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Simple Summary: Glioblastoma is one of the deadliest brain cancers, and despite the efforts made
in the last few years, the life expectancy of patients is still low. In most cases, even with the best
treatments available, the tumor will eventually return. One of the main causes of this appears to
be a fraction of cancer cells that are known as glioma stem cells. They have different characteristics
than normal cancer cells, and some drugs can eliminate them. However, using such drugs is not
always safe or effective, and nanomedicine can have improved effects as well as additional benefits.
This review focuses on the nanomedicine strategies that have been employed in the last 5 years and
their relative advantages, which make nanomedicine a promising approach for the eradication of
glioma stem cells.

Abstract: The standard of care therapy of glioblastoma (GBM) includes invasive surgical resection,
followed by radiotherapy and concomitant chemotherapy. However, this therapy has limited success,
and the prognosis for GBM patients is very poor. Although many factors may contribute to the
failure of current treatments, one of the main causes of GBM recurrences are glioma stem cells
(GSCs). This review focuses on nanomedicine strategies that have been developed to eliminate GSCs
and the benefits that they have brought to the fight against cancer. The first section describes the
characteristics of GSCs and the chemotherapeutic strategies that have been used to selectively kill
them. The second section outlines the nano-based delivery systems that have been developed to act
against GSCs by dividing them into nontargeted and targeted nanocarriers. We also highlight the
advantages of nanomedicine compared to conventional chemotherapy and examine the different
targeting strategies that have been employed. The results achieved thus far are encouraging for the
pursuit of effective strategies for the eradication of GSCs.
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1. Introduction

Glioblastoma (GBM) is a grade IV astrocytoma, and the prognosis for GBM patients
is very poor. Currently, the standard of care therapy includes surgical resection of the
main tumor mass, followed by radiotherapy and concomitant chemotherapy with oral
temozolomide (TMZ) [1]. However, this therapy has limited success due to the intrinsic
characteristics of the tumor, such as the tumor heterogenicity, development of chemoresis-
tance, and presence of glioma stem cells (GSCs). These factors lead to tumor recurrences.
Recently, the overall survival of GBM patients has slightly increased from 16.0 months
to 20.9 months with the additional application of tumor-treating fields to the standard of
care therapy [2]. Nevertheless, despite this significant improvement, GBM still remains an
unmet medical need, and successful long-term therapies urgently need to be found.

GBM is characterized by resistance to treatment and high intertumor and intratumor
phenotypic and genetic heterogeneity [3]. Many advances have been made in the past
decade to uncover the genetic diversity of GBM and the clone-specific functional profile,
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showing that even within the same tumor, the combination of various molecular subclasses
could be found (e.g., [4-6]). This diversity also indicates the presence of GSCs, which
are defined as a quiescent subpopulation of cancer cells with high self-renewing abilities
that are able to recreate a tumor after transplantation [7]. Even though the precise cell of
origin of GBM is still a controversial issue, as some experts contend that it arises from
a subpopulation of neural stem cells, while others argue that it arises from the transfor-
mation of more differentiated astrocytes [8], it is now recognized that presence of GSCs
and crosstalk with their supportive niche contributes to tumor malignancy [9]. Moreover,
they are responsible for the onset of tumor recurrence, and therefore, are a promising
therapeutic target to prevent GBM relapse. Several publications have recently highlighted
how GSC location at the invasive margins, heterogeneity, and dynamism (transcriptional,
epigenetic, and metabolic) can play an important role in the response to surgery, radio-
therapy, and chemotherapy (e.g., [10,11]). A review from Liu et al. [12] evaluates the
potential involvement of brain tumor stem cells in postoperative stem cell niches and
their role in tumor relapse, and their input should be considered for the development of
adapted nanomedicines. Indeed, while it is true that most nanomedicines are intended
for a post-surgical application, most studies report their efficacy on preclinical models
designed to treat established GBM. This overlooks the fact that surgical resection of brain
tumors can create an environment that can stimulate the proliferation of residual tumor
cells (GSCs, tumor microtubes, and infiltrating GBM cells), leading to tumor recurrences.
Here, we would like to highlight how nanomedicines can be used to overcome some of the
limitations of conventional chemotherapies targeting GSCs, thus representing a promising
approach for GBM therapy.

2. Glioma Stem Cells

Due to their dormant state, GSCs are intrinsically resistant to conventional chemother-
apeutics that act on rapidly proliferating cancer cells, such as alkylating agents, antimetabo-
lites, and mitotic inhibitors. Furthermore, they can actively resist chemo- or radiother-
apy by the activation of checkpoint mechanisms, in order to recover efficiently from the
genotoxicity induced by the therapy. Another mechanism of resistance for GSCs is the
expression of drug efflux mechanisms (ABC transporters) to protect the cells from xeno-
geneic molecules [13]. Autophagy, which is required for stemness maintenance, not only
in normal tissue stem cells but also in GSCs, has been shown to contribute to therapy
resistance [14]. Moreover, the Notch signaling pathway is involved in the resistance of
GSCs to radiotherapy. The inhibition of this pathway through y-secretase inhibitors is
able to induce radiosensitivity by targeting the subpopulation of cells that bears the GSC
marker CD133 [15].

GSCs are also characterized by specific pathways that are implied in the conservation
of stemness characteristics or in tumor formation. The Notch pathway can inhibit cell differ-
entiation and therefore maintain the stem-like properties of GSCs [16]. In patient-derived
GSCs taken from the periphery of the tumor, Hu and collaborators demonstrated that
Notch promotes self-renewal and inhibits differentiation [17]. In recurrent GBM samples,
CD133, Notch, and VEGF expression was higher after radiotherapy and chemotherapy,
and after a second surgery and treatment with bevacizumab, the overall survival was
significantly longer for Notch-negative patients [18]. Furthermore, cells from the interface
region are CD133" /Notch1* and there is a positive-feedback loop between NOTCH1 and
SOX2 [19]. The aberrant activation of Wnt signaling causes the transcription of c-Myc and
other target genes leading to tumor formation [20]. It also participates in the maintenance of
stemness characteristics by regulating the expression of PLAGL2 (pleiomorphic adenoma
gene-like 2) that is able to suppress the differentiation of GSCs [21]. Finally, the Sonic
Hedgehog (Shh) pathway is essential for cell survival and sustained growth of the tumor.
In fact, it regulates the expression of stemness genes in glioma GSCs [22].

GSCs can be isolated from cancer cells and tissue stem cells using specific intracel-
lular or extracellular markers (Figure 1), although functional validation should also be
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employed to assess the stem cell characteristics (self-renewal and tumor formation) [8].
The most common marker is CD133 or Prominin-1, a transmembrane glycoprotein that
is also expressed by human neural stem cells [23]. However, evidence also suggests the
existence of CD133" GSCs [24], and therefore, a single marker cannot automatically identify
GSCs. Other common markers are A2B5, a glycolipid found on the cell surface of oligo-
dendrocyte progenitors; stage-specific embryonic antigen-1 (SSEA-1, also known as CD15)
an embryonic antigen with a carbohydrate structure; and Nestin, a filament protein that
is also expressed by neural progenitor cells [25]. Additionally, high ALDH-1 (aldehyde
dehydrogenase 1) activity and the high extrusion of xenobiotics through ABC transporters
are two functional markers that have been associated with GSCs [25].

CD133  CD4sf A2BS EGFR
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Figure 1. Intracellular and extracellular glioma stem cell (GSC) markers. Adapted from [26].

The metabolism of GSCs is very plastic. In fact, the dependence on oxidative or nonox-
idative metabolism is heterogeneous throughout the tumor. Fast-dividing cells rely more on
anaerobic glycolysis [27], creating the Warburg effect as an adaptation metabolism for their
rapid growth. In an acidic environment, GSCs can undergo mesenchymal differentiation,
resulting in an increase of therapy resistance [28]. On the other hand, slowly proliferating
cells are more dependent on oxidative phosphorylation (OXPHOS) and lipid oxidation,
and GSCs in particular can metabolize various substrates, making it difficult to find a
pharmacological target [10]. GSCs have been reported to have lower glucose consumption
than normal GBM cells [10]. However, depending on their microenvironment, they are able
to adapt to nutrient and stress conditions by increasing their glycolytic activity [10]. In fact,
GSCs can also upregulate high-affinity transporters, such as GLUTS3, to obtain sufficient
nutrients and support their rapid metabolism [10].

GSCs can adapt and are able to interact with different niches. For example, GSCs
that are located at the perivascular niche are in contact with the endothelium that secretes
ligands that bind to the transmembrane Notch receptor on GSCs, leading to the activa-
tion of the Notch pathway and supporting GSC self-renewal. In exchange, G5Cs can
transdifferentiate into pericytes to contribute to the vascular structure, thus promoting
tumor growth [26]. GSCs can also interact with immune cells through their metabolism.
They can regulate the microenvironment and generate stress for immune cells, thus creat-
ing a globally suppressive tumor microenvironment that allows for immune escape and
tumor progression [10]. In return, macrophages, which are the most represented type
of tumor-infiltrating cell, participate to the regulation of GSC metabolism by increasing
their fatty acids synthesis and trafficking, thus promoting lipid oxidation, which is one
of the main metabolic pathway of GSCs [10]. Moreover, through the secretion of inter-
leukin 10 (IL-10) and transforming growth factor beta (TGF-3), GSCs are able to suppress
the tumor-associated microglia, generating an M2 immunosuppressive phenotype [26].
Furthermore, GSCs are able to regulate immune cells directly, causing the activation of
regulatory T cells, the inhibition of cytotoxic T cell proliferation, and the induction of
cytotoxic T cell apoptosis [29,30].

GSCs however are not a static, discreet cell subpopulation; their stemness is rather
a dynamic and reversible state. There is considerable evidence that EMT (epithelial to
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mesenchymal transition) is involved in the dynamism of GSCs [31], and that various factors
can stimulate or revert this transition [32-34]. Furthermore, based on their location in the
tumor, they can have different characteristics and exert different functions: while GSCs in
the core hypoxic regions support proliferation and therapy resistance, GSCs from the outer
invasive region are enriched for their invasive potential and promote tumor recurrence
after resection [11].

3. Chemotherapy against GSCs

Despite the high number of researchers and clinicians investigating GBM, treatment
options for this tumor have remained nearly unchanged for the last 15 years [35]. Some
progress has been made in the field of personalized therapy, thanks to the ChemolD assay,
which consists of a viability test on GSCs and bulk tumor cells from freshly resected
samples, in order to identify the most effective drug or combination of drugs. Patients were
therefore treated with the selected drugs, and 12 out of 14 cases had complete or at least
partial response to the therapy [36]. In order to better relate to intra-tumor heterogeneity,
this same approach could be used on samples obtained from different tumor regions from
each patient. After the viability assay on GSCs from each sample, the patient could be
treated with the combination of drugs that demonstrated cytotoxicity in the different
regions. However, the study from Ranjan et al. [36] suggests that, along with chemotherapy
directed against GBM cells, combination therapies also targeting GSCs could be necessary.
The possible approaches that can be adopted in order to eliminate GSCs are represented in
Figure 2.
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Figure 2. Anti-GSC molecules and their mechanisms of action.
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One of the strategies that has been explored to attack the GSC population is to inhibit
specific GSC pathways, such as Notch, Wnt, and Shh. For example, the inhibition of
Notch activation through y-secretase inhibitors is reported to reduce the CD133-positive
GBM cell population in vitro and to reduce tumorigenicity of pretreated brain tumor
cells subcutaneously injected in athymic mice [37]. Cyclopamine, a Shh inhibitor, was
able to reduce neurosphere formation and block the tumor formation of intracranially
injected GSC cells [38]. Resveratrol can modulate the Wnt pathway and decrease the
proliferation and mobility of GSCs [39]. Metformin can inhibit AKT signaling, which is
involved in the response to stress conditions to promote GSC growth and survival [40].
Its analog Phenformin is also able to inhibit the self-renewal of GSCs, thus reducing the
growth of xenograft tumors and prolonging mice survival [41]. Napabucasin, a STAT3
inhibitor, can inhibit the expression of stemness-associated genes and the growth of
GBM spheroids in vitro [42], and has led to the loss of GSCs associated genes, induction
of apoptosis, and inhibition of in vivo tumor growth of GSCs derived from recurrent
GBM [43]. This drug has also been used in a phase I/1I clinical trial in combination with
TMZ [44]. Glasdegib and RO4929097, a Shh pathway inhibitor and a y-secretase inhibitor,
respectively, are also being used in combination with TMZ in two different ongoing clinical
studies [45,46].

GSCs are also implied in therapy resistance, and they can actively participate to this
process though mechanisms like DNA repair, pro-surviving signaling, and most impor-
tantly, drug efflux [47]. Therefore, another approach is to employ P-gp (permeability
glycoprotein) or to induce the differentiation in normal GBM cells, in order to sensitize
them to conventional chemotherapy. It has been demonstrated that CD133 contributes
to the regulation of MDR1 through the phosphoinositide 3-kinase (PI3K)- or Akt-NF-«B
signal pathway [48]. Moreover, the invasive margin of GBM displays an increased ex-
pression of ABCG2 [49], which is another efflux pump belonging to the ABC transporters
superfamily. It has been shown that reduction in ABCG2 expression can decrease the cell
migration and invasion of GSCs [50]. An example of P-gp inhibitor is epigallocatechin
gallate, which was able to reduce the P-gp expression and neurosphere formation of G5Cs
obtained from the U87 cell line, and increase the sensitivity of these cells to TMZ [51].
The differentiating agent transretinoic acid was able to deplete GSC markers and reduce
the formation of neurospheres, and the effect on cell migration was improved in combi-
nation with rapamycin [52]. Resveratrol can induce the degradation of Nanog, which is
essential for stemness maintenance, thus leading to the loss of GSC markers and decreased
tumorigenicity [53]. Curcumin was demonstrated to activate autophagy, thus triggering
the differentiation cascade of GSCs and causing a decrease in its self-renewal and clono-
genic abilities [54]. Finally, bone morphogenetic protein 4 (BMP4) is commonly used to
reduce the number of GSCs by inducing their differentiation, and therefore increasing
the response to conventional therapies [55]. BMP4 is also currently being administered
through convection-enhanced delivery (CED) in a phase I clinical trial [56].

Additionally, tackling the tumor microenvironment through antiangiogenic or an-
tivasculogenic molecules can also decrease the number of GSCs. The treatment with
bevacizumab was able to reduce the number of CD133" /Nestin™ cells, along with reducing
the microvasculature density and tumor growth in U87 glioma xenografts [57]. Moreover,
the administration of antibodies against a proangiogenic factor like IL-6 could delay the
growth of tumors obtained by the injection of GSCs in a xenograft model [58]. Another anti-
vasculogenic molecule, the biciclame compound plerixafor (AMD3100), was able to inhibit
irradiation-induced vasculogenesis in vivo by preventing the binding of the chemokine
stromal cell-derived factor 1 (SDF-1, involved in the migratory process of GBM) to its
receptor C-X-C chemokine receptor type 4 (CXCR4) [59].

Targeting the DNA methylation of GSCs through histone deacetylase inhibitors
(HDAC) inhibitors is another strategy that has been described in the literature. In fact,
suberanilohydroxamic acid (SAHA) is able to induce autophagy in GSCs, thus leading to
decreased cell viability in vitro and reduced tumor growth in vivo [60].
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Finally, salinomycin has been used on GBM cells in combination with HDAC in-
hibitors, such as valproate and vorinostat [61], and it has also shown anti-CSC activity in
other cancer types [62]. Even though its mechanism of action needs to be elucidated, it has
been reported that it can induce ROS production in GSCs, thus leading to endoplasmic
reticulum stress and cell death via regulated necrosis [63]. Additionally, verteporfin can
target the mitochondria of GSCs and inhibit OXPHOS without any toxicity to normal
cells [64].

In many cases, the elimination or impairment of GSCs has led to decreased tumor
growth and increased survival in preclinical in vivo models, highlighting once again the
importance of tackling GSCs in the treatment of GBM. However, only a few of the above-
mentioned molecules are being tested in clinical trials (mostly GSC pathway inhibitors),
and the results are not yet available.

4. Nanomedicine against GSCs
4.1. Nanomedicine for GBM Treatment

The intrinsic limits of chemotherapy are the lack of specificity, harmful side effects,
low therapeutic index, and transport limitations [65]. Indeed, many drugs, including those
cited in the previous chapter, have poor solubility, high toxicity due to the uncontrolled
drug biodistribution, or poor stability in the physiological environment. Moreover, when
administered systemically, they need to cross the blood-brain barrier (BBB) to reach the
GBM tumor site at therapeutic concentrations, often leading to severe, dose-related systemic
side effects. Some drugs are not stable in biological fluids and have a very short half-life;
therefore, multiple administrations are required to achieve the therapeutic concentration at
the tumor site, reducing patient compliance.

Nanomedicine can help provide a solution for these problems. The encapsulation of
drugs in nanosized carriers can protect them from degradation, increase the amount of
drug reaching the tumor site, and decrease the intensity of the side effects, thus increasing
the safety of the treatment. The maintenance of a correct therapeutic level can be facilitated
by the controlled release of the drug over time. Moreover, the surface of the nanocarrier can
be suitably modified with targeting moieties in order to actively and specifically recognize
GBM cells and GSCs, or to cross the BBB more easily. This can further increase the uptake
of the nanoparticles (NPs) by G5Cs and enhance their residence time in the tumor.

The BBB is a natural barrier that protects the central nervous system from exogenous
compounds or macromolecules. Even though in GBM the patients’ BBB parts are disrupted
and leaky [66,67], the crossing of the BBB still represents a challenge for GBM treatment,
due to the poor blood perfusion and the high interstitial pressure. The BBB can be bypassed
by administering drugs locally, through implants or CED. A local delivery has the advan-
tage of increasing the drug concentration in its site of action while minimizing the side
effects. However, systemic delivery is still the preferred strategy for inoperable tumors,
and thanks to its being less invasive, also allows for the administration of multiple doses.

Herein, we review the nanomedicine approaches that have been developed in the last
5 years against GSCs, dividing them by nontargeted and targeted systems (Tables 1 and 2,
respectively).

Table 1. Nontargeted nanosystems for the treatment of preclinical glioblastoma (GBM).

Molecule(s) Nanoparticle Cell Line(s) Preclinical Model Outcome References
GSC elimination
petdoule UG Nedemies Dol
Etoposide hydroxide U87 MG-derived P y prurip A [68]
. injected GSCs, treated =~ Decreased tumor growth
nanocomposites GSCs by ip. iniecti
y i.p. injection Increased drug

accumulation
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Table 1. Cont.

Molecule(s) Nanoparticle Cell Line(s) Preclinical Model Outcome References
Orthotopic human Lower expression of
mlR—148a Cationic polymeric GBMI1A GBM xe'nografts,' GSC-correlated genes [69]
miR-296-5p NPs treated by intracranial o .
. . ~70% animal survival
infusion
Decrease of CD133+ and
Curcumin Orthotopic syngenic SOX2+ cells
Epicatechin gallate Liposomes GL261 mice, treated by i.p. Constant plasma [70]
Resveratrol injection concentration
Increased mice survival
Subcutaneous injection o
HOTAIR-siRNA SPIONs SHG44 of pretreated human Inhibition .Of C]?133+ [71]
. - cell proliferation
GSCs in nude mice
Patient-derived Orthotopic xenograft
miR-182 Gold NPs cells model, treated by i.v. =~ Higher animal survival [72]
U87 MG injection
Orthotopic xenografts, Knock-down of
GIRNA Lipopolymeric Patient-derived treated by intracranial CSC-related markers (73]
NPs cells injection or Extension of the median
intracranial infusion survival
Increased the
UsY MG Subcutaneous human internalization
GLUT3 siRNA PEG-PLA NPs U251 glioma xenograft, Reduction of tumor [74]
treated by i.v. injection growth and CSC
markers
ch—dopfed copper Zinc-doped copper 6 Subcutaneous GBM Higher cytotoxic effect
oxide . us7 .
. oxide xenografts, treated by = Reduction of sphere and [75]
nanocomposites nanocomposites Uzl i.t. injection colony formation
TMZ * p A172 -+ y
Decreased proliferation
microRNA-374a Patient-derived Subcutaneous injection  rate and invasiveness of
overexpression SPIONs CD133+ GBM cells of pretreated human CD133+ cells [76]
plasmid GSCs in nude mice Tumorigenicity
inhibition
usy Subcutaneous Cell growth inhibition
Iguratimod PLGA NPs U118 xenograft model, Sphere formation (77]
U251 treatment by i.v. inhibition

injection

Decreased tumor growth

Legend: * free drug. Abbreviations: HOTAIR: HOX transcript antisense RNA; TMZ: Temozolomide; NPs: nanoparticles; SPION:
superparamagnetic iron oxide NPs; GSCs: glioma stem cells; CSCs: cancer stem cells; i.p.: intraperitoneal; i.v.: intravenous.

Table 2. Targeted nanosystems for the treatment of preclinical glioblastoma.

Molecule(s) Nanoparticle Targeting Cell Line(s) Pr;;(l)lg;;al Outcome References
~ ~ US7 MG Orthotopic Reduc.ed
Antisense . anti-TfR xenograft protein
. - Polymeric LN229 .
oligonucleotides . receptor . . model, expression [78]
. ., nanoconjugate S Patient-derived .
targeting laminin-411 antibodies cells treatment by i.v. Prolonged
injection mouse survival
. Orthotopic Lower CSC
Antisense anti-TfR mADb xenograft marker
oligonucleotides Polymeric . Us7 MG & .
. . anti-EGFR mAb model, expression [79]
targeting CK2xxand ~ nanoconjugate cetuximab LN229 treatment by iv. Improved
EGFR/EGFRVIII en YL pre
injection survival
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Table 2. Cont.

Molecule(s) Nanoparticle Targeting Cell Line(s) Pr;;ilg;;al Outcome References
Subcutaneous . 'Cell‘
usz . sensitization to
e and orthotopic T™MZ
p53encoding plasmid Cationic anti-TfR LN-18 xenograft Tumor erowth [80,81]
T™Z * liposomes antibody models, & !
U87-luc2 treatment by i.v. reduction
U251 TNt BY LY Mean survival
injection .
increase
Us7 ﬁr;}clg;pécf Decreased
Bevacizumab . . . ) tumor growth
. Bevacizumab Bevacizumab Primary GBM GSCs, [82]
Chloroquine . . Improved
specimens treatment by i.p. .
C overall survival
injection
Improved
uptake of CSCs
Orthotopic Decreased
Paclitaxel Cationic Angiopep-2 U251-CD133- Xi;‘ggg?ﬂ C]x?ila?l)fi;—i cell 83]
Survivin siRNA liposomes Al5 U251-CD133+ Lo ty
treatment by i.v. =~ Tumor growth
injection reduction
Prolonged
mouse survival
Subcutaneous
CD133-OE and orthotopic
IR700 Anti-CD133 Anti-CD133 U251 xenograft Extended 84]
antibody antibody NCH421k models, overall survival
GBM-SC treatment by i.v.
injection
Induction of
. apoptosis on C6
Octa-arginine- in'cgztt}il;)rzool:;lcc 6 stem cells
Paclitaxel Liposomes conjugated Cé6 cefls treatment Improved mice [85]
cyclic RGD b i; injection survival
yLv-my Better safety
profile
Orthotopic Higher
. . . injection of cytotoxic effect
Vmorelb%ne Liposomes Polyethyle'mmme Cé6 GSCs, Higher [86]
Tetrandrine Vapreotide GSCs . .
treatment by i.v. antitumor
injection efficacy
U%SI\;IG Orthotopic Enhanced
Cetuximab MGWtEGFR xenograft cytotoxicit
Cetuximab Iron oxide NPs (anti-EGFR model, y Y [87]
. LN229wtEGFR Improved
antibody) . ) treatment by . .
Patient-derived . . animal survival
cells CED infusion
Orthotopic Increased
i uptake
olyamido xenogra Decreased
Mercaptoundeca- p amine Anti-CD133 SU2 model, lonogenic 58]
hydrododecaborate . antibody us7 treatment by i.t &
dendrimers and/or iv survival
c Prolonged
injection

survival
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Table 2. Cont.

Molecule(s) Nanoparticle Targeting Cell Line(s) Pr;;ilg;;al Outcome References
Orthotopic Higher growth
Curcumin p-aminophenyl- injection of inhibition for
Quinacrine Liposomes o-d- Cé6 GSCs, CSCs Higher [89]
mannopyranoside treatment by i.v.  efficacy of the
injection combination
Increased
rteepc ety
T™Z Liposomes Anti-CD133 Us7 MG & . [90]
. model, treated tumor size
antibody R .
by i.v. injection ~ Prolonged mice
survival
Induction of
Orthotopic apop tOSI.S
Antisense Polymeric . Patient-derived xenograft Accumulatlon
oligonucleotides micelles Cyclic RGD GSCs model, treated m th;:.:mor (1]
by i.v. injection Enhanced
TUGI silencing

Legend: * free drug. Abbreviations: CK2a: protein kinase CK2 catalytic o subunit; EGFR: epidermal growth factor receptor; TMZ: Temo-
zolomide; NPs: nanoparticles; TfR: transferrin receptor; RGD: Arginyl-glycyl-aspartic acid peptide; GSCs: glioma stem cells; CSCs: cancer
stem cells; i.p.: intraperitoneal; i.v.: intravenous.

4.2. Non-Targeted Nanomedicines

NPs can exploit the enhanced permeation and retention (EPR) effect to accumulate
and increase their residency time at the tumor site [92,93]. The EPR effect consists of the
preferential accumulation of NPs in the tumor site caused by two components: (i) due to
their rapid growth, blood vessels in the tumor present a leaky and less organized structure
than normal blood vessels; and (ii) inefficient lymphatic drainage. However, in the past
few years, due to its intratumor and intertumor variability, together with the differences
between animal models and patients, the EPR effect has been questioned [94,95]. Despite
this controversial topic, in order to eliminate GSCs, nanomedicine can still offer many
advantages when compared to conventional chemotherapy (Table 1, Figure 3).

Higher cytotoxic activity N“ T'
Reduced drug efflux
-
00

1 [

3 ( )

>@ x Increased safety
Better drug stability Qe
50

BBB crossing
Specific GSCs recognition

@ Nanomedicine Ogo Drug O GBM cell O GSC @ Normal cell

Figure 3. Potential advantages of nanomedicine against GSCs.

Improved bioavailability

One of the advantages of using a drug delivery system is the increase in safety
compared to the free drug. For example, paclitaxel-loaded chitosan NPs covered with



Cancers 2021, 13,9

10 of 17

1,3p3-glucan were demonstrated to have a lower half maximal inhibitory concentration
(IC50) value than the free drug on Cé6-derived stem-like cells, and significantly lower
hemolytic activity than the drug suspension [96], thus showing an increased safety profile.
Cytarabine-loaded liposomes showed an increased safety profile compared to the free
drug [97]. This formulation is currently being examined in a phase I/1I clinical trial [98],
and is reported to tackle the subventricular zone, which is one of the proposed sites of
origin for GSCs [99].

Another advantage of nanomedicine is the increased stability. The encapsulated
molecule can be protected from degradation processes, such as hydrolysis, enzymatic
degradation, or metabolism. This is usually the case for nucleic acids, such as miRNAs
and siRNAs, as their blood half-life is very low. Various types of nucleic acids have been
encapsulated in polymeric NPs [69,74], lipid—polymer NPs [73], superparamagnetic iron
oxide NPs [71,76], and gold NPs [72,100]. These formulations were able to increase the
internalization of the nucleic acid by passive targeting, inducing an efficient silencing
of GSC-related genes, reducing GSC proliferation and invasion, and prolonging animal
survival in vivo.

Moreover, encapsulation in a drug delivery system can also reduce the efflux of the
drug. Unlike free drugs, which enter the cells through diffusion and locate near the efflux
pumps, nanomedicines enter the cells through endocytosis and are transported into the
cell via endo-lysosomal trafficking, preventing them from being a substrate for drug efflux
pumps [101]. Etoposide, which is an efflux pump substrate, was loaded in layered double-
hydroxide nanocomposites, thus prolonging its retention time in the cells and increasing
its accumulation in the tumor site. This brought about the elimination of GSCs in vitro and
decreased tumor growth in the xenograft mouse model [68].

Nanomedicine can also improve the bioavailability of molecules like curcumin. Cur-
cumin was formulated in liposomes in combination with epicatechin gallate and resveratrol,
and after intraperitoneal injection, it obtained an almost constant plasma concentration,
which led to increased mouse survival in the in vivo experiment. Furthermore, this liposo-
mal formulation was able to decrease the GSC subpopulation of GL261 cells [70].

Additionally, even though this advantage is less common than others, drug delivery
systems can in some cases increase the activity of the drugs. Atorvastatine-loaded poly-
meric micelles were indeed able to inhibit the growth of CSC spheroids compared to the
single drug [102]. In the case of zinc-doped copper oxide nanocomposites, the NPs have an
intrinsic inhibitory effect, decreasing the colony formation of TMZ-resistant GSCs, but at
the same time exerting lower toxicity on normal cells [75].

4.3. Targeted Nanomedicines

The design of nanosystems can be implemented by the addition of a targeting agent,
usually an antibody or a ligand, that selectively recognizes cell surface markers overex-
pressed in a certain population. This has the aim of making the carrier interact with the cell
surface, and thanks to the interaction, induce its cellular uptake by endocytosis, ultimately
acting as a Trojan horse and releasing its cargo directly inside the cell. Therefore, targeted
nanomedicines have the advantage of increasing the amount of cytotoxic agent inside the
target cell, reducing the proportion of drug that is delivered to healthy tissues.

Different strategies have been employed to specifically target GSCs (Table 2, Figure 4),
and the most common and straightforward is the use of antibodies against CD133, which is
the most described GSC marker in the literature. The conjugation of anti-CD133 antibodies
to polymeric dendrimers loaded with mercaptoundecahydrododecaborate, a substance
employed in boron neutron capture therapy, has led to significantly increased drug uptake
and the decreased clonogenic survival of CD133+ cells after neutron radiation. This also
produced significantly prolonged mouse survival in an orthotopic xenograft model [88].
Anti-CD133 antibodies were also used as carriers and targeting agents at the same time.
IR700, an agent employed in near-infrared photoimmunotherapy, was conjugated to the
antibody with a theranostic application. The authors successfully detected CD133+ cells
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following intravenous administration and laser irradiation in mice bearing orthotopic
brain tumors initiated from patient-derived GSCs, and at the same time observed extended
overall survival [84].

o

Mono-conjugation for
GSCs recognition

Mono-conjugation for

Multi-conjugation for GSCs recognition and
GSCs recognition and BBB crossing

BBB crossing

Mono-conjugation for
BBB crossing

Figure 4. Targeting strategies employed to reach GSCs.

Another common strategy that has been adopted is the conjugation of anti-transferrin
receptor (anti-TfR) antibodies. Resveratrol-loaded targeted liposomes are capable of reduc-
ing the growth of glioma neurospheres. Moreover, the targeted formulation has shown
a significantly increased association with glioma neurospheres compared to the nontar-
geted liposomes [103]. In addition, targeted polymeric NPs were conjugated to anti-
sense oligonucleotides against laminin-411, which is correlated to GSC marker expression.
This nanosystem was able to reduce the protein expression and prolong the survival of
mice intracranially transplanted with LN229 and U87 MG cells [78].

Another approach that has been applied is the use of the anti-EGFR antibody. Ce-
tuximab was bound to iron NPs, and showed enhanced uptake by EGFR- and EGFRvIII-
expressing GSCs and neurospheres, as well as a significantly increased animal survival
in vivo [87].

One of the main obstacles that nanomedicine encounters in the treatment of GBM is
the crossing of the BBB, whose natural function is to prevent exogenous structures from
reaching the brain. Consequently, nanocarriers for GBM must be designed to cross the BBB
and reach the tumor site in higher amounts. The cyclic RDG peptide was linked to micelles
loaded with an antisense nucleotide against TUG1, a gene participating in Notch signaling.
The formulation in a targeted micellar delivery system allowed the crossing of the BBB and
the accumulation in the tumor site, thus enhancing TUG1 silencing in a mouse xenograft
model [91].

Several authors developed multifunctional nanocarriers by combining the targeting
of GSCs and the crossing of the BBB. TMZ-loaded liposomes were conjugated with an
anti-CD133 antibody for targeting GSCs and angiopep-2 for BBB crossing. Angiopep-2
can bind to the low-density lipoprotein (LDL) receptor-related protein, which is highly
expressed on the endothelium of the BBB. This system was able to bind to GSCs more
efficiently than the nontargeted system, and showed an increased permeability of the
BBB in vitro. Moreover, the dual-targeted liposomes were able to decrease the tumor size
and prolong the mice survival in the orthotopic, in vivo GSC model [90]. Paclitaxel and
surviving siRNA-loaded liposomes were also conjugated with an anti-CD133 aptamer for
targeting GSCs and Angiopep-2 for crossing the BBB. Targeted liposomes had an improved
uptake in cancer stem cells compared to the nontargeted ones. Moreover, while Taxol
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and nontargeted liposomes had almost the same effect, targeted liposomes produced a
significant decrease in the cell viability of CD133+ cells. The formulation was also able to
significantly reduce tumor growth and prolong mouse survival in vivo [83].

Finally, the same targeting moiety can be employed for both targeting GSCs and
crossing the BBB. A mannose derivative, p-aminophenyl-x-d-mannopyranoside, was used
to functionalize curcumin- and quinacrine-loaded liposomes. Compared to the nontar-
geted one, this nanocarrier was able to cross a BBB in vitro model more efficiently and
significantly increase the uptake in GSCs. Moreover, the targeted liposomes could increase
the median survival and inhibit the tumor growth of tumor-bearing mice [89]. Surprisingly,
the anti-TfR antibody has also been demonstrated to exert both functions in p53-loaded
liposomes. This formulation was also capable of crossing the BBB and targeting GSCs
in vivo. Moreover, the delivery of a p53-encoding plasmid was able to decrease the expres-
sion of O%-methylguanine-DNA methyltransferase (MGMT), thus increasing the sensitivity
of the cells to TMZ. Due to the promising preclinical results, this formulation is currently
under investigation in a phase II clinical study; however, no results have been released
yet [80,81,104].

5. Conclusions

Despite extensive research, the need for an efficient, long-term treatment against GBM
remains high. As GSCs play a major role in GBM recurrence and resistance to treatment,
it is important to take them into account and include anti-GSC molecules in combination
regimens to increase their therapeutic benefit. In this review, we have examined the
nanosystems that have been developed and used against GSCs in the past 5 years (Tables 1
and 2), trying to highlight their advantages compared to conventional chemotherapeutic
treatments. Surprisingly, most of the delivery systems reported in the literature have been
developed for systemic administration, while the use of local delivery systems, which have
the advantage of bypassing the BBB and delivering high drug concentrations at the tumor
site, are poorly represented. In our opinion, a suitable delivery system should be adaptable
to the resection cavity to ensure adhesion to the brain tissue, thus delivering the drug(s)
in the regions where recurrence is more probable. In fact, most of the recurrences arise
nearby the resection cavity [105]. Moreover, this delivery system should include multiple
drugs, at least one directed against normal GBM cells and at least one directed against
GSCs, as the combination therapy approach is considered promising and is being tested in
various clinical trials [106]. Finally, the drug(s) should preferentially be released from the
delivery system in a sustained way, in order to maintain a therapeutic drug concentration
at least until the beginning of the conventional radio- and chemotherapy (or even beyond,
provided that none of the drugs interact with TMZ in an antagonistic manner). However,
only a few of the nanomedicine systems included in this review have reached the clinical
stage up to now, and therefore, there is still considerable research to be performed in
order to explore new potential routes or consolidate established nanomedicine strategies.
However, nanomedicine can be a promising strategy for adjuvant GBM therapies, in order
to eliminate the GSC population and eradicate these deadly tumors.

Author Contributions: Literature search, manuscript writing, figures, and tables, E.B.; critical
revision of manuscript and supervision, C.B.; supervision and critical revision of manuscript, V.P.
All authors have read and agreed to the published version of the manuscript.

Funding: The authors thank the EuroNanoMed III found Gliogel, the Fondation ARC pour la
Recherce sur le Cancer, the Fondation contre le cancer (Belgium: FAC-C:2016/830), and the Fonds De
La Recherche Scientifique (FNRS: Research Credit 33669945) for their financial support.

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



Cancers 2021, 13,9 13 of 17

References

1.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Stupp, R,; Hegi, M.E.; Mason, W.P; van den Bent, M.].; Taphoorn, M.].; Janzer, R.C.; Ludwin, S.K.; Allgeier, A.; Fisher, B.;
Belanger, K.; et al. Effects of radiotherapy with concomitant and adjuvant temozolomide versus radiotherapy alone on survival in
glioblastoma in a randomised phase III study: 5-year analysis of the EORTC-NCIC trial. Lancet Oncol. 2009, 10, 459-466. [CrossRef]
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]

Perrin, S.L.; Samuel, M.S.; Koszyca, B.; Brown, M.P,; Ebert, L.M.; Oksdath, M.; Gomez, G.A. Glioblastoma heterogeneity and the
tumour microenvironment: Implications for preclinical research and development of new treatments. Biochem. Soc. Trans. 2019,
47, 625-638. [CrossRef] [PubMed]

Meyer, M.; Reimand, J.; Lan, X.; Head, R.; Zhu, X.; Kushida, M.; Bayani, J.; Pressey, ].C.; Lionel, A.C.; Clarke, L.D.; et al. Single
cell-derived clonal analysis of human glioblastoma links functional and genomic heterogeneity. Proc. Natl. Acad. Sci. USA 2015,
112, 851-856. [CrossRef] [PubMed]

Patel, A.P.,; Tirosh, I.; Trombetta, J.J.; Shalek, A.K.; Gillespie, S.M.; Wakimoto, H.; Cahill, D.P; Nahed, B.V.; Curry, W.T,;
Martuza, R.L.; et al. Single-cell RNA-seq highlights intratumoral heterogeneity in primary glioblastoma. Science 2014,
344, 1396-1401. [CrossRef]

Sottoriva, A.; Spiteri, I.; Piccirillo, S.G.; Touloumis, A.; Collins, V.P; Marioni, J.C.; Curtis, C.; Watts, C.; Tavare, S. Intra-
tumor heterogeneity in human glioblastoma reflects cancer evolutionary dynamics. Proc. Natl. Acad. Sci. USA 2013,
110, 4009-4014. [CrossRef]

Galli, R;; Binda, E.; Orfanelli, U.; Cipelletti, B.; Gritti, A.; De Vitis, S.; Fiocco, R.; Foroni, C.; Dimeco, F.; Vescovi, A. Isolation and
characterization of tumorigenic, stem-like neural precursors from human glioblastoma. Cancer Res. 2004, 64, 7011-7021. [CrossRef]
Gimple, R.C.; Bhargava, S.; Dixit, D.; Rich, J.N. Glioblastoma stem cells: Lessons from the tumor hierarchy in a lethal cancer.
Genes Dev. 2019, 33, 591-609. [CrossRef]

Wang, X.; Prager, B.C.; Wu, Q.; Kim, L.J.Y;; Gimple, R.C; Shi, Y.; Yang, K.; Morton, A.R.; Zhou, W.; Zhu, Z; et al. Reciprocal
Signaling between Glioblastoma Stem Cells and Differentiated Tumor Cells Promotes Malignant Progression. Cell Stem Cell 2018,
22,514-528. [CrossRef]

Badr, C.E; Silver, D.J.; Siebzehnrubl, F.A.; Deleyrolle, L.P. Metabolic heterogeneity and adaptability in brain tumors. Cell Mol.
Life Sci. 2020, 77, 5101-5119. [CrossRef]

Prager, B.C.; Bhargava, S.; Mahadev, V.; Hubert, C.G.; Rich, J.N. Glioblastoma Stem Cells: Driving Resilience through Chaos.
Trends Cancer 2020, 6, 223-235. [CrossRef] [PubMed]

Liu, ].M.; Mao, B.Y.; Hong, S.; Liu, YH.; Wang, X.J. The postoperative brain tumour stem cell (BTSC) niche and cancer recurrence.
Adv. Ther. 2008, 25, 389-398. [CrossRef] [PubMed]

Haar, C.P.; Hebbar, P; Wallace, G.C.; Das, A.; Vandergrift, W.A., 3rd; Smith, J.A.; Giglio, P.; Patel, S.J.; Ray, S.K.; Banik, N.L.
Drug resistance in glioblastoma: A mini review. Neurochem. Res. 2012, 37, 1192-1200. [CrossRef] [PubMed]

Smith, A.G.; Macleod, K.F. Autophagy, cancer stem cells and drug resistance. J. Pathol. 2019, 247, 708-718. [CrossRef] [PubMed]
Lin, ].; Zhang, X.M.; Yang, ].C.; Ye, Y.B.; Luo, 5.Q. gamma-secretase inhibitor-I enhances radiosensitivity of glioblastoma cell lines
by depleting CD133+ tumor cells. Arch. Med. Res. 2010, 41, 519-529. [CrossRef] [PubMed]

Liebelt, B.D.; Shingu, T.; Zhou, X.; Ren, J.; Shin, S.A.; Hu, J. Glioma Stem Cells: Signaling, Microenvironment, and Therapy.
Stem Cells Int. 2016, 2016, 7849890. [CrossRef]

Hu, Y.Y.; Zheng, M.H.; Cheng, G.; Li, L.; Liang, L.; Gao, F; Wei, Y.N.; Fu, L.A.; Han, H. Notch signaling contributes to the
maintenance of both normal neural stem cells and patient-derived glioma stem cells. BMC Cancer 2011, 11, 82. [CrossRef]

Saito, N.; Aoki, K.; Hirai, N.; Fujita, S.; Iwama, J.; Hiramoto, Y.; Ishii, M.; Sato, K.; Nakayama, H.; Harashina, J.; et al. Effect of Notch
expression in glioma stem cells on therapeutic response to chemo-radiotherapy in recurrent glioblastoma. Brain Tumor Pathol.
2015, 32, 176-183. [CrossRef]

Wang, J.; Xu, S.L.; Duan, ].J.; Yi, L.; Guo, Y.F; Shi, Y.; Li, L.; Yang, Z.Y.; Liao, X.M.; Cai, ].; et al. Invasion of white matter tracts by
glioma stem cells is regulated by a NOTCH1-SOX2 positive-feedback loop. Nat. Neurosci. 2019, 22, 91-105. [CrossRef]

Zhang, N.; Wei, P.; Gong, A.; Chiu, W.T;; Lee, H.T.; Colman, H.; Huang, H.; Xue, J.; Liu, M.; Wang, Y.; et al. FoxM1 pro-
motes beta-catenin nuclear localization and controls Wnt target-gene expression and glioma tumorigenesis. Cancer Cell 2011,
20, 427-442. [CrossRef]

Zheng, H.; Ying, H.; Wiedemeyer, R.; Yan, H.; Quayle, S.N.; Ivanova, E.V,; Paik, ]. H.; Zhang, H.; Xiao, Y.; Perry, S.R; et al.
PLAGL2 regulates Wnt signaling to impede differentiation in neural stem cells and gliomas. Cancer Cell 2010, 17, 497-509.
[CrossRef] [PubMed]

Clement, V.; Sanchez, P; de Tribolet, N.; Radovanovic, I.; Ruiz i Altaba, A. HEDGEHOG-GLI1 signaling regulates human glioma
growth, cancer stem cell self-renewal, and tumorigenicity. Curr. Biol. 2007, 17, 165-172. [CrossRef] [PubMed]

Shmelkov, S.V.; St Clair, R.; Lyden, D.; Rafii, S. AC133/CD133/Prominin-1. Int. ]. Biochem. Cell Biol. 2005, 37, 715-719.
[CrossRef] [PubMed]

Wang, J.; Sakariassen, P.O.; Tsinkalovsky, O.; Immervoll, H.; Boe, S.0.; Svendsen, A.; Prestegarden, L.; Rosland, G.; Thorsen, E;
Stuhr, L.; et al. CD133 negative glioma cells form tumors in nude rats and give rise to CD133 positive cells. Int. ]. Cancer 2008,
122,761-768. [CrossRef]


http://dx.doi.org/10.1016/S1470-2045(09)70025-7
http://dx.doi.org/10.1001/jama.2017.18718
http://www.ncbi.nlm.nih.gov/pubmed/29260225
http://dx.doi.org/10.1042/BST20180444
http://www.ncbi.nlm.nih.gov/pubmed/30902924
http://dx.doi.org/10.1073/pnas.1320611111
http://www.ncbi.nlm.nih.gov/pubmed/25561528
http://dx.doi.org/10.1126/science.1254257
http://dx.doi.org/10.1073/pnas.1219747110
http://dx.doi.org/10.1158/0008-5472.CAN-04-1364
http://dx.doi.org/10.1101/gad.324301.119
http://dx.doi.org/10.1016/j.stem.2018.03.011
http://dx.doi.org/10.1007/s00018-020-03569-w
http://dx.doi.org/10.1016/j.trecan.2020.01.009
http://www.ncbi.nlm.nih.gov/pubmed/32101725
http://dx.doi.org/10.1007/s12325-008-0050-x
http://www.ncbi.nlm.nih.gov/pubmed/18463803
http://dx.doi.org/10.1007/s11064-011-0701-1
http://www.ncbi.nlm.nih.gov/pubmed/22228201
http://dx.doi.org/10.1002/path.5222
http://www.ncbi.nlm.nih.gov/pubmed/30570140
http://dx.doi.org/10.1016/j.arcmed.2010.10.006
http://www.ncbi.nlm.nih.gov/pubmed/21167391
http://dx.doi.org/10.1155/2016/7849890
http://dx.doi.org/10.1186/1471-2407-11-82
http://dx.doi.org/10.1007/s10014-015-0215-7
http://dx.doi.org/10.1038/s41593-018-0285-z
http://dx.doi.org/10.1016/j.ccr.2011.08.016
http://dx.doi.org/10.1016/j.ccr.2010.03.020
http://www.ncbi.nlm.nih.gov/pubmed/20478531
http://dx.doi.org/10.1016/j.cub.2006.11.033
http://www.ncbi.nlm.nih.gov/pubmed/17196391
http://dx.doi.org/10.1016/j.biocel.2004.08.010
http://www.ncbi.nlm.nih.gov/pubmed/15694831
http://dx.doi.org/10.1002/ijc.23130

Cancers 2021, 13,9 14 of 17

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Ludwig, K.; Kornblum, H.I. Molecular markers in glioma. J. Neurooncol. 2017, 134, 505-512. [CrossRef]

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

Hoang-Minh, L.B.; Siebzehnrubl, FA.; Yang, C.; Suzuki-Hatano, S.; Dajac, K.; Loche, T.; Andrews, N.; Schmoll Massari, M.; Patel,
J.; Amin, K.; et al. Infiltrative and drug-resistant slow-cycling cells support metabolic heterogeneity in glioblastoma. EMBO J.
2018, 37. [CrossRef]

Teng, J.; da Hora, C.C.; Kantar, R.S.; Nakano, I.; Wakimoto, H.; Batchelor, T.T.; Chiocca, E.A.; Badr, C.E.; Tannous, B.A. Dissecting
inherent intratumor heterogeneity in patient-derived glioblastoma culture models. Neuro. Oncol. 2017, 19, 820-832. [CrossRef]
Di Tomaso, T.; Mazzoleni, S.; Wang, E.; Sovena, G.; Clavenna, D.; Franzin, A.; Mortini, P.; Ferrone, S.; Doglioni, C.; Marincola,
FM.; et al. Immunobiological characterization of cancer stem cells isolated from glioblastoma patients. Clin. Cancer Res. 2010,
16, 800-813. [CrossRef]

Wei, J.; Barr, J.; Kong, L.Y.; Wang, Y.; Wu, A.; Sharma, A.K.; Gumin, J.; Henry, V.; Colman, H.; Priebe, W.; et al. Glioblastoma
cancer-initiating cells inhibit T-cell proliferation and effector responses by the signal transducers and activators of transcription 3
pathway. Mol. Cancer Ther. 2010, 9, 67-78. [CrossRef]

Iwadate, Y. Plasticity in Glioma Stem Cell Phenotype and Its Therapeutic Implication. Neurol. Med. Chir. 2018, 58, 61-70.
[CrossRef] [PubMed]

Chow, K.H.; Park, H.J.; George, J.; Yamamoto, K.; Gallup, A.D.; Graber, J.H.; Chen, Y,; Jiang, W.; Steindler, D.A_; Neilson, E.G,; et al.
S100A4 Is a Biomarker and Regulator of Glioma Stem Cells That Is Critical for Mesenchymal Transition in Glioblastoma.
Cancer Res. 2017, 77, 5360-5373. [CrossRef] [PubMed]

Velpula, K.K.; Dasari, V.R.; Tsung, A.J.; Dinh, D.H.; Rao, ].S. Cord blood stem cells revert glioma stem cell EMT by down
regulating transcriptional activation of Sox2 and Twistl. Oncotarget 2011, 2, 1028-1042. [CrossRef] [PubMed]

Zhang, J.; Cai, H.; Sun, L.; Zhan, P.; Chen, M.; Zhang, F,; Ran, Y.; Wan, J. LGR5, a novel functional glioma stem cell marker,
promotes EMT by activating the Wnt/beta-catenin pathway and predicts poor survival of glioma patients. J. Exp. Clin. Cancer Res.
2018, 37, 225. [CrossRef] [PubMed]

Bianco, J.; Bastiancich, C.; Jankovski, A.; des Rieux, A.; Preat, V.; Danhier, F. On glioblastoma and the search for a cure: Where do
we stand? Cell Mol. Life Sci. 2017, 74, 2451-2466. [CrossRef] [PubMed]

Ranjan, T.; Howard, C.M.; Yu, A.; Xu, L.; Aziz, K; Jho, D.; Leonardo, J.; Hameed, M.A; Karlovits, 5.M.; Wegner, R.E.; et al. Cancer
Stem Cell Chemotherapeutics Assay for Prospective Treatment of Recurrent Glioblastoma and Progressive Anaplastic Glioma:
A Single-Institution Case Series. Transl. Oncol. 2020, 13, 100755. [CrossRef]

Fan, X.; Matsui, W.; Khaki, L.; Stearns, D.; Chun, J.; Li, YM.; Eberhart, C.G. Notch pathway inhibition depletes stem-like cells and
blocks engraftment in embryonal brain tumors. Cancer Res. 2006, 66, 7445-7452. [CrossRef]

Bar, E.E.; Chaudhry, A.; Lin, A.; Fan, X.; Schreck, K.; Matsui, W.; Piccirillo, S.; Vescovi, A.L.; DiMeco, F,; Olivi, A.; et al.
Cyclopamine-mediated hedgehog pathway inhibition depletes stem-like cancer cells in glioblastoma. Stem Cells 2007,
25, 2524-2533. [CrossRef]

Cilibrasi, C.; Riva, G.; Romano, G.; Cadamuro, M.; Bazzoni, R.; Butta, V,; Paoletta, L.; Dalpra, L.; Strazzabosco, M.; Lavitrano, M.;
et al. Resveratrol Impairs Glioma Stem Cells Proliferation and Motility by Modulating the Wnt Signaling Pathway. PLoS ONE
2017, 12, €0169854. [CrossRef]

Yu, Z.; Zhao, G.; Xie, G.; Zhao, L.; Chen, Y.; Yu, H.; Zhang, Z.; Li, C.; Li, Y. Metformin and temozolomide act synergistically to
inhibit growth of glioma cells and glioma stem cells in vitro and in vivo. Oncotarget 2015, 6, 32930-32943. [CrossRef]

Jiang, W.; Finniss, S.; Cazacu, S.; Xiang, C.; Brodie, Z.; Mikkelsen, T.; Poisson, L.; Shackelford, D.B.; Brodie, C. Repurpos-
ing phenformin for the targeting of glioma stem cells and the treatment of glioblastoma. Oncotarget 2016, 7, 56456-56470.
[CrossRef] [PubMed]

Han, D.; Yu, T,; Dong, N.; Wang, B.; Sun, F; Jiang, D. Napabucasin, a novel STAT3 inhibitor suppresses proliferation, invasion
and stemness of glioblastoma cells. J. Exp. Clin. Cancer Res. 2019, 38, 289. [CrossRef] [PubMed]

Ashizawa, T.; Miyata, H.; lizuka, A.; Komiyama, M.; Oshita, C.; Kume, A.; Nogami, M.; Yagoto, M.; Ito, I; Oishi, T.; et al. Effect of
the STAT3 inhibitor STX-0119 on the proliferation of cancer stem-like cells derived from recurrent glioblastoma. Int. J. Oncol.
2013, 43, 219-227. [CrossRef] [PubMed]

NCT02315534. A Study of BBI608 in Combination with Temozolomide in Adult Patients with Recurrent or Progressed Glioblas-
toma. Available online: https:/ /ClinicalTrials.gov /show /NCT02315534 (accessed on 15 September 2020).

NCT03466450. Glasdegib (PF-04449913) With Temozolomide Newly Diagnosed Glioblastoma. Available online: https://
ClinicalTrials.gov/show /NCT03466450 (accessed on 15 September 2020).

NCT01119599. RO4929097, Temozolomide, and Radiation Therapy in Treating Patients with Newly Diagnosed Malignant Glioma.
Available online: https:/ /ClinicalTrials.gov/show /NCT01119599 (accessed on 15 September 2020).

Auffinger, B.; Spencer, D.; Pytel, P.; Ahmed, A.U.; Lesniak, M.S. The role of glioma stem cells in chemotherapy resistance and
glioblastoma multiforme recurrence. Expert Rev. Neurother 2015, 15, 741-752. [CrossRef]

Xi, G.; Li, Y.D.; Grahovac, G.; Rajaram, V.; Wadhwani, N.; Pundy, T.; Mania-Farnell, B.; James, C.D.; Tomita, T. Targeting CD133
improves chemotherapeutic efficacy of recurrent pediatric pilocytic astrocytoma following prolonged chemotherapy. Mol Cancer.
2017, 16, 21. [CrossRef]


http://dx.doi.org/10.1007/s11060-017-2379-y
http://dx.doi.org/10.1101/gad.261982.115
http://dx.doi.org/10.15252/embj.201798772
http://dx.doi.org/10.1093/neuonc/now253
http://dx.doi.org/10.1158/1078-0432.CCR-09-2730
http://dx.doi.org/10.1158/1535-7163.MCT-09-0734
http://dx.doi.org/10.2176/nmc.ra.2017-0089
http://www.ncbi.nlm.nih.gov/pubmed/29129882
http://dx.doi.org/10.1158/0008-5472.CAN-17-1294
http://www.ncbi.nlm.nih.gov/pubmed/28807938
http://dx.doi.org/10.18632/oncotarget.367
http://www.ncbi.nlm.nih.gov/pubmed/22184289
http://dx.doi.org/10.1186/s13046-018-0864-6
http://www.ncbi.nlm.nih.gov/pubmed/30208924
http://dx.doi.org/10.1007/s00018-017-2483-3
http://www.ncbi.nlm.nih.gov/pubmed/28210785
http://dx.doi.org/10.1016/j.tranon.2020.100755
http://dx.doi.org/10.1158/0008-5472.CAN-06-0858
http://dx.doi.org/10.1634/stemcells.2007-0166
http://dx.doi.org/10.1371/journal.pone.0169854
http://dx.doi.org/10.18632/oncotarget.5405
http://dx.doi.org/10.18632/oncotarget.10919
http://www.ncbi.nlm.nih.gov/pubmed/27486821
http://dx.doi.org/10.1186/s13046-019-1289-6
http://www.ncbi.nlm.nih.gov/pubmed/31277685
http://dx.doi.org/10.3892/ijo.2013.1916
http://www.ncbi.nlm.nih.gov/pubmed/23612755
https://ClinicalTrials.gov/show/NCT02315534
https://ClinicalTrials.gov/show/NCT03466450
https://ClinicalTrials.gov/show/NCT03466450
https://ClinicalTrials.gov/show/NCT01119599
http://dx.doi.org/10.1586/14737175.2015.1051968
http://dx.doi.org/10.1186/s12943-017-0593-z

Cancers 2021, 13,9 15 0f 17

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.

70.

71.

72.

Smith, S.J.; Diksin, M.; Chhaya, S.; Sairam, S.; Estevez-Cebrero, M.A.; Rahman, R. The Invasive Region of Glioblastoma Defined
by 5ALA Guided Surgery Has an Altered Cancer Stem Cell Marker Profile Compared to Central Tumour. Int. J. Mol. Sci. 2017,
18, 2452. [CrossRef]

Shi, L.; Wang, Z.; Sun, G.; Wan, Y.; Guo, J.; Fu, X. miR-145 inhibits migration and invasion of glioma stem cells by targeting
ABCG2. Neuromol. Med. 2014, 16, 517-528. [CrossRef]

Zhang, Y.; Wang, S.X.; Ma, JW.; Li, H.Y,; Ye, ].C,; Xie, S.M.; Du, B.; Zhong, X.Y. EGCG inhibits properties of glioma stem-
like cells and synergizes with temozolomide through downregulation of P-glycoprotein inhibition. ]. Neurooncol. 2015,
121, 41-52. [CrossRef]

Friedman, M.D.; Jeevan, D.S.; Tobias, M.; Murali, R.; Jhanwar-Uniyal, M. Targeting cancer stem cells in glioblastoma multiforme
using mTOR inhibitors and the differentiating agent all-trans retinoic acid. Oncol. Rep. 2013, 30, 1645-1650. [CrossRef]

Sato, A.; Okada, M.; Shibuya, K.; Watanabe, E.; Seino, S.; Suzuki, K.; Narita, Y.; Shibui, S.; Kayama, T.; Kitanaka, C. Resveratrol
promotes proteasome-dependent degradation of Nanog via p53 activation and induces differentiation of glioma stem cells.
Stem Cell Res. 2013, 11, 601-610. [CrossRef]

Zhuang, W.; Long, L.; Zheng, B.; Ji, W,; Yang, N.; Zhang, Q.; Liang, Z. Curcumin promotes differentiation of glioma-initiating
cells by inducing autophagy. Cancer Sci. 2012, 103, 684-690. [CrossRef] [PubMed]

Nayak, S.; Mahenthiran, A.; Yang, Y.; McClendon, M.; Mania-Farnell, B.; James, C.D.; Kessler, J.A.; Tomita, T.; Cheng, S.Y,;
Stupp, S.I; et al. Bone Morphogenetic Protein 4 Targeting Glioma Stem-Like Cells for Malignant Glioma Treatment: Latest
Advances and Implications for Clinical Application. Cancers 2020, 12, 516. [CrossRef] [PubMed]

NCT02869243. A Dose Escalation Phase I Study Of Human-Recombinant Bone Morphogenetic Protein 4 Administrated Via CED
In GBM Patients. Available online: https://ClinicalTrials.gov/show /NCT02869243 (accessed on 15 September 2020).
Calabrese, C.; Poppleton, H.; Kocak, M.; Hogg, T.L.; Fuller, C.; Hamner, B.; Oh, E.Y.; Gaber, M.W.; Finklestein, D.; Allen, M.; et al.
A perivascular niche for brain tumor stem cells. Cancer Cell 2007, 11, 69-82. [CrossRef] [PubMed]

Wang, H.; Lathia, ].D.; Wu, Q.; Wang, J.; Li, Z.; Heddleston, ].M.; Eyler, C.E.; Elderbroom, J.; Gallagher, J.; Schuschu, J.; et al.
Targeting interleukin 6 signaling suppresses glioma stem cell survival and tumor growth. Stem Cells 2009, 27, 2393-2404.
[CrossRef] [PubMed]

Kioi, M.; Vogel, H.; Schultz, G.; Hoffman, R.M.; Harsh, G.R.; Brown, ].M. Inhibition of vasculogenesis, but not angiogenesis,
prevents the recurrence of glioblastoma after irradiation in mice. J. Clin. Investig. 2010, 120, 694-705. [CrossRef]

Chiao, M.T.; Cheng, W.Y.; Yang, Y.C.; Shen, C.C.; Ko, J.L. Suberoylanilide hydroxamic acid (SAHA) causes tumor growth
slowdown and triggers autophagy in glioblastoma stem cells. Autophagy 2013, 9, 1509-1526. [CrossRef]

Booth, L.; Roberts, J.L.; Conley, A.; Cruickshanks, N.; Ridder, T.; Grant, S.; Poklepovic, A.; Dent, P. HDAC inhibitors enhance the
lethality of low dose salinomycin in parental and stem-like GBM cells. Cancer Biol. Ther. 2014, 15, 305-316. [CrossRef]
Naujokat, C.; Steinhart, R. Salinomycin as a drug for targeting human cancer stem cells. ]. Biomed. Biotechnol. 2012,
2012, 950658. [CrossRef]

Xipell, E.; Gonzalez-Huarriz, M.; Martinez de Irujo, J.J.; Garcia-Garzon, A.; Lang, FF; Jiang, H.; Fueyo, J.; Gomez-Manzano, C.;
Alonso, M.M. Salinomycin induced ROS results in abortive autophagy and leads to regulated necrosis in glioblastoma. Oncotarget
2016, 7, 30626-30641. [CrossRef]

Kuramoto, K.; Yamamoto, M.; Suzuki, S.; Sanomachi, T.; Togashi, K.; Seino, S.; Kitanaka, C.; Okada, M. Verteporfin inhibits
oxidative phosphorylation and induces cell death specifically in glioma stem cells. FEBS | 2020, 287, 2023-2036. [CrossRef]
Nichols, ].W.; Bae, Y.H. EPR: Evidence and fallacy. ]. Control. Release 2014, 190, 451-464. [CrossRef] [PubMed]

Ganipineni, L.P; Danhier, E; Preat, V. Drug delivery challenges and future of chemotherapeutic nanomedicine for glioblastoma
treatment. J. Control. Release 2018, 281, 42-57. [CrossRef] [PubMed]

Watkins, S.; Robel, S.; Kimbrough, L.E.; Robert, S.M.; Ellis-Davies, G.; Sontheimer, H. Disruption of astrocyte-vascular coupling
and the blood-brain barrier by invading glioma cells. Nat. Commun. 2014, 5, 4196. [CrossRef] [PubMed]

Wang, Z.; Liang, P; He, X.; Wu, B.; Liu, Q.; Xu, Z.; Wu, H.; Liu, Z; Qian, Y.; Wang, S.; et al. Etoposide loaded layered double
hydroxide nanoparticles reversing chemoresistance and eradicating human glioma stem cells in vitro and in vivo. Nanoscale 2018,
10, 13106-13121. [CrossRef]

Lopez-Bertoni, H.; Kozielski, K.L.; Rui, Y.; Lal, B.; Vaughan, H.; Wilson, D.R.; Mihelson, N.; Eberhart, C.G.; Laterra, J.; Green, ].J.
Bioreducible Polymeric Nanoparticles Containing Multiplexed Cancer Stem Cell Regulating miRNAs Inhibit Glioblastoma
Growth and Prolong Survival. Nano. Lett. 2018, 18, 4086—4094. [CrossRef]

Mukherjee, S.; Baidoo, ].N.E.; Sampat, S.; Mancuso, A.; David, L.; Cohen, L.S.; Zhou, S.; Banerjee, P. Liposomal TriCurin, A Syner-
gistic Combination of Curcumin, Epicatechin Gallate and Resveratrol, Repolarizes Tumor-Associated Microglia/Macrophages,
and Eliminates Glioblastoma (GBM) and GBM Stem Cells. Molecules 2018, 23, 201. [CrossRef]

Fang, K.; Liu, P; Dong, S.; Guo, Y.; Cui, X.; Zhu, X.; Li, X,; Jiang, L.; Liu, T.; Wu, Y. Magnetofection based on superparamagnetic
iron oxide nanoparticle-mediated low IncRNA HOTAIR expression decreases the proliferation and invasion of glioma stem cells.
Int. J. Oncol. 2016, 49, 509-518. [CrossRef]

Kouri, EM.; Hurley, L.A.; Daniel, W.L.; Day, E.S.; Hua, Y.; Hao, L.; Peng, C.Y.; Merkel, T.].; Queisser, M.A.; Ritner, C.; et al.
miR-182 integrates apoptosis, growth, and differentiation programs in glioblastoma. Genes Dev. 2015, 29, 732-745. [CrossRef]


http://dx.doi.org/10.3390/ijms18112452
http://dx.doi.org/10.1007/s12017-014-8305-y
http://dx.doi.org/10.1007/s11060-014-1604-1
http://dx.doi.org/10.3892/or.2013.2625
http://dx.doi.org/10.1016/j.scr.2013.04.004
http://dx.doi.org/10.1111/j.1349-7006.2011.02198.x
http://www.ncbi.nlm.nih.gov/pubmed/22192169
http://dx.doi.org/10.3390/cancers12020516
http://www.ncbi.nlm.nih.gov/pubmed/32102285
https://ClinicalTrials.gov/show/NCT02869243
http://dx.doi.org/10.1016/j.ccr.2006.11.020
http://www.ncbi.nlm.nih.gov/pubmed/17222791
http://dx.doi.org/10.1002/stem.188
http://www.ncbi.nlm.nih.gov/pubmed/19658188
http://dx.doi.org/10.1172/JCI40283
http://dx.doi.org/10.4161/auto.25664
http://dx.doi.org/10.4161/cbt.27309
http://dx.doi.org/10.1155/2012/950658
http://dx.doi.org/10.18632/oncotarget.8905
http://dx.doi.org/10.1111/febs.15187
http://dx.doi.org/10.1016/j.jconrel.2014.03.057
http://www.ncbi.nlm.nih.gov/pubmed/24794900
http://dx.doi.org/10.1016/j.jconrel.2018.05.008
http://www.ncbi.nlm.nih.gov/pubmed/29753958
http://dx.doi.org/10.1038/ncomms5196
http://www.ncbi.nlm.nih.gov/pubmed/24943270
http://dx.doi.org/10.1039/C8NR02708K
http://dx.doi.org/10.1021/acs.nanolett.8b00390
http://dx.doi.org/10.3390/molecules23010201
http://dx.doi.org/10.3892/ijo.2016.3571
http://dx.doi.org/10.1101/gad.257394.114

Cancers 2021, 13,9 16 of 17

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.

96.

Yu, D.; Khan, O.F; Suva, M.L.; Dong, B.; Panek, W.K,; Xiao, T.; Wu, M.; Han, Y.; Ahmed, A.U.; Balyasnikova, I.V.; et al. Multiplexed
RNAI therapy against brain tumor-initiating cells via lipopolymeric nanoparticle infusion delays glioblastoma progression.
Proc. Natl. Acad. Sci. USA 2017, 114, E6147-E6156. [CrossRef]

Xu, C.F; Liu, Y;; Shen, S.; Zhu, Y.H.; Wang, ]J. Targeting glucose uptake with siRNA-based nanomedicine for cancer therapy.
Biomaterials 2015, 51, 1-11. [CrossRef]

Wu, N.; Zhang, C.; Wang, C.; Song, L.; Yao, W.; Gedanken, A.; Lin, X.; Shi, D. Zinc-doped copper oxide nanocomposites reverse
temozolomide resistance in glioblastoma by inhibiting AKT and ERK1/2. Nanomedicine 2018, 13, 1303-1318. [CrossRef] [PubMed]
Pan, Z.; Shi, Z.; Wei, H.; Sun, E; Song, J.; Huang, Y.; Liu, T.; Mao, Y. Magnetofection Based on Superparamagnetic Iron Oxide
Nanoparticles Weakens Glioma Stem Cell Proliferation and Invasion by Mediating High Expression of MicroRNA-374a. J. Cancer
2016, 7, 1487-1496. [CrossRef] [PubMed]

Younis, M.; Faming, W.; Hongyan, Z.; Mengmeng, T.; Hang, S.; Liudi, Y. Iguratimod encapsulated PLGA-NPs improves
therapeutic outcome in glioma, glioma stem-like cells and temozolomide resistant glioma cells. Nanomedicine 2019, 22, 102101.
[CrossRef] [PubMed]

Sun, T.; Patil, R.; Galstyan, A.; Klymyshyn, D.; Ding, H.; Chesnokova, A.; Cavenee, WK.; Furnari, FB.; Ljubimov, V.A,;
Shatalova, E.S.; et al. Blockade of a Laminin-411-Notch Axis with CRISPR/Cas9 or a Nanobioconjugate Inhibits Glioblastoma
Growth through Tumor-Microenvironment Cross-talk. Cancer Res. 2019, 79, 1239-1251. [CrossRef]

Chou, S.T;; Patil, R.; Galstyan, A.; Gangalum, PR.; Cavenee, WK.; Furnari, EB.; Ljubimov, V.A.; Chesnokova, A.; Kramerov, A.A;
Ding, H.; et al. Simultaneous blockade of interacting CK2 and EGFR pathways by tumor-targeting nanobioconjugates increases
therapeutic efficacy against glioblastoma multiforme. J. Control. Release 2016, 244, 14-23. [CrossRef]

Kim, S.S.; Rait, A.; Kim, E.; Pirollo, K.F.; Chang, E.H. A tumor-targeting p53 nanodelivery system limits chemoresistance to
temozolomide prolonging survival in a mouse model of glioblastoma multiforme. Nanomedicine 2015, 11, 301-311. [CrossRef]
Kim, S.S.; Rait, A.; Kim, E.; Pirollo, K.F,; Nishida, M.; Farkas, N.; Dagata, ].A.; Chang, E.H. A nanoparticle carrying the p53 gene
targets tumors including cancer stem cells, sensitizes glioblastoma to chemotherapy and improves survival. ACS Nano 2014,
8,5494-5514. [CrossRef]

Wu, H.B,; Yang, S.; Weng, H.Y.; Chen, Q.; Zhao, X.L.; Fu, WJ.; Niu, Q.; Ping, Y.F; Wang, ] M.; Zhang, X; et al. Autophagy-
induced KDR/VEGFR-2 activation promotes the formation of vasculogenic mimicry by glioma stem cells. Autophagy 2017,
13, 1528-1542. [CrossRef]

Sun, X.; Chen, Y,; Zhao, H.; Qiao, G.; Liu, M.; Zhang, C.; Cui, D.; Ma, L. Dual-modified cationic liposomes loaded with
paclitaxel and survivin siRNA for targeted imaging and therapy of cancer stem cells in brain glioma. Drug Deliv. 2018,
25,1718-1727. [CrossRef]

Jing, H.; Weidensteiner, C.; Reichardt, W.; Gaedicke, S.; Zhu, X.; Grosu, A.L.; Kobayashi, H.; Niedermann, G. Imaging and
Selective Elimination of Glioblastoma Stem Cells with Theranostic Near-Infrared-Labeled CD133-Specific Antibodies. Theranostics
2016, 6, 862-874. [CrossRef]

Liu, Y;; Mei, L.; Yu, Q.; Xu, C.; Qiu, Y.; Yang, Y.; Shi, K.; Zhang, Q.; Gao, H.; Zhang, Z.; et al. Multifunctional Tandem Peptide
Modified Paclitaxel-Loaded Liposomes for the Treatment of Vasculogenic Mimicry and Cancer Stem Cells in Malignant Glioma.
ACS Appl. Mater. Interfaces 2015, 7, 16792-16801. [CrossRef] [PubMed]

Li, X.T,; Tang, W.; Jiang, Y.; Wang, X.M.; Wang, Y.H.; Cheng, L.; Meng, X.S. Multifunctional targeting vinorelbine plus tetrandrine li-
posomes for treating brain glioma along with eliminating glioma stem cells. Oncotarget 2016, 7, 24604-24622. [CrossRef] [PubMed]
Kaluzova, M.; Bouras, A.; Machaidze, R.; Hadjipanayis, C.G. Targeted therapy of glioblastoma stem-like cells and tumor non-stem
cells using cetuximab-conjugated iron-oxide nanoparticles. Oncotarget 2015, 6, 8788-8806. [CrossRef] [PubMed]

Sun, T; Li, Y.; Huang, Y.; Zhang, Z.; Yang, W.; Du, Z.; Zhou, Y. Targeting glioma stem cells enhances anti-tumor effect of boron
neutron capture therapy. Oncotarget 2016, 7, 43095-43108. [CrossRef] [PubMed]

Wang, Y.; Ying, X.; Xu, H.; Yan, H.; Li, X;; Tang, H. The functional curcumin liposomes induce apoptosis in C6 glioblastoma cells
and C6 glioblastoma stem cells in vitro and in animals. Int. |. Nanomedicine 2017, 12, 1369-1384. [CrossRef] [PubMed]

Kim, J.S.; Shin, D.H.; Kim, J.S. Dual-targeting immunoliposomes using angiopep-2 and CD133 antibody for glioblastoma stem
cells. J. Control. Release 2018, 269, 245-257. [CrossRef] [PubMed]

Katsushima, K.; Natsume, A.; Ohka, F; Shinjo, K.; Hatanaka, A.; Ichimura, N.; Sato, S.; Takahashi, S.; Kimura, H.; Totoki, Y.; et al.
Targeting the Notch-regulated non-coding RNA TUGI for glioma treatment. Nat. Commun. 2016, 7, 13616. [CrossRef]

Maeda, H.; Nakamura, H.; Fang, J. The EPR effect for macromolecular drug delivery to solid tumors: Improvement of tumor
uptake, lowering of systemic toxicity, and distinct tumor imaging in vivo. Adv. Drug Deliv. Rev. 2013, 65, 71-79. [CrossRef]
Torchilin, V. Tumor delivery of macromolecular drugs based on the EPR effect. Adv. Drug Deliv. Rev. 2011, 63, 131-135. [CrossRef]
Danbhier, F. To exploit the tumor microenvironment: Since the EPR effect fails in the clinic, what is the future of nanomedicine?
J. Control. Release 2016, 244, 108-121. [CrossRef]

Lammers, T.; Kiessling, F.; Hennink, W.E.; Storm, G. Drug targeting to tumors: Principles, pitfalls and (pre-) clinical progress.
J. Control. Release 2012, 161, 175-187. [CrossRef] [PubMed]

Singh, PK; Srivastava, A.K; Dev, A.; Kaundal, B.; Choudhury, S.R.; Karmakar, S. 1, 3beta-Glucan anchored, paclitaxel loaded
chitosan nanocarrier endows enhanced hemocompatibility with efficient anti-glioblastoma stem cells therapy. Carbohydr Polym.
2018, 180, 365-375. [CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.1701911114
http://dx.doi.org/10.1016/j.biomaterials.2015.01.068
http://dx.doi.org/10.2217/nnm-2017-0359
http://www.ncbi.nlm.nih.gov/pubmed/29949469
http://dx.doi.org/10.7150/jca.15515
http://www.ncbi.nlm.nih.gov/pubmed/27471565
http://dx.doi.org/10.1016/j.nano.2019.102101
http://www.ncbi.nlm.nih.gov/pubmed/31654739
http://dx.doi.org/10.1158/0008-5472.CAN-18-2725
http://dx.doi.org/10.1016/j.jconrel.2016.11.001
http://dx.doi.org/10.1016/j.nano.2014.09.005
http://dx.doi.org/10.1021/nn5014484
http://dx.doi.org/10.1080/15548627.2017.1336277
http://dx.doi.org/10.1080/10717544.2018.1494225
http://dx.doi.org/10.7150/thno.12890
http://dx.doi.org/10.1021/acsami.5b04596
http://www.ncbi.nlm.nih.gov/pubmed/26173814
http://dx.doi.org/10.18632/oncotarget.8360
http://www.ncbi.nlm.nih.gov/pubmed/27029055
http://dx.doi.org/10.18632/oncotarget.3554
http://www.ncbi.nlm.nih.gov/pubmed/25871395
http://dx.doi.org/10.18632/oncotarget.9355
http://www.ncbi.nlm.nih.gov/pubmed/27191269
http://dx.doi.org/10.2147/IJN.S124276
http://www.ncbi.nlm.nih.gov/pubmed/28260885
http://dx.doi.org/10.1016/j.jconrel.2017.11.026
http://www.ncbi.nlm.nih.gov/pubmed/29162480
http://dx.doi.org/10.1038/ncomms13616
http://dx.doi.org/10.1016/j.addr.2012.10.002
http://dx.doi.org/10.1016/j.addr.2010.03.011
http://dx.doi.org/10.1016/j.jconrel.2016.11.015
http://dx.doi.org/10.1016/j.jconrel.2011.09.063
http://www.ncbi.nlm.nih.gov/pubmed/21945285
http://dx.doi.org/10.1016/j.carbpol.2017.10.030
http://www.ncbi.nlm.nih.gov/pubmed/29103516

Cancers 2021, 13,9 17 of 17

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Salehi, B.; Selamoglu, Z.; S Mileski, K.; Pezzani, R.; Redaelli, M.; Cho, W.C.; Kobarfard, F.; Rajabi, S.; Martorell, M.; Kumar, P; et al.
Liposomal Cytarabine as Cancer Therapy: From Chemistry to Medicine. Biomolecules 2019, 9, 773. [CrossRef] [PubMed]
NCT01044966. A Study of Intraventricular Liposomal Encapsulated Ara-C (DepoCyt) in Patients With Recurrent Glioblastoma.
Available online: https://ClinicalTrials.gov/show/NCT01044966 (accessed on 15 September 2020).

Frankel, B.M.; Cachia, D.; Patel, S.]J.; Das, A. Targeting Subventricular Zone Progenitor Cells with Intraventricular Liposomal
Encapsulated Cytarabine in Patients with Secondary Glioblastoma: A Report of Two Cases. SN Compr. Clin. Med. 2020,
2, 836-843. [CrossRef]

Kunoh, T.; Shimura, T.; Kasai, T.; Matsumoto, S.; Mahmud, H.; Khayrani, A.C.; Seno, M.; Kunoh, H.; Takada, J. Use of
DNA-generated gold nanoparticles to radiosensitize and eradicate radioresistant glioma stem cells. Nanotechnology 2019, 30,
055101. [CrossRef]

Kunjachan, S.; Rychlik, B.; Storm, G.; Kiessling, F.; Lammers, T. Multidrug resistance: Physiological principles and nanomedical
solutions. Adv. Drug Deliv. Rev. 2013, 65, 1852-1865. [CrossRef]

Lubtow, M.M.; Oerter, S.; Quader, S.; Jeanclos, E.; Cubukova, A.; Krafft, M.; Haider, M.S.; Schulte, C.; Meier, L.; Rist, M.; et al.
In Vitro Blood-Brain Barrier Permeability and Cytotoxicity of an Atorvastatin-Loaded Nanoformulation Against Glioblastoma in
2D and 3D Models. Mol. Pharm. 2020, 17, 1835-1847. [CrossRef]

Jhaveri, A.; Luther, E.; Torchilin, V. The effect of transferrin-targeted, resveratrol-loaded liposomes on neurosphere cultures of
glioblastoma: Implications for targeting tumour-initiating cells. J. Drug Target 2019, 27, 601-613. [CrossRef]

NCT02340156. Phase II Study of Combined Temozolomide and SGT-53 for Treatment of Recurrent Glioblastoma. Available
online: https://ClinicalTrials.gov/show /NCT02340156 (accessed on 15 September 2020).

Westphal, M.; Hilt, D.C.; Bortey, E.; Delavault, P; Olivares, R.; Warnke, P.C.; Whittle, I.R.; Jaaskelainen, J.; Ram, Z. A phase 3
trial of local chemotherapy with biodegradable carmustine (BCNU) wafers (Gliadel wafers) in patients with primary malignant
glioma. Neuro. Oncol. 2003, 5, 79-88. [CrossRef]

Ghosh, D.; Nandi, S.; Bhattacharjee, S. Combination therapy to checkmate Glioblastoma: Clinical challenges and advances.
Clin. Transl. Med. 2018, 7, 33. [CrossRef]


http://dx.doi.org/10.3390/biom9120773
http://www.ncbi.nlm.nih.gov/pubmed/31771220
https://ClinicalTrials.gov/show/NCT01044966
http://dx.doi.org/10.1007/s42399-020-00322-z
http://dx.doi.org/10.1088/1361-6528/aaedd5
http://dx.doi.org/10.1016/j.addr.2013.09.018
http://dx.doi.org/10.1021/acs.molpharmaceut.9b01117
http://dx.doi.org/10.1080/1061186X.2018.1550647
https://ClinicalTrials.gov/show/NCT02340156
http://dx.doi.org/10.1093/neuonc/5.2.79
http://dx.doi.org/10.1186/s40169-018-0211-8

	Introduction 
	Glioma Stem Cells 
	Chemotherapy against GSCs 
	Nanomedicine against GSCs 
	Nanomedicine for GBM Treatment 
	Non-Targeted Nanomedicines 
	Targeted Nanomedicines 

	Conclusions 
	References

