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Glioblastoma (GBM) is a deadly malignancy with a poor prognosis. An important factor contributing to
GBM recurrence is high resistance of GBM cancer stem cells (GSCs). While temozolomide (TMZ), has been
shown to consistently extend survival, GSCs grow resistant to TMZ through upregulation of DNA damage
repair mechanisms and avoidance of apoptosis. Since a single-drug approach has failed to significantly
alter prognosis in the past 15 years, unique approaches such as multidrug combination therapy together
with distinctive targeted drug-delivery approaches against cancer stem cells are needed. In this review,
a rationale for multidrug therapy using a targeted nanotechnology approach that preferentially target
GSCs is proposed with discussion and examples of drugs, nanomedicine delivery systems, and targeting
moieties.
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Patients with glioblastoma (GBM) have a dismal prognosis and limited treatment options. Reasons for GBM
resistance to therapy include its highly infiltrative nature, genetic heterogeneity, propensity for genetic mutations,
and presence of an intrinsic self-renewing population of cancer stem cells (CSCs) [1]. Lack of progress in treating
GBM for the past 15 years has necessitated new therapy strategies [2]. Among these new approaches, combination
therapy, CSC targeting and nanosystems development are all under intense investigation. In this review, an
overview of GBM is provided, including the role of GBM CSCs in resistance development. Limitations of current
chemotherapy options are described in brief followed by select examples of drugs that may be limited in isolation
but overcome certain properties of CSC drug resistance in combination. Combination therapy may be facilitated
using nanosystems that are enhanced with tumor surface-targeted delivery agents.

Glioblastoma overview

Epidemiology

Glioblastoma (GBM) is the most aggressive malignant primary intracranial tumor, affecting nearly 15,000 people

per year according to the American Brain Tumor Association. According to the Ivy Brain Tumor Center, GBM

or grade IV glioma is the most common form of brain cancer. While incidence rates for malignant tumors

are declining, only 36% of patients survive more than 5 years after diagnosis (3. Current treatment for GBM

patients often includes maximal surgical resection followed by temozolomide (TMZ) chemotherapy and radiation

therapy (RT) (Stupp Regimen). The direct cost for each patient with GBM is projected to be around $8,500

a month (4. However, the total cost of GBM across the globe was approximately $465 million in 2016 and is ~Newlands
expected to reach $1 billion in 2025 (4]. Given the impact on patient quality of life and life expectancy, as well as press
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high overall society costs, there is an urgent need to find treatments that have even a small chance of extending
patient survival and improving quality of life.

Initial GBM patient diagnosis

Initial workup of a suspected brain tumor includes contrast-enhanced magnetic resonance imaging (MRI) of the
brain, which provides information about tumor location, size, effect on normal structures and extent of associated
edema. The average size of a GBM tumor at diagnosis is approximately 4 cm and often is an indication of advanced,
incurable disease once that large [5]. GBM rarely occurs outside the central nervous system and is extremely rare in
the spinal cord. More common brain regions include the frontal lobe (25%), temporal lobe (20%), parietal lobe
(13%) and occipital lobe (3%) (6. In addition to MRI, computed tomography (CT) may be used as a diagnostic
tool to raise suspicion of a possible brain tumor [6]. However, CT lacks the high tissue contrast needed for complete
characterization.

Surgical resection of GBM

Following imaging to define essential characteristics of the tumor, biopsy and/or surgical resection ensue. Complete
resection is difficult to attain because the highly infiltrative margins of the tumor are often incompletely visible
on conventional MR imaging and intra-operatively [6]. The decision of how much to resect can also be based
on assessment of morbidity verses mortality when operating near eloquent areas, which are necessary for basic
functioning.

Pathologic analysis of GBM characteristics

On histopathologic diagnosis from biopsied or surgically resected tissue, specific markers correlate with the various
cell types in a single glioma. Normal brain cells include neurons, glial cells, oligodendrocytes and immune cells.
GBM is believed to arise from precursors to neurons and glia. Indeed, GBM tumors are comprised of a heterogeneous
number of cell types based on the biopsy analysis of a variety of markers. In normal astrocytes, the most specific
marker is the glial fibrillary acidic protein (GFAP) [7]. Loss of GFAP is a marker of increased malignancy of the
tumor, which aids in grading the tumor. The WHO grades tumors from I through IV based on various histologic
parameters. GBM is a grade IV tumor and has the highest level of GFAP loss. GBM is classified by the presence of
characteristic mutations that can be categorized into three tumor-intrinsic transcriptional subtypes, regardless of the
level of intertumoral heterogeneity (s]. These subtypes are proneural, classical and mesenchymal (s]. The proneural
subtype has been associated with a more favorable outcome, while the mesenchymal subtype is more debilitating and
often associated with recurrence [9]. Cell irregularity is due to polymorphism (genetic variation within a population),
anaplasia (poor cellular differentiation), and anisokaryosis (larger than normal variation). Histopathologic analysis
also provides additional morphologic information such as calcification, necrosis and microcystic change [10,11].

GBM biomarkers for personalized medicine

Important markers involved in assessment of GBM for personalized medicine include identification of genetic
biomarkers, such as the /DHI or 2 mutation, degree of methylation of MGMT and 1p/194 codeletion 121. The
presence of a mutated /DH or methylated MGMT both independently correlate with longer survival time [13] and
help predict responsiveness of the tumor to TMZ. However, recent studies indicate that MGM7T hypermethylated
glioma cells expressed significant activity of MGMT via promoter independent pathways which in turn produces
resistance to TMZ [14]. Despite all that has already been studied about glioma histology, a clear consensus is still
lacking among pathologists regarding what should ultimately define a glioma [15].

Chemoradiation therapy

After surgery, radiation and chemotherapy will begin anywhere from 1 to 4 weeks later [6]. Radiation is often
administered stereotactically in smaller fractions for a maximum dose of 60 Gray. TMZ is given orally according
to the Stupp regimen at a dose of 75 mg/m? daily for 6 weeks concurrently with radiation [16]. The patient will
take a 1-month rest and then again start on six cycles of adjuvant TMZ at a dose of 150-200 mg/m? for 5 days
every 28 days [16). TMZ was approved for treatment of adult GBM patients in 2005 and remains the only first-line
chemotherapy to date. A newer noninvasive therapy option, tested by Stupp ez al., called tumor treating fields
(worn as a cap with weak electrical fields pulsing through the skin of the scalp) appeared to extend overall survival
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Figure 1. Tumor treatment timeline. The above figure demonstrates a representative timeline of events that a
patient diagnosed with glioblastoma may undergo during their course of treatment.
TMZ: Temozolomide.

time from 16 to 20.9 months when used in combination with radiotherapy and chemotherapy [17). Therefore,
tumor treating fields are increasingly used as part of the standard of care.

Second-line therapy examples

The tumor initially responds positively to therapy, but often recurs. While, the standard of care is well defined after
the initial diagnosis, the regimen of therapy options is less defined after recurrence [18]. A number of immunotherapy
modulators, such as PD-1/PD-L1 have proven to be effective in a number of cancers. However, they have been
reported to be associated with ‘immune-related adverse events’ (irAE) [19). Bevacizumab is a VEGF inhibitor,
which may be integrated into treatment but has had mixed results regarding overall survival. Bevacizumab appears
to allow an improved quality of life before the tumor becomes resistant to the drug [18]. On the other hand,
addition of bevacizumab to radiotherapy with concurrent TMZ did not improve survival in patients [20]. Serial
MRI is performed for continuous monitoring of the treatment course as shown in Figure 1. This figure shows a
typical progression through treatment and diagnosis for a GBM patient. Multidisciplinary care of the patient often
includes a neuro-oncologist, neurosurgeon, radiation oncologist, neuropathologist, and a neuroradiologist who will
often meet to discuss the next course of action to best benefit the patient.

Glioblastoma cancer stem cells

Numerous studies have identified a key subpopulation of cells in solid tumors that have properties similar to
the body’s normal stem cells, which are termed CSCs. The first CSCs were detected in acute myeloid leukemia
in 1994 [21] and then subsequently in GBM in 2004 [1]. Intratumoral heterogeneity and therapy resistance are
believed to be promoted by the self-renewal and differentiation of GBM stem cells [22]. GBM stem cells can survive
in unfavorable and complex hypoxic microenvironments that are a characteristic feature of advanced tumors.
For instance, CSCs promote increased invasiveness through epithelial mesenchymal transformation and facilitate
neovascularization when cellular growth outstrips the vascular supply [23-27. An interesting theory is the migration
of GBM CSCs as precursors to GBM beginning with underlying driver mutations at the subventricular zone along
ventricles. These special mutated CSCs eventually migrate away from the subventricular zones into the deeper
brain regions and mutate further to develop the glioma [28]. Such a hypothesis could explain why despite aggressive
treatments, the tumor can easily recur in nearby, non-treated brain regions over time in multi-focal, multi-lobar
and even contralateral brain regions.

A biomarker is defined as, “A characteristic that is objectively measured and evaluated as an indicator of normal
biological processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention” 29). Although MGMT
promoter methylation has been shown to be an independent prognostic factor and a predictor of success of TMZ
therapy, there is a lack of standardization of the assay method (30]. The critical factors for failure of cancer treatments
are metastasis, recurrence, heterogeneity, resistance to chemo and radiotherapy and immunological approaches [31]
for which CSCs are the principal agents. The search for a curative approach against CSCs has been hindered
by absence of a specific defining molecular biomarker unique only to CSCs that can be targeted (321. The ideal
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targetable biomarker would be critical for CSCs to maintain basic function and remain viable. In addition, the
targetable molecule on the CSC would be amenable to irreversible binding and inhibition, thereby leading to
reduced cell proliferation and increased apoptosis. Along these lines, there are several candidate markers that are
found more frequently than others in CSCs but, to date, there has been no one molecule that purely defines a
CSC. A leading approach is to identify CSC specific glycans attached to proteins or lipids on the cell surface that
exist in higher frequency than normal tissue (33]. The most often cited and studied examples include CD133 (1],
CD44 (341, CD15 35], CD24 (361, CD90 (37, CD49f [38], CXCR4 (391, LICAM 140] and ABC efflux transporters [41].
Cytoplasmic proteins have been delineated as potential CSC markers which include Nestin [42], Musashi-1 [43]
and aldehyde dehydrogenase (i.e., ALDH1) [44]. Nuclear proteins are also promising as CSC markers, with Oc 4,
Nanog, and Sox” as examples [45]. Certain signal cascades identified commonly in adult neural stem cells are also
present in CSCs such as the Notch, Sonic or Wnt/B-catenin pathways. In addition, a number of microRNAs, which
are small non-coding RNA molecules approximately 21-25 nucleotides in length, have been reported to be potential
biomarkers for diagnosis and promising potential miRNA-targeted therapies in TMZ-resistant GBM [46-48].

The central role of GBM CSCs (GSCs) in a theoretical hierarchy that contributes to chemoradiotherapy resistance
and regrowth of tumor, has led to heightened interest in finding unique targets that specifically eliminate the CSC
population, and thus destroy the regenerative potential of the tumor. Biomarkers present at more concentrated
levels within CSCs and rarely found at much lower levels within normal cells would permit selective curative
therapeutic benefit without incurring typical side effects that befall many other promising chemotherapies.

Unless novel markers exist that are yet to be identified, it is unlikely that a single marker or same set of markers
can be used to identify any given CSC. It is more likely that a combination of biomarkers will increase the specificity
for a given CSC type depending on the type of cancer. It is also likely that a given niche even within the same
tumor microenvironment could cause a shift in expression or dominance of various markers. An example would
be the higher invasive profile of CD44 positive GSCs as part of the epithelial-mesenchymal transition (EMT)
niche. Although a number of past studies indicated that CD133 positive are responsible for recurrence of GBM
tumor while CD133 negative cells are not [1,49], evidence suggest that CD133 negative cells could regenerate
heterogeneous tumors, showing different genetic expression [50]. Due to this controversy, two additional CSC
markers are discussed (Nestin and CD44) as dual-expression markers that may better define a GSC in a specific
environment or situation.

CD133
CD133 also known as AC133, and prominin-1 was the first well-characterized CSC surface marker (1). CD133 is
a 97 kDa transmembrane glycoprotein with multiple proposed functions [s1]. It is an important biomarker used
to identify the CSC population within various tumor types and may have a role in cell growth, proliferation and
pathophysiology of growing tumors [52]. Cells that express CD133 have a capacity to generate neurospheres 7z vitro
and induce tumor formation in iz vive models, suggesting its central role in GBM CSC function and success [53].
Due to its usual location in plasma membrane protrusions and microvilli, CD133 is likely involved in membrane
organization but new evidence suggests a critical modulator of important signal transduction cascades necessary for
stem cell function [51]. A key example would be the demonstration of CD133 modulation of the PI3K-Ake-mTOR,
Wnt/B-catenin and TERT pathways, which are all heavily involved in cancer stem cell biology [54]. In a recent study,
recurrent pilocytic astrocytic tumors with reduced CD133 expression was associated with a decrease in the multiple
drug resistant 1 (MDR1) receptor perhaps from downstream inhibition of the PI3K-Akt-NF-kB cascade [s5]. The
findings are in line with another prior report where CD133 knockdown potentially inhibited PI3K/Akt pathway
activity and reduced self-renewal and tumorigenicity of GSCs [56]. In essence, signal transduction cascades involving
CD133, may hold a key to finding to novel therapies that specifically target at least the GSCs that express CD133.
As mentioned earlier, not all tumor cells express the CD133 cell surface ligand so targeting of CD133 will need
to be accompanied with a more sophisticated multi-targeting approach discussed below. The percentage of CSCs
with the CD133 marker is not consistent, either. For instance, when three different primary GBM tumor cell lines
were analyzed, the percentages of CD133™ cells by analysis of flow cytometry among the cultures were 10.2, 69.7
and 27.5% [57]. In another study, as few as 100 CD133" CSCs were sufficient to form tumors [1]. Even small
subsets of CD133" CSCs would show neutrosphere-like growth and heightened tumor progression in the first
few weeks. This phenomenon is shown in Figure 2, comparing the number of spheres formed by CD1337 and
CD133" CSCs [s81. Not surprisingly, significantly greater number of tumor spheres correlates to the poor prognosis
associated with tumors containing CD133" CSCs [58].
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Nestin

Nestin has many features that provide a strong complement to CD133 for identification of GSCs, especially during
more aggressive GBM periods of stem cell proliferation. Nestin is an intermediate filament protein expressed
primarily in neural progenitor/stem cells with higher expression early in development of the central nervous
system. Nestin is also expressed in many human malignancies, including GBM, and has been proposed as another
CSC marker [59,60]. Enhanced Nestin expression correlates with dedifferentiation, invasiveness and tumor grade [61].
Mechanistically, Nestin likely facilitates aggressive growth and self-renewal capacity of CSCs through cytoskeletal
organization, cell signaling, and cell metabolism [621. Nestin represents a promising marker that could facilitate
identification of CSCs through dual marker identification along with CD133. For instance, prognostic accuracy
significantly improved with co-identification of Nestin with CD133 [63]. Typically, separation of CSCs using cell
sorting rely on cell surface expression of a marker for identification. Despite its classical role in the cytoplasm,
Nestin was expressed on the cell surface of 14 different glioma CSCs, but not on non-CSC cells, indicating potential
specificity for identifying and sorting CSCs with Nestin cell surface expression [64]. While a promising concept, it
remains to be determined whether other GBM or cancer cell types may also express cell surface Nestin.

CD44

CD44 is a transmembrane glycoprotein and hyaluronic acid receptor, and is another example of a promising
CSC marker particularly identifying the invasive subtype of CSCs [65]. For instance, patient derived neurospheres
enriched with CSCs with high CD44 expression displayed a substantially greater self-renewal capability and
produced secondary tumors of the same heterogenous histopathological traits as tumor derived from patients [6].
CD44 is implicated in epithelial-mesenchymal transition (EMT) and tumor invasion [24] and predicts resistance to
chemotherapy in mesenchymal-like glioma [25,32]. Enhanced expression of two mesenchymal GBM subgroup gene
regulators, CEBP-beta and signal transducer and STAT3, were associated with increased expression of CD44 [67].
Microarray analysis of human GBM tumors correlated with decreased survival rate in CD44 positive cases [68].
Several studies have identified crosstalk between CD44 and EGFR, which is upregulated in 60% of GBM. For
instance, activation of both EGFR and CD44 signal transduction pathways led to co-stimulation and GBM
tumor promotion [69]. Overexpression of EGF in high-grade glioma increased CD44 mRNA expression [70], while
inhibition of MAPK/ERK pathway with the compound, U0126, led to a reduction of CD44 expression [70]. In
addition, expression of CD44 in GSCs and its involvement in cancer stem cells niche signaling is associated with
poor prognosis of GBM [66]. CD44™" CSCs are found mainly in the edge area of tumor. Lower numbers are found in
the intermediate zone and the lowest number are within the core of tumor, which is indicative of core-to-edge
transition of the cells within a tumor. The cells in the edge of tumor are more resistant to therapy (71]. On the
other hand, longer median survival time in GBM patients with higher CD44 expression was reported [72]. It was
postulated that stem cell traits in low expression of CD44 in GBM cells were induced by Oct4 and Nestin [73].
It was recently reported that knockdown of CD44 expression in GSCs inhibited migration/invasion as well as
reduced the expressions of stem cell markers such as Nestin and Sox2 of these cells both 77 vitro and in vive mouse
xenograft model (74]. Therefore, CD44 is a potential target for effective elimination of GSCs.

CSCs can survive in various conditions within the tumor microenvironment (TME) by residing in distinct
hypoxic and perivascular niches in several types of solid tumors [75]. A hypoxic TME induces quiescence in CSCs,
as opposed to the perivascular niche, where environmental conditions are more favorable for more metabolically
demanding invasive and proliferative activities. The issue of identifying GSCs in a given tumor microenvironmental
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niche is of high interest when considering novel treatment approaches against GBM. For instance, an attractive
dual-drug treatment approach to treat GSCs may facilitate the study of drugs that can kill not only proliferating
GSCs, but also CSCs in the quiescent hypoxic state [76]. In addition, different TME conditions also drive expression
of candidate CSC markers which can be targeted. For instance, hypoxia induces a CD44™" to CD1337 shift and
chemo-radiotherapy also induces a CD133" to CD44™ shift [77). Studies have shown that CD1331/CD144
glioma CSCs differentiate into cancer cells and endothelial progenitor cells and finally form mature vascular
endothelial cells (ECs) (78). Within the perivascular niche, GSCs are located around the blood vessels and can
differentiate into cancer vascular progenitor cells. For instance, Calabrese ez a/., showed that a direct contact exists
between ECs and CSCs in brain tumors linking them directly to angiogenesis or to form vasculogenic mimicry
that promotes the microcirculation in tumors [79].

Glioblastoma drug treatment

For most drugs, the blood—brain barrier (BBB) is a primary obstacle to treating central nervous system diseases. The
BBB is comprised of endothelial cells that form tight junctions to separate the brain from the body’s main circulatory
system [80,81]. For the small number of drugs that can cross the BBB, other issues such as offsite absorption and
binding as well as multiple drug resistance efflux pumps serve as additional factors that reduce availability of drug
to the tumor. For instance, although 100% of the TMZ is absorbed into the blood following oral delivery, only
17% of the drug makes it to the target location into the brain interstitium [82,83]. While a comprehensive analysis
of all chemotherapeutic drugs is beyond the scope of this review, a few drugs are highlighted and discussed that
have been shown to be therapeutic against GBM, including TMZ, idasanutlin (RG7388), and paclitaxel (PTX).
For further information on current treatments and strategies in targeting GBM and glioma stem cells refer to the
following review articles by Wu et al., Xiong et al. and Abadi et al. (84-ge).

Temozolomide

TMZ is a deoxyribonucleic acid (DNA) alkylator that nonspecifically methylates DNA [87). TMZ methylates at
N3-adenine, N7—guanine and Oé—guanine sites, arresting the cell at the G, /M phase 87). As a DNA alkylator, TMZ
not only arrests the cell cycle of tumor cells but also non-specifically alkylates normal hematopoietic stem cells
causing an unwanted toxic side effect (88]. In addition, TMZ has poor serum stability with a short half-life of 1.8 h,
necessitating multiple doses for maximal efficacy [89]. Tighter control of the treatment regimen is required to prevent
systemic side effects since TMZ is known to cause lymphopenia, thrombocytopenia and myelodysplasia [90].

TMZ in conjunction with radiation is usually successful initially, but the majority of GBM recurs in the first
year [6,80]. Within the genome of a GBM cell, the /DH gene leads to treatment resistance and the presence of
wild-type IDH is a predictor of a poor response to a high dose of TMZ [91]. Patients with normal or wild-type
IDHI correlate to a shorter survival, compared with those with /DHI mutations [15). /[DHI and IDH2 both work
to block stem cell differentiation and increase both VEGF and hypoxia within the tumor environment (92). All are
contributing factors to TMZ resistance.

The high rate of GBM recurrence after TMZ treatment can also be attributed to GSCs [93. CSCs have a
highly developed DNA damage response (DDR) system which can repair DNA damage caused by TMZ and
other chemotherapeutic drugs and avoid apoptosis. From CSCs, resistance is thought to be due to either increased
expression of MGMT, which can reverse the TMZ-induced methylation, or from reduced expression of tumor
suppressor p53 as a result of high inhibition (87). The MGMT gene encodes a DNA-repair protein to fix any DNA
alkylation from TMZ [94. When the promoter for this gene is methylated, it leads to a more positive prognosis
because MGMT is not over-produced [13]. CSCs typically have an over-expression of MGMT leading to rapid
DNA repair after TMZ alkylation. Given initial success rate of TMZ against GBM, there is great interest in
developing promising chemotherapies that can prevent or overcome the eventual resistance of GBM to TMZ. One
study demonstrated that through increased TMZ concentrations for a longer term, TMZ therapy was found to
preferentially deplete CSCs [95]. The need for discovering additional therapies to target the population of CSCs in
a different manner exists to reduce the overall treatment time for patients with debilitating symptoms.

TMZ resistance is thought to be due to the upregulation of a complex interplay of DNA damage response
(DDR) system. Various strategies have been developed in attempt to prevent GBM from developing resistance
to TMZ by blocking the DDR. In addition to the overexpression of MGMT resulting in TMZ resistance, CSCs
also over-express MDM2, which negatively regulates tumor suppressor protein p53. However, when MDM2 is
overexpressed, p53’s ability to reduce the tumor’s oncogenic effects and send the cell down an apoptotic pathway
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is inhibited [96]. This dysregulation of the p53 pathway is found in 85.3% of primary GBM with 15% of those
resulting from overexpression of MDM homologs (1/2/4) 1971. Not only is p53 involved in tumor suppression, it
plays a role in regulation of many other cellular processes including cell-cycle progression, senescence, DNA repair
and metabolism [98]. Loss of p53 permits expansion of cells, while in normal cells p53 presence will permit the cell
to exit mitosis and allow time for DNA repair [99,100]. Because p53 is inhibited by MDM2 by many pathways, a
small molecule blocking MDM?2 would prevent p53 inhibition and induce tumor suppression. An understanding
of TMZ resistance brought about from CSCs and the microenvironment allows for treatment development to
strategically diminish further GBM resistance [101].

Idasanutlin

Idasanutlin (RG7388) is an example of a potent MDM2 inhibitor with >100-fold selectivity compared with its
predecessor, RG7122 [102]. Idasanutlin is a viable treatment option against GBM cell lines or tumors 77 vivo as long
as P53 is not mutated [96]. Idasanutlin has great systemic exposure, is metabolically stable 77 vivo, passes through
BBB, and is non-genotoxic [102-104]. Idasanutlin competes with p53 for binding to MDM2 inside the cell nucleus
resulting in accumulation of p53 and induction of antitumor activity [98]. While Idasanutlin has many advantages,
it possesses challenges as well. Idasanutlin is potent against wild type but not mutant p53 tumors [105]. Additionally,
therapy solely with Idasanutlin may lead to a secondary resistance, since prolonged treatment with Idasanutlin
has led to generation of p53-mutated resistant populations that occurred de novo and may inhibit elimination of
cancer cells [106]. Therefore, it may be essential to pair MDM2 inhibitors with other agents that target tumor cells
with mutated p53 (98]. Unfortunately, idasanutlin also has dose-limiting toxicity leading to thrombocytopenia and
neutropenia [98].

Short-term treatment with Idasanutlin (100 nmol/l) inhibited clonogenicity in p53 wild-type GBM cells lines
and cultures. Another study demonstrated effective Idasanutlin therapy against p53 wild-type tumor cells lines in
nanomolar concentrations [107]. Idasanutlin has been studied preclinically in several cancers such as neuroblastoma,
childhood sarcoma, and ovarian carcinoma. It had also progressed to a phase I1I clinical trial for patients with relapsed
or refractory AML (NCT02545283). Currently one clinical trial includes Idasanutlin against GBM, which is actively
recruiting patients as of Nov 2021 (NCT03158389). The most common adverse effects reported for Idasanutlin
were diarrhea, nausea and vomiting, and myelosuppression causing febrile neutropenia and thrombocytopenia.
Overall, Idasanutlin was well tolerated over multiple studies [108].

Paclitaxel

PTX is a chemotherapy medication that is used for the treatment of several cancers. PTX is an anti-microtubule
agent that stabilizes microtubules by binding to the B-tubulin subunit, resulting in disruption of microtubule
dynamics and mitotic apparatus during cell division. A downstream result is inhibition of cell cycle transition from
the G, phase to the M phase in malignant cells (109-111]. Based on its mechanism, PTX serves as an excellent
anti-cancer agent due to the joint antiangiogenic and cytotoxic properties [112]. A recent study also found that
PTX can stimulate autophagy and induce apoptosis (113]. PTX can promote apoptosis and suppress growth and
proliferation in two GBM cells lines, U251 and U87MG, in both in vitro and in vive models [114]. It is known
that MMP-9 pathway inhibition can prevent the growth and metastasis of tumors and PTX inhibits AMMP-9 and
p38/JNK 115).

Although, PTX is an example of a very potent drug against GBM, it is rapidly removed from the brain through
multiple drug resistance (MDR) receptors, greatly limiting its application 7z vivo. To overcome this limitation,
PTX is often studied in conjunction with nanosystems, which will be discussed in the nanosystems section later
in this review. The main challenge of treating PTX in its pure form either intravenously or orally, is that PTX is a
strong p-glycoprotein substrate, and thus has limited distribution across the BBB [11¢]. In addition, lack of ionizable
groups limits PTX solubility in altered pH solutions [112]. Current forms of PTX available are also challenged by
these chemical constraints as the low solubility risks drug precipitation and side effects such as bronchospasms,
hypotension, and hypersensitivity [112]. Because of these challenges, PTX may benefit by an alternate drug delivery
method to better target GBM and limit systemic travel. PTX can be challenged by tumor resistance, like TMZ and
RG7388. PTX resistance can occur with overexpression of multi-drug resistance (MDR-1) gene, molecular changes
in B-tubulin, and changes in apoptotic and mitosis checkpoint proteins [117].

For systemic delivery of PTX, lipophilic agents such as Cremophor EL (CrEL) has been used as a vehicle [118,119].
Combination of PTX and its solubilizing agent CrEL produced a toxic effect due to induction of oxidative stress
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Figure 3. Temozolomide/RG7388 and temozolomide/paclitaxel mechanism. (A) The mechanism that TMZ and
RG7388 undergo independently and in combination to send the cell population toward apoptosis. (B) The two
separate pathways that TMZ and PTX undergo to send the cell population toward either apoptosis or cytokinesis
failure.

DDR: DNA damage response; PTX: Paclitaxel; TMZ: Temozolomide.

that is largely responsible for the iz vivo oxidative damage induced by PTX [120]. Additionally, for treatment of
brain cancer and to achieve maximal accumulation of PTX in the brain tumor, either stereotaxic infusion or
convection-enhanced delivery (CED) is required [121]. These delivery approaches are less favorable clinically due to
invasiveness. Therefore, there is a great demand for noninvasive approaches that could provide effective delivery of
PTX to the brain for the treatment of GBM.

Combination therapy strategy

Because of the high rate of resistance of GBM against TMZ and other mono-chemotherapy approaches, combination
therapies are needed to increase the likelihood of combating solid heterogenous tumors. Combination with therapies
like RG7388 or PTX, could offer additional treatment options to overcome TMZ resistance and eliminate residual
CSCs. Each drug works in a different delivery pathway and has shown not to exhibit drug interference [122].
Preliminary data from Wang ez a/. has shown that TMZ and Nutlin 3A in combination produced a greater than
expected, or a synergistic effect, in a primary GBM10 cell line [96]. Therefore, TMZ and MDM2 inhibitors provide
a promising option for a combination therapy. As shown in Figure 3A, TMZ enters the cell and converts to the
active methyldiazonium ion MTIC that alkylates the DNA in the nucleus inducing apoptosis. Because of the
increased DDR in the tumor, the cells become TMZ resistant. PTX combined with TMZ also work synergistically
against GBM. PTX and TMZ were co-loaded into mPEG-PLGA NPs and used to treat both U87 and C6 glioma
cells (123]. The two drugs co-loaded into the NPs were more cytotoxic than the drugs loaded individually. Figure 3
displays the two different pathways taken by TMZ (Figure 3A) and PTX (Figure 3B) when treating GBM. As with
TMZ and RG7388, the two different pathways can reduce potential drug interference and increase synergistic
behavior.

Nanomedicines for stem cell resistant GBM treatment

A number of studies have reported that GBM stem cells are more chemo-resistant than differentiated cancer cells
due to their intrinsic properties as well as varied resistant mechanisms [124]. GBM cells are found to be resistant to
a wide range of chemically dissimilar chemotherapeutic drugs due to multiple drug resistance caused by inhibition
of apoptosis, activated detoxification systems, diminished drug entrance, increased drug efflux, altered therapeutic
targets, and activated DNA repair systems [125]. In addition, the BBB poses a unique challenge in allowing
drugs to enter the GBM cells due to its highly selective structure with practically no paracellular diffusion [126-
130]. Transcellular BBB absorption could take place via both passive and active transports. It is believed that
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Metal Micelle Hybrid polymer- Polymer Dendrimer Liposome

(i.e. gold) micelle

Figure 4. Examples of different types of nanoparticles. Metal nanoparticle (NP) types include gold, gadolinium and
silica and can achieve the smallest sizes including 1-10 nm. Micellar NPs are made of a lipid monolayer and can be on
the order of 10 nm. Polymer NPs are versatile structures with a wide range of different polymer types. The most often
used polymers are PLA and PLGA. Aside from PLA and PLGA, other polymers that can be used and can also be
incorporated into micelles, such as PEO, PPO, PS and PCL. Dendrimers are highly branched, star-shaped
macromolecules with nanometer-scale dimensions. Liposomes are lipid bilayers used often in cancer drug delivery.

nanoparticles mostly follow vesicular transport route via specific (receptor mediated transcytosis) or non-specific
(absorptive mediated transcytosis) pathways [131-133]. Moreover, the BBB transport and the intrabrain distribution
of a drug are not be considered same, while the intrabrain distribution is dependent on a complex distribution
kinetics and disposition in the target site [134,135].

Itis estimated that 98% of low-molecular-weight molecules and 100% of high-molecular weight macromolecules
fail in entering the central nervous system due to physiological and physiochemical challenges [136,137]. In general,
lipophilic, low molecular weight (<400 Da), non-ionized molecules cross BBB. On the other hand, highly lipophilic
compounds were retained in the lipid layer of BBB, causing non-specific uptake leading to toxicity or removal by
efflux transporters [138]. In addition, ionization of drugs at the biological pH also alters the diffusivity of a number
of drugs across BBB. Therefore, while many small molecules are unable to cross the BBB, nanosystems may
overcome the brain penetration issues by eliminating potential interactions along the drug delivery route or contain
therapeutic molecules in a carrier that provide a stealth component. The stealth property decreases recognition
of the drug carrier system by macrophages, thereby allowing more prolonged circulation times. This can lead to
better BBB penetration and help maintain stability in biological milieu [139-141]. Other advantages of nanosystems
include manipulation of therapeutic doses of a drug by selection of suitable biomaterials, improved endothelial
permeability and extravasation, and decreased clearance from phagocytes [142]. Nanosystems may also preserve
the pharmacological action of the drug loaded into the system. During transport, nanosystems can protect a
drug to potentially increase the drug’s effective concentration. Nanosystems include nanoemulsions, nanoparticles,
nanogels, and dendrimers [137,143]. While many options are available for different delivery and targeting methods,
nanoparticles will be discussed in this review as they are the most popular carriers for delivery of anticancer
drugs [144-146].

Different nanoparticulate drug carriers

Nanoparticles (NPs) can be solid or vesicular with diameters ranging from 1 to 1000 nm and are actively being
developed for both therapy and diagnostics of GBM [147]. NPs with diameters smaller than 400 nm have enhanced
permeability and retention (EPR) effect [148], which could enable passive targeting of drug-loaded NPs into
the GBM [149]. More specifically, NPs less than 100 nm have many advantages including enhanced solubility,
increased bioavailability of poorly soluble drugs, increased surface area, and a potential decrease in required
dose [150]. NPs may be composed of biodegradable and non-biodegradable constituents and are further categorized
as polymeric, polymeric micelles and inorganic, among others as shown in Figure 4 142]. The size and surface
characteristics of NPs can be easily manipulated for passive or active drug targeting [151]. Other advantages include
the capability for site-specific targeting, ability to utilize various delivery routes, and the option for a more
controlled and longer sustained release of drugs at the target site [151). There are a few disadvantages, such that
small size and large surface area can lead to particle-particle aggregation and drug-loading may be limited with a
burst release [151]. To construct NPs, the appropriate method must be chosen based on the materials and drugs
used. An important consideration is the extent of biodegradability leading to optimal drug-release characteristics.
Additional considerations include the desired size and size distribution, surface characteristics, drug solubility,
and drug stability [150].
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There are many methods for fabricating NPs, including solvent evaporation, nanoprecipitation and microfluidics,
to name a few [143,152,153]. Solvent evaporation, adopting the principles of either single or double emulsions are
the most common methods used in fabrication of nanoparticles. The single emulsion is chosen typically for
encapsulation of hydrophobic drugs. This type would be characterized by an oil in water (0/w) emulsion and
involves dissolving both drug and polymers into an organic solvent and emulsifying them, using ultrasonication, in
an aqueous medium [150). The double emulsion can be used to encapsulate hydrophilic drugs or both hydrophilic
and hydrophobic drugs together. Typically, a hydrophilic drug is dissolved in an aqueous medium followed by
emulsification into a non-aqueous solvent containing the hydrophobic drug and carrier polymers. The resulting
o/w emulsion is then emulsified into an aqueous medium, forming a water in oil in water (w/o/w) emulsion.
With every emulsion it is essential that each solution is completely immiscible with each other to allow the solvents
to disperse homogeneously forming a smooth two-phase system [154]. A surfactant can be used to reduce the
dispersed droplet size, reduce droplet aggregation, and impart hydrophilicity leading to increased circulation blood
in vivo [151,155]. Selection of surfactant concentration is important because a low concentration of surfactant could
lead to an increased polydispersity and particle aggregation, while a high surfactant concentration can decrease
drug-loading [156].

Nanoprecipitation, otherwise known as the solvent displacement method, is a popular method to fabricate NPs
due to its simplicity [157,158]. Nanoprecipitation is based on the principle of miscibility of solvents and the polymers
to fabricate the NPs. When the organic solvent is evaporated it will cause phase separation of the polymer [157].
During this step of fabrication, the organic solvent typically containing the polymers is added to the aqueous
solvent and the NPs form spontaneously. The drug is dissolved in either the organic or the aqueous solution,
depending on its water solubility. Nanoprecipitation has been studied as a method encapsulating both hydrophobic
compounds (paclitaxel, triptolide, dexamethasone and anti-inflammatory drugs) as well as hydrophilic compounds
(DNA, protein, and vancomycin) [157-160]. NPs have also been fabricated using the nanoprecipitation method for
TMZ, which some regard as amphiphilic and others as hydrophilic [87,161]. Hydrophobic drugs have been found
to have a greater encapsulation efficiency in comparison to hydrophilic compounds [160]. The nanoprecipitation
method includes limited variability between batches and limited scalability, making its transfer from lab to industry
more feasible [157]. A limitation of this procedure is the solubility of the drug to be encapsulated. If the drug is more
soluble in the non-solvent, the aqueous solvent, the drug-loading percentage may be low [158].

While previously discussed methods may be considered a more conventional approach, they may suffer from
the generation of NPs with wide size distribution and large batch-to-batch variations [149]. This is one of the major
reasons for slow translation of nanoparticulated drugs to the clinic compared with non-carrier mediated delivery
systems. Many studies may be successful for small-scale in experimental settings, but they may be significantly chal-
lenged at the industrial level. Microfluidics techniques have shown to automate the fabrication process by generating
NPs with narrow size distribution; for example, the average size of polymeric NPs fabricated through microfluidics
is 50 nm with a polydispersity index (PDI) of 0.1 [149]. Microfluidics is based on the principle of manipulating
very small amounts of fluids, through channels having dimensions of tens to hundreds of micrometers [162]. Two
different methods are used when synthesizing NPs by microfluidics and both are dependent on the flow type.
Single-phase flow, otherwise known as continuous flow, is the most commonly used and is driven by laminar
flow [162]. Single-phase flow solves many challenges with nanoprecipitation as the method is more controllable and
reproducible [162]. The second method, multi-phase flow or droplet-based, involves at least two immiscible fluids.
Droplets are manipulated and formed inside microchannels. Parameters such as flow rates, channel dimensions,
and geometry allow control over the process. PLGA has been used to fabricate NPs by microfluidics using both
methods. These NPs formed spheres as small as 20 nm [149]. It is to be noted that microfluidic principles could also
be applied to the previously discussed fabrication techniques.

Polymeric NPs

Polymeric NPs are a type of NPs made of organic materials that can become multifunctional because of further
conjugation after the initial formulation of NPs [163]. Polymeric NPs are also the simplest type often using single-
chain polymers [164]. Many polymer chains contain groups such as carboxylic acids or amino groups that allow
molecules to be conjugated to them for various applications. In addition, polymers can be chosen depending on the
time needed to release a drug from the system. Polymers with specific functional groups, such as methyl groups, will
slowly hydrolyze in the body, hence slowing the release. Some polymer examples used include polylactic acid (PLA),
polyethylene glycol (PEG), polycaprolactone (PCL) and chitosan. PLGA (poly lactide-co-glycolide) is a common
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Figure 5. In vitro release of temozolomide from monoclonal
antibody-modified and non-modified PLGA nanoparticles in
phospate-buffered saline (pH 7.4, 0.01 M) at 37°C. Free TMZ was
used as control. Results are represented as mean £ SD (n = 3).
mAb: Monoclonal antibody; NP: Nanoparticle; TMZ:
Temozolomide.

Time (h) Reprinted with permission from [90].
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polymer used in the fabrication of polymeric NPs and combines both PLA and PGA. PLGA is biodegradable as well
as biocompatible and is approved by FDA. Varying the ratio of PLA to PGA allows for fine tuning of drug release,
compared with each polymer alone, because as the ratio of PLA:PGA increases, the rate of hydrolysis decreases,
slowing the release of drug. One group fabricated PLGA NPs using an emulsion-solvent evaporation technique
and loaded them with TMZ for treatment of GBM [90]. The NPs were then conjugated to a transferrin receptor,
OX26 mAb. By encapsulating TMZ in the NPs, an 7z vitro study showed that the NPs slowed the release profile
of TMZ. A slower release profile would allow for more of the drug to be delivered to the tumor and less of adverse
systemic effects (Figure 9).

NP:s for the delivery of a TMZ-ester for increased drug delivery for GBM were also developed by Chu ez 4/. [165].
The PLGA NPs were constructed using an emulsion-solvent evaporation technique. PLGA and the TMZ-ester
were dissolved in acetone and dichloromethane (DCM) and then added to a 1% polyvinyl alcohol (PVA) for
sonication. These NPs were then conjugated to an anti-human ephrin type-A receptor 3 tyrosine kinase antibody
to target GBM intranasally, which is a membrane-associated receptor over-expressed in the vasculature in GBM
tumors. The conjugated NPs were approximately 146 nm and targeted the brain more effectively than unlabeled
NPs as measured by fluorescence imaging in the 7z vivo rat models. While 20-50 nm particle size range has been
found to be most favorable for crossing the BBB, carrier material type, particle shape, surface morphology with or
without receptor binding all determine the optimal BBB crossing of the particulate systems [166,167).

Micellar nanoparticles
Micelles are amphiphilic surfactant molecules that spontaneously aggregate into spherical NPs [168]. In an aqueous
environment, the hydrophobic tail group of micelles collects toward the center of the spherical particle and the
hydrophilic head group of the micelles collects toward the outer edges of the particle. Micelles are formed by
self-assembly through the hydrophobic and hydrophilic groups. A recent review covered the details of fabrication
and characterization of polymeric micelles for anticancer drug delivery [169. Micelles are beneficial because of their
advantages in delivering hydrophobic drugs as well as their small size. Some examples of polymers that have been
used to formulate micelles include poly(ethylene oxide) (PEO), poly(propylene oxide) (PPO), polystyrene (PS) and
PCL [154,168]. Micelles are heralded for their small size and can also be integrated into polymers and provide a
simpler assembly as opposed to liposomes. While their small size is beneficial when crossing the BBB, it may lead
to rapid clearance and limit drug-loading capacity [151,170]. In addition, compared with other NPs such as polymer
NPs, micelles lack strong intermolecular interactions with the encapsulated drug causing premature leakage [170].
One example of micelles utilized for the treatment of GBM includes the use of PCL and methoxy-PEG
copolymer [171]. Methoxy-PEG-PCL encapsulated both doxorubicin and honokiol for co-delivery. PCL formed
the hydrophobic core while PEG was effective at stabilizing the shells of the micelles in an aqueous environment.
The micelles were 34 nm in size and showed strong anti-cancer effects such as tumor cell apoptosis, decreasing cell
proliferation and tumor angiogenesis compared with single drug micelles [171]. Another group fabricated PEG-PLA
micelles and conjugated cyclic-arginine-glycine, Aspartic acid-D-tyrosine-lysine (c-RGDyK) to target integrin o, 3
which is over-expressed on GBM neovasculature [172]. The micelles were loaded with PTX and were administered
to mice. Figure 6 displays the percent survival of treating the mice with the micelles and shows that the drug-loaded
micelles allowed for a significantly improved median survival time [172]. Mice were implanted with 5 x 10¢ U87MG
cells and once the tumors reached 40—100 mm?, the mice were given 100 pl of one of the following: saline, free
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Figure 6. Kaplan-Meier survival curve of mice bearing intracranial U87MG glioblastoma. Mice received four doses
treatment of ¢(RGDyK)-PEG-PLA-PTX micelle survived significantly longer than mice that received i.v. administrations
of PEG-PLA-PTX micelle (p < 0.05, log-rank analysis), Taxol® (p < 0.01) or saline (p < 0.01).

PTX: Paclitaxel.

Reprinted with permission from [63].

PTX (Taxol), PEG-PLA-PTX micelles, or ((RGDyK)-PEG-PLA-PTX micelles containing 7.5 mg of PTX/kg body
weight.

Polymer-micellar nanoparticles

Polymer-micellar NPs could combine many of the advantages of polymer NPs and micelles while potentially
avoiding some of their respective disadvantages. For instance, the polymer component provides structural stability
while the micelle component allows decreased size [168,170]. In addition, compared with traditional micelles, the
combination of both components escapes rapid excretion, seen with micelles, as polymeric NPs could sustain drug
release over time. Micelles are known to possess good renal clearance because their hydrodynamic diameters are
similar to globular proteins, and it has been shown that globular proteins of approximately 5-6 nm are associated
with the ability to clear via renal filtration or urinary excretion [173]. The larger size of polymer-micelles prevents
rapid renal clearance. Nabar ¢z a/. produced polymer-micellar NPs containing both PLGA and poly (styrene-block-
ethylene oxide) (PS-6-PEO) [170]. PLGA/PS-6-PEO particles with a polymer: micelle ratio equal to five achieved
a particle size of about 50 nm. These particles achieved a sustainable drug release characteristic across 25 days.
However, the NPs lacked functional characteristics such as the ability to target a specific tissue or disease or to track
via imaging.

Smiley ez al. developed similar polymer-micellar NPs and loaded them with both TMZ and RG7388 [161]. These
NPs were also conjugated with a 15-nucleotide base-pair CD133 aptamer to target the CSC population for in
vitro studies. Figure 7 shows that targeted TMZ + RG7388 NPs had a higher percent cytotoxicity to GBM CSCs
compared with non-targeted TMZ + RG7388 NPs, TMZ containing NPs and empty NPs [161].

Solid lipid nanoparticles

Solid lipid NPs are also among the options for encapsulating the drug combinations for GBM treatment. Typi-
cally, the nanosystems designed contain synthetic polymers that were previously listed including PLGA or PEO.
While they have many advantages such as functionalization capability and versatility in their physicochemical
properties, many present toxicity issues from acidic byproducts that may make them inappropriate for extended
brain delivery [174]. Lipid-based NPs have been at the forefront of latest research due to becoming a pivotal role
in COVID-19 vaccine success [175]. Solid lipid NPs have advantages such as incorporating biocompatible lipids in
their synthesis, high drug-loading capabilities, and controlled drug release [174,176]. Another advantage is that they
have been regarded as easy-to-produce formulations [177].

While solid lipid NPs overcome many disadvantages associated with other nanosystems, they are challenged
with the expulsion of the encapsulated drug, their tendency to gelate, and their low encapsulation efficiency due
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to the lack of empty spaces in the lipid core [174]. Solid lipid nanoparticles can be produced by methods such
as high-pressure homogenization, solvent emulsification/evaporation, supercritical fluid extraction of emulsions,
ultrasonication, and spray drying [174,178]. The MDM2 inhibitor, Nutlin 3A and superparamagnetic NPs were
both encapsulated in solid lipid NPs to not only treat GBM, but also to direct the NPs to the tumor site using
magnetic fields [176]. These NPs that were prepared through a solvent evaporation technique demonstrated the
ability to cross an in vitro BBB model and pro-apoptotic activity in U87 GBM cells superior to free drug (176]. In
the study, increased expression of p53, p21 and MDM?2 all correlated to a cytotoxic effect of drug treatment [176].
Figure 8 shows that treatment with Nutlin 3A-loaded magnetic NPs significantly increased expression of p53 and
p21 compared with control, empty NPs, and free drug in U87MG cells [176).

Liposomes

Liposomes are an important member of the nanoparticle community that have been investigated for treatment
of GBM tumors. Doxil®, a PEGylated liposomal-based doxorubicin (100 nm with 10,000—15,000 doxorubicin
per liposome), was the first nano-drug to be approved by the US FDA in 1995 for the treatment of AIDS-
related Kaposi’s sarcoma, in 1999 for the treatment of ovarian cancer, and in 2007 for the treatment of multiple
myeloma. Liposomes are lipid-bilayer vesicles known for their ability to encapsulate a wide variety of drugs,
their biocompatibility, non-immunogenicity and commercial availability [93]. They are artificial drug carriers that
can be made of cholesterol and natural phospholipids [179]. Using lipids provides the opportunity to carry both
hydrophobic and hydrophilic drugs because lipids are amphipathic. Liposomes form lipid bilayers resemble that of
the cell membrane; they have polar ends and the components chosen to form the liposome govern the degree of
charge and their size. One advantage to using liposomes is their stability once a drug is encapsulated. This stability
is crucial when systemically delivering NPs as it keeps healthy tissues clear of potential toxic chemotherapy drugs.
Other than stability, liposomes are also effective drug delivery vehicles for their site avoidance effect and their
flexibility in design by conjugating site-specific ligands [179]. Disadvantages of liposomes include low solubility,
short half-life and high cost production [179].

Liposomes are formed in a similar manner as micelles by self-assembly through the hydrophobic and hydrophilic
groups. However, liposomes form a bilayer, like a cell membrane, and have the capability to contain both hy-
drophilic and hydrophobic drugs [168]. An example of liposomes for the treatment of GBM comes from the
fabrication of polyethyleneglycol-carbamyl distearoylphosphatidylethanolamine (DSPE-PEGi000-NHS) loaded
with chemotherapeutic drugs doxorubicin and erlotinib, then further conjugated with transferrin for mediated
transcytosis and penetratin for enhanced cell penetration [180]. These liposomes were fabricated using a thin film
hydration, but compared with micelle formation with solvent evaporation, this method involved additional steps.
For instance, they used three different phospholipids with DSPE-PEG ;0¢0)-penetratin, a pH gradient to encapsu-
late doxorubicin and a G100 sephadex column [180]. This fabrication resulted in a particle size greater than 150 nm
and a polydispersity index (PDI) of 0.193. While the construct was effective at decreasing tumor volume over time
in mouse 7z vivo models, the synthesis of such a construct can take time and be quite costly with the materials
needed. In addition, this construct lacked a targeting moiety to effectively target the GBM tumor direct and
resulted in offsite binding in other organs such as the spleen and heart [180]. Another group fabricated PTX-loaded
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Figure 8. Western blotting analysis of markers involved in apoptosis. (A) Expression of p53 and its downstream
proteins (MDM2 and p21) was analyzed on U-87 MG cells after 72 h of treatment with 100 pg ml-1 of Mag-SLNs, 1.33
uM of nutlin-3a, or 100 ng ml-1 of Nut-Mag-SLNs (corresponding to 1.33 uM of drug) and compared with control
cultures. (B) Quantitative evaluation of western blotting results.

SLN: Solid lipid nanoparticles.

Adapted from [176] Creative Commons Open Access.
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liposomes composed of cholesterol, DSPE-PEG and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) [181].
To enhance delivery across the BBB, the liposomes were extruded through a membrane to form microbubbles
and during 77 vive studies, the BBB was disrupted by focused ultrasound. Figure 9 compares different treatment
groups given to mice bearing intracranial GBM tumors. Compared with the control, PTX-loaded liposomes that
were encapsulated in microbubbles and aided across the BBB with focused ultrasound were the most effective at
increasing the percent survival [181].
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Nanoparticle for targeting of GBM CSCs

Nanoparticle functionalization

A major benefit to using NPs for drug delivery, is the capability to functionalize the NPs. They may be functionalized
with a number of targeting or internalization moieties for a variety of purposes. Most common reasons include
targeting the delivery system to a specific population of cells or to aid in diagnostics. One way to functionalize
NPs with additional molecules is through covalent bonding. Covalent conjugation can occur through the following
chemical groups outlined by Werengowska-Cieéwierz et al.: that use two thiol groups, two primary amines, a
carboxylic acid and primary amine, a maleimide and a thiol, or a hydrazide and aldehyde [182]. Covalent bonding
may be more beneficial than noncovalent because while toxic reaction agents may be used, covalent bonding is a
stronger bond and provides more control over the reaction. The amide formation reaction is a two-step procedure
that utilize a carboxylic acid N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) reaction [182,183]. PLGA with a carboxylic acid group is activated with EDC to facilitate binding to NHS.
This allows the covalent bonding of primary amines containing molecules such as a peptide or an aptamer to the
NHS group. EDC reacts with the carboxylic acid and forms an O-acylisourea intermediate that is displaced by the
primary amine. NHS is used to improve the efficiency of the binding by forming a more stable intermediate. The
polymer containing the carboxylic acid could be combined with a polymer containing an NHS group [161]. Because
the amine reactive NHS ester is already within the NDPs, this eliminates the need for the use of EDC which may
provide toxicity to in vitro studies if not fully removed.

The versatility of NPs allows a vast array of options for developing imaging-based contrast agents. One example
is using zirconium-89 (¥?Zr) for positron emission tomography (PET) imaging given its high 511 keV gamma
emission [142]. 8 Zr was originally utilized for antibody labelling because its longer half-life of 78 h corresponds
with the 3-day half-life of circulating therapeutic antibodies. This allows an optimal amount of time for labeling
the NPs and the ability to monitor the biodistribution of NPs i% vive over time. To effectively chelate the ¥ Zr to
the NPs, deferoxamine (DFO) is used as a chelating agent. DFO is a hexadentate siderophore that has the ability
to chelate metals through three hydroxamate groups [184]. DFO is covalently conjugated to an amino group on the
NPs through amide formation. The 8Zr is then contained on the inside of the DFO in a ring-like structure to
allow for imaging of the NPs. The goal is to maintain the °Zr covalent bond to the NPs throughout their time
travelling to the tumor and this can be studied using labelling efficiency studies. Using this process, Veronesi ez al.
was able to achieve a 60% binding efficiency when labelling polymer micellar NPs using DFO [185].

Nanoparticle targeting molecules

While GSCs appear to be a driver of GBM tumor recurrence and drug resistance, they may also hold the key
to improved therapy, if not a cure, if they can be selectively targeted. Along with CD133, GSCs also express
other biomarkers including CD44, CD95, Nestin and GFAP, which provide additional potential options for GSC
targeting [186]. Recent studies have shown the AC133 epitope on CD133 is a more specific marker for CSCs [1].
During CSC differentiation, the AC133 epitope becomes sequestered, which is therefore only present during
its undifferentiated state. This provides an important opportunity for targeting the undifferentiated CSCs in a
selective manner. Given the difficulties associated with developing antibodies to the AC133 epitope, aptamers
are instead being developed because of their ability to conform to any three-dimensional shape to reproduce the
active binding site of the target ligand. Additional advantages of aptamers include reduced immunogenicity which
prevents premature clearance, high reproducibility, stable conformation and much smaller size compared with
antibodies, which may increase the likelihood of crossing cellular barriers. Figure 10 shows an approximate size
increase by conjugation of an antibody versus an aptamer to nanoparticle surface. Conjugating the entire antibody
could result in an increase in size while a fifteen base pair aptamer specific to the epitope that can be conjugated to
the NPs and potentially maintain the original size.

Aptamers have been previously conjugated and used as a targeting agent in drug delivery via nanosystems. Gui
et al. used an aptamer for CD133 to conjugate lipid polymer NPs for drug delivery to osteosarcoma initiating
cells [187]. Addition of the aptamer increased the size of NPs by only 7 nm. In an in vivo model of BALB/c
nude mice bearing an osteosarcoma xenograft of Saos™ cells, the targeted particles reduced tumor size more
avidly compared with nontargeted NPs [187]. Shigdar ez /. identified and produced a 15 nucleotide RNA aptamer
(5'-CCCUCCUACAUAGGG-3') conformation that binds to the CD133 epitope for greater penetration and
more stable uptake into tumor spheres generated by either colorectal cancer cells or embryonic kidney cells [188].
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Therefore, using this aptamer in a drug delivery system can potentially enable a highly efficacious, site-specific
therapy, thereby reducing non-specific unintended side effects.

Theranostics

The term ‘theranostic’ was coined in 2002 by Funkhouser and is defined as a material that combines the modalities
of therapy and diagnostic imaging [189]. This is an emerging field where both therapeutics and diagnostic imaging
agents for pretreatment, planning and real-time monitoring or posttreatment assessment are co-delivered [142].
There are many different compounds that can be used as the diagnostic imaging agent. Imaging agents such as
iodine-123, yttrium-86 /yttrium-90, zirconium-89, or terbium isotopes can be used for theranostic imaging [161,190].
Examples such as iodine-131 and lutetium-17 can be used as both the therapeutic and the diagnostic agent [190].
Radioactive isotopes can be labelled directly to different therapies. For example, iodine-123 and iodine-131 was
labelled to metaiodobenzylguanidine (MIBG) has been used for theranostics in neuroblastoma [191]. Iodine-131
can provide therapy and imaging, while the labelling with iodine-123 enhances the imaging effectiveness [192].
Typically, direct imaging of small-molecule therapies, such as a combination therapy of TMZ and PTX, poses
a challenge for in vivo analysis. In general, the diagnostic approaches together with therapeutic agent provide
information of trafficking pathways, kinetics of delivery and real-time assessment of therapeutics efficacy [193.
Adding imaging tracers directly to the molecule increases the risk that the imaging agent interferes with an active
site and may reduce the therapeutic efficacy [142]. In addition, conjugating an imaging agent to the therapeutic
molecule may negatively alter the biodistribution and pharmacodynamic/pharmacokinetic profiles [142]. To reduce
the potential for interfering with a drug’s active site after conjugating an imaging agent, the use of nanosystems
could be employed. Nanosystems can be engineered to tailor to the overall goal of the theranostic. By labelling a
drug carrier, the overall fate of the therapy could still be studied while potentially avoiding a drug’s effectiveness.

Conclusion

The poor prognosis and dismal few months of life for a GBM patient necessitates that we think in new and
innovative ways with a sense of urgency. GSCs represent a key means of recurrence and resistance in need of new
thinking about how we approach GBM treatment. TMZ stands as a lone beacon of light that quickly fades in
the presence of GBM’s insatiable capacity to overcome any single drug approach to date. Multidrug combination
therapy is becoming a standard approach to many cancers and is most likely going to be necessary to overcome
GBM'’s many survival tactics. In this review, we discussed one of many possible rationales for thinking about
multidrug therapy and an integrated role for a targeted nanotechnological approach against GSCs.

Future perspective

With the advent of checkpoint inhibitors, the tide against many cancers has turned. It is now only a matter of
time before new approaches are found for the cancers that remain resistant to therapeutic intervention, including
GBM. Cancer resistance to promising therapies is a major issue of our time and new ways around this resistance
need a laser-like focus. Development is needed on all fronts using all available resources. No stone must remain
unturned in the quest for the answer. Smaller TME niches where certain key CSCs reside is a topic worthy of
further investigation and understanding, and approaches that shut down the continuous self-renewal capacity of the
most resistant malignancies represent a promising area of research. Nanotechnology is still in an infantile period of
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discovery and exploration. Nanoparticle technology is a key element of the success of the Covid-19 vaccines, which
has revolutionized our fight against the SARS-CoV-2. As of 3 April 2022, 331.65 million doses of Pfizer/BioNTech
and 210.69 million doses of Moderna Covid-19 vaccines have been administered in the USA, that are based on
nanoparticle technology based lipid vesicles of mRNA [194]. A nano-sized device that can offer countless possibilities
should and must be explored toward a new frontier in discovery and innovation against GBM.

Executive summary

o Glioblastoma (GBM) patients experience a poor prognosis from the tumor’s resistance to therapy; therefore, the
need for new treatment options is imperative.

Glioblastoma overview

o GBM is an aggressive tumor with a very low survival rate that often taxes patients financially.

e The tumor is diagnosed and assessed by imaging techniques such as magnetic resonance imaging (MRI), to
determine the size and extent of edema.

o GBM is characterized pathologically by the highest loss of glial fibrillary acidic protein (GFAP) and cell irregularity.
Key biomarkers include isocitrate dehydrogenase (IDH1 or 2) mutations, methylated O®-methylguanine
methyltransferase (MGMT) and 1p/19q codeletion.

o Current treatment is limited to surgical resection, radiation, and chemotherapy; however, the tumor often
inevitably recurs with undefined second-line therapies.

Glioblastoma cancer stem cells

o GBM cancer stem cells (CSCs) are thought to be the driving force in a theoretical hierarchy for treatment
resistance.

o No single molecule defines CSCs as the specific tumor and surrounding tumor microenvironment are thought to
govern the expression of specific markers. The identification of CSC biomarkers allows for tumor targeting.

e CD133, thought to be involved in membrane formation, is a glycoprotein on CSCs. As few as 100 CD133* CSCs
have been found to induce tumor formation.

o Nestin is another biomarker of CSCs that has been found on CSCs, but not non-CSC cells to allow for specificity.

o High expression of CD44 is indicative of tumors with greater self-renewal capacity and increased production of
secondary tumors.

Glioblastoma drug treatment

e TMZ is the standard chemotherapy against GBM; however, side effects from nonspecific DNA methylation and
poor serum stability warrant new treatment options.

o The blood-brain barrier is an obstacle for TMZ to treat the tumor, but CSCs are thought to be the main cause of
GBM recurrence due to their ability to repair the DNA damage caused by TMZ.

o Idasanutlin (RG7388) is an MDM?2 inhibitor and a treatment option for GBM tumors with normal p53 as it passes
through the blood-brain barrier. Nanomolar concentrations have been found to provide therapy in tumor cell
lines and the drug is currently in clinical trials.

o Paclitaxel (PTX) is an anti-microtubule agent and has been used to treat several cancers. PTX is very potent
against GBM but has limited solubility. Use of PTX in GBM tumor treatment will benefit from the incorporation of
nanosystems in their delivery.

o Previous studies have shown that TMZ in combination with RG7388 or PTX work synergistically against GBM cell
lines; their co-treatment may overcome TMZ resistance and eliminate residual CSCs.

Nanomedicines for stem cell resistant GBM treatment

o Chemotherapies for the treatment of GBM tumors may benefit from the use of nanosystems as delivery vehicles.
Nanosystems help transport drugs across the blood-brain barrier that may have otherwise been limited by size or
polarity.

o Nanoparticles (NPs) are a type of nanosystem characterized by small size and enhanced permeability and
retention (EPR) effect.

o NPs may increase the bioavailability of poorly soluble drugs, have increased surface area, and may be composed
of a variety of biodegradable and non-biodegradable materials.

o The differing types of NPs (polymeric NPs, micellar NPs, polymer-micellar, solid lipid NPs, liposomes) and various
fabrications methods (nanoprecipitation, emulsion, microfluidics) allow for customization to the drug and
desired characteristics (drug release profile, size and biocompatibility).

Nanoparticle targeting of GBM CSCs

o By using NPs as drug delivery systems, GBM CSCs can be targeted directly. NPs may be functionalized with several
molecules for different purposes by methods such as covalent bonding or amide formation.

o Aptamers are advantageous targeting molecules because of their ability to conform to any shape, small size
compared with antibodies and stable conformation.

o NP conjugation also opens the door of theranostics. By conjugating imaging-based contrast agents such as
zirconium-89 (8°Zr), treatment systems may be developed to not only eliminate the tumor, but for diagnostic
imaging.
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Conclusion

o Current standard of care treatment is no longer a viable option for GBM patients due to tumor recurrence driven
by GBM CSCs. There are several options available through the concept of combination therapy integrated with a
targeted nanotechnological approach.

Future perspective & opinion

o Cancer resistance is a major problem for our time and targeting the smallest niche of CSCs and tumor origin may
be the key with further investigation and understanding. Nanotechnology has proven vital in the success of the
Covid-19 vaccines and may provide an answer to limited advancement in GBM tumors.
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