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Abstract: Glioblastoma is the most common malignant primary brain tumor in adults and is almost
invariably fatal. Despite our growing understanding of the various mechanisms underlying treatment
failure, the standard-of-care therapy has not changed over the last two decades, signifying a great
unmet need. The challenges of treating glioblastoma are many and include inadequate drug or agent
delivery across the blood–brain barrier, abundant intra- and intertumoral heterogeneity, redundant
signaling pathways, and an immunosuppressive microenvironment. Here, we review the innate
and adaptive molecular mechanisms underlying glioblastoma’s treatment resistance, emphasizing
the intrinsic challenges therapeutic interventions must overcome—namely, the blood–brain barrier,
tumoral heterogeneity, and microenvironment—and the mechanisms of resistance to conventional
treatments, targeted therapy, and immunotherapy.

Keywords: glioblastoma; heterogeneity; chemoresistance; radioresistance; immunotherapy; tar-
geted therapy

1. Introduction

Glioblastoma (GBM) is the most common malignant primary brain tumor in adults,
and despite standard-of-care multimodality therapy, including maximal safe resection,
radiotherapy, and chemotherapy, the prognosis remains almost universally fatal with a
mean overall survival of 14 to 20 months [1]. Since the 2005 pivotal phase III trial by Stupp
et al. [1], which established the role of concurrent chemoradiation with temozolomide
followed by adjuvant temozolomide for patients with newly diagnosed glioblastoma, no
chemotherapies investigated in late-phase clinical trials have significantly improved upon
this foundational approach. The U.S. Food and Drug Administration (FDA) has approved
the anti-vascular endothelial growth factor (VEGF) antibody bevacizumab for treatment
of recurrent glioblastoma on the basis of two phase II studies showing a progression-
free survival benefit. However, two phase III clinical trials evaluating its role in the
treatment of newly diagnosed disease did not demonstrate an overall survival benefit
when bevacizumab was added to standard therapy [2–4]. The FDA also has approved
tumor-treating fields therapy (TTF), which consists of low-intensity, alternating electric
fields applied to the scalp for most of the day, for use in recurrent (2011) and newly
diagnosed (2015) glioblastoma, although widespread adoption of TTF has been limited
by methodological concerns about the generalizability of the data from prior studies of
it [5]. Thus, there are currently no effective therapies for glioblastoma. In this review, we
discuss the innate mechanisms of treatment resistance common to all glioblastomas before
characterizing the various mechanisms of resistance to conventional treatments, targeted
therapies, and immunotherapy.
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2. General Mechanisms of Treatment Resistance
2.1. The Blood–Brain and Blood–Brain–Tumor Barriers

The initial obstacle that therapies against malignant gliomas must overcome is the
blood-brain barrier (BBB), a non-fenestrated physical barrier comprised of specialized
capillary endothelial cells interconnected by multi-protein tight junctions consisting of
claudins (especially claudin-1, -3, and -5), occludins, and junctional adhesion molecules [6].
Closely associated with these endothelial cells by virtue of a shared basal lamina are com-
plexes of astrocytic endfeet, pericytes, and intermittent ends of neurons, which collectively
constitute the neurovascular unit responsible for maintaining biochemical and physical
homeostasis in the normal brain [7]. The BBB permits only small (<500 Da and <400 nm)
and lipophilic molecules to passively diffuse across; other molecules cross the BBB via
pinocytosis, receptor- or carrier-mediated transcytosis, and solute-carrier-protein mecha-
nisms [8]. The integrity of the BBB and homeostatic equilibrium are further bolstered by
ATP-binding cassette transporters, such as multidrug resistance-1 (MDR1), P-glycoprotein,
breast cancer resistance protein, and numerous other drug resistance proteins that are
expressed on the luminal and abluminal sides of vessel walls (Figure 1). These transporters
actively mediate the efflux of xenobiotics such as cytotoxic or targeted therapeutic agents
out of the brain parenchyma [9–11]. Attempts to modulate these efflux pumps have largely
been unsuccessful [12,13].
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In glioblastoma and other high-grade intracranial neoplasms, the BBB is heteroge-
neously disrupted to form the blood–tumor–brain barrier, which is characterized by ab-



Int. J. Mol. Sci. 2021, 22, 351 3 of 24

normal pericyte distribution, reduced tight junctions, the loss of astrocytic endfeet, and
increased permeability to circulating immune cells [14,15]. This heterogeneity of tumoral
vasculature creates regional niches of variable permeability to blood, oxygen, nutrients,
and drugs. Recent work has further extended our understanding of a glioblastoma tu-
mor’s centrally necrotic, hypoxic core, and less-hypoxic periphery [16]. Indeed, hypoxic
glioblastoma cells secrete VEGF-A via exosomes to promote the proliferation of endothelial
cells with downregulated expression of key junctional proteins such as claudin-5 and
occludin [17,18].

Glioma stem cells (GSCs), which are pluripotent, slowly dividing, and therapy-
resistant cells residing in the perivascular hypoxic niches of the brain, have been recognized
for their importance in resisting cytotoxic therapies [19,20]. GSCs are not only intrinsically
resistant to therapy but also exert substantial effects on neighboring cells within the mi-
croenvironment to maintain their populations [21]. In particular, glioblastoma pericytes
derive from GSCs via trans-differentiation and contribute to the integrity of the BBB via
the overexpression of proteins such as bone marrow and X-linked (BMX) non-receptor
tyrosine kinase (Figure 1), which activate signaling through signal transducer and activator
or transcription 3 (STAT3) to maintain the self-renewal capability of the GSCs occupying
perivascular niches [14,22]. Indeed, in an orthotopic xenograft glioblastoma model, Zhou
et al. [23] found that pericyte coverage not only correlated with the prognosis of patients
with glioblastoma but also that inhibition of BMX with ibrutinib selectively disrupted
the permeability of the blood–brain–tumor barrier and enhanced delivery of chemother-
apy (e.g., etoposide) that ordinarily penetrates the BBB poorly, thus prolonging mouse
survival [24].

The two most important signaling pathways involved in the formation of the BBB
and the regulation of its integrity are the Wingless-related integration site (Wnt) and Sonic
hedgehog (Shh) pathways. During normal embryonic development and in adulthood,
Shh secreted by astrocytes binds to the patched-1 (Ptch-1) protein on endothelial cells
or pericytes to activate the smoothened (Smo) protein. This leads to downstream tran-
scriptional activation of genes bound by the Gli family of transcription factors, such as
SOX-18 and TAL-1, which increase transendothelial resistance and decrease permeability
by enhancing claudin expression [25–27]. Shh signaling also contributes to the central
nervous system’s immune privilege by decreasing the expression of the intercellular adhe-
sion molecule ICAM-1 and the secretion of chemokines such as CXCL8/interleukin (IL)-9
and CCL2/MCP-1 by endothelial cells. Similarly, Wnt/β-catenin signaling in endothelial
cells contributes to the regulation of the BBB. The endothelial G-protein coupled receptor
Gpr124 is one such crucial coactivator of Wnt7a and Wnt7b-stimulated canonical signaling
via the binding of Frizzled receptor and Lrp coreceptor. Gpr124 upregulates claudin-5
expression, decreases platelet-derived growth factor receptor (PDGFR)-B expression, and
increases pericyte coverage [28]. Recently, Griveau et al. [29] extended the understanding
of glioma cellular phenotypes vis-à-vis the tumoral microenvironment, demonstrating
in a mouse model that Olig2+/Wnt7+ glioma cells—analogous to the oligodendrocytes
comprising the leading edge of glioblastoma tumors—invaded the brain parenchyma via
co-option of blood vessels by single-cells, while Olig2-/Wnt7- glioma cells—analogous to
proneural glioblastoma cells—proliferated in the perivascular niche and expressed abun-
dant VEGF-C and VEGFR-1/2/3 to form dense tumor collections with leaky vasculature.
Importantly, anti-angiogenic therapy (i.e., VEGF inhibition) led to selective enrichment of
the Olig2+/Wnt7+ cells, indicating a mechanism through which glioblastoma cells may
ultimately overcome prolonged anti-angiogenic therapy.

Strategies to breach the BBB and improve drug delivery have therefore focused on
mechanical disruption (i.e., osmotic disruption) and invasive local delivery (e.g., convection-
enhanced delivery), and these strategies have been limited by either unacceptable toxicity
or inefficacy [30–32]. Focused ultrasound is a relatively new modality which transiently
renders the BBB permeable to allow for improved drug delivery with a more favorable
adverse effect profile, and clinical study is underway [33]. Continued efforts to improve
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drug delivery via nanoparticle- or peptide-based drug-carrying methods are ongoing, and
further study of pharmacological inhibition of Wnt/Shh signaling and pericyte function is
warranted [34,35].

2.2. Intra- and Intertumoral Heterogeneity

Perhaps the most important and challenging barrier to establishing effective treat-
ments for glioblastoma is tumoral heterogeneity, which encompasses a vast spectrum of
molecular, genetic, cellular, temporal, spatial, and evolutionary diversity and prevents
the use of any single universal therapeutic approach. The Cancer Genome Atlas (TCGA)
Research Network originally used an extensive characterization of the genomic alterations
in glioblastoma to identify three critical signaling pathways in the disease—p53, retinoblas-
toma (Rb), and receptor tyrosine kinase/Ras/PI3K—and subsequent groups have built
upon these data to formulate classification schemes with prognostic importance. Verhaak
et al. [36,37] used factor analysis and consensus clustering of data from TCGA to define
4 glioblastoma subtypes on transcriptional grounds: classical, mesenchymal, proneural,
and neural. The classical subtype is characterized by the gain of chromosome 7 and loss of
chromosome 10, epidermal growth factor receptor (EGFR) amplification, and cyclin depen-
dent kinase inhibitor 2A (CDKN2A) homozygous deletion with high-level upregulation of
Notch (NOTCH1, NOTCH3, JAG1, LFNG)- and Shh (SMO, GAS1, GLI2)-related signal-
ing with downregulation of mitogen-activated protein kinase (MAPK) and pro-apoptotic
proteins such as cleaved caspase 7 and 9, Bid, and Bak. The mesenchymal subtype is
characterized by mutations in NF1, phosphatase, and tensin-homolog protein (PTEN), and
the nuclear factor κ-light chain-enhancer of activated B cells (NF-κB) signaling pathway
(e.g., TRADD, RELB, and TNFRSF1A) with increased MAPK and decreased mTOR signal-
ing. The proneural subtype is characterized by IDH1 mutations, PDGFRA amplification,
TP53 mutation, PI3K signaling, and high expression levels of oligodendrocytic develop-
mental genes (e.g., OLIG2, NKDX2-2, and unique genomic hypermethylation-designated
glioma-CpG island methylator phenotype or G-CIMP+) [38–40]. The genuine existence
of the neural subtype is controversial, as subsequent studies by Wang et al. [41] and Gill
et al. [42] have suggested that sampling of non-neoplastic cells at the infiltrative margins
of the tumor account for the transcriptional profile was observed. Whole exome and
transcriptional sequencing and proteomic profiling have further refined our understanding
of the molecular subtypes. Various EGFR alterations (e.g., gene deletions or fusions) have
also been detected, signifying the sheer genetic complexity of glioblastoma.

A model of cellular states and genetic diversity in glioblastoma recently postulated by
Neftel et al. [43] integrated single-cell RNA sequencing and bulk genomic/transcriptomic
and single-cell lineage tracing to demonstrate that sets of genes—designated “meta-
modules”and encompassing mesenchymal, astrocytic, oligodendroglial, stem cell, and
neural progenitor cell programs—recurred at high rates between tumors despite sub-
stantial intratumoral heterogeneity. Cellular populations isolated on the basis of these
meta-modules generally expressed only 1 meta-module, and 15% of cells expressed 2,
suggesting a hybrid subtype. Importantly, multiple cellular states were found to coexist
within each tumor, each partially dictated by genetic mutations such as EGFR or PDGFRA.

It remains to be seen how this knowledge of the complex genomic, transcriptomic,
epigenomic, and proteomic programs may be best applied to develop a therapeutic strategy
to treat glioblastoma. However, it is clear from the information above that any approach
must be individualized to some degree.

2.2.1. Cellular Heterogeneity

In glioblastoma, heterogeneity at the single-cell level has long been inferred because of
the presence of multiple transcriptional subtypes and subclones coexisting within the same
tumor [44]. It is now understood that glioblastoma tumors consist of discrete populations
of cells, each with a specific transcriptional signature consistent with a proneural, classical,
or mesenchymal subtype. Tumors are further sustained by populations of GSCs expressing
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cell-surface markers (e.g., CD133, DDR1, and CD151) that divide slowly, share concordant
genomic driver mutations (e.g., TERT promoter mutations, the gain of chromosome 7
and loss of chromosome 10), and are largely unaffected by therapies [45–47]. Multiple
studies have established that these heterogeneous populations of GSCs are the primary
source of intratumoral heterogeneity [46,48,49]. Single-cell transcriptional analysis has
revealed well-defined subpopulations of GSCs, either expressing CD133 and stemness and
neuron-related genes (e.g., SOX11, PROM1, NES, and DDR1) or CD151 and novel surface
marker, stemness, and growth factor signaling genes (e.g., CD44, FGF2, and PDGFRA). In
other words, transcriptional subtype heterogeneity originates from and is sustained by
discrete stem cell populations that are intrinsically chemo- and radioresistant [50].

2.2.2. Spatial Heterogeneity

Glioblastomas are also spatially heterogeneous owing to the niches created by hypoxia
gradients. Indeed, on contrast-enhanced MRI, glioblastoma is characterized by hetero-
geneous enhancement and central necrosis, implying a highly vascular yet hypoxic core
with a relatively oxygen-rich periphery. Single-cell RNA sequencing of core tumor cells
has shown markedly upregulated expression of hypoxia genes (e.g., PGK1, VEGF-A SPP1,
HIF1A, and CA9) and peritumoral infiltrative cells largely enriched for genes involved in
cell–cell adhesion (e.g., ECM2, ANGPT1, TSPAN7), size regulation (ATP1A2), and survival
(FGFR3, LMO3) [16]. Importantly, tumor-associated myeloid cells differed between the
2 milieus, with the macrophages accounting for most of the immune cells in the core
and microglia accounting for those in the periphery. These myeloid cells were associated
with upregulation of pro-inflammatory markers in the periphery (e.g., IL1A/B) and more
anti-inflammatory and pro-angiogenic markers (e.g., IL1RN, VEGF-A, TGFBI) in the core.
Of note, large inter-tumor variation in the expression of immune-checkpoint-receptor
ligands was also observed, indicating that not all patients will respond to checkpoint
inhibition strategies.

There is evidence that glioblastoma spatial heterogeneity is partly dictated by the
transcriptional subtype. Mesenchymal glioblastomas, for instance, have large numbers
of tumor-associated macrophages of the immunosuppressive phenotype—i.e., those ex-
pressing integrin alpha M (ITGAM) or allograft inflammatory factor 1 (AIF1)—with small
and more uniformly-distributed vasculature. Proneural glioblastomas have disorganized
vasculature [51]. Classical tumors, on the other hand, frequently express activated dendritic
cell signatures [41]. Understanding the tumoral microenvironment is critical to designing
rational therapeutic strategies.

Although glioblastoma’s complex heterogeneity has historically been a major obstacle
in the design of adequate and faithful preclinical models of the disease, recent work may
help researchers overcome this obstacle. Jacob et al. [52] generated glioblastoma organoids
without mechanical or enzymatic dissociation and in optimized medium for maintenance
without added growth factors or extracellular matrices. This allowed for the preservation
of the local cytoarchitecture and intercellular interactions present in the original tumor.
Importantly, these organoids not only maintained the characteristic cellular, transcriptional,
and molecular signatures of their parental tumors—including those of nonneoplastic
cells such as macrophages and microglia—but even developed hypoxia gradients. This
substantial technical advance will allow investigators to replicate individualized tumoral
microenvironments.

2.2.3. Heterogeneity between Primary and Recurrent Tumors

Acknowledging the limitations of a single time-point analysis, multiple groups have
explored the complex genomic and epigenomic changes in glioblastoma by analyzing both
primary and recurrent tumors.

Kim et al. [53] performed whole-genome and multisector exomic sequencing of un-
treated and firstly-recurrent glioblastoma and found that TP53 and PIK3CA/PIK3R1
mutations were almost entirely clonal and that receptor tyrosine kinase genes such as
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EGFR, PDGFRA, and AKT were just as likely to be subclonal as clonal. They further deter-
mined that p53 pathway deregulation and IDH1 mutation were associated with increased
subclonal mutations and that most primary glioblastoma mutations were detectable in
relapsed tumors. Signaling pathways involving FGF, PDGFR, and EGFR were also altered
at the time of recurrence [54]. Interestingly, copy number alterations and single-nucleotide
variants in genes such as TP53, EGFR, and CDKN2A were often not present in recurrent
samples, suggesting that selection pressures exist within tumors and result in convergent
evolutionary events. Kim et al. also discovered 2 patterns of disease relapse whereby
recurrent tumors (1) no longer shared clonal mutations or (2) shared a high degree of
clonal-mutation overlap with primary tumors. They concluded that recurrent tumors likely
evolved either from residual primary disease or as a result of local selective pressures
within the neural microenvironment (e.g., vascular niches, intrinsic genomic instability).
Furthermore, samples arising from the primary tumor mass shared genomic and transcrip-
tomic signatures, whereas geographically separate tumors demonstrated vastly different
genomic-alteration profiles [55]. In other words, local recurrences were likely to retain
similar mutational profiles with added genetic heterogeneity, while distant recurrences
were more likely to have undergone divergent evolution. In terms of subtype evolution,
longitudinal analysis of both the transcriptional subtype and immune microenvironment
showed an increase in proneural and mesenchymal subtype composition, perhaps reflec-
tive of the chemo- and radiosensitivity of the classical subtype. The authors also saw only
small changes in DNA methylation status.

Körber et al. [56] also compared genomic, epigenomic, and transcriptomic data in
paired primary and recurrent glioblastoma samples following standard-of-care treatment.
Their comparisons of temporally-paired samples showed mostly stable methylation status,
driver mutations (e.g., TERT promoter, gain of chromosome 7 and/or loss of chromo-
some 10) and numbers of mutations between temporally paired samples. Importantly,
other than DNA mismatch repair mutations—such as MSH6 and XIST—recurrent tumors
shared relatively few new mutations. The replacement of mutations in oncogenic drivers
(e.g., PDGFRA, EGFR, and TP53) at the time of recurrence and the development of dysreg-
ulated TGF-β signaling have also been described [57]. Most recurrent tumors appeared to
derive from more than 1 clone within the original primary tumor and did not contribute
additional genomic heterogeneity [53].

The Glioma Longitudinal Analysis Consortium extended this knowledge by studying
a cohort of 222 patients with glioblastoma (many of whom had IDH wild type glioblastoma).
The researchers found that, at recurrence, most tumors maintained the clonal structure
of the original tumor and that selective pressures occurred mostly early in gliomagenesis
rather than as a result of treatment [58,59]. Interestingly, treatment-induced hypermutation
did not confer any positive or negative effect on patient survival. In addition, neoantigens
did not undergo substantial immunoediting, suggesting that a nonsynonymous exonic
mutational burden is not a significant driver of immunoediting activity.

Taken together, the findings from the above studies suggest that, although tumoral
heterogeneity in glioblastomas remains mostly stable over time, subclonal mutations may
result in differential drug sensitivity in a minority of cases at the time of recurrence [60].
Future efforts should continue to optimize and refine individualized treatments for patients
based on their tumors’ unique mutational profiles.

2.3. Heterogeneity of the Tumoral Microenvironment

Intratumoral heterogeneity is generated not only by the various populations of resi-
dent cells and their intercellular communications, but also by the unique niches created
by the vasculature and extracellular matrix [20]. These aggregate populations and the
cross-talk molecules they share are collectively termed the tumor microenvironment (TME).
Relevant cellular populations of the TME (Figure 1) include glioblastoma/glioma stem cells,
tumor-infiltrating lymphocytes (TILs), tumor-associated macrophages (TAMs), myeloid-
derived suppressor cells (MDSCs), and BBB cells (e.g., endothelial cells and pericytes).
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Intercommunication between these populations of cells occurs via secreted factors with
shared signaling pathways that mediate growth, invasion, immune escape, and therapeu-
tic resistance.

As mentioned above, recent studies support the hypothesis that the TME is partially
genetically driven. Indeed, proneural (i.e., PDGFB-mutated) tumors demonstrate more
permeable BBBs than mesenchymal (i.e., NF1-mutated) tumors and IDHwt gliomas harbor
more monocyte-derived macrophages than microglia relative to IDHmut gliomas [51,61,62].
Transcriptomic data further suggest that proneural cells are concentrated in the leading,
infiltrative edges of tumors where they use creatinine to resist the formation of reactive
oxygen species via a hypoxia-inducible factor-dependent mechanism [63]. Furthermore,
regression analysis-based gene deconvolution of RNA sequencing data from TCGA has
also demonstrated a significant association between mesenchymal or classical composition
and higher macrophage content with more negative regulation of T-cell activation [64].
Mesenchymal cells also express high levels of caspase-8, which activates NF- κB signaling
in a non-canonical pathway to increase angiogenesis, growth, and transcription of factors
such as VEGF and IL-8 [65,66].

In the perivascular space, a major site of cross-talk within the TME, glioblastoma
cells interact with components of the BBB to promote their own survival, growth, and
immune escape. Hepatocyte growth factor (HGF) secreted by tumor cells binds with
c-Met to induce the transformation of endothelial cells—via Wnt/β-catenin signaling—into
mesenchymal populations. These mesenchymal populations form aberrant neovascula-
ture to promote the invasion, proliferation, and generation of GSC-maintaining hypoxic
milieus [67,68]. Pericytes also maintain the TME in the perivascular spaces, in which
interaction with glioblastoma cells induces an oxidative burst that promotes upregulation
of the lysosome-associated membrane protein 2A (LAMP-2A) and chaperone-mediated
autophagy. This leads to secretion of anti-inflammatory cytokines (e.g., IL-10, TGF-β),
increased programmed death-ligand 1 (PD-L1) expression, and decreased major histo-
compatibility complex-II and co-stimulatory molecule expression. The net effect is the
promotion of immune tolerance [66,69].

In terms of immune-cell composition, glioblastoma includes both microglia and
peripherally-recruited macrophages and a smaller number of TILs. Glioblastoma cells
secrete granulocyte-macrophage colony-stimulating factor (GM-CSF) to promote a shift in
bone marrow hematopoiesis toward granulocytic lineages, and this causes a reduction in
lymphocytic cells. Glioblastoma cells also secrete chemokines such as C-C motif chemokine
22 (CCL22) to promote regulatory T cell (Treg) infiltration [70–72]. TILs induce indoleamine
2,3 dioxygenase 1 (IDO1) expression in glioblastoma cells to promote CD25+/FoxP3+ Treg
infiltration [66]. Macrophages are a major immunosuppressive cell population within the
TME and have two phenotypes. The pro-inflammatory, immune-reactive phenotype is
typically acquired after stimulation with toll-like receptor 4 ligands and interferon-γ, while
the alternative anti-inflammatory, immune tolerant phenotype occurs after IL-4, IL-10,
and IL-13 exposure and mediates immunosuppressive effects [73]. Recent work suggests
that endothelial cells expressing IL-6 and microenvironmental colony-stimulating factor-1
(CSF-1) synergistically activate Akt/mTOR and contribute to a more immunosuppressive
polarization [74].

Extracellular components also play an important role in maintaining the TME. To
this end, glioblastoma cells secrete multiple types of molecules to enhance invasion via
cell-matrix interactions, neovascularization, and growth [21,75]. One of these is tenascin-
C, a glycoprotein that enhances the invasiveness of glioblastoma cells via non-adhesion
and the focal-adhesion kinase pathway [76]. Fibulin-3 is another soluble glycoprotein
secreted by glioblastomas that exerts effects on endothelial cells, astrocytes, and GSCs
that promote growth, invasion, chemoresistance, and survival via both Notch- and NF-κB-
dependent mechanisms [77–79]. In addition, exosomes (extracellular vesicles extruded by
glioblastoma cells) contain fusion proteins that promote the mesenchymal transformation,
stemness, and invasiveness of glioblastoma cells and endothelial neovascularization [80].
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Recent work has identified another stromal population of human mesenchymal stem cells
that secretes IL-6 and exosomal miR-1587 to promote GSC proliferation and stemness [81].

As discussed above, therapy-resistant cellular populations within the TME that pro-
mote angiogenesis, immunosuppression, and the maintenance of stemness contribute
substantially to treatment resistance, and continued efforts to target these populations are
warranted. The inhibition of one such axis, that of macrophage- and MDSC-related CSF-1
and its receptor, has shown promise in preclinical models of glioma, and further study is
warranted to determine its therapeutic role [82,83].

3. Molecular Mechanisms of Resistance to Conventional Therapy
3.1. Resistance to Cytotoxic Chemotherapy

Although the standard post-operative treatment for newly diagnosed glioblastoma—
radiation administered concurrently with the alkylating chemotherapy agent temozolo-
mide, followed by adjuvant temozolomide—has been established for over a decade [1],
glioblastoma invariably recurs and is resistant to further chemotherapy. Ionizing radiation
mediates its cytotoxic effects via the induction of double-stranded and single-stranded
DNA breaks, oxidative damage, mitotic cell death, and centrosome overduplication, while
temozolomide induces cytotoxicity mainly by the formation of O6-methylguanine (O6MeG)
adducts that cause replication-associated double-stranded DNA breaks, G2/M cell cycle
arrest, and apoptosis [84–86].

One of the earliest-characterized resistance mechanisms to temozolomide therapy was
upregulation of the DNA repair enzyme O6MeG DNA methyltransferase (MGMT) [87],
which removes the methyl adduct from DNA to allow mismatch repair and, therefore,
tumoral DNA replication (Figure 2). Indeed, epigenetic silencing of MGMT via promoter
hypermethylation is one of the most clinically powerful prognostic and predictive biomark-
ers in patients with glioblastoma [88]. Extensive work has also characterized alterations
in the DNA mismatch repair system (e.g., MSH6 deficiency, MLH1 and PMS2 downregu-
lation) that also confer resistance to temozolomide [89–91]. Interestingly, recent evidence
has pointed to a more significant role for acquired DNA mismatch repair deficiency than
for MGMT upregulation [92]. This may be because histone deacetylase 6 (HDAC6) down-
regulates MSH6 expression [93]. Of note, in GSCs, the predominant mechanism of DNA
mismatch repair appears to be related to DNA damage response (DDR) enzymes. Therefore,
targeted inhibitors of these enzymes warrant investigation as agents for chemosensitiza-
tion [94–96].

Another recently discovered MGMT-independent mechanism involves the long non-
coding RNA small nucleolar RNA host gene 12 (SNHG12), which is highly expressed in
malignant gliomas via epigenetic demethylation of its promoter. The downregulation of
DNA methyltransferase-1 that occurs after temozolomide resistance leads to binding of
transcription factor SP1 and transcriptional activation. Cytoplasmic SNHG12 then acts as
a sponge for the microRNA miR-129-5p, allowing for de-repression of MAPK1 and E2F7.
This leads to anti-apoptosis and G1/S transition via the MAPK/ERK pathway [97,98].
MAPK8 is also upregulated in temozolomide-resistant cell lines [99].

NF-κB signaling has also recently been implicated in chemoresistance. EGFRvIII-
expressing, temozolomide-resistant glioblastoma cells upregulate E2F6, an Rb-independent
transcriptional repressor that promotes double-stranded DNA break repair [100], and
tumor necrosis factor (TNF)-α secreted by TAMs regulates the conversion of proneural
subtype GSCs into chemo- and radioresistant mesenchymal subtypes [101].
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Figure 2. The molecular basis of chemoresistance in GBM. The major mechanisms of resistance of GBM to alkylating
chemotherapy such as temozolomide (TMZ) revolve around DNA repair, cell cycle progression, and anti-apoptosis. One
major resistance pathway involves the enzyme O6-MeG DNA methyltransferase (MGMT), which removes TMZ-induced
O6 methyl adducts to allow DNA replication to continue. Acquired DNA mismatch repair deficiency also contributes to
alkylating agent resistance. As cells acquire TMZ resistance, downregulation of DNA methyltransferase-1 occurs, leading to
epigenetic de-repression of oncogenes such as SNHG12 that activate MAPK signaling to lead to inhibition of apoptosis and
G1/S transition.

3.2. Resistance to Radiotherapy

The resistance of glioblastoma to radiotherapy is similarly complex (Figure 3) because
of hypoxic niches that limit formation of the reactive oxygen species necessary for cell
killing, hyperactivated DNA damage response machinery, and active cross-talk between
TME populations via shared pathways (e.g., Wnt, Shh, Notch, c-Met, STAT3) [102–104].
Wnt-induced signaling protein 1 (WISP1) is significantly enriched in radioresistant glioblas-
toma cells and is critical in maintaining GSC survival via autocrine signaling and immuno-
suppressive macrophage polarization via paracrine signaling [74]. Similarly, HGF/c-Met
signaling induces the expression of stem cell programming transcription factors such as
SRY-box2 (SOX2), octamer-binding transcription factor 4 (OCT4), and homeobox protein
Nanog (NANOG), even in differentiated cells [105,106]. The lysine methyltransferase
enhancer of zeste homolog 2 (EZH2) is significantly upregulated by radiation treatment,
stabilized by NIMA-related kinase 2 (NEK2) phosphorylation, and activated by mitotic ki-
nase maternal embryonic leucine-zipper kinase (MELK), where it subsequently methylates
NF-κB to maintain GSC transcriptional programs [107–109]. Recent work by Jeon et al. [110]
demonstrated that radiation-induced senescent glioblastoma cells promote infiltration of
Ly6G+ inflammatory, myeloid-derived cells that subsequently induce dedifferentiation of
glioblastoma cells into resistant GSCs.
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Figure 3. The molecular basis of radioresistance in GBM. Resistance to radiotherapy in GBM occurs
via microenvironmental crosstalk across multiple signaling pathways (e.g., Wnt, Notch, c-Met,
STAT3, Sonic hedgehog, and NF-κB) that collectively maintain intrinsically-radioresistant glioma
stem cell populations. Within these GSCs, aberrantly upregulated DNA damage response occurs via
activation of repair enzymes such as the DNA-dependent protein kinase (DNA-PK) which promotes
non-homologous end joining.

Altered DNA damage response regulation is a hallmark of GSC radioresistance. Recent
work has shown that Smo, a component of the hedgehog pathway with anti-apoptotic,
pro-proliferative, and pro-DNA repair functions, is overexpressed in radioresistant cells,
in which it upregulates transcription of the deubiquitination enzyme ubiquitin-specific
protease 3 (USP3). This enzyme stabilizes claspin, which binds Chk1 to allow it to be
phosphorylated by ATR [111–113]. Smo knockdown in previously-irradiated recurrent
glioblastoma cells leads to increased G2/M arrest and apoptosis. Replication protein A is
another recently-characterized, single-stranded DNA-binding protein highly expressed in
high-grade gliomas and GSCs, in which it prevents apoptosis and maintains proliferation
via an ATR-dependent pathway [114–116].

PDZ binding kinase is a recently identified, novel serine-threonine kinase related
to MAPK. It is involved in several oncogenic signaling pathways (e.g., p38, ERK1/2,
focal-adhesion kinase/Src-MMP). It is highly enriched in malignant gliomas and acts as a
transcriptional activator of CCNB2 expression in a radiation dose-dependent fashion to
mediate resistance [117,118].

In summary, glioblastoma resistance against radio- and chemotherapy is complex and
mediated across multiple signaling pathways, including the Wnt, Shh, NF-κB, DDR, and
MAPK pathways. The continued study of therapies targeting these dysregulated pathways
delivered to resistant GSC populations is therefore warranted.

4. Molecular Mechanisms of Resistance to Targeted Therapy

With the recent success of targeted therapy in a number of solid cancers and the
growing knowledge of molecular alterations in glioblastoma, there have been many efforts
to develop targeted therapies for the treatment of glioblastoma. Unfortunately, though iso-
lated successes have been reported, these efforts have largely not extended into successful
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clinical trials. The reasons for the lack of success of targeted therapy in glioblastoma are
multifold and related to intrinsic disease-related factors (e.g., inter- and intratumoral hetero-
geneity, signaling-pathway redundancy) and challenges related to clinical trial design (e.g.,
biomarker selection, difficulties with resampling intracranial tumors, brain penetration of
investigational drugs).

As mentioned above, the comprehensive genomic characterization of human glioblas-
toma originally identified 4 glioblastoma subtypes: proneural, classical, mesenchymal, and
neural, each characterized by uniquely dysregulated signaling pathways [36]. Amongst
these, IDH, PDGFR, and PIK3CA alterations characterize proneural glioblastoma, EGFR
amplification occurs in classical glioblastoma, and NF1, PTEN, and NFκB mutations
predominate in mesenchymal subtypes. All represent attractive targets for drug develop-
ment [37]. However, with the exception of IDH, these recurrent mutations have not been
clearly identified as strong prognostic or predictive markers.

IDH1/2 mutations are found in about 5% of glioblastomas and are associated with
longer patient survival [119,120]. Activating IDH1/2 mutations result in the overproduc-
tion of D-2-hydroxyglutarate. This in turn leads to alterations in cellular metabolism,
blockade of cancer cell differentiation, and genome-wide hypermethylation and heterochro-
matin formation to drive tumorigenesis [121]. The activation of IDH mutations is the
primary initiating event in glioma [122], but the relevance of IDH blockade in high-grade
gliomas is less clear. In a recent phase I dose escalation trial of the IDH1 inhibitor ivosidenib,
which included all glioma grades and enhancing as well as nonenhancing tumors, ivosi-
denib reduced the volume and growth rates of only nonenhancing tumors [123]. The IDH1
inhibitor vorasidenib is currently being tested in a phase III study of recurrent, low-grade
glioma (NCT04164901).

Glioblastoma researchers have also targeted growth factor receptors such as EGFR
and PDGFR using small-molecule tyrosine kinase inhibitors, monoclonal antibodies, and
antibody drug conjugates [124], but these efforts have not yet translated into successful
clinical trials. EGFR alterations (amplifications, point mutations, and rearrangements) are
found in about half of glioblastomas [40]. EGFRvIII, a constitutively active variant, is seen
in about 30% of all glioblastomas and has been the target of a number of investigational
treatments. Despite promising preclinical and early phase clinical trials, an EGFRvIII
peptide vaccine, rindopepimut, led to a negative phase III study in patients with newly
diagnosed glioblastoma [125]. One main factor in the failure of this approach was the loss
of EGFRvIII expression in about 60% of patients with available tumor tissue at recurrence.
This loss of expression was later demonstrated in other trials targeting EGFRvIII, such
as a chimeric antigen receptor (CAR) T-cell trial [126]. Other studies involving small-
molecule tyrosine kinase inhibitors (e.g., geftinib, erlotinib), antibody drug conjugates
(ABT-414), and monoclonal antibodies (cetuximab, nimotuzumab) similarly failed to elicit
responsiveness [127–130]. The failure of these approaches is likely due to the lack of stable
EGFRvIII expression during tumor evolution and the presence of redundant signaling
pathways leading to resistance [131]. Isolated reports of success with targeting tyrosine
kinase inhibitors less frequently altered in glioblastoma (PDGFRA, FGFR, and c-MET) have
also been reported, but clinical results have been inconsistent, likely due to mechanisms of
resistance similar to those seen in the EGFRvIII trials [132–134].

The PI3K/AKT/mTOR pathway is activated in about 30% of glioblastomas [37].
Multiple drugs targeting this pathway have been developed, but few sufficiently cross
the BBB. Multiple such PI3K/AKT/mTOR-targeting agents, given as monotherapies or in
combination with conventional treatments, have also failed in clinical trials [135,136]. The
PI3K pathway inhibitors GDC-0068 and GDC-0084 are uniquely brain-penetrant and are
currently the subject of clinical investigations (NCT02430363 and NCT03522298). Whether
failure of earlier-generation PI3K inhibitors was due to poor BBB penetration or redundant
signaling pathways and temporal tumor heterogeneity has not yet been determined.

Targeting the MAPK pathway has also been of interest to researchers, as a small
proportion of glioblastoma and glioma subtypes harbor BRAF V600E mutations [137].
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The RAF multikinase inhibitor sorafenib was widely studied but had limited efficacy in
glioblastoma [138]. However, responses in patients with other glioma subtypes have been
observed with the use of second- and third-generation BRAF inhibitors, alone or in combi-
nation with MEK inhibitors [137]. Unfortunately, only a small fraction of all glioblastomas
have BRAF mutations (~3%) and could potentially benefit from these approaches.

Aberrant cell cycle progression is frequently observed in glioblastomas with TP53 and
RB pathway mutations. TP53 mutations lead to inactivating p53 mutations that cause a loss
of tumor-suppressor function and glioma cell proliferation and clonal expansion. Because
targeting inactivating TP53 mutations is challenging, recent efforts have focused on the
inhibition of pathways that result in p53 inactivation. MDM2 and MDM4 amplifications
result in p53 inactivation and MDM2 inhibition has recently emerged as a strategy to
restore p53 function [139,140]. The most common RB pathway alterations are inactivation
of CDKN2A/CDKN2B and RB1 and amplification of CDK4 and CDK6. Newer-generation
CDK4 and CDK6 inhibitors have shown promising brain penetration and efficacy signals
in brain metastases, and the results of glioblastoma trials are eagerly awaited [141–143].
CKD3 and CDK6 inhibitors have shown efficacy in glioblastoma models [144] and are
being studied in clinical trials in glioblastoma patients (NCT02345824).

Angiogenesis, one of the hallmarks of glioblastoma pathogenesis, has been the target
of therapeutic interventions. Numerous anti-angiogenic targeted therapies have been
tested in glioblastoma clinical trials and have failed to improve patient survival [124].
The most well-studied anti-angiogenic therapy, bevacizumab, failed to demonstrate a
survival benefit in patients with newly diagnosed glioblastoma, though as it delays disease
progression and reduces the need for corticosteroids it has been approved by the FDA as a
second-line therapy [4,145].

Although targeted therapy has been successful in the treatment of cancers such
as EGFR- or anaplastic lymphoma kinase (ALK)-mutated non-small-cell lung cancer or
BRAFV600E-mutated melanoma, targeting these mutations has been largely ineffective
in glioblastoma. As we have demonstrated, many disease- and trial-specific factors con-
tribute to this failure. Future efforts should focus on the development of preclinical models
that capture the tumor heterogeneity seen in glioblastoma (glioblastoma organoids and
patient-derived explants) for the robust preclinical testing of targeted therapeutics and
evaluation of resistance mechanisms prior to clinical studies. In addition, close attention to
the brain penetration of compounds and to well-designed, window-of-opportunity trials
that allow resampling of brain tumors to evaluate for adequate drug concentration and
target engagement within the tumor are needed. It is becoming apparent that single-agent
targeted therapy is unlikely to produce meaningful clinical benefits in glioblastoma. Em-
ploying combinatorial approaches with or without conventional treatments (chemotherapy
or radiation) may increase our chances of using our knowledge of molecular alterations in
glioblastoma to develop successful therapeutic interventions.

5. Molecular Mechanisms of Resistance to Immunotherapy

The view that the central nervous system is an immune-privileged site in the setting
of disease has grown out of favor, and many preclinical studies have established a rationale
for immune-based therapies for glioblastoma. With the success of immunotherapy in
the treatment of other solid malignancies and the aforementioned increased knowledge
of the immunosuppressive microenvironment in glioblastoma, there has been growing
interest in the development of immune-based therapies for glioblastoma [146,147]. Current
immune-based therapies under investigation for glioblastoma are legion and include
oncolytic virotherapy, peptide vaccination, dendritic cell vaccination, chimeric antigen
receptor (CAR) T-cell therapy, and immune-checkpoint inhibition [30,125,148]. However,
the results of these investigations have been largely negative. Studies focusing on immune-
checkpoint inhibition given as monotherapy or in combination with the standard of care
have been similarly unsuccessful [149]. The challenges of finding a suitable immune-based
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therapy for glioblastoma are multifaceted and largely stem from the disease’s innately
immunosuppressive microenvironment (i.e., TILs, TAMs, and MDSCs).

An important aspect contributing to the immunologic “cold”-ness of glioblastoma
is its capability to induce intrinsically immunosuppressive changes in patients’ immune
systems. Despite its intracranial location, glioblastoma has been known to not only induce
peripheral lymphopenia via bone marrow sequestration—a phenomenon associated with
the loss of sphingosine-1-phosphate receptor-1 (on CD8+ T cells)—but also to interfere with
proper T-cell function. Indeed, immune cells isolated from peripheral blood of patients with
glioblastoma exhibit more CD4+/CD25+/FOXP3+ Treg cells relative to those of patients
without glioblastoma [149–153]. Glioblastoma cells may also induce apoptosis in lympho-
cytes via a FasL-dependent mechanism [154]. CD8+ TILs, moreover, express upregulated
immune-checkpoint co-inhibitory molecules such as programmed death-1 (PD-1), cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4), T-cell immunoglobulin and mucin domain-3
(TIM-3), and lymphocyte activating 3 (LAG-3) (Figure 1), and the transcriptional profiling
of these populations is reminiscent of that of hyporesponsive T cells classically exhausted by
viral infections [155,156]. The net effect is an enhancement of immunosuppressive Treg func-
tion. A significant portion of this may be related to genetic or epigenetic mutations [157]
that lead to loss of the tumor-suppressor PTEN. In turn, this leads to the inhibition of T-cell-
mediated cytotoxicity and trafficking, increased immunosuppressive cytokine expression,
and autophagy inhibition via the PI3K/Akt/mTOR-dependent pathway [158,159]. Re-
cently, single-sample gene set enrichment analysis showed that, in malignant gliomas with
the poorest prognosis, LGALS1—which encodes galectin-1, a β-galactoside-binding protein
with immunosuppressive characteristics—is highly upregulated in association with PTEN
and EGFR mutations. Knockdown of LGALS1 in glioblastoma xenografts, further, led to
decreased invasiveness, proliferation, MDSCs, and immunosuppressive macrophages and
cytokines (e.g., CCL2 and TGF-β) [160]. Glycoprotein A repetitions predominant (GARP)
is also expressed on the surface of glioblastoma cells, where it downregulates interferon-γ
production by activating CD4+ T cells [161,162].

The immunosuppressive microenvironment is maintained via the interactions between
tumor cells, GSCs, TAMs, and MDSCs. GSCs secrete cytokines—such as macrophage in-
hibitory cytokine-1, TGF-β, and soluble CSF—which promote a switch in macrophages
from a pro-inflammatory to anti-inflammatory phenotype [163]. STAT3 signaling in TAMs
is critical to this maintenance of immune tolerance to neoplastic antigens and to the fa-
voring of Th17-predominant responses with TILs [164,165]. Targeted inhibition of STAT3
signaling reverses immune tolerance and promotes cytotoxicity even in temozolomide-
resistant glioblastoma [166–168]. GSCs also express less toll-like receptor 4 (TLR4), which
normally signals to activate transcriptional factor retinoblastoma binding protein 5 (RBBP5)
to decrease the expression of stem-cell-maintenance genes, including SOX2, OCT4, and
NANOG [169]. The role of MDSCs is increasingly appreciated. Comprising a heterogeneous
group of myeloid-derived precursor cells at different stages of differentiation that express
CD11b and CD33 but no mature lymphoid or myeloid markers, MDSCs are highly enriched
in progressive glioblastoma, likely via the secretion of a number of factors (e.g., IL-6, IL-10,
VEGF, and TGF-β) [170–174]. MDSCs also secrete reactive oxygen and nitrogen species to
induce apoptosis of natural killer and activated T cells, express IDO to deplete tryptophan
and consequently impair cytotoxic T-cell responses, promote expansion of immunosup-
pressive Treg populations, and—importantly—promote immunosuppressive macrophage
polarization by cell–cell contact [175–177]. A recent study has further elucidated the role
of a non-receptor tyrosine kinase, Fyn, downstream of several crucial signaling pathways,
including c-MET, EGFR, STAT3, and PIK3/Akt, not only in promoting the trafficking and
expansion of MDSCs within the glioblastoma microenvironment, but also in promoting
CD8+ T-cell exhaustion [178].

Despite their successes in other solid malignancies, immune-checkpoint inhibitors
such as those targeting the PD-1/PD-L1 axis have largely failed in large-scale clinical trials
for glioblastoma. This is most likely attributable to the aforementioned immunosuppres-
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sive microenvironment and the low expression of PD-1 and CTLA-4 ligands (e.g., CD274,
PDCD1LG2, CD80, CD86) [16]. Indeed, among the known biomarkers that predict benefit
from checkpoint inhibitors, the mutational burden is high in less than 4%, DNA mismatch
repair defects (e.g., mutations in MSH2, MLH1, MSH6, and PMS2) are infrequent, and
microsatellite instability is almost never detected [59,179–181]. Despite the high numbers of
CD8+ T cells seen in tumors that acquired hypermutation in response to temozolomide, pa-
tients with temozolomide-induced hypermutation do not seem to benefit from checkpoint
inhibition, which supports the hypothesis that the clonal neoantigens generated by earlier
events in gliomagenesis are mostly responsible for inducing T-cell immune responses [182].
Interestingly, MAPK pathway alterations such as PTPN11 and BRAF mutations are en-
riched in patients who respond to anti-PD-1 therapy, although these represent only a small
proportion of patients with glioblastoma [183]. Patients with glioblastoma in a recent phase
II trial of pre-operative nivolumab were found to have upregulation of immune-related
transcripts, including CXCL10, CCL4, and CCL31L1, and downregulation of CRP, SSx4,
and CR2. However, expression of the T-cell activation marker CD137 was rarely seen [184].
Taken together, these findings show that most patients with glioblastoma are unlikely to
benefit from checkpoint-inhibitor monotherapy.

Of note, the standard chemotherapeutic treatment of malignant glioma induces im-
munosuppression that may interfere with immune-based therapies. Dexamethasone is a
critical medication for managing the symptoms of vasogenic edema, but it also depresses T-
cell proliferation and induces CTLA-4 expression in CD4+ and CD8+ cells [185]. In a mouse
model, administration of systemic bis-chloroethylnitrosourea induced lymphodepletion,
decreased the number of TILs, and reduced the survival benefit from PD-1 blockade [186].
Furthermore, during concurrent chemoradiation with temozolomide, the absolute T and B
cell counts were reduced and remained low even after the completion of treatment, and
the composition of these immune cells shifted toward persistent increased Treg expres-
sion with concomitant decreased expression of naïve CD4+ T cells [187]. Interestingly,
PD-1/PD-L1 checkpoint inhibition in temozolomide-resistant tumors also led to increased
immunosuppressive macrophage infiltration in tumors [188] which was resolved by the
co-administration of a PI3Kγ inhibitor.

Cell-mediated immunotherapy strategies such CAR T-cell therapy also carry unique
challenges. Despite significant initial enthusiasm after a reported success in a single
patient with multifocal glioblastoma who received CAR T-cell therapy directed against
IL13Rα2 [189], subsequent studies have not borne similar results, although it should be
noted that these were administered to the target organ directly via the cerebrospinal fluid
rather than peripherally infused as was the case in subsequent trials. In a study of CAR T
cells directed against EGFRvIII, a similarly high degree of CD4+/CD25+/FoxP3+ T cells
were found to have infiltrated the tumor after CAR T-cell infusion, with upregulation of
immunosuppressive molecules (e.g., IDO1, PD-L1, IL-10) [126]. Encouragingly, vaccina-
tion strategies have induced significant infiltration of differentiated and cytotoxic CD8+
T cells with only a small minority of CD4+ Treg cells [190], although a statistically signif-
icant survival benefit remains to be proven [191,192]. Finally, oncolytic virus strategies
have also induced immunogenic tumor cell death and alteration of the tumor immune
microenvironment with a shift toward immunosuppressive macrophage polarization and
sustained type I interferon-dominant responses [193–195]. Preclinical evidence further sup-
ports the potential efficacy of combined oncolytic virus strategies and immune-checkpoint
inhibition [196].

From the above discussion, it is reasonable to posit that any immune-based therapy,
whether combined with conventional or novel therapies or given as monotherapy should
ideally target the immune-cell compositional changes that are likely to thwart efficacy.
For example, Wu et al. [197] found that targeting chemokine receptor CXCR4—which is
overexpressed in glioblastoma and associated with a poor prognosis—in addition to PD-1
led to a significant decrease in MDSCs and increased circulating inflammatory anti-tumoral
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cytokines such as interferon-γ and TNF-α. Future studies should focus on such rationally
combined treatments to maximize the chances of success.

6. Conclusions

Although glioblastoma remains one of the deadliest primary central nervous sys-
tem malignancies and is treated in a manner that has not been improved upon in nearly
2 decades, lessons from various treatment failures continue to spur efforts to improve
survival in patients with these tumors. Going forward, it is clear that practice-changing
therapies will need to be individualized to take into account the unique genomic, epige-
nomic, immunologic, and microenvironmental characteristics of each tumor.
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