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Abstract

:

Glioblastoma (GBM) is the most common primary central nervous system tumor in adults. It is a highly invasive disease, making it difficult to achieve a complete surgical resection, resulting in poor prognosis with a median survival of 12–15 months after diagnosis, and less than 5% of patients survive more than 5 years. Surgical, instrument technology, diagnostic and radio/chemotherapeutic strategies have slowly evolved over time, but this has not translated into significant increases in patient survival. The current standard of care for GBM patients involving surgery, radiotherapy, and concomitant chemotherapy temozolomide (known as the Stupp protocol), has only provided a modest increase of 2.5 months in median survival, since the landmark publication in 2005. There has been considerable effort in recent years to increase our knowledge of the molecular landscape of GBM through advances in technology such as next-generation sequencing, which has led to the stratification of the disease into several genetic subtypes. Current treatments are far from satisfactory, and studies investigating acquired/inherent resistance to current therapies, restricted drug delivery, inter/intra-tumoral heterogeneity, drug repurposing and a tumor immune-evasive environment have been the focus of intense research over recent years. While the clinical advancement of GBM therapeutics has seen limited progression compared to other cancers, developments in novel treatment strategies that are being investigated are displaying encouraging signs for combating this disease. This aim of this editorial is to provide a brief overview of a select number of these novel therapeutic approaches.
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1. Introduction


It is more than 90 years since Percival Bailey and Harvey Cushing published the first classification of brain tumors [1] and devised the term ‘glioblastoma multiforme’, even though gliomas had been previously documented [2]. Gliomas are the most common malignant tumor in adults and they account for approximately 80% of all brain-related malignancies [3]. The twenty-second (22nd) statistical report (2012–2016; 408,133 records) published by CBTRUS (Central Brain Tumor Registry of the United States) is the largest population based primary brain tumor/central nervous system (CNS) tumor registry in the United States [3]. The average annual age-adjusted incidence rate of malignant brain/other CNS tumors was 7.08 per 100,000 and the most commonly occurring malignant brain/other CNS tumor was GBM (14.6% of all tumors; 48.3% of all malignant tumors; 25,510 malignant tumors expected in 2019). GBM also accounted for the majority of all gliomas (57.3%) with an incidence rate of 3.22 per 100,000. The five-year relative survival rate following diagnosis of a malignant brain/other CNS tumor was 35.8%, but this was significantly lower for GBM at 6.8%. The incidence also increases with age, with a median of 65 years. Surgical resection alone provided a survival benefit of approximately 3–6 months, which increased to 12.1 months with the inclusion of radiotherapy treatment and a further slight increase to 14.6 months was observed with the addition of concomitant and adjuvant temozolomide [4].



The World Health Organization (WHO), classifies brain tumors using a grading system, with grade I being the least aggressive and the best prognosis, to grade IV being the most malignant with the worst prognosis [5]. GBM can present as a de novo primary tumor (approximately 90% of GBM patients), without histological/clinical evidence of a lower grade lesion, or as a secondary GBM arising from lower grade gliomas, such as a diffuse astrocytoma or anaplastic astrocytoma. Primary and secondary GBMs are histopathologically indistinguishable; however, secondary GBM patients are generally younger, present with a more favorable prognosis, and differ in their molecular signature [6]. In 2010, The Cancer Genome Atlas (TCGA), presented a multidimensional analysis of 216 GBM tumor samples with the aim of characterizing the GBM genomic landscape. Several major genomic alterations were identified. Epidermal Growth Factor Receptor (EGFR) amplification/mutations, Phosphatase and tensin homolog (PTEN) deletion/mutations and CDKN2Ap16INK4a were most frequently observed in primary GBM, whereas the genomic alterations common to secondary GBM included isocitrate dehydrogenase 1/2 (IDH1/2) or Tumor protein 53 (TP53) mutations [6,7]. IDH1 was also identified as the most reliable diagnostic molecular marker of secondary GBM, as the mutation occurred more frequently in secondary GBM patients which correlated with an improved overall survival [6].



Large scale genomic studies such as the TCGA led to the identification of four GBM clinical subtypes—mesenchymal, classical, proneural, and neural, characterized by abnormalities in EGFR, IDH1, neurofibromin 1 (NF1), and platelet-derived growth factor receptor A (PDGFRA). Mesenchymal GBMs display an overexpression of mesenchymal and astrocytic markers, in addition to an NF1 deletion, and are seen in older patients with a poor prognosis. The classical subtype is associated with EGFR amplification, is highly proliferative and observed in older patients, also with a poor prognosis. Aggressive, higher-grade tumors are associated with these two subtypes. Proneural and neural subtype GBMs are generally seen in younger patients, present with IDH1, PDGFRA, PIK3C, TP53 alterations (proneural), or genes involved in nervous system development (neural) and are less aggressive tumors. Subsequently, a new classification was proposed by Verhaak [8], ultimately leading to a 2016 update of the WHO Classification of CNS tumors based on the integration of molecular parameters into diagnostic procedures previously based only on histopathological features [9]. This molecular-based approach is critical in determining the potential response to current treatment protocols that may influence patient prognosis and the design and implementation of appropriately targeted therapies.




2. Therapeutic Strategies for Glioblastoma


2.1. Targeted Therapies


With the advancement of next-generation sequencing and the comprehensive molecular mapping of GBM, several potential targets have been identified and various strategies are being evaluated as treatments for GBM. IDH mutations, which exist in high numbers in secondary GBM, involve both a loss and gain of enzyme function [10]. There is an abnormal accumulation of 2-hydroxyglutarate (2-HG), which is a driver of tumorigenesis [11,12]. Several IDH inhibitors are currently being evaluated in clinical trials, including AG-120 (mIDH1 inhibitor), AG881 (non-specific IDH inhibitor), FT-21-2 (mIDH1 inhibitor), and IDH305 (an IDH1(R132H inhibitor). EGFR inhibitors such as gefitinib, erlotinib, and afatinib have failed to show a survival benefit in GBM [13,14,15], even though they have been successful in other cancers. The activation of multiple receptor tyrosine kinase (RTK) pathways in GBM has also been proposed as a roadblock for single target-based strategies; therefore, efforts have been made to evaluate small molecule inhibitors with multiple targets such as Regorafenib. A phase II trial showed an increase in overall survival for recurrent GBM [16], while a current international phase I/II trial (GBM AGILE) is evaluating regorafenib with multiple treatment parameters for newly and recurrent GBM [17].



Depatuxizumab Mafodotin, also known as ABT-414, is an investigational anti-EGFR monoclonal antibody drug conjugate. ABT-414 targets the tumor cells by linking the anti-microtubule agent, monomethyl auristatin F, with an antibody directed against EGFR or mutant EGFRvIII. Participants within a phase I cohort who displayed EGFR amplification had a confirmed response, and this is currently being investigated in a phase II trial with ABT-414 and temozolomide in recurrent EGFR-amplified GBM. Monoclonal antibodies represent another class of targeted agents that have been used because of their high specificity and affinity to their targets. Bevacizumab, which binds to VEGF (vascular endothelial growth factor), inhibiting the growth of blood vessels, received accelerated FDA approval after encouraging phase I/II trials, but while phase III studies showed some extended progression-free survival, there was no observed overall survival benefit [18,19,20]. Cetuximab (EGFR monoclonal antibody), also failed to show survival benefits in phase II trials [21,22], identifying a potential weakness in the monoclonal antibody treatment strategy with incomplete tumor penetrance due to their size and restricted ability in crossing the blood brain barrier.




2.2. Chemotherapy


Since the landmark study in 2005 by Stupp [23], TMZ has been the first-line treatment following surgery and radiotherapy. This randomized clinical study demonstrated a significant survival benefit with the addition of TMZ to radiotherapy (27.2% versus 10.9% survival at 2 years). However, not all GBM patients respond to this treatment known as the Stupp protocol, while others may eventually display innate or acquired chemoresistance, ultimately resulting in tumor recurrence [24]. A positive prognostic indicator for TMZ-based chemotherapy for newly diagnosed GBM was correlated with MGMT gene methylation [25].



The DIRECTOR trial, investigating alternative schedules of TMZ treatment, found no difference in outcome between their treatment protocols, but they also observed that MGMT promoter methylation was a prognostic marker in the TMZ treatment of recurrent GBM patients [26]. DNA alkylating agents, known as nitrosoureas including lomustine (CCNU), carmustine (BCNU), and nimustine (ACNU) have been used in the treatment of GBM, but they are generally avoided due to the presence of systemic side effects including suppression of bone marrow and severe kidney/liver toxicities. However, improvement in the survival of recurrent and newly diagnosed GBM patients has been recently observed with the placement of carmustine wafers in the resection cavity, reducing systemic side effects [27]. Nevertheless, it is anticipated that the clinical efficacy of nitrosourea-based treatment protocols will be more prominent in GBM patients with tumors displaying MGMT promoter methylation [28,29].



Since the development of new therapeutics is associated with high costs and slow progress to successful implementation in the clinic, drug repurposing has emerged as an attractive strategy, due to lower costs and a shortened time for transition to the clinic for a new indication. For example, a study trialing Metformin, which is utilized in the management for diabetes mellitus type 2, demonstrated that the progression-free survival of patients with GBM and metformin-treated diabetes was significantly increased [30]. Furthermore, a combined analysis of 1731 patients in the AVAglio, CENTRIC, and CORE trials did not demonstrate a significant improvement in overall survival with metformin, but there was a significant hazard ratio observed for progression-free survival in these patients at baseline [31]. Nonsteroidal anti-inflammatory drugs such as celecoxib have been investigated due to encouraging results in pre-clinical laboratory-based studies [32,33]. The inclusion of celecoxib as an adjuvant to therapeutics such as temozolomide, while showing good tolerability, was inconclusive in terms of providing a significant survival benefit [34]. Currently, the DIRECT phase II/III multicenter trial is examining the efficacy of disulfiram (potent inhibitor of aldehyde dehydrogenase) in a randomized controlled study with GBM patients, due for primary completion at the end of 2021 [35].



Historically, a single-target, single-drug strategy has been the focus of drug discovery, laboratory-based studies, and clinical treatment. However, due to the genetic heterogeneity of GBM tumors, a multitarget approach with the repurposing of several drugs as a pharmacological treatment protocol has been considered and is underway. This was initially known as the CUSP9 trial, but it has undergone several modifications and is now known as CUSPv3 [36,37]. The genomic profiling of GBM tumors, coupled with the bioinformatic match-up of molecular abnormalities with drug libraries and the corresponding known drug targets in designing a personalized drug cocktail is being evaluated [38]. Numerous chemotherapeutic agents are under investigation, and it is beyond this editorial to discuss and list all the completed and ongoing trials. This information is available through the website www.clinicaltrials.gov.




2.3. Tumor Treating Fields (TTFields)


In 2011, a treatment technology known as tumor treating fields (TTFs), which utilizes intermediate frequency (200 KHz), low-intensity (1 V/cm) continuously delivered electric fields [39] to selectively target proliferating tumor cells by inhibiting mitosis was approved for the treatment of recurrent GBM by the FDA [40]. The first TTF device approved by the FDA, known as NovoTTF-100A (Optune®), manufactured by Novocure, is patient-operated, with the field generator being mounted on their shaved scalp. The results from the initial trials appear to be encouraging; when TTF was combined with TMZ chemotherapy, a significant increase in overall survival (20.9 months vs. 16 months) [41] compared to TMZ alone was observed, forming the foundation for further ongoing trials examining the efficacy of combining TTFields with chemotherapy in the treatment of GBM.




2.4. Laser Interstitial Therapy


Occasionally, GBM patients may not be candidates for surgical debulking of the tumor via an open craniotomy, and a relatively new technique known as ‘Laser Interstitial Thermal Therapy’ (LITT) is being trialed as a potential cytoreductive technique in destroying tumor cells via a localized elevated temperature [42,43,44]. It involves the insertion of an MRI-guided laser-tip probe into the tumor to deliver low-powered laser-induced thermotherapy. The initial studies have demonstrated that this therapy is safe [42], and an improved survival observed for patients with tumors where difficult surgical access may be achievable [45,46,47,48].




2.5. Radiotherapy


The current standard of care for GBM involves the combination of radiotherapy with chemotherapy [23]. Traditionally, whole brain radiation therapy was used. However due to the side effects of exposure of the normal brain to radiation, such as cognitive impairment, current practice utilizes focal radiotherapy treatment. The total radiotherapy dose of 60 Gy is normally delivered over 30 fractions of 2 Gy with adjuvant temozolomide [23], with the fractionated treatment allowing normal brain cells surrounding the tumor treatment area to recover between each treatment. Radiation dose escalation attempts have resulted in increased tissue damage and side effects, with no significant change in survival [49], hence there has been an effort in exploring other potential radiotherapy based strategies. Interstitial brachytherapy which requires the placement of radioactive isotopes (or seeds) into the surgical cavity is not an entirely new treatment, but due to continuing concerns such as radiation leakage into the surrounding brain, efforts into improving brachytherapy are underway, including the prolonged delivery of higher doses of radiation, use of alternative isotopes, and targeted delivery via the combination of isotopes with monoclonal antibodies. A treatment known as GammaTile, which involves inserting encapsulated radioactive cesium-131 seeds into the surgical cavity, was recently approved by the FDA for the treatment of GBM and has to date demonstrated feasibility and safety [50].



Proton Beam Therapy (PBT) has also been investigated as a therapeutic option for GBM, as the associated ‘Bragg Peak Effect’ reduces radiation exposure to the surrounding brain with the use of smaller treatment target volumes, providing for a lower risk of side effects such as neurocognitive decline. Dose escalation studies have been performed, with some observed toxicities [51,52], but it has also been shown to be a safe treatment option, resulting in a slight survival benefit for recurrent GBM [53]. Phase II trials are currently underway, evaluating the efficacy of PBT as a frontline treatment compared to standard dose radiotherapy with TMZ. The delivery of high dose radiation to the tumor can also be achieved via Gamma Knife Radiosurgery, which has been utilized for the treatment of recurrent GBM [54,55,56]. It has been observed that significant radiation-induced edema occurs in patients who receive high radiation doses; however, these adverse side effects were reduced, and patient survival prolonged when combined with bevacizumab [57,58].




2.6. Immunotherapies


Given the success that has been demonstrated with immunotherapeutic strategies in treating various cancers, there has been considerable effort into also translating this into a treatment for GBM patients. Traditionally, the brain is considered an immune-privileged organ due to the existence of the blood brain barrier (BBB) and the absence of a lymphatic drainage system. However, anti-tumor immune responses have been observed in brain tumors [59], which are proposed to be facilitated by the presence of a lymphatic system [60]. In general, immunotherapy has been more successful in treating tumors with a high mutational burden [61], but GBM has a low tumor mutational burden, while also displaying an immunosuppressive environment [62], and the added complication that chemotherapeutics can also promote an immunosuppressive effect [63]. Nevertheless, as immunotherapy involves harnessing the immune system to eradicate tumor cells, several different strategies have been explored with the goal to boost host immunity against GBM.



Immune checkpoint blockade has been utilized to achieve stimulation of the immune system with a significant effort focusing on blocking the binding of checkpoint receptors on immune cells such as Cytotoxic T-Lymphocyte Antigen 4 (CTLA-4) (early T-cell inhibition) and Programmed Cell Death protein 1 (PD-1) (late T-cell inhibition) to their corresponding ligands on tumor cells promoting a more effective T cell response against the tumor [64]. A number of checkpoint inhibitors that have been approved for use in several cancers have been trialed in the treatment of recurrent GBM, including nivolumab, pembrolizumab, durvalumab, atezolizumab [65]. The preliminary results have been less than inspiring; however, there are ongoing investigations into studying biomarkers that may identify which patients may respond to checkpoint blockade, the mutational load of the tumor as a predictor of response, administration of PD-1 antibodies prior to tumor resection to induce an early anti-tumor response, or analyze the effects of radiotherapy, which may be a synergistic facilitator of response to immunotherapy [66,67,68,69].



T-cell therapy involves the use of autologous T-cells, which are genetically engineered to express chimeric antigen receptor (CAR) constructs and have been FDA-approved for the treatment of hematologic malignancies. Several phase I trials have shown encouraging signs in terms of safety, feasibility and potential efficacy against relevant GBM surface antigens including IL13Ra2, HER2, EphA2 and EGFRVIII [70]. Even though the initial results have been promising, it is anticipated that, due to the high degree of heterogeneity exhibited by GBM tumors, T-cell therapy will be administered as a combination therapy, potentially with immune checkpoint blockade.



Vaccine-based strategies are also being investigated as a potential adoptive immunotherapy for GBM by stimulating an antigen-specific effector T cell response against tumor specific antigens (TSA) or tumor associated antigens (TAA). Several approaches have been utilized including cell-based protocols (patient-derived dendritic cell and autologous tumor cell vaccines) and non-cell based protocols (peptide and heat shock protein vaccines). Engineered peptide sequences that provide a targeted immunity against tumor associated antigens bound to major histocompatibility complexes form the basis of peptide vaccines. An example of two peptide vaccines are rindopepimut (EGFRvIII) [71,72,73] and SurVaxM (Survivin) [74,75]. While rindopepimut showed impressive responses in the early-phase studies [76], a survival benefit was not observed in the phase III evaluation [77]. However, a separate phase II study combining rindopepimut with temozolomide improved progression-free and overall survival for GBM patients [72], as well as the demonstration of encouraging results in a phase II study combining rindopepimut with bevacizumab in the treatment of recurrent GBM patients [78]. A phase II study evaluating SurVaxM has displayed improvements in progression-free and overall survival [74].



Heat shock proteins have also been utilized to deliver a variety of tumor antigens and are designed to create an anti-tumor inflammatory response. HSPPC-96 is one such vaccine, which has undergone a phase II, multicenter clinical trial for recurrent GBM [79]. Autologous tumor cell based vaccines use cytotoxic T lymphocytes that are induced with patient-derived tumor cells, which then subsequently elicit an immune response, once they are reintroduced back into the patient [80,81]. Dendritic cell vaccines rely on patient-derived dendritic cells that are exposed to purified tumor-specific antigens or tumor cell extracts derived from the tumor before being reintroduced to the patient, subsequently activating CD8+ and CD4+ T cells. A phase I trial with an autologous dendritic cell vaccine has demonstrated a correlation between the expression level of tumor-associated antigens on the glioma cells and prolonged overall/progression free patient survival [82]. Viral-based therapy that involves delivery of the gene of interest via viral vectors is also being investigated as a form of immunotherapy for treating GBM. Oncolytic viruses can selectively replicate in tumor cells, eliciting cytotoxic effects, ultimately providing an immunostimulatory effect. DNX-2401 is a replication-competent adenovirus that uses tumor-specific integrins to produce oncolytic effects [83,84], whereas PVSRIPO (attenuated polio-rhinovirus chimera) recognizes CD155 (poliovirus receptor), which is widely expressed in tumor cells [85,86].





3. Conclusions


The treatment of GBM continues to be a complex and difficult challenge. Previous attempts to find a cure have only resulted in a slight improvement in survival over the last 50 years, as the current 5-year survival rate remains low at <10% [25]. As there are limitations on the number of times the current therapeutic approach of surgery, radiotherapy, and chemotherapy can be utilized, the ideal novel therapeutic agent or treatment protocol, as part of a multimodal strategy, must function to eliminate any residual tumor. Ultimately, this may be achieved by the synergistic effects of combining a number of the current therapeutic strategies briefly outlined in this editorial, including a targeted therapy, immunotherapy, chemotherapy, or radiotherapy, as treatment resistance can potentially develop to a single therapy. The development of new and novel therapies has been aided by the considerable efforts to decipher the genomic landscape of GBM with the evolution of next generation sequencing, leading to modifications in tumor classification and the ‘molecular’ clinical management of some GBM patients.



Over time, the therapeutic options available will increase with additional targetable and actionable combinations of genomic mutations and alterations being uncovered, as only a small fraction to date have been demonstrated to have clinical implementation. Importantly, as tumor heterogeneity and patient-to-patient variability contributing to the growth of GBM and response to treatment is driven by the genomics of each tumor, a personalized treatment approach through the stratification of patients into molecular subgroups will be critical in their allocation to the most appropriate novel treatment strategy that will be available in the future management of GBM. The continued collaboration between researchers and clinicians, coupled with advancements in technology, both scientifically and clinically, provides for an optimistic future that new and effective treatments will be developed for GBM patients.
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