REF] as we also confirmed this in our system observing that GAP-43 was heterogeneously expressed in the organoids (FigureArticle 5C). Whether these structures observed were actual TMs, it should be assessed with functional assays for the visualization of an electrical transmission between the connected cells. However, tumor organoid model is relevant and might provide the conditions to recreate, in some extent, the tumoral complexity and cellular networking observed in vivo in murine xenograft. In light of these data, we can speculate that TNTs and TMs could co-exist in the same tumor and collaborate to GBM tumoral networking, providing complementary functions at the level of intercellular communication: TMs, as neurite-like component dedicated to the electrical/synaptic signal propagation[START_REF] Jung | Emerging intersections between neuroscience and glioma biology[END_REF], and TNTs, providing a route of the physical transport of cellular material. In relation to the microenvironment, TMs are the post-synaptic target of neuronal axons from which they

Figure 1 .

 1 Figure 1. Tunneling Nanotubes (TNTs) in Cell Culture. (A) Schematic of two cells connected by a TNT in cell culture. The connection floats above the adhesion surface (dashed line). The lower part shows a magnification of the TNT and possible cargoes traveling along it. The range of TNT diameters and lengths is indicated. (B) Representative fluorescence images of TNTs between cells in culture. U-251 glioblastoma cells were plated at a density of 20 k cells/cm 2 for 24 h, fixed with PFA 4%, and permeabilized in 0.2% Triton-X100. Actin filaments (in red), microtubules (in green), and nuclei (in blue) were stained with phalloidin-rhodamine (1/500 Invitrogen R415), anti-αTubulin (1/1000 Sigma-Aldrich T9026), and DAPI (Sigma-Aldrich D9542), respectively. White-filled arrowheads point to TNTs positive for actin staining. Dashed arrowheads indicate the absence of tubulin staining. Confocal images acquired with Spinning Disk Yokogawa CSU-X1. Scale bars 20 μm.
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 2 Figure 2. Schematic of a Tunneling Nanotube (TNT)-Based Network in Cancer. (A) Cancer cells with different
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Table 1 . Types of cellular extensions

 1 Adapted from[START_REF] Pinto | Tunneling Nanotubes: The Fuel of Tumor Progression?[END_REF] 

			ACTIN /	MEMBRANE	
	NAME	DESCRIPTION	MICROTUBULES	FUSION WITH	FUNCTION
			CONTENT	A TARGET CELL	
	Cilia	Large protuberance emerging from the cell body	Actin and microtubules	No	Environment sensing, coordination of signaling pathways
		Thin specialized cell			Cellular polarity,
	Stereocilia	protrusion on the	Actin	No	transduction of mechanic
		apical surface			stimuli
	Lamellipodia and ruffles	Dynamic veil-shaped cell protrusions	Actin	No	Leading edge in cell migration
	Filopodia	Finger-like dynamic, thin membrane protrusions	Actin	No	Cell adhesion, environment sensing
	Cytonemes/specialized filopodia	Finger-like dynamic, thin membrane protrusions extending to a target cell	Actin	No	Morphogens-delivery by direct contact to the target cells
		Thin bridges between			Reminescence of cellular
	Mitotic bridges	daughter cells after	Actin	Yes	division, can share
		mitosis			material
	Neurites	Large extensions from the cell body of neurons	Actin and microtubules	No	Neurotransmitter release/reception and propagation of the action potential
		Thick membrane			Transmission of
	Tumor microtubes	extensions containing GAP-junctions, either connecting cells	Actin and microtubules	Yes/No	intercellular ion fluxes, cell invasion, formation of neuron-glioma
		either finger-like			synapses
	Tunneling nanotubes	Thin membrane connections, open-ended	Actin, sometimes microtubules	Yes	Exchange of cellular cargoes between cells
	Invadopodia	Finger-like membrane protrusions	Actin	No	Matrix degradation
	Podosomes	Dynamic membrane-bound microdomain	Actin	No	Adhesion, mechanosensing and matrix degradation

Table 2 . Tumor cell models exploiting TNTs in vitro.

 2 Adapted from[START_REF] Pinto | Tunneling Nanotubes: The Fuel of Tumor Progression?[END_REF] 

	TUMOR MODEL	CARGO	TNT FUNCTION	TNT REGULATORS a	YEAR
	Rat pheochromocytoma cell lines	Lysosomes, membrane marker soluble and	n.d.	n.d.	
	HeLa (cervical cancer)	Calcium	n.d.	M-Sec	
				Low-serum (+),	
				hyperglycemic (+),	
	Mesothelioma cell lines and primary human mesothelioma cells	Golgi vesicles, Mitochondria, fluorescent proteins	n.d.	acidic medium (+), EMT inducing cytokines (+), Metformin (-),	
				Everolimus (-),	
				Latrunculin A (-)	
	Ovarian and breast cancer cell lines	Cytoplasmic content, Mitochondria	Mitochondria transfer from stromal cells promotes chemoresistance	n.d.	
	Osteosarcoma and ovarian cancer cell lines	miRNA	Spreading of genetic and oncogenic material between tumoral-tumoral and tumoral-stromal cells	Low-serum and hyperglycemic medium (+)	
	Mesothelioma cell lines	n.d.	TNT correlates with more aggressive phenotype and the expression genes related to invasion and metastasis	Low-serum and hyperglycemic medium (+), Migrastatin (-)	
	Head and neck squamous cell carcinoma primary cells	Mitochondria and nucleic acids	Electrical coupling	n.d.	
	Primary rat astrocytes and glioma cell line	Mitochondria	Support in glioma cell proliferation	H2O2 (+), Latrunculin A (-)	
	Metastatic breast cancer cell lines	miRNA	Transfer of miRNA and alter the phenotype of the receiving endothelial cells. TNT correlates with more aggressive phenotype	Docetaxel (-), LatrunculinA (-), Cytochalasin D (-)	
	Pancreatic adenocarcinoma cell lines	Electron-dense particles	n.d.	Radiofrequency treatment (+)	
	Rat pheochromocytoma cell lines	Mitochondria Rescued of UV-treated apoptotic cells Cytochalasin B (-)	

a (+), induced; (-), inhibited; "n.d." stands for "not described"

Table 3 . Evidence of TNT-like communication in tissue in cancer

 3 Adapted from[START_REF] Pinto | Tunneling Nanotubes: The Fuel of Tumor Progression?[END_REF] 

	CANCER	MODEL	LABELLING	YEAR
	Malignant pleural mesothelioma and lung adenocarcinoma	Patient tissue	Mitochondria	
	Ovarian cancer	Patient tissue	Mitochondria	
	Osteosarcoma	Murine orthotopic model of osteosarcoma	Mitochondria	
	Head and neck squamous cell carcinoma	Patient tissue	F-actin, mitochondria	
	Glioma	Mouse tumor xenograft from primary stem cells	Cytosolic GFP expression	
	Head and neck squamous cell carcinoma	Patient tissue	Actin, tubulin	
	Head and neck squamous cell carcinoma	Mouse tumor xenograft from cell line	Actin, tubulin	
	Acute myeloid leukemia	Mouse tumor xenograft from human leukemic cells	Mitochondria	
	Glioma	Mouse tumor xenograft from primary stem cells	Cytosolic GFP expression	
	Pancreatic adenocarcinoma	Patient tissue	Mitochondria	
	Developing human telencephalon and human GBM	Patient tissue	Collagen IV	
	Multiple myeloma	Mouse tumor xenograft from cell line	Mitochondria	

  . In this interesting work, serum-free Neurobasal media supplemented with basic FGF and

	EGF	primary	cells	displayed	constant	features	(proliferation,
	clonogenicity/tumorigenicity, differentiation potential and telomerase activity) across the
	cellular passages, extensive migration, genotype and gene expression of the original
	tumor, including stemness makers expression (NES, Sox2, CD133, Musashi-1 and Bmi
	polycomb complex protein). In 2015, Winkler and collaborators implanted GSCs, coming

Table 1 .

 1 Types of Cellular Projection

	Trends in Cancer				
	Name	Description	Actin/microtubule	Membrane fusion	Function	Refs
			content	with target cell?		
	Cilia	Large protuberances emerging	Actin and	No	Environment sensing,	[83]
		from cell body	microtubules		coordination of signaling	
					pathways	
	Stereocilia	Thin specialized cell protrusions	Actin	No	Cellular polarity, transduction of	[84]
		on apical surface			mechanic stimuli	
	Lamellipodia and ruffles	Dynamic veil-shaped cell	Actin	No	Leading edge in cell migration	[85]
		protrusions				
	Filopodia	Finger-like, dynamic, thin	Actin	No	Cell adhesion, environment	[86]
		membrane protrusions			sensing	
	Cytonemes/specialized	Finger-like, dynamic, thin	Actin	No	Morphogen delivery by direct	[87]
	filopodia	membrane protrusions			contact with target cells	
		extending to target cell				
	Mitotic bridges	Thin bridges between daughter	Actin	Yes	Reminiscent of cellular division,	[88]
		cells after mitosis			can share material	
	Neurites	Large extensions from cell	Actin and	No	Neurotransmitter	[89]
		body of neurons	microtubules		release/reception and	
					propagation of action potential	
	Tumor microtubes	Thick membrane extensions	Actin and	Yes/No	Transmission of intercellular ion	[67,72,73,90]
		containing GAP junctions,	microtubules		fluxes, cell invasion, formation	
		either connecting two cells or			of neuron-glioma synapses	
		finger-like protrusions				
	TNTs	Thin membrane connections,	Actin, sometimes	Yes	Exchange of cellular cargo	[6]
		open-ended	microtubules		between cells	
	Invadopodia	Finger-like membrane	Actin	No	Matrix degradation	[91]
		protrusions				
	Podosomes	Dynamic membrane-bound	Actin	No	Adhesion, mechanosensing,	[92]
		microdomains			and matrix degradation	
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Table 2 .

 2 Tumor Cell Models Used for the Study of TNT-Mediated Communication In Vitro

	Tumor model	Cargo	TNT function	TNT regulators a	Year of	Refs
					publication	
	Rat pheochromocytoma cell	Lysosomes, soluble and	n.d.	n.d.		[4]
	lines	membrane markers				
	HeLa (cervical cancer)	Calcium	n.d.	M-Sec		[46]
	Mesothelioma cell lines and	Golgi vesicles, mitochondria,	n.d.	Low serum (+), hyperglycemic		[22]
	primary human	fluorescent proteins		(+), acidic medium (+),		
	mesothelioma cells			EMT-inducing cytokines (+),		
				metformin (-), everolimus (-),		
				latrunculin A (-)		
	Ovarian and breast cancer	Cytoplasmic content,	Mitochondria transfer from	n.d.		[30]
	cell lines	mitochondria	stromal cells promotes			
			chemoresistance			
	Osteosarcoma and ovarian	miRNA	Spreading of genetic and	Low serum and hyperglycemic		[23]
	cancer cell lines		oncogenic material between	medium (+)		
			tumoral-tumoral and			
			tumoral-stromal cells			
	Mesothelioma cell lines	n.d.	TNT correlates with more	Low serum and hyperglycemic		[10]
			aggressive phenotype and	medium (+), migrastatin (-)		
			expression of genes related to			
			invasion and metastasis			
	Head and neck squamous	Mitochondria and nucleic	Electrical coupling	n.d.		[24]
	cell carcinoma primary cells	acids				
	Primary rat astrocytes and	Mitochondria	Support in glioma cell	H 2 O 2 (+), latrunculin A (-)		[13]
	glioma cell line		proliferation			
	Metastatic breast cancer cell	miRNA	Transfer of miRNA alters	Docetaxel (-), latrunculin A (-),		[11]
	lines		phenotype of receiving	cytochalasin D (-)		
			endothelial cells. TNT			
			correlates with more			
			aggressive phenotype			
	Pancreatic adenocarcinoma	Electron-dense particles	n.d.	Radiofrequency treatment (+)		[56]
	cell lines					
	Rat pheochromocytoma cell	Mitochondria	Rescued UV-treated apoptotic	Cytochalasin B (-)		[60]
	lines		cells			
	Ovarian cancer cell lines	Mitochondria	Adaptation mechanism to	Hypoxia (+)		[42]
	(different chemoresistances)		hypoxia in chemoresistant cells			
	Head and neck squamous	Lysosomes, mitochondria,	n.d.	MMP2, FAK		[25]
	cell carcinoma cell lines	autophagosomes				
	Bladder cancer cell lines	Mitochondria	Mitochondria transfer	n.d.		[37]
			promotes invasiveness			
	Acute myeloid leukemia	Mitochondria	Mitochondria transfer from	NOX2		[28]
	primary cells		bone marrow supports cancer			
			cell metabolism and promotes			
			stress-adaptative response			
	Pancreatic adenocarcinoma	Doxorubicin	Redistribution of drug	Doxorubicin (+)		[26]
	and ovarian cancer cell lines					
	Acute lymphoblastic leukemia	Mitochondria	Mitochondria transfer	Cytochalasin D (-), MTX (-)		[27]
	cell lines and human primary		promotion of chemoresistance			
	T leukemic cells					
	Colon cancer cell lines	n.d.	Transfer of oncogenic protein	KRAS		[45]
			(mutated KRAS) and activation			
			of Erk pathway in acceptor cells			
	Breast cancer cell lines	Membrane and/or vesicles	Transfer between	M-Sec		[31]
			macrophages and tumor cells			
			inducing invasiveness			
					(continued on next page)

Table 2 .

 2 (continued) 

	Tumor model	Cargo	TNT function	TNT regulators a	Year of	Refs
					publication	
	Prostate cancer cell lines	Lysosomes, mitochondria,	Adaptation mechanism	Chemotherapy by androgen	2019	[43]
		stress-induced chaperones	therapeutic stress	receptor blockade (+), low		
				serum, hyperglycemic, acidic		
				medium (+), hypoxia (+),		
				cytochalasin D (-)		
	Chronic myeloid leukemia cell	Protein-containing vesicles	Protein transfer from stromal	n.d.	2019	[38]
	lines		cells provides protection to			
			leukemic cells			
	Patient bone marrow cells	Mitochondria	Mitochondria transfer from	CD38, Chemotherapy by	2019	[29]
	and multiple		bone marrow supports cancer	bortezomid (+), cytochalasin B (-)		
	myeloma-derived cell lines		cell metabolism and promotes			
			stress-adaptative response			
	Bladder cancer cell lines	miRNA	Induction of invasive and	n.d.	2019	[53]
			proliferative phenotype			
	GBM cancer cell line	Functionalized liposomes	Delivery of nanoparticles	n.d.	2019	[76]

a (+), induced; (-), inhibited; n.d., not described.

Table 3 .

 3 Evidence of TNT-like Communication in Tissue

	Cancer	Model	Labeling	Year of
				publication
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Acronym(s): full name A Section III: The Project Abstract Glioblastoma (GBM) is the most aggressive brain cancer and its relapse after surgery, chemo and radiotherapy appears to be led by GBM stem cells (GSLCs). Also, tumor networking and intercellular communication play a major role in driving GBM therapyresistance. Tunneling Nanotubes (TNTs), thin membranous open-ended channels connecting distant cells, have been observed in several types of cancer, where they emerge to drive a more malignant phenotype. Here, we investigated whether GBM cells are capable to intercommunicate by TNTs. Two GBM stem-like cells (GSLCs) were obtained from two tumoral areas of the same patient. We show, for the first time, that patient-derived GSLCs, grown in both classical 2D culture and in 3D-tumor organoids, form functional TNTs which allow mitochondria transfer. In the organoid model, which better recapitulate tumor's features we observed the formation of a network between cells composed of both tumor microtubes (TMs), previously observed in vivo, and TNTs. We also show that the two GSLCs responded differently to irradiation in terms of TNT induction and mitochondria transfer, with the higher response in cells derived from most the metabolic active area. Thus, TNT-based communication could be an additional feature of tumor cell networking that might favour tumor progression.

Figure Article 3. Effect of irradiation on GSLCs on TNT-based communication.

(A) Quantification of TNT-connected cells in C1 and C2 after irradiation, respectively in green and orange. GSLCs were irradiated 1 day before cell plating on laminin-coated surface, then fixed after 6h and stained with WGA. 2x2 tiles images were acquired with 60x objective and analysed by Icy software. The graphs represent means with SD. C1 were forming 7.8±5% (n=4, n cells=891), 4.1±6% (n=3, n cells=300) and 7.7±7% (n=3, n cell=313) of connecting cells after 1, 3 and 6 days from the irradiation, respectively. No statistical significant difference was observed compared to control (9.0±4%, n=5, n cells=1239). C2 were forming 20.8±7% (n=4, n cells =1368), 17.3±7% (n=3, n cell=552) and 18.7±8% (n=3, n cells=462) of connecting cells after 1, 3 and 6 days from the irradiation, respectively. A statistically significant increase was observed 1 day after irradiation compared to control (14.4±7%, n=4, n cells=1367, p=0.0073 (**)). Each dot represents an observation. P-values were deduced from contrast comparing the two cell populations in a logistic regression model. (B) Quantification of the mitochondria transfer by flow cytometry in both GSLCs over time in C1 and C2 upon irradiation, respectively in green and orange. Donor GSLC were irradiated 1 days before the co-culture, analysis was performed after 2 or 5 days (corresponding at 3 and 6 days from the irradiation). A minimum of 10000 events were analyzed per condition. In irradiated condition, C1 show 0.48±0.28% and 0.81±0.18% of acceptor cells receiving mitochondria after 2 and 5 days, respectively (n=4). No statistical significant difference was observed compared to control (day 2: 0.38±0.27%; day 5 1.01±0.33%; n=4). In irradiated condition,

Supplementary Figures

Supplementary Figure 1. MitoGFP signal in acceptor cells match with TOM20 mitochondrial marker staining.

(A) C2 MitoGFP (in green) and mCherry (in white) cells were co-cultured over 5 days on laminincoated coverslips, then fixed and stained with anti-TOM20 (in red), mitochondrial marker.

Confocal images were acquired with 63x objective and deconvolved with Huygens software. 

Time-lapse Microscopy

Time-lapse microscopy imaging in 2D-and 3D-conditions was performed on an inverted Spinning Disk microscope (Elipse Ti microscope system, Nikon Instruments, Melville, NY, USA) using 60 × 1.4NA CSU oil immersion objective lens using Bright field and Laser illumination 488. Pairs of images were captured in immediate succession with one of two cooled CCD cameras, which enabled time intervals between 20 and 30 s per z-stack. For live cell imaging, the 37 °C temperature was controlled with an Air Stream Stage Incubator, which also controlled humidity. In order to avoid the movement of tumor organoids during the acquisition ibidi µ-Dish 35 mm covered by coverslip allowing the culture medium covered the organoid during all the experiment. Cells were incubated with 5% CO2 during image acquisition. Image processing and movies were realized using MetaMorph, FIJI and Imaris software. 3D movies of transfer mitochondria were recorded using organoids between 1 day and 8 days old. The volume of the images corresponded to 20-40 µm thickness of the organoid.

Quantification of TNT-mediated transfer by flow cytometry

Transfer assays were performed accordingly to the protocol of Abounit et al., 2015. Stable GSLCs population expressing respectively MitoGFP were used as donor cells and mCherry as acceptor cells and mixed in a 1:1 ratio. For the 2D co-culture, cells were plated at the density previously mentioned (see TNT identification and counting). Cells were detached after 2 or 5 days of co-culture. To monitor the transfer by secretion in 2D co-culture, donor and acceptor cells were co-cultured separated by a 1 μm filter. Acceptor cells were similarly detached as previously mentioned and fixed for the flow cytometry analysis.

Section IV: Discussion and Perspectives Annexe astrocytes and glioma cells, known to facilitate cancer progression [START_REF] Guan | Reactive astrocytes in glioblastoma multiforme[END_REF], can occur through TNTlike structures [START_REF] Zhang | Tunneling nanotubes between rat primary astrocytes and C6 glioma cells alter proliferation potential of glioma cells[END_REF][START_REF] Formicola | Differential exchange of multifunctional liposomes between glioblastoma cells and healthy astrocytes via tunneling nanotubes[END_REF] and the transfer of mitochondria appears to modulate GBM cell abilities in favor of a more proliferative [START_REF] Zhang | Tunneling nanotubes between rat primary astrocytes and C6 glioma cells alter proliferation potential of glioma cells[END_REF] and drug-resistant state [START_REF] Civita | Pre-clinical drug testing in 2D and 3D human in vitro models of glioblastoma incorporating nonneoplastic astrocytes: tunneling nano tubules and mitochondrial transfer modulates cell behavior and therapeutic response[END_REF]. However, the study of intercellular exchange of material needs to be elevated in more complex and representative tumor models. The fact that GBM cells were able to form a network in mice xenografts, but failed in forming connections when cultured in vitro [67], suggests that TMs exist only in the in vivo condition. It is possible that GBM networks comprise several types of connection that vary in size and properties: open-ended TNTs, synaptic-like connections ,and/or thick GAP junction-linked protrusions, such as TMs (Figure 3).

Concluding Remarks and Future Perspectives

Over the past decade, growing evidence has supported the existence and importance of intercellular communication based on TNT-like connections in various tumors. Several cancer cell types have been shown to grow such connections and communicate through them in culture, and similar structures have been found in tumor sections [22], proving their existence in real tumors. Different studies have described TNT-like structures with diverse morphologies and characteristics; therefore, the ability to transfer cellular material has been used to define them functionally rather than structurally. 

Résumé

Le glioblastome (GBM) est un cancer du cerveau très agressif dont la rechute après les thérapies est provoquée par des cellules souches appelées GSC. La communication intercellulaire joue un rôle dans la résistance aux thérapies, car les GSC peuvent s'interconnecter par des extensions épaisses, les Tumor Microtubes (TM), qui favorisent la transmission de courant à travers des GAP-junctions. Les Tunneling Nanotubes (TNT) sont de minces canaux de communication ouverts entre cellules permettant le transfert bilatéral de matériel cellulaire. Ils ont également été décrits dans plusieurs cancers associés à un phénotype plus malin.

L'objectif de mon projet était de déterminer si des TNT existaient dans divers modèles de GBM et s'ils contribuaient à la communication cellulaire et à la résistance aux thérapies. J'ai utilisé trois lignées cellulaires et deux GSC provenant d'un même patient. Toutes ces cellules étaient capables de former des TNT transférant vésicules ou mitochondries en culture adhérente. Les deux GSC ont montré différentes capacités de communication par TNT, tant dans des conditions de contrôle que d'irradiation, en accord avec l'hétérogénéité de la tumeur d'origine. En cultivant les GSC dans des organoïdes tumoraux, un modèle tridimensionnel représentatif de plusieurs caractéristiques tumorales, j'ai démontré la présence de TNT fonctionnels, ainsi que de connexions ressemblant aux TM. En conclusion, je propose que les TNT existent dans le GBM, où ils permettent le transfert de matériel cellulaire et qu'avec les TM, ils sont impliqués dans la résistance aux thérapies et la rechute du GBM.

Summary

Glioblastoma (GBM) is a very aggressive brain cancer that relapses after therapy and is caused by stem cells called GSCs. Intercellular communication plays a role in resistance to therapy, as the GSCs can interconnect through thick extensions, named Tumor Microtubes (TM), which promote the transmission of current through GAP-junctions. Tunneling Nanotubes (TNTs) are thin open communication channels between cells allowing the bilateral transfer of cellular material. They have also been described in several cancers and associated with a more malignant phenotype.

The aim of my project was to determine whether TNTs exist in various GBM models and whether they contribute to cellular communication and resistance to therapy. I used three cell lines and two GSCs from the same patient. All of these cells were capable of forming TNTs transferring vesicles or mitochondria in adherent culture. The two GSCs showed different TNT communication capabilities under both control and irradiation conditions, in accordance with the heterogeneity of the original tumour. By cultivating the GSCs in tumour organoids, a three-dimensional model representative of several tumour characteristics, I demonstrated the presence of functional TNT, as well as TM-like connections. In conclusion, I propose that TNTs exist in the GBM, where they allow the transfer of cellular material and that together with TMs, they are involved in resistance to therapies and relapse of the GBM.