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Abstract

:

Albeit the effort to develop targeted therapies for patients with high-grade gliomas (WHO grades III and IV) is evidenced by hundreds of current clinical trials, radiation remains one of the few effective therapeutic options for them. This review article analyzes the updates on the topic “radiotherapy of high-grade gliomas” during the period 1 January 2021–30 June 2021. The high number of articles retrieved in PubMed using the search terms (“gliom* and radio*”) and manually selected for relevance indicates the feverish research currently ongoing on the subject. During the last semester, significant advances were provided in both the preclinical and clinical settings concerning the diagnosis and prognosis of high-grade gliomas, their radioresistance, and the inevitable side effects of their treatment with radiation. The novel information concerning tumor radiosensitization was of special interest in terms of therapeutic perspective and was discussed in detail.
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1. Introduction


The earliest surgical interventions for high-grade glioma (HGG) date to 1884 and resulted in the patient’s death less than a month after surgery [1]. During the following 137 years, advancements in surgical technique, imaging, anesthesia, control of cerebral edema, introduction of magnetic resonance imaging (MRI), and adjuvant therapies allowed improving outcomes, but the median survival for patients affected by these grades III and IV tumors (42 and 14 months respectively) remain discouragingly brief [2]. The HGG highly infiltrative and complex microenvironment phenotypes, multiple resistance mechanisms, and the anatomical obstacle represented by the blood–brain barrier represent formidable challenges to develop effective treatments [3]: as a consequence, therapeutic guidelines have been essentially unchanged, since the introduction of temozolomide by Roger Stupp et al. more than fifteen years ago [4]. The current standard treatment involves maximally safe surgical resection followed by radiotherapy (RT) over a 6-week period with concomitant temozolomide (TMZ) chemotherapy followed by TMZ maintenance [5]. This therapy is seldom definitely effective, being almost invariably followed by tumor recurrence and progression. Several HGG patients are not suited for guidelines therapy and can only be subjected to palliation.



According to the Oxford Centre for Evidence-based Medicine, there is level 1 evidence for the use of RT in previously unirradiated HGG patients, with numerous randomized controlled trials showing a clear survival benefit (ref. [6,7] for relevant historical perspectives). The majority of the trials had combined grade 3 and 4 gliomas, although the majority of the patients had grade 4 disease [7]. The current guidelines for those HGG patients to be treated for the first time with RT involve a total 60 Gy split in 2.0 Gy fractions delivered on weekdays for six weeks. Thereafter, almost invariably, the tumor relapses and progresses and how to treat the recurrent patients is far from being established. Although RT techniques have steadily evolved with time and several of them are now explored for HGG recurrent patients including hypofractionated RT, tumor-treating fields (TTFs), stereotactic radiosurgery (SRS), and others, little or no survival benefit has been so far achieved [6,7,8]. Hence, there are still many questions to be answered about the efficacy and toxicity associated with a second course of radiation. Despite their low incidence rate, HGG remain a major health issue [9,10]. The first semester 2021 research advances on HGG, with special reference to radiotherapy (RT), are discussed in the following.




2. Diagnosis and Prognosis


Unlike primary HGG that usually develop ex novo in the elderly, secondary HGG may often progress from lower-grade gliomas [11]. In addition to those variations of tumor natural history, radiation necrosis and pseudo progression in MRI may also complicate diagnosis [12]. To limit those drawbacks, since 2016, the classification of tumors of the central nervous system (CNS) by the World Health Organization (WHO) includes some molecular parameters in addition to the traditional microscopic characteristics [13]. Thus, molecular markers have added a level of objectivity that was previously lacking for some categories of CNS tumors [13,14]. Similarly, the joint guideline committee of the Chinese Glioma Cooperative Group, the Society for Neuro-Oncology of China, and the Chinese Brain Cancer Association updated their clinical practice guidelines [15] providing recommendations for the diagnostic and management decisions as well as limiting unnecessary treatments and costs [15]. It was concluded that WHO grade II/III isocitrate dehydrogenase (IDH)-wildtype diffuse astrocytoma containing telomerase reverse transcriptase (TERT) promoter mutations, chromosome 7 gain/10 loss, and/or EGFR amplification correspond to a WHO grade IV diagnosis and should be classified as diffuse astrocytic glioma, IDH-wildtype, with molecular features of glioblastoma [GB-WHO grade IV (DAG-G)] [16]. Compared to patients with classic IDH-mutant astrocytoma, the mean age is older, tumors are more diffuse, and overall survival (OS) is significantly shorter [16]. Importantly, IDH genotypes and other molecular characteristics can now be identified by radiomics features from multiparameter MRI, thus further increasing pre-and post-operative diagnostic possibilities [17,18,19]. Merely to quote one couple of examples, most non-astrocytic tumors use TERT expression for telomere maintenance-mediated resistance, while HGG use the alternative lengthening of telomeres (ALT) pathway [20]. TERT and ALT are associated with unique magnetic resonance spectroscopy-detectable metabolic signatures in genetically engineered and patient-derived glioma models. Hyperpolarized [1-(13)C]-alanine flux to pyruvate was proposed as an imaging biomarker of ALT status and hyperpolarized [1-(13)C]-alanine flux to lactate was proposed as an imaging biomarker of TERT status in brain tumors [20].



The feasibility of using hyperpolarized [1-(13)C] pyruvate for differentiating radiation necrosis from brain tumors has been investigated in vivo by Park et al. [21]. Conventional MRI exhibited typical radiographic features of radiation necrosis and brain tumor with large areas of contrast enhancement and T2 hyperintensity in all animals. Lactate and pyruvate in radiation necrosis were significantly lower than those in glioma and metastatic tissue. These results were consistent with histological findings where tumor-bearing brains were highly cellular, while irradiated brains exhibited reparative changes from radiation necrosis. Hyperpolarized (13)C MR metabolic imaging of pyruvate was proposed as a noninvasive imaging method to differentiate between radiation necrosis and brain tumors [21].



Elderly patients (defined as age ≥ 65), patients with poor performance status (defined as Karnofsky performance status (KPS) < 60 or Eastern Cooperative Oncology Group Performance Status (ECOG PS) > 2), regardless of age and those where brainstem infiltration occurs, all have worse outcomes [22]. Additional negative prognostic markers include p53 mutations, CXCL10 expression, and possibly the male gender [23,24,25].



The mutational spectra following RT in 190 paired primary and recurrent gliomas and 3693 post-treatment metastatic tumors were analyzed by Kocakavuk et al. [26]. RT was associated with significant increases of small deletions (5–15 bp) and large deletions (20+ bp to chromosome-arm length). Small deletions were characterized by a larger span size and were genomically more dispersed when compared to pre-existing deletions and deletions in non-irradiated tumors. Mutational signature analysis implicated classical non-homologous end-joining-mediated DNA repair. A high IR-associated deletion burden was associated with worse clinical outcomes, suggesting that the effective repair of IR-induced DNA damage is detrimental to patient survival [26].



A mechanism-based, mathematical model that characterizes glioma cells’ temporal response to single-dose RT in vitro by explicitly incorporating time-dependent biological interactions with IR was developed by Liu et al. [27]. The proposed model could effectively predict the temporal development of 9L and C6 glioma cells in response to a range of single-fraction IR doses, providing an experimental mathematical framework that allows for quantitative investigation of cells’ temporal response to IR [27].



The neurovascular units responsible for functional connectivity may persist in the HGG tumor albeit with altered magnitude [28]. It has been hypothesized that the strength of functional connectivity within HGG may be predictive of OS. Functional connectivity regions of interest were predefined in de novo HGG patients to characterize the presence of within-tumor functional connectivity observable via functional MRI and investigated in relationship with survival outcomes. Fifty-seven HGG patients were analyzed. Functional connections could be routinely found within the tumor mass and did not significantly correlate to tumor size. Higher functional connectivity strength within HGG tumors was associated with better OS, indicating that functionally intact regions may persist within HGGs and the extent to which functional connectivity is maintained may carry prognostic value [28].




3. Advances in RT


3.1. Radioresistance


3.1.1. Preclinical Studies


HGGs are made up of multiple populations of tumor cells, among which those with the ability to initiate tumor development, herein referred to as glioma initiating cells (GIC), are of utmost importance. GICs often exhibit stem cell properties and may be constitutively less sensitive to radiation than the tumor mass, thus leading the tumor relapse after the end of the radiotherapy cycle. It is unclear by which mechanisms GICs resist the toxic effects of radiation, although DNA repair is probably one of the mechanisms involved [29]. To identify the factors that determine the radioresistance of HGGs, human and murine radioresistant GICs were generated by exposing them to repeated irradiation cycles [30]. The acquired radio resistance was accompanied by a reduction in proliferative capacity as well as an increase in intercellular adhesion and N-cadherin expression. Conversely, radioresistant GICs lost their acquired phenotype, following CRISPR/Cas9 knockout of N-cadherin. In turn, N-cadherin overexpression was stimulated by the radiation-induced secretion of insulin-like growth factor 1 [30].



PARK7 is a ubiquitous human protein involved in many cellular processes including cell proliferation, transcriptional regulation, cell differentiation, protection from oxidative stress, and maintenance of mitochondrial function. Its possible effects on the stemness and radioresistance of GICs has been studied by Kim et al. [31]. PARK7 was found to be expressed more in GICs than in differentiated cells. Immunohistochemical techniques showed a greater expression of PARK7 in HGG tissues than in normal brain tissues. The shRNA-mediated knockdown of PARK7 inhibited self-renewal of GICs in vitro. Furthermore, the knockdown of PARK7 suppressed the invasive capacity of GICs and increased the sensitivity of GICs to IR. PARK7 suppresses the expression of some stem cell markers including nestin, the epidermal growth factor receptor variant III (EGFRvIII), SOX2, NOTCH1, and OCT4. Conversely, the overexpression of PARK7 in non-GIC CD133 (-) increased self-renewal activities, migration, and IR resistance. Most important of all, PARK7 knockdown increased mouse survival and IR sensitivity in vivo [31].



HGG tumor recurrence occurs mainly in the peritumoral brain zone [32]. The mRNA expression of selected genes including SERPINA3 from microarray data were validated in the tumor core and peritumoral brain zone. Albeit its protein product alpha-1-antichymotrypsin has unclear functions, the SERPINA3 gene knockdown in vitro caused decreased HGG tumor cell proliferation, invasion, migration, transition to mesenchymal phenotype, stemness, and radioresistance. SERPINA3 protein expression was higher in peritumoral brain zone compared to tumor core and also was higher in older patients and IDH wild type and recurrent tumors. Its expression showed positive correlation with poor patient prognosis [32].



Both the perivascular niche and the integration into multicellular networks by tumor microtubes extension may be associated with resistance to therapies in HGG [33]. By long-term tracking of tumor cell fate and dynamics in the live mouse brain, differential therapeutic responses in both niches could be studied. Both the perivascular niche, a preferential location of long-term quiescent GICs, and network integration facilitate resistance against the cytotoxic effects of RT and chemotherapy. Perivascular HGG cells are particularly able to actively repair IR-induced damage. The population of the perivascular niche and resistance in it depend on proficient NOTCH1 expression, whilst NOTCH1 downregulation induces resistant multicellular networks by tumor microtubes extension [33].



Prohibitin regulates mitochondrial ROS production in GICs, thus facilitating their RT resistance [34]. Prohibitin may be found upregulated in GICs and is associated with malignant gliomas progression. Prohibitin binds to peroxiredoxin3, a mitochondrion-specific peroxidase, and stabilizes peroxiredoxin3 protein through the ubiquitin–proteasome pathway. Knockout of prohibitin dramatically elevates ROS levels, thereby inhibiting GIC self-renewal. The deletion or pharmacological inhibition of prohibitin slows tumor growth and sensitizes tumors to RT, thus providing significant survival benefits in GIC-derived orthotopic tumors and GB patient-derived xenografts models [34].



The interaction between the SP1 protein and the pyrine domain of the NLR family (NLRP6) and their role in glioma cell activity has been studied by Yu et al. [35]. SP1 and NLRP6 were abundantly expressed in HGG cells and correlated with patients’ poor prognosis. Under-expression of SP1 reduced the proliferation, migration, and invasiveness of U87 glioma cells in vitro as well as their tumorigenesis in vivo. Cell malignancy was restored after NLRP6 upregulation. Under-expression of SP1 in glioma cells also led to increased proliferation of CD8 (+) T cells and reduced the radio-resistance of U87 cells. Although U87 cells may represent an unreliable HGG model [36], this study suggested that SP1 may interact with the NLRP6 inflammasome to increase the malignancy, immune evasion, and radioresistance of glioma cells [35].



Irradiation of the brain can lead to the onset of a tumor-friendly microenvironment. Astrocytes, when pre-irradiated, increase the stemness and survival of co-cultured glioma cells [37], and mice subjected to IR prior to glioma cell implantation may develop more aggressive tumors. The extracellular matrix of irradiated astrocytes, and in particular its transglutaminase 2 component, were found to be important factors in promoting the stemness and aggressiveness of HGGs. Transglutaminase 2 levels are increased after IR in vivo and in recurrent HGG, and transglutaminase 2 inhibitors can counteract glioma proliferation [37]. The impact of RT on the microenvironment of experimental HGGs may also involve immune suppression [38]. Mice harboring neurosphere/CT-2A HGGs received RT (4 Gy, single dose), as monotherapy. RT reduced tumor-associated macrophages/microglia and monocytic myeloid-derived suppressor cells compared to controls [38].



Hypoxia (O2 partial pressure lower than 10 mmHg) is a possible radioresistance factor in HGG [39]. A NIR fluorescent hypoxia-sensitive smart probe (NO2-Rosol) for identifying hypoxia was developed via selectively imaging nitroreductase activity, which could correlate to oxygen deprivation levels in cells [40]. This technique was validated in vivo using GBM38 animal models [40].




3.1.2. Clinical Studies


As aforementioned (1. Introduction), several studies have suggested the feasibility of reirradiation of patients with recurrent HGG [41]; however, the actual benefits associated with such repeated courses of IR are questioned by multiple radioresistance mechanisms arising during the first RT course [8]. Thus, for recurrent HGG patients, no guidelines are available for IR treatment, which may presently include conventional RT, three-dimensional conformal RT, intensity-modulated RT, stereotactic radiosurgery, stereotactic RT, and tumor-treating fields [8,39,42]. Survival outcomes and prognostic factors of salvage re-irradiation in recurrent/progressive HGG patients have been investigated by Gupta et al. [43]. The first course of RT had been delivered to a median dose of 59.4 Gy. The median time to recurrence/progression was 4.3 years, while the median time to re-irradiation was 4.8 years. Re-irradiation was delivered with intensity-modulated RT using 1.8 Gy/fraction to a median dose of 54 Gy. At a median follow-up of 14 months after re-irradiation, the 1-year Kaplan–Meier estimate of post-re-irradiation OS was 61.8% [43].



The efficacy and safety of hypo fractionated stereotactic radiosurgery for the recurrence of HGG has been investigated by Guan et al. [44]. A total of 70 patients were included in their study. Forty-nine had an initial diagnosis of GB, and the rest (21) were confirmed to be WHO grade III gliomas. The median prescribed dose was 24 Gy in four fractions. The median OS after treatment was 17.6 months (19.5 and 14.6 months for grade III and IV gliomas, respectively). No elevated toxicities were recorded. Multivariate analysis showed that concurrent bevacizumab with radiosurgery and KPS  >  70 were favorable prognostic factors. A prospective phase II study (NCT04197492) is ongoing to further investigate the value of hypo fractionated stereotactic radiosurgery in recurrent HGG [44].



The efficacy of gamma knife radiosurgery as a salvage therapy for HGG has been investigated by Zhao et al. [45]. The median OS after gamma knife radiosurgery was 13 months. The 1-, 2-, and 5-year survival rates were 51.4, 10.0, and 2.9%, respectively. As expected, the tumor grade and KPS were prognostic factors [45].



A phase III clinical trial has shown that tumor treating fields (TTFs) monotherapy provides comparable survival benefits to chemotherapy in recurrent HGG [46]. However, patients did not equally benefit from TTFs, highlighting the importance of identifying predictive biomarkers of TTFs efficacy. In a retrospective review of an institutional database, 149 recurrent HGG patients were identified of which 29 (19%) were treated with TTFs. Among them, post-progression survival was improved in PTEN-mutant versus PTEN-WT recurrent HGG [46].



Advancements in definition of the RT planned target volume (PTV) have been obtained by different MRI techniques such as ultrahigh-field 7-T MRI, diffusion MRI, perfusion-weighted imaging, and magnetic resonance spectroscopy, which may also aid for predicting tumor grades and molecular subtypes [47]. PET imaging may also importantly contribute to RT treatment planning [48]. PET has been used after RT for response assessment and to distinguish tumor progression from pseudoprogression or radiation necrosis [49]. The Response Assessment in Neuro-Oncology working group has provided a summary of the literature and recommendations for the use of PET imaging for RT of patients with HGG based on published studies, constituting level 1–3 evidence [48,49].



The prompt delivery of RT treatment after surgery is essential to combat tumor radioresistance. A retrospective study to evaluate if time to chemoradiation after surgery is correlated with progression-free survival (PFS) of HGG patients has been conducted in Argentina [50]. Median time to chemoradiation after surgery was 8 weeks for the global population. There was a statistically significant effect of time to chemoradiation on patient PFS. Patients had a PFS of 10 months when they received chemoradiation <5 weeks vs. a PFS of 7 months when they received chemoradiation between 5 to 8 weeks and a PFS of 4 months when they received chemoradiation >8 weeks after surgery [50]. Toor et al. in the U.S. found that RT was started at mean 46 and 85 days after surgery in a managed health care organization and county hospital respectively, and that this time was inversely correlated to time to death that was 412 and 343 days, respectively [51].



Yan et al. first proposed the concept of adaptive RT [52]. Adaptive RT consists of a “variable set-up” RT with improved precision in which computed tomography (CT)/MR images and other types of images are acquired at successive times; anatomical, physiological, and other conditions (e.g., changes in tumor size, morphology, and location) are observed and evaluated; the differences between the original RT plan and the potentially subsequent one are analyzed; the most appropriate doses to be administered after the change in the volume, position, and morphology of the tumor and of normal tissues and organs are determined. This can not only increase the dose that can be administered to the tumor but also minimize the dose radiated to surrounding normal tissues, thus reducing the incidence of complications and improving the long-term quality of life of patients. The appropriate timing of adaptive RT for HGG has been investigated by Cao et al. [53]. Ten patients with HGG were screened and underwent CT/MRI scans before RT and after 10, 20, and 30 fractions of RT. Then, the differences in dosimetry in the target volume and in the organs at risk were compared, and the corresponding RT plans were updated. Adaptive RT could progressively improve the efficacy of irradiation of the target volume of HGGs and in parallel reduce the irradiation dose to organs at risk [53]. Tsien et al. have reported that intensity-modulated RT with an escalated dose may improve the survival of GB patients [54]. The PTV1 (gross tumor volume (GTV1 + 1.5 cm)) received 60 Gy/30 fractions, and the PTV2 (residual tumor or surgical cavity) received 66–81 Gy using simultaneous integrated boosts with concurrent and adjuvant TMZ chemotherapy. The median OS and PFS durations were 20.1 and 9.0 months, respectively, which was superior to the results of Stupp’s protocol [55]. Whether adaptive RT can improve the local control of HGG and increase OS and PFS of patients certainly requires further studies.



Bevacizumab was approved for recurrent HGG on the basis of two phase 2 trials that evaluated its efficacy in patients with recurrent GB [56]. In 2014, two phase 3 trials revealed improved PFS, but not OS, after bevacizumab therapy combined to RT-TMZ [57,58]. Recent analyses on limited groups of patients confirmed the efficacy of bevacizumab in improving the PFS of recurrent HGG patients with an acceptable toxicity profile [56,59]. Currently, the combination of re-irradiation with bevacizumab for recurrent HGG is common, but its efficacy is highly variable. The subject was analyzed in a systematic review by Kulinich et al. [60]. Data on 1399 patients were analyzed, with 954 patients receiving re-irradiation alone and 445 patients receiving re-irradiation + bevacizumab. All patients had initially undergone standard-of-care therapy for their primary HGG. In contrast to previous studies, a multivariate analysis adjusted for median patient age, WHO grade, RT dosing, re-RT fractionation regimen, time between primary and re-irradiation, and re-irradiation target volume showed that bevacizumab therapy was associated with significantly improved OS (2.51, 95% CI (0.11, 4.92) months, p = 0.041) but no significant improvement in PFS (1.40, 95% CI (−0.36, 3.18) months, p = 0.099). Patients receiving bevacizumab also had significantly lower rates of radionecrosis (2.2% vs. 6.5%, p < 0.001) [60]. Thus, the effectiveness of combining bevacizumab to RT in HGG therapy remains an open question [61], and further randomized, genetically characterized studies will be required to clarify what patients may actually benefit from bevacizumab treatment.



In the pediatric setting, brain cancers represent the most frequent solid tumors and a leading cause of cancer-driven mortality. Among pediatric HGG, diffuse intrinsic pontine gliomas (DIPGs) have very poor prognosis, being localized to the brain stem where surgery is often impossible due to the tumor critical location and highly infiltrating nature. Outcomes in children and adolescents with recurrent or progressive HGG may be therefore even poorer than in adults [10,62] and innovative approaches such as e.g., tumor conversion to an immunologically “hot” phenotype have been performed by oncolytic virotherapy [63].



A recent meta-analysis examined the effectiveness of RT in conjunction with TMZ in improving the prognosis of DIPG. A total of 14 studies were considered involving 283 cases of patients with DIPG who were treated with RT in conjunction with TMZ. The pooled 1- and 2-year OS of this treatment were 43% and 11%, respectively [64]. Twenty pediatric patients of recurrent DIPG with a median age of 7.5 years treated with re-irradiation were reviewed retrospectively. Survival endpoints included cumulative OS and re-irradiation OS (re-irradiation starting to death). Seventeen of them (85%) were considered clinical responders with re-irradiation OS ranging 5.3–7 months, depending on the dose [65].



In a cohort of 97 pediatric patients identified with a histologically confirmed primary high-grade spinal glioma, univariate, multivariate, and Kaplan–Meier log-rank testing failed to demonstrate an association between performing surgery, extent of resection, RT, or chemotherapy with improved survival outcomes [66]. Therefore, the risks and side effects of these treatment modalities must be carefully considered in these patients [66].





3.2. Radiosensitization


3.2.1. Preclinical Studies


SOX2 is an important transcription factor for maintaining the stemness of GICs. Fang et al. demonstrated that the DNA-dependent protein kinase (DNA-PK) regulates the stability of SOX2 through its phosphorylation, resulting in the maintenance of GICs [67]. In this regard, phosphorylation of the S251 of SOX2 plays a particularly important role. It was investigated whether the pharmacological inhibition of DNA-PKcs could reduce the radioresistance of GICs and consequently sensitize experimental GBs to RT (Figure 1). The combined treatment with the DNA-PKcs inhibitor NU7441 and irradiation (2 Gy) more effectively inhibited the growth of GIC-derived GB xenografts in comparison to the single treatments with DNA-PKcs inhibitor or irradiation alone (Figure 1a–c). Histological analyses on brain sections showed that mice treated with the inhibitor and irradiation developed much smaller GB tumors than the individual inhibitor-only or irradiation-only treatment groups (Figure 1d). Furthermore, immunofluorescent analyzes of tumor sections with a TUNEL assay showed that apoptosis was significantly increased in tumors treated with the combined treatment as compared to the single treatments (Figure 1e,f). Consistently, the group of mice treated with the DNA-PKcs inhibitor NU7441 and irradiation survived longer than those treated with NU7441 or irradiation alone (Figure 1g), indicating that the inhibition of DNA-PKcs can increase the efficacy of RT against GBs [67].



Hematopoietic stem cell (HSC)-derived myeloid cells may home to HGG where they can represent up to 50% of intratumoral cells. Whether hematopoietic stem cells targeting TGFβ may be used to enhance the efficacy of RT has been investigated by Andreou et al. in a preclinical GB model (Figure 2) [68]. Since myeloid cells are ubiquitously present in the body, a lentiviral vector containing the matrix metalloproteinase (MMP) 14 promoter, which is active specifically in tumor-infiltrating myeloid cells as opposed to myeloid cells in other tissues, was used.



Mice were transplanted with HSC transduced with lentiviral vector expressing the soluble fusion protein of the TGFβ receptor II-Fc under regulation of the MMP14 promoter. This TGFβ inhibitory therapy was compared with tumor irradiation, the combination of the two therapies and control. The survival of the mice was monitored to assess the long-term benefits of the therapy. The combination therapy resulted in a significantly longer survival time with respect to the control group and TGFβ blocking monotherapy (Figure 2a). In addition, 25% of mice (four of 16) in the combination therapy group showed long-term survival with complete tumor rejection, compared with only one of 11 mice (9%) in the IR group and 0% in the remaining groups (Figure 2a,b). Ninety days after tumor rejection, the surviving mice were again subjected to intracranial implantation of GL261 cells. While the tumors grew again in the control mice and in the re-implanted mouse belonging to the IR group, the tumors failed to grow in all four of the re-implanted mice belonging to the combination therapy group (Figure 2c). Thus, in contrast to IR monotherapy, combination therapy resulted in long-term protection against tumor re-growth. Analysis of immune cells at the tumor implantation site 3 weeks after intracranial injection of the tumor cells revealed a significantly higher percentage of CD8+ T cells in the four mice in the combination therapy group that had rejected tumors for the second time as compared to the control represented by the mice in which there was tumor re-growth (Figure 2d,e). In contrast, infiltration by total CD45 + hematopoietic cells and CD4+ T cells was similar between the two groups (Figure 2d,e). This suggests that in addition to significantly reducing tumor recurrence and prolonging survival, TGFβ-blocking HSC therapy in combination with IR can provide long-term anticancer protection through the development of memory T cells. In summary, long-term protection from GB could be achieved only after the combined treatment (25% of mice) and was accompanied by a significant increase in CD8+ T cells at the tumor implantation site [68].



The Cre-loxP and replication-competent avian sarcomaleukosis virus long-terminal repeat with splice acceptor–tumor virus A (RCAS-TVA) technology was used to investigate whether the deficiency of the ataxia telangiectasia mutated (ATM) protein in mouse models of DIPG may allow increasing the sensitivity of the tumor to radiation (Figure 3) [69,70]. Primary brain stem gliomas with different genotypes were generated. Nestin-expressing, p53-deficient, ATM competent (nPAFL/+), and defective (nPAFL/FL) tumors were irradiated with three daily fractions to the brain, each of 10 Gy. The high radiosensitivity of glioma cells in nPAFL/FL mice resulted in a tripling of median survival after RT (Figure 3a, solid red line). These data confirm and extend previous preclinical studies showing that ATM targeting may represent a promising therapeutic approach to improve the HGG response to RT (reviewed in [71]). The deletion of Atm in Ink4a/Arf-deficient, p53 wild-type gliomas (nIAFL/FL) did not translate into improved survival after RT in vivo (Figure 3b, solid red line). Thus, the lack of functional ATM radiosensitized primary brain stem gliomas to RT in p53-deficient but not p53 wild-type tumors.



Deland et al. investigated in detail whether the p53 status may affect radio resistance in animal models of brain stem glioma. To that purpose, they compared the radiation response of mutant and wild-type gliomas for p53 in AtmFL/+ mice retaining Atm expression. While the survival of mice with p53-deficient tumors tripled after irradiation (median survival increase of 27 days), the survival was augmented 12-fold in mice carrying p53 wild-type tumors (median survival increase of 110 days) (Figure 3c,d (solid gray line)). After three daily fractions of whole brain irradiation, mice with p53 wild-type tumors survived longer than mice with p53 mutant tumors (Figure 3e, dashed blue vs. solid blue). The survival of animals with wild-type gliomas for p53 was comparable to the survival of nPAFL/FL mice with ATM defective tumors (Figure 3e, dashed red vs. solid red). Taken together, the data in Figure 3c–e indicate that wild-type tumors for p53 induced by the Ink4a/Arf mutation exhibit increased sensitivity to RT. These DIPGs are not further radiosensitized by the loss of Atm (Figure 3b). The lack of p53 signaling activity after radiation exposure reduced the radiosensitivity of Ink4a/Arf mutant tumors and caused decreased survival of the affected mice (Figure 3f solid black line).



Unexpectedly, tumors lacking both tumor suppressors were more resistant to IR than those with p53 deficiency alone, as shown by a significant decrease in survival after fractionated RT (Figure 3f, dashed black line). These results indicate that p53 and Ink4a/Arf contribute to tumor cell survival after RT treatment through different mechanisms. Consistent with previous findings, the ATM deletion did not accelerate tumor progression (Figure 3g, solid red line). The deletion of ATM slightly improved the survival of mice whose tumors had been treated with fractionated RT (Figure 3h, solid red line). Taken together, these findings suggest that in primary brain stem gliomas, the p53 status is a critical determinant of tumor response to RT along with inactivation of ATM. Interestingly, the survival of nPIAFL/FL mice undergoing RT (Figure 3i, dashed red line) carrying tumors lacking all three functions p53, Ink4a/Arf, and ATM was comparable to that of nPAFL/+ mice (Figure 3i, solid blue line) whose tumors lacked p53 only, indicating that the ATM-defective gliomas induced by loss of p53 and Ink4a/Arf remain relatively radioresistant (Figure 3i). As mentioned above, the deletion of ATM tripled the survival of irradiated mice with p53-deficient tumors and preserved Ink4a/Arf function (Figure 3a, solid red line), while the same genetic modification only increased the survival of 1.5 times in mice carrying tumors lacking both p53 and Ink4a/Arf (Figure 3i, dashed red line). In conclusion, further genetic alterations can contribute to the radiosensitization of tumors with inactivation of ATM and p53. As a consequence, whether pharmacological ATM inhibition can radiosensitize the tumor depends on the status of a number of other, partially identified, genes [69].



Anbalagan et al. investigated whether the different cell sensitivity to the different sizes of RT fractions may be dependent on the WT p53 status (Figure 4) [72]. Single or fractionated doses of IR were administered to different normal and malignant cell lines, and cell survival was determined by colony counting. A recovery factor (RF) was defined as the ratio of cell survival after fractionated dose to cell survival after single dose and used as a measure of sensitivity to fraction size.



Both normal and tumor cells with WT p53 showed significant recovery after dose fractionation, while Li-Fraumeni fibroblasts with mutant p53 and defective G1/S checkpoint lost the survival improvement due to dose fractionation (Figure 4a). Confirming previous studies that had demonstrated loss of p53 protein expression in MDAH041 cells, Western blot analysis revealed no increase in p21 expression after irradiation, which is indicative of a loss of p53 function. Furthermore, after irradiation, MDAH041 cells were arrested in the G2/M phase, which is consistent with the loss of functionality of the G1/S checkpoint. To further test the hypothesis, p53 knockdown was performed via siRNA in 1BRhTERT cells (Figure 4b). The reduced expression of p53 was confirmed by Western blotting (Figure 4c). The transient reduction of p53 in hTERT1BR cells resulted in a reduction in fractionation recovery observed after 2 × 3 Gy fractions as compared to a single 6 Gy fraction (Figure 4d). Thus, p53 siRNA knockdown in hTERT 1BR fibroblasts reduced cells’ recovery linked to dose fractionation. Ovarian cancer cell isogenic lines (A2780 WT and A2780/E6 where p53 is silenced by HPV E6) were also tested (Figure 4e,f). After fractionated irradiation, p53 WT A2780 WT cells were fraction size sensitive with significant recovery (RF of 6.26 ± 3.54) (Figure 4e). The latter was significantly reduced in p53-defective A2780/E6 cells (RF of 1.82 ± 0.33) (Figure 4f). In agreement with previous data, significant differences in cell cycle phase distributions were observed, with p53 WT A2780 cells mainly in the G1 phase while p53 defective A2780 E6 were mainly in the S/G2 phase. Further experiments confirmed that p53 mutated tumor cells, regardless of NHEJ pathway functionality, are likely insensitive to fraction size [72].



p53 is a factor that also influences the radiosensitization of GICs by ATM inhibitors, which is a phenomenon that, unlike fraction size sensitivity, is less evident when p53 is wild type [73,74].



The effect of astrocyte elevated gene-1 (AEG-1) on the radiosensitivity of glioma cells has been investigated by Zhao et al. [75]. Immunohistochemistry assay found that AEG-1 was generally overexpressed in glioma tissues and was correlated with poor clinicopathological features of glioma patients. AEG-1 knockdown inhibited the proliferation of glioma cells. γ-H2AX foci assay, colony formation assay, and flow cytometry analysis demonstrated that AEG-1 depletion enhanced radiosensitivity and promoted apoptosis as well as cell cycle arrest in the G2 phase of glioma cells treated with IR. The replication factor C5 (RFC5) was identified as a target of AEG-1 by using Affymetrix human gene expression array and RFC5 expression was downregulated in AEG-1 knockdown glioma cells. Mechanistically, AEG-1 knockdown impaired homologous recombination repair activity induced by IR through inhibiting RFC5 expression. Furthermore, the Kaplan–Meier analysis and multivariate Cox regression analysis indicated that high levels of AEG-1 and RFC5 were related to poor prognosis of glioma patients treated with RT [75].



Nile et al. have studied the radiosensitization of glioma cells by inhibitors of glycolysis (2-DG) and mitochondrial function (metformin) [76]. The radiosensitising effects of 2-DG were greatly enhanced by combination with the antidiabetic biguanide, metformin. Metabolomic analysis and cellular bioenergetic profiling revealed this combination to elicit severe disruption of key glycolytic and mitochondrial metabolites, causing significant reductions in ATP generation and enhancing radiosensitivity. Combination treatment induced G2/M arrest that persisted for at least 24 h post-irradiation, promoting apoptotic cell death in a large proportion of cells [76].



The radiosensitizing effect of olanzapine has been evaluated in U87 GB cells [77]. Olanzapine reduced the number of colonies and elevated ROS levels in irradiated cells. The maximum radiosensitizing effect of olanzapine was observed at the concentration of 20 µM [77].



Porphyrins such as 5-aminolevulinic acid-induced protoporphyrin IX selectively accumulate in neoplastic cells and are currently used for the fluorescent-guided surgical resection and photodynamic therapy of HGG. Overall, 5-aminolevulinic acid has been suggested as a radiosensitizer by increasing the oxidative stress in neoplastic cell mitochondria and enhancing the host immune response [78].



A complex consisting of two different nanoparticles, Au-OMV (gold nanoparticles) and OMV (membrane vesicles of E. coli) in combination with RT, produced radiosensitizing and immunomodulatory effects that inhibited the growth of both subcutaneous and orthotopic G261 tumors in C57BL/6 mice [79]. Longer survival was also observed in those mice in comparison to control. A high level of intracellular ROS has been observed in cancer cells exposed to radiation in the presence of the bi-particle complex [79].



The RT minibeam is a type of fractional RT that uses submillimeter beams of radiation [80]. An increase in long-term survival (60%) and a reduction in toxicity compared to conventional (wide beam) irradiation has been reported in glioma-bearing rats treated with minibeam RT [80].



Curcumin has been proposed as a therapeutic agent with radiosensitizing potential in brain tumor therapy [81]. No interaction was found on the survival of U251 human glioma cells after irradiation in combination with curcumin at clinically achievable concentrations. Experimental in vitro and in vivo data together with clinical bioavailability data did not give evidence for a radiosensitizing effect of curcumin. Reported HGG intratumoral curcumin concentrations were too low to either exert their own cytotoxic effect or to synergistically interact with IR. At present, there is neither a biological nor clinical rationale for using curcumin as a radiosensitizer in the therapy of HGG patients [81].




3.2.2. Clinical Studies


Updated guidelines for the diagnosis and management of adult patients with diffuse gliomas have been recently provided by the European Association of Neuro-Oncology (EANO) [61]. The diagnostic component was based on the aforementioned 2016 update of the WHO Classification of Tumors of the Central Nervous System and the subsequent recommendations of the Consortium to Inform Molecular and Practical Approaches to CNS Tumor Taxonomy (Section 2. Diagnosis and prognosis). With regard to therapy, recommendations based on the results from the latest practice-changing clinical trials were formulated, and also guidance for neuropathological and neuroradiological assessment were provided. In these guidelines, the role of the major treatment modalities of surgery, RT, and systemic pharmacotherapy was defined, covering current advances and emphasizing that unnecessary interventions and expenses should be avoided [61].



The hypothesis that the time at which the HGG treatment is carried out may influence the efficacy and/or toxicity of RT has been studied by Sapienza et al. [82]. The time of the day the treatment was performed was classified as morning if ≥50% of the fractions were administered before 12:00 or afternoon if after 12:00. The median follow-up was 10.9 months, and the median OS was 16.5 months. There was no difference in OS between HGG patients treated in the morning or in the afternoon [82].



The recommended phase II dose, safety/tolerability, and preliminary efficacy of combining pembrolizumab, an anti-PD1 monoclonal antibody, with hypofractionated stereotactic irradiation and bevacizumab in patients with recurrent HGGs have been investigated [83]. The combination of hypofractionated stereotactic irradiation with pembrolizumab and bevacizumab in patients with recurrent HGG was generally safe and well tolerated.



Magnetic hyperthermia is a treatment modality where tumor sensitization to RT and CT is explored by heating up tumor cells to 40–45 °C [84]. HGG tumor sensitization by noninvasive inductive magnetic hyperthermia in the treatment of recurrent/progressive patients has been proposed. Magnetic hyperthermia improved OS in primary GB but no significant change in the OS of recurrent GB patients was reported. At present, heterogeneity in the methodology and study design may significantly limit the extent to which conclusions can be drawn on this radiosensitization technique [84].



Hyperbaric oxygen therapy increases the oxygen tension in tissues and, theoretically, it should enhance the efficiency of RT. This subject was recently reviewed by Fernandez et al., who found grade B and C evidence that at pressures of 2 absolute atmospheres, hyperbaric oxygen therapy increased the effectiveness of IR in head and neck tumors and achieved promising results in the local control of HGG [85].



Animal brain-tumor models have demonstrated a synergistic interaction between RT and a ketogenic diet. Metformin has in vitro anti-cancer activity through AMPK activation and mTOR inhibition (Section 3.2.1 Preclinical studies). Porper et al. hypothesized that the metabolic stress induced by a ketogenic diet combined with metformin would enhance IR efficacy. The tolerability and feasibility of this approach was clinically investigated. It was found that the intervention was well tolerated. Higher serum ketone levels were associated with both dietary intake and metformin use. The recommended phase II dose was eight weeks of a ketogenic diet combined with 850 mg metformin twice daily [86].






4. The Other Side of the Coin


As yet another confirmation, the expected improved survival has been observed in elderly patients treated with RT in comparison with those receiving the best supportive care alone, with similar survival for patients undergoing conv-FRT (60 Gy/30 fractions) and hypo-FRT (25–40 Gy in 5–15 daily fractions) [87]. Hence, while it has an undeniable role in improving cancer survival, RT has also various negative effects, ranging from mild to severe and including IR-induced meningioma, IR-induced glioma, cavernous malformation, enlarging perivascular spaces, leukoencephalopathy, stroke-like migraine after RT, Moyamoya syndrome, radiation necrosis, IR-induced labyrinthitis, optic neuropathy, retinopathy, and others [88]. Some of them (e.g., cognitive decline) may be influenced by the patient socioeconomic status [89].



The incidence and risk factors associated with IR-induced leukoencephalopathy in long-term survivors of HGG have been investigated by Terziev et al. [90]. A retrospective research for patients with supratentorial HGG treated with focal RT that had a progression-free survival >30 months and available germline DNA was conducted. The median age at the time of RT was 48 years old. The median follow-up after the completion of RT was 79 months. Over half (54.3%) of patients developed leukoencephalopathy, and 35.6% developed consistent symptoms such as subcortical dementia, gait disturbances, and urinary incontinence. The cumulative incidence of leukoencephalopathy was 21% at 12 months, 42% at 36 months, and 48% at 60 months. Age > 60 years, smoking, and the germline SNP rs2120825 at the Peroxisome Proliferator-Activated Nuclear Receptor gamma (PPARg) locus were associated with an increased risk of leukoencephalopathy. PPARg agonists for the prevention and management of late-delayed RT-induced neurotoxicity have been proposed [90].



The incidence and risk factors associated with IR-induced leukoencephalopathy in long-term HGG survivors were studied by Terziev et al. [90]. Patients with supratentorial HGG treated with focal RT, progression-free survival > 30 months, and available germinal DNA were analyzed. The mean age at the time of RT was 48 years. Median follow-up after completion of RT was 79 months. More than half (54.3%) of patients developed leukoencephalopathy, and 35.6% developed symptoms consistent with subcortical dementia, gait disturbance, and urinary incontinence. The cumulative incidence of leukoencephalopathy was 21% at 12 months, 42% at 36 months, and 48% at 60 months. Age > 60 years, smoking, and rs2120825 germline SNP at the PPARg nuclear receptor locus were associated with an increased risk of leukoencephalopathy. PPARg agonists have been proposed for the prevention and management of this late RT-induced complication [90].



Patients with HGG treated with low-activity temporary iodine-125 stereotactic brachytherapy who also had external beam RT were investigated for radiation necrosis side effects [91]. Radiation necrosis was diagnosed using stereotactic biopsy and/or metabolic imaging in 8/75 patients (10.6%). The 1- and 2-year risk of necrosis was 5.1% and 11.7%, respectively, and was mainly determined by the treatment volume rather than by the interval between therapies [91].



Radiosurgery may offer potential for improving the toxicity profile of IR by focused and precise targeting of well-defined tumors under stereotactic immobilization and image guidance [92]. The dosimetric and clinical predictors of IR-induced brain toxicity after single-fraction stereotactic radiosurgery (SRS) or fractionated stereotactic radiosurgery have been surveyed [93]. The risk of radionecrosis after SRS and fractionated SRS was reckoned as a function of dose and volume treated. The use of fractionated SRS appeared to reduce risks of radionecrosis for larger treatment volumes relative to SRS [93]. Published clinical predictors of IR-induced optic nerve/chiasm neuropathy after SRS or fractionated SRS were analyzed, and the optic apparatus normal tissue complication probability and tolerance doses after SRS and fractionated SRS were proposed [94].



Inhibition of neurogenesis due to IR-induced damage in neural stem cells (NSCs) is an important mechanism underlying long-term radiation-induced cognitive impairment [95,96]. After co-culture with GL261 glioma cells, mouse NSCs showed inhibition of proliferation and reduced neurosphere formation and differentiation potential. Irradiated GL261 cells caused greater inhibition and reduction of NSCs than non-irradiated GL261 cells. Furthermore, the addition of exosomes released from GL261 cells to the culture of NSCs inhibited the proliferation of NSCs, suggesting that exosomes derived from cancer cells may be mediators of those intercellular effects. Furthermore, the injection of exosomes released by GL261 cells into the hippocampus of mice caused an inhibition of neurogenesis and cognitive impairment two months later, and exosomes of irradiated GL261 cells induced even greater inhibitory effects.



Recent data have shown that single-fraction irradiation delivered to the whole brain in less than tenths of a second using FLASH radiotherapy (FLASH-RT) does not elicit neurocognitive deficits in mice [97,98]. The capability of FLASH-RT to minimize the induction of radiation-induced brain toxicities has been attributed to the reduction of ROS, raising some concern that this might translate to a possible loss of antitumor efficacy. Montay-Gruel et al. have shown that FLASH and CONV-RT are similarly efficient in delaying GB growth for all tested regimens. Furthermore, only FLASH-RT was found to significantly spare radiation-induced cognitive deficits in learning and memory in tumor-bearing animals after the delivery of large neurotoxic single dose or hypofractionated regimens. Hence, FLASH-RT delivered with hypofractionated regimens may be able to spare the normal brain from radiation-induced toxicities without compromising tumor cure [97,98].



Proton RT has been compared to intensity modulated RT in 90 patients with newly diagnosed HGG by Brown et al. [99]. There was no difference in PFS or OS between study arms. Even though proton RT was not associated with a delay in time to cognitive failure possibly because the aggressive nature of GB overshadows any potentially improved cognitive outcomes by the radiation technique, proton RT was associated with reduced toxicity and patient-reported fatigue [99].



The clinical and therapeutic factors associated with the long-term risk of secondary neoplasm (SN) of the CNS after cranial irradiation in childhood or adolescent cancer survivors have been quantified [100]. After adjustment for reported genetic syndromes and first CNS tumor, the meningioma risk significantly increased with higher IR doses (excess OR per Gy (EOR/Gy) = 1.377; median latency time = 30 years). The risk was higher among youngest individuals at first cancer diagnosis, but it did not vary with follow-up time. On the contrary, IR-related glioma risk (EOR/Gy = 0.049; median latency time = 17 years) decreased over time. There was a significant association between meningioma risk and cumulative doses of alkylating agents but no association with growth hormone therapy [100].



Using a tumor registry, Rodrigues et al. sought to characterize the risk of secondary tumor (SN) development after external beam RT (EBRT) of pediatric low-grade gliomas [101]. A total of 1245 medical records of pediatric patients (aged 0–17 years) from 1973 to 2015 were analyzed. For patients alive 30 years after initial diagnosis of low-grade glioma, the absolute risk of developing SN in the EBRT-treated cohort was 12.61% versus 4.99% in the untreated EBRT cohort. Cumulative incidence curves that were corrected for competing events confirmed higher rates of secondary tumor development in patients treated with EBRT. Thus, it should be considered during treatment planning that RT is associated with an increased risk of future secondary cancers for pediatric survivors of low-grade gliomas [101].



Epilepsy is a common complication in HGG patients after undergoing tumor surgery combined with chemotherapy and/or RT. A model for predicting the risk of epilepsy occurrence in such patients has been provided: a total of 219 patients with gliomas were reviewed. Multivariate analyses revealed that age, WHO glioma classification, CD34, EGFR, O6 methylguanine DNA methyltransferase, and vimentin were predictors of risk of epilepsy occurrence [102]. A nomogram of the risk of epilepsy occurrence was built based on statistically significant variables from the multivariate logistic regression analysis [102].




5. Concluding Remarks and Future Perspectives


Due to unacceptable side effects and limited efficacy, escalating RT doses for HGG may be not a viable strategy. To improve the overall effectiveness of currently employed RT toward HGG, several tumor-specific radio-sensitizing drugs are under development [103]. However, radiosensitizing drugs may not easily cross the blood–brain barrier and may possibly exert toxic effects per se when administered systemically. On the other hand, locoregional administration of radiosensitizing drugs (e.g., through convection-enhanced delivery) is of difficult technical implementation and at the moment can be performed in few clinical centers only [104,105]. Inhibiting minimal residual disease progression using low doses of radiation delivered soon after guideline therapies may be an alternative fruitful strategy: in multiple glioma initiating cell-driven animal models that accurately recapitulate the heterogeneity and growth patterns of the patients’ tumors, it was recently demonstrated that ultra-hyper-FRT started at early stages of tumor progression resulted in a significant delay in tumor progression and an improvement in animal survival [55]. Those preclinical results challenge the dogma that few ablative doses are more effective than many small doses for the RT of HGG and provide the rationale for investigating the currently employed treatment regimen extended with an ultra-hyper-FRT schedule for HGG patients.







Funding


This research was funded by the Italian Ministry of Health, Ricerca Corrente funds.




Conflicts of Interest


The author declares no conflict of interest.




Abbreviations


AEG-1, astrocyte elevated gene-1; ALT, alternative lengthening of telomeres; ATM, ataxia telangiectasia mutated; AuNPs, gold nanoparticles; CNS, central nervous system; CT, computed tomography; DAG-G, diffuse astrocytic glioma, IDH-wildtype, with molecular features of glioblastoma; DIPG, diffuse intrinsic pontine glioma; DNA-PK, DNA-dependent protein kinase; EANO, European Association of Neuro-Oncology; EBRT, external beam RT; ECOG, Eastern Cooperative Oncology Group; EGFR, epidermal growth factor receptor; EGFRvIII, epidermal growth factor receptor variant III; FDA, Food and Drug Administration; GB, glioblastoma; GIC, glioma initiating cell; GTV, gross tumor volume; HGG, high-grade glioma; HSC, hematopoietic stem cell; IDH, isocitrate dehydrogenase; IR, ionizing radiation; KPS, Karnofsky performance status; MMP, matrix metalloproteinase; MRI, magnetic resonance imaging; NLRP6, NLR family pyrin domain containing 6; NSC, neural stem cell; OMVs, outer-membrane vesicles; OS, overall survival; PFS, progression-free survival; PPARg, peroxisome proliferator-activated nuclear receptor gamma; PS, performance status; PTV, planned target volume; RF, recovery factor; RFC5, replication factor C5; ROS, reactive oxygen species; RT, radiotherapy; SN, secondary neoplasm; SP1, specificity protein 1; SRS, stereotactic radiosurgery; TERT, telomerase reverse transcriptase; TGF, transforming growth factor; TMZ, temozolomide; TTFs, tumor treating fields; TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick end labeling; WHO, World Health Organization.




References


	



McCutcheon, I.E.; Preul, M.C. Historical Perspective on Surgery and Survival with Glioblastoma: How Far have we Come? World Neurosurg. 2021, 149, 148–168. [Google Scholar] [CrossRef] [PubMed]

	



Omuro, A.; DeAngelis, L.M. Glioblastoma and Other Malignant Gliomas: A Clinical Review. JAMA 2013, 310, 1842–1850. [Google Scholar] [CrossRef]

	



Khan, I.; Mahfooz, S.; Elbasan, E.B.; Karacam, B.; Oztanir, M.N.; Hatiboglu, M.A. Targeting Glioblastoma: The Current State of Different Therapeutic Approaches. Curr. Neuropharmacol. 2021, 19, 1. [Google Scholar] [CrossRef] [PubMed]

	



Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.; Belanger, K.; Brandes, A.A.; Marosi, C.; Bogdahn, U.; et al. Radiotherapy Plus Concomitant and Adjuvant Temozolomide for Glioblastoma. N. Engl. J. Med. 2005, 352, 987–996. [Google Scholar] [CrossRef]

	



Oronsky, B.; Reid, T.R.; Oronsky, A.; Sandhu, N.; Knox, S.J. A Review of Newly Diagnosed Glioblastoma. Front. Oncol. 2021, 10, 574012. [Google Scholar] [CrossRef]

	



Gzell, C.; Back, M.; Wheeler, H.; Bailey, D.; Foote, M. Radiotherapy in Glioblastoma: The Past, the Present and the Future. Clin. Oncol. (R. Coll. Radiol) 2017, 29, 15–25. [Google Scholar] [CrossRef]

	



Hau, E.; Shen, H.; Clark, C.; Graham, P.H.; Koh, E.-S.; McDonald, K.L. The Evolving Roles and Controversies of Radiotherapy in the Treatment of Glioblastoma. J. Med. Radiat. Sci. 2016, 63, 114–123. [Google Scholar] [CrossRef] [PubMed]

	



Minniti, G.; Niyazi, M.; Alongi, F.; Navarria, P.; Belka, C. Current Status and Recent Advances in Reirradiation of Glioblastoma. Radiat Oncol. 2021, 16, 36. [Google Scholar] [CrossRef]

	



Chelliah, S.S.; Paul, E.A.L.; Kamarudin, M.N.A.; Parhar, I. Challenges and Perspectives of Standard Therapy and Drug Development in High-Grade Gliomas. Molecules 2021, 26, 1169. [Google Scholar] [CrossRef]

	



El-Khayat, S.M.; Arafat, W.O. Therapeutic Strategies of Recurrent Glioblastoma and its Molecular Pathways ‘Lock Up the Beast’. Ecancermedicalscience 2021, 15, 1176. [Google Scholar] [CrossRef]

	



Bao, Z.; Wang, Y.; Wang, Q.; Fang, S.; Shan, X.; Wang, J.; Jiang, T. Intratumor Heterogeneity, Microenvironment, and Mechanisms of Drug Resistance in Glioma Recurrence and Evolution. Front. Med. 2021, 1–11. [Google Scholar] [CrossRef]

	



Singh, G.; Manjila, S.; Sakla, N.; True, A.; Wardeh, A.H.; Beig, N.; Vaysberg, A.; Matthews, J.; Prasanna, P.; Spektor, V. Radiomics and Radiogenomics in Gliomas: A Contemporary Update. Br. J. Cancer 2021, 1–17. [Google Scholar] [CrossRef]

	



Mair, M.J.; Geurts, M.; van den Bent, M.J.; Berghoff, A.S. A Basic Review on Systemic Treatment Options in WHO Grade II-III Gliomas. Cancer Treat. Rev. 2021, 92, 102124. [Google Scholar] [CrossRef]

	



Wang, K.Y.; Chen, M.M.; Malayil Lincoln, C.M. Adult Primary Brain Neoplasm, Including 2016 World Health Organization Classification. Neuroimaging Clin. N. Am. 2021, 31, 121–138. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, T.; Nam, D.H.; Ram, Z.; Poon, W.S.; Wang, J.; Boldbaatar, D.; Mao, Y.; Ma, W.; Mao, Q.; You, Y.; et al. Clinical Practice Guidelines for the Management of Adult Diffuse Gliomas. Cancer Lett. 2021, 499, 60–72. [Google Scholar] [CrossRef]

	



Lee, D.; Riestenberg, R.A.; Haskell-Mendoza, A.; Bloch, O. Diffuse Astrocytic Glioma, IDH-Wildtype, with Molecular Features of Glioblastoma, WHO Grade IV: A Single-Institution Case Series and Review. J. Neurooncol. 2021, 152, 89–98. [Google Scholar] [CrossRef] [PubMed]

	



Peng, H.; Huo, J.; Li, B.; Cui, Y.; Zhang, H.; Zhang, L.; Ma, L. Predicting Isocitrate Dehydrogenase (IDH) Mutation Status in Gliomas using Multiparameter MRI Radiomics Features. J. Magn. Reson. Imaging 2021, 53, 1399–1407. [Google Scholar] [CrossRef]

	



Kawai, T.; Brender, J.R.; Lee, J.A.; Kramp, T.; Kishimoto, S.; Krishna, M.C.; Tofilon, P.; Camphausen, K.A. Detection of Metabolic Change in Glioblastoma Cells After Radiotherapy using Hyperpolarized (13) C-MRI. NMR Biomed. 2021, 34, e4514. [Google Scholar] [CrossRef] [PubMed]

	



Sui, Z.; Zhang, X.; Li, H.; Xu, D.; Li, G. Magnetic Resonance Imaging Evaluation of Brain Glioma before Postoperative Radiotherapy. Clin. Transl. Oncol. 2021, 23, 820–826. [Google Scholar] [CrossRef]

	



Viswanath, P.; Batsios, G.; Mukherjee, J.; Gillespie, A.M.; Larson, P.E.Z.; Luchman, H.A.; Phillips, J.J.; Costello, J.F.; Pieper, R.O.; Ronen, S.M. Non-Invasive Assessment of Telomere Maintenance Mechanisms in Brain Tumors. Nat. Commun. 2021, 12, 92. [Google Scholar] [CrossRef]

	



Park, I.; Kim, S.; Pucciarelli, D.; Song, J.; Choi, J.M.; Lee, K.H.; Kim, Y.H.; Jung, S.; Yoon, W.; Nakamura, J.L. Differentiating Radiation Necrosis from Brain Tumor using Hyperpolarized Carbon-13 MR Metabolic Imaging. Mol. Imaging Biol. 2021, 23, 417–426. [Google Scholar] [CrossRef]

	



Anami, S.; Fukai, J.; Hama, M.; Awaya, A.; Inagaki, T.; Chiba, T.; Noda, Y.; Kanemura, Y.; Nakao, N.; Sonomura, T. Brainstem Infiltration Predicts Survival in Patients with High-Grade Gliomas Treated with Chemoradiotherapy. Anticancer Res. 2021, 41, 2583–2589. [Google Scholar] [CrossRef] [PubMed]

	



Panciani, P.P.; Giordana, M.T.; Gallone, S.; Muratori, A.; Rotunno, R.; Migliorati, K.; Spena, G.; Ducati, A.; Fontanella, M. Blood-Tissue Analysis of TP53 Polymorphisms and Survival of Patients with Glioma. J. Neurosurg. Sci. 2021, 65, 8–13. [Google Scholar] [CrossRef]

	



Massey, S.C.; Whitmire, P.; Doyle, T.E.; Ippolito, J.E.; Mrugala, M.M.; Hu, L.S.; Canoll, P.; Anderson, A.R.A.; Wilson, M.A.; Fitzpatrick, S.M.; et al. Sex Differences in Health and Disease: A Review of Biological Sex Differences Relevant to Cancer with a Spotlight on Glioma. Cancer Lett. 2021, 498, 178–187. [Google Scholar] [CrossRef]

	



Zhang, Q.Q.; Xiong, J.; Lu, D.L.; Wang, Z.X.; Sun, S.Y.; Liu, W.W. Expression and Clinical Significance of CXC Chemokine Ligand 10 in Glioma. Zhonghua Yi Xue Za Zhi 2021, 101, 1031–1035. [Google Scholar]

	



Kocakavuk, E.; Anderson, K.J.; Varn, F.S.; Johnson, K.C.; Amin, S.B.; Sulman, E.P.; Lolkema, M.P.; Barthel, F.P.; Verhaak, R.G.W. Radiotherapy is Associated with a Deletion Signature that Contributes to Poor Outcomes in Patients with Cancer. Nat. Genet. 2021, 53, 1088–1096. [Google Scholar] [CrossRef]

	



Liu, J.; Hormuth, D.A.; Davis, T.; Yang, J.; McKenna, M.T.; Jarrett, A.M.; Enderling, H.; Brock, A.; Yankeelov, T.E. A Time-Resolved Experimental-Mathematical Model for Predicting the Response of Glioma Cells to Single-Dose Radiation Therapy. Integr. Biol. 2021, 13, 167–183. [Google Scholar]

	



Daniel, A.G.S.; Park, K.Y.; Roland, J.L.; Dierker, D.; Gross, J.; Humphries, J.B.; Hacker, C.D.; Snyder, A.Z.; Shimony, J.S.; Leuthardt, E.C. Functional Connectivity within Glioblastoma Impacts overall Survival. Neuro Oncol. 2021, 23, 412–421. [Google Scholar] [CrossRef]

	



Lang, F.; Liu, Y.; Chou, F.J.; Yang, C. Genotoxic Therapy and Resistance Mechanism in Gliomas. Pharmacol. Ther. 2021, 228, 107922. [Google Scholar] [CrossRef]

	



Osuka, S.; Zhu, D.; Zhang, Z.; Li, C.; Stackhouse, C.T.; Sampetrean, O.; Olson, J.J.; Gillespie, G.Y.; Saya, H.; Willey, C.D.; et al. N-Cadherin Upregulation Mediates Adaptive Radioresistance in Glioblastoma. J. Clin. Investig. 2021, 131, 136098. [Google Scholar] [CrossRef]

	



Kim, J.Y.; Kim, H.J.; Jung, C.W.; Choi, B.I.; Lee, D.H.; Park, M.J. PARK7 Maintains the Stemness of Glioblastoma Stem Cells by Stabilizing Epidermal Growth Factor Receptor Variant III. Oncogene 2021, 40, 508–521. [Google Scholar] [CrossRef]

	



Nimbalkar, V.P.; Kruthika, B.S.; Sravya, P.; Rao, S.; Sugur, H.S.; Verma, B.K.; Chickabasaviah, Y.T.; Arivazhagan, A.; Kondaiah, P.; Santosh, V. Differential Gene Expression in Peritumoral Brain Zone of Glioblastoma: Role of SERPINA3 in Promoting Invasion, Stemness and Radioresistance of Glioma Cells and Association with Poor Patient Prognosis and Recurrence. J. Neurooncol. 2021, 152, 55–65. [Google Scholar] [CrossRef]

	



Jung, E.; Osswald, M.; Ratliff, M.; Dogan, H.; Xie, R.; Weil, S.; Hoffmann, D.C.; Kurz, F.T.; Kessler, T.; Heiland, S.; et al. Tumor Cell Plasticity, Heterogeneity, and Resistance in Crucial Microenvironmental Niches in Glioma. Nat. Commun. 2021, 12, 1014–1021. [Google Scholar] [CrossRef] [PubMed]

	



Huang, H.; Zhang, S.; Li, Y.; Liu, Z.; Mi, L.; Cai, Y.; Wang, X.; Chen, L.; Ran, H.; Xiao, D.; et al. Suppression of Mitochondrial ROS by Prohibitin Drives Glioblastoma Progression and Therapeutic Resistance. Nat. Commun. 2021, 12, 3720. [Google Scholar] [CrossRef] [PubMed]

	



Yu, Y.; Cao, F.; Xiong, Y.; Zhou, H. SP1 Transcriptionally Activates NLRP6 Inflammasome and Induces Immune Evasion and Radioresistance in Glioma Cells. Int. Immunopharmacol. 2021, 98, 107858. [Google Scholar] [CrossRef]

	



Allen, M.; Bjerke, M.; Edlund, H.; Nelander, S.; Westermark, B. Origin of the U87MG Glioma Cell Line: Good News and Bad News. Sci. Transl. Med. 2016, 8, 354re3. [Google Scholar] [CrossRef]

	



Berg, T.J.; Marques, C.; Pantazopoulou, V.; Johansson, E.; von Stedingk, K.; Lindgren, D.; Jeannot, P.; Pietras, E.J.; Bergström, T.; Swartling, F.J.; et al. The Irradiated Brain Microenvironment Supports Glioma Stemness and Survival Via Astrocyte-Derived Transglutaminase 2. Cancer Res. 2021, 81, 2101–2115. [Google Scholar] [CrossRef]

	



Riva, M.; Wouters, R.; Sterpin, E.; Giovannoni, R.; Boon, L.; Himmelreich, U.; Gsell, W.; Van Ranst, M.; Coosemans, A. Radiotherapy, Temozolomide, and Antiprogrammed Cell Death Protein 1 Treatments Modulate the Immune Microenvironment in Experimental High-Grade Glioma. Neurosurgery 2021, 88, E205–E215. [Google Scholar]

	



Chédeville, A.L.; Madureira, P.A. The Role of Hypoxia in Glioblastoma Radiotherapy Resistance. Cancers 2021, 13, 542. [Google Scholar] [CrossRef]

	



Hettie, K.S.; Klockow, J.L.; Moon, E.J.; Giaccia, A.J.; Chin, F.T. A NIR Fluorescent Smart Probe for Imaging Tumor Hypoxia. Cancer. Rep. 2021, e1384. [Google Scholar] [CrossRef]

	



Zamora, P.L.; Miller, S.R.; Kovoor, J.J. Single Institution Experience in Re-Irradiation of Biopsy-Proven Diffuse Intrinsic Pontine Gliomas. Childs Nerv. Syst. 2021, 37, 2539–2543. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.; Zhao, Q.; Shi, W.; Zheng, Z.; Liu, Z.; Meng, L.; Dong, L.; Jiang, X. Advances in Radiotherapy and Comprehensive Treatment of High-Grade Glioma: Immunotherapy and Tumor-Treating Fields. J. Cancer 2021, 12, 1094–1104. [Google Scholar] [CrossRef]

	



Gupta, T.; Maitre, M.; Maitre, P.; Goda, J.S.; Krishnatry, R.; Chatterjee, A.; Moiyadi, A.; Shetty, P.; Epari, S.; Sahay, A.; et al. High-Dose Salvage Re-Irradiation for Recurrent/Progressive Adult Diffuse Glioma: Healing Or Hurting? Clin. Transl. Oncol. 2021, 23, 1358–1367. [Google Scholar] [CrossRef]

	



Guan, Y.; Xiong, J.; Pan, M.; Shi, W.; Li, J.; Zhu, H.; Gong, X.; Li, C.; Mei, G.; Liu, X.; et al. Safety and Efficacy of Hypofractionated Stereotactic Radiosurgery for High-Grade Gliomas at First Recurrence: A Single-Center Experience. BMC Cancer 2021, 21, 123. [Google Scholar] [CrossRef]

	



Zhao, M.; Fu, X.; Zhang, Z.; Ma, L.; Wang, X.; Li, X. Gamma Knife Radiosurgery for High-Grade Gliomas: Single-Center Experience of Six Years in China. Stereotact. Funct. Neurosurg. 2021, 99, 181–186. [Google Scholar] [CrossRef] [PubMed]

	



Dono, A.; Mitra, S.; Shah, M.; Takayasu, T.; Zhu, J.J.; Tandon, N.; Patel, C.B.; Esquenazi, Y.; Ballester, L.Y. PTEN Mutations Predict Benefit from Tumor Treating Fields (TTFields) Therapy in Patients with Recurrent Glioblastoma. J. Neurooncol. 2021, 153, 153–160. [Google Scholar] [CrossRef]

	



Sanvito, F.; Castellano, A.; Falini, A. Advancements in Neuroimaging to Unravel Biological and Molecular Features of Brain Tumors. Cancers 2021, 13, 424. [Google Scholar] [CrossRef]

	



Galldiks, N.; Niyazi, M.; Grosu, A.L.; Kocher, M.; Langen, K.J.; Law, I.; Minniti, G.; Kim, M.M.; Tsien, C.; Dhermain, F.; et al. Contribution of PET Imaging to Radiotherapy Planning and Monitoring in Glioma Patients—A Report of the PET/RANO Group. Neuro Oncol. 2021, 23, 881–893. [Google Scholar] [CrossRef]

	



Galldiks, N.; Niyazi, M.; Tonn, J.C.; Langen, K.J. Reply to the Letter regarding”Contribution of PET Imaging to Radiotherapy Planning and Monitoring in Glioma Patients-a Report of the PET/RANO Group”: 18F-Fluciclovine and Target Volume Delineation. Neuro Oncol. 2021. [Google Scholar] [CrossRef]

	



Prost, D.M.; Merenzon, M.A.; Gómez-Escalante, J.I.; Primavera, A.; Vargas Benítez, M.; Gil, A.S.; Marenco, P.M.; Califano, M.M.; Moughty Cueto, C.; Zaloff Dakoff, J.M.; et al. Effects of Time to Chemoradiation on High-Grade Gliomas from the Buenos Aires Metropolitan Area. PLoS ONE 2021, 16, e0249486. [Google Scholar] [CrossRef]

	



Toor, H.; Savla, P.; Podkovik, S.; Patchana, T.; Ghanchi, H.; Kashyap, S.; Tashjian, V.; Miulli, D. Timing of Chemoradiation in Newly Diagnosed Glioblastoma: Comparative Analysis between County and Managed Care Health Care Models. World Neurosurg. 2021, 149, e1038–e1042. [Google Scholar] [CrossRef]

	



Yan, D.; Ziaja, E.; Jaffray, D.; Wong, J.; Brabbins, D.; Vicini, F.; Martinez, A. The use of Adaptive Radiation Therapy to Reduce Setup Error: A Prospective Clinical Study. Int. J. Radiat. Oncol. Biol. Phys. 1998, 41, 715–720. [Google Scholar] [CrossRef]

	



Cao, Y.; Tang, D.; Xiang, Y.; Men, L.; Liu, C.; Zhou, Q.; Wu, J.; Huo, L.; Song, T.; Wang, Y.; et al. Study on the Appropriate Timing of Postoperative Adaptive Radiotherapy for High-Grade Glioma. Cancer. Manag. Res. 2021, 13, 3561–3572. [Google Scholar]

	



Tsien, C.I.; Brown, D.; Normolle, D.; Schipper, M.; Piert, M.; Junck, L.; Heth, J.; Gomez-Hassan, D.; Ten Haken, R.K.; Chenevert, T.; et al. Concurrent Temozolomide and Dose-Escalated Intensity-Modulated Radiation Therapy in Newly Diagnosed Glioblastoma. Clin. Cancer Res. 2012, 18, 273–279. [Google Scholar] [CrossRef]

	



Frosina, G.; Fontana, V.; Verzola, D.; Rosa, A.; Gaggero, G.; Garibotto, G.; Vagge, S.; Pigozzi, S.; Daga, A. Ultra-Hyper-Fractionated Radiotherapy for High Grade Gliomas. J. Neurosci. Res. 2021, in press. [Google Scholar]

	



Detti, B.; Scoccianti, S.; Teriaca, M.A.; Maragna, V.; Lorenzetti, V.; Lucidi, S.; Bellini, C.; Greto, D.; Desideri, I.; Livi, L. Bevacizumab in Recurrent High-Grade Glioma: A Single Institution Retrospective Analysis on 92 Patients. Radiol. Med. 2021, 1–6. [Google Scholar] [CrossRef]

	



Chinot, O.L.; Wick, W.; Mason, W.; Henriksson, R.; Saran, F.; Nishikawa, R.; Carpentier, A.F.; Hoang-Xuan, K.; Kavan, P.; Cernea, D.; et al. Bevacizumab Plus Radiotherapy-Temozolomide for Newly Diagnosed Glioblastoma. N. Engl. J. Med. 2014, 370, 709–722. [Google Scholar] [CrossRef]

	



Gilbert, M.R.; Dignam, J.J.; Armstrong, T.S.; Wefel, J.S.; Blumenthal, D.T.; Vogelbaum, M.A.; Colman, H.; Chakravarti, A.; Pugh, S.; Won, M.; et al. A Randomized Trial of Bevacizumab for Newly Diagnosed Glioblastoma. N. Engl. J. Med. 2014, 370, 699–708. [Google Scholar] [CrossRef]

	



Voss, M.; Wenger, K.J.; Fokas, E.; Forster, M.T.; Steinbach, J.P.; Ronellenfitsch, M.W. Single-Shot Bevacizumab for Cerebral Radiation Injury. BMC Neurol. 2021, 21, 77. [Google Scholar] [CrossRef] [PubMed]

	



Kulinich, D.P.; Sheppard, J.P.; Nguyen, T.; Kondajji, A.M.; Unterberger, A.; Duong, C.; Enomoto, A.; Patel, K.; Yang, I. Radiotherapy Versus Combination Radiotherapy-Bevacizumab for the Treatment of Recurrent High-Grade Glioma: A Systematic Review. Acta Neurochir. 2021, 163, 1921–1934. [Google Scholar] [CrossRef] [PubMed]

	



Weller, M.; van den Bent, M.; Preusser, M.; Le Rhun, E.; Tonn, J.C.; Minniti, G.; Bendszus, M.; Balana, C.; Chinot, O.; Dirven, L.; et al. EANO Guidelines on the Diagnosis and Treatment of Diffuse Gliomas of Adulthood. Nat. Rev. Clin. Oncol. 2021, 18, 170–186. [Google Scholar] [CrossRef] [PubMed]

	



Bailleul, Q.; Rakotomalala, A.; Ferry, I.; Leblond, P.; Meignan, S.; Furlan, A. The Art of War as Applied to Pediatric Gliomas: Know Your Enemy. Med. Sci. 2021, 37, 159–166. [Google Scholar]

	



Friedman, G.K.; Johnston, J.M.; Bag, A.K.; Bernstock, J.D.; Li, R.; Aban, I.; Kachurak, K.; Nan, L.; Kang, K.D.; Totsch, S.; et al. Oncolytic HSV-1 G207 Immunovirotherapy for Pediatric High-Grade Gliomas. N. Engl. J. Med. 2021, 384, 1613–1622. [Google Scholar] [CrossRef]

	



Shi, S.; Lu, S.; Jing, X.; Liao, J.; Li, Q. The Prognostic Impact of Radiotherapy in Conjunction with Temozolomide in Diffuse Intrinsic Pontine Glioma: A Systematic Review and Meta-Analysis. World Neurosurg. 2021, 148, e565–e571. [Google Scholar] [CrossRef]

	



Krishnatry, R.; Manjali, J.J.; Chinnaswamy, G.; Chatterjee, A.; Goda, J.S.; Janu, A.; Sahu, A.; Jalali, R.; Gupta, T. Clinical Approach to Re-Irradiation for Recurrent Diffuse Intrinsic Pontine Glioma. Jpn. J. Clin. Oncol. 2021, 51, 762–768. [Google Scholar] [CrossRef] [PubMed]

	



Nunna, R.S.; Khalid, S.; Behbahani, M.; Mehta, A.I. Pediatric Primary High-Grade Spinal Glioma: A National Cancer Database Analysis of Current Patterns in Treatment and Outcomes. Childs Nerv. Syst. 2021, 37, 185–193. [Google Scholar] [CrossRef]

	



Fang, X.; Huang, Z.; Zhai, K.; Huang, Q.; Tao, W.; Kim, L.; Wu, Q.; Almasan, A.; Yu, J.S.; Li, X.; et al. Inhibiting DNA-PK Induces Glioma Stem Cell Differentiation and Sensitizes Glioblastoma to Radiation in Mice. Sci. Transl. Med. 2021, 13, eabc7275. [Google Scholar] [CrossRef] [PubMed]

	



Andreou, T.; Williams, J.; Brownlie, R.J.; Salmond, R.J.; Watson, E.; Shaw, G.; Melcher, A.; Wurdak, H.; Short, S.C.; Lorger, M. Hematopoietic Stem Cell Gene Therapy Targeting TGFβ Enhances the Efficacy of Irradiation Therapy in a Preclinical Glioblastoma Model. J. Immunother. Cancer 2021, 9, e001143. [Google Scholar] [CrossRef]

	



Deland, K.; Starr, B.F.; Mercer, J.S.; Byemerwa, J.; Crabtree, D.M.; Williams, N.T.; Luo, L.; Ma, Y.; Chen, M.; Becher, O.J.; et al. Tumor Genotype Dictates Radiosensitization After Atm Deletion in Primary Brainstem Glioma Models. J. Clin. Investig. 2021, 131, e142158. [Google Scholar] [CrossRef]

	



Barton, K.L.; Misuraca, K.; Cordero, F.; Dobrikova, E.; Min, H.D.; Gromeier, M.; Kirsch, D.G.; Becher, O.J. PD-0332991, a CDK4/6 Inhibitor, significantly Prolongs Survival in a Genetically Engineered Mouse Model of Brainstem Glioma. PLoS ONE 2013, 8, e77639. [Google Scholar] [CrossRef]

	



Frosina, G.; Marubbi, D.; Marcello, D.; Vecchio, D.; Daga, A. The Efficacy and Toxicity of ATM Inhibition in Glioblastoma Initiating Cells-Driven Tumor Models. Crit. Rev. Oncol. Hematol. 2019, 138, 214–222. [Google Scholar] [CrossRef] [PubMed]

	



Anbalagan, S.; Ström, C.; Downs, J.A.; Jeggo, P.A.; McBay, D.; Wilkins, A.; Rothkamm, K.; Harrington, K.J.; Yarnold, J.R.; Somaiah, N. TP53 Modulates Radiotherapy Fraction Size Sensitivity in Normal and Malignant Cells. Sci. Rep. 2021, 11, 7119. [Google Scholar] [CrossRef] [PubMed]

	



Biddlestone-Thorpe, L.; Sajjad, M.; Rosenberg, E.; Beckta, J.M.; Valerie, N.C.; Tokarz, M.; Adams, B.R.; Wagner, A.F.; Khalil, A.; Gilfor, D.; et al. ATM Kinase Inhibition Preferentially Sensitizes p53-Mutant Glioma to Ionizing Radiation. Clin. Cancer Res. 2013, 19, 3189–3200. [Google Scholar] [CrossRef] [PubMed]

	



Vecchio, D.; Daga, A.; Carra, E.; Marubbi, D.; Raso, A.; Mascelli, S.; Nozza, P.; Garre, M.L.; Pitto, F.; Ravetti, J.L.; et al. Pharmacokinetics, Pharmacodynamics and Efficacy on Pediatric Tumors of the Glioma Radiosensitizer KU60019. Int. J. Cancer 2015, 136, 1445–1457. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, X.; Sun, Y.; Sun, X.; Li, J.; Shi, X.; Liang, Z.; Ma, Y.; Zhang, X. AEG-1 Knockdown Sensitizes Glioma Cells to Radiation through Impairing Homologous Recombination Via Targeting RFC5. DNA Cell Biol. 2021. [Google Scholar] [CrossRef] [PubMed]

	



Nile, D.L.; Rae, C.; Walker, D.J.; Waddington, J.C.; Vincent, I.; Burgess, K.; Gaze, M.N.; Mairs, R.J.; Chalmers, A.J. Inhibition of Glycolysis and Mitochondrial Respiration Promotes Radiosensitisation of Neuroblastoma and Glioma Cells. Cancer. Metab. 2021, 9, 24. [Google Scholar] [CrossRef]

	



Allahgholipour, S.Z.; Farzipour, S.; Ghasemi, A.; Asgarian-Omran, H.; Hosseinimehr, S.J. The Radiosensitizing Effect of Olanzapine as an Antipsychotic Medication in Glioblastoma Cell. Curr. Radiopharm. 2021, 14, 1. [Google Scholar] [CrossRef]

	



Nordmann, N.J.; Michael, A.P. 5-Aminolevulinic Acid Radiodynamic Therapy for Treatment of High-Grade Gliomas: A Systematic Review. Clin. Neurol. Neurosurg. 2021, 201, 106430. [Google Scholar] [CrossRef]

	



Chen, M.H.; Liu, T.Y.; Chen, Y.C.; Chen, M.H. Combining Augmented Radiotherapy and Immunotherapy through a Nano-Gold and Bacterial Outer-Membrane Vesicle Complex for the Treatment of Glioblastoma. Nanomaterials 2021, 11, 1661. [Google Scholar] [CrossRef]

	



Sotiropoulos, M.; Brisebard, E.; Le Dudal, M.; Jouvion, G.; Juchaux, M.; Crépin, D.; Sebrie, C.; Jourdain, L.; Labiod, D.; Lamirault, C.; et al. X-rays Minibeam Radiation Therapy at a Conventional Irradiator: Pilot Evaluation in F98-Glioma Bearing Rats and Dose Calculations in a Human Phantom. Clin. Transl. Radiat. Oncol. 2021, 27, 44–49. [Google Scholar] [CrossRef]

	



Sminia, P.; van den Berg, J.; van Kootwijk, A.; Hageman, E.; Slotman, B.J.; Verbakel, W.F.A.R. Experimental and Clinical Studies on Radiation and Curcumin in Human Glioma. J. Cancer Res. Clin. Oncol. 2021, 147, 403–409. [Google Scholar] [CrossRef]

	



Sapienza, L.G.; Nasra, K.; Berry, R.; Danesh, L.; Little, T.; Abu-Isa, E. Clinical Effects of Morning and Afternoon Radiotherapy on High-Grade Gliomas. Chronobiol. Int. 2021, 38, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Sahebjam, S.; Forsyth, P.A.; Tran, N.D.; Arrington, J.A.; Macaulay, R.; Etame, A.B.; Walko, C.M.; Boyle, T.; Peguero, E.N.; Jaglal, M.; et al. Hypofractionated Stereotactic Re-Irradiation with Pembrolizumab and Bevacizumab in Patients with Recurrent High-Grade Gliomas: Results from a Phase I Study. Neuro Oncol. 2021, 23, 677–686. [Google Scholar] [CrossRef] [PubMed]

	



Shirvalilou, S.; Khoei, S.; Esfahani, A.J.; Kamali, M.; Shirvaliloo, M.; Sheervalilou, R.; Mirzaghavami, P. Magnetic Hyperthermia as an Adjuvant Cancer Therapy in Combination with Radiotherapy Versus Radiotherapy Alone for Recurrent/Progressive Glioblastoma: A Systematic Review. J. Neurooncol. 2021, 152, 419–428. [Google Scholar] [CrossRef]

	



Fernández, E.; Morillo, V.; Salvador, M.; Santafé, A.; Beato, I.; Rodríguez, M.; Ferrer, C. Hyperbaric Oxygen and Radiation Therapy: A Review. Clin. Transl. Oncol. 2021, 23, 1047–1053. [Google Scholar] [CrossRef] [PubMed]

	



Porper, K.; Shpatz, Y.; Plotkin, L.; Pechthold, R.G.; Talianski, A.; Champ, C.E.; Furman, O.; Shimoni-Sebag, A.; Symon, Z.; Amit, U.; et al. A Phase I Clinical Trial of Dose-Escalated Metabolic Therapy Combined with Concomitant Radiation Therapy in High-Grade Glioma. J. Neurooncol. 2021, 1–10. [Google Scholar] [CrossRef]

	



Saeed, H.; Tseng, Y.D.; Lo, S.S. Narrative Review of Palliative Hypofractionated Radiotherapy for High Grade Glioma. Ann. Palliat. Med. 2021, 10, 846–862. [Google Scholar] [CrossRef] [PubMed]

	



Carr, C.M.; Benson, J.C.; DeLone, D.R.; Diehn, F.E.; Kim, D.K.; Merrell, K.W.; Nagelschneider, A.A.; Madhavan, A.A.; Johnson, D.R. Intracranial Long-Term Complications of Radiation Therapy: An Image-Based Review. Neuroradiology 2021, 63, 471–482. [Google Scholar] [CrossRef]

	



Torres, V.A.; Ashford, J.M.; Wright, E.; Xu, J.; Zhang, H.; Merchant, T.E.; Conklin, H.M. The Impact of Socioeconomic Status (SES) on Cognitive Outcomes Following Radiotherapy for Pediatric Brain Tumors: A Prospective, Longitudinal Trial. Neuro Oncol. 2021, 23, 1173–1182. [Google Scholar] [CrossRef]

	



Terziev, R.; Psimaras, D.; Marie, Y.; Feuvret, L.; Berzero, G.; Jacob, J.; Dehais, C.; Bompaire, F.; Mueller, W.; Kinnersley, B.; et al. Cumulative Incidence and Risk Factors for Radiation Induced Leukoencephalopathy in High Grade Glioma Long Term Survivors. Sci. Rep. 2021, 11, 10176. [Google Scholar] [CrossRef]

	



Hadi, I.; Reitz, D.; Bodensohn, R.; Roengvoraphoj, O.; Lietke, S.; Niyazi, M.; Tonn, J.C.; Belka, C.; Thon, N.; Nachbichler, S.B. Radiation Necrosis After a Combination of External Beam Radiotherapy and Iodine-125 Brachytherapy in Gliomas. Radiat Oncol. 2021, 16, 40. [Google Scholar] [CrossRef]

	



Sager, O.; Dincoglan, F.; Demiral, S.; Uysal, B.; Gamsiz, H.; Colak, O.; Ozcan, F.; Gundem, E.; Elcim, Y.; Dirican, B.; et al. Concise Review of Stereotactic Irradiation for Pediatric Glial Neoplasms: Current Concepts and Future Directions. World J. Methodol. 2021, 11, 61–74. [Google Scholar] [CrossRef] [PubMed]

	



Milano, M.T.; Grimm, J.; Niemierko, A.; Soltys, S.G.; Moiseenko, V.; Redmond, K.J.; Yorke, E.; Sahgal, A.; Xue, J.; Mahadevan, A.; et al. Single- and Multifraction Stereotactic Radiosurgery Dose/Volume Tolerances of the Brain. Int. J. Radiat. Oncol. Biol. Phys. 2021, 110, 68–86. [Google Scholar] [CrossRef] [PubMed]

	



Milano, M.T.; Grimm, J.; Soltys, S.G.; Yorke, E.; Moiseenko, V.; Tomé, W.A.; Sahgal, A.; Xue, J.; Ma, L.; Solberg, T.D.; et al. Single- and Multi-Fraction Stereotactic Radiosurgery Dose Tolerances of the Optic Pathways. Int. J. Radiat. Oncol. Biol. Phys. 2021, 110, 87–99. [Google Scholar] [CrossRef] [PubMed]

	



Klein, M.; Drijver, A.J.; van den Bent, M.J.; Bromberg, J.C.; Hoang-Xuan, K.; Taphoorn, M.J.B.; Reijneveld, J.C.; Ben Hassel, M.; Vauleon, E.; Eekers, D.B.P.; et al. Memory in Low-Grade Glioma Patients Treated with Radiotherapy Or Temozolomide: A Correlative Analysis of EORTC Study 22033–26033. Neuro Oncol. 2021, 23, 803–811. [Google Scholar] [CrossRef] [PubMed]

	



Yang, X.; Ma, L.; Ye, Z.; Shi, W.; Zhang, L.; Wang, J.; Yang, H. Radiation-Induced Bystander Effects may Contribute to Radiation-Induced Cognitive Impairment. Int. J. Radiat. Biol. 2021, 97, 329–340. [Google Scholar] [CrossRef] [PubMed]

	



Huang, C.C.; Mendonca, M.S. News FLASH-RT: To Treat GBM and Spare Cognition, Fraction Size and Total Dose Matter. Clin. Cancer Res. 2021, 27, 662–664. [Google Scholar] [CrossRef] [PubMed]

	



Montay-Gruel, P.; Acharya, M.M.; Gonçalves Jorge, P.; Petit, B.; Petridis, I.G.; Fuchs, P.; Leavitt, R.; Petersson, K.; Gondré, M.; Ollivier, J.; et al. Hypofractionated FLASH-RT as an Effective Treatment Against Glioblastoma that Reduces Neurocognitive Side Effects in Mice. Clin. Cancer Res. 2021, 27, 775–784. [Google Scholar] [CrossRef]

	



Brown, P.D.; Chung, C.; Liu, D.D.; McAvoy, S.; Grosshans, D.; Al Feghali, K.; Mahajan, A.; Li, J.; McGovern, S.L.; McAleer, M.F.; et al. A Prospective Phase II Randomized Trial of Proton Radiotherapy Vs. Intensity Modulated Radiotherapy for Patients with Newly Diagnosed Glioblastoma. Neuro Oncol. 2021. [Google Scholar] [CrossRef]

	



Journy, N.M.Y.; Zrafi, W.S.; Bolle, S.; Fresneau, B.; Alapetite, C.; Allodji, R.S.; Berchery, D.; Haddy, N.; Kobayashi, I.; Labbé, M.; et al. Risk Factors of Subsequent Central Nervous System Tumors After Childhood and Adolescent Cancers: Findings from the French Childhood Cancer Survivor Study. Cancer Epidemiol. Biomark. Prev. 2021, 30, 133–141. [Google Scholar] [CrossRef]

	



Rodrigues, A.J.; Jin, M.C.; Wu, A.; Bhambhvani, H.P.; Li, G.; Grant, G.A. Risk of Secondary Neoplasms After External-Beam Radiation Therapy Treatment of Pediatric Low-Grade Gliomas: A SEER Analysis, 1973-2015. J. Neurosurg. Pediatr. 2021, 1–9. [Google Scholar] [CrossRef]

	



Pan, S.P.; Zheng, X.L.; Zhang, N.; Lin, X.M.; Li, K.J.; Xia, X.F.; Zou, C.L.; Zhang, W.Y. A Novel Nomogram for Predicting the Risk of Epilepsy Occurrence After Operative in Gliomas Patients without Preoperative Epilepsy History. Epilepsy Res. 2021, 174, 106641. [Google Scholar] [CrossRef] [PubMed]

	



Ali, M.Y.; Oliva, C.R.; Noman, A.S.M.; Allen, B.G.; Goswami, P.C.; Zakharia, Y.; Monga, V.; Spitz, D.R.; Buatti, J.M.; Griguer, C.E. Radioresistance in Glioblastoma and the Development of Radiosensitizers. Cancers 2020, 12, 2511. [Google Scholar] [CrossRef] [PubMed]

	



Rossmeisl, J.H.; Herpai, D.; Quigley, M.; Cecere, T.E.; Robertson, J.L.; D’Agostino, R.B.; Hinckley, J.; Tatter, S.B.; Dickinson, P.J.; Debinski, W. Phase I Trial of Convection-Enhanced Delivery of IL13RA2 and EPHA2 Receptor Targeted Cytotoxins in Dogs with Spontaneous Intracranial Gliomas. Neuro Oncol. 2021, 23, 422–434. [Google Scholar] [CrossRef] [PubMed]

	



Szychot, E.; Walker, D.; Collins, P.; Hyare, H.; Shankar, A.; Bienemann, A.; Hollingworth, M.; Gill, S. Clinical Experience of Convection-Enhanced Delivery (CED) of Carboplatin and Sodium Valproate into the Pons for the Treatment of Diffuse Intrinsic Pontine Glioma (DIPG) in Children and Young Adults After Radiotherapy. Int. J. Clin. Oncol. 2021, 26, 647–658. [Google Scholar] [CrossRef]








[image: Ijms 22 08942 g001 550] 





Figure 1. Inhibiting DNA-PKcs in combination with IR improved GB treatment. (a–c) In vivo bioluminescent imaging of orthotopic GB xenografts derived from H2S GICs expressing luciferase in immunocompromised NSG mice. Seven days after GIC transplantation, NSG mice were treated with DNA-PKcs inhibitor (NU7441) or DMSO (control) by intraperitoneal injection and/or irradiated (IR; 2 × 2 Gy) on day 9 after GIC transplantation. Representative images (b) of the four indicated treatment groups on day 7 (before treatment) and day 17 (after treatment) and quantifications (c) of tumor growth in mouse brains are shown. Data are means ± SD. n = 5 mice per group. ANOVA analysis was used to assess the significance. **, p < 0.01, ***, p < 0.001, and ****, p < 0.0001. (d) Representative images showing H&E staining of cross-sections of mouse brains bearing GIC-derived tumors from four groups of mice treated with NU7441, IR (irradiation), NU7441 + IR, or DMSO (control). Scale bar, 2 mm. (e,f) TUNEL assay detecting apoptosis (green) in the GB xenografts treated with the DNA-PKcs inhibitor NU7441, irradiation (IR), NU7441 + IR, or DMSO (control) and counterstained with DAPI (blue) to indicate nuclei (e). Quantifications of cell apoptosis from four treatment groups (f). Scale bars, 50 μm. ANOVA analysis was used to assess the significance. Data are means ± SD. n = 4 independent experiments (about 200 cells per arm). ****, p < 0.0001. (g) Kaplan–Meier survival curves of mice intracranially transplanted with H2S GSCs and treated with the DNA-PKcs inhibitor NU7441, irradiation (IR), NU7441 + IR, or DMSO (control). n = 5 animals per group. Log-rank analysis was used. Control versus NU7441, p = 0.0017; control versus IR, p = 0.0017; control versus NU7441 + IR, p = 0.0017; NU7441 versus NU7441 + IR, p = 0.0018; and IR versus NU7441 + IR, p = 0.0025 (modified after [67] with permission). 
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Figure 2. Hematopoietic stem cell (HSC) gene therapy targeting transforming growth factor beta (TGFβ) in combination with IR results in a long-term protection against intracranial GB. (a) Survival of mice bearing GL261 intracranial tumors. The table below the graph shows group sizes at the beginning (day 0) and number of animals at risk (e.g., animals that are alive) for indicated days. Pooled data from two independent experiments are shown. Statistical significance was determined by a two-tailed log-rank test. (b) Growth curves for individual tumors as obtained by bioluminescence imaging, displaying total flux in photons per second (p/s). (c) Mice that rejected GL261 tumors following the first intracranial implantation of cancer cells plus therapy were rechallenged by a second intracranial implantation of GL261 cells at 90 days post-tumor rejection (red and green lines). Mice that have received transplantation of MMP14: GFP-transduced HSCs (gray lines) or naïve mice (black lines) were implanted with GL261 cells intracranially for the first time and used as controls. Tumor growth was quantified by bioluminescence imaging as in (b). (d,e) Representative dot plots showing analysis of CD8+ and CD4+ T cells (d) and quantification of immune cells (e) in intracranial tumors (control mice as specified in c) or brain area corresponding to the cancer cell implantation site (mice that have rejected tumors for the second time in the combination therapy group) by flow cytometry at 3 weeks post-cancer cell implantation. Statistical significance was determined by two-tailed t-test (n = 3 and 4, respectively, in first and second experiment for control group; n = 2 per experiment for rechallenged long-term survivors from the combination therapy group) (modified after [68] with permission). 
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Figure 3. Tumor genotype dictates radiosensitization after Atm deletion in primary brainstem glioma models. (a). Deletion of Atm in p53-deficient gliomas improves tumor response to IR. Kaplan–Meier plot of overall survival in tumor-bearing mice after three daily fractions of 10 Gy RT delivered to the whole brain. *, p < 0.05 by log rank test. (b). Deletion of Atm does not radiosensitize p53 wild-type gliomas. Kaplan–Meier plot of overall survival in tumor-bearing mice after three daily fractions of 10 Gy RT delivered to the whole brain. *, p < 0.05 by t test (2 tailed). (c,d). p53 wild-type gliomas with intact ATM function are sensitive to IR. Kaplan–Meier plot of overall survival in (c) p53-deficient tumor-bearing nPAFL/+ mice or (d) p53 wild-type tumor-bearing nIAFL/+ mice that received no RT or were treated with three daily fractions of 10 Gy to the whole brain. (e). Kaplan–Meier plot comparing the survival of mice with p53 wild-type and p53-deficient gliomas treated with fractionated RT. The animals included in these survival curves are the same animals from the survival studies in panels (a) and (b). *, p < 0.05 by log rank test. (f). p53 signaling mediates radiosensitivity of Ink4a/Arf-deficient gliomas. Kaplan–Meier plot comparing the survival of nPAFL/+, nIAFL/+, and nPIAFL/+ mice after treatment with three daily fractions of 10 Gy delivered to the whole brain. Control nPAFL/+ and nIAFL/+ curves were taken from panels (a) and (b). *, p < 0.05 by log rank test. (g–i). Deletion of Atm improves the radiation response of gliomas driven by loss of p53 and Ink4a/Arf. (g) Kaplan–Meier plot of overall survival in tumor-bearing mice after tumor detection. (h) Kaplan–Meier plot of overall survival in tumor-bearing mice after three daily fractions of 10 Gy RT delivered to the whole brain. (i) Kaplan–Meier plot comparing the survival of mice with p53-deficient gliomas and gliomas lacking both p53 and Ink4a/Arf that were treated with fractionated RT. Control nPAFL/+ and nPAFL/FL curves were taken from panels (a,b). *, p < 0.05 by t test (two-tailed) when comparing the mean of two groups or log rank test when comparing survival curves. Tumor genotypes/phenotypes. nPAFL/+, nestinTVA p53FL/FL AtmFL/+ lacking p53; nPAFL/FL, nestinTVA p53FL/FL AtmFL/FL lacking both p53 and ATM; nIAFL/+, nestinTVA Ink4a/ArfFL/FL AtmFL/+/lacking Ink4a/Arf; nIAFL/FL, nestinTVA Ink4a/ArfFL/FL AtmFL/FL/lacking both Ink4a/Arf. and Atm; nPIAFL/+, nestinTVA p53FL/FL Ink4a/ArfFL/FL AtmFL/+ lacking both p53 and Ink4a/Arf (modified after [69] with permission). 
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Figure 4. p53 modulates RT fraction size sensitivity in normal and malignant cells. (a–d). Split-dose recovery is not observed in primary fibroblast with loss of functional p53. (a–d). Transformed Li-Fraumeni fibroblasts MDAH041 were exposed to either acute or split-dose IR with indicated doses. (a) Colony survival assay confirms loss of split-dose recovery (white triangle, single acute dose, and gray triangle represents split dose IR). (b) Schema for (c) Western blot analysis showing the expression levels of total p53, p21, and loading control GAPDH and (d) colony survival of p53 siRNA knockdown in 1BR hTERT cells for the indicated period. UT is untreated, mock represents cells treated with DharmaFECT1 transfection reagent, and Scr is the ON-TARGETplus non-targeting control scramble. RF, the ratio of split-dose to single dose survival, has been compared for each experimental condition. (e,f). Split-dose recovery is lost in tumor cell lines with mutant p53. Colony survival of tumor cell lines A2780 WT (e,f) A2780 E6 after exposure to either acute or daily fractionated IR with indicated doses. Top panel in each histogram shows the experimental schema, white triangle represents single acute dose and gray triangle 1 Gy daily fractions. Post IR (6 h) cells were trypsinized and pooled with cells collected from media, plated, and allowed to form colonies. A significant increase in split-dose recovery is observed in p53 WT A2780 (e) but not in mut p53 A2780 E6 (f) (modified after [72] with permission). 
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