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Abstract: In 2021 the World Health Organization published the fifth and latest version of the Central
Nervous System tumors classification, which incorporates and summarizes a long list of updates
from the Consortium to Inform Molecular and Practical Approaches to CNS Tumor Taxonomy work.
Among the adult-type diffuse gliomas, glioblastoma represents most primary brain tumors in the
neuro-oncology practice of adults. Despite massive efforts in the field of neuro-oncology diagnostics
to ensure a proper taxonomy, the identification of glioblastoma-tumor subtypes is not accompanied
by personalized therapies, and no improvements in terms of overall survival have been achieved so
far, confirming the existence of open and unresolved issues. The aim of this review is to illustrate
and elucidate the state of art regarding the foremost biological and molecular mechanisms that guide
the beginning and the progression of this cancer, showing the salient features of tumor hallmarks in
glioblastoma. Pathophysiology processes are discussed on molecular and cellular levels, highlighting
the critical overlaps that are involved into the creation of a complex tumor microenvironment. The
description of glioblastoma hallmarks shows how tumoral processes can be linked together, finding
their involvement within distinct areas that are engaged for cancer-malignancy establishment and
maintenance. The evidence presented provides the promising view that glioblastoma represents
interconnected hallmarks that may led to a better understanding of tumor pathophysiology, therefore
driving the development of new therapeutic strategies and approaches.

Keywords: glioblastoma; invasiveness; stress response; metabolism; immune modulation

1. Introduction

In the era of personalized medicine, identifying and understanding pathophysio-
logical mechanisms of cancer is a critical factor to shape therapies according to grade,
histological features, molecular subtypes, aggressiveness, and response to treatment. To
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this regard, breast cancer therapy represents a prototypical model of treatment in clini-
cal practice, personalizing the dosage and type of targeted drugs and radiotherapeutic
treatment according to tumor phenotype and molecular classification (e.g., luminal A/B,
HER+/−, basal-like, claudin-low) [1,2]. Such an approach contributes to an increase in the
survival rate of patients and a decrease in adverse effects, allowing a better stratification
of patients and clinical outcome [3,4]. Glioblastoma (GBM) represents an aggressive and
invasive cancer, showing an incidence of 3.19/100,000 people per year and 15–18 months
of median survival [5,6]. Unfortunately, the development of personalized therapeutic
approaches for GBM are limited by its pathophysiological characteristics and its inter- and
intratumor heterogeneity.

The first histological classification of nervous-system tumors provided by the World
Health Organization has been revised several times in the last few decades by means of
molecular data obtained from The Cancer Genome Atlas omics and other complementary
information coming from genomic, proteomic, and metabolomic studies [7–9]. Despite
this effort, genetic and molecular subtypes of nervous-system tumors are treated using
similar approaches based on the Stupp regimen, approved in 2005 and amended in the
2017 by adding tumor-treating fields. The current treatment for newly diagnosed GBM is
not an exception to this standard approach and is based on surgery, if possible, followed
by the alkylating agent temozolomide (TMZ) used in combination with 60 Gy of X-ray
irradiation, fractionated in 30 sessions of 2 Gy each, with minor modifications in case of
treating-field addition or hypofractionation in elderly patients [10,11]. Additional thera-
peutic approaches can be grouped into three categories: chemotherapy drugs, molecularly
targeted drugs, and immunotherapies. Major chemotherapy drugs include nitrosoureas
for their good blood–brain-barrier (BBB) penetration and better efficacy in patients with
O6-methylguanine—DNA methyltransferase (MGMT)-methylated tumors [12]; there are
no data suggesting the benefits of other chemotherapeutic agents such as carboplatin,
procarbazine, irinotecan, and etoposide, which are mostly used for recurrent GBM [13].
Targeted therapies include agents blocking both downstream and upstream-signaling path-
ways by acting on growth factor receptors, ligands, and second messengers of cell-signal
transduction [14]. Immunotherapies can be considered among the targeted therapies, espe-
cially for the inhibitors of the main immunosuppression molecules such as transforming
growth factor beta (TGF-β) or colony-stimulating factor. Current direct immunotherapies
can be summarized in three subsets: vaccines; checkpoint inhibitors/monoclonal antibod-
ies; virotherapies and chimeric antigen receptor T (CAR T) cells. Challenges are focusing
on multiple-antigen recognition and on intrinsic/adaptive resistance overcoming the so
called immunologically “cold” microenvironment of GBM, to promote a robust antitumor
immune-cell response [15].

Therefore, an up-to-date knowledge of cancer hallmarks driving GBM initiation,
maintenance, and progression becomes crucial to overcome the intrinsic mosaicism and
to meet the clinical need for personalized, targeted, and effective therapies. Recently,
many efforts have been directed to identify key factors inducing GBM tumorigenesis and
progression. In particular, research in the field has been focused on homocellular and
heterocellular interactions between cancer cells, cancer stem cells, fibroblasts, nervous
cells, endothelial cells, blood vessels, and the extracellular matrix (ECM) [16]. These
interactions promote the formation of a complex tumor microenvironment (TME), where
cancer hallmarks acquire a holistic connotation, characterized by the crosstalk among cell
populations influencing and supporting each other.

In this review we aim to analyze the hallmarks of GBM, highlighting their mutual
crosstalk, impacting the complex tumor network. Firstly, we describe the main GBM
hallmarks following Fouad and Aenei’s definition of “cancer hallmarks” [17]. This defi-
nition updated the one described by Hanahan D. and Weinberg R.A. [18,19], which has
been improved taking advantage of genetic, molecular, environmental, and phenotypic
information of recent research [17].
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The newly proposed cancer hallmarks fit well to describe GBM, where the potential
overlap between biological processes is even more evident than in other cancer diseases.
In particular, GBM stem cells (GSCs) or, more generally, glioma/tumor-initiating cells, are
characterized by these hallmarks and are involved in GBM pathogenesis and progression,
according to the glioma stem-cell-hypothesis model [17,20]. On this basis, the present
review analyzes the following seven hallmarks of GBM: (1) selective advantages of growth
and proliferation; (2) altered response to stress; (3) sustained vascularization; (4) tissue
invasion and metastasis; (5) metabolic rewiring or alteration; (6) immune modulation;
(7) TME promotion, to be considered as a combination of all previous (Figure 1).
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Figure 1. Glioblastoma-tumor microenvironment promotion is ensured by the coexistence of in-
terconnected cancer hallmarks that act with several strategies to achieve tumor maintenance and
progression. The circular structure holding the hallmarks emphasizes the cooperation that GBM
cells exert to create an ultimate tumor microenvironment that supports survival and progression of
cancer cells.

2. Selective Advantages of Growth and Proliferation

The main hallmark of malignant neoplasms is the uncontrolled growth and prolif-
eration index as a result of genes and signaling-pathway deregulation. The activation of
oncogenes and inactivation of tumor-suppressor genes, with the contribution of epigenetic
factors, are involved in several interconnected pathways [21], so that intracellular signal-
ing appears unbalanced, inducing cell growth and proliferation, but also contributing to
additional hallmarks of cancer. The Ras-Raf-MEK-ERK pathway, one of the main mitogen-
activated protein kinase (MAPK) pathways, certainly stands out for its overall biological
significance, modulating a number of either cytosolic and nuclear proteins involved in cell
proliferation, survival, and metastasis (Figure 2). The activation of the Ras-Raf-MEK-ERK
pathway supports the growth and proliferation potential—both with direct effects, such as
alteration of the cell cycle, and indirect effects, such as the creation of a favorable TME and
new vascularization, which guarantees the availability of nutrients and growth factors [22].
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Figure 2. Aberrant regulation of tyrosine kinase receptors determines several signaling pathways’
activation, including mitogen-activated protein kinase cascades with pleiotropic effects, such as cell
proliferation and survival. EGFR and its mutated version EGFRvIII’s overexpression and/or hyper-
activation is also fostered by autocrine feedback loop that leads to the transcription of EGFR ligands
such as TGFα; the downstream effector Grb2 activates guanine nucleotide exchange factor SOS for
GDP/GTP cycling, which promotes formation of active Ras-GTP, binding the other downstream
effector targets such as B-Raf. It phosphorylates MEK1 and MEK2 dual-specificity protein kinases,
which determine the ERK1 and ERK2 nuclear translocation, where they find several protein targets,
such as transcription factors of Ets family, c-MYC and c-JUN. The latter forms a heterodimer with
c-FOS, leading to increased cell survival, proliferation, and invasion.

High-throughput approaches revealed converging signaling pathways with a num-
ber of common nodes, determining downstream effects on promising therapeutic tar-
gets [23–25]. In particular, most of the receptor tyrosine kinases (RTKs) are involved,
including VEGFR, PDGFR, c-MET, EGFR and its mutated cognate EGFRvIII [23]. The SRC
family of protein tyrosine kinases is also holding great promises for GBM therapy [26].
Moreover, the upstream stimulation of RTKs in turn triggers the activation of SRC proteins,
not only promoting uncontrolled growth processes, but also vascularization, migration,
invasion, and cell survival [27,28]. Finally, downstream effects in the nucleus include
growth-related protein transcription and death-related factor inactivation. Consequently,
a number of preclinical and clinical studies revealed that GBM can be induced and main-
tained by aberrant EGFR and Ras/RAF/ERK-signaling networks, also capable of revealing
important downstream factors including Akt or mTORC1 signaling, associated with a
benefit from the EGFR-targeting antibody nimotuzumab [29]. Furthermore, in vivo studies
strongly suggest that suppression of Ras signaling is sufficient to suppress the tumorigenic
potential of the glial progenitor cells [30,31]. In addition, the Ras-RAF-ERK pathway is
also involved in the metabolic rewiring of GBM, caused by the deregulation of pyruvate
dehydrogenase phosphatase, eventually inhibiting pyruvate dehydrogenase activity and
leading to an attenuated mitochondrial reserve capacity [32].

A lot of evidence has come to suggest that deregulation of the p16(INK4a)-Cdk4/6-Rb
axis correlates with GBM. Multiple phosphorylation events of tumor-suppressor retinoblas-
toma protein (RB) facilitate progression into the S-phase, unlocking the cell cycle at the



Biomedicines 2022, 10, 806 5 of 22

G1/S checkpoint [33]. The majority of GBM patients indeed show CDKN2A, CDK4, or RB
gene alterations, with consequential deregulation of the p16-cdk4-pRb cell-cycle regulatory
cascade [34,35]. The RB pathway, in its inactivated state, drives GBM apoptosis evasion
and confers resistance to DNA damages, also stimulating autophagy as a response to
stress [36]. RB1-negative regulation was also found to induce cell-cycle regulators (i.e.,
N-myc) overexpression in GSCs, under the constitutive activation of Sonic hedgehog (SHH),
due to the hereditary loss of function mutations in its receptor, Patched [37]. Evidence
coming from double-knockout mice for p16Ink4a/p19ARF reported an upregulation of
Bmi1, a promoter of neural stem-cell self-renewal [37]. It is worth noticing that not only
growth factors but also other stimuli may interact with RB1 pathways. such as a plethora of
inflammatory molecules; consistently, reactive oxygen species (ROS) and nitrogen species
are common inflammatory mediators participating in the GBM neoplastic process, with
other inflammatory molecules, which phosphorylate RB1 leads to its inactivation [38].

In physiological conditions, the p53-ARF-MDM2 pathway controls genomic integrity,
activating cell-cycle checkpoint genes, mediating cell-cycle arrest and/or apoptosis induc-
tion. MDM2, a ubiquitin ligase, promotes p53 degradation, modulating its activity by a
negative feedback loop. Among the modulators, ARF blocks p53 degradation, preventing
MDM2 translocation out of the nucleolus [39]. The p53-ARF-MDM2 axis is one of the most
frequently mutated pathways in GBM, accounting for 84% of patients and 94% of GBM cell
lines with a major prevalence for the proneural and mesenchymal subtype [40]. Hyperpro-
liferation, absence of apoptotic response, and invasive pattern are processes correlated with
p53 deregulation, promoting cancer progression in response to DNA damage, genotoxicity,
oncogene activation, and aberrant growth signals [40].

These aforementioned oncogenic processes for the selective advantages of growth and
proliferation are well-exploited by GSCs, representing the main drivers for tumor progres-
sion thanks to their sustained self-renewal and persistent proliferation [41]. Multiple factors
are implied in the maintenance of stemness, such as their interaction with TME components,
vascular compartment, mesenchymal stem cells, and immunity [42]. Indeed, GSCs increase
their survival and maintenance, activating typical stem-cell developmental programs, such
as aberrant Notch, NF-κB, PDGFRβ, EGFR, and TGF-β signaling [41]. EGFR, mTOR, PI3K,
MET, SRC represent interesting targets for selective antibodies or enzymatic inhibitors
for GBM therapy. Among these, antibody-drug conjugate Depatuxizumab Mafodotin to
inhibit EGFR has been tested, either as a single treatment or in combination with temo-
zolomide [43]. Everolimus and Temsirolimus were tested against mTOR. The latter was
associated with increased effects on tumors with phosphorylation of mTOR Ser2448, identi-
fying a subgroup of patients that may benefit from mTOR inhibition [44]. Buparlisib was
tested in patients with recurrent GBM to inhibit PI3K, with a significant brain penetration,
but a minimal single-agent efficacy and incomplete PI3K-pathway inhibition [45].

3. Altered Response to Stress

GBM cells can preserve their survival and progression potential thanks to the con-
trol of an efficient DNA damage/repair system. MGMT is a key enzyme that confers
this property, removing alkylating agents from DNA, and protects against the effect of
chemotherapeutic agents such as TMZ [46]. For this reason, epigenetic changes, such as the
inactivation of MGMT by hypermethylation of its promoter, may represent a robust positive
predictive and prognostic biomarker for patients associated with better therapeutic efficacy
and longer life expectancy [47,48]. Epigenetic changes and genomic instability are related to
the alteration of GBM metabolism: the mutation status of isocitrate dehydrogenases (IDHs)
is responsible for enzymatic modifications, triggering the Glioma CpG Island Methylation
phenotype (G-CIMP), the main factor inducing epigenetic changes [49]. In GBM cells, the
main forms of IDH are heterodimers containing wild-type IDH1 and R132H mutation
monomers, exhibiting neomorphic activity that reduces α-ketoglutarate (α-KG) into D-
2-hydroxyglutarate (D-2-HG) with NAPDH consumption and NADP+ production. The
generation of D-2-HG inhibits demethylation by reducing α-KG-dependent-dixoxygenase
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function on Ten-eleven translocation methyl cytosine dioxygenase, which catalyzes the
cytosine demethylation steps. The D-2-HG-mediated demethylation decrease is also pro-
moted by the lysine-specific demethylase inhibition [50]. Nevertheless, the IDH wild-type
GBMs are protected from oxidative damages and ROS due to the regeneration of reduced
glutathione by cytosolic and mitochondrial NADPH production, which is consumed in
IDH-mutated GBMs [51,52]. Therefore, IDH wild-type GBMs are more aggressive as com-
pared to IDH-mutated GBMs; the latter is usually a secondary GBM and/or a low-grade
glioma, such as oligodendroglioma and pediatric glioma, associated with a better progno-
sis [53]. However, it should be highlighted that there is an additional mechanism related to
the higher overall survival of IDH-mutated GBM patients. This is linked to ATP synthesis
reduction in tumor cells, through the conversion of α-KG to a lower-energy substrate (i.e.,
D-2-HG), mediated by IDH1- and IDH2-mutated isoforms [54]. Summarizing, the corre-
lation between aggressiveness and IDH status supports the consideration that epigenetic
changes and metabolic rewiring cooperates for GBM initiation or progression. In addition,
it has been observed that DNA single-strand breaks and double-strand breaks induced
by chemotherapeutic agents or radiation treatment are bypassed by efficient repairing
mechanisms, and sensor and effector molecules that are collectively indicated as DNA
damage response (DDR) [55,56]. DDR in GBM is particularly active both for single-strand
and double-strand break repair; GSCs retain a constitutive activation of several components
of DDR, such as with DNA-PK, ATM, ATR, and cell-cycle checkpoint pathways [57].

ROS can be considered a critical indicator of cellular homeostasis, strictly dependent
on the correct balance of their production and removal. Cell death caused by cellular
oxidative damage occurs when damage is not reversible anymore. However, as in the case
of such a highly resistant tumor, tumor cells adapt and actually increase their invasiveness.
Hypoxic TME sustain ROS detoxification by HIF1α stabilization and by superoxide removal
controlled by lactate [58].

A strong indication of an ongoing metabolic reprogramming contributing to resistance
is mitochondrial oxygen-consumption-rate reduction, caused by pyruvate dehydrogenase
kinase 1 inhibition, hence decreasing the oxidation of pyruvate in mitochondria, and in-
creasing the conversion of pyruvate to lactate [58]. ROS signaling is strongly interconnected
to the inflammation hallmark in GBM. IL-6 production, a prosurvival factor for GBM,
inducing a signal transducer and activator of transcription-3 (STAT-3) activation in GSCs,
plays a key role in the inhibition of intracellular and mitochondrial ROS. Moreover, STAT-3
is involved in the interplay between extracellular signals and transcriptional pathways,
leading to proliferation and cell-cycle progression. NF-κB-signaling pathways have a promi-
nent role in proinflammatory-molecule production, including IL-6, driving not only cell
proliferation but also protection from ROS by the positive regulation of some antioxidant
enzymes, such as mitochondrial SOD-2 (Figure 3) [58].

Dysregulation of the apoptotic machinery is certainly a focal point of an altered re-
sponse to stress, promoting tumor development [59,60]. In GBM, intrinsic and extrinsic
apoptotic mechanisms are altered by pathway activation controlling growth and prolif-
eration determining an aberrant response to stress, such as oxidative stress and hypoxia.
PI3K/AKT/mTOR signaling, via PI3K-mediated Akt phosphorylation, induces phosphory-
lation of many downstream targets, inducing NFκB activation, mTORC2, and MDM2 [61].
The final effect is the activation of inhibitor of apoptosis proteins (IAPs) inducing caspase-3,
caspase-7, and caspase-9 inhibition and the downregulation of p53. STAT-3, the Notch
signaling pathway and SHH pathway were also associated to the control of apoptosis
and proliferation [62–64]. It is also recognized that the antiapoptotic protein Bcl-2 family’s
overexpression in GBM-cell lines stimulates migration and tumoral invasion.

Hypoxia is strictly interconnected to the aberrant response to stress. In particular,
during the transition from the first vascular phase, in which cancer cells are supported by
native blood vessels, to the neovascularization phase, a vascular-cell apoptotic program
activated by Ang-2 expression in GBM cells, followed by vascular involution and finally
to downstream effects stimulating the neoangiogenesis by VEGFR transcription [65,66].
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Hypoxic stress turns out to be a key strategy that GBM adopts to support its progression
by HIF-1α/HIF-1β axis activation, targeting many effector genes and driving several inter-
connected hallmarks. It is also worth noticing that autophagy, the main catabolic process
complementary to the ubiquitin–proteasome system, is activated when cells are exposed to
various types of stress, such as oxygen deprivation and nutrient starvation [67]. The induc-
tion of autophagy in hypoxic conditions is mediated by the activation of several autophagy-
related proteins, such as REDD1 and BNIP3, which relieve mTOR inhibition, thus decreas-
ing the ATG1/ULK1 complex phosphorylation that initiates autophagy [67]. In addition,
hypoxia stimulates adenosine monophosphate-activated protein kinase (AMPK), which not
only coordinates tumor bioenergetics and glycolysis in GBM, but also phosphorylates TSC2
and ULK1, activating both mTOR dependent and independent autophagy [67,68]. The im-
portance of the autophagy mechanism on GBM leads to the investigation of gene-expression
profiles and clinical data in order to find the prognostic value of autophagy-related genes;
differentially expressed autophagy-related genes were found in lower-grade gliomas and
in relation with TME [69,70]. DNA-damaging agents represent the most effective strategy
to impair the DDR system. Velaparib and Olaparib are the most common DDR inhibitors
in clinical phase, but ATM, DNA-PK and Wee1 are also promising targets to increase
unrepaired double-strand breaks. Current studies are aiming at identifying predictive
biomarkers of sensitivity to specific DDR inhibitors [71].
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Figure 3. Schematic representation of altered GBM cells responses to stress. The typical condition of
hypoxia that characterize GBM TME leads to an increased amount of mitochondrial and intracellular
ROS and heightened genome instability. Low levels of O2 induce stabilization and activation of HIF-
1α/HIF-1β axis, which improves superoxide-anion (·O2

−) removal. Inflammatory state of hypoxic
cells allows total ROS detoxification by IL-6/IL-6Rα enhancing and mitochondrial SOD-2 production,
guided by NF-κB signaling-pathway activation. Moreover, restored levels of reduced glutathione by
cytosolic and mitochondrial NADPH production in IDH wild-type GBM guarantee the protection
from oxidative stress. Finally, stress condition also stimulates DDR, involving DNA-PK, ATR, and
ATM recruitment, which ameliorates SSB/DSB repair system. All of these processes aim to overcome
oxidative stress and DNA instability, ensuring increased GBM malignance, invasion, and migration.

4. Sustained Vascularization

Despite the large presence of necrotic and hypoxic areas, GBM is considered a highly
vascularized tumor, and the sustained vascularization is a critical mechanism supporting
GBM progression and growth [72]. Firstly, the vascularization of GBM is not only related
to the angiogenic process triggered by the main axis of hypoxia/hypoxia response element
(HRE) sequence transcription/VEGF activation, but also by many types of vessel-generation
processes, which can be distinguished into five types: (i) angiogenesis; (ii) vasculogene-
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sis; (iii) vascular co-option; (iv) vascular mimicry; and (v) glioblastoma-endothelial-cell
transdifferentiation [73]. The correct chronological sequence for the progression of these
processes is still not clear, but the involvement of genes such as VEGF, erythropoietin,
platelet/endothelial-cell-adhesion molecule 1, matrix metalloproteinases, and inhibitor of
metallopeptidase, are common features [74]. Although angiogenesis is the most prevalent
term used to indicate vascularization, it is not the first phenomenon guiding vessel forma-
tion, because the vascular co-option, with the overexpression of angiopoietin-2, begins the
vascularization process around normal microvessels in GBM, induced by both hypoxic
and nonhypoxic stimuli. Vasculogenesis is mainly driven by bone-marrow-derived cells,
whereas vascular mimicry and GBM-endothelial-cell transdifferentiation are associated to
the maintenance of a stem-cell phenotype [73]. The relevance of vascularization processes
in GBM is the rationale of anti-VEGF therapies (i.e., Bevacizumab), but the absence of signif-
icant improvements on the mean overall survival reduced the enthusiasm of its use in the
clinical practice for GBM [75]. The failure of bevacizumab may be considered an example
indicating the existence of additional, compensative, and integrative mechanisms that sus-
tain vascularization in GBM. Indeed, it has been reported that GBM cells can react against
anti-VEGF therapy, promoting additional hallmarks of cancer. Huveldt et al. showed that
bevacizumab induced tumor invasion and metastasis by the activation of SRC, which is a
key factor of multiple pathways in cancer progression [76]. Metabolic reprogramming is
also adopted in response to antiangiogenic therapy. Kuang et al. showed that bevacizumab-
resistant cells upregulated glucose transporter 3, establishing a Warburg effect-mediated
resistance mechanism [77]. Acidification in TME stimulates VEGF and fibroblast growth
factor β expression, accelerating the proliferation and motility of endothelial cells and the
budding of the vascular system through monocarboxylate transporter-4 (MCT-4)-mediated
lactate release, which promotes the production of hyaluronic acid, strongly supporting
vessel formation [78].

Since the formation of new vessels is involved in enhanced inflammation and vice
versa, sustained vascularization and immunomodulation can be considered two intercon-
nected hallmarks in GBM. In this scenario, TAMs have a key role in promoting vasculariza-
tion, increasing the expression of hematopoietic markers such as CD45, and upregulating
CXCL2 (Figure 4) [79–81]. The reciprocal communication between dendritic cells (DCs)
and vascularization has been verified by the observation that the proangiogenetic factors
were able to induce chemotaxis and an M1-like to M2-like phenotype switch in microglial
cells (Figure 4) [82].

A correlation between vascularization and immunomodulation has also been reported
by Souberan et al., who described the involvement of monocytes and DCs in tumor immune
reprogramming as a resistance mechanism upon anti-VEGF therapy [83]. Blood-vessel
development in GBM is also regulated by RAS/RAF/ERK signaling [84], determining a
positive feedback loop with VEGFR. Even if RTKs are commonly considered upstream
activators of the signal-transduction mechanisms, it is worth noticing that the activation of
Ras-RAF-ERK by RTKs can determine the transcription of HIF1α, which in turn promotes
the transcription of VEGF, therefore increasing VEGFR activity [85]. Immunomodulatory
mechanisms are also triggered by angiogenesis, because regulatory T cells (Treg cells) and
myeloid-derived suppressor cells (MDSCs) are induced by VEGF, which also promotes
an M2-like phenotype shift in macrophages exhibiting immunosuppression functions
(Figure 4) [86].
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Figure 4. Vascularization and immunomodulation interconnection in GBM. VEGF induces Treg
cells and MDSCs; furthermore, it stimulates M1-like to M2-like switch in microglial cells, lead-
ing to immune evasion. Moreover, proangiogenic factors, including VEGF, induce chemiotaxis of
microglial cells. Instead, resident TAMs promote vascularization, upregulating the cell-signaling
cytokine CXCL2.

5. Tissue Invasion and Metastasis

Migration and motility are essential cell functions allowing cancer cells to migrate
from the primary site to nearby or distant sites. GBM is characterized by local infiltration
rather than the spreading beyond the central nervous system (CNS), even if this charac-
teristic is enough to strongly compromise physiological functions and quality of life of
patients. Although the spread of metastasis outside the CNS is rare, the invasion ability of
GBM through the healthy parenchyma and stroma is the main factor in inducing resistance
and recurrences [87]. Such a GBM feature is a clear example of the difference between
invasiveness and metastasis. Two factors may explain the infrequent GBM migration and
growth in secondary organs: the first is based on or due to the relatively short mean overall
survival of patients; the second is related to the physical barriers of the CNS skull and
BBB [88]. However, Lah T.T. et al. demonstrated that even when the BBB blocks circulat-
ing tumor cells, the peculiar molecular and genetical features of GSCs drive infiltrative
potential during early tumor growth, both locally and to distant niches. GSCs residing
in a protective vascular-invasive niche are able to migrate and invade deeply into the
brain parenchyma, also supporting a microenvironment for survival, growth, and immune
surveillance [89]. Many of the TME features are linked to GBM invasiveness; in fact,
proteases and transcription factors required for the initiation of epithelial mesenchymal
transition (EMT), are triggered by TGF-β, EGF, PDGF, and FGF2, produced by circulating or
residential myeloid cells, which are recruited in hypoxic and inflammatory conditions [90].
In the hypoxic condition, HIFs regulate the zinc-finger E-box-binding homeobox ZEB1,
which suppresses E-cadherin, increasing cell motility and losing cell-to-cell adhesion [90].
However, a plethora of events correlate hypoxic TME GBM invasion and are linked with
the remodeling of the cytoskeleton, ECM degradation, and motility under the control of key
signaling pathways such as SRC, TWIST1, and chemokine receptors [91–94]. In hypoxic
pseudopalisading GBM cells, proinflammatory-gene expressions, such as C-X-C chemokine
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receptor type 4 (CXCR4), are upregulated by HERs-gene transcription, stimulating migra-
tion but also the proliferation of endothelial cells close to necrotic or hypoxic areas [95].
Inflammation, proliferation, and invasion interplay have been also related to the G-protein-
coupled chemoattractant receptor, formylpeptide receptor 1 [96], which is activated by Anx
releasing from tumor necrotic cells, determining cell migration, growth, and production of
angiogenic factors mediating the SRC-EGFR signaling pathway, leading to ERK/F-actin
axis activation and cell chemotaxis. This sustains the invasion and survival through the
phosphorylation of transcription factors NF-κB, STAT3, and HIF-1α [96]. Inflammatory
stimuli inhibit tumor invasion through TLR/MAPK signaling, increasing proliferation by
TH and STAT3-signaling activation (Figure 5) [97].
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Figure 5. Tissue invasion and metastasis in GBM. Many pathways are involved in the invasion
processes of GBM, especially in hypoxic and inflammatory contexts. Hypoxic and inflammatory
conditions lead to the recruitment of myeloid cells, which promote TGF-β, EGF, PDGF, and FGF2
signaling, triggering the EMT initiation. In hypoxic conditions, HIFs regulate ZEB1, inhibiting E-
cadherin expression, which contributes to the loss of cell–cell adhesion and the increase in motility,
also supported by the activation of TWIST1, SRC, and chemokine receptors. In the inflammatory
context, the upregulation of proinflammatory genes determines an increase in migration and prolifer-
ation, while ANX, through the FPR1 activation, induces the heightening of invasion and survival
ability by means of STAT3, NF-kB, and HIF-1α pathways. Moreover, proliferation is also promoted
by TH signaling, derived from microglia-GBM crosstalk.

The intricate network, which positively and negatively regulates GBM invasiveness,
has been extensively studied to develop therapeutic approaches, including the PI3K/Akt,
Wnt, SHH-GLI1, and microRNAs [98].

6. Metabolic Rewiring and Adaptation

The ability of GBM to invade adjacent tissue is enhanced by metabolic reshaping,
providing energy and adapting to survive in a complex and hostile environment, charac-
terized by reduced nutrient and oxygen availability. The invasiveness support of GBM
in hypoxic conditions is not only directly linked to lactate production, increased acidifica-
tion rate, and expression of specific enzymes, but also by indirect effects mediated by the
production of additional signaling molecules synergistically acting with enzymes, such
as phosphoglucose isomerase/autocrine motility factor (PGI/AMF) [99]. PGI/AMF is an
autocrine-motility factor, stimulating cell migration in vitro and metastasis in vivo [100].
Not only glycolysis, but also lipid, amino-acid, and nucleotide-metabolism reprogramming
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offers an important contribution to sustain invasiveness of GBM (Figure 6). Higher fatty-
acid (FA) synthesis promotes its FA-uptake channel CD36 upregulation, associated with a
proinvasive phenotype. Regarding amino-acid metabolism, glutamine and arginine have
been associated to cell-adhesion mechanisms and nitrogenous-base accumulation, which
are required for tumor invasion [101].
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Figure 6. Representation of metabolic reprogramming processes connected GBM invasiveness. The
support of GBM invasiveness in hypoxic conditions is not only directly linked to lactate produc-
tion, but also by indirect effects such as the production of additional signals of molecules such as
PGI/AMF, and lipid metabolism and amino-acid reprogramming offers an important contribution
to the proinvasion phenotype. Microglia adopts aerobic glycolysis by increasing lactate production
and promoting M2 polarization with concomitant production of cytokines and other factors that can
directly suppress effector cells, or indirectly via other types of immune cells such as intratumoral
DCs and Treg cells, resulting in immunosuppression.

Hence, the evidence that several metabolic participants take part in GBM invasiveness
sustainment confirms that the metabolic modulation cannot be summarized just refer-
ring to the Warburg effect, especially for such a highly heterogeneous tumor as GBM.
Indeed, glycolysis, FA oxidation, and glutaminolysis were found differently involved in
the metabolic reshaping in primary, immortalized, and patient-derived GBM cells, together
with a multitude of dysregulated bioenergetic pathways, coexisting within the tumor and
concomitant glycolysis or oxidative-phosphorylation-driven metabolism in subpopulations
of GBM cells [54,102,103]. The opposite shift, from glycolytic to oxidative phosphory-
lation, has been described as a reverse Warburg effect in many cancer types, including
GBM, suggesting adaptive mechanisms of cells according to TME modulation [104,105].
In addition to the typical enhanced aerobic glycolysis of cancer cells, the GBM glycolytic
process is also supported by hypoxic TME, in which HIF-1α ubiquitination is limited by
prolyl hydroxylase inactivation. This process induces HIF-1α/HIF-1β heterodimer sta-
bilization, binding the HRE sequence and allowing the transcription of several enzymes,
such as glycolytic enzymes, glucose transporters, and lactate dehydrogenase A, increasing
GBM cells’ adaptation to hypoxic conditions [106]. The first event inducing a metabolic
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rewiring was the decrease of intracellular pH, due to the accumulation of lactate and
protons, which give rise to other hallmarks. The oncometabolite function of lactate is
also associated with the immunosuppressive environment constitution; indeed, lactate
promotes an M2-like immunosuppressive macrophage polarization [107]. The link between
metabolic rewiring and immunomodulation can be considered a chief interconnected
hallmark. Direct evidence about this correlation has been reported, such as the role of
natural killer group 2 member D (NKG2D) on NK cells via induction of NKG2D ligands
on myeloid cells that are downregulated by LDH isoform 5 released from GBM cells and
detectable in blood serum [108]. Moreover, LDHA inhibition by diclofenac has been related
to IL-2 production and Toll-like receptor stimulation, inducing immunosuppression in a
GBM preclinical models [109]. Oxidative stress and reduced oxidative phosphorylation
induce ROS production and proinflammatory response in microglia; especially in hypoxic
niches, microglia adopt the aerobic glycolysis, increasing lactate production and promoting
an M2-like polarization, stabilizing HIF, further contributing to the immunosuppressive
mechanisms (Figure 6) [110]. In addition, 2-HG derived from the activity of mutated
IDH1/IDH2, inhibits microglial activation via the AMPK/mTOR/NF-κB pathway, limiting
the inflammatory responses [111]. Moreover, as per microglial cells, reactive astrocytes also
participate in the complex metabolic reprogramming via JAK/STAT-pathway activation
supported by microglia-derived factors [112]. Reactive astrocytes respond to hypoxic-
condition-enhancing alternative sources of glucose via gluconeogenesis or ketolysis and
mediate a recruitment of M2-like TAMs [110]. MDSCs are considered the main immune
components involved in the metabolic crosstalk between tumor cells and the immune sys-
tem; immunosuppression takes place by the metabolic reprogramming of MSDCs via Arg1,
iNOS, and indoleamine 2,3 dioxygenase 1 (IDO1) inhibition, which determine amino-acid
depletion and CD8+ and natural killer cells’ suppression [113].

Preclinical evidence suggesting the efficacy of metabolic reprogramming and of
oncometabolite-targeting drugs is increasing overtime. To date, Ivosidenib, an IDH in-
hibitor, has been tested in Phase I and results are supporting further research targeting
it [114]. Other ideal targeting genes regulating tumor metabolism may be represented by
PTEN-induced kinase 1 (PINK1)243 and hexokinase 2 (HK2). Indeed, inhibition of HK2
by ketoconazole and posaconazole revealed an inhibitory effect on GBM both in vitro and
in vivo [115]; activation of PINK1 suppresses ROS and tumor growth through FOXO3a and
reduces in vivo glioblastoma growth in orthotopic mouse xenograft models [116]. However,
a plethora of RTK-driven metabolic dependencies have also been identified, and these
include EGFR amplification for glucose uptake, glycolysis, NAD+ production, cholesterol
uptake, fatty-acid (FA) synthesis, epigenetic remodeling, and membrane lipid. Metformin,
Gboxin, and IACS-010759 are the main oxidative phosphorylation (OXPHOS) inhibitors
blocking the electron transport chain [117].

7. Immune Modulation

Despite BBB being responsible for creating an immune-privileged microenvironment
in the CNS and in brain tumors (known as cold TME), several immune-cell types have
been recently associated with GBM progression. Tight junctions of endothelial cells are
weakened under inflammatory conditions in GBM, changing BBB permeability and selec-
tivity [118]. Bone-marrow-derived macrophages, MDSCs, microglia, DCs, and neutrophils
are the main component of immune cells in GBM [119]. It has been reported that GBM
subtypes differentially shape TME, suggesting that different factors influence the immune
system machinery. Indeed, the mesenchymal subtype shows an increased immune infil-
tration and a worse prognosis as compared to the neural one [120]. One explanation lies
on the correlation with IDH mutation status, especially in neural subtypes and low-grade
gliomas, which determines hypermethylation of genome regions, including those involved
in the transcription immune-response factors, such as human leukocyte antigen, decreasing
MHC-I-mediated antigen presentation [121]. This phenomenon suggests that the mod-
ulation of the immune system represents one of the main hallmarks of GBM, allowing
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to communicate with other players and to induce other hallmarks. Multiple strategies
are adopted by GBM to induce immune-response suppression, such as the secretion of
immunosuppressive factors, TGF-β derived from GBM cells, microglia and TAMs, IL-10,
prostaglandin E-2 and immune checkpoint molecules such as programmed death-1 (PD1),
stimulating the formation of Treg cells or suppressing cytotoxic T cells and DCs, impeding
an antitumoral immune response [122,123]. Moreover, the Programmed Death-Ligand
1 (PD-L1), a key factor of immune evasion, interacts with H-Ras, also leading to EMT
promoting invasion and dissemination [124]. The immune-checkpoint receptors expres-
sion, such as PD-L1 or CTLA-4, exerts a direct suppression of adaptive immunity [125].
Other immunomodulatory signals, including enzymes such as IDO1, are involved in T-cell
suppression and proliferation by reducing tryptophan levels, thus inhibiting immune-cell
function and preventing DCs activation [126]. Microglia and macrophages are the largest
tumor-infiltrating cell population with relevant functions for the acquisition of immunosup-
pressive phenotype; in particular, M1-like to M2-like macrophage shift is one of the main
mechanisms regulating immunomodulatory response. Particularly, the M2-like phenotype
includes three distinct classes: M2a, M2b, and M2c, involved in repair, immunoregula-
tory and acquired-deactivating phenotypes, respectively [127]. It has been shown that
expression of the M2-like phenotype by TAMs is mediated by the secretion of soluble
factors released by GBM cells, such as granulocyte macrophage colony-stimulating factor
(GM-CSF) and interleukins, such as IL-4, IL-10, and IL-13 [128]. Immunosuppressive TAMs
have protumoral properties, such as promoting vascularization, invasion, proliferation and
immunosuppression [129]; TGF-β and IL-10 released by M2-like macrophages and by GBM
cells stimulate capillary formation and angiogenesis interacting with endothelial cells and
macrophages via αvβ3 integrin expression and SRC-PI3K-YAP signaling [130]. In addition,
the PDGFB–PDGFRβ pathway is also involved in promoting vascularization, thanks to
pericyte recruitment and migration mediated by CRCR1 [131]. The enhancement of CD8+
T-cell-mediated antitumor immunity has been associated to NF-κB-signaling activation in
M2-like macrophages [132]. Immunosuppressive TAMs support GBM-invasion-expressing
MMP-2 and MMP-9, which are also involved in angiogenesis, apoptosis, and cell prolifera-
tion; these hallmarks are fostered by the production of EGF, VEGF, and TGF-β1 by TAMs,
which induce EMT in GBM cells [125].

Hypoxia is considered among the main source of stimuli contributing to an immuno-
suppressive TME in GBM; the ECM protein periostin is highly expressed in hypoxic
conditions, promoting the recruitment of TAMs, shifting towards an M2-like phenotype
through the induction of RTK/PI3K pathway (Figure 7) [133]. However, GBM cells rely on
stress-response mechanisms to maintain its influence on immune system; macroautophagy
contributes to maintain a suppressive phenotype in both innate and adaptive immune
cells; monocytes switch into immunosuppressive M2-like macrophages by autophagic
signaling in response to colony-stimulating factor 1 (CSF1), whereas macroautophagy
favors tumor tolerance by stimulation of FoxP3 T-regulatory-cell function as an adaptive
immune response [134]. PD1 antibodies may be a promising strategy to overcome immune
escape, but (CAR) T cells, oncolytic viruses, and vaccines are being developed to enhance
the anticancer immune response. Checkpoint molecules are also valuable approaches to
overcome adaptive resistance, but highly suppressive TMEs remain the main barrier. There-
fore, additional therapies are tested including oncolytic virus and neoadjuvant anti-PD1
treatment. Further efforts to elucidate molecular and immunologic targets are required to
increase therapeutic effects of such an approach [135].
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8. Interconnections and Concluding Remarks

In recent years, several efforts have been made to expand and clarify the vision of GBM
hallmarks. Dunn G.P. et al. reviewed cellular and molecular characteristics of GBM, focus-
ing the role of RTKs in tumor progression and describing the invasion and angiogenesis as
key tumor biological hallmarks [136]. Aum D.J. et al., addressed the GBM hallmarks by
focusing on molecular heterogeneity and describing the classification of molecular subtypes
with a particular consideration for GSCs [137]. A specific description of each individual
hallmark discussing the biological mechanisms of GBM on replication, angiogenesis, repro-
gramming cellular energetics and immune evasion, has been reported [138]. Degl’Innocenti
et al. elucidated how the future perspectives of integrated omics sciences, especially single-
cell omics investigations, may contribute to exemplify genetic hallmarks of GBM [20], and
recently, two review articles proposed how high-resolution in vivo imaging-technology
approaches may support the understanding of GBM heterogeneity by the detection of
specific hallmarks [139,140]. Nevertheless, a comprehensive and detailed view of the GBM
hallmarks is needed and an explanation of the hallmarks by their mutual connections is
still elusive. Interpretating the interconnected hallmarks of GBM is complex and deeply
related to molecular interactions among them. The ultimate result would be to provide
redundant information, as one hallmark is causing or is the result of another and it is often
difficult to understand the cause–effect link. An example of such an intricate scenario is
the vascularization and hypoxia circular positive loop. On one hand, tumor bulk growth
induces sites not sufficiently perfused by the blood vessels, leading to necrosis but also to
hypoxic niches; on the other hand, in hypoxic conditions, the expression of HIF orchestrates
the complex transcriptional HRE response, determining the secretion of proangiogenic
factors, such as VEGF, stimulating vascularization. Poorly organized vascular structures
do not allow appropriate oxygen supply into the tumor, and here again the process begins.
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The upregulation of PI3K/Akt/mTOR activation is another example of shared ma-
chinery among hallmarks, participating also in metabolic modulation by the regulation of
glucose transporters, such as GLUT-1, and glycolytic enzymes such as HK2 determining a
metabolic rewiring [141]. Overexpression of EGFR and TGF-β, regulated by HIF-1α/HIF-
1β, promotes proliferation, differentiation, apoptosis, angiogenesis and invasion [142].
The role of hypoxia and invasion in GBM has been largely explored in literature, and this
correlation was attributed to ECM degradation by many factors: (i) acidification of the extra-
cellular milieu; (ii) upregulation of carbonic anhydrase; (iii) EGFRvIII/Integrins/FAK/SRC
signaling; and iv) collagen crosslinking by procollagen lysine 2-oxoglutarate 5-dioxygenase
upregulation [91,92]. In addition to ECM remodeling, the promotion of the EMT process
was also recognized as a key contributor for invasiveness in hypoxic conditions; during
EMT, the Notch pathway and TWIST1-induced signaling were induced and associated to cy-
toskeleton reorganization and motility by cyclin G2 upregulation [92]. GBM-cell migration
toward blood vessels has been associated with stromal-derived factor 1 (SDF-1) upregu-
lation and CXCR4 activation in hypoxic conditions [92]. CXCR4 is also involved in im-
munosuppressive mechanisms and microglia-induced GBM stimulation via PD1 [143,144].
Moreover, SDF-1 secreted by GSCs located in hypoxic niches promotes chemoattraction and
activation of bone-marrow-derived endothelial progenitor cells that support endothelial
survival and proliferation [145]. Immunomodulation correlates with HIF stabilization,
since immunosuppressive M2-polarized TAMs, MDSCs, and Treg cells are recruited by
GSCs in hypoxic niches [145].

It is possible to formulate the hypothesis that in GBM, as for many of cancer types,
tumorigenesis can be described as development of sequence of events that leads to the dis-
ease with primary effects that trigger the tumorigenic cascades. However, the chronological
sequence of such pathological events is still under investigation. Despite a certain number
of triggering factors have been described, such as mutations linked to oncogenes and tumor
suppressors for uncontrolled growth, identifying which one is the origin of the other is
even more complex due to the creation of a TME influencing all cell populations within
the tumor. Hence, the first event is the consideration that undifferentiated and potential
staminal cells, such as GSCs, are critical players starting the cascade of uncontrolled growth
and acquired anaplasia, pleomorphism, abnormal nuclear morphology, and loss of cell
polarity. Then, cell-cycle deregulation generates an abnormal mass of tissue with unbal-
anced cell density supported by genetic alterations, which gives rise to an autonomous
way to live without external stimuli, usually as result of oncogene activation and a clonal
expansion of cells with stem-like properties. At this point, during the tumor growth, GBM-
proliferating cells generate hypoxic cores surrounded by pseudo-palisade cells, rapidly
dividing endothelial cells, pericytes, and smooth-muscle cells that form microvascular
hyperplasia. The new vessels deliver oxygen and nutrient to the tumor cells and accelerate
cancer-cell dissemination via an abnormal vascularization. The abnormal leaky vessels as
well as vascular glomerular structures, in which endothelial cells and pericytes form poorly
organized vascular structures, generate additional hypoxic niches, nearly to necrotic areas,
surrounded by a row of hypoxic palisading tumor cells with lymphocytes, TAMs, and GSCs.
The interaction between cancer cells, stroma, and immune cells became strong, influencing
the composition and structure of the TME. Within the pleiotropic effects triggered by HIF
and angiogenesis, invasion and migration are the most representative processes. It is worth
noticing that for highly aggressive tumors, such as GBM, the definition of malignant tumors
as a cellular mass able to invade and destroy adjacent structures and spread to distant sites
with metastasis to cause death is not appropriate, since GBM does not have the fundamen-
tal characteristic of forming metastases. However, as mentioned above, the invasiveness
of GBM is fully manifested with the involvement of other factors. For GBM, it is more
appropriate that the typical condition of malignant tumors regarding the close correlation
between stroma and parenchyma is strongly presented. Indeed, growth and progression
of GBM cells are significantly dependent on the stromal component, which provides the
essential structural framework for the tumor progression with a crosstalk between GBM
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and stromal cells that directly influences the tumor growth. Metabolic reprogramming and
immunomodulation mechanisms will complete the final picture of such a malignant and
aggressive tumor.

A definitive cure for GBM can reasonably be obtained by addressing three key is-
sues: (1) deep knowledge of the pathophysiological mechanisms to detect prognostic and
predictive biomarkers; (2) design of molecularly targeting drugs; (3) use of suitable ther-
apeutical strategies (i.e., chemotherapy or radiation therapy) able to overcome drug and
radioresistance, avoiding side effects and relapses. The first point may be placed at the
top of a chain of events that could solve the other two; to date, identifying prognostic and
predictive biomarkers seems to have placed the foundations for personalized treatments, as
demonstrated by the application of TMZ depending on the IDH and MGMT methylation
phenotype status. Certainly, current approaches are not sufficient to ensure remission
from the disease so far, although they contribute to increased life expectancy. Targeted
therapies have to face the obstacle of tumor heterogeneity and the interconnection between
pathogenetic mechanisms of GBM that still remain far from being fully elucidated. In
this regard, the combination of innovative drugs and radiotherapy treatments in view of
the technological improvement linked to precision therapies such as hadron therapy or
other sharpened forms of ionizing radiation can contribute to increased life expectancy
of patients. Finally, it is necessary to focus studies towards the mechanisms of radio and
drug resistance, which cover an important section of failure remission from this terrible
disease. The integrated omics and molecular approaches will play an increasingly im-
portant role for the stratification of patients and for the understanding of undiscovered
pathophysiological mechanisms.

Author Contributions: Conceptualization: F.T., N.V. and R.P.; review design: F.T., S.G., D.T., M.D.R.,
A.Z., F.P.C., G.R., M.I., G.C., G.L.V., N.V. and R.P.; interpretation: F.T., D.T., M.D.R., A.Z., F.P.C., G.R.,
M.I., G.C., G.L.V., N.V. and R.P.; figures and artworks: F.T., C.A., S.D., A.M.P., L.L., N.V. and R.P.;
writing—original draft: F.T., N.V. and R.P.; writing—reviewing and editing: F.T., C.A., S.D., A.M.P.,
L.L., S.G., D.T., M.D.R., A.Z., F.P.C., G.R., M.I., G.C., G.L.V., N.V. and R.P. All authors have read and
agreed to the published version of the manuscript.

Funding: F.T. was supported by the Fondazione Umberto Veronesi. C.A. and A.M.P. were supported
by the PhD program in Biotechnology (Biometec, University of Catania, Italy). S.D. was supported
by the PhD program in Neuroscience (Biometec, University of Catania, Italy). N.V. was supported
by the PON AIM R&I 2014-2020-E66C18001240007. This study was partially funded by Piano di
Incentivi per la ricerca di Ateneo 2020–2022, Linea di Intervento 2, “MD-RESETT-GLIO” to R.P.
and by the Ministero Italiano dell’Istruzione, dell’Università e della Ricerca, PRIN 2017, Grant no.
2017XKWWK9_004 to G.R., G.C. and R.P.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Servier Medical Art (smart.servier.com (accessed on 17
March 2022)).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jeibouei, S.; Akbari, M.E.; Kalbasi, A.; Aref, A.R.; Ajoudanian, M.; Rezvani, A.; Zali, H. Personalized medicine in breast cancer:

Pharmacogenomics approaches. Pharm. Pers. Med. 2019, 12, 59–73. [CrossRef] [PubMed]
2. Prat, A.; Parker, J.S.; Karginova, O.; Fan, C.; Livasy, C.; Herschkowitz, J.I.; He, X.; Perou, C.M. Phenotypic and molecular

characterization of the claudin-low intrinsic subtype of breast cancer. Breast Cancer Res. 2010, 12, R68. [CrossRef]
3. Chan, C.W.H.; Law, B.M.H.; So, W.K.W.; Chow, K.M.; Waye, M.M.Y. Novel Strategies on Personalized Medicine for Breast Cancer

Treatment: An Update. Int. J. Mol. Sci. 2017, 18, 2423. [CrossRef] [PubMed]
4. Yersal, O.; Barutca, S. Biological subtypes of breast cancer: Prognostic and therapeutic implications. World J. Clin. Oncol. 2014, 5,

412–424. [CrossRef] [PubMed]

smart.servier.com
http://doi.org/10.2147/PGPM.S167886
http://www.ncbi.nlm.nih.gov/pubmed/31213877
http://doi.org/10.1186/bcr2635
http://doi.org/10.3390/ijms18112423
http://www.ncbi.nlm.nih.gov/pubmed/29140300
http://doi.org/10.5306/wjco.v5.i3.412
http://www.ncbi.nlm.nih.gov/pubmed/25114856


Biomedicines 2022, 10, 806 17 of 22

5. Ostrom, Q.T.; Cioffi, G.; Gittleman, H.; Patil, N.; Waite, K.; Kruchko, C.; Barnholtz-Sloan, J.S. CBTRUS Statistical Report: Primary
Brain and Other Central Nervous System Tumors Diagnosed in the United States in 2012–2016. Neuro-Oncology 2019, 21, v1–v100.
[CrossRef]

6. Delgado-Lopez, P.D.; Corrales-Garcia, E.M. Survival in glioblastoma: A review on the impact of treatment modalities. Clin. Transl.
Oncol. 2016, 18, 1062–1071. [CrossRef]

7. Louis, D.N.; Ohgaki, H.; Wiestler, O.D.; Cavenee, W.K.; Burger, P.C.; Jouvet, A.; Scheithauer, B.W.; Kleihues, P. The 2007 WHO
classification of tumours of the central nervous system. Acta Neuropathol. 2007, 114, 97–109. [CrossRef]

8. Louis, D.N.; Perry, A.; Reifenberger, G.; von Deimling, A.; Figarella-Branger, D.; Cavenee, W.K.; Ohgaki, H.; Wiestler, O.D.;
Kleihues, P.; Ellison, D.W. The 2016 World Health Organization Classification of Tumors of the Central Nervous System: A
summary. Acta Neuropathol. 2016, 131, 803–820. [CrossRef]

9. Brat, D.J.; Aldape, K.; Colman, H.; Holland, E.C.; Louis, D.N.; Jenkins, R.B.; Kleinschmidt-DeMasters, B.K.; Perry, A.; Reifenberger,
G.; Stupp, R.; et al. cIMPACT-NOW update 3: Recommended diagnostic criteria for “Diffuse astrocytic glioma, IDH-wildtype,
with molecular features of glioblastoma, WHO grade IV”. Acta Neuropathol. 2018, 136, 805–810. [CrossRef]

10. Stupp, R.; Mason, W.P.; van den Bent, M.J.; Weller, M.; Fisher, B.; Taphoorn, M.J.; Belanger, K.; Brandes, A.A.; Marosi, C.; Bogdahn,
U.; et al. Radiotherapy plus concomitant and adjuvant temozolomide for glioblastoma. N. Engl. J. Med. 2005, 352, 987–996.
[CrossRef]

11. Stupp, R.; Taillibert, S.; Kanner, A.; Read, W.; Steinberg, D.; Lhermitte, B.; Toms, S.; Idbaih, A.; Ahluwalia, M.S.; Fink, K.; et al.
Effect of Tumor-Treating Fields Plus Maintenance Temozolomide vs Maintenance Temozolomide Alone on Survival in Patients
With Glioblastoma: A Randomized Clinical Trial. JAMA 2017, 318, 2306–2316. [CrossRef] [PubMed]

12. Brandes, A.A.; Bartolotti, M.; Tosoni, A.; Franceschi, E. Nitrosoureas in the Management of Malignant Gliomas. Curr. Neurol.
Neurosci. Rep. 2016, 16, 13. [CrossRef] [PubMed]

13. Nabors, L.B.; Portnow, J.; Ahluwalia, M.; Baehring, J.; Brem, H.; Brem, S.; Butowski, N.; Campian, J.L.; Clark, S.W.; Fabiano, A.J.;
et al. Central Nervous System Cancers, Version 3.2020, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Natl. Compr. Netw.
2020, 18, 1537–1570. [CrossRef] [PubMed]

14. Le Rhun, E.; Preusser, M.; Roth, P.; Reardon, D.A.; van den Bent, M.; Wen, P.; Reifenberger, G.; Weller, M. Molecular targeted
therapy of glioblastoma. Cancer Treat. Rev. 2019, 80, 101896. [CrossRef]

15. Rahman, M.; Sawyer, W.G.; Lindhorst, S.; Deleyrolle, L.P.; Harrison, J.K.; Karachi, A.; Dastmalchi, F.; Flores-Toro, J.; Mitchell, D.A.;
Lim, M.; et al. Adult immuno-oncology: Using past failures to inform the future. Neuro Oncol. 2020, 22, 1249–1261. [CrossRef]

16. Oliveira, A.I.; Anjo, S.I.; Vieira de Castro, J.; Serra, S.C.; Salgado, A.J.; Manadas, B.; Costa, B.M. Crosstalk between glial and
glioblastoma cells triggers the "go-or-grow" phenotype of tumor cells. Cell Commun. Signal. 2017, 15, 37. [CrossRef]

17. Fouad, Y.A.; Aanei, C. Revisiting the hallmarks of cancer. Am. J. Cancer Res. 2017, 7, 1016–1036.
18. Hanahan, D.; Weinberg, R.A. The hallmarks of cancer. Cell 2000, 100, 57–70. [CrossRef]
19. Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646–674. [CrossRef]
20. Degl’Innocenti, A.; di Leo, N.; Ciofani, G. Genetic Hallmarks and Heterogeneity of Glioblastoma in the Single-Cell Omics Era.

Adv. Ther. 2020, 3, 1900152. [CrossRef]
21. Mao, H.; Lebrun, D.G.; Yang, J.; Zhu, V.F.; Li, M. Deregulated signaling pathways in glioblastoma multiforme: Molecular

mechanisms and therapeutic targets. Cancer Investig. 2012, 30, 48–56. [CrossRef] [PubMed]
22. Chappell, W.H.; Steelman, L.S.; Long, J.M.; Kempf, R.C.; Abrams, S.L.; Franklin, R.A.; Basecke, J.; Stivala, F.; Donia, M.; Fagone, P.;

et al. Ras/Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR inhibitors: Rationale and importance to inhibiting these pathways in
human health. Oncotarget 2011, 2, 135–164. [CrossRef] [PubMed]

23. Haynes, H.R.; Camelo-Piragua, S.; Kurian, K.M. Prognostic and predictive biomarkers in adult and pediatric gliomas: Toward
personalized treatment. Front. Oncol. 2014, 4, 47. [CrossRef] [PubMed]

24. Liu, K.W.; Hu, B.; Cheng, S.Y. Platelet-derived growth factor receptor alpha in glioma: A bad seed. Chin. J. Cancer 2011, 30,
590–602. [CrossRef]

25. Wang, L.B.; Karpova, A.; Gritsenko, M.A.; Kyle, J.E.; Cao, S.; Li, Y.; Rykunov, D.; Colaprico, A.; Rothstein, J.H.; Hong, R.; et al.
Proteogenomic and metabolomic characterization of human glioblastoma. Cancer Cell 2021, 39, 509–528.e520. [CrossRef]

26. Steelman, L.S.; Chappell, W.H.; Abrams, S.L.; Kempf, R.C.; Long, J.; Laidler, P.; Mijatovic, S.; Maksimovic-Ivanic, D.; Stivala, F.;
Mazzarino, M.C.; et al. Roles of the Raf/MEK/ERK and PI3K/PTEN/Akt/mTOR pathways in controlling growth and sensitivity
to therapy-implications for cancer and aging. Aging (Albany NY) 2011, 3, 192–222. [CrossRef] [PubMed]

27. Ahluwalia, M.S.; de Groot, J.; Liu, W.M.; Gladson, C.L. Targeting SRC in glioblastoma tumors and brain metastases: Rationale
and preclinical studies. Cancer Lett. 2010, 298, 139–149. [CrossRef]

28. Oikonomou, E.; Koustas, E.; Goulielmaki, M.; Pintzas, A. BRAF vs. RAS oncogenes: Are mutations of the same pathway equal?
Differential signalling and therapeutic implications. Oncotarget 2014, 5, 11752–11777. [CrossRef]

29. Ronellenfitsch, M.W.; Zeiner, P.S.; Mittelbronn, M.; Urban, H.; Pietsch, T.; Reuter, D.; Senft, C.; Steinbach, J.P.; Westphal, M.; Harter,
P.N. Akt and mTORC1 signaling as predictive biomarkers for the EGFR antibody nimotuzumab in glioblastoma. Acta Neuropathol.
Commun. 2018, 6, 81. [CrossRef]

30. Lo, H.W. Targeting Ras-RAF-ERK and its interactive pathways as a novel therapy for malignant gliomas. Curr. Cancer Drug
Targets 2010, 10, 840–848. [CrossRef]

http://doi.org/10.1093/neuonc/noz150
http://doi.org/10.1007/s12094-016-1497-x
http://doi.org/10.1007/s00401-007-0243-4
http://doi.org/10.1007/s00401-016-1545-1
http://doi.org/10.1007/s00401-018-1913-0
http://doi.org/10.1056/NEJMoa043330
http://doi.org/10.1001/jama.2017.18718
http://www.ncbi.nlm.nih.gov/pubmed/29260225
http://doi.org/10.1007/s11910-015-0611-8
http://www.ncbi.nlm.nih.gov/pubmed/26750128
http://doi.org/10.6004/jnccn.2020.0052
http://www.ncbi.nlm.nih.gov/pubmed/33152694
http://doi.org/10.1016/j.ctrv.2019.101896
http://doi.org/10.1093/neuonc/noaa116
http://doi.org/10.1186/s12964-017-0194-x
http://doi.org/10.1016/S0092-8674(00)81683-9
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.1002/adtp.201900152
http://doi.org/10.3109/07357907.2011.630050
http://www.ncbi.nlm.nih.gov/pubmed/22236189
http://doi.org/10.18632/oncotarget.240
http://www.ncbi.nlm.nih.gov/pubmed/21411864
http://doi.org/10.3389/fonc.2014.00047
http://www.ncbi.nlm.nih.gov/pubmed/24716189
http://doi.org/10.5732/cjc.011.10236
http://doi.org/10.1016/j.ccell.2021.01.006
http://doi.org/10.18632/aging.100296
http://www.ncbi.nlm.nih.gov/pubmed/21422497
http://doi.org/10.1016/j.canlet.2010.08.014
http://doi.org/10.18632/oncotarget.2555
http://doi.org/10.1186/s40478-018-0583-4
http://doi.org/10.2174/156800910793357970


Biomedicines 2022, 10, 806 18 of 22

31. Holmen, S.L.; Williams, B.O. Essential role for Ras signaling in glioblastoma maintenance. Cancer Res. 2005, 65, 8250–8255.
[CrossRef] [PubMed]

32. Prabhu, A.; Sarcar, B.; Miller, C.R.; Kim, S.H.; Nakano, I.; Forsyth, P.; Chinnaiyan, P. Ras-mediated modulation of pyruvate
dehydrogenase activity regulates mitochondrial reserve capacity and contributes to glioblastoma tumorigenesis. Neuro-Oncology
2015, 17, 1220–1230. [CrossRef] [PubMed]

33. Du, W.; Searle, J.S. The rb pathway and cancer therapeutics. Curr. Drug Targets 2009, 10, 581–589. [CrossRef] [PubMed]
34. Burns, K.L.; Ueki, K.; Jhung, S.L.; Koh, J.; Louis, D.N. Molecular genetic correlates of p16, cdk4, and pRb immunohistochemistry

in glioblastomas. J. Neuropathol. Exp. Neurol. 1998, 57, 122–130. [CrossRef] [PubMed]
35. Ferreira, W.A.; Araujo, M.D.; Anselmo, N.P.; de Oliveira, E.H.; Brito, J.R.; Burbano, R.R.; Harada, M.L.; Borges Bdo, N. Expression

Analysis of Genes Involved in the RB/E2F Pathway in Astrocytic Tumors. PLoS ONE 2015, 10, e0137259. [CrossRef]
36. Biasoli, D.; Kahn, S.A.; Cornelio, T.A.; Furtado, M.; Campanati, L.; Chneiweiss, H.; Moura-Neto, V.; Borges, H.L. Retinoblastoma

protein regulates the crosstalk between autophagy and apoptosis, and favors glioblastoma resistance to etoposide. Cell Death Dis.
2013, 4, e767. [CrossRef]

37. Kanu, O.O.; Hughes, B.; Di, C.; Lin, N.; Fu, J.; Bigner, D.D.; Yan, H.; Adamson, C. Glioblastoma Multiforme Oncogenomics and
Signaling Pathways. Clin. Med. Oncol. 2009, 3, 39–52. [CrossRef]

38. Conti, A.; Guli, C.; La Torre, D.; Tomasello, C.; Angileri, F.F.; Aguennouz, M. Role of inflammation and oxidative stress mediators
in gliomas. Cancers 2010, 2, 693–712. [CrossRef]

39. Nag, S.; Qin, J.; Srivenugopal, K.S.; Wang, M.; Zhang, R. The MDM2-p53 pathway revisited. J. Biomed. Res. 2013, 27, 254–271.
[CrossRef]

40. Zhang, Y.; Dube, C.; Gibert, M., Jr.; Cruickshanks, N.; Wang, B.; Coughlan, M.; Yang, Y.; Setiady, I.; Deveau, C.; Saoud, K.; et al.
The p53 Pathway in Glioblastoma. Cancers 2018, 10, 297. [CrossRef]

41. Lathia, J.D.; Mack, S.C.; Mulkearns-Hubert, E.E.; Valentim, C.L.; Rich, J.N. Cancer stem cells in glioblastoma. Genes Dev. 2015, 29,
1203–1217. [CrossRef] [PubMed]

42. Audia, A.; Conroy, S.; Glass, R.; Bhat, K.P.L. The Impact of the Tumor Microenvironment on the Properties of Glioma Stem-Like
Cells. Front. Oncol. 2017, 7, 143. [CrossRef] [PubMed]

43. Padovan, M.; Eoli, M.; Pellerino, A.; Rizzato, S.; Caserta, C.; Simonelli, M.; Michiara, M.; Caccese, M.; Anghileri, E.; Cerretti, G.;
et al. Depatuxizumab Mafodotin (Depatux-M) Plus Temozolomide in Recurrent Glioblastoma Patients: Real-World Experience
from a Multicenter Study of Italian Association of Neuro-Oncology (AINO). Cancers 2021, 13, 2773. [CrossRef] [PubMed]

44. Wick, W.; Gorlia, T.; Bady, P.; Platten, M.; van den Bent, M.J.; Taphoorn, M.J.; Steuve, J.; Brandes, A.A.; Hamou, M.F.; Wick, A.;
et al. Phase II Study of Radiotherapy and Temsirolimus versus Radiochemotherapy with Temozolomide in Patients with Newly
Diagnosed Glioblastoma without MGMT Promoter Hypermethylation (EORTC 26082). Clin. Cancer Res. 2016, 22, 4797–4806.
[CrossRef] [PubMed]

45. Wen, P.Y.; Touat, M.; Alexander, B.M.; Mellinghoff, I.K.; Ramkissoon, S.; McCluskey, C.S.; Pelton, K.; Haidar, S.; Basu, S.S.; Gaffey,
S.C.; et al. Buparlisib in Patients With Recurrent Glioblastoma Harboring Phosphatidylinositol 3-Kinase Pathway Activation: An
Open-Label, Multicenter, Multi-Arm, Phase II Trial. J. Clin. Oncol. 2019, 37, 741–750. [CrossRef]

46. Gerson, S.L. MGMT: Its role in cancer aetiology and cancer therapeutics. Nat. Rev. Cancer 2004, 4, 296–307. [CrossRef]
47. Hegi, M.E.; Diserens, A.C.; Gorlia, T.; Hamou, M.F.; de Tribolet, N.; Weller, M.; Kros, J.M.; Hainfellner, J.A.; Mason, W.; Mariani,

L.; et al. MGMT gene silencing and benefit from temozolomide in glioblastoma. N. Engl. J. Med. 2005, 352, 997–1003. [CrossRef]
48. Nam, J.Y.; de Groot, J.F. Treatment of Glioblastoma. J. Oncol. Pract. 2017, 13, 629–638. [CrossRef]
49. Zhou, M.; Niu, C.; Jia, L.; He, H. The value of MGMT promote methylation and IDH-1 mutation on diagnosis of pseudoprogression

in patients with high-grade glioma: A meta-analysis. Medicine 2019, 98, e18194. [CrossRef]
50. Han, S.; Liu, Y.; Cai, S.J.; Qian, M.; Ding, J.; Larion, M.; Gilbert, M.R.; Yang, C. IDH mutation in glioma: Molecular mechanisms

and potential therapeutic targets. Br. J. Cancer 2020, 122, 1580–1589. [CrossRef]
51. Shi, J.; Zuo, H.; Ni, L.; Xia, L.; Zhao, L.; Gong, M.; Nie, D.; Gong, P.; Cui, D.; Shi, W.; et al. An IDH1 mutation inhibits growth of

glioma cells via GSH depletion and ROS generation. Neurol. Sci. 2014, 35, 839–845. [CrossRef] [PubMed]
52. Calabrese, V.; Dattilo, S.; Petralia, A.; Parenti, R.; Pennisi, M.; Koverech, G.; Calabrese, V.; Graziano, A.; Monte, I.; Maiolino, L.;

et al. Analytical approaches to the diagnosis and treatment of aging and aging-related disease: Redox status and proteomics. Free
Radic. Res. 2015, 49, 511–524. [CrossRef] [PubMed]

53. Cohen, A.L.; Holmen, S.L.; Colman, H. IDH1 and IDH2 mutations in gliomas. Curr. Neurol. Neurosci. Rep. 2013, 13, 345. [CrossRef]
[PubMed]

54. Chinopoulos, C.; Seyfried, T.N. Mitochondrial Substrate-Level Phosphorylation as Energy Source for Glioblastoma: Review and
Hypothesis. ASN Neuro 2018, 10, 1759091418818261. [CrossRef]

55. Ferri, A.; Stagni, V.; Barila, D. Targeting the DNA Damage Response to Overcome Cancer Drug Resistance in Glioblastoma. Int. J.
Mol. Sci. 2020, 21, 4910. [CrossRef]

56. Jackson, S.P.; Bartek, J. The DNA-damage response in human biology and disease. Nature 2009, 461, 1071–1078. [CrossRef]
57. Carruthers, R.D.; Ahmed, S.U.; Ramachandran, S.; Strathdee, K.; Kurian, K.M.; Hedley, A.; Gomez-Roman, N.; Kalna, G.; Neilson,

M.; Gilmour, L.; et al. Replication Stress Drives Constitutive Activation of the DNA Damage Response and Radioresistance in
Glioblastoma Stem-like Cells. Cancer Res. 2018, 78, 5060–5071. [CrossRef] [PubMed]

http://doi.org/10.1158/0008-5472.CAN-05-1173
http://www.ncbi.nlm.nih.gov/pubmed/16166301
http://doi.org/10.1093/neuonc/nou369
http://www.ncbi.nlm.nih.gov/pubmed/25712957
http://doi.org/10.2174/138945009788680392
http://www.ncbi.nlm.nih.gov/pubmed/19601762
http://doi.org/10.1097/00005072-199802000-00003
http://www.ncbi.nlm.nih.gov/pubmed/9600204
http://doi.org/10.1371/journal.pone.0137259
http://doi.org/10.1038/cddis.2013.283
http://doi.org/10.4137/CMO.S1008
http://doi.org/10.3390/cancers2020693
http://doi.org/10.7555/JBR.27.20130030
http://doi.org/10.3390/cancers10090297
http://doi.org/10.1101/gad.261982.115
http://www.ncbi.nlm.nih.gov/pubmed/26109046
http://doi.org/10.3389/fonc.2017.00143
http://www.ncbi.nlm.nih.gov/pubmed/28740831
http://doi.org/10.3390/cancers13112773
http://www.ncbi.nlm.nih.gov/pubmed/34204877
http://doi.org/10.1158/1078-0432.CCR-15-3153
http://www.ncbi.nlm.nih.gov/pubmed/27143690
http://doi.org/10.1200/JCO.18.01207
http://doi.org/10.1038/nrc1319
http://doi.org/10.1056/NEJMoa043331
http://doi.org/10.1200/JOP.2017.025536
http://doi.org/10.1097/MD.0000000000018194
http://doi.org/10.1038/s41416-020-0814-x
http://doi.org/10.1007/s10072-013-1607-2
http://www.ncbi.nlm.nih.gov/pubmed/24362902
http://doi.org/10.3109/10715762.2015.1020799
http://www.ncbi.nlm.nih.gov/pubmed/25824967
http://doi.org/10.1007/s11910-013-0345-4
http://www.ncbi.nlm.nih.gov/pubmed/23532369
http://doi.org/10.1177/1759091418818261
http://doi.org/10.3390/ijms21144910
http://doi.org/10.1038/nature08467
http://doi.org/10.1158/0008-5472.CAN-18-0569
http://www.ncbi.nlm.nih.gov/pubmed/29976574


Biomedicines 2022, 10, 806 19 of 22

58. Olivier, C.; Oliver, L.; Lalier, L.; Vallette, F.M. Drug Resistance in Glioblastoma: The Two Faces of Oxidative Stress. Front. Mol.
Biosci. 2020, 7, 620677. [CrossRef] [PubMed]

59. Brown, J.M.; Attardi, L.D. The role of apoptosis in cancer development and treatment response. Nat. Rev. Cancer 2005, 5, 231–237.
[CrossRef]

60. Favaloro, B.; Allocati, N.; Graziano, V.; Di Ilio, C.; De Laurenzi, V. Role of apoptosis in disease. Aging (Albany NY) 2012, 4, 330–349.
[CrossRef]

61. Trejo-Solis, C.; Serrano-Garcia, N.; Escamilla-Ramirez, A.; Castillo-Rodriguez, R.A.; Jimenez-Farfan, D.; Palencia, G.; Calvillo,
M.; Alvarez-Lemus, M.A.; Flores-Najera, A.; Cruz-Salgado, A.; et al. Autophagic and Apoptotic Pathways as Targets for
Chemotherapy in Glioblastoma. Int. J. Mol. Sci. 2018, 19, 3773. [CrossRef] [PubMed]

62. Torrisi, F.; Alberghina, C.; Lo Furno, D.; Zappala, A.; Valable, S.; Li Volti, G.; Tibullo, D.; Vicario, N.; Parenti, R. Connexin 43 and
Sonic Hedgehog Pathway Interplay in Glioblastoma Cell Proliferation and Migration. Biology 2021, 10, 767. [CrossRef] [PubMed]

63. Valdes-Rives, S.A.; Casique-Aguirre, D.; German-Castelan, L.; Velasco-Velazquez, M.A.; Gonzalez-Arenas, A. Apoptotic Signaling
Pathways in Glioblastoma and Therapeutic Implications. Biomed Res. Int. 2017, 2017, 7403747. [CrossRef] [PubMed]

64. Vicario, N.; Bernstock, J.D.; Spitale, F.M.; Giallongo, C.; Giunta, M.A.S.; Li Volti, G.; Gulisano, M.; Leanza, G.; Tibullo, D.; Parenti,
R.; et al. Clobetasol Modulates Adult Neural Stem Cell Growth via Canonical Hedgehog Pathway Activation. Int. J. Mol. Sci.
2019, 20, 1991. [CrossRef]

65. Mallat, Z.; Tedgui, A. Apoptosis in the vasculature: Mechanisms and functional importance. Br. J. Pharmacol. 2000, 130, 947–962.
[CrossRef]

66. Zagzag, D.; Amirnovin, R.; Greco, M.A.; Yee, H.; Holash, J.; Wiegand, S.J.; Zabski, S.; Yancopoulos, G.D.; Grumet, M. Vascular
apoptosis and involution in gliomas precede neovascularization: A novel concept for glioma growth and angiogenesis. Lab.
Investig. 2000, 80, 837–849. [CrossRef]

67. Jawhari, S.; Ratinaud, M.H.; Verdier, M. Glioblastoma, hypoxia and autophagy: A survival-prone ‘menage-a-trois’. Cell Death Dis.
2016, 7, e2434. [CrossRef]

68. Chhipa, R.R.; Fan, Q.; Anderson, J.; Muraleedharan, R.; Huang, Y.; Ciraolo, G.; Chen, X.; Waclaw, R.; Chow, L.M.; Khuchua, Z.;
et al. AMP kinase promotes glioblastoma bioenergetics and tumour growth. Nat. Cell Biol. 2018, 20, 823–835. [CrossRef]

69. Guo, J.C.; Wei, Q.S.; Dong, L.; Fang, S.S.; Li, F.; Zhao, Y. Prognostic Value of an Autophagy-Related Five-Gene Signature for
Lower-Grade Glioma Patients. Front. Oncol. 2021, 11, 644443. [CrossRef] [PubMed]

70. Xu, Y.; Li, R.; Li, X.; Dong, N.; Wu, D.; Hou, L.; Yin, K.; Zhao, C. An Autophagy-Related Gene Signature Associated With Clinical
Prognosis and Immune Microenvironment in Gliomas. Front. Oncol. 2020, 10, 571189. [CrossRef]

71. Beckta, J.M.; Bindra, R.S.; Chalmers, A.J. Targeting DNA repair in gliomas. Curr. Opin. Neurol. 2019, 32, 878–885. [CrossRef]
[PubMed]

72. Das, S.; Marsden, P.A. Angiogenesis in glioblastoma. N. Engl. J. Med. 2013, 369, 1561–1563. [CrossRef] [PubMed]
73. Hardee, M.E.; Zagzag, D. Mechanisms of glioma-associated neovascularization. Am. J. Pathol. 2012, 181, 1126–1141. [CrossRef]

[PubMed]
74. Conroy, S.; Wagemakers, M.; Walenkamp, A.M.; Kruyt, F.A.; den Dunnen, W.F. Novel insights into vascularization patterns and

angiogenic factors in glioblastoma subclasses. J. Neurooncol. 2017, 131, 11–20. [CrossRef]
75. Li, Y.; Ali, S.; Clarke, J.; Cha, S. Bevacizumab in Recurrent Glioma: Patterns of Treatment Failure and Implications. Brain Tumor

Res. Treat. 2017, 5, 1–9. [CrossRef]
76. Huveldt, D.; Lewis-Tuffin, L.J.; Carlson, B.L.; Schroeder, M.A.; Rodriguez, F.; Giannini, C.; Galanis, E.; Sarkaria, J.N.; Anastasiadis,

P.Z. Targeting Src family kinases inhibits bevacizumab-induced glioma cell invasion. PLoS ONE 2013, 8, e56505. [CrossRef]
77. Kuang, R.; Jahangiri, A.; Mascharak, S.; Nguyen, A.; Chandra, A.; Flanigan, P.M.; Yagnik, G.; Wagner, J.R.; De Lay, M.; Carrera, D.;

et al. GLUT3 upregulation promotes metabolic reprogramming associated with antiangiogenic therapy resistance. JCI Insight
2017, 2, e88815. [CrossRef]

78. Vallee, A.; Lecarpentier, Y.; Vallee, J.N. The Key Role of the WNT/beta-Catenin Pathway in Metabolic Reprogramming in Cancers
under Normoxic Conditions. Cancers 2021, 13, 5557. [CrossRef]

79. Brandenburg, S.; Muller, A.; Turkowski, K.; Radev, Y.T.; Rot, S.; Schmidt, C.; Bungert, A.D.; Acker, G.; Schorr, A.; Hippe, A.; et al.
Resident microglia rather than peripheral macrophages promote vascularization in brain tumors and are source of alternative
pro-angiogenic factors. Acta Neuropathol. 2016, 131, 365–378. [CrossRef]

80. De Palma, M.; Murdoch, C.; Venneri, M.A.; Naldini, L.; Lewis, C.E. Tie2-expressing monocytes: Regulation of tumor angiogenesis
and therapeutic implications. Trends Immunol. 2007, 28, 519–524. [CrossRef] [PubMed]

81. Murdoch, C.; Muthana, M.; Coffelt, S.B.; Lewis, C.E. The role of myeloid cells in the promotion of tumour angiogenesis. Nat. Rev.
Cancer 2008, 8, 618–631. [CrossRef] [PubMed]

82. Forstreuter, F.; Lucius, R.; Mentlein, R. Vascular endothelial growth factor induces chemotaxis and proliferation of microglial cells.
J. Neuroimmunol. 2002, 132, 93–98. [CrossRef]

83. Souberan, A.; Brustlein, S.; Gouarne, C.; Chasson, L.; Tchoghandjian, A.; Malissen, M.; Rougon, G. Effects of VEGF blockade
on the dynamics of the inflammatory landscape in glioblastoma-bearing mice. J. Neuroinflammation 2019, 16, 191. [CrossRef]
[PubMed]

84. Popescu, A.M.; Purcaru, S.O.; Alexandru, O.; Dricu, A. New perspectives in glioblastoma antiangiogenic therapy. Contemp. Oncol.
2016, 20, 109–118. [CrossRef]

http://doi.org/10.3389/fmolb.2020.620677
http://www.ncbi.nlm.nih.gov/pubmed/33585565
http://doi.org/10.1038/nrc1560
http://doi.org/10.18632/aging.100459
http://doi.org/10.3390/ijms19123773
http://www.ncbi.nlm.nih.gov/pubmed/30486451
http://doi.org/10.3390/biology10080767
http://www.ncbi.nlm.nih.gov/pubmed/34439999
http://doi.org/10.1155/2017/7403747
http://www.ncbi.nlm.nih.gov/pubmed/29259986
http://doi.org/10.3390/ijms20081991
http://doi.org/10.1038/sj.bjp.0703407
http://doi.org/10.1038/labinvest.3780088
http://doi.org/10.1038/cddis.2016.318
http://doi.org/10.1038/s41556-018-0126-z
http://doi.org/10.3389/fonc.2021.644443
http://www.ncbi.nlm.nih.gov/pubmed/33768004
http://doi.org/10.3389/fonc.2020.571189
http://doi.org/10.1097/WCO.0000000000000760
http://www.ncbi.nlm.nih.gov/pubmed/31592790
http://doi.org/10.1056/NEJMcibr1309402
http://www.ncbi.nlm.nih.gov/pubmed/24131182
http://doi.org/10.1016/j.ajpath.2012.06.030
http://www.ncbi.nlm.nih.gov/pubmed/22858156
http://doi.org/10.1007/s11060-016-2269-8
http://doi.org/10.14791/btrt.2017.5.1.1
http://doi.org/10.1371/journal.pone.0056505
http://doi.org/10.1172/jci.insight.88815
http://doi.org/10.3390/cancers13215557
http://doi.org/10.1007/s00401-015-1529-6
http://doi.org/10.1016/j.it.2007.09.004
http://www.ncbi.nlm.nih.gov/pubmed/17981504
http://doi.org/10.1038/nrc2444
http://www.ncbi.nlm.nih.gov/pubmed/18633355
http://doi.org/10.1016/S0165-5728(02)00315-6
http://doi.org/10.1186/s12974-019-1563-8
http://www.ncbi.nlm.nih.gov/pubmed/31660979
http://doi.org/10.5114/wo.2015.56122


Biomedicines 2022, 10, 806 20 of 22

85. Lim, J.H.; Lee, E.S.; You, H.J.; Lee, J.W.; Park, J.W.; Chun, Y.S. Ras-dependent induction of HIF-1alpha785 via the Raf/MEK/ERK
pathway: A novel mechanism of Ras-mediated tumor promotion. Oncogene 2004, 23, 9427–9431. [CrossRef]

86. Domenech, M.; Hernandez, A.; Plaja, A.; Martinez-Balibrea, E.; Balana, C. Hypoxia: The Cornerstone of Glioblastoma. Int. J. Mol.
Sci. 2021, 22, 12608. [CrossRef]

87. Kim, W.; Yoo, H.; Shin, S.H.; Gwak, H.S.; Lee, S.H. Extraneural Metastases of Glioblastoma without Simultaneous Central
Nervous System Recurrence. Brain Tumor Res. Treat. 2014, 2, 124–127. [CrossRef]

88. Cunha, M.; Maldaun, M.V.C. Metastasis from glioblastoma multiforme: A meta-analysis. Rev. Assoc. Med. Bras. 2019, 65, 424–433.
[CrossRef]

89. Lah, T.T.; Novak, M.; Breznik, B. Brain malignancies: Glioblastoma and brain metastases. Semin. Cancer Biol. 2020, 60, 262–273.
[CrossRef]

90. Iwadate, Y. Epithelial-mesenchymal transition in glioblastoma progression. Oncol. Lett. 2016, 11, 1615–1620. [CrossRef] [PubMed]
91. Torrisi, F.; Vicario, N.; Spitale, F.M.; Cammarata, F.P.; Minafra, L.; Salvatorelli, L.; Russo, G.; Cuttone, G.; Valable, S.; Gulino, R.;

et al. The Role of Hypoxia and SRC Tyrosine Kinase in Glioblastoma Invasiveness and Radioresistance. Cancers 2020, 12, 2860.
[CrossRef] [PubMed]

92. Monteiro, A.R.; Hill, R.; Pilkington, G.J.; Madureira, P.A. The Role of Hypoxia in Glioblastoma Invasion. Cells 2017, 6, 45.
[CrossRef] [PubMed]

93. Torrisi, F.; Minafra, L.; Cammarata, F.P.; Savoca, G.; Calvaruso, M.; Vicario, N.; Maccari, L.; Peres, E.A.; Ozcelik, H.; Bernaudin,
M.; et al. SRC Tyrosine Kinase Inhibitor and X-rays Combined Effect on Glioblastoma Cell Lines. Int. J. Mol. Sci. 2020, 21, 3917.
[CrossRef] [PubMed]

94. Vicario, N.; Calabrese, G.; Zappala, A.; Parenti, C.; Forte, S.; Graziano, A.C.E.; Vanella, L.; Pellitteri, R.; Cardile, V.; Parenti, R.
Inhibition of Cx43 mediates protective effects on hypoxic/reoxygenated human neuroblastoma cells. J. Cell Mol. Med. 2017, 21,
2563–2572. [CrossRef] [PubMed]

95. Zagzag, D.; Lukyanov, Y.; Lan, L.; Ali, M.A.; Esencay, M.; Mendez, O.; Yee, H.; Voura, E.B.; Newcomb, E.W. Hypoxia-inducible
factor 1 and VEGF upregulate CXCR4 in glioblastoma: Implications for angiogenesis and glioma cell invasion. Lab. Investig. 2006,
86, 1221–1232. [CrossRef]

96. Liu, M.; Zhao, J.; Chen, K.; Bian, X.; Wang, C.; Shi, Y.; Wang, J.M. G protein-coupled receptor FPR1 as a pharmacologic target in
inflammation and human glioblastoma. Int. Immunopharmacol. 2012, 14, 283–288. [CrossRef]

97. Chen, J.E.; Lumibao, J.; Leary, S.; Sarkaria, J.N.; Steelman, A.J.; Gaskins, H.R.; Harley, B.A.C. Crosstalk between microglia and
patient-derived glioblastoma cells inhibit invasion in a three-dimensional gelatin hydrogel model. J. Neuroinflamm. 2020, 17, 346.
[CrossRef]

98. Paw, I.; Carpenter, R.C.; Watabe, K.; Debinski, W.; Lo, H.W. Mechanisms regulating glioma invasion. Cancer Lett. 2015, 362, 1–7.
[CrossRef]

99. Li, Y.; Wei, Z.; Dong, B.; Lian, Z.; Xu, Y. Silencing of phosphoglucose isomerase/autocrine motility factor decreases U87 human
glioblastoma cell migration. Int. J. Mol. Med. 2016, 37, 998–1004. [CrossRef]

100. Williams, D.; Fingleton, B. Non-canonical roles for metabolic enzymes and intermediates in malignant progression and metastasis.
Clin. Exp. Metastasis 2019, 36, 211–224. [CrossRef]

101. Garcia, J.H.; Jain, S.; Aghi, M.K. Metabolic Drivers of Invasion in Glioblastoma. Front. Cell Dev. Biol. 2021, 9, 683276. [CrossRef]
[PubMed]

102. Duraj, T.; Garcia-Romero, N.; Carrion-Navarro, J.; Madurga, R.; Mendivil, A.O.; Prat-Acin, R.; Garcia-Canamaque, L.; Ayuso-
Sacido, A. Beyond the Warburg Effect: Oxidative and Glycolytic Phenotypes Coexist within the Metabolic Heterogeneity of
Glioblastoma. Cells 2021, 10, 202. [CrossRef] [PubMed]

103. Lin, H.; Patel, S.; Affleck, V.S.; Wilson, I.; Turnbull, D.M.; Joshi, A.R.; Maxwell, R.; Stoll, E.A. Fatty acid oxidation is required for
the respiration and proliferation of malignant glioma cells. Neuro-Oncology 2017, 19, 43–54. [CrossRef] [PubMed]

104. Fu, Y.; Liu, S.; Yin, S.; Niu, W.; Xiong, W.; Tan, M.; Li, G.; Zhou, M. The reverse Warburg effect is likely to be an Achilles’ heel of
cancer that can be exploited for cancer therapy. Oncotarget 2017, 8, 57813–57825. [CrossRef]

105. Poteet, E.; Choudhury, G.R.; Winters, A.; Li, W.; Ryou, M.G.; Liu, R.; Tang, L.; Ghorpade, A.; Wen, Y.; Yuan, F.; et al. Reversing the
Warburg effect as a treatment for glioblastoma. J. Biol. Chem. 2013, 288, 9153–9164. [CrossRef]

106. Nagao, A.; Kobayashi, M.; Koyasu, S.; Chow, C.C.T.; Harada, H. HIF-1-Dependent Reprogramming of Glucose Metabolic Pathway
of Cancer Cells and Its Therapeutic Significance. Int. J. Mol. Sci. 2019, 20, 238. [CrossRef]

107. De la Cruz-Lopez, K.G.; Castro-Munoz, L.J.; Reyes-Hernandez, D.O.; Garcia-Carranca, A.; Manzo-Merino, J. Lactate in the
Regulation of Tumor Microenvironment and Therapeutic Approaches. Front. Oncol. 2019, 9, 1143. [CrossRef]

108. Crane, C.A.; Austgen, K.; Haberthur, K.; Hofmann, C.; Moyes, K.W.; Avanesyan, L.; Fong, L.; Campbell, M.J.; Cooper, S.; Oakes,
S.A.; et al. Immune evasion mediated by tumor-derived lactate dehydrogenase induction of NKG2D ligands on myeloid cells in
glioblastoma patients. Proc. Natl. Acad. Sci. USA 2014, 111, 12823–12828. [CrossRef] [PubMed]

109. Chirasani, S.R.; Leukel, P.; Gottfried, E.; Hochrein, J.; Stadler, K.; Neumann, B.; Oefner, P.J.; Gronwald, W.; Bogdahn, U.; Hau, P.;
et al. Diclofenac inhibits lactate formation and efficiently counteracts local immune suppression in a murine glioma model. Int. J.
Cancer 2013, 132, 843–853. [CrossRef]

http://doi.org/10.1038/sj.onc.1208003
http://doi.org/10.3390/ijms222212608
http://doi.org/10.14791/btrt.2014.2.2.124
http://doi.org/10.1590/1806-9282.65.3.424
http://doi.org/10.1016/j.semcancer.2019.10.010
http://doi.org/10.3892/ol.2016.4113
http://www.ncbi.nlm.nih.gov/pubmed/26998052
http://doi.org/10.3390/cancers12102860
http://www.ncbi.nlm.nih.gov/pubmed/33020459
http://doi.org/10.3390/cells6040045
http://www.ncbi.nlm.nih.gov/pubmed/29165393
http://doi.org/10.3390/ijms21113917
http://www.ncbi.nlm.nih.gov/pubmed/32486205
http://doi.org/10.1111/jcmm.13177
http://www.ncbi.nlm.nih.gov/pubmed/28488330
http://doi.org/10.1038/labinvest.3700482
http://doi.org/10.1016/j.intimp.2012.07.015
http://doi.org/10.1186/s12974-020-02026-6
http://doi.org/10.1016/j.canlet.2015.03.015
http://doi.org/10.3892/ijmm.2016.2500
http://doi.org/10.1007/s10585-019-09967-0
http://doi.org/10.3389/fcell.2021.683276
http://www.ncbi.nlm.nih.gov/pubmed/34277624
http://doi.org/10.3390/cells10020202
http://www.ncbi.nlm.nih.gov/pubmed/33498369
http://doi.org/10.1093/neuonc/now128
http://www.ncbi.nlm.nih.gov/pubmed/27365097
http://doi.org/10.18632/oncotarget.18175
http://doi.org/10.1074/jbc.M112.440354
http://doi.org/10.3390/ijms20020238
http://doi.org/10.3389/fonc.2019.01143
http://doi.org/10.1073/pnas.1413933111
http://www.ncbi.nlm.nih.gov/pubmed/25136121
http://doi.org/10.1002/ijc.27712


Biomedicines 2022, 10, 806 21 of 22

110. Virtuoso, A.; Giovannoni, R.; De Luca, C.; Gargano, F.; Cerasuolo, M.; Maggio, N.; Lavitrano, M.; Papa, M. The Glioblastoma
Microenvironment: Morphology, Metabolism, and Molecular Signature of Glial Dynamics to Discover Metabolic Rewiring
Sequence. Int. J. Mol. Sci. 2021, 22, 3301. [CrossRef]

111. Han, C.J.; Zheng, J.Y.; Sun, L.; Yang, H.C.; Cao, Z.Q.; Zhang, X.H.; Zheng, L.T.; Zhen, X.C. The oncometabolite 2-hydroxyglutarate
inhibits microglial activation via the AMPK/mTOR/NF-kappaB pathway. Acta Pharmacol. Sin. 2019, 40, 1292–1302. [CrossRef]
[PubMed]

112. Henrik Heiland, D.; Ravi, V.M.; Behringer, S.P.; Frenking, J.H.; Wurm, J.; Joseph, K.; Garrelfs, N.W.C.; Strahle, J.; Heynckes, S.;
Grauvogel, J.; et al. Tumor-associated reactive astrocytes aid the evolution of immunosuppressive environment in glioblastoma.
Nat. Commun. 2019, 10, 2541. [CrossRef] [PubMed]

113. Won, W.J.; Deshane, J.S.; Leavenworth, J.W.; Oliva, C.R.; Griguer, C.E. Metabolic and functional reprogramming of myeloid-
derived suppressor cells and their therapeutic control in glioblastoma. Cell Stress 2019, 3, 47–65. [CrossRef] [PubMed]

114. Tejera, D.; Kushnirsky, M.; Gultekin, S.H.; Lu, M.; Steelman, L.; de la Fuente, M.I. Ivosidenib, an IDH1 inhibitor, in a patient with
recurrent, IDH1-mutant glioblastoma: A case report from a Phase I study. CNS Oncol. 2020, 9, CNS62. [CrossRef] [PubMed]

115. Agnihotri, S.; Mansouri, S.; Burrell, K.; Li, M.; Mamatjan, Y.; Liu, J.; Nejad, R.; Kumar, S.; Jalali, S.; Singh, S.K.; et al. Ketoconazole
and Posaconazole Selectively Target HK2-expressing Glioblastoma Cells. Clin. Cancer Res. 2019, 25, 844–855. [CrossRef]

116. Agnihotri, S.; Golbourn, B.; Huang, X.; Remke, M.; Younger, S.; Cairns, R.A.; Chalil, A.; Smith, C.A.; Krumholtz, S.L.; Mackenzie,
D.; et al. PINK1 Is a Negative Regulator of Growth and the Warburg Effect in Glioblastoma. Cancer Res. 2016, 76, 4708–4719.
[CrossRef]

117. Bi, J.; Chowdhry, S.; Wu, S.; Zhang, W.; Masui, K.; Mischel, P.S. Altered cellular metabolism in gliomas-an emerging landscape of
actionable co-dependency targets. Nat. Rev. Cancer 2020, 20, 57–70. [CrossRef]

118. Couto, M.; Coelho-Santos, V.; Santos, L.; Fontes-Ribeiro, C.; Silva, A.P.; Gomes, C.M.F. The interplay between glioblastoma and
microglia cells leads to endothelial cell monolayer dysfunction via the interleukin-6-induced JAK2/STAT3 pathway. J. Cell Physiol.
2019, 234, 19750–19760. [CrossRef]

119. Daubon, T.; Hemadou, A.; Romero Garmendia, I.; Saleh, M. Glioblastoma Immune Landscape and the Potential of New
Immunotherapies. Front. Immunol. 2020, 11, 585616. [CrossRef]

120. Martinez-Lage, M.; Lynch, T.M.; Bi, Y.; Cocito, C.; Way, G.P.; Pal, S.; Haller, J.; Yan, R.E.; Ziober, A.; Nguyen, A.; et al. Immune
landscapes associated with different glioblastoma molecular subtypes. Acta Neuropathol. Commun. 2019, 7, 203. [CrossRef]

121. Lehtipuro, S.; Nykter, M.; Granberg, K.J. Modes of immunosuppression in glioblastoma microenvironment. Oncotarget 2019, 10,
920–921. [CrossRef] [PubMed]

122. Razavi, S.M.; Lee, K.E.; Jin, B.E.; Aujla, P.S.; Gholamin, S.; Li, G. Immune Evasion Strategies of Glioblastoma. Front. Surg. 2016,
3, 11. [CrossRef] [PubMed]

123. Bernstock, J.D.; Vicario, N.; Rong, L.; Valdes, P.A.; Choi, B.D.; Chen, J.A.; DiToro, D.; Osorio, D.S.; Kachurak, K.; Gessler, F.; et al. A
novel in situ multiplex immunofluorescence panel for the assessment of tumor immunopathology and response to virotherapy in
pediatric glioblastoma reveals a role for checkpoint protein inhibition. Oncoimmunology 2019, 8, e1678921. [CrossRef] [PubMed]

124. Qiu, X.Y.; Hu, D.X.; Chen, W.Q.; Chen, R.Q.; Qian, S.R.; Li, C.Y.; Li, Y.J.; Xiong, X.X.; Liu, D.; Pan, F.; et al. PD-L1 confers
glioblastoma multiforme malignancy via Ras binding and Ras/Erk/EMT activation. Biochim. Biophys. Acta Mol. Basis Dis. 2018,
1864, 1754–1769. [CrossRef] [PubMed]

125. DeCordova, S.; Shastri, A.; Tsolaki, A.G.; Yasmin, H.; Klein, L.; Singh, S.K.; Kishore, U. Molecular Heterogeneity and Immunosup-
pressive Microenvironment in Glioblastoma. Front. Immunol. 2020, 11, 1402. [CrossRef] [PubMed]

126. Zhai, L.; Ladomersky, E.; Lauing, K.L.; Wu, M.; Genet, M.; Gritsina, G.; Gyorffy, B.; Brastianos, P.K.; Binder, D.C.; Sosman, J.A.;
et al. Infiltrating T Cells Increase IDO1 Expression in Glioblastoma and Contribute to Decreased Patient Survival. Clin. Cancer
Res. 2017, 23, 6650–6660. [CrossRef] [PubMed]

127. Chhor, V.; Le Charpentier, T.; Lebon, S.; Ore, M.V.; Celador, I.L.; Josserand, J.; Degos, V.; Jacotot, E.; Hagberg, H.; Savman, K.; et al.
Characterization of phenotype markers and neuronotoxic potential of polarised primary microglia in vitro. Brain Behav. Immun.
2013, 32, 70–85. [CrossRef]

128. Pyonteck, S.M.; Akkari, L.; Schuhmacher, A.J.; Bowman, R.L.; Sevenich, L.; Quail, D.F.; Olson, O.C.; Quick, M.L.; Huse, J.T.;
Teijeiro, V.; et al. CSF-1R inhibition alters macrophage polarization and blocks glioma progression. Nat. Med. 2013, 19, 1264–1272.
[CrossRef]

129. Gregoire, H.; Roncali, L.; Rousseau, A.; Cherel, M.; Delneste, Y.; Jeannin, P.; Hindre, F.; Garcion, E. Targeting Tumor Associated
Macrophages to Overcome Conventional Treatment Resistance in Glioblastoma. Front. Pharmacol. 2020, 11, 368. [CrossRef]

130. Cui, X.; Morales, R.T.; Qian, W.; Wang, H.; Gagner, J.P.; Dolgalev, I.; Placantonakis, D.; Zagzag, D.; Cimmino, L.; Snuderl, M.; et al.
Hacking macrophage-associated immunosuppression for regulating glioblastoma angiogenesis. Biomaterials 2018, 161, 164–178.
[CrossRef]

131. Zhu, C.; Chrifi, I.; Mustafa, D.; van der Weiden, M.; Leenen, P.J.M.; Duncker, D.J.; Kros, J.M.; Cheng, C. CECR1-mediated cross talk
between macrophages and vascular mural cells promotes neovascularization in malignant glioma. Oncogene 2017, 36, 5356–5368.
[CrossRef] [PubMed]

132. Achyut, B.R.; Angara, K.; Jain, M.; Borin, T.F.; Rashid, M.H.; Iskander, A.S.M.; Ara, R.; Kolhe, R.; Howard, S.; Venugopal, N.;
et al. Canonical NFkappaB signaling in myeloid cells is required for the glioblastoma growth. Sci. Rep. 2017, 7, 13754. [CrossRef]
[PubMed]

http://doi.org/10.3390/ijms22073301
http://doi.org/10.1038/s41401-019-0225-9
http://www.ncbi.nlm.nih.gov/pubmed/31015738
http://doi.org/10.1038/s41467-019-10493-6
http://www.ncbi.nlm.nih.gov/pubmed/31186414
http://doi.org/10.15698/cst2019.02.176
http://www.ncbi.nlm.nih.gov/pubmed/31225500
http://doi.org/10.2217/cns-2020-0014
http://www.ncbi.nlm.nih.gov/pubmed/32716208
http://doi.org/10.1158/1078-0432.CCR-18-1854
http://doi.org/10.1158/0008-5472.CAN-15-3079
http://doi.org/10.1038/s41568-019-0226-5
http://doi.org/10.1002/jcp.28575
http://doi.org/10.3389/fimmu.2020.585616
http://doi.org/10.1186/s40478-019-0803-6
http://doi.org/10.18632/oncotarget.26643
http://www.ncbi.nlm.nih.gov/pubmed/30847018
http://doi.org/10.3389/fsurg.2016.00011
http://www.ncbi.nlm.nih.gov/pubmed/26973839
http://doi.org/10.1080/2162402X.2019.1678921
http://www.ncbi.nlm.nih.gov/pubmed/31741780
http://doi.org/10.1016/j.bbadis.2018.03.002
http://www.ncbi.nlm.nih.gov/pubmed/29510196
http://doi.org/10.3389/fimmu.2020.01402
http://www.ncbi.nlm.nih.gov/pubmed/32765498
http://doi.org/10.1158/1078-0432.CCR-17-0120
http://www.ncbi.nlm.nih.gov/pubmed/28751450
http://doi.org/10.1016/j.bbi.2013.02.005
http://doi.org/10.1038/nm.3337
http://doi.org/10.3389/fphar.2020.00368
http://doi.org/10.1016/j.biomaterials.2018.01.053
http://doi.org/10.1038/onc.2017.145
http://www.ncbi.nlm.nih.gov/pubmed/28534507
http://doi.org/10.1038/s41598-017-14079-4
http://www.ncbi.nlm.nih.gov/pubmed/29062041


Biomedicines 2022, 10, 806 22 of 22

133. Ma, Q.; Long, W.; Xing, C.; Chu, J.; Luo, M.; Wang, H.Y.; Liu, Q.; Wang, R.F. Cancer Stem Cells and Immunosuppressive
Microenvironment in Glioma. Front. Immunol. 2018, 9, 2924. [CrossRef] [PubMed]

134. Molina, M.L.; Garcia-Bernal, D.; Martinez, S.; Valdor, R. Autophagy in the Immunosuppressive Perivascular Microenvironment
of Glioblastoma. Cancers 2019, 12, 102. [CrossRef]

135. Lim, M.; Xia, Y.; Bettegowda, C.; Weller, M. Current state of immunotherapy for glioblastoma. Nat. Rev. Clin. Oncol. 2018, 15,
422–442. [CrossRef]

136. Dunn, G.P.; Rinne, M.L.; Wykosky, J.; Genovese, G.; Quayle, S.N.; Dunn, I.F.; Agarwalla, P.K.; Chheda, M.G.; Campos, B.; Wang,
A.; et al. Emerging insights into the molecular and cellular basis of glioblastoma. Genes Dev. 2012, 26, 756–784. [CrossRef]

137. Aum, D.J.; Kim, D.H.; Beaumont, T.L.; Leuthardt, E.C.; Dunn, G.P.; Kim, A.H. Molecular and cellular heterogeneity: The hallmark
of glioblastoma. Neurosurg. Focus 2014, 37, E11. [CrossRef]

138. Noroxe, D.S.; Poulsen, H.S.; Lassen, U. Hallmarks of glioblastoma: A systematic review. ESMO Open 2016, 1, e000144. [CrossRef]
139. Valtorta, S.; Salvatore, D.; Rainone, P.; Belloli, S.; Bertoli, G.; Moresco, R.M. Molecular and Cellular Complexity of Glioma. Focus

on Tumour Microenvironment and the Use of Molecular and Imaging Biomarkers to Overcome Treatment Resistance. Int. J. Mol.
Sci. 2020, 21, 5631. [CrossRef]

140. Walsh, J.J.; Parent, M.; Akif, A.; Adam, L.C.; Maritim, S.; Mishra, S.K.; Khan, M.H.; Coman, D.; Hyder, F. Imaging Hallmarks of
the Tumor Microenvironment in Glioblastoma Progression. Front. Oncol. 2021, 11, 692650. [CrossRef]

141. Ward, P.S.; Thompson, C.B. Metabolic reprogramming: A cancer hallmark even warburg did not anticipate. Cancer Cell 2012, 21,
297–308. [CrossRef] [PubMed]

142. Huang, W.J.; Chen, W.W.; Zhang, X. Glioblastoma multiforme: Effect of hypoxia and hypoxia inducible factors on therapeutic
approaches. Oncol. Lett. 2016, 12, 2283–2288. [CrossRef] [PubMed]

143. Mercurio, L.; Ajmone-Cat, M.A.; Cecchetti, S.; Ricci, A.; Bozzuto, G.; Molinari, A.; Manni, I.; Pollo, B.; Scala, S.; Carpinelli, G.; et al.
Targeting CXCR4 by a selective peptide antagonist modulates tumor microenvironment and microglia reactivity in a human
glioblastoma model. J. Exp. Clin. Cancer Res. 2016, 35, 55. [CrossRef] [PubMed]

144. Wu, A.; Maxwell, R.; Xia, Y.; Cardarelli, P.; Oyasu, M.; Belcaid, Z.; Kim, E.; Hung, A.; Luksik, A.S.; Garzon-Muvdi, T.;
et al. Combination anti-CXCR4 and anti-PD-1 immunotherapy provides survival benefit in glioblastoma through immune cell
modulation of tumor microenvironment. J. Neurooncol. 2019, 143, 241–249. [CrossRef] [PubMed]

145. Colwell, N.; Larion, M.; Giles, A.J.; Seldomridge, A.N.; Sizdahkhani, S.; Gilbert, M.R.; Park, D.M. Hypoxia in the glioblastoma
microenvironment: Shaping the phenotype of cancer stem-like cells. Neuro Oncol. 2017, 19, 887–896. [CrossRef] [PubMed]

http://doi.org/10.3389/fimmu.2018.02924
http://www.ncbi.nlm.nih.gov/pubmed/30619286
http://doi.org/10.3390/cancers12010102
http://doi.org/10.1038/s41571-018-0003-5
http://doi.org/10.1101/gad.187922.112
http://doi.org/10.3171/2014.9.FOCUS14521
http://doi.org/10.1136/esmoopen-2016-000144
http://doi.org/10.3390/ijms21165631
http://doi.org/10.3389/fonc.2021.692650
http://doi.org/10.1016/j.ccr.2012.02.014
http://www.ncbi.nlm.nih.gov/pubmed/22439925
http://doi.org/10.3892/ol.2016.4952
http://www.ncbi.nlm.nih.gov/pubmed/27698790
http://doi.org/10.1186/s13046-016-0326-y
http://www.ncbi.nlm.nih.gov/pubmed/27015814
http://doi.org/10.1007/s11060-019-03172-5
http://www.ncbi.nlm.nih.gov/pubmed/31025274
http://doi.org/10.1093/neuonc/now258
http://www.ncbi.nlm.nih.gov/pubmed/28339582

	Introduction 
	Selective Advantages of Growth and Proliferation 
	Altered Response to Stress 
	Sustained Vascularization 
	Tissue Invasion and Metastasis 
	Metabolic Rewiring and Adaptation 
	Immune Modulation 
	Interconnections and Concluding Remarks 
	References

