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Abstract:
 Introduction: Glioblastoma multiforme (GBM) is the most common and aggressive malignant glioma, with patients having a median survival of just over one year. Current chemotherapies, with surgery and radiotherapy, provide only minor patient benefit. There is a great need to discover and develop novel therapies for this devastating disease. 
Areas Covered: The patent literature reveals novel therapies, providing insights into emerging GBM therapeutics. We have used the Google and USPTO patent databases to generate a detailed landscape of patents and patent applications from companies active in the areas of glioma and/or GBM. Specific patents have been grouped into 6 areas: novel compounds; treatments and therapeutic targets; combination therapies; immunotherapies; delivery methods; and biomarkers for diagnosis and prognosis. 
Expert Opinion: There has been a steady increase in the number of patents on GBM over the last five years. Despite many new compounds being developed and patented for a broad range of cancers, only a small percentage of these are specifically targeted to GBM. Notable trends in the patent literature include both the development of combination therapies to combat the heterogeneous nature of GBM, and the use of immunotherapies building on the promise of cancer vaccines and CAR T-cell therapy. 
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Article highlights
· Many novel anti-cancer compounds are being patented, but very few of these specifically target GBM
· Immunotherapy is emerging as an exciting and promising treatment strategy for GBM
· The glioma/GBM patenting landscape is trending towards combination- and immuno-therapies
· Improved drug delivery and tumor penetration are essential for enhanced therapeutic efficacy
· Multi-target therapies are most likely to provide efficacy due to the heterogeneous nature of GBM
· Identification of novel targets that are ubiquitously expressed across all GBM cell lineages may enable the development of effective, long lived therapies



















1. Introduction
Gliomas - cancers of the glial cells - are the most common form of malignant brain and central nervous system (CNS) tumors [1]. There are several different types of glioma, including astrocytoma, oligodendroglioma and ependymomas [2]. However, it is glioblastoma multiforme (GBM) that is the most prevalent form, accounting for around 60-70% of all malignant gliomas [3]. 
GBM occurs mostly in adults over the age of 65 and is the most aggressive subtype of glioma, with survival rates of only 5.5% five years after diagnosis [3]. Survival rates for GBM have improved very little over the last 30 years, despite some dramatic improvements in survival for other types of cancers, such as acute myeloid leukemia [4,5]. This is in part due to our limited understanding of the causes of GBM, but also reflects a relatively low volume of new treatments passing through clinical trials. 
The current standard drug treatment for GBM patients is the DNA methylating/alkylating agent Temozolomide (TMZ, Temodal®), which alkylates DNA to trigger the death of cancerous cells [6]. Although TMZ is only effective in a minority of patients, with most patient tumors expressing high levels of methylguanine-DNA methyltransferase (MGMT) that make them resistant to treatment [7], recent preclinical studies suggest that its effectiveness might be increased by co-administration with cell cycle inhibitors such as hydroxyurea [8,9]. Indeed, drug combination approaches show considerable promise, and feature extensively in the more recent patent literature.
The heterogeneity, plasticity, and drug resistance of cell lineages constituting GBM, together with the lack of expression of a clear, unique molecular target present in all GBM cells, constitute major obstacles for the development of new treatments. Intense efforts are being made to understand the signaling pathways that are dysregulated in GBM [10,11]. When coupled with an increased understanding of the processes underlying GBM tumorigenesis, tumor maintenance and tumor progression, this enhanced knowledge should provide new biomarkers for use in diagnosis, whilst also providing new targets for treatment (illustrated diagrammatically in Figure 1). Together, recent publications and patents provide an insight into new discoveries in the glioma and glioblastoma field. 
2. Patent search strategy
An initial unrestricted search of the Google patent database using the search term “Glioblastoma” revealed 640 patents originating from 181 companies and institutions, as detailed in Table S1. A secondary search was then performed in the Google patent database with these 181 companies and institutions as the assignees, generating 11,828 patents mentioning glioblastoma, of which 4,259 have been published since January 2013 (Figure 2). Many of the claims in these patents focus on utility against a broad spectrum of cancers, although 234 patents specifically target glioma/GBM (annotated in Table S2). To enhance our coverage, an additional search of the USPTO patent and patent application databases for patents with “glioma” or “glioblastoma” in their titles was also performed. The 135 patents appearing exclusively in this USPTO search are shown in Table S3. Together, these searches cover the majority of the glioma/GBM patent landscape revealing 369 patents that directly focus on glioma/GBM of which 199 have been published in the last five years (from Jan 2013 to Jan 2018).
The subject matter of the patents specifically targeted to glioma/GBM is very diverse, covering areas such as novel compounds with potential efficacy, combination therapies, immunotherapies, new therapeutic targets and improved treatment methods, as well as methods for the diagnosis of GBM and defining its clinical course. Due to the high numbers of patents focusing on glioma/GBM that were revealed using our search criteria, only the most recent patents and patent applications, many of which may not be referenced in the published scientific literature, along with patents that involve interesting approaches or demonstrate very promising therapeutic potential, were selected for detailed discussion. 
Our analysis aims to provide a broad overview of some of the most recent developments in the glioma/GBM therapeutic patent landscape. However, the complexities of the intellectual property behind these developments, which often involve multiple technologies for their effective use, for example the genetic engineering, delivery and production technologies relating to specific immunotherapies, have not been explored.
3. Body
3.1 Novel compounds patented for the treatment of glioma or glioblastoma
Small molecule compounds with anti-tumor effects that can selectively target tumor cells are the most common modality for treating cancer. In the case of GBM, the standard of care, TMZ, has limited efficacy and many GBM patient tumors are resistant. Several new compounds have been claimed for treating GBM (Table1).
One of the most active companies in the GBM patent landscape is DelMar Pharmaceuticals, with seven patents directly addressing glioblastoma since 2014 revealed by our search strategy. Amongst the patents is dianhydrogalactitol (DAG) and its derivatives and analogues [12-14]. DAG methylates the guanine bases of DNA at their N7 position. This leads to inter-strand crosslinks and double strand DNA breaks, cell death and ultimately suppressed cancer stem cell growth, in GBM as well as non-small-cell lung carcinoma and ovarian carcinoma. As previously discussed, MGMT expressed in GBM cells repairs DNA, preventing cell death and conferring resistance to Temozolomide [7]. DAG, however, has a major advantage over Temozolomide as it acts independently of the MGMT repair mechanism. It has since been suggested that DAG may be a multi-target agent. A recent study has reported that DAG can inhibit tumor migration and invasion by inhibition of matrix metalloproteinase-2 (MMP2) expression and has anti-angiogenic effects by suppressing the vascular endothelial growth factor receptor 2 (VEGFR2) and fibroblast growth factor receptor 1 (FGFR1) pathways [15]. 
DAG, commercially known as VAL-083, has now entered Phase III clinical trials for the treatment of patients with Temozolomide-Bevacizumab resistant recurrent GBM [16] and Phase II trials in patients with MGMT-unmethylated Bevacizumab-naive recurrent GBM and newly diagnosed GBM [17,18].
	Oncoethix have also recently patented a number of thienotriazolodiazepine compounds that disrupt the epigenetic regulation of GBM cells [19]. These thienotriazolodiazepines inhibit the binding of histone H4 to the tandem bromodomain (BRD)-containing family of transcriptional regulators (BET proteins). BET proteins are known epigenetic regulators of cell proliferation and differentiation and can be upregulated in cancer [20]. Treatment with one of these compounds (Compound 1-1) has been demonstrated to reduce proliferation of U87MG cells.
	Researchers at The University of California and subsequently Curtana Pharmaceuticals have published patents detailing a number of compounds that are small molecule inhibitors of oligodendrocyte transcription factor 2 (Olig2) and are demonstrated to inhibit the growth of GBM stem-like cells [21-23]. Olig2 homo- and hetero-dimerizes with E12 or E47 proteins to repress the promoter of the tumor suppressor gene p21 and thus promotes cell survival and proliferation [24]. Olig2 is highly expressed in GBM cancer stem cells and is present in 100% of diffuse gliomas, but has very low expression in normal brain cells [25,26]. These compounds thus have the ability to specifically target GBM cancer stem cells. Curtana Pharmaceuticals’ plan to enter their lead compound, CT-179, into clinical development in early 2018 [27].
	G protein coupled receptors (GPCRs), are the target for ~34% of all FDA approved drugs [28]. In this regard, a recent patent from Proximagen claims the use of a CXCR4 antagonist, 6-{4-[1 -(Propan-2-yl)piperidin-4-yl]-1 ,4-diazepan-1-yl}-N-(pyridin-4-yl)pyridine-2- carboxamide, to treat glioma [29]. CXCR4 is a family A GPCR that binds its endogenous chemokine ligand SDF-1, to regulate homing and retention of hematopoietic stem cells in bone marrow [30]. CXCR4 is overexpressed in glioma, with the level of expression correlating with tumor progression [31,32]. The patent details that administration of the compound reduced tumor growth and increased survival of mice baring orthotopic tumors formed from U87MG cells. It also demonstrates synergy with radiotherapy, TMZ, Bevacizumab (a monoclonal antibody to VEGF), and Sunitinib (a multi-target receptor tyrosine kinase inhibitor).
	Biguanides, such as Metformin are antihyperglycaemic drugs used in the treatment of type 2 diabetes mellitus. Surprisingly, Metformin was found to reduce the risk of cancer in patients with diabetes and has since been shown to selectively kill breast cancer stem cells [33,34]. To this end, a patent from ImmunoMet Therapeutics, Inc. claims the use of a biguanide, HL156A, for treating glioblastoma [35]. HL156A, both as a single agent and in combination with TMZ, is shown to reduce invasiveness and increase survival of mice implanted with glioblastoma stem cells.
3.2 Novel therapeutic targets and treatment methods
3.2.1 Novel Therapeutic Targets
Recent research in the glioblastoma field has led to the discovery of a number of new pathways and proteins that are involved in GBM tumorigenesis and/or tumor maintenance, offering the possibility of new targets for pharmacological intervention. Several of these targets have been patented as possible intervention points for either repurposed current drugs or for novel drug discovery (Table 2).
The UAB Research Foundation have shown that cysteine uptake by glioma cells is essential for their maintenance and progression to GBM [36] and is thus a potential therapeutic target. Inside the cell, cysteine is converted to the antioxidant glutathione, which scavenges reactive oxygen species (ROS) [37]. If left unchecked, ROS can lead to cellular damage, mutations and cell death. System Xc is a Na+-independent cysteine uptake transporter that has been shown to be highly expressed in glioma cells but is not involved in cysteine uptake in mature neurons or astrocytes [38]. The patent details that depleting intracellular cysteine concentrations by targeting system Xc provides therapeutic benefit without unwanted side effects on cysteine uptake in healthy cells. Their patent also provides evidence that S-4-CPG and sulfasalazine (SAS) can inhibit uptake of cysteine in glioma cells, but not astrocytes, inducing cell death in a glioma cell model.
Cysteine is not the only substrate for glutathione synthesis: glutamate is also required as a substrate for glutamate-cysteine ligase (GCL). Glutamate synthesis is regulated by miR-23 and c-Myc. c-Myc is a common oncogene that is frequently upregulated in GBM, transcriptionally repressing miR-23 causing greater expression of glutaminase (GLS) and consequently increased conversion of glutamine to glutamate [39,40]. Upregulation of c-Myc is therefore a mechanism by which cancer cells are protected from ROS-induced cellular damage. A recent patent, from The Johns Hopkins University, details the use of GLS inhibitors, such as acivicin and 6-diazo-5-oxo-L-norleucine (DON), for the treatment of medulloblastoma and GBM [41]. Their method comprises determining the relative expression level of components of the c-myc-miR-23-GLS pathway compared to healthy tissue, thereby serving as a means of both diagnosing a brain tumor and also identifying a patient’s suitability for GLS inhibitor treatment. The patent utilizes high-Myc expressing medulloblastoma cell lines to demonstrate reduced proliferation upon treatment with GLS inhibitors.
Dysregulation of the small GTPase Ras has long been implicated in cancer development and progression [42]. A recent patent from the Cedars Sinai Medical Centre has identified the upregulation of the E26 transformation-specific (ETS) family of transcription factors, that are activated downstream of Ras, as essential for the initiation and maintenance of glioma [43]. The patent uses a postnatal, mosaic glioma model to capture the first hours of gliomagenesis to demonstrate that disruption to the Nfl-Ras pathway leads to rapid neural stem cell depletion via ETS activation and that a dominant-negative ETS protein (DN-ETV5) significantly reduces neural stem cell depletion. The researchers highlight ETS transcription factors as potential targets for future therapeutics, whether by siRNA or shRNA knockdown, post translational modification or small molecule pharmacological intervention.
Tumor associated macrophages (TAMs) are a predominant stromal cell type in many tumors and have been shown to modulate tumor initiation and progression. TAM numbers have been reported to be elevated in gliomas and to correlate with tumor grade. Depleting the number of TAMs or disrupting their action is a potential treatment for glioma. Colony stimulating factor 1 receptor (CSF-1R) is a cytokine receptor tyrosine kinase that regulates the proliferation, differentiation and survival of macrophages and has been found to have upregulating mutations in breast cancer and leukemia [44,45]. Furthermore, inhibitors of CSF-1R, such as PLX3397, have previously been used to treat Hodgkin’s lymphoma [46]. A patent published by Novartis and the Sloan-Kettering Institute for Cancer Research in 2017 proposes the novel use of CSF-1R inhibitors for treating patients with glioma [47]. The patent utilizes the RCAS-PDGF-B-HA/Nestin-Tv-a;Ink4a/Arf -/- mouse model of glioma to show that CSF-1R inhibition attenuates the growth of brain tumors, although this is through inhibition of TAM activity rather than depletion of TAM numbers. The compounds used were potent, selective CSF-1R inhibitors that readily cross the blood brain barrier, one of which, BLZ945, has entered Phase I/II clinical trials for the treatment of GBM as a single agent or in combination with the anti-PD-1 monoclonal antibody, PDR001 [48].
One of the major causes of cancer recurrence is thought to be due to the evolution of cancer stem cells (CSCs). CSCs are frequently resistant to chemotherapy and often remain within specialized niches after periods of tumor regression, retaining the ability to differentiate into proliferative tumor cell types and leading to tumor recurrence [49]. The nuclear receptor TLX (NR2E1) is essential for the self-renewal of neural stem cells and has been reported to be upregulated in human GBM and to play a role in GBM development in mouse models [50,51]. TLX negatively regulates the methylcytosine deoxygenase TET3, which catalyzes the conversion of 5-methylcytosine (5mc) to 5-hydroxymethylcytosine (5hmc) with 5hmc levels dramatically reduced in gliomas [52]. A patent published in 2017 by City of Hope details methods for treating GBM by targeting the TLX-TET3 system [53]. Methods claimed include targeting TLX for degradation or reducing its expression by use of siRNA, shRNA, nanoparticle dendrimers or small molecule inhibitors such as all-trans retinoic acid (ATRA), all of which upregulate TET3 leading to reduced GBM stem cell renewal.
Protease activated receptors (PARs) are GPCRs activated by cleavage of their extracellular domain by serine proteases such as thrombin. Thrombin and PAR-1 play an important role in platelet functioning and thrombus formation [54], but have also been shown to be involved in cancer and are therefore potential targets for cancer therapies [55]. PAR-1 has been reported to be overexpressed in glioma, with its level of expression increasing with tumor progression [56]. A patent from The University of Rochester demonstrates inhibition of growth and proliferation of glioma tumor precursor cells (TPCs) and attenuation of in vivo tumorigenesis after transplantation into immunodeficient mice upon lentiviral shRNAi knockdown of PAR-1 [57]. Furthermore, treatment with thrombin or PAR-1 inhibitors was detailed to inhibit glioma TPC growth and proliferation, whilst dabigatran etexilate (a thrombin inhibitor) was shown to reduce tumor volumes in glioma TPC xenograft mice. The patent therefore proposes the use of inhibitors (either small molecule, peptide, peptide mimetic or antibody) to prevent the binding between PAR-1 and its ligand for use in treating glioma.
Researchers at INSERM, working with The Université Paul Sabatier Toulouse III, have recently patented a novel target for treating GBM. Their patent details the use of a 8-integrin antagonist or an inhibitor of the expression of 8-integrin for the treatment of TMZ-resistant GBM [58]. 8-integrin has been shown to be highly expressed in GBM stem cells and to be essential for self-renewal, suggesting that 8-integrin could be a valid therapeutic target in GBM.
4.2.2 New or improved treatment methods
The heterogeneity of cell lineages within GBM makes it difficult to target all GBM cells. In patients treated using a single target therapy, a population of resistant cells often remains and it is these cells that are thought to be responsible for the high relapse rates associated with single agent therapies. Several recent patents have focused on developing therapies that can simultaneously target multiple GBM tumor cell lineages or sensitize GBM cells to a specific chemotherapy or radiotherapy (Table 3). 
Oncolytic viruses (genetically modified viruses that selectively replicate in and kill neoplastic cells while having no effect upon normal cells) include the oncolytic herpes simplex virus (oHSV). Despite suggestions that they are promising agents for treating cancer [59], Phase I/Ib trials have shown minimal efficacy in GBM patients, which may again be due to a subset of GBM cells that are insensitive to oHSV [60,61]. 
Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is a pro-apoptotic factor that binds and activates death receptors, DR4 and DR5, to activate the extrinsic apoptosis pathway, ultimately leading to cell death [62]. Administration of TRAIL or secreted TRAIL (S-TRAIL) has been shown to exert potent tumor apoptotic effects in mouse models of GBM [63]. However, many GBM cell lines show resistance to TRAIL receptor signaling, thus limiting the potential effectiveness of TRAIL as a treatment for GBM [64]. 
To overcome the limitations of these two therapies, The General Hospital Corporation published a patent claiming the use of oHSVs containing a nucleic acid encoding S-TRAIL [65]. The patent demonstrates that oHSV-TRAIL can downregulate ERK (extracellular regulated kinase) activity and upregulate JNK (c-Jun N-terminal Kinase) and p38-MAPK (mitogen activated protein kinase) signaling, thereby priming oHSV/TRAIL-resistant GBM cells for apoptosis and prolonging survival of mice with oHSV/TRAIL-resistant intracerebral tumors. oHSV-TRAIL has since been shown to be effective at inducing apoptosis in tumor cells in mice with TMZ-insensitive recurrent intracerebral GBM stem cell tumors [66]. oHSV-TRAIL therapy may provide a means to target a broad range of GBM cells. 
Another recent patent from The General Hospital Corporation claims the use of “multifunctional receptor targeted cancer therapeutics (MRTCTs)” [67]. MRTCTs are peptide therapeutics that can bind and modulate the activity of at least two receptor types on cancer cells. The patent demonstrates the use of an MRTCT consisting of a nanobody to EGFR (ENb2), a short linker sequence and TRAIL. ENb2-TRAIL is shown to reduce GBM cell growth and to reduce tumor volume in mice. This method has the major advantage of targeting multiple GBM cell lineages simultaneously.
A patent from The Translational Genomics Research Institute claims that inhibition of Src-homology 3 domain containing guanine nucleotide exchange factor (SGEF) or breast cancer type 1 susceptibility gene (BRCA1), sensitizes glioma cells to therapeutic treatments [68]. Depletion of SGEF or BRCA1 using shRNA or siRNA, respectively, is reported to impair glioma cell colony formation following treatment with TMZ, and to sensitize cells to TMZ-induced apoptosis.
Cannabinoids have anti-proliferative effects on a number of cancer cell lines and in animal models for a broad range of cancers, including glioma [69,70]. Indeed, a number of patents have been published by GW Pharma claiming the use of cannabinoids, such as cannabidiol (CBD) and tetrahydrocannabinol (THC), in the treatment of glioma. The patents detail the use of CBD and THC as single agent treatments [71], as a combination therapy [72], or combined with a non-cannabinoid agent, such as a selective estrogen receptor modulator (SERM) or TMZ [73]. A more recent patent from GW Pharma claims the use of CBD and/or THC to increase the radiosensitivity of GBM [74]. This will likely improve the effectiveness of radiotherapy as well as reduce unwanted side effects.
3.3 Combination therapies
Combination therapies utilize a similar premise to that of dual target therapies, but consist of a treatment regime of 2 or more types of individual treatments given together, with the treatments having additive or synergistic effects (Table 4). 
Genentech and F-Hoffman La Roche, have claimed combination therapies for treating glioblastoma. VEGF is a pro-angiogenic factor implicated in many cancers [75]. Bevacizumab has been used in the treatment of GBM since 2009, although with little improvement in the overall survival time for patients [76]. A recent patent details the use of Bevacizumab in combination with Temozolomide and radiotherapy, reporting increases in overall survival time of 4.9 months, with a hazard ratio of 0.42, compared to patients treated with Temozolomide alone [77-79].
Angiogenesis is only one of several hallmarks of cancer, with resistance to pro-apoptotic signals being another driver of tumorigenesis [80]. To this end, drugs have been developed that activate pro-apoptotic factors, such as the procaspase-3 activator PAC-1. Administered alone, PAC-1 has minimal effect on overall survival time in rat GBM models. However, a patent from The Johns Hopkins University in 2016, details that PAC-1 in combination with Temozolomide increases overall survival time relative to either drug administered alone (28 days compared to 14 days for PAC-1 and 20 days for Temozolomide) [81].
Enhancement of pro-growth signaling is a further hallmark of cancer. Growth factor receptors such as the epidermal growth factor receptor (EGFR) and platelet-derived growth factor receptor (PDGFR) are upregulated in glioblastoma and promote cell differentiation and proliferation [82,83]. Agents that target these receptors by decreasing their biosynthesis or inhibiting their action are thus attractive targets for treating glioblastoma. 
A patent published by The General Hospital Corporation shows that RTK inhibitors such as the PDGFR inhibitors dasatinib or crenolanib, reduce phosphorylation of PDGFR and downstream components with concomitant reduction in growth of GBM cells [84]. Indeed, dasatinib has been trialed for treating GBM [85]. Despite promising anti-cancer effects, a small subpopulation of cells remained tolerant to even the highest doses of dasatinib and could slowly proliferate when the drug was removed. These cells were described as drug persistent and resembled slow-cycling stem-like cells. It is these cells that are likely to be responsible for tumor recurrence in patients treated with RTK inhibitors. The researchers subsequently identified that H3K27 methylation was reduced in the “persistor cells” and that maintenance of the persistent state was dependent on the upregulation of histone lysine demethylases (KDMs). 
Multiple Notch pathway genes were also found to be upregulated in the persistor cells. Many of the Notch binding targets were discovered to have low levels of H3K27 methylation, indicating that Notch plays an important role in the reactivation and maintenance of stem cell drivers in the persistor cells. Importantly, persistor cells showed sensitivity to inhibitors of both KDM6 (GSKJ4) and Notch (-secretase inhibitor). The researchers therefore proposed the use of a PDGFR inhibitor in combination with a KDM inhibitor or Notch inhibitor to target both proliferating and slow cycling populations of GBM cells [84]. 
Additionally, a patent from The University of Massachusetts claims the use of TMZ in combination with a -secretase inhibitor for treating glioblastoma [86]. The patent demonstrates reduced tumor formation in a mouse subcutaneous xenograft model when cells were treated ex-vivo with TMZ and the -secretase inhibitor DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-(S)-phenylglycine t-butyl ester). This further highlights the importance of Notch signaling in GBM cancer stem cells.
Cancers have been reported to display alterations in lipid metabolism to effect cell growth, proliferation and differentiation [87]. Lipids and lipid metabolism are thus potential targets for cancer therapies. This is utilized in a patent from The University of Cincinnati and The Ohio State Innovation Foundation that claims the use of a saposin C (SapC) polypeptide combined with a phospholipid (such as DOPS) in combination with a mammalian target of rapamycin (mTOR) inhibitor (such as rapamycin) for treating GBM [88]. SapC is a lysosomal protein that targets to phosphatidylserine and is an essential cofactor for the catabolism of glycosphingolipids [89]. As phosphatidylserine levels at the cell surface are elevated in cancers, SapC has the ability to target cancer cells [90,91]. Combining DOPS with SapC leads to the formation of proteoliposomes that can efficiently cross the blood brain barrier. Indeed, SapC-DOPS has been shown to elicit anti-cancer effects in pancreatic cancer and GBM, albeit by different mechanisms [92,93]. 
mTOR is upregulated in GBM and is thought to play a key role in cell growth and stem cell proliferation. It is therefore not surprising that rapamycin treatment has been shown to inhibit growth of glioblastoma [94]. The patent demonstrates potent in vitro and in vivo anti-tumor effects of SapC-DOPS and reports strong synergy with rapamycin for inhibiting growth of primary glioblastoma neurospheres. The combination of SapC-DOPS and rapamycin therefore offers potential as an efficacious GBM treatment in the future.
3.4 Immunotherapy
Immunotherapy has emerged as a promising technique for cancer treatment. The most commonly used immunotherapies focus on so-called “checkpoint inhibitors”, which act to inhibit proteins that are produced by cancer cells to prevent immune responses against them. Such inhibitors include drugs targeted against PD-1/PD-L1 and CTLA4 [95,96].
CAR T-cell therapy is emerging as one of the most exciting immunotherapy treatments, involving the “reprogramming” of a patient’s own T-cells to express a chimeric antigen receptor (CAR) that can target the T-cells to cancer cells. A patient’s CAR T-cells are expanded in-vitro and then reinfused. This has proved very successful in patients with melanoma or leukemia [97,98], but appears to have reduced efficacy in GBM due to the lack of a suitable antigen expressed on all GBM cells. Several immunotherapy patents directly address GBM (Table 5).
	There has been work to develop a vaccine against GBM tumor cells to stimulate a targeted immune response. Patents from Immatics Biotechnologies detail peptides that bind to HLA class I/II molecules from GBM tumor cells to form the basis of a vaccine to trigger an immune cytotoxic T-lymphocyte (CTL) response [99,100]. Another patent describes peptides that can be used as an immunotherapy vaccine, derived from gene products of the protein tyrosine phosphatase receptor-type Zeta 1 (PTPRZ1) gene, which is overexpressed in GBM [101]. 
	Likewise, researchers at the University of Pittsburgh have recently claimed the use of an HLA-A2-restricted CTL epitope derived from IL-13R2, an interleukin that has high expression in GBM cells but low expression in normal, healthy cells as a vaccine against glioma [102,103]. Indeed, IL-13R2 has been used as a target for CAR T-cells by City of Hope researchers [104]. This therapy is currently in Phase I trials. IL13BB-CAR T-cells were directly injected into the tumor and neighboring brain ventricles. In a recent study published by City of Hope researchers a 50-year-old male suffering from recurrent multifocal glioblastoma, received weekly cycles of treatment with IL13BB-CAR T-cells [105]. After 6 intracavitary and 15 intraventricular injections there was no detectable tumor mass and increased numbers of immune cells in the cerebrospinal fluid. Encouragingly, this clinical response lasted for 7.5 months after the start of the CAR T-cell therapy, highlighting the potential of this method of cancer immunotherapy. However, the patient eventually relapsed, possibly due to low expression of IL-13R2 in a subset of proliferating tumor cells. This observation emphasizes the need to discover further novel ubiquitous targets for immunotherapy directed against GBM cells. 
	One method to improve the effectiveness of CAR T-cells is to co-administer a chemotherapeutic to enable targeting of a broader range of GBM cell lineages. DNA damage from TMZ has been shown to induce transient expression of NKG2D ligands on cells that are resistant to TMZ, thus enabling recognition by NKG2D CAR T-cells [106]. However, apoptosis-inducing chemotherapies lead to non-responsive cytotoxic T lymphocytes and a reduction in their numbers, thus abrogating any immunotherapeutic response [107]. A patent by The UAB Research Foundation claims the use of CAR T-cells engineered to express a survival factor that provides resistance to the chemotherapeutic [108]. The patent demonstrates the use of CAR T-cells directed to the glioblastoma cell specific version of the EGFR (EFGRvIII) [109] that also express MGMT, to provide resistance to TMZ. 
Researchers at the University of Minnesota detail the use of the stem cell line GBM6-AD. The lysate from these cells was administered to a murine mouse model in combination with toll-like receptor (TLR) ligands, such as Imiquimod, to stimulate an immune response against GBM cancer cells. This was shown to significantly prolong survival time [110]. Also detailed in the patent, was the use of GBM6-AD lysate to stimulate the maturation of a patient’s dendritic cells to be used as a dendritic cell vaccine. Dendritic cells are bone marrow-derived leukocytes that are the most potent antigen-presenting cells in the body. The method described involves pulsing immature dendritic cells with the GBM6-AD cell lysate. This induces the uptake of GBM antigens, which are then processed and presented on the cell surface of the dendritic cells by major histocompatibility complex (MHC) molecules. These tumor antigens then stimulate a targeted immune response against the GBM tumor. Similarly, Northwest Biotherapeutics have published a number of patents describing methods to induce the activation of immature dendritic cells and the use of dendritic cell vaccines for treating GBM, as well as other cancers [111,112]. One of their technologies, DCVax-L®, has entered in to a Phase III study for newly diagnosed glioblastoma. It has been reported that DCVax-L® extends the median overall survival time when administered to patients in combination with TMZ (23.1 months) over patients receiving TMZ and placebo (15-17 months) [113]. Encouragingly, a population of 100 patients had a mean overall survival of 40.5 months. The study also reported that the treatment regimen is well tolerated, with only 2.1% of patients experiencing grade 3 or 4 adverse events.
	A patent published by Stemline Therapeutics, claims the use of a vaccine consisting of multiple epitopes from GBM markers such as IL-13R2, ephrin type A receptor 2 (EphA2, a receptor tyrosine kinase that is often overexpressed and dysregulated in cancers [114]), CD133 (a membrane spanning protein commonly expressed in GBM [115]), survivin (an apoptosis inhibitor upregulated in cancer) and a tetanus toxoid peptide [116]. Multiple epitope vaccines have an advantage over traditional vaccines in being able to target different cell populations simultaneously. Indeed, Stemline Therapeutics have recently conducted a Phase I/II clinical trial for a multi-epitope vaccine (SL-701) for recurrent GBM [117].
	A recent patent from Batu Biologics, Inc claims a method for treating glioma by use of a vaccine (ValloVax™) that stimulates an immune response against tumor endothelial cells rather than against the tumor cells themselves [118]. As angiogenesis is critically important for tumors to grow larger than a few millimeters in diameter, vaccines targeted to tumor endothelium can effectively “starve” tumors to prevent their growth. Indeed, the method detailed in the patent has previously been shown to inhibit growth of B16 melanoma, LLC lung carcinoma and 4 T1 mammary carcinoma in mouse models [119]. The present patent demonstrates significant inhibition of growth of GL-261 glioma in C57/BL6 mice, thus demonstrating a novel immunotherapy for the potential treatment of glioma.
3.5 Methods for improved GBM treatment delivery
One of the major problems facing GBM therapeutics is the blood brain barrier (BBB) [120], which reduces delivery of drugs to the tumor and dramatically attenuates treatment efficacy. The BBB can be bypassed by use of GLIADEL® Wafers to locally deliver chemotherapies to the brain, but this method is very invasive and only marginally increases survival time [121]. There is therefore a need to develop novel methods that allow improved delivery of therapeutics to the tumor (Table 6).
The Johns Hopkins University have recently published two patents describing such methods. The first patent claims the use of generation 6 polyamidoamine (PAMAM) dendrimers covalently linked to a therapeutic or diagnostic agent [122]. These dendrimers exhibit high uptake into the brain across the BBB where they intrinsically target TAMs accumulating at the site of the glioblastoma. Generation 6 dendrimers are superior to generation 4 dendrimers, resulting in 100-fold greater exposure of the brain tumor to the drug. Furthermore, the dendrimers can be covalently linked to two different drug classes providing simultaneous delivery to the tumor site. 
The second patent details the use of amyloid-derived mesenchymal stem cells (AMSCs) to transport nucleic acids encoding bioactive molecules across the BBB to selectively target migrating GBM cancer cells [123]. The precise method involves extracting the AMSCs from the patient, culturing the AMSCs to increase their numbers, transfecting the cells using a biodegradable nanoparticle polymer conjugated to the bioactive molecule and finally, administering the transfected AMSCs back into the patient. The researchers demonstrate a reduction in tumor size in a mouse model of GBM treated with AMSCs carrying bone morphogenetic protein 4 (BMP-4). Similarly, a patent published by researchers at The General Hospital Corporation describes the use of mesenchymal stem cells in virotherapy, to improve the efficiency and extent of oHSV treatment of GBM [124].
As mentioned earlier, TLR agonists can be used to enhance an immune response triggered by a vaccine. However, they have also been trialed for use as single agents in cancer therapy. CpG deoxynucleotides that bind and activate TLR9 have shown some efficacy for inducing an anti-tumor immune response [125] but had only modest activity in patients with melanoma or glioma [126,127]. Poor delivery across the BBB is a likely limitation to CpG deoxynucleotide efficacy in treating glioma. City of Hope have claimed a method to improve the delivery of CpG deoxynucleotides across the BBB, by utilizing nanoparticles such as carbon nanotubes (CNT) [128]. There are indeed a large number of patents claiming the use of nanoparticles for enhanced drug delivery. One such patent claims a nanocarrier containing a targeting moiety and an active agent as well as a BBB modulator, such as the adenosine receptor agonists NECA and regadenoson [129]. The patent details that a fraction of the nanoparticles enter the tumor microenvironment whereby the BBB modulators are released to transiently increase the permeability of the BBB, thus allowing more nanoparticles to accumulate at the site of the tumor.
A patent from The University of California demonstrates improved accumulation of 20 nm 3-helix micelles (3HM) relative to 110 nm liposomes in glioblastoma and proposes the use of 3HM as a carrier of diagnostic or therapeutic agents [130].
The Johns Hopkins University has recently detailed the use of nanofiber hydrogels after resection of the tumor to provide sustained drug release directly to the tumor site, thus bypassing any need for agents that allow drugs to cross the BBB [131]. The patent describes chemically conjugating a biologically active agent to a hydrophilic peptide, wherein the peptide consists of 0-12 amino acids followed by a 1-15 amino acid peptide that confers biologically relevant properties, such as enhanced tumor targeting or tumor penetration. Hydrophilic peptides increase the water solubility of drugs and promote spontaneous association into nanofiber hydrogels. 
A further limitation of many GBM treatments is the ineffective distribution of the therapeutic throughout the GBM cell mass [132]. The anisotropic and electrostatically charged extracellular space (ECS) between brain cells can act as a “sink” for therapeutics, thus limiting diffusion and distribution throughout the tumor [133]. Also, it has been shown that the ECS increases in volume and changes in structure in glioma further limiting diffusion [134]. As mentioned previously, nanoparticles can be used to aid drug delivery across the BBB. Targeted nanoparticles offer the potential to improve diffusion through the extracellular matrix by reducing binding to non-tumor cells, which also minimizes toxic side effects [135]. However, the extracellular space still limits penetration of these naked nanoparticles. A patent from The Johns Hopkins University and The University of Maryland, Baltimore claims the use of nanoparticles conjugated to targeting moieties, such as ITEM4 (a monoclonal antibody to fibroblast growth factor-inducible 14 (Fn14) receptor, which is upregulated in GBM [136]), and a therapeutic agent. The nanoparticles are coated in polyethylene glycol (PEG), at a density of 0.1 PEG molecules per nanometer to avoid non-specific binding and this was demonstrated to improve penetration throughout the tumor [137]. 
Poor drug distribution combined with a short half-life of the therapeutic are thought to be responsible for a failed Phase III trial of a GBM cell-targeted Pseudomonas endotoxin (PE) [132,138]. Pseudomonas endotoxin has cytotoxic effects on cells through blocking protein synthesis by catalyzing the inhibition of elongation factor-2 (EF-2) and can be targeted to specific cell types by fusion to antibody variable fragments or ligands directed to cancerous cells [139,140]. PE-based therapies have shown efficacy in treating Hodgkin’s lymphoma and leukemia [141,142], however, despite highly cytotoxic effects in preclinical studies and promising results in Phase I/II trials, IL-13R2-targeted PE (IL13-PE) showed no significant improvement in survival for patients with GBM [138]. In response to this failed Phase III trial researchers at The General Hospital Corporation have published a patent detailing a method for improving the half-life and sustaining the delivery of IL13-PE [143]. The patent claims the use of human somatic or neural stem cells (hNSCs) engineered to express and secrete IL13-PE and to be resistant to the Pseudomonas endotoxin, to prolong the delivery of the endotoxin to GBM cells. The patent demonstrates the promise of this therapy by using a mouse resection model of GBM, whereby hNSC-derived IL13-PE killed residual tumor cells and prolonged survival.
 3.6 GBM Biomarkers and Diagnostics
Whilst the discovery of new pathways and proteins that are involved in GBM progression has provided new targets for pharmacological intervention, it has also revealed biomarkers that can be used for diagnosis, treatment and prognosis (Table 7).
A recent patent from Genentech details 27 biomarkers whose expression levels can be used to diagnose a brain tumor as GBM but can also identify whether the patient is likely to be responsive to an anti-VEGF treatment regimen [144]. This provides a step towards personalized therapy, which may address the heterogeneous nature of GBM. Likewise, a patent from The Institute for Systems Biology details 33 cell surface proteins (GBMSig) that can be used to assess whether the patient has glioblastoma, to classify the glioblastoma and to determine whether the patient is likely to respond to inhibitors of TGF-1[145].
The Johns Hopkins University together with Duke University have published multiple patents detailing inventions to classify brain tumors. The first patent describes a method whereby a sample of human nucleic acid is tested for a somatic mutation in the promoter region of the telomerase reverse transcriptase (TERT) gene, with certain mutations indicating glioma [146]. A second patent identifies inactivating mutations in the transcriptional regulator ATRX gene that are predictive of central nervous system tumors, including pediatric and adult GBM [147], while a more recent patent provides a method for classifying a brain tumor as oligodendroglioma [148]. This method comprises testing a nucleic acid sample from the patients’ blood or cerebrospinal fluid for inactivating mutations in the capicua (CIC) gene and/or the far upstream element-binding protein (FUBP1) gene. Mutations in these genes are characteristic of oligodendroglioma, indicating improved survival relative to patients lacking them. Furthermore, multiple samples can be taken over time with the abundance of these mutations providing an indication of tumor growth or regression.
Isocitrate dehydrogenase (IDH) is frequently mutated in GBM and is associated with the hypermethylation of many genes [149-151]. A patent filed by the University of California claims a method for detecting the presence of mutations in IDH, based on the methylation state of the retinol binding protein 1 (RBP-1) promoter [152]. The patent details that hypermethylation of the RBP-1 promoter indicates a mutation in IDH. This is therefore a method for diagnosing GBM and predicting whether patients will respond to retinoid treatment with increased survival.  
The Translational Genomics Research Institute has also published patents detailing methods to identify GBM. The first method involves detecting the level of expression of NHERF-1 (sodium-hydrogen antiporter 3 regulator 1), a protein involved in the activation of Src tyrosine kinases, which promote cellular migration and invasion [153]. High expression levels, determined by probing RNA, DNA or protein expression, are indicative of GBM. The second method involves probing the expression level of tumor necrosis factor superfamily, member 19 (TROY), an orphan member of the tumor necrosis factor receptor family, whose increased expression indicates GBM, resistance to Temozolomide and poor prognosis [154]. Extending this concept, TROY inhibitors may be efficacious for the treatment of this class of patient, representing personalized therapy. Indeed, in a subsequent patent, propentofylline is demonstrated to inhibit GBM cell invasion and to sensitize cells to TMZ and radiotherapy [155]. The final method involves measuring the expression of Akt1, Akt2 and Akt3 in a sample from a patient [156]. The PI3K/Akt pathway has been shown to be upregulated in GBM and to be necessary for GBM maintenance [157], thus increased expression provides evidence for diagnosing a brain cancer as GBM.
A recent patent by The Trustees Of Columbia University In The City Of New York, University Of Sao Paolo and University Of Texas Md Anderson Cancer Center details a method for classifying a glioma that incorporates many of the methods previously described [158]. The method involves identifying the mutation status of the IDH genes, the DNA methylation clusters LGm1-6, the RNA clusters LGr1-4, the telomere length, ATRX or TERT expression (to determine telomere maintenance), and the presence of at least one biomarker, such as EGFR, CDK4 or BRAF.
Arch Cancer Therapeutics has patented peptides of 12-20 amino acids in length that can bind to brain tumor initiating cells (BTICs, cancer stem cells) or highly invasive glioma cells (HIGCs) [159]. Thus, these peptides can be used for diagnosis of brain tumors or for imaging, through conjugation of a radio-imaging agent. There is also the potential to deliver therapeutics to the site of the brain tumor by conjugating the compound to the peptide. This method, termed MetaMx™, is now being utilized for imaging, diagnosing and developing targeted therapies for GBM by Arch Biopartners [160].
Long non-coding RNA (lncRNA) are non-coding transcripts of longer than 200 nucleotides in length. They have recently been revealed to play a role in cancer and metastasis and potentially in glioblastoma development [161,162]. A patent from The University of South California claims a method of diagnosing and prognosing a brain tumor by detecting the level of one or more of 20 lncRNAs associated with GBM and comparing this to a reference level. [163]
Tocagen have developed retroviral replicating vectors (RRVs) that selectively integrate into the DNA of cancer cells leading to the expression of a yeast gene, cytosine deaminase (CD) (Toca 511). Patients can then be administered 5-fluorocytosine (5-FC), an inactive anti-cancer pro-drug, which is selectively converted to the active anti-cancer drug, 5-fluoruracil (5-FU), only in cancer cells expressing CD (Toca FC), providing targeted delivery to the cancer. Tocagen patented this cancer treatment technology in 2011 [164] and have since then claimed its use in combination with TMZ to treat GBM [165]. This method is currently in Phase II/III trials (Toca 5) for treating patients with recurrent high-grade gliomas including GBM and anaplastic astrocytoma [166] and Phase I trials (Toca 7) for the treatment of newly diagnosed high-grade glioma [167]. More recently, Tocagen have claimed methods for predicting responsiveness of glioma patients to RRV therapy [168]. The method involves detecting the expression level of a number of biomarkers from a sample from a patient and comparing this to a sample from a healthy subject. An increase in expression of genes such as GABRA1, CCL4, KCNJ4, CAMK2A and CDH3 indicates that the patient may be responsive to RRV therapy.
Finally, the Dana Farber Cancer Institute with the Children's Hospital of Philadelphia have developed a method for diagnosing pediatric low-grade gliomas (PLGG) [169]. PLGG is associated with alterations to MYB family genes and the MAPK pathway, namely mutations that render BRAF constitutively active. The present patent provides methods for determining the likelihood that a PLGG is an angiocentric glioma. This involves obtaining a PLGG sample and screening the RNA, DNA or protein for oncogenic MYB-QKI rearrangements (either breakpoint or fusion) using techniques such as fluorescence in-situ hybridization or fluorescence resonance energy transfer (FRET) between tagged MYB and QKI antibodies. The patent also suggests that pharmacological agents causing frame shifts in the MYB-QKI rearrangement reading frame, such as Cas9 or interfering RNA, as well as downstream inhibitors of MYB, may be effective in treating patients with this mutation.

4. Conclusion
This review provides an overview of the patenting landscape in the areas of glioma and glioblastoma (Figure 3 and Figure 4). We highlight an increase in the number of patents addressing GBM, with some of these therapies translating to clinical trials, which may potentially lead to more efficacious treatments becoming available to patients. We also document the emergence in recent years of combination therapies and immunotherapies, as well as methods to improve drug delivery to the tumor. Importantly, some of the therapeutic approaches discussed appear to impact overall patient survival, especially dendritic cell vaccine treatments. These results, together with the observation of tumor immunoediting produced by CAR T-cell immunotherapy, suggest that advances in the genetic and immunological understanding of GBM are beginning to translate into promising new therapeutic opportunities. 
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There have been dramatic improvements in patient survival rates for some cancers, such as leukemia and prostate cancer [170,171]. Glioblastoma survival rates, however, have shown little improvement over the past 30 years, with a current 5.5% survival rate five years after diagnosis [3,5]. 
A failure to identify drugs that can cross the BBB, selectively target GBM cells and have oncolytic effects against all GBM cell lineages, still limits the treatment of choice for GBM to TMZ in combination with radiotherapy [6]. These challenges must be overcome if new, more efficacious drugs are to be developed. The small number of patents published that are specifically aimed towards glioma or GBM from 1995-2011 (Figure 4A) may also reflect both the relatively rare incidence of this cancer and its recalcitrance to chemotherapeutics. However, it is encouraging that in the years since 2009 there has been a steady increase in the number of patent applications directly addressing glioma/GBM, with these accounting for 74% of all glioma/GBM patents. 
Analysis of the areas in which the glioma/GBM patents were classified reveals that although there are a vast number of compounds being patented in recent years that relate to a broad range of cancers (Figure 2), novel compounds represent a much smaller proportion of the GBM targeted patents (Figure 4B). Despite this, there has been an increase in the number of patent applications for novel compounds for use against GBM since 2013, suggesting that compounds are nonetheless a useful method for treating GBM. Single compounds are unlikely to have oncolytic effects against all GBM cell lineages, resulting in incomplete treatment outcomes and higher relapse rates. This makes GBM a particularly challenging therapeutic area. Combination therapies that can target multiple GBM pathways may be more effective and have greater potential to succeed as therapies. Indeed, there has been a clear increase in the number of combination therapy patent applications published in the years from 2014-2017 compared to earlier years. 
Since 2009, patents claiming methods for improved GBM drug delivery have also emerged, to enhance the targeted exposure of GBM cells to therapy. Optimising drug delivery improves the performance of GBM targeted drugs and has the potential to reduce systemic toxicity. Enhanced drug delivery alone is unlikely to have a significant effect upon single therapies, such as TMZ, due to the inherent cell plasticity and heterogeneity as well as the emergence of drug resistance. In this context, it is interesting to see several patents claiming methods to enable the simultaneous targeting of different tumor cell lineages, perhaps reflecting an objective for future drug discovery.
One of the most active areas of cancer research in recent years has been that of immunotherapy. Whilst antibodies to immune checkpoint regulators have shown some efficacy in treating cancers such as melanoma [95] and more recently in metastatic breast cancer [172], CAR T-cell therapy and anti-cancer vaccines have dominated the immunotherapy patent literature for GBM. In our dataset, very few immunotherapy patent applications were published for the treatment of GBM in the years from 1995-2004 (3, Figure 4B), but since 2005 this number has dramatically increased, indicating a trend in the patent landscape towards immunotherapies. Both CAR T-cell therapy and anti-cancer vaccines have great potential as GBM therapies, but their success will rely on the identification of a ubiquitous target or the ability of the therapies to target multiple cell lineages. The multi-epitope vaccine developed by Stemline Therapeutics offers promise in this regard [116]. 
Developing an effective GBM therapy, whether chemotherapy or immunotherapy, will be catalyzed by an increased understanding of the mechanisms underlying gliomagenesis and GBM tumor maintenance. Elucidation of pathways and biomarkers that can either be utilized as targets for chemotherapies, epitopes for CAR T-cell and cancer vaccine therapies, or tumor targeting, as well as diagnosis and prognosis of GBM, are urgently needed. The heterogeneity of GBM both within a tumor and between patients highlights the importance of biomarkers for accurate diagnosis and choice of treatment regimen. The observation that the number of novel biomarkers and therapeutic target patent applications in GBM remains high, year on year, is therefore encouraging. 
Several of the treatment and treatment strategy patents discussed have progressed to clinical trials and are showing some promise. However, developing and evaluating new treatments for GBM will require the accelerated translation of more preclinical discoveries into clinical trials.
In addition to the advances in therapy detailed in our analysis, both improved surgical techniques and the advent of novel non-invasive treatments, such as externally applied tumor treating fields (TTFs, exemplified by Optune [173, 174]), may offer benefits to GBM patients.
Our analysis of the glioma/GBM patent landscape, detailing the individual patents themselves, and the difficulties in treating GBM that have become apparent over the last few years (namely resistance, tumor heterogeneity and poor exposure of the tumor to therapies), suggests that producing an effective treatment against this devastating disease will require a more integrated clinical strategy. Further developments in GBM diagnostics, improvements in drug efficacy, and the development of therapies that specifically address GBM heterogeneity will also be needed, alongside improvements in delivery and methods that increase the exposure of tumor cells to therapy. The identification of novel therapeutic targets and biomarkers will dictate progress in many of these areas. It is also likely that combination therapies and immunotherapies will become more prominent in the GBM patent landscape. 
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[image: ]Figure 1. Therapeutic strategies for targeting glioma/GBM discussed in this analysis


[image: ]Figure 2. Patents from the Google patents database search relating to glioma or GBM published from January 2013 to January 2018, categorized into 6 defined classes. Numbers surrounding the pie chart indicate the number of patents in each category. Patents from 2018 include those issued up to January 31st. Note patents with assignees from more than one company/institution included in the search may be duplicated in this distribution.
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Figure 3. Schematic summary of the therapeutic targets, immunotherapies and methods to enhance drug delivery discussed in this review, excluding biomarkers. BBB, blood brain barrier; GBM, Glioblastoma multiforme; GSC, Glioblastoma stem cell; TAM, Tumor associated macrophage; PAMAM, polyamidoamine; AMSCs, amyloid mesenchymal stem cells; 3HM, 3-helix micelles; PEG, polyethylene glycol; hNSC, human neural stem cells; SGEF, Src-homology 3 domain guanine nucleotide exchange factor; BRCA1, breast cancer type 1 susceptibility gene; GLS, glutaminase; oHSV, oncolytic Herpes simplex virus; BET, bromo- and extra terminal domain; ETS, E26 transformation specific transcription factor; TRAIL, Tumor necrosis factor-related apoptosis-inducing ligand; VEGFR, vascular endothelial growth factor receptor; EGFR, epidermal growth factor receptor; CAR T-cell, chimeric antigen receptor T-cell; CSF-1R, colony stimulating factor 1 receptor; KDM, histone lysine demethylase; Olig2, oligodendrocyte transcription factor 2; CXCR4, C-X-C chemokine receptor type 4; CB1/2R, cannabinoid receptor 1/2; PAR-1, protease-activated receptor 1; mTOR, mammalian target of rapamycin
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	Table 1. Novel compounds patented for use in treating GBM

	Patent ID
	Title
	In-vitro data for glioma/ Glioblastoma?
	In-vivo data for glioma/ Glioblastoma?
	Ref.

	US20140221442A1
	Use of dianhydrogalactitol and analogs and derivatives thereof to treat glioblastoma multiforme
	Yes
	No
	[12]

	US20160158186A1
	Use of dianhydrogalactitol and analogs and derivatives thereof to treat recurrent malignant glioma or progressive secondary brain tumor
	Yes
	Yes
	[13]

	WO2017042634A3
	Use of dianhydrogalactitol and derivatives thereof in the treatment of glioblastoma, lung cancer, and ovarian cancer
	Yes
	No
	[14]

	WO2015169953A1
	Method of treating glioma using thienotriazolodiazepine compounds
	Yes
	Yes
	[19]

	WO2013188813A2
	Novel therapeutics for brain cancer
	Yes
	Yes
	[21]

	US2016237069A1
	Inhibition of olig2 activity
	Yes
	No
	[22]

	EP3261631A1
	Inhibition of olig2 activity
	Yes
	No
	[23]

	WO2016157149A1
	Novel therapies for cancer
	Yes
	Yes
	[31]

	US9539238B2
	Pharmaceutical composition comprising a biguanide derivative as an active ingredient for preventing or treating glioblastoma
	Yes
	Yes
	[35]





	Table 2. A selection of novel therapeutic targets patented for treating GBM

	Target
	Patent ID
	Title
	In-vitro data for glioma/ Glioblastoma?
	In-vivo data for glioma/ Glioblastoma?
	Ref.

	System Xc
	US8748445B2
	Methods for treating glioma
	Yes
	Yes
	[36]

	Glutaminase
	US20160008380A1
	Targeting glutamine metabolism in brain tumors
	Yes
	Yes
	[41]

	ETS transcription factors
	WO2016187586A1
	Ets factors regulate neural stem cell depletion and gliogenesis in ras pathway glioma
	Yes
	Yes
	[43]

	CSF-1R
	EP2704713B1
	Csf-1r inhibitors for treatment of brain tumors
	Yes
	Yes
	[47]

	TLX-TET3
	WO2017123996A1
	Targeting glioblastoma stem cells through the tlx-tet3 axis
	Yes
	Yes
	[53]

	PAR-1
	US20170281710A1
	Use of inhibitors of binding between a par-1 receptor and its ligands for the treatment of glioma
	Yes
	Yes
	[57]

	8-integrin
	WO2017182834A1
	New method for treating resistant glioblastoma
	Yes
	No
	[58]





	Table 3. Novel or improved treatment methods patented for GBM

	Patent ID
	Title
	In-vitro data for glioma/ Glioblastoma?
	In-vivo data for glioma/ Glioblastoma?
	Ref.

	US9862932B2
	Oncolytic virus therapy for resistant tumors
	Yes
	Yes
	[65]

	US9605074B2
	Multifunctional nanobodies for treating cancer
	Yes
	Yes
	[67]

	US20170009231A1
	Methods used to treat cancer
	Yes
	No
	[68]

	GB2418612A
	Inhibition of tumour cell migration with cannabinoids
	Yes
	No
	[71]

	US8632825B2
	Anti-tumoural effects of cannabinoid combinations
	Yes
	Yes
	[72]

	GB2460672B
	Cancer medication using cannabinoids in combination with non-cannabinoids
	Yes
	Yes
	[73]

	US20160136127A1
	Use of tetrahydrocannabinol and/or cannabidiol for increasing radiosensitivity in the treatment of a brain tumour
	Yes
	No
	[74]





	Table 4. Combination therapies patented for use in treating GBM

	Patent ID
	Title
	In-vitro data for glioma/ Glioblastoma?
	In-vivo data for glioma/ Glioblastoma?
	Clinical trial data for glioma/ Glioblastoma?
	Ref.

	US20150065781A1
	Combination therapy for the treatment of glioblastoma
	No
	Yes
	Yes
	[77]

	WO2014025813A1
	Combination therapy for the treatment of glioblastoma
	No
	Yes
	Yes
	[78]

	EP3038647A4
	Combination therapy for the treatment of glioblastoma
	No
	Yes
	Yes
	[79]

	US9421202B2
	Procaspase combination therapy for glioblastoma
	Yes
	Yes
	No
	[81]

	WO2017099829A1
	Compositions and methods for treating drug-tolerant glioblastoma
	Yes
	No
	No
	[84]

	US8637493B2
	Methods for treating glioblastoma
	Yes
	Yes
	No
	[86]

	US20170340715A1
	Materials and Methods Useful For Treating Glioblastoma
	Yes
	Yes
	No
	[88]





	Table 5. Immunotherapies patented for use in treating GBM

	Patent ID
	Title
	In-vitro data for glioma/ GBM?
	In-vivo data for glioma/ GBM?
	Clinical trial data for glioma/ GBM?
	Ref.

	EP2172211B1
	Composition of tumor-associated peptides and related anti-cancer vaccine for the treatment of glioblastoma (GBM) and other cancers
	Yes
	No
	No
	[99]

	WO2015063302A2
	Personalized immunotherapy against several neuronal and brain tumors
	Yes
	No
	No
	[100]

	EP2105501B1
	Novel immunotherapy against neuronal and brain tumors
	Yes
	No
	No
	[101]

	US20070167375A1
	Peptide analogs capable of enhancing stimulation of a glioma-specific CTL response
	Yes
	Yes
	No
	[102]

	US20160114017A1 
	Interleukin-13 receptor alpha 2 peptide-based brain cancer vaccines
	Yes
	Yes
	Yes
	[103]

	US8324353B2
	Chimeric immunoreceptor useful in treating human gliomas
	Yes
	No
	No
	[104]

	WO2017041106A1
	Genetically-engineered drug resistant t cells and methods of using the same
	Yes
	Yes
	No
	[108]

	US20130323300A1
	Therapeutic composition for treatment of glioblastoma
	Yes
	Yes
	No
	[110]

	WO2007067782A2
	Compositions and methods for inducing the activation of immature monocytic dendritic cells
	Yes
	Yes
	Yes
	[111]

	WO2017048875A1
	Methods relating to activated dendritic cell compositions and immunotherapeutic treatments for subjects with advanced cancers
	Yes
	Yes
	Yes
	[112]

	US20150139939A1
	Cancer stem cell targeted cancer vaccines
	Yes
	No
	No
	[116]

	US20170100438A1
	Treatment of glioma by anti-angiogenic active immunization for direct tumor inhibition and augmentation of chemotherapy, immunotherapy and radiotherapy efficacy.
	No
	Yes
	No
	[118]





	Table 6. Patented methods for improved GBM treatment delivery

	Patent ID
	Title
	Ref.

	US20170173172A1
	Selective dendrimer delivery to brain tumors
	[122]

	US20170216363A1
	Nanoparticle modification of human adipose-derived mesenchymal stem cells for treating brain cancer and other neurological diseases
	[123]

	US20160303174A1
	Stem cell delivered oncolytic herpes simplex virus and methods for treating brain tumors
	[124]

	US20130210896A1
	Immunotheraphy of Brain Tumors Using a Nanoparticle CpG Delivery System
	[128]

	US2015118311A1
	Highly Penetrative Nanocarriers for Treatment of CNS Disease
	[129]

	US20170165382A1
	Nanocarriers for cancer treatment
	[130]

	WO2016205459A2
	Therapeutic nanofiber hydrogels for local treatment of brain-related diseases
	[131]

	WO2016081835A2
	Targeted structure-specific particulate delivery systems
	[137]

	WO2016049510A2
	Cell-based targeted delivery of pseudonomas exotoxin
	[143]





	[bookmark: _GoBack]Table 7. Patented GBM biomarkers for diagnosis, treatment determination and prognosis

	Patent ID
	Title
	Ref.

	US20170051360A1
	Diagnostic methods and compositions for treatment of glioblastoma
	[144] 

	US20170176439A1
	Markers and therapeutic indicators for glioblastoma multiforme (gbm)
	[145]

	WO2014127359A1
	Tert promoter mutations in gliomas and a subset of tumors
	[146] 

	US20140227271A1
	Somatic mutations in atrx in brain cancer
	[147] 

	EP2734644B1
	Oligodendroglioma driver genes
	[148] 

	WO2013082043A1
	Rbp1 as a molecular biomarker for predicting survival and response to treatment in glioma
	[152] 

	US20120245045A1
	Methods and kits to identify invasive glioblastoma
	[153] 

	US9283195B2
	Methods used to characterize and treat glioblastoma
	[154] 

	US9872857B2
	Methods of using propentofylline to treat glioma and glioblastoma
	[155]

	US20120003209A1
	Methods and kits used in identifying glioblastoma
	[156] 

	WO2017127803A1
	Methods for classification of glioma
	[158]

	US8530429B2
	Brain tumor targeting peptides and methods
	[159] 

	WO2011126864A2
	Cancer treatment with recombinant vector
	[164]

	US9642921B2
	Cancer combination therapy and recombinant vectors
	[165]

	WO2017079695A1
	Gene expression patterns to predict responsiveness to virotherapy in cancer indications
	[168]

	WO2017132574A1
	Compositions and methods for screening pediatric gliomas and methods of treatment thereof
	[169] 
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Figure 3. Schematic summary of the therapeutic targets, immunotherapies and methods
to enhance drug delivery discussed in this review. BBB, Blood Brain Barrier; GBM,
Glioblastoma Multiforme; GSC, Glioblastoma cancer stem cell; TAM, Tumor Associated
Macrophage; PAMAM, polyamidoamine; AMSCs, amyloid mesenchymal stem cells; 3HM,
3-helix micelles; PEG, polyethylene glycol; hNSC, human neural stem cells; SGEF, Src-
homology 3 domain guanine nucleotide exchange factor; BRCA1, breast cancer type 1
susceptibility gene; GLS, glutaminase; oHSV, oncolytic herpes simplex virus;, BET,
bromodomain and extra terminal; Ets, E26 transformation specific; TRAIL, Tumor
necrosis factor-related apoptosis-inducing ligand; VEGFR, vascular endothelial growth
factor receptor; EGFR, epidermal growth factor receptor; CAR T-cell, chimeric antigen
receptor T-cell; CSF-1R, colony stimulating factor 1 receptor; KDM, histone lysine
demethylase.









BBB

GBM Tumor

SystemX

c

GLS

Ets

CSF-1R

TLX-TET3

b8

-Integrin

oHSV

TRAIL

EGFR

SGEF

BRCA1

VEGFR

Procaspase-3

KDM

Notch

BET

Checkpoint

Inhibitor

CAR T-cell

Vaccine

PAMAM

AMSCs

Nanoparticles

3HM

Nanofiber Hydrogels

PEG Coating

GBM Cell

GSC

TAM

Red Blood Cell

GBM Drug

Figure3

. Schematic summary ofthe therapeutic targets, immunotherapies and methods

to enhance drug delivery discussed in this review. BBB, Blood Brain Barrier; GBM,

Glioblastoma Multiforme; GSC, Glioblastoma cancer stem cell; TAM, Tumor Associated

Macrophage;PAMAM, polyamidoamine; AMSCs,amyloidmesenchymal stemcells;3HM,

3-helix micelles; PEG, polyethylene glycol; hNSC, human neural stem cells; SGEF, Src-

homology 3 domain guanine nucleotide exchange factor; BRCA1, breast cancer type 1

susceptibility gene; GLS, glutaminase; oHSV, oncolytic herpes simplex virus; BET,

bromodomain and extra terminal; Ets, E26 transformation specific; TRAIL, Tumor

necrosis factor-related apoptosis-inducing ligand; VEGFR, vascular endothelial growth

factor receptor; EGFR, epidermal growth factor receptor; CAR T-cell, chimeric antigen

receptor T-cell; CSF-1R, colony stimulating factor 1 receptor; KDM, histone lysine

demethylase.
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