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Introduction 

1. Glioblastoma multiforme 

 
1.1 Epidemiology  

Glioblastoma multiforme (GBM) is the most aggressive and malignant primary brain tumor [1].  

The annual average age-adjusted incidence of GBM is approximately 3.20 cases per 100,000 

people, with more than 11,000 new cases diagnosed each year in the United States [2]. GBM has 

the highest incidence among malignant primary brain tumors; representing the most common 

malignancy that affects the brain and the central nervous system (CNS).  

GBM accounts the 47.1% of the malignant brain tumors, the 14.9% of all primary brain and CNS 

tumors and the 56.1% of all gliomas [2].  

GBM is primarily diagnosed in elderly people with a median age of 64 at diagnosis [2]. The 

incidence increases with age with a peak between 75 and 84 years (15.28 cases per 100,000) and a 

drop down after 85 years (9.16 cases per 100,000) [2]. GBM is rare in children and adolescents (0-

19.0 years) accounting only the 2.9% of all primary brain and CNS tumors [2]. The incidence is 

higher in male than in female (3.99 vs 2.52 cases per 100,00 people) [2].  

From the race/ethnicity point of view, whites have the highest incidence rates (3.46 cases per 

100,000), followed by blacks (1,79 cases per 100,000), Asian/Pacific Islander (1.61 cases per 

100,000) and American Indian/Alaskan Native (1.47 cases per 100,000) [2].  

GBM is mainly located in the supratentorial region in particular in the subcortical white matter and 

in the deeper grey matter of the cerebral hemispheres (95% of all GBM cases) [3]. The sites with 

the highest rate are the temporal lobe (31% of the cases), followed by the parental lobe (24% of the 

cases), the frontal lobe (23% of the cases) and finally the occipital lobe (16% of the cases) [1,4]. 

GBM that occurs in subcortical regions often infiltrates the adjacent cortex, reaching the corpus 

callosum and then the controlateral hemisphere [5]. GBM rarely arises in the brain stem, into the 

cerebellum and in the spinal cord [3,6]. Patients with cerebellar GBM are younger when compared 

with those with GBM in supratentorial location (median of 50.3 vs 64 years) [7] and the tumor 

displays distinct features such as immunohistochemical characteristics [8], less perilesional edema 

[9], and increased rates of multifocality [10]. Spinal cord GBM arises predominantly in young male 

patients with a mean age of 27 years [11]. 

The incidence of these tumors has slightly increased over the last two decades, especially in elderly 

people, mainly as results of improved diagnostic imaging systems [12].  
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A series of environmental and genetic factors have been investigate for GBM but, to date, the only 

validated risk factor remains the exposure to ionizing radiation [13]. Gene polymorphisms affecting 

some main cellular processes as DNA repair, cell-cycle regulation and detoxification have been 

involved in GBM development [13]. Only the 5% of GBM patients shows a family history for 

gliomas and this seems to be related to some rare genetic syndromes such as neurofibromatosis, Li-

Fraumeni syndrome and Turcot’s syndrome [14]. 

GBM remains a lethal and incurable tumor with a median survival for patients of 12-18 months, as 

the majority of them dies within two years [12]. 

 

1.2 Classification 

WHO 2016-updated classification of CNS tumors reports GBM as an histologically classified grade 

IV malignancy [1]. GBM new classification is based not only on histological features and on 

growth pattern but also on the genetic status of isocitrate dehydrogenase genes IDH1 and IDH2 [1]. 

Phenotype and genotype allow to group tumors sharing the same prognostic markers and those 

probably responding to treatments in a similar way. Mutations of IDH1 and IDH2 genes are 

hallmarks of low-grade gliomas, suggesting that this type of GBM has been developed from lower 

grade lesions. GBM that slowly develops from low-grade gliomas, low-grade diffuse astrocytoma 

(WHO grade II) or anaplastic astrocytoma (WHO grade III)) are usually termed “secondary GBMs 

IDH mutant” and represents only the 10% of the cases. Approximately the 90% of the GBM cases 

is called “primary GBM IDH wild-type” as it arises de novo, after a short clinical history, without 

any recognizable sign of lower-grade prior lesions [15-16]. Primary GBM, typically affecting adults 

(mean age at diagnosis 62 years), is a more common and malignant type of GBM, than secondary 

GBM (mean age at diagnosis 45 years) [17-18].  

From the clinical point of view GBMs has a rapid evolution. Symptoms depend on tumor size and 

location in the brain parenchyma, but usually occurr as neurological deficits (e.g. aphasia), 

behavioural and neurocognitive alterations (e.g. persistent headache, nausea, etc.) and an increase in 

intracranial pressure due to the tumor-associated edema [12,19-20], especially in patients with more 

rapid primary GBM. IDH mutant GBM patients have a longer clinical history (16.8 months) than 

patients with IDH wild-type GBM (6.3 months) [15,19-20]. Differences in imaging features are 

described for primary and secondary GBMs: IDH wild-type GBMs display an irregular shape with a 

large central necrotic area surrounded by an enhanced contrast ring-shaped zone. IDH mutant 

GBMs usually do not shown necrotic areas, are larger in size but with less enhancing contrast 

elements and less edema [21-22]. Extensive haemorrhagic foci are present, causing stroke-like 

symptoms, sometimes the first clinical sign of the tumor. The histological features of both IDH 
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wild-type and IDH mutant GBMs are similar and are essential for the diagnosis; usually GBM is an 

high cellularized tissue composed by poorly differentiated astrocytic cells with nuclear atypia and 

active proliferating cells. Another indispensable feature is the presence of microvascular 

proliferation and/or necrosis. Due to the high heterogeneity of this tumor, the distribution of these 

key histopathological features is extremely variable making difficult the diagnosis using specimens 

obtained by needle biopsies [23]. 

Molecular and genetic features of GBM are useful additional tools to both diagnosis and treatment 

guidance, showing an increasing importance in daily practice and helping in classify brain tumors. 

Among astrocytic neoplasms, GBM contains the greatest number of genetic and epigenetic 

alterations. Imbalances in chromosomes, such as gain of chromosome 7, or loss of chromosome 9, 

10, and 13, are one of the most common genetic alterations in primary GBM [1,24]. In particular 

Epidermal growth factor receptor gene (EGFR), located in chromosome 7, is the most frequently 

amplified gene in GBM [24-25]. EGFR amplification is often associated with overexpression of the 

gene (in the 70-90% cases) and with the truncation of the amplified genes, resulting in various 

truncations forms within different regions of the same tumor [26]. The most common truncated 

EGFR form expressed in GBM is EGFRvIII where the receptor is constitutively activated in a 

ligand- independent manner [27-28]. In addition to EGFR, other receptor tyrosine kinase signaling 

pathways are altered in GBM: PDGFRA amplification (in 15% of the cases) and MET amplification 

(in 55% of the cases) [24]. 

Mutations and amplification of PI3K are less common (< of 10% of the cases) [29-30], indeed 

mutations in the tumor-suppressor genes PTEN and NF1 occur in the 15-40% [31] and in the 20% 

[32] of primary GBMs respectively. 

Alterations in p53 pathways occurs in more than 90% of the GBMs [32]. TP53 mutations are more 

common in secondary GBM (67% of the cases), rather than primary GBM (11% of the cases) [33]. 

MDM2 overexpression or amplification is also an alternative mechanism used by GBM cells to 

avoid p53 regulation of cell cycle and cell proliferation in particular in primary GBM (more than 

50% of the cases) than secondary GBM (11% of the cases) [34]. RB1 and CDKN2A are also 

important pathways altered in GBM [35]. CDKN2A deletion and RB1 alterations are mutually 

exclusive in GBM [36]. CDKN2A deletions are showed in the 76% of GBMs, both primary and 

secondary [37]. RB1 mutations are not common, whilst alteration in methylation of its promoter is 

more present in secondary GBM (43% of the cases) than primary GBM (14% of the cases) [38]. 

TERT promoter region mutations are also found in more than 80% of GBMs [39]. These alterations 

lead to aberrant TERT expression and telomeres maintenance especially in primary GBMs [40]; 

secondary GBMs activate alternative pathways (e.g. ATRX mutations) to elongates telomeres.  
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Mutation in genes involved in epigenetic regulation and chromatin remodeling are common in 

GBMs [41]. In general, molecular mechanisms defining chromatin structure status are altered in 

GBM. These processes modulate gene expression, regulating several pathway relevant to GBM 

cells as stemness, invasion, senescence and resistance to therapy [16,42]. Gene silencing by 

methylation of promoters is another common mechanism activated by cancer cells to inactivate 

specific genes with tumor suppressor function [43]. In GBM but also in other cancers MGMT is the 

most common methylated gene. MGMT codify for a DNA-methyltransferase protein crucial for 

genome stability as it removes alkyl groups from guanosine in position N7, a typical modification 

induced by the treatment with alkylating agents [44]. MGMT methylation, that occurs in 40-50% of 

GBM patients, is a predictive marker of the response to therapy with alkylating agents, as 

temozolomide (TMZ), suggesting a partial inability of the tumor to repair the DNA damages 

induced by such chemotherapeutic drugs [45]. 

Coupling genetic data and expression profile data, it has been possible to cluster GBM in categories 

those correlates with histology and grading, better reflecting the clinical outcome of these patients. 

Four categories correlated with the most common GBM genetic alterations (EGFR 

amplification/mutation, TP53 mutations, PDGFRA alterations and NF1 mutation/deletion) has been 

individuated: proneural, neural, classical and mesenchymal subtypes [24]. Regardless of the above-

mentioned classification, GBM is characterized by high heterogeneity and it has been shown that 

individual cells with different subtype profiles co-exist in the same tumor specimens [46-48]. 

Because of GBM complexity, a better understanding of the sources of such heterogeneity (genetic, 

epigenetic, microenvironmental) still remain a critical goal and a great challenge that still must be 

addressed [49]. 

 

1.3 Therapeutical strategies 

Therapeutic plan for GBM-patients should be evaluated by a multidisciplinary team of experts such 

as neuropatologists, neurosurgeons, neuroradiologists and medical and radiation oncologists [50]. 

Surgery, when possible, is the first therapeutic option used to reduce tumor dimension and to obtain 

tissue for diagnosis. Complete surgical resection is difficult due to the infiltrative nature of this 

tumor but, since resection is a favorable prognostic marker, patients should undergo to maximal 

resection possible without compromise neurological functions [51]. When surgery is not possible, 

because of the critical location of the tumor or the impaired clinical condition of the patient, a 

biopsy should be done for molecular and histopathological diagnostic purpose [52]. Improvements 

in surgery as intraoperative MRI and fluorescence guided surgery (tumor is fluorescently-labeled 
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using 5-amino-laevulinic acid) have increased safety, progression free survival (PFS) and the extent 

of resection rate [53].  

Radiotherapy is the most important and effective treatment for GBM. Conventional fractionated 

radiotherapy (60Gy in 30 fractions of 2Gy each) is the standard treatment after surgical resection 

[54]. Hypofractionation of radiation dose is actually under study and should be a possibility 

especially in relapsing patients. It consists in accelerating treatment time increasing the doses of 

radiation of each fraction. Accelerated hypofractionation can potentially improve the treatment 

outcome of the patients but also their quality of life, reducing the total treatment duration. In 

addition this approach might reduce costs of the treatments. Studies have demonstrated the 

feasibility and tolerance of the treatment, especially in elder patients (>70 years) where the 

hypofractionated treatment is slightly superior to the conventional one in terms of overall-survival 

(OS) [55]. Further investigations have to be done in order to better define the optimal fraction and 

dose of radiotherapy also in younger patients with good prognostic factors where no differences 

have been found between the conventional and the hypofractionated radiotherapy[55-56]. 

Concomitant and adjuvant treatment with TMZ in addition to radiotherapy is actually the standard 

of care treatment since it was demonstrated a significant increase in the median survival, compared 

with radiotherapy alone (14.6 months vs 12.1 months) [57] and in the 2- and 5- years survival rate 

in patients who used these treatment [58]. TMZ is a potent alkylating drug able to cross the blood-

brain barrier (BBB) [59]. TMZ is a pro-drug activated by hydrolytic reaction in the activated 

intermediate MTIC which methylates DNA [60]. Combination treatment of TMZ plus radiotherapy 

gives the best performance in patients carrying methylated MGMT promoter, but the lack of valid 

alternatives for the unmethylated counterpart makes this treatment applicable to almost all GBM 

patients [61]. Supportive treatment to manage clinical symptoms of the tumor should have to be 

considered based on the performance status and neurological condition of the patient [50]. 

Treatment with corticosteroids (e.g. dexamethasone) is used to reduce tumor-associated edema and 

the correlated clinical symptoms. Anti-epileptic treatment is recommended in patients with seizures 

however this treatment has to be interrupted after tumor resection and re-introduced only if seizures 

appears again, in order to avoid a strong activation of hepatic metabolism that could interfere with 

the chemotherapeutic agents [62]. 

 

1.4 Mechanisms of treatment response and resistance 

Despite many tumors respond to standard treatment at the beginning, almost all the patients with 

GBM relapse; indeed the median time to progression is 6.9 months [57]. GBM is highly resistant to 

therapy and usually recurs locally, spreading from the surgical cavity, without the colonization of 
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other organs [63] despite a few evidences of extracranial dissemination [64,65]. In the last decades 

several clinical trials have failed, achieving only very limited therapeutic success. This is mainly 

due onto the tumor cells those survive the initial therapy. Survival of these cells depends by 

multiple factors as the high intra- and inter-tumor heterogeneity, the presence of BBB that made 

difficult the delivery of drugs and the stromal and immune microenvironment. 

1.4.1 GBM intra- and inter-tumor heterogeneity 

A better understanding of the different sources of tumor heterogeneity and of their relationship with 

treatment response and resistance is one of the main goal for neuro-oncology [49]. Recent papers 

elucidated the complex genomic landscape of GBM [24,47-49]. Each tumor is unique and such 

diversity derives from the contribution of genetic, epigenetic and microenvironmental factors. 

Differences in the original cells those give rise to GBM are a possible source of such inter-tumor 

heterogeneity. Several CNS progenitor cells as well as mature astrocytes and neurons have been 

considered as cells of origin of GBM [66-70]. Besides inter-tumor heterogeneity, recent genomic 

analysis on different regions of the same tumor have demonstrated that multiple clones, harboring 

different genetic alterations, coexist within the same tumor [46-48]. In addition differences in 

transcriptional profile affecting many cellular processes as cell cycle, immune response and 

hypoxia, have been found also in single cells sharing the same genetic alterations [47]. Such intra-

tumor heterogeneity contributes to the definition of a hierarchical organization of the tumor cells 

characterized by a different degree of differentiation and stemness. GBM stem cells (GSCs) are 

subpopulations of cells displaying higher chemo- and radio- resistance than more differentiated 

tumor populations. GSCs have specific properties, such as high tumorigenic ability, theoretically 

unlimited self-renewal and the ability to differentiate in multiple lineage progeny [71]. Identifying 

GSCs is anything but simple since the most common GSCs markers such as CD133, CD44, 

CD15/SSEA-1 are useful to enrich populations of stem cells from the bulk of tumor cells but fails to 

discriminate all the tumor cells with self-renewal and tumor initiating ability [71]. Such cells are 

extremely plastic and can overcome damages induced by chemo- and radiotherapy-induced 

adaptive resistance pathways [68,72]. Among these, stemness state is maintained trough the 

activation of the Wnt/β-catenin [73-74], Notch [75], NF-κB [76], JAK/STAT [77] pathways and 

through the expression of several transcription factors as OLIG2 [78], NANOG [79], SOX2 [80], 

OCT4 [81] and ID1 [82] those affect cell proliferation and survival, self-renewal and metabolism. 

Activation of DNA damage repair mechanisms is another important determinant in chemo- and 

radio- resistance in GSCs. These cells display an increased expression of checkpoint kinases Chk1 
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and Chk2 and of ataxia telangiectasia mutated (ATM), overcoming radiation-induced apoptosis and 

increasing repair of damaged DNA [83].  

1.4.2 BBB as main obstacle to drug delivery in brain  

BBB is a complex and dynamic vascular network with selective permeability for several types of 

cells, molecules and drugs [84], representing a real physical and biochemical barrier that normally 

protects the brain from infectious agents and neurotoxicant [85]. BBB is mainly composed by 

endothelial cells closely connected each other by tight junctions; pericytes and perivascular 

macrophages that literally embrace the endothelium, laying on the basal membrane of the 

endothelial cells and helping in maintain rigidity; and finally by astrocytic end-foot processes that 

are interconnected both with pericytes and endothelial cells [86]. Despite the presence of these 

different cell types, the most important cellular component that mainly regulate BBB permeability 

is the endothelium. Endothelial cells in BBB are unique in organization, resulting in a continuous 

layer that lacks fenestrations [87]. This anatomical organization coupled with the high expression of 

ABC transporters P-glycoproteins that pumps back to the bloodstream some molecules are the main 

obstacle to deliver drugs into the brain [88]. Other physiochemical properties as charge, molecular 

weight, and lipophilicity affect the ability to pass the endothelial layer of BBB [89]. Highly 

charged, hydrophilic and > 400–600 Da molecules hardly pass the BBB and the design of 

permeable but effective drugs is difficult. In addition, the anisotropic brain extracellular space, 

composed by a dense extracellular matrix (ECM), and the presence of the lymphatic system are 

additional barriers to the penetration and retention of drugs [90-91]. Many strategies are currently 

under study to improve BBB penetration and to increase drug delivery without compromising the 

integrity of brain parenchyma. Convection-enhanced delivery (CED) was used to infuse TMZ in 

GBM patients but, compared to standard treatment schedule no significantly increase survival was 

observed [92] while potential tissue damage due to infusate reflux can occur. Focused ultrasound 

(FUS) can be used to temporally and locally disrupt BBB in order to improve drug penetration. 

Preclinical models or GBM in rat have demonstrate that FUS can make BBB permeable to 

chemotherapy including TMZ [93]; clinical trials are currently ongoing in patients with malignant 

gliomas.  

Vasoactive peptides as bradykinin and its analog RMP-7 have demonstrated an increased vascular 

permeability widening the tight junctions between endothelial cells [94]. Despite these encouraging 

preclinical results further phase II clinical trials fail to demonstrate an increase in efficacy of the 

drugs used (carboplatin) in combination rather than drugs alone and for this reason phase III clinical 

trial was discontinued [95].  
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Nanoparticles with different composition were proposed to carry drugs across BBB. Polymeric 

nanoparticles of poly (D,Llactide-co-glycolate, PLGA), liposomes and metallic nanoparticles were 

all tested systems in preclinical model [96-98]. The main problem of these systems is that they are 

recognized by the mononuclear phagocytes and eliminated before reaching the target. For this 

reason the use of exosomes [99] or the functionalization of these nanoparticles with peptides, 

antibodies or ligands activating the endocytic processes in endothelium have provided some 

promising preliminary results [100]. 

1.4.3 GBM tumor microenvironment 

GBM tumor microenvironment is very complex [101], being composed by distinct phenotypic 

cellular components including heterogeneous tumor cells, reactive astrocytes [102], infiltrating 

immune cells [103], microglia [104], abnormal vasculature [105], extensive hypoxic zones [106] as 

well as different soluble mediators [107]. Taken together, these components are responsible for 

GBM aggressive behavior and invasiveness and represent a key obstacle for the treatment of this 

tumor. The majority of immune cells into GBM (constituting more than 30% of the tumor mass) is 

represented by both tissue-resident microglia and bone marrow-derived macrophages (BMDMs) 

[108-109]. An accurate distinction between these populations is difficult since only recently new 

more appropriate surface markers have emerged such as TMEM119, expressed by microglia but not 

by BMDMs, and CD49D/ITGA4, a specific BMDM marker [109-110]. Tumor-associated 

macrophages/microglia (TAM) in GBM seem to be more pro-tumorigenic and their amount is 

increased with higher tumor grade [108,111]. TAM display alternative activation phenotype, 

producing anti-inflammatory cytokines and tissue remodeling molecules. Presence of these immune 

population increase GBM growth and invasion developing an intricate crosstalk. GBM cells recruit 

TAM by CSF-1 and CCL2 release, activating and educating them to a pro-tumorigenic phenotype 

that in turn fuels GBM cells, promoting invasiveness through IL-6, EGF and TGF-β [112-114]. In 

addition TAM have been implicated in angiogenesis by modulating vessel integrity and function, 

and affecting the response to anti-angiogenic therapies [115-116]. The lymphoid component of the 

immune system composed by T cells, B cells and Natural-Killer (NK) cells are less represented in 

GBM. Some studies on GBM tissue composition have shown that more than 3.2% of cells 

composing the tumor express the T cell marker CD3 [117]. These lymphocytes do not display any 

effector functions, and despite they seem to be tumor-antigen specific, they have been rendered 

silent by tumor cells. Soluble factors as IL-10, TGF-β, prostaglandin E2 (PGE2) and exosomes 

deeply affect immune functions [118]. PGE2 impacts on T cell activation, proliferation and 

differentiation suppressing also NK cells and inducing the expression of FoxP3 and the production 
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of IL-10 shifting the immune composition to a regulatory T cells (Treg) phenotype [119]. TGF-β 

inhibits T cell and B cell proliferation and activation. In particular it affects cytotoxic lymphocytes 

blocking the production of cytotoxic molecules as perforin, granzymes and Fas ligand [120-121]. 

To overcome such immunosuppressive microenvironment, reprogramming T cell subsets enhancing 

anti-tumor activity through the use also of checkpoint inhibitors is currently under investigations in 

patients with GBM [122].  

Astrocytes in normal brain tissue provide structural support, are involved in homeostasis and 

communicative functions as well as being providers of energy fuel to the neurons [123]. In the 

context of brain tumor, reactive astrocytes play an important role in GBM biology, being involved 

in GBM cell invasiveness, especially through the activation of MMP2 [124]. Reactive astrocytes are 

known also as cells those secrete high levels of tumor necrosis factor-α (TNF-α), TGF-β, IL-6, and 

insulin growth factor-1 (IGF1), factors that increase the proliferation of GBM cells [125]. 

Astrocytes are also able to protect GBM cells from chemotherapy-induced apoptosis when they 

directly interact with the tumor cells [126]. Gap junctions allow the transfer of cGAMP from GBM 

cells to surrounding astrocytes promoting the release of inflammatory cytokines in the tumor 

microenvironment that, in turn, activates the STAT-1 and NF-Kβ pathways in GBM cells 

promoting invasion and resistance to therapeutics [127]. Beside the singular role of each 

microenvironmental component the structural architecture of the GBM tumor in se deeply affects 

tumor response and resistance to therapy. Once penetrated into the brain, the drugs meet more 

challenges when arrive at the tumor site. GBM is characterized by a highly cellular-dense central 

area, poor of functional vascular system, and by an external invasive area localized at the rim of the 

tumor. Such compactness and cellular density increase the interstitial fluid pressure (IFP), limiting 

the penetration of the drugs into the tumor mass and inducing the selection of potentially resistant 

subclones derived by the exposure to sub-lethal doses of drugs [128-129]. GBM is also an highly 

hypoxic tumor where cells located in the deepest regions are subjected to severe conditions and 

activate several pathways through the transcription factor hypoxia inducible factor 1 (HIF-1), in 

order to survive. The HIF-1 induced transcriptional program comprise angiogenesis, 

macroautophagy and increase glycolysis to obtain energy [130]. Lactate accumulation due to 

abnormal glycolysis leads to acidification of the tumor microenvironment. Acidification affects 

multiple cellular processes including invasion, immune response, angiogenesis and resistance to 

therapy [131-132]. In addition, at low pH, some drugs are protonated and in this form display a 

significant reduction in cellular uptake [128,133]. The role of tumor microenvironment is 

fundamental in cancer progression and therapeutic efficacy. Still a lot of work have to be done in 

order to fully dissect and understand the complex network created by all these components.  
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2. Radiotherapy 

2.1 General aspects  

More than 50% of total cancer patients are treated with radiation, making radiotherapy a pivotal 

strategy in cancer management [134]. Radiotherapy is used both to cure cancer and as a palliative 

treatment, usually in combination with other treatment modalities as surgery, chemotherapy and 

immunotherapy [135]. Ionizing radiation is a physical agent used to kill cancer cells or to control 

their growth. Ionizing radiation mainly induces damages on DNA of cells, affecting principally 

cancer cells rather than normal cells, providing treatment benefits in different types of cancer. Since 

radiation affects also tumor-surrounding healthy tissues, the amount of radiation dose has to be 

precisely calculated and its delivery has to be done in order to maximize radiation exposure to 

tumor cells while minimizing the exposure of normal cells. Radiation can be delivered in three 

ways: by an external beam of high-energy rays from outside the body (called external beam 

radiation therapy), by the insertion of radiation-emitting source directly into the tumor tissue (called 

brachytherapy) and by the systemic injection of radioisotopes designed to target the disease (called 

radioisotopes therapy). External beam radiotherapy is the most common approach in clinical setting 

and several modalities have been developed during times to optimize this system. Technology 

advances, in terms of new imaging modalities, more powerful software and new delivery system 

have improved the efficacy and safety of this radiotherapy modality. Actually with the use of the 

3D radiotherapy based on CT scan imaging, tumor localization and organ structures are accurately 

defined, allowing a better radiation delivery [136]. In addition, the intensity modulated radiation 

therapy (IMRT) system allows to create irregular shaped radiation doses that fits with the target 

tumor mass, saving healthy tissue and hitting the tumor with high doses [137]. Finally delivering 

radiation with a fractionated regimen preserves normal tissue over cancer cells. Indeed normal cells 

usually proliferate with a slower rate than cancer cells and have more time to repair DNA damage. 

Common fractionated radiotherapy regimen consists now of a low daily radiation dose (1.5-3.0 Gy) 

for several weeks [138]. In order to identify the optimal dose per fraction, the linear quadratic 

formula model is used to define the relationship between cell survival and delivered dose. This 

important radiobiological model takes into account the type of tissue irradiated and in particular its 

proliferation rate. The initial slope of a cell survival curve (alpha or α) is the mathematical meaning 

of the intrinsic radiosensitivity of the irradiated cell that depends linearly on dose. The curvature of 

a cell survival curve (beta or β) means that the damage is reparable with time, and is the factor on 

which depends the dose-per-fraction and dose-rate variation in radiobiology. The overall 

radiosensitivity of any irradiated cell is calculated by the sum of the effects of these two factors. 
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Taking this into account, tissues with a slow cell proliferation rate have enough time to repair 

damages before successive fractions, displaying a low α/β ratio. By contrast, tissues with highly 

proliferative rate have less time to repair radiation induced damages showing an high α/β ratio. α/β 

is also used to determine the size of fractions since tissues with high α/β ratio are less sensitive to 

alterations in size fractions than low α/β ratio ones. For gliomas, an intermediate α/β ratio was 

found (5-10 Gy), probably due to the different histology of tumors in the CNS [139]. From a 

biological point of view, radiation can act directly or indirectly to kill cancer cells, mainly 

damaging their DNA. The effect of ionizing radiation can be direct (through the energy transfer of 

the radiation) or mediated by the production of oxygen-free radicals, reactive oxygen species (ROS) 

or reactive nitrogen species (RNS) derived mainly by the ionization of water and of other molecules 

in the cells [140]. These together induce DNA, protein and lipid damage disrupting and/or altering 

their molecular structure and leading to cell injury and eventually death [141]. Based on the energy 

delivered, ionizing radiation induces different types of DNA damages, but DNA double-strand 

breaks (DSBs) represent the major lethal DNA lesions. DSBs activate an intricate signaling 

network, resulting in amplification of damage signal and in the recruitment of the components of 

the DNA damage response mechanisms [142-143]. Depending on the amount of DNA damage and 

cellular DNA repair abilities, tumor cells may completely repair the lesions before returning to the 

proliferative status, or permanently arrest cell cycle and undergo to cell death through senescence, 

apoptosis or necrosis [144-145]. Radiation mainly induces the intrinsic apoptotic pathways, causing 

mitochondrial release of cytochrome c, the apoptosome and caspase cascade [146]. Alternative to 

induction of apoptosis, activation of p53 by radiation treatment and the following p21 expression 

lead to senescence, arresting the cells principally in G1 phase [147-148]. Usually senescent cells are 

in a permanent not proliferative state, no longer able to replicate, but still viable, metabolically 

active and able to secrete pro-inflammatory cytokines, growth factors and metalloproteases 

involved in tumor progression and invasion [149]. An interesting hypothesis is that senescence in 

tumor cells may not be irreversible but only temporarily used to escape the radiation-induced cell 

death [150]. In addition tumor cells those revert from senescence exhibit an altered gene expression 

profile and an increased invasiveness [151]. Mitotic catastrophe is the main form of cell death 

induced by ionizing radiation, resulting in premature mitosis before the completing S and G2 phases 

[152]. Cells overduplicate chromosomes with consequent aberrant cell division and formation of 

giant cells, with multiple nuclei and several micronuclei [152]. Cell death usually occurs after the 

first post-radiation cell division.  
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2.2 Radiotherapy affects tumor microenvironment (TME) 

For decades, the role of TME was not at all considered in studies concerning the radiation treatment 

outcome, as the all attention was focused on cancer cells; it was lately demonstrasted, anyway, that 

TME plays a crucial role in the success or failure of the treatment [153]. The cellular and 

biochemical composition of the TME deeply varies after radiation treatment, affecting several 

important tumor functions like metabolism, motility or proliferation and creating alternatively an 

immunosuppressive milieu or an antitumor immune response [154-155]. The biochemical 

composition of the TME after radiation treatment depends on the activity of both tumor and stromal 

cells. After radiotherapy inflammatory signals increase through the activation of survival pathways 

and the stimulation of the innate immune system [153]. The resulting cellular stress and death 

induces the release of metabolites, cytokines, growth factors, cytotoxic molecules and damage-

associated molecular patterns (DAMPs) those accumulate in TME, affecting both tumors and 

stromal components [156]. DAMPs might be recognized by their corresponding pattern recognition 

receptors (PRRs), triggering on immune cells an effective antitumor response that leads to the 

immunogenic cell death (ICD) of cancer cells [157]. DAMPs can be exposed on cellular surface 

(e.g. calreticulin) and might be passively (e.g. high‑ mobility‑group box 1 (HMGB1) proteins) or 

actively (e.g. ATP) released [157]. DAMPs derived by the ICD of cancer cells activate, together 

with inflammatory cytokines, the dendritic cells (DCs) making them effective antigen‑ presenting 

cells (APCs) [158] and generating an efficient antitumor immune response [159]. Although ICD is 

triggered by radiotherapy, the overall effects are much more complex. Tumors evolved in order to 

escape the surveillance of the immune system, coupled with other intrinsic and extrinsic survival 

pressures such us hypoxia, acidosis and uncontrolled proliferation, allow to build a state of chronic 

inflammation and immune suppression [160-161]. In this context immunosuppressive cells as Treg, 

TAM and myeloid‑derived suppressor cells (MDSCs) are recruited in order to fuel the 

immunosuppressive status by secreting cytokines as IL-6, IL-10 and TGF-β [162-163]. After 

radiotherapy also a local increase of these immunosuppressive cells has been seen, being less 

sensitive to radiation than the other lymphocytes subsets [164-165]. The presence of such 

immunosuppressive cells may competitively inhibit T cells activation, since the activation of these 

cell requires several signals as the interaction between the T-cell receptor (TCR) and the appropriate 

antigen-loaded MHC of APC cells [153,166]. Besides awakening the immune system against cancer 

cells with ICD, the enhanced activity of surviving and recruiting immunosuppressive cells 

potentially constrains the anti-tumor immune response [167-168]. Overcoming these effects to 

promote the action of immune cells against cancer is a main topic of research [169]. Proteins 
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involved in the stimulation and activation of T cells as CTLA-4, PD-1 and OX40 may represent 

promising targets after radiation therapy treatment [170]. Specific monoclonal antibodies against 

these proteins are currently used in the treatment of some tumors and have demonstrated to improve 

survival of patients [170]. Combining radiotherapy with immunotherapies is an area of great interest 

but more in-depth investigations have to be done since the most recent results are still contrasting 

[171-173]. Beside the role of immune cells, other microenvironmental actors have to be taken into 

account after radiation treatment. Radiation alters vasculature, inducing endothelial cell 

dysfunctions, increasing vascular permeability, inflammation and fibrotic processes [174]. The 

effects on tumor vasculatures depend on the total dose and its fractionation and also on the type, 

location and stage of the tumor and on the vessel derivation [175-176]. Radiation may potentiate 

hypoxia, a key regulator of tumor growth and radioresistance [177-178]. In particular, the disruption 

of the microvasculature, which on one hand contribute to increase the lack of oxygen and on the 

other reduces the production of ROS. This, coupled with the presence of extensive hypoxic zones 

into the tumor mass, reduces radiation effects [153]. Hypoxia induces also the expression of HIF-

1α, which independently induce radioresistance promoting tumor revascularization via vascular-

endothelial growth factor (VEGF) [179]. Restore oxygenation before and during radiotherapy, for 

example with hyperbaric oxygen (HBO) may have therapeutics benefits and improve radiation 

effects [180]. Finally, tumor cells are able to implement a series of protective mechanisms to escape 

cell death induced by radiation treatment [181]. Tumor cells, in particular cancer stem cells (CSCs), 

have altered DNA damage response and repair pathways. If in a normal tissue, stem cells are 

responsible for ensuring tissue maintenance and therefore have active error-free DNA repair 

pathways [182-183], in tumor something similar happens with CSC, which ensure tumor survival 

by restoring tumor populations [83]. In GBM, an enriched CSCs tumor, an enhanced activation of 

ATM, ataxia telangiectasia and Rad3-related protein (ATR) and their downstream effectors Chk1 

and Chk2 are implicated in radioresistance [83,184-185]. These kinases regulate the DNA damage 

response activating the complex DNA repair mechanisms [83]. CSCs also have an increased 

expression of NBS1, a component the MRN complex involved in DSB sensing [186] and of 

proteins involved in homologous recombination (HR) as RAD51, BRCA1 and BRCA2 [187-188]. 

One of the reasons underlying this enhanced DNA damage response seems to be an adaptation to 

the increased replication stress and oxidative damage already present in the GCSs, leading to an 

increment in the activation of DNA damage response also after radiation [189-191]. Another 

additional mechanism of resistance to radiation treatment may be premature induction of quiescence 

and senescence in CSCs [192-193]. Stopping the cell cycle allows the tumor cells to repair the DNA 

and restart proliferation. Finally radiation may also activate in tumor cells pathways involved in 
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migration, invasion and epithelial–mesenchymal transition (EMT) [194]. Indeed ZEB1, Twist-1 and 

the TGF-β signaling are frequently upregulated in radioresistance cells [195-196]. 

 

3. Purinergic signaling in cancer 

Purine and pirimidine are the base constituents of nucleosides and nucleotides, essential elements in 

several biological functions as parts of the building blocks of nucleic acids, coenzymes, energy 

intermediates and intracellular and extracellular messengers [197]. The evidence of the role of 

nucleosides and nucleotides as extracellular signals is not very recent [198] but actually many data 

are available on their role in many cellular processes as migration, proliferation, differentiation, 

activation or inhibition of cell death and secretion of growth factors, extracellular vesicles and 

inflammatory mediators [199-203]. Indeed fundamental pathophysiological processes such as tissue 

homeostasis, neurodegeneration, immunity, inflammation and cancer are modulated by purinergic 

signaling [197]. In cancer purinergic signaling is mainly focused on adenine nucleosides 

(adenosine) and nucleotides (ADP and ATP), since robust data on extracellular messenger role for 

pyrimidine nucleotides (UDP and UTP) are mainly focused on immune cells, epithelial cells and 

hematopoietic cells [204-206]. This is probably due to the fact that ADP and ATP might activate all 

the purinergic receptor repertoire, whilst UDP and UTP are agonists only for four P2Y receptor 

(P2YR) subtypes (P2Y2R, P2Y4R, P2Y6R and P2Y14R) [206]. Four types of P1 receptors for 

adenosine (A1, A2A, A2B and A3), eight subtypes of G protein-coupled, metabotropic receptors 

(P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13 and P2Y14) and seven subtypes of P2X 

ionotropic receptor (P2X1-7) have been identified [207]. In addition, the adenosine and ATP 

cellular communication system has actually been better investigated rather than pyrimidine 

nucleotide system and this has also contributed to the development of a wide range of techniques 

available for the measure of ATP (e.g. luciferase-based methods) making the measure of uridine 

nucleosides and nucleotides still difficult and laborious [197].  

3.1 ATP is an important constituent of the TME 

The TME cellular and biochemical composition, enriched in nucleosides and nucleotides, affects 

tumor progression and metastatic spread as well as response to therapy. Within this context the ATP 

and adenosine concentration in the tumor interstitium is much higher than in healthy tissues [208-

209]; indeed ATP and adenosine levels in resting/healthy tissues is very low, in the nanomolar 

range, whereas in stimulated or diseased tissues it can reach hundreds of µmol/l [210-211]. ATP is a 
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key energy currency as well as a ubiquitous extracellular messenger [198]. ATP meets several 

characteristics to be an optimal extracellular messenger: it is present at low concentration in the 

extracellular space (except for inflammatory environments), it is preserved at high concentration 

intracellularly by the cells (5 to 10 mmol/l), it is water soluble and quickly eliminated by 

extracellular nucleotidases activity. The demonstration that extracellular ATP concentration is 

altered in pathological conditions, especially in TME has been successfully demonstrated only in 

the recent years thanks to the development of genetically encoded probe (plasma membrane 

luciferase (pmeLUC)) able to measure ATP in the extracellular space in particular close to the cell 

surface or in the cell-to-cell contacts sites [212]. This probe has allowed to study the dynamic 

concentration changes of ATP in the extracellular space, easily traceable in vivo by total body 

luminometry [209]. ATP increase in TME is mainly due to its passive release after plasma 

membrane damage in stressed, injured or dying cells [213]. Besides passive release, it is now clear 

that all cells are able to actively release ATP [214]. For example hypoxia is a strong stimulus of 

ATP release even without cellular damages [215] as well as radiation treatment, which causes 

passive and active release of ATP [157]. ATP might accumulate into the lumen of intracellular 

vesicles and released costitutively or following stimulation into the extracellular space, with other 

inflammatory mediators, by exocytosis [214-216]. In other cell types ATP release might occur also 

through non exocytotic mechanisms associated to anion-selective channels, such as maxi-anion 

channels or volume-regulated anion channels (VRACs), or by non-selective pores formed at plasma 

membrane levels, by proteins such as connexins, pannexin 1 and P2X7R [213-214]. Released ATP 

acts as extracellular messenger but to avoid overstimulation and receptor desensitization, is 

degradated by the sequential activity of plasma membrane ectonucleotidases as CD39 [203] that 

belongs to the ectonucleoside triphosphate diphosphohydrolase (E-NTPDase) family. In turn, AMP, 

a product of ATP degradation, is degradated into adenosine by the ectonucleotidase CD73. The 

expression of these membrane ectonucleotidases increases in hypoxic conditions [217] and under 

TGF-β stimulation [218], in particular in immune cells with known suppressive phenotype as Treg 

cells [219], Th17 lymphocytes [220] and M2 macrophages [221]. A novel system of ATP removal 

from the TME is found in recent studies where traditional cancer cell lines are able to take up 

extracellular ATP with mechanisms of macropynocitosis, which confers cells resistance to 

chemotherapeutic treatment [222-223]. The role of ATP in tumor-stroma/host dynamics depends 

principally on two crucial factors: (i) the panel of P2 receptors expressed on the tumor and 

infiltrating inflammatory cells, and (ii) the level of expression of nucleotide-hydrolyzing enzymes 

(CD39 and CD73) [197]. Depending on the local concentration and on the purinergic P2 receptor 

subtype engaged, ATP can trigger many different cell responses, including cell death or 
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proliferation [224-227]. In addition it may act as an immunostimulant or an immunosuppressive 

agent [203], depending on the dose and the engaged P2 receptor. ATP represents also the main 

source of adenosine in the TME despite the presence of a membrane transporter for this nucleoside 

[228]. Adenosine was widely studied in cancer reaserch for several years, affecting considerably 

both tumor and stromal components of the TME [229]. On the host side, adenosine is well known 

for its strong immunodepressive/anti-inflammatory activity [230]. Its effect on the tumor itself is 

less clear, as it depends on the specific adenosine receptors expressed by the tumor cells; both 

growth stimulation and inhibition have been described [231]. A1 receptor activation is related to 

breast cancer growth [232] but it is also slightly expressed in advanced prostate cancer [233]. A2A 

receptor has a controversial role in tumor biology; studies in literature support both its role in tumor 

proliferation [234] and in triggering tumor cell death [235]. Overespression of A2B receptor is 

associated with poor survival in patients with triple negative breast cancer (TNBC), multiple 

myeloma, acute myeloid leukaemia (AML) and liposarcoma [236]. A2B receptor seems also 

involved in invasion and metastatic dissemination, controlling tumor cell adhesion [237]. A3 

receptor, instead, is widely expressed in tumors, and it seems correlated with the disease 

progression [238]. A3 receptor is involved in cell cycle regulation and in both pro- and anti-

apoptotic functions depending on the level of receptor activation [239-241]. Interesting results have 

also been obtained from a phase I/II clinical trial which aimed to test the efficacy of A3R agonists 

for the treatment of hepatocellular carcinoma [242].  

3.2 P2 receptors in cancer  

Almost all living organisms have developed an intricate signaling system for extracellular 

nucleotides. In mammalian, the nucleotide receptor family called P2 receptors are subdivided in two 

groups: P2Y and P2X [243]. To date the P2Y receptor (P2YR) family counts eight members while 

the P2X receptor (P2XR) family counts seven members [243]. P2YR are membrane-spanning G-

protein coupled receptors [198, 244] while P2XR are ligand-gated cation-selective channels 

permeable to K+, Na+ or Ca2+ [198, 244]. P2YRs are involved in increase of cytoplasmatic Ca2+ 

levels, activation of ERK/MAPK pathway, and modulation of cAMP [213]. They display a mixed 

ligand nucleotide selectivity, since only P2Y11R has ATP as preferred ligand [243], whilst ADP, 

UDP, UTP, UDP-glucose and UDP-galactose are preferred and more potent agonists for the other 

P2YRs [245]. Nucleotide affinity is at low micromolar level for these receptors, making them 

highly sensitive to even slight nucleotides concentration changes [245]. P2XRs are more selective 

receptors since ATP is the only known physiological ligand. P2XRs might be further subclassified 

in fast-desensitizing (P2X1R and P2X3R), slowly or non-desensitizing (P2X2R, P2X4R and 
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P2X7R) and in non functional in native conditions (P2X5R and P2X6R) [246]. ATP affinity ranges 

from low micromolar levels for P2X1R, P2X2R, P2X3R and P2X4R to high activation levels (0.5-1 

millimolar depending on cell type and experimental conditions) for P2X7R [213, 246]. The wide 

range of P2 receptor subtypes, together with the multiple pathways activated by these receptors and 

the different levels and type of nucleotide selectivities, make the P2 signaling a very plastic and 

dynamic cell-cell communication system [213]. All cells virtually express P2 receptors and in 

particular it was found that many cancer cells and many primary human tumors express these 

receptors [201]. P2Y1, P2Y2 and P2Y6 receptors support growth of several cancers increasing 

intracellular Ca2+ levels and activating ERK/MAPK and PI3K/AKT pathways [201]. P2Y2R is also 

associated to tumor metastasis and dissemination; in particular, secreted ATP from platelets 

activates P2Y2R on endothelial cells opening endothelial barrier and facilitating cancer cell 

extravasation [247-248]. Blockade of P2Y12R, a major player in platelet activation and 

aggregation, inhibits tumor growth and dissemination [249-250]. P2X3 and P2X5 receptors are 

actually under study in cancer. P2X3R overexpression in hepatocellular cancer is associated with 

increased proliferation of cancer cells [251]. P2X5R participates to homeostasis of epithelial cells 

and seems also involved in differentiation processes, suggesting its possible role in decreasing 

cancer cell growth [252]. Among the P2 receptors engaged by extracellular ATP, the P2X7 receptor 

is one of the most intruiguing, due to its unique properties such as the significant lower affinity to 

ATP with respect to the other family members and the complete lack of desensitization [213, 243-

244]. 

3.3 P2X7 receptor 

The P2X7R gene located on chromosome 12 at 12q24.31 encoded for a protein of 595 amino acid 

(aa) characterized by a short intracellular N-terminal tail (26 aa), a big extracellular domain (282 

aa), two transmembrane helices (24 aa each) and a long intracellular C-terminal tail (239 aa) [253], 

the most intriguing domain of the protein. The C-terminal domain contains several lipids and 

proteins binding sites as the SRC homology 3 (SH3) domain, a site for the tumor necrosis factor 

receptor 1 and sites that bound the cytoskeleton [254]. P2X7 subunits assemble forming an 

homotrimeric functional receptor. Each monomer tridimensionally has been compared to the shape 

of a dolphin [255] where the flanks are represented by the two transmembrane helices and the large 

extracellular loop constitutes the various section of the dolphin body [256]. The binding site for 

ATP is located on the interface of each pair of monomers and contains aa residues conserved across 

P2XR in human and mouse [257-258]. The absence of positively charged aa at the entrance of the 

ATP-binding pocket probably suggests the low affinity for ATP and for eventual negatively 
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charged drug compounds resulted to be active on other P2XRs [243]; infact functional P2X7R 

ligands are usually small and hydrophobic. When ATP bounds the receptor, a significant 

conformational rearrangement occurs, where the monomers change their orientation but not their 

conformation generating a channel [255, 259]. This allows the rapid flow of Na+ and Ca2+ ions into 

the cells and K+ ions efflux. Prolonged exposure to ATP might promote further permeability 

through the formation of a larger pore that allows the influx of large hydrophilic molecules [246, 

260]. The formation of the so called ‘P2X7R pore’ is an intrinsic property of the P2X7R that 

depends mainly by the C-terminal tail of the receptor [259]. The C-terminal role in pore formation 

consists in stabilization of the ‘cytoplasmatic cap’ and in supporting the movement of the 

transmembrane helices [259]. Another interesting feature displayed by P2X7R is its reversibility. 

Indeed if ATP is removed, plasma membrane is completely restored within few minutes [243]. 

3.3.1 P2X7R variants 

Ten splicing variants of P2X7R are actually known in human (P2X7A-J) [261]. Among these 

variants, four are truncated at C-terminal tail level (P2X7B, C, E and G), P2X7C lacks exon 4, 

P2X7D exon 5, P2X7 exon 7 and 8 and P2X7F exon 4 and 8. Instead, P2X7G and H have an 

additional exon, called N3, that once inserted, causes the deletion of the first transmembrane region. 

P2X7I has point mutation at the first intron level, causing a null allele [262] while P2X7J is 

truncated after exon 7 and for this reason is not functional [243]. Among all these variants the 

P2X7B attracted the most interest since is highly expressed in several tissues. The P2X7B receptor 

retains channel activity promoting cell growth but lacks pore functionality [263]. The P2X7B 

monomers may heterotrimerize with P2X7A causing an enhanced response in comparison to 

P2X7A homotrimers maintaining the ability to form the pore [264]. Human P2X7R gene is highly 

polymorphic and several non-synonimous SNPs (> 150) have been found, principally in the 

extracellular domain and in the C-terminal tail [265-266]. Eight loss-of-functions have already been 

identified [267], where the E496A and the I568N are well characterized since it causes a reduced 

receptor activity [268]. The R307Q instead is located at ATP binding site level decreasing deeply 

affinity for the agonist [269]. Several SNPs have been associated to pathological conditions as 

bipolar disorders, macular degeneration and cardiovascular diseases but further investigation have 

to be done [270-271] to conferm such preliminary data. 

3.3.2 P2X7R role in cancer  

P2X7R is highly expressed by cancer cells [227] and by different immune cells (NK, MDSCs, Treg 

and M2 macrophages) [272-273] indicating its strong role in tumor behavior, shaping the TME 
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participating to both immunostimulatory and immunosuppressive responses. Depending on the level 

of activation and the cell type, P2X7R triggers cell death or alternatively supports growth [224, 

274]. In particular, low and tonic stimulation of P2X7R promotes cell survival and proliferation 

[202], through increased mitochondrial potential and oxidative phosphorylation efficiency and 

stabilizing all the mitochondrial network [225]. From a metabolic point of view, P2X7R stimulation 

induces overexpression of glycolytic enzymes as Glut-1 transporter, glyceraldehyde 3-phosphate 

dehydrogenase, phosphofructokinase, pyruvate kinase M2 and pyruvate dehydrogenase kinase 1; 

participating to ‘Warburg effects’ through the production of lactic acid. In addition P2X7R 

activation reduces GSK-3β, increasing glycogen storage [275-276]. These metabolic alteration 

supports intracellular ATP accumulation and cancer cell growth. In addition several other pathways 

and transcription factors are activated by P2X7R stimulation, including PI3K/AKT, ERK/MAPK, 

NFATc1 and HIF-1α [226, 275-278]. In particular the activation of PI3K/AKT pathway is involved 

in P2X7-dependent tumor cell growth, invasion, migration and metastatic spreading activating a 

positive feeback cycle [279-280]. P2X7R confers growth advantages in many cancer models also in 

vivo; indeed several immunocompetent and immunodeficient mouse models have been used to 

show an effective anti-tumor activity when anti-P2X7R drugs are tested [276, 281-282]. Stimulation 

of P2X7R deeply affects tumor invasion and metastatic spreading in in vitro models of melanoma 

and breast cancer triggering the release of active cysteine cathepsins and metalloproteinase 

(MMPs), able to remodel ECM and promote tumor motility [283-284]. P2X7R activation drives 

also the expression of several genes involved in EMT, such as Snail, E-cadherin, Claudin-1, IL-8 

and MMP-3, all involved in the development of a migrative phenotyphe [280]. P2X7R is also 

responsible for the activation of RHO GTPase and ROS generation, both involved in the generation 

of invadopodia and pseudopodia extensive ability [285-288]. From the TME point of view, P2X7R 

is an important stimulator of VEGF release and of VEGFR2 receptor expression [276, 281, 289]. 

This happens not only on cancer cells but also in endothelial cells of the TME where P2X7R-

expressing endothelial cells growth highly depends on VEGF release and glycolytic metabolism 

activated by P2X7R [290-291]. P2X7R is one of the most potent stimuli that triggers release of 

exosomes and plasma membrane-derived vesicles [292-294]. The content of the released vesicles is 

composed by different kind of molecules as nucleic acids, proteases, inflammasome proteins as 

NLRP3, cytokines, growth factors and ATP itself, deeply affecting TME biochemical composition 

and tumor-host interaction [295-296]. Indeed the association of P2X7R with inflammation is long 

standing. P2X7R promotes the release of proinflammatory cytokines as IL-6, IL-1β, TNF [297-300] 

and immunosuppressive cytokines as IL-10 and TFG-β [273, 301-302]. P2X7R is important in the 

activation of inflammasome through NLRP3. Active inflammasome induces caspase-1 cleavage and 
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maturation of IL-1β by different types of immune cells as macrophages, microglial cells and DCs 

[303]. Recent studies on the role of P2X7R in host response against tumor have shown that, in 

mouse melanoma or colon carcinoma models, tumor grows and methastatizes more in P2X7R-

deficient than in P2X7R-wild-type mice, showing a significant reduction in immune cells 

infiltration and IL-1β levels [304-305]. Based on the isoforms expressed, on cell types and on ATP 

concentration levels P2X7R can also activate some cell death mechanisms as pyropoptosis, 

apoptosis and necrosis opening the pore [201]. P2X7R-dependent apoptotic cell death is induced by 

a marked mitochondrial catastrophe, followed by cytochrome c release and caspase-3, -8 and -9 

cleavages [306-307]. In mononuclear cells, another mechanism of death triggered by P2X7R is 

pyropotosis induced by caspase-1 and gasdermin-D [308-310]. Necrosis induced by P2X7R is well 

documented in cells undergoing kariolysis, organelles swelling and plasma membrane permanent 

damage [224]. For its role in cell death, P2X7R plays an interesting role in ICD. ATP accumulates 

in TME after chemo- and radiation treatment and is recognized as DAMP activating mechanisms 

associated to cell death or to antitumor immune inflammation [153]. DCs IL-1β is a strong local 

stimulus of their maturation and induces the recruitment of CD4+ and CD8+ T lymphocytes [303]. 

Nevertheless many cancer cells expresses high levels of P2X7R, its activation in TME is not 

constitutive as it could get to cell death and tumor reduction [213]. Indeed cancer cells enact some 

mechanisms to avoid cell death induced by pore opening. Among them, high amount of cholesterol 

content in the plasma membrane, commonly found in cancer cells, leads to inhibition of the P2X7R 

pore opening, leading to pro-survival Ca2+ influx channel activity [311]. In addition P2X7R 

isoforms B that not retains pore activity is overexpressed in many tumor types [263].  

3.3.3 P2X7 as therapeutic target  

The above-described role of P2X7R in several inflammatory diseases including cancer has 

encouraged many pharmaceutical companies to develop drugs against this receptor [262, 312-313]. 

Many types of molecules have been designed to target P2X7R. Among them several antagonists 

have been tested as oxidized ATP (oATP), a covalent and irreversible antagonist that binds the 

lysine residues of the ATP binding site [314]; and A740003, a tetrazole derivative that has proven 

to be efficacious in in vivo models of melanoma and neuroblastoma [276, 304, 315]. Antagonists 

are small, not charged molecules able to interact with the ATP-binding sites of the receptor and 

competing with ATP itself [314]. Other developed small molecules are allosteric modulators whose 

binding sites are different from the ATP-binding one, resulting in profound modifications of the 

receptor conformation and alterations of the effects of endogenous ligand ATP [316-319]. More 

than 30 phase I and II clinical trials have been done to test the efficacy of anti-P2X7R in several 
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diseases as osteoarthritis, rheumatoid arthritis, chronic obstructive pulmonary disease and Crohn’s 

diseases [320-323]. Several P2X7R inhibitors have been tested in preclinical animal models of 

cancer displaying a promising reduced tumor growth and spreading [314]. Furthermore, a phase I 

clinical trial using an antibody against non-functional isoforms of P2X7R in basal cell carcinoma 

patients has shown promising results with a reduction of tumor masses in 65% of the patients [324]. 

More efforts should be made in order to evaluate the clinical potential of P2X7R-targeting drugs. 
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Aims of the study 

GBM is the most malignant and aggressive primary adult brain tumor. The current standard of care 

for GBM patients is surgical resection followed by radiotheraphy and chemotherapy with 

temozolomide. Despite this treatment, the median survival for patients with GBM tumor is 12-18 

months with the majority of these patients die within two years [12], making GBM still a lethal and 

incurable tumor. Radiotherapy remains the most important and effective therapy for these patients 

and understand the mechanisms underlying radiation resistance is essential to develop more 

effective therapeutic strategies. GBM expresses high levels of P2X7R but its role in tumor behavior 

and response to therapy is still unknown. Contrasting results on P2X7R pharmacological blockade 

in GBM have been published. Both GBM tumor growth and reduction is founded after P2X7 

pharmacological blockade, making the role of this receptor in GBM biology still confusing. Only 

one study [325] evaluates the association between P2X7R and radiation treatment, without deeply 

investigates its role in radiation resistance mechanisms. In the present study the aim is to investigate 

the role of P2X7R in resistance to radiation treatment using GBM stem-like cells derived from 

patients tumors. 
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Materials and Methods 
 

Cell culture 

Use of human tissues was in accordance with local research ethics board approval and patients gave 

informed consent prior to surgery. Primary stem-like tumor-propagating cells were obtained directly 

from patient tumor specimens after surgical eradication. Briefly tumor tissues classified as GBM by 

pathologists were washed and then enzymatically dissociated. Cells were then plated in NeuroCult 

NS-A medium (StemCell Technologies, Vancouver, BC, Canada) supplemented with 20 ng/ml of 

epidermal- and 10 ng/ml of fibroblast-growth factor (Sigma-Aldrich), 1% penicillin/streptomycin 

(GE Healthcare, Milan, Italy) and 2% amphotericin B (Euroclone) and maintained under hypoxic 

conditions (1% O2) in a humidified 37 °C, 5% CO2 incubator. All the primary GBM cell lines were 

checked periodically for mycoplasma contamination using the MycoAlertTM Mycoplasma 

Detection Kit (Lonza, Basel, Switzerland). For cell population analysis, 2,5 x 105 GB40 and GB48 

cells were plated in a T25 cm2 flask. When cells reached the 90% of confluency, they were 

collected, disassociated to a single-cell suspension and replated in culture medium. The total 

number of viable cells was assessed at each passage with trypan blue exclusion test. 

 

Irradiation treatment 

GB40 and GB48 cells were plated at a density of 70-80% and treated with 7.5 Gy dose using the 

linear acceleration Elekta Synergy Platform system (Elekta Oncology Systems, Stockholm, 

Sweden) and the irradiation system described by Tesei A, et al. [326].  

 

RNA extraction and Real-time Quantitative Polymerase Chain Reaction 

Total RNA was extracted from GBM cells using TRIzol® reagent according to the manufacturer’s 

instructions (Invitrogen). RNA was quantified using the Nanodrop® ND-1000 spectrophotometer. 

Reverse transcription reactions were performed in 20 µl of volume containing 200 ng of total RNA 

using the iScript cDNA Synthesis kit (Bio-Rad Laboratories, Hercules, CA, USA). Real-Time PCR 

was run using 7500 Fast Real-Time PCR system (Applied Biosystems) and TaqMan assays to 

detect the expression of P2RX7A, P2RX7B, ENTPD1 and NT5E genes. Reactions were carried out 

in triplicate at a final volume of 20 µL containing 15 ng of cDNA template, TaqMan universal PCR 

Master Mix (2X), and selected TaqMan assays (20X). Samples were maintained at 50°C for 2 min, 

then at 95°C for 10 min followed by 40 amplification cycles at 95°C for 15 s, and at 60°C for 30 s. 

The amount of mRNA was normalized to the endogenous genes GAPDH and HPRT-1. 
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In vitro measure of extracellular ATP levels 

ATP levels were measured in the culture supernatants with ENLITEN rLuciferase/Luciferin reagent 

(Promega), according to manufacturer’s instructions. Briefly, 1.5x105 GB40 and GB48 cells were 

plated in a six-well plates. After each time points (1D, 7D, 14D, 21D and 28D) the luminescence 

were measured immediately after the addition of 50µl of ENLITEN reagent to 50 µl of cell 

supernatant using the GloMax® bioluminescent reader (Promega). Data were obtained as 

nanomoles of ATP interpolating from a calibration curve performed by adding known ATP 

amounts and normalized on the total amount of proteins. Fold change in amount of ATP released 

compared to untreated cells were shown.  

 

Cytosolic free calcium concentration measurements 

Cytosolic Ca2+ concentration was measured using the fluorescent Ca2+ indicator Fura-2-

acetoxymethyl ester (Fura-2/AM) (Thermo Fisher Scientific). Briefly, 1x106 GB40 and GB48 cells 

were incubated with Fura-2/AM (4 µM) for 20 minutes at 37°C in saline solution (125 mM NaCl, 5 

mM KCl, 1 mM MgSO4, 1 mM NaH2 PO4, 20 mM HEPES, 5.5 mM glucose, 1 mM CaCl2 at pH 

7.4) supplemented with sulfinpyrazone (250 µM). Ca2+ concentration was measured at the 

wavelength excitation 340/380 nm and emission 505 nm in a thermostat-controlled (37 °C) and 

magnetically-stirred Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies, Milano, 

Italy) after stimulation at different concentrations (100, 300 and 500 µM) of BzATP (Sigma-

Aldrich) alone or after a pre-treatment with AZ 10606120 dihydrochloride (1µM) (Tocris 

Bioscience, Bristol, UK). 

 

Ethidium bromide uptake 

Alterations in plasma membrane permeability were measured through Ethidium Bromide uptake. 

1x106 GB40 and GB48 cells were kept at 37° C in a thermostat-controlled and magnetically stirred 

cuvette of a Cary Eclipse Fluorescence Spectophotometer (Agilent Technologies) in the presence 

of 20 µM ethidium bromide (Sigma-Aldrich). Cells are exposed to different concentrations (100, 

300 and 500 µM) of BzATP alone or after pre-treatment with AZ 10606120 dihydrochloride (1µM). 

Fluorescence changes were acquired at 360 nm and 580 nm excitation and emission wavelengths, 

respectively. 
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Soft agar assay 

Cells (1x103 per well) were mixed with 0.4% Seaplaque agar in growth medium with antibiotics, 

plated on top of a solidified layer of 1% Agar Noble in HBSS medium supplemented with 

antibiotics in a 24-well plate. Six series of samples were prepared for each treatment dose. Freshly 

prepared growth medium, containing or not P2X7R modulators, was added every 2 days. Colonies 

with more than 50 cells were weekly quantified under inverted microscope (Olympus IX51 

microscope, Olympus Corporation, Tokyo, Japan) by two indipendent observers. 

 

Western Blot 

Cells were detached and lysed in RIPA lysis buffer () for 1h at 4°C. Equal protein amounts were 

separated on Novex NuPage Bis-Tris 4–12% precast gel (Life Technologies, Milano, Italy) and 

transferred to nitrocellulose membranes (GE Healthcare-Life Sciences, Milano, Italy). After 

incubation with TBS–Tween-20 (0.1%) supplemented with 5% non-fat powdered milk for 1 h to 

saturate unspecific binding sites, membranes were incubated overnight with primary antibodies at 

4 °C. The anti-BCL2 polyclonal antibody (diluition 1:200) (NeoMarkers, Fremont, CA), the anti-

Bax antibody (Cell signaling technology) (diluition 1:1000) and the anti-p21 antibody (Cell 

signaling technology) (diluition 1:800) were incubated in TBS–Tween-20 (0.1%) supplemented 

with 5% non-fat powdered milk. The anti-myosin (Sigma-Aldrich, cat. N. A5060) was diluted 

1:1000. The anti-P2X7R polyclonal antibody (Merck-Millipore, Milano, Italy, cat n. AB5246) was 

diluted 1:1000 and incubated in TBS–Tween-20 (0.1%) supplemented with 2% of BSA. 

Membranes were incubated with secondary goat anti-rabbit HRP-conjugated antibodies (Invitrogen-

Thermo Fisher Scientific, Monza, Italy, cat n. 31460) at a 1:3,000 dilution for 1 h at room 

temperature. All the antibody were diluted in TBS–Tween-20 (0.1%) supplemented with 5% non-

fat powdered milk. 

 

β-Galactosidase assay 

β-Galactosidase staining was performed with the Senescence β-Galactosidase Staining Kit (Cell 

Signaling, #9860) according to the manufacturer's instructions. Briefly, GB40 and GB48 cells were 

plated at 1.5x105 cells in a 6 well plate pre-coated with Matrigel diluted 1:50 in HBSS medium 

supplemented with antibiotics in order to force cells attachment at each time point (1 day, 7 days, 

14 days, 21 days and 28 days). Cell were then fixed in 1X fixative solution for 10 minutes at room 

temperature and stained overnight at 37°C with the β-galactosidase staining solution at pH 6.0. 

Images were acquired with an inverted Olympus IX51 microscope (Olympus Corporation, Tokyo, 
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Japan) with the 10X objective, equipped with a Nikon Digital Sight DS-Vi1 camera (CCD vision 

sensor, square pixels of 4.4 µM side length, 1600 × 1200 pixel resolution, 8-bit grey level) (Nikon 

Instruments, Spa. Florence, Italy). Percentage of β-Galactosidase positive cells were obtained 

counting 5 different image fields.  

 

In vitro measure of lactate dehydrogenase (LDH) release 

LDH release was measured in the culture supernatants with LDH-Glo™ Cytotoxicity Assay 

(Promega), according to manufacturer’s instructions. Briefly, 1.5x105 GB40 and GB48 cells were 

plated in a six-well plates. After each time point (1 day, 7 days, 14 days, 21 days and 28 days), cell 

supernatants diluted 1:25 in LDH storage buffer (200mM Tris-HCl (pH 7.3), 10% Glycerol, 1% 

BSA in deionized water) was added to LDH detection reagent at ratio 1:1 and incubated at room 

temperature for 60 minutes. Luminescence were then measured using the GloMax® bioluminescent 

reader (Promega). LDH release (%), was calculated by using the following formula: LDH release 

(%) = [(experimental LDH release value) − (background value)]/[(LDH release value in 10% Triton 

X-100-treated samples) − (background value)] × 100 and normalized on total amount of proteins. 

 

Total cholesterol assay 

Total cellular cholesterol was quantified using an Amplex Red cholesterol assay kit according to the 

manufacturer's instructions (Invitrogen, Grand Island, NY, USA). Briefly, 2.5x105 GB40 and GB48 

cells were collected after each time point (1 day, 7 days, 14 days, 21 days and 28 days), snap 

freezing in liquid nitrogen and resuspended in 50 µl of 1X Reaction Buffer working solution. 1 µg 

of total protein was used in the assay for each sample. Fluorescence was measured in a Perkin 

Elmer Wallac Victor3 1420 system (Perkin Elmer, Wellesley, Massachusetts, USA) according to 

the manufacturer’s instructions. 

Data are expressed as micromolar concentration of cholesterol interpolating from a standard curve 

performed by adding known cholesterol amounts. 

 

Inflammasome Caspase-1 activity assay 

The Caspase1 activity was performed with Caspase-Glo 1 inflammasome assay kit (Promega, 

Milan, Italy) according to manufacturer's instructions. Prior to the assay, the Caspase-1 luminescent 

substrate solution was prepared and equilibrated to room temperature. After the respective 

incubation periods, 100 µL of the substrate solution was added to each well of the 96-well plate, the 

plates were mixed for 30 s and then incubated at room temperature for 1.5 hrs to allow the 
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luminescent signal to stabilize. Luminescence were then measured using the GloMax® 

bioluminescent reader (Promega). 

 

Digital PCR 

dPCR was used to determine the expression level of P2X7A and P2X7B in seven GBM primary 

cells. All dPCR experiments were carried out using the chip-based QuantStudioTM 3D Digital PCR 

system (Applied Biosystems, Foster City, CA, USA). P2X7A and P2X7B were run in singleplex 

using 10 ng cDNA. Reaction mixes containing either cDNA or water (no-template controls) were 

first prepared by adding 2X QuantStudio 3D™ Digital PCR Master Mix v2 (Applied Biosystems) 

and 20X gene specific assay in a total volume of 15.5 µl. Chips were run using GeneAmp PCR 

System 9700 (Applied Biosystems) by applying the following conditions: hold at 96°C for 10 min; 

45 cycles of 60°C for 2 min and 98°C for 30 sec; hold at 60°C for 2 min. At the end of the reaction, 

chips were processed using the QuantStudio™ 3D Digital PCR system (Applied Biosystems) and 

analyzed with QuantStudio™ 3D Analysis Suite™ software (version 3.0.3). 

 

Cell cycle distribution 

After radiation treatment, GB40 and GB48 cells were fixed in 70% ethanol at each time point 

(day1, day 7, day 14, day 21 and day 28). Cells were then stained with propidium iodide (10 mg/ 

ml, MP Biomedicals, Verona, Italy), RNAse (10 kunits/ ml, Sigma-Aldrich) and NP40 (0.01%, 

Sigma Aldrich) overnight at 37C° in the dark, and analyzed by FACS Canto flow cytometer 

(Becton Dickinson, San Diego, CA, USA) equipped with 488 nm (blue) and 633 (red) lasers. 10000 

events for each sample were acquired. Data acquisition and analysis were performed using 

FACSDiva (Becton Dickinson) and ModFit 2.0 (DNA Modelling System, Verity Software House, 

Inc., Topsham, ME, USA). Data were expressed as fractions of cells in the different cycle phases. 

 

Immunophenotypic analysis 

GB40 and GB48 cells were collected, washed twice with PBS 1x and stained with APC-conjugated 

anti-CD44 antibody (diluition 1:50) (Becton Dickinson, BD Pharmigen) and PE-conjugated anti-

Eph2A antibody (diluition 1:20) (Biolegend) for 30-45 minutes at 4°C. APC-conjugated anti-

CD133 antibody (diluition 1:20) (miltenyi biotec) was used for single staining of GBM cells.  

After three washes, cells were acquired using a FACS Canto flow cytometer (Becton Dickinson, 

San Diego, CA, USA) equipped with 488 nm (blue) and 633 (red) lasers. Appropriate isotype 

control was included for each sample. 

 



 

Alkalyne comet assay 

The alkalyne comet assay was performed according to the manufacturer’s protocol (Comet assay, 

Trevigen, Gaithersburg, MD). Briefly, 3000 cells were suspended in LMAgarose (at 37°C) at a ratio 

of 1:10 (v/v), and 35 µl were immediately transferred onto the come

gelling time. The slides were then immerged for 1 hr at 4°C in a prechylled lysis solution, washed 

in the dark for 1 hr 4°C in alkaline unwinding solution, then electrophoresed for 30 min at 21V. 

Slides were immerged twice in dH

with 20 µl of diluted SYBR® Green Master Mix (BioRad). At least one hundred comets spanning 

from category 0 to category 4 (see also Figure VII) were evaluated by EVOS Cell Imaging Systems 

10x, Thermo Fisher Scientific – 

the displacement between the genetic material contained in the nucleus, typically representing the 

‘comet head’, and the genetic material in the sorrounding part, conside

Percentage of DNA in tail for different categories of comets was expresse

by Garcia O, et al. [327]. In order to obtain reproducible and reliable data, we developed an easy

use tool named CometAnalyser. 

 

 

Comet Analyser Software 

CometAnalyser is a semi-automatic tool developed with the goal to be extremely user friendly. It 

has been developed in MatLab (The MathWorks, Inc., Natick, MA, USA) and the current version 

(CometAnalyser v0.9) requires MatLab R

a later version. CometAnalyser works with silver staining and fluorescent images. The working 

procedure can be briefly summarized in three main steps. (a) First of all, the user has to draw with 

the mouse a region surrounding the comet of interest. The tool then automatically segments comet 

assay was performed according to the manufacturer’s protocol (Comet assay, 

Trevigen, Gaithersburg, MD). Briefly, 3000 cells were suspended in LMAgarose (at 37°C) at a ratio 

µl were immediately transferred onto the comet slide and left at 4°C for 

gelling time. The slides were then immerged for 1 hr at 4°C in a prechylled lysis solution, washed 

in the dark for 1 hr 4°C in alkaline unwinding solution, then electrophoresed for 30 min at 21V. 

Slides were immerged twice in dH2O for 5 minutes each, then dipped in 70% ethanol and stained 

l of diluted SYBR® Green Master Mix (BioRad). At least one hundred comets spanning 

from category 0 to category 4 (see also Figure VII) were evaluated by EVOS Cell Imaging Systems 

 US. DNA damage was quantified by compunting, in each comet, 

the displacement between the genetic material contained in the nucleus, typically representing the 

‘comet head’, and the genetic material in the sorrounding part, considered as the ‘comet tail’. 

Percentage of DNA in tail for different categories of comets was expressed, as previously described 

In order to obtain reproducible and reliable data, we developed an easy

 

 

automatic tool developed with the goal to be extremely user friendly. It 

has been developed in MatLab (The MathWorks, Inc., Natick, MA, USA) and the current version 

(CometAnalyser v0.9) requires MatLab R2017b and the MatLab Image Processing Toolbox 10.1, or 

a later version. CometAnalyser works with silver staining and fluorescent images. The working 

procedure can be briefly summarized in three main steps. (a) First of all, the user has to draw with 

use a region surrounding the comet of interest. The tool then automatically segments comet 
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automatic tool developed with the goal to be extremely user friendly. It 

has been developed in MatLab (The MathWorks, Inc., Natick, MA, USA) and the current version 

2017b and the MatLab Image Processing Toolbox 10.1, or 

a later version. CometAnalyser works with silver staining and fluorescent images. The working 

procedure can be briefly summarized in three main steps. (a) First of all, the user has to draw with 

use a region surrounding the comet of interest. The tool then automatically segments comet 
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heads and nuclei. By default, the Otsu thresholding segmentation method is used [328], but other 

algorithms are available and several parameters can be then modified to adjust the segmentation. (b) 

Once the comets have been segmented, Tail Moment and all the other features listed by Gyori BM, 

et al. are automatically computed and saved as Excel file [329]. (c) Snapshots of all the segmented 

comets are stored in different folders according to a classification manually performed by the user. 

Finally, the project with all the labels can be saved and loaded back for future modifications. 
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Results 

4.1 P2X7R is expressed in patients-derived GBM-stem like cells 

Digital PCR and western blot were used to evaluate P2X7R transcript isoforms expression and 

protein levels in GBM stem-like cells derived from patients tissue samples. Both P2X7R isoforms 

are expressed by GBM cells with a significant higher prevalence of P2X7RB transcript than 

P2X7RA transcript in all the GBM cells tested (n=7) (43.34 ± 21.90 vs 1.41 ± 0.50 copies/µl) 

(Figure 1A). P2X7R protein, evaluated by western blot, showed different expression levels in the 

GBM cells tested (Figure 1B). GB40 cells express the highest P2X7R protein levels while GB48 

the lowest. HEK293 wild-type cells and HEK293 cells transfected to express human full-length 

P2X7R were used as negative and positive control, respectively. Whole exome analysis was 

performed in GB40 and GB48 cells and no mutations in exons were observed for P2X7R gene. 

GB40 and GB48 cells, expressing different levels of P2X7R protein, were selected for the 

experiments described below. GBM is notoriously highly heterogeneous and enriched in cancer 

stem cells. Concerning the morphological features of our cells, GB40 cells grew as single cells or 

small aggregates both in suspension and in adhesion (Figure 1C), while GB48 grew preferentially 

as small neurospheres with different degree of compactness (Figure 1D). In order to demonstrate 

the stem-like nature of the GBM cells isolated, immunophenotyping with stemness markers CD44, 

EphA2 and CD133 was performed (Figure 1E-F). Coupled immunophenotyping of CD44 and 

EphA2 was performed, showing in GB40 a prevalent population that expresses only CD44 (98.9% 

of cells), whilst only the 0.8% of cells expresses both markers and the 0.3% of cells do not express 

any of these two markers (Figure 1E, upper pie chart). On the contrary, in GB48 the majority of the 

cells co-express both markers (97.0%), whilst only the 2.8% of the entire population expresses only 

CD44 (Figure 1E, bottom pie chart). CD133 positive population is similar in both GB40 and GB48 

(57.80% vs 58.80% of the entire population) (Figure 1F). Finally rates of expansion of both cells 

were evaluated during time in colture showing that GB48 have a faster rate of expansion then GB40 

(Figure 1G). GBM cells were considered stabilized cell lines after an exponential expansion and 

after reaching 10 passages. This analysis reflects the typical high heterogeneity of this tumor, 

confirming that our cells are a representative model to study GBM biology. 
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Figure 1. P2X7R is expressed in patient derived GBM-stem like cells. A. Digital PCR was used 

to measure P2X7RA and P2X7RB absolute expression levels in 7 patients-derived GBM-stem like 

cells. The data are expressed as mean ± SD number of copies of the transcripts for each µl. B. 

Western blot analysis was used to evaluate P2X7R full length expression in GBM stem-like cells. 

C. Brightfield representative images of GB40 and D. GB48 stem-like cells derived from human 

specimens. Magnification 4x and 10x. E. Representative analysis of the immunophenotype for 

CD44 and EphA2 and their co-expression in GB40 and GB48 using flow cytometry expressed in % 

of positive cells for each combination of the two markers analyzed. F. CD133 expression analysis 

in GB40 and GB48 cells using flow cytometry. G. Rates of expansion of both GB40 and GB48 

cells. Cells counts were plotted into the y-axis while the days on the x-axis. Data were analyzed by 

Student T-test (*p<0.05; **p<0.01; ***p< 0.001). 

 

4.2 P2X7R is functional in GBM stem-like cells 

To investigate the role of P2X7R in our GBM stem-like cells we treated cells with ATP at different 

concentrations (1, 3 and 5 mM) for 24 hours. Cytotoxicity was evaluated by LDH release. GB40 

cells are sensitive to ATP in vitro, as a significant increase in the % of released LDH after the 

exposure to 3 mM (40.81 ± 0.26 % vs 11.18 ± 0.38 %) (p=0.0001) and 5 mM (43.45 ± 0.93 % vs 

11.18 ± 0.38 %) (p=0.0023) of ATP was observed compared to untreated cells, showing ATP-

induced cell death (Figure 2A, upper graph). On the contrary, ATP exposure on GB48 did not 

induce cell death but a significant slight reduction of the % released LDH in treated cells (Figure 

2A, bottom graph) rather than untreated cells, suggesting a different function of P2X7R in the two 

GBM cells. From the morphological point of view, after ATP exposure GB40 cells showed an 
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increased irregular shape characterized by membrane ruffles and presence of debris, compatible 

with dying cells; only few cells retained cellular integrity and morphology similar to the untreated 

cells (Figure 2A, upper right images). GB48 cells displayed a significant change in morphology too, 

with a progressive loss of neurospheres replaced with single cells accumulation at the higher doses 

of ATP (Figure 2A, bottom right images).  

To better understand how P2X7R affects tumor growth, we treated GBM cells with two antagonists, 

having two different binding sites. The AZ10606120 dihydrochloride antagonist acts as a negative 

allosteric modulator, binding to a different site than the ATP-binding site, whilst the A740003 

antagonist interacts with the ATP-binding site. LDH release is slightly reduced after 24h of 

treatment with both antagonists at different concentrations (Figure 2B, upper graphs) in GB40 cells 

suggesting that cytotoxicity is not induced in such short period of time. Same effect was seen for 

GB48, in particular after treatment with A74003 antagonist (Figure 2B, bottom graphs). Taken 

together, these data suggest that short term treatment with P2X7R antagonists does not affect 

viability of GBM cells. To evaluate the long term effects of P2X7R antagonists treatments, a soft-

agar colony forming assay was used. A slight reduction in survival fraction (0.82 ± 0.01) of GB40 

cells was seen after 28 days of treatment with 10 µM AZ10606120. Treatment with 20 µM 

A740003 induced in GB40 a significant reduction in survival fraction (0.59 ± 0.003) (p=0.001) than 

the one observed in cells treated with AZ10606120 (Figure 2C, upper graph). Long term treatment 

with AZ10606120 in GB48 impacts more on cell survival than in GB40 (0.67 ± 0.01) (Figure 2C, 

bottom graph) but treatment with A740003 is less effective (0.81 ± 0.003) in GB48 cells rather than 

what observed in GB40 cells.  

To further investigate the functional role of P2X7R in our GBM cells we evaluated fluctuations of 

Ca2+ intracellular levels after stimulation with BzATP, a selective P2X7R agonist. In GB40, 

stimulation with a range of concentrations of BzATP (100, 300 and 500 µM) triggered a 

progressive raise of intracellular Ca2+ (Figure 2D, upper graph), suggesting an activation of the 

P2X7R cation-channel. To support this hypothesis, that is the Ca2+ increase depends on P2X7R 

stimulation, GB40 cells were pre-treated with AZ10606120 at 1 µM, showing a complete blockade 

of Ca2+ uptake even after stimulation with the highest concentration of BzATP (Figure 2D, upper 

graph, violet line in the graph). GB48 has a functional P2X7R as well, even if the P2X7R-

dependent Ca2+ increase was lower compared to the one observed in GB40 (Figure 2D, bottom 

graph).  

Finally, to evaluate if prolonged stimulation of P2X7R induces the formation of the large pore in 

our GBM cells we performed ethidium bromide uptake experiments. In GB40 cells P2X7R 

stimulation with BzATP at the different concentrations slowly induced the uptake of the ethidium 
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bromide (Figure 2E, upper graph). To confirm that etidium bromide uptake is P2X7R-dependent, 

cells were again pre-treated with AZ10606120 at 1 µM displaying a complete blockade in 

ethiudium bromide uptake (Figure 2E, upper graph, pink curve in the graph). Instead, in GB48 cells, 

none of concentrations of BzATP used to stimulate P2X7R triggered ethidium bromide uptake 

(Figure 2E, bottom graph). These data suggested that both GBM cells have functional P2X7R in 

terms of cation channel but only in GB40 the receptor retains the large pore activity usually 

associated to cell death. 
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Figure 2. P2X7R showed different functional behavior in patient-derived GBM stem-like cells. 

A. GB40 and GB48 were treated with 3 different concentration of ATP (1, 3 and 5 mM) for 24h. 

Cytotoxicity induced by ATP in GBM cells was measured in terms of % of released LDH. Data are 

represented as the mean ± SD. Brightfield representative images of GB40 and GB48 cells after 24h 

of treatment with ATP. Magnification 4x and 10x. B. GBM cells were treated with two different 

P2X7R antagonists for 24h: AZ10606120 (0.1, 1 and 10 µM) and A740003 (0.2, 2 and 20 µM). 

Cytotoxicity induced by both antagonists in GBM cells was measured in terms of % of released 

LDH. Data are represented as the mean ± SD. C. Soft-agar assay was used to evaluate long term 

effects of anti-P2X7R treatment in GBM cells. Data are represented as the mean ± SD. D. 

Representative traces showing intracellular Ca2+ increase following stimulation with BzATP (100, 

300 and 500 µM) in GB40 and GB48 cells. E. Representative traces showing ethidium bromide 

uptake following stimulation with BzATP (100, 300 and 500 µM) in GB40 and GB48 cells. Data 

were analyzed by Student T-test (*p<0.05; **p<0.01; ***p< 0.001). 

 

4.3 Radiation induces cell death and ATP release during time in patient-derived 

GBM stem-like cells 

GB40 and GB48 cells were treated with 7.5 Gy doses of radiation, in order to mimick an 

hypofractionated treatment in vitro. Since it is widely known that radiation has mainly long term 

effects of cancer cell viability, to evaluate these effects on our GBM cells, the soft-agar colony 

forming assay was used. Radiation treatment toxicity was evaluated after 28 days, where a 

significant reduction in the survival fraction of both GB40 and GB48 cells (0.19 ± 0.005 and 0.21 ± 

0.005) was obtained (Figur 3A). In order to monitor the time-dependent response to radiation 

treatment, five time points have been choosen (day 1, day 7, day 14, day 21 and day 28) and for 

each one radiation-induced cytotoxicity effects were evaluated in GBM cells by LDH release. 

Radiation affected cell viability starting from day 1 in GB40, whilst no significant effects were 

observed in GB48 at the same time point (20.80 ± 0.29 % vs 8.71 ± 1.52 %) compared to the 

respective untreated cells (Figure 3C-E). Radiation treatment highly impacted on cell viability of 

both cell lines at day 7 (47.07 ± 2.06 % in GB40 vs 47.82 ± 0.72 % in GB48); even from 

morphological point of view, alterations such as shrinkage of the cell bodies and ruffling 

membranes probably associated to dying cells are observed. Interestingly, besides dying cells, a 

population of cells with increased dimensions and volume, in particular in GB40, seemed survived 

(Figure 3B). Same population is observed in GB48 neurospheres, the latter appeared smaller and 
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less compact than the untreated ones (Figure 3D). At day 14 the cells keep dying (51.16 ± 1.94 % in 

GB40 vs 41.09 ± 2.58 % in GB48) with a lot of debris and dying cells clearly present. However the 

population of cells with increased dimension are still observed  in both GB40 and GB48 (Figure 

3B-D). At day 21 irradiated GB40 cells started the recovery (13.83 ± 0.06 % in irradiated cells vs 

8.50 ± 0.17 % in untreated cells), in addition they partially restore their original morphology with 

only few cells retaining the increased dimension phenotype (Figure 3B). GB48 seemed to be slower 

in recovery, with just a small portion of cells those were dying (22.16 ± 0.98 % ) compared to the 

untreated cells (8.54 ± 0.08 %) (Figure 3E). From the morphological point of view, a lot of debris 

are present, indicating that cell death is still occurring in GB48 (Figure 3D). At the last time point 

(day 28) GB40 cells completely restored the original morphology but a higher amount of aggregates 

were observed than untreated cells (Figure 3B). Cell death was comparable to the untreated cells 

(17.55 ± 0.34 % vs 16.49 ± 0.94 % respectively) at this time point (Figure 3C). Also GB48 cells 

restore their neurosphere morphology (Figure 3D) even if a few cells were still dying compared to 

the untreated cells (21.60 ± 0.19 % vs 15.53 ± 0.17 % respectively) (Figure 3E). ATP release in 

colture medium was also measured at each time point. In irradiated GB40 cell medium a constant 

but slight release of ATP was seen compared to untreated cells (Figure 3F, left graph). In GB48, 

instead, the amount of ATP in colture medium of irradiated cells is significantly increased 2.73 ± 

0.10 time (p=0.01) starting from day 14 compared to untreated cells (Figure 3F, right graph).  
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Figure 3. Radiation induces cell death and ATP release during time in GBM cells. A. Soft-agar 

assay was used to evaluate long term effects of radiation treatment in GBM cells. Data are 

represented as the mean ± SD. B-D. Representative brightfield images of untreated and irradiated 

GB40 and GB48 cells at each time point, respectively. Magnification 4x and 10x. C-E. 
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Cytotoxicity, expressed as % of released LDH, was calculated for each time point. Data are 

represented as the mean ± SD. F. Fold change in terms of amount of released ATP by irradiated 

cells normalized to untreated cells at each time point. Data are represented as the mean ± SD. Data 

were analyzed by Student T-test (*p<0.05; **p<0.01; ***p< 0.001). 

 

Since the data obtained so far suggest that GBM cells have the ability to recover after radiation 

treatment, we performed an alkaline comet assay, to quantify DNA damage and to evaluate its 

repair along the 28 days after radiation dose. All the analysed comets have been cathegorized into a 

comet class , spanning from 0 =no damage, to 4 =total DNA fragmentation. 

Figure 4A-B shows the analysis report of GB40. On the top, pie charts showing the comet classes 

distribution at each time-point are given, highlighting class 1 as the most representative comet class, 

which initially plays a major role in DNA damage, covering more than half of total comets 

percentage (74.19 % at Day 1). Then, at day 7 and day 14, a substantial sector of the pie charts are 

covered by class 4 comets (50.00 % and 37.61%, respectively), suggesting how radiation dose 

highly impacted on DNA damage, reaching a climax at day 7. Finally, at day 21 and day 28, a 

progressive recovery of cells is visible, according to a growing prevalence of low grade classes. The 

same result is resumed in the bar chart reported on the bottom (Figure 4B), where the x-axis shows 

each time condition, while the y-axis reports the weighted calculated mean of the % DNA in the 

comet’s tail. 

Turning to GB48 (Figure 4C-D), the distribution of comet classes, visible in the pie charts 

representation, is considerably different (Figure 4C). Excluding day 1, where class 1 damage is 

highly represented (53.21 %), in a similar way with respect to GB40, it is remarkable how day 7 

and day 14 are characterized by the presence of a homogenous distribution of each comet class, 

without the prevalence of high grade comet classes seen for GB40. Consistently, at day 21 and day 

28, lower grade comet classes progressively set in, peaking at day 28, where no damage class play 

the leading role, covering 79.10 % of all comets analyzed. Again, the bottom of the figure (Figure 

4D) shows the bar chart of the % of DNA in comet’s tail, reported as weighet aritmethic mean. 

Even if the overall trend observed in GB40 is applicable also for GB48 and the most conspicuous 

peak is reached at day 7, lower % (7.32 ± 0.96 % vs 10.85 ± 1.00 %) are reached with respect to 

GB40, suggesting a putative lower sensitivity of GB48 to radiation treatment. 
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Figure 4. GBM cells are able to recover from radiation induced DNA damage. A-C. Pie charts 

representative of comet classes distribution in each experimental time point for GB40 and GB48 

respectively. B-D. % of DNA in the comet’s tail (calculated by (Mean % of tail DNA for each 
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class)* (% comets of that class/total)), was estrapolated for each experimental time point for GB40 

and GB48 respectively. Data are represented as the mean ± SEM. 

 

4.4 Radiation resistant GBM cells display a senescent phenotype 

Since at day 28 both GBM cells recovered from the radiation treatment, our subsequent efforts have 

been done in order to understand some of the mechanisms underlying resistance to radiation 

treatment. We previously noticed that cells those seemed survive displayed an unusual phenotype 

characterized by increased volume and dimensions (Figure 3B-D). For this reason, to verify if GBM 

cells underwent a senescent state after radiation treatment, the β-galactosidase assay was performed 

at each time point (Figure 5A-B-D-E). A significant increase in the percentage of β-galactosidase 

positive GB40 cells was observed starting from day 1 (13.62 ± 1.12 %) compared to untreated cells 

(8.04 ± 0.45 %) (p=0.0001), reaching a maximum at day 7 (75.37 ± 2.42 %). From day 14 the 

amount of β-galactosidase positive cells progressively decreased, reaching comparable percentage 

of untreated cells at day 28 (7.52 ± 1.39 %) (Figure 5A-B). In GB48 β-galactosidase positive cells 

increases immediately at 1 day (33.65 ± 2.04 %), peaking at day 14 (64.37 ± 3.20 %). A progressive 

reduction of β-galactosidase positive cells is also appreciated in GB48 cells after day 14, reaching 

almost the same levels of the untreated cells at day 28 (12.52 ± 1.62 % vs 10.03 ± 0.87 % 

respectively) (Figure 5D-E).  

To confirm that GBM cells underwent a senescent state after radiation treatment, cell cycle analysis 

have been performed at each time point (Figure 5C-F). In both our GBM cells we found two sub-

populations each, those retain different contents of DNA. These data are consistent with the high 

heterogeneity of GBM tumors and its typical genetic instability, confirming that our patient-derived 

cells represent a quite good representative model to study GBM. For this reason the cell cycle data 

for each time point and for each GBM cell types were provided for both the population (P1 and P2) 

found (Figure 5C-F). ModFit 2.0 software was used to calculate cell cycle distribution. Irradiated 

GB40 cells seemed to accumulate in phase S starting from day 1 (Figure 5C) reaching 54.11% in 

the P1 population. Cell cycle of irradiated cells progressively returns similar to untreated cells at 

day 21 and day 28 in both P1 and P2 GB40 populations (Figure 5C). An accumulation in phase S 

and G2/M is observed in GB48 irradiated cells starting from day 1 and peaking at day 14 for both 

populations P1 and P2 (Figure 5F). At day 28 the irradiated cells completely recover and the cell 

cycle distribution shows the same pattern of untreated cells. These data have to be confirmed with 

further investigation in order to understand the contribution of each population in the response to 

radiation treatment. Cell cycle alterations was deeper investigated by evaluation of the expression of 
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the cell cycle regulator p21 protein. An increased expression of p21 protein in both GBM senescent 

cells is observed after radiation treatment confirming that both GB40 and GB48 triggered cell cycle 

arrest (Figure 5G-H). In particular in GB40 irradiated cells the highest expression of p21 was 

observed at 7 and 14 days after radiation treatment (Figure 5G). In GB48 irradiated cells, p21 

protein levels increases drastically at day 7, and subsequently a slight decrease is observed in the 

subsequent time points (Figure 5H).  

Finally, we investigate the role of Bcl-2 proteins as potential mechanism of resistance adopted by 

GBM senescent cells. Pro- and anti-apoptotic proteins Bax and Bcl-2 expression levels were then 

evaluated by western blot at each time point. In GB40 irradiated cells Bax level increases at day 7 

suggesting an activation of the apoptotic signaling (Figure 5G, bottom left panel). At day 14, 21 e 

28 Bax levels remains higher with respect to untreated cells, but slightly reduced than day 7. In 

addition, GB40 cells triggered the expression of the Bcl-2 protein (Figure 5G, middle left panel) in 

particular starting from day 14 suggesting that a population of GB40 cells activates an anti-

apoptotic signaling. Bax expression in GB48 irradiated cells increased starting from day 1 and 

decreases at day 14 and 21 (Figure 5H, bottom right panel). GB48 cells already expresses the Bcl-2 

protein in untreated cells, however it slightly increased after radiation treatment (Figure 5H, middle 

right panel). These data together suggested that a population of GBM senescent cells is able to 

activate a pro-survival signal in contrast to the apoptotic signal triggered by Bax protein. 



42 
 

 



43 
 

Figure 5. Radiation resistant GBM cells display a senescence phenotype. A-D. Representative 

brightfield images of untreated and irradiated GB40 and GB48 cells stained for β-galactosidase 

respectively. Magnification 4x and 10x. B-E. % of β-galactosidase positive cells expressed as the 

mean ± SD for GB40 and GB48 cells respectively, at each time point. Data are represented as the 

mean ± SD. C-F. Cell cycle distribution at each time point after radiation treatment of the two 

populations observed in both GB40 and GB48 cells were represented as percentage of cells in each 

phases of the cell cycle. G-H. Western blot analysis was used to evaluate p21, Bax and Bcl-2 

protein levels in GB40 and GB48 cells respectively at each time point after radiation treatment. 

Myosin was used as housekeeping. Data were analyzed by Student T-test (*p<0.05; **p<0.01; 

***p< 0.001). 

 

4.5 Radiation dynamically modifies P2X7R signaling in GBM cells during 

recovery from treatment 

To further investigate the resistance mechanisms triggered by our GBM cells after radiation 

treatment, in particular regarding P2X7R signaling, expression levels of P2X7A and P2X7B 

isoforms were evaluated by Real-time PCR. P2X7B isoforms levels are significantly increased in 

GB40 and GB48 cells after radiation treatment compared to untreated cells (p=0.02 and p=0.016) 

respectively) at day 14 (Figure 6A), suggesting that radiation might both select clones those express 

P2X7B and/or induce the expression of this isoform in our GBM cells. In addition, P2X7A isoform 

expression in GB40 is downregulated starting from day 7 in irradiated cells (Figure 6A, left graph). 

In GB48 P2X7A expression is downregulated starting from day 14, and its expression returns 

comparable with untreated cells at day 28 (Figure 6A, right graph). P2X7B expression reach the 

maximum at day 14 in both GB40 and GB48. Expression levels of ENTPD1 and NT5E were also 

performed for each time point to investigate if GBM cells activate the ectonucleotidases CD39 and 

CD73 as an additional mechanism of resistance to radiation-released ATP (Figure 6A). A slight 

downregulation of both ENTPD1 and NT5E was observed in irradiated GB40 cells (Figure 6A). On 

the contrary, a slight upregulation of ENTPD1 is observed in GB48 cells till day 14 (Figure 6A, 

right graph). No significant modulation in NT5E gene was found in GB48 cells. Taken together 

these data suggested that our GBM cells did not significantly modulate their ectonucleotidases 

status.  

Cholesterol is also important in regulation of P2X7R functionality. Indeed, in addition to increased 

P2X7B expression, a significant increase in the amount of cholesterol is measured in both cells. In 

particular in GB40 cells cholesterol concentration significantly grows till day 14, where irradiated 
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GB40 cells owned an higher amount of cholesterol than untreated cells (0.35 ± 0.06 µM vs 0.02 ± 

0.006 µM) (p=0.04) (Figure 6B, left graph). The amount of cholesterol of irradiated GB40 cells 

returned comparable to untreated cells at day 28 (0.08 ± 0.03 µM vs 0.02 ± 0.006 µM). A 

significant increase in the total amount of cholesterol was also measured in GB48 cells, peaking at 

day 7, compared to untreated cells (0.22 ± 0.01 µM vs 0.05 ± 0.01 µM) (p=0.007) (Figure 6B, right 

graph). A slow decrease is observed after day 14, reaching at day 28 almost the level measured in 

untreated cells (0.07 ± 0.001 µM vs 0.05 ± 0.01 µM) (Figure 6B).  

Since in both GBM cells day 7 and day 14 seemed to be crucial in the response to radiation 

treatment, we checked alterations in inflammasome caspase-1 activity, one of the main pathways 

activated by P2X7R. Activity of caspase-1 enzyme significantly increased in irradiated GB40 cells 

at day 7 and 14 compared to the untreated cells (p=0.009 and p=0.008 respectively) (Figure 6C, left 

graph). In GB48 caspase-1 seemed more active than in GB40 (Figure 6C). A significant increment 

in caspase-1 activity was observed both at day 7 and day 14 in GB48 irradiated cells compared to 

untreated cells (p=0.05 and p=0.007 respectively) (Figure 6C, right graph). These data seem to 

suggest that inflammasome activity might be involved in radiation-induced cell death of both our 

GBM cells. Further investigations has to be done in order to confirm this hypothesis.  

Finally to confirm that P2X7R signaling is an important mechanism of resistance to radiation 

treatment, GBM cells were treated in combination with radiation and anti-P2X7R antagonists. A 

significant reduction of the survival fraction of GB40 cells was observed in cells treated with 

AZ10606120 (10 µM) and radiation (7.5 Gy) compared to radiation alone (0.10 ± 0.004 vs 0.19 ± 

0.005) (p=0.002) (Figure 6D, left graph). Combination treatment with A740003 (20 µM) resulted 

even more effective (0.07 ± 0.001 vs 0.19 ± 0.005) (p=0.006). In GB48 cells the concomitant 

treatment with AZ10606120 (10 µM) and radiation seemed more effective than what observed in 

GB40 cells with a significant reduction of the survival fraction to 0.09 ± 0.002 compared to 

radiation alone (Figure 6D, right graph). The treatment in combination with A740003 (20 µM) have 

also significantly reduced the survival fraction of GB48 cells compared to radiation treatment alone 

(0.08 ± 0.003 vs 0.21 ± 0.005) (p=0.002). 

 



45 
 

 



46 
 

Figure 6. Radiation dynamically modifies P2X7R signaling in GBM cells during recovery 

from treatment. A. mRNA expression levels of P2X7A, P2X7B, ENTPD1 and NT5E genes in 

GB40 and GB48 cells at each time point respect to untreated cells and normalized to HPRT-1 and 

GAPDH housekeeping. B. Total amount of cholesterol expressed in µM concentration in GB40 and 

GB48 cells at each time point compared to untreated cells. C. Caspase-1 enzyme activity expresses 

in RLU in GB40 and GB48 cells at day 7 and day 14 after radiation treatment compared to 

untreated cells. D. Soft-agar assay was used to evaluate long term effects of radiation treatment 

combined with anti-P2X7R antagonists in GBM cells. Data are represented as Mean ± SD. Data 

were analyzed by Student T-test (*p<0.05; **p<0.01; ***p< 0.001). 
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Discussion 

The current gold standard treatment for GBM is surgery followed by radiotherapy and 

chemotherapy with TMZ [57] but unfortunately this approach is largerly ineffective, showing poor 

success in patient survival [12]. Indeed GBM remains a lethal and incurable tumor, as the median 

survival for patients is 12-18 months and the majority of them dies within two years [12]. Discovery 

of new potential therapeutic targets as well as the development of more effective strategies in the 

standard clinical practice is urgently needed to improve survival of GBM patients and to increase 

their quality of life. Recently the role of P2X7R in cancer has attracted great interest for its role 

both in tumor growth and in shaping stromal-immune response in TME [213]. ATP, the 

physiological ligand of P2X7R, is released in TME by cancer cells and stromal cells and its 

concentration further increases in response to cellular stresses like hypoxia or chemo- and radiation 

treatments, reaching several hundreds of µmol/l [210-211]. Once engaged by ATP, P2X7R can 

trigger cell death or promote growth, depending on its levels of activation and on the cell type 

considered [234, 274]. The role of P2X7R in GBM is still under debate since contrasting data are 

reported in literature. Recent studies have reported that stimulation of P2X7R in glioma cells is 

associated with increased proliferation, migration and release of proinflammatory and 

neoangiogenetic factors in vitro [330-332]. In addition the treatment with anti-P2X7R has inhibited 

tumor growth in C6 glioma model in vivo [333]. On the contrary it was also reported that silencing 

or pharmacologically inhibiting P2X7R increased in vitro and in vivo tumor growth in GL261 

glioma cells and C6 glioma model, respectively [334-335]. In our study we showed that patient-

derived GBM cells express different levels and isoforms of P2X7R with high prevalence of the 

P2X7B isoform, that lack of the large pore function. In our study we further demonstrate that GBM 

cells derived from different patients owned P2X7R with different functionality, based on the 

amount and on the isoform expressed. This results in a differential response to P2X7R stimulation 

observed in GB40 and GB48, as GB40 displays both cation-channel and large pore activity while 

GB48 retains only cation-channel functionality and thus less sensitivity to receptor stimulation. To 

strengthen and support our hypothesis we observed that exposure to ATP induces acute cell death in 

GB40 cells but not in GB48 cells. These data together are in line with the nature of GBM tumors 

those are highly heterogeneous and for this reason the expression levels of P2X7R and its function 

can greatly vary among different patients. In addition, our data might also be helpful to explain the 

opposite results reported in literature, those describe the role of P2X7R as controversial, probably 

due to the differences in isoforms and levels of P2X7R expressed in the different cellular or mice 

models used. Futhermore our data suggest that treatment with anti-P2X7R antagonists alone do not 
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deeply affect GBM tumor growth, acting principally in slowing GBM cells proliferation and, again, 

the response seems dependent on the amount and isoforms of P2X7R expressed. Previous similar 

data are reported in literature where no significant effects were observed on U251 cells or human 

glioblastoma stem cells exposed to selective P2X7R antagonists or to apyrase in vitro [336]. Taken 

together our data highlighted the importance of P2X7R in GBM biology affecting cell proliferation 

and eventually activating cell death, therefore a more accurate analysis of its functional activity has 

to be done for each individual case when such heterogeneous and plastic tumors are investigated. 

However, the main issue remains the treatment of GBM patients. Despite many tumors respond to 

standard treatment at the beginning, almost all patients with GBM recur; indeed the median time to 

progression is 6.9 months [57]. Resistance to standard therapy of GBM cells is a major clinical 

issue, limiting the success of the treatment. In particular, resistance to radiation treatment is a 

crucial point of interest, as it represents, together with surgery, the most important and effective 

therapy for these patients. Thus, unravelling the mechanisms underlying radiation resistance is 

essential to develop more effective therapeutic strategies. It is well known that many different 

pathways are significantly altered after radiotherapy [337]. In the past years, several studies aimed 

to understand the molecular and genetic basis involved in tumor radiosensitivity [325]. DNA 

variants as well as activation of several DNA repair systems might contribute to radioresistance, for 

this reason targeting these pathways may be used to increase the tumors sensitivity to radiation. In 

this study, we aimed to understand how radiation therapy affects GBM cells, focusing on P2X7R 

signaling alterations. We demonstrated that radiation treatment induce massive cell death in our 

GBM cells those express functional P2X7R, killing almost the 80% of cells in both our models. 

Radiation-induced GBM cell death is time-dependent, reaching the maximum after 7 and 14 days 

from the treatment and it is associated to the release of ATP in cell culture medium, with 

concomitant activation of the pro-apoptotic protein Bax. These fundings are in tandem with a 

reduction in P2X7RA isoform expression in GBM cells after radiation treatment suggesting that 

GBM clones those express high levels of P2X7RA are more sensitive to radiation and are 

preferentially killed by this treatment, partially by the accumulation of ATP released in culture. 

These data are consistent with previous data published in literature where P2X7R gene is 

considered as a radiation-responsive gene, showing that an high and full functional expression of 

P2X7R in GBM cells is associated to a successful response to radiotherapy [325]. The main clinical 

issue remains the relapse after treatment in these patients and what happens in the period of time 

between the end of the radiation treatment and tumor recurrence. In order to address this question 

we followed GBM cells for almost one month after radiation treatment with the objective to 

understand how the P2X7R-dependent mechanisms are altered in response to radiation treatment. 
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We observed that GBM cells underwent to a transient senescent phenotype that became 

predominant after 7 and 14 days from the treatment. Senescent cells express high levels of p21 

protein, a potent cyclin-dependent kinase inhibitor that binds and inhibits the activity of several 

cyclin-CDK complexes, functioning as a regulator of cell cycle progression [338]. Its activation 

contributes to accumulation of irradiated GBM cells in phase S/G2. Cells in this temporaneous 

senescent state are able to recover from radiation-induced DNA damage, restoring completely DNA 

integrity and leaving the senescent state at day 28. Surviving cells activate also the anti-apoptotic 

Bcl-2 protein in contrast to the pro-apoptotic signals triggered by Bax. Caspase-1 activity is also 

significantly increased at day 7 and 14 in both GBM cells, suggesting the activation of 

inflammasome. P2X7R is a major driver of inflammasome activation, but its association to 

radiation treatment response in our GBM cells remains to be fully investigated. It may act inducing 

the secretion of pro-inflammatory cytokines by GBM senescent cells or activating cell death by 

pyropoptosis. P2X7RB isoform became predominant in GBM resistant senescent cells expecially at 

day 7 and 14, the critical time points in radiation response in our models. GBM resistant senescent 

cells those express P2X7RB are probably protected from the high amount of ATP released after 

radiation treatment, eventually taking advantage for recovery. Coupled with increased P2X7RB 

expression, GBM resistant senescent cells increased the amount of membrane cholesterol, strongly 

affecting receptor functionality through the interaction with the transmembrane helix [311]. Such 

alterations of P2X7R functionality and expression seemed to be highly and dynamically regulated, 

highlighting the high plasticity of GBM cells in escaping radiation-induced death. Indeed P2X7RB 

and cholesterol levels decreased when GBM cells are completely recovered. Since several 

antagonists against P2X7R are currently available, we also tried a combination with radiation 

treatment to prove that P2X7R signaling is important for radio-resistant GBM cells. Indeed we 

demonstrated that combination treatment significantly affects survival of both GBM cells tested 

compared to radiation alone. These data suggest that coupling P2X7R antagonists to radiation might 

be important to eradicate GBM senescent resistant cells those modify P2X7R functionality to 

survive. Taken together these data have highlighted a new mechanism of resistance to radiation 

triggered by GBM cells to escape the radiation-induced cell death mediated by P2X7R, opening 

also a new possible application of anti-P2X7R treatment in combination with radiotherapy for such 

tumors. 

Further experiments have to be performed, in order to strikingly prove that senescent GBM cells 

alter their P2X7R signaling to escape cell death. New approach of single cell analysis might be 

helpful to discriminate the populations of sensitive and resistant GBM cells and how they shape the 

P2X7R signaling to survive. Nonetheless, in vivo experiments are necessary to validate the 
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suggested resistance mechanisms. In such a more complex scenario, the role of P2X7R in both 

stromal and tumor cells have to be elucidated in response to radiation treatment, considering how 

deeply TME affects tumor behavior. 
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