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Abstract

Glioblastoma multiforme (GBM) is the most aggressive type of malignant brain tumor. Current
FDA-approved treatments include surgical resection, radiation, and chemotherapy, while
hyperthermia, immunotherapy, and most relevantly, nanoparticle (NP)-mediated delivery systems
or combinations thereof have shown promise in preclinical studies. Drug-carrying NPs are a
promising approach to brain delivery as a result of their potential to facilitate the crossing of the
blood-brain barrier (BBB) via two main types of transcytosis mechanisms; adsorptive-mediated
transcytosis (AMT) and receptor-mediated transcytosis (RMT) and their ability to accumulate in
the brain thus providing local sustained release of tumoricidal drugs. NP-based drug delivery has
the potential to significantly reduce drug-related toxicity, increase specificity and consequently
improve the lifespan and quality of life of patients with GBM. Due to significant advances in the
understanding of the molecular etiology and pathology of GBM, the efficacy of drugs loaded into
vectors targeting this disease has increased in both preclinical and clinical settings. Multi-targeting
NPs, such as those incorporating multiple specific targeting ligands, are an innovative technology
that can lead to decreased off-target effects while simultaneously having increased accumulation
and action specifically at the tumor site. Targeting ligands can include antibodies, or fragments
thereof, and peptides or small molecules, which can result in a more controlled drug delivery
system compared to conventional drug treatments. This review focuses on GBM treatment
strategies, summarizing current options and providing a detailed account of preclinical findings
with prospective NP-based approaches aimed at improving tumor targeting and enhancing
therapeutic outcomes for GBM patients.
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Introduction

There are two major types of glioma recognized in humans: diffuse glioma and
circumscribed glioma. Diffuse gliomas are the most common primary central nervous
system (CNS) neoplasm that include astrocytomas, oligodendrogliomas and
oligoastrocytomas; and can become malignant and aggressive (1). In 2016, the World Health
Organization updated their classification of brain tumors from the more conceptual
definition used previously by including histology as well as features at the molecular level
which led to the development of a grading scale (2, 3). As a result, diffuse gliomas are
classified in the range of grade Il — grade IV and include glioblastoma multiforme (GBM), a
grade IV astrocytoma (4). The total incidence of both diffuse and circumscribed gliomas is
approximately 18 per 100,000 persons in the United States and 7 per 100,000 persons
worldwide; however, nearly all of these cases are diffuse gliomas (5, 6).

GBM is considered the most malignant and aggressive human brain tumor type as well as
being the most common form of brain tumor in adults. Most glioblastomas (~90%) originate
de novo from normal glial cells with no evidence of low-grade glioma and are clinically
classified as primary glioblastomas; while secondary glioblastomas develop from low-grade
gliomas (7, 8). Primary and secondary glioblastomas differ in both their oncogenic ontogeny
and rate of tumor growth, with primary glioblastomas growing more aggressively than
secondary glioblastomas (3, 4, 9); however, they both share similar morphological features
and lead to similar clinical symptoms (10). Worldwide, GBM causes more than 100,000
deaths per year (11), and the incidence rate in men is higher than in women (12).

GBM most commonly occurs in the cerebral hemispheres of the brain, such as the frontal
and temporal lobes (13-15); however in some patients, GBM has been found in the
cerebellum, brainstem and spinal cord (15, 16). Unlike other rapidly growing tumor types,
GBM possesses low metastatic potential (17-21).

GBM tumors are often highly vascularized in order to receive an adequate blood supply and
nutrients which facilitate tumor progression. The most common clinical signs of GBM,
namely headache, vomiting, focal or progressive neurologic deficits, seizure, vision
disturbance and frequent syncope, are dependent on the size and location of the tumor as
well as the rate of increasing intracranial pressure (22). For diagnosis, computed
tomography, and magnetic resonance imaging (MRI) scans are performed.

Since the 1930’s, an increasing number of therapeutic strategies have been introduced to
treat GBM, the timeline of which is outlined in Figure 1 (23). These treatment strategies
range from physical and chemical to monoclonal antibody-based therapies (23). Although
such treatments may improve patient quality of life and prolong survival, many have
limitations such as high expense, the need for specialized and precise surgical tools (e.g.
surgery) or have adverse side-effects (e.g. radiation and chemotherapy). In addition, the
blood-brain barrier (BBB) can prevent access of drugs to the tumor, and thus methods for
drug delivery across the BBB need to be developed.

Nanoparticles (NPs) can potentially facilitate the delivery of drugs across the BBB. In
addition, due to their physicochemical properties, ability to self-assemble, biocompatibility,
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and tunability with respect to surface decoration for tumor targeting, NPs have great
potential in combatting GBM (24-26). NPs are also able to provide controlled drug release
thereby reducing the number of required doses (27).

Here, we review treatment strategies currently used, or being investigated as approaches, to
combat GBM. Particular focus is placed on novel NP-based drug delivery systems and the
preclinical data demonstrating their capacity to overcome the BBB and specifically target
glioma cells as well as reduce off-target side effects, improve survival rates, and enable
efficient drug delivery to GBM tumors.

GBM treatment strategies

Surgery

The range of standard and prospective strategies for GBM treatments are summarized in
Figure 2. These all have advantages and disadvantages and are discussed further in this
section.

Surgery is usually the initial treatment and maximal safe surgical resection is performed in
more than 50% of all GBM patients (31); however, the procedure may result in damage to
surrounding healthy brain tissue, negatively affecting movement and language. Surgical
resection can be used in combination with imaging techniques and/or radiation therapy (32)
to improve surgical efficiency. The benefit of imaging techniques such as MRI (33) and
navigated transcranial magnetic stimulation are that they can be used to map and prevent
damage to the brain areas responsible for motor control (34). Surgery performed in
combination with MRI to map the functional cortex reduces the risk of postoperative motor
deficit (35, 36). Although the overall goal of surgery for GBM patients is maximal safe
resection, there are limitations to its effectiveness due to a variety of issues such as tumor
size, inadequate tumor removal, location of tumor, as well as patients’ condition (age,
gender or comorbidities) (37). Therefore, surgery is sometimes used in combination with
radiation or chemotherapy to increase median survival times (32).

Radiotherapy

Patients with GBM who receive radiotherapy are exposed to fractionated localized radiation
using a standard dose of radiation of 60 Gy with a range from 30.6 to 74 Gy (38).
Radiotherapy can be conducted using an external source, an internal source or radioactive
monoclonal antibodies (39-42).

External beam radiation therapy, the most frequently used method, produces high energy
beams applied externally to the brain to cover the whole tumor volume (39) whereas internal
radiation therapy, or brachytherapy, delivers radiation via a radioactive substance positioned
near or in the GBM tumor thereby reducing damage to more distal healthy brain tissue (42).
Certain strategies, such as three dimensional conformational radiation therapy or image
guided radiation therapy (43, 44), stereotactic radiosurgery (45) or proton radiation therapy
(46) apply a focused delivery of energy directly to the tumor, resulting in less damage to
healthy brain tissue as well as increased patient survival times. Tumor treating fields are a
U.S. Food and Drug Administration (FDA)-approved noninvasive antimitotic therapy that
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delivers alternating electrical fields of intermediate frequency (200 kHz) and low intensity
(47). These devices can improve median survival time of patients with recurrent GBM and
increase the apoptosis rate of human GBM cells (U87MG cells) in vitro (47, 48).

Cotara® is an example of a radioactive monoclonal antibody therapy, more specifically a
131)-]abeled chimeric monoclonal antibody (specific for DNA and histone H1) that delivers
cytotoxic radiation to sites of necrosis (i.e. GBM tumors). In a phase Il clinical trial
(NCT00677716), Cotara® showed an excellent safety profile and improved survival times of
GBM patients (40, 41, 49).

Supplemental to radiotherapy, KU60019, a kinase inhibitor, has been shown to have
radiosensitizing activity which increases the anticancer efficacy of radiation (50). In vivo
mouse studies using KU60019 in combination with radiation showed an enhancement of the
radiation effects, delayed GBM tumor progression, and prolonged median survival times
compared to radiation alone (51).

Although radiotherapy is typically an effective GBM treatment, there are some situations
where tumor response is poor, such as when the tumor is too large upon diagnosis or is
resistant to radiotherapy. In addition, there can also be undesirable side effects of
radiotherapy such as damage to the epithelial surfaces of the mouth and throat, hair loss,
lymphedema and heart disease (52).

Monoclonal antibodies

Bevacizumab is a human monoclonal antibody that inhibits vascular endothelial growth
factor (VEGF) to prevent tumor angiogenesis and is used as a standard of care for several
tumor types (53). It has been approved for GBM treatment in the US since 2009 (54). Due to
the immunosuppressive nature of VEGF (e.g. VEGF inhibits dendritic cell maturation),
bevacizumab may have the potential to alter the tumor microenvironment to favor tumor-
specific immune responses and potentially enhance tumor regression when used in
combination with immune checkpoint inhibitors. An ongoing phase Il trial (NCT02336165)
using bevacizumab in combination with the immune checkpoint inhibitor, durvalumab (an
anti-PD-L1 antibody), was designed to assess the potential synergy between these antibodies
in GBM patients (55). Even though the impact of bevacizumab on glioma tumor immunity
remains unclear at this stage, studies in other tumor types suggest that bevacizumab may
have immune stimulating effects and could be a candidate regimen in synergistic therapy
with immune-checkpoint inhibitors in non-small-cell lung cancer (NSCLC) patients (56—
58). Studies have also been performed in order to test the efficacy of bevacizumab when
combined with chemotherapeutic drugs. For example, a phase Il clinical trial
(NCT00921167) combining bevacizumab with irinotecan showed that the median survival
time of patients who received the combination treatment was higher than those that received
bevacizumab alone. Specifically, using bevacizumab and irinotecan showed a 6-month
increase in progression free survival rates compared to bevacizumab alone (59). Aside from
the potential therapeutic benefit that may be obtained by combining bevacizumab with
immune checkpoint inhibitors, bevacizumab has also been investigated in combination with
other antibodies. Cetuximab is a monoclonal antibody that acts as an epidermal growth
factor receptor (EGFR) antagonist. Cetuximab was used in a phase Il clinical trial in
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combination with bevacizumab and irinotecan to treat recurrent GBM patients after first line
standard temozolomide (TMZ) treatment failed. Despite there being well-tolerated toxicity,
the response rate was not found to be improved compared to treatment with bevacizumab
alone or bevacizumab + irinotecan (60). More promisingly, nimotuzumab, another EGFR
antagonist, has been used to treat newly diagnosed glioblastoma patients and was found to
increase overall survival significantly compared to standard radiochemotherapy (TMZ plus
radiation) (61). In an in vivo human GBM mouse model (i.e. xenogeneic model using nude
mice), treatment with nimotuzumab and TMZ resulted in downregulation of VEGF
expression, reduced angiogenesis as well as enhanced antitumor activity and survival when
compared to either treatment alone (62). Though monoclonal antibodies have high
specificity and high affinity for their targets, access to the brain is limited by the BBB and
thus the effectiveness of these treatments is hindered (40, 63). This hindrance is further
exacerbated by the fact that monoclonal antibodies have a large molecular size and low BBB
permeability (40). Similar to chemotherapies, these constraints mean monoclonal antibodies
require higher doses in order to be effective which causes damage to healthy off-target
tissues (63).

Chemotherapy

TMZ is the primary gold standard chemotherapeutic drug used for the treatment of GBM
(64). It is an orally delivered alkylating agent that exerts its cytotoxic effects through DNA
methylation (65). TMZ can be used with radiotherapy to improve the median survival of
GBM patients (66). TMZ can also be combined with O8-benzylguanine (O5GB)
(NCT00613093), an O%-methylguanine-DNA methyltransferase inhibitor, in order to restore
drug sensitivity in TMZ resistant tumor cells (67). A completed phase Il trial showed that
adding O8GB one day before dosing with TMZ restored sensitivity in TMZ-resistant
anaplastic glioma patients, but it was not significantly effective in GBM patients with TMZ
resistance (68). The authors suggested that the reason for the difference in effectiveness may
have been due to GBM tumors possessing greater interstitial pressures than anaplastic
gliomas. Due to the physiological restriction of the BBB, TMZ alone barely increases
survival times in GBM patients; therefore, combining TMZ with other therapies such as
radiotherapy or chemotherapy is needed to cause significant anticancer activity of TMZ and
prolong patient survival (52, 69).

Carmustine (bis-chloroethylnitrosourea, BCNU), an alkylating agent of DNA and RNA, can
be used to treat newly diagnosed glioblastoma and can improve median survival of patients
(70). BCNU wafers consist of biodegradable polymers containing 3.85% BCNU that, when
placed in the resection cavity of patients with primary or recurrent GBM, improve median
survival times (71). Glioblastoma cells overexpress T-type calcium channels involved in
promoting angiogenesis and invasion of tumor cells. Mibefradil, a novel chemotherapeutic
agent, can be used to block T-type calcium channels in patients with recurrent GBM and has
been shown to prolong progression free survival of GBM patients and increase overall
survival (72, 73).

Tandutinib is an inhibitor of type I1I receptor tyrosine kinases (e.g. platelet-derived growth
factor (PDGF) receptor-b, Fms-like tyrosine kinase 3, and c-Kit) that can be used to treat

AAPS PharmSciTech. Author manuscript; available in PMC 2022 February 11.


https://clinicaltrials.gov/ct2/show/NCT00613093

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wiwatchaitawee et al.

Page 6

patients with recurrent GBM. Unfortunately, the combination of tandutinib with
bevacizumab has been shown to exacerbate the commonly seen side effects such as
hypertension, fatigue and diarrhea without improving efficacy compared with bevacizumab
alone (74, 75). Irinotecan is an inhibitor of topoisomerase | and has demonstrated toxicity
against glioblastoma cells in preclinical studies due to its ability to cross the BBB (76). The
combination of irinotecan with other medications such as TMZ and bevacizumab have
demonstrated promising results for treating GBM. These combination treatments showed
increased anticancer activity, prolonged median survival times and improved tumor response
rates (59, 76, 77).

The chemotherapeutic agents have low BBB permeability, high liver accumulation, faster
renal clearance and low specific to GBM cells resulting in low therapeutic effects and more
off-target effects. In addition, multidrug resistance (MDR) mechanisms on the BBB (i.e. P-
glycoprotein or MDR proteins) could affect the efficiency of drugs for GBM treatment (27,
67, 78-81). NPs are a promising drug delivery system for GBM treatment to not only to load
anticancer agents and deliver them to the target GBM tumor cells, but also to reduce the
systemic toxicity of those therapeutic agents. Anticancer agents such as doxorubicin (DOX),
paclitaxel (PTX) and docetaxel can be entrapped into delivery systems such as NPs for
treating GBM even though these drugs are not used as first-line glioma treatments. This
gives encouragement for researchers to develop novel therapies and investigate GBM
treatments of this type both in vitro and in vivo. Although chemotherapy is typically an
effective GBM treatment, there are several obstacles that still need to be addressed: (1) the
majority of GBM tumors are unresponsive to TMZ due to O8-methylguanine-DNA
methyltransferase which limits its cytotoxic effects (67); (2) TMZ has low solubility and is
rapidly hydrolyzed under physiological conditions (78); (3) the function of the BBB renders
the majority of chemotherapeutic agents and targeted agents ineffective (27, 79); and (4) due
to anticancer compounds limited ability to cross the BBB, patients require multiple doses
which increases the toxicity and undesirable side effects (67, 80, 81).

Hyperthermia

Hyperthermia can be used to treat GBM patients (82, 83) and eradicate tumor cells by
generating heat using methods such as direct heating (84), focused ultrasound (FUS) (85),
electromagnetic methods at the target site (86, 87), or laser-induced interstitial heating (88).
The combination of NPs and hyperthermia is a novel approach that allows for controlled
heating of tumor tissue (87). Hyperthermia induces physiological changes in tumor cells that
results in their apoptosis. Temperatures ranging from 41-46° C activate many intra- and
extracellular degradation mechanisms such as aggregation of denatured proteins at the
nuclear matrix and protein misfolding both of which ultimately leads to apoptosis,
membrane dissolution, and cell necrosis (89). However, hyperthermia may also have a
detrimental effect on healthy tissues such as induction of cell death in neural cells and
increasing oxyhemoglobin saturation in red blood cells (87, 90).

Immunotherapy

The current standard treatments for GBM patients such as surgery, chemotherapy or
radiotherapy have limitations due to damage to surrounding healthy brain tissue and/or other
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adverse off-target effects. In addition, these conventional treatments have demonstrated only
minor enhancements in GBM patients’ overall survival. Thus, researchers have developed
immunotherapeutic strategies for GBM patients which have demonstrated evidence of
immunostimulatory effects in clinical settings (91). There are several immunotherapeutic
approaches that can be used including: autologous stimulated lymphocytes (92), immune
check-point inhibition (54), cytokine therapy (93), peptide vaccines and dendritic cell
therapy (94). Using immunotherapy, mean overall survival can be almost tripled (e.g. 38.4
months, compared to current standard of care; 14.6 months), as has been the case in clinical
trials on GBM patients receiving autologous dendritic cell vaccinations (94). For, as yet
unknown reasons, patient responses to these approaches can vary greatly; and it is likely, as
is also apparent for other tumor types, that immunotherapy of GBM patients will need to be
given in conjunction with other types of therapy if longer survival outcomes or “cures” are to
be achieved. For this strategy, the limitations are almost the same as monoclonal antibodies.
Antibody-based therapy and immunotherapy have utility as treatments for GBM and are
FDA approved; however, they are limited by the large molecular size of antibodies which
hinders its ability to cross the BBB and thus efficacy (40, 63).

Therefore, it is essential that researchers find alternative approaches to overcome the
limitations of current GBM treatment strategies and improve survival outcomes. NPs-based
therapy has emerged as an effective and promising alternative strategy.

Nanoparticles (NPs)

Desirable physicochemical characteristics for NP-based GBM treatments

Nanomedicines, and specifically NPs, are being investigated as potential approaches to
enhance the delivery of tumoricidal drugs in patients with GBM (26). NPs ranging from 1 to
1000 nm in diameter (d.) can be used for different purposes aside from drug delivery,
including gene delivery and diagnostics (95). Many types of NPs exist that differ in terms of
shape, size, charge, composition, and functionality; and they can be fabricated using a range
of techniques including nanoprecipitation, double emulsion solvent evaporation or
lithography (96). Using a nanoprecipitation method, NPs can be synthesized using
biodegradable and biocompatible polyester homopolymers such as polylactic acid (PLA),
polylactic-co-glycolic acid (PLGA) and polycaprolactone (PCL) that entrap/adsorb drug
compounds and, upon appropriate functionalization, can improve the delivery of
hydrophobic or hydrophilic small drug molecules to specific target sites (97). The use of
biodegradable polymers can result in controlled drug release lasting several days or weeks.
NPs can decrease the side effects of some drug compounds, improve solubility and
permeability and protect drugs from enzymatic and chemical degradation (98).

When synthesizing NP formulations, certain parameters such as particle size, surface charge
and composition may significantly affect brain uptake, cytotoxicity and therapeutic response
(99, 100). Jallouli et al. studied the ability of cationic versus neutral 60 nm porous NPs (with
maltodextrin backbones) to traverse the BBB in an in vitro BBB model previously shown to
correlate well with in vivo findings. Neutral NPs were found to traverse endothelial cells via
caveolae-dependent transcytosis. The authors proposed that the uptake may be mediated by
the glucose transporter (GLUT-1) and/or lectins. Both the cationic and neutral NPs
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successfully traversed the model BBB via transcytosis using a lectin-dependent mechanism;
however, transcytosis of the cationic NPs was less efficient (101). These results indicate that
surface charge could influence both binding to, and traversing through the endothelial cells,
and that both cationic and neutral porous NPs might be potential candidates for drug
delivery to the brain. One technique commonly used to modify the surface of NPs is the
conjugation of polyethylene glycol (PEG) to the surface, a process known as PEGylation.
PEGylation has been shown to decrease opsonization and, consequently, uptake by the
reticuloendothelial system (RES), resulting in prolonged circulating half-lives of the
PEGylated NPs (102). In a study by Zhao et al., they used a GBM mouse model to
demonstrate the safety and efficacy of PEGylated polyamidoamine (PAMAM; 5t
generation) dendrimer NPs when conjugated to the CREKA peptide. They showed that these
PEGylated NPs has a prolonged in vivo circulation time compared to uncoated NPs,
decreased the inherent toxicity of PAMAM and deeply penetrated GBM tissue (103-105).
There have been several in vivo studies using both healthy rats and mice as well as a mouse
breast cancer model that support the claim that PEGylated-NPs can effectively prolong
nanocarrier circulation in the blood and increase the stability of NP formulations compared
to uncoated NPs (106-108).

As stated previously, the treatment strategies for GBM patients such as surgery, radiotherapy
and hyperthermia are typically effective and safe GBM treatments (31, 38, 82, 83). The issue
with current GBM treatments stems from the fact that they are often not particularly
efficacious in the clinical setting (32, 52, 80, 81, 89). The reasons for their ineffectiveness
include: (1) invasive GBM cells can prevent the complete surgical removal of GBM tissue
making recurrence highly probable (32); (2) larger tumors have a poor response and often
develop a resistance to radiotherapy (52); and (3) these treatments cause damage to
surrounding healthy brain tissue and to the epithelial surfaces of the soft organs (i.e. mouth
and throat) (32, 52, 89). The use of NPs offers the ability to load anticancer agents into a
vehicle which allows them to have prolonged blood circulation, avoid the RES, and provide
protection from degradation all of which means the compounds reach the target GBM
tumors and maintain their anticancer activity (96). The composition, size and surface
characteristics of NPs can be easily modified to achieve drug delivery to brain tumors (95—
97).

An ideal NP system must have several physicochemical properties to be effective for drug
delivery to the brain such as being nontoxic, biodegradable, biocompatible and having a
particles size of less than 200 nm. Effective NPs are ones that do not produce an immune
response and have a controllable release profile. NPs which have been modified to
selectively target the brain are ones that will have the greatest potency (97, 98, 102, 109,
110). NPs are a useful approach to delivering drug compounds across the BBB for the
treatment of brain diseases such as GBM where oftentimes therapies have limited access to
the target disease tissue (111). However, there are several challenges of NP based delivery
for GBM treatment that should be addressed. NPs might have a broad size distribution (112—
114), be problematic to scale up (115), and can result in unwanted drug distribution and
accumulation in off-target tissues (i.e. liver) (116). In addition, using surfactants during the
NP fabrication process can cause toxicity (117, 118). In order to address these issues,
researchers have determined what properties of NPs are desirable for a successful GBM
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treatment formulation. The advantages and disadvantages of NPs as therapeutic vectors for
GBM treatment are summarized in Table I.

Mechanisms of uptake for GBM NPs

The major properties of NPs that control their brain targeting ability are their size, surface
charge, whether their composition is made of hydrophilic and/or hydrophobic polymers, and
the addition of targeting ligands on the NP surface. The nanostructure of the polymers used
for NP synthesis, such as PCL, PLA, or PLGA copolymers, enable anticancer agents to
cross the BBB, reach the target GBM tumors, and protect the drug from degradation and
RES which allows for more drug to reach the target and enhances the anticancer activity
(123, 129, 130). Additionally, smaller NPs with a ~90 nm d. can penetrate through the leaky
blood-brain tumor barrier and accumulate in the GBM tumor via the enhanced permeability
and retention (EPR) effect. This process does not require energy owing to the extravasation
at the site which propels the NPs by means of the intravascular and interstitial pressure
differential (128).

When discussing the mechanisms by which NPs cross the BBB, researchers have found that
there are two main types of transcytosis mechanism that NPs use namely adsorptive-
mediated transcytosis (AMT) and receptor-mediated transcytosis (RMT). To enhance the
transport of NPs via AMT across the BBB, NP conjugated with either cationic proteins or
PAMAM dendrimers were reported to enhance brain concentration in comparison to
unconjugated NPs (26, 125). Cationic NPs are attractive carriers because they may cross the
BBB by AMT (26, 125), however some researchers have suggested that both cationic and
neutral NPs cross the BBB via transcytosis using a lectin-dependent mechanism (101). Thus,
the effect of surface charge on AMT uptake needs further investigation. The issue with AMT
is that it is a non-specific process meaning cationic NPs will be taken up by off-target organs
leading to toxicity (103, 104). RMT, in contrast, is a more specific mechanism than AMT
making it an attractive alternative target for NP delivery to the brain. RMT is activated by
the use of specific ligands and other surface modifiers on the NP surface, which are
substrates for specific BBB receptors for example transferrin receptor (TfR)-specific
monoclonal antibody (OX26) (119), glutathione (131), low-density lipoprotein receptor-
related proteins (LRP) (122, 132), or interleukin-13 on the GBM cells (123). Surface
modification of NPs using CREKA peptides (103, 133) or PEGylation (103, 131) have also
been shown to improve their ability to cross the BBB via RMT and enhance their anticancer
activity against GBM. After NPs interact with the specific cell membrane receptors, they are
endocytosed into the cells via clathrin-dependent transcytosis or caveolae-dependent
transcytosis. Depending on the transcytosis mechanism used, either clathrin-1 proteins will
form clathrin coated vesicles or caveolin proteins will form caveolar vesicles. These vesicles
are responsible for encapsulating the NPs and moves them into the cell (134). Larger NPs
with a mean greater than 1 pm d. can be delivered via a non-selective uptake mechanism (i.e.
macropinocytosis) which forms large endocytic vacuoles using an actin-dependent process
to enter the cells (134, 135).
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NPs in GBM treatment

There has been a significant amount of research performed regarding the development of NP
formulations to treat GBM and Table 11 summarizes their various physicochemical
characteristics as well as salient findings. In pre-clinical studies, NPs carrying anticancer
agents often prolonged median survival times in pre-clinical GBM animal models compared
to soluble anticancer agents. NPs can be made from naturally sourced materials (e.g. gelatin,
chitosan, albumin or polysaccharides) or synthetic, and preferably biodegradable and
biocompatible, polymers such as PLA, PLGA and PCL (97). These polymeric NPs can
encapsulate chemotherapeutic drugs useful for GBM treatment and induce selective toxicity
at the target site.

One drawback of NPs as delivery systems for GBM is that, due to the phagocytic
macrophages located in the spleen and liver, many systemically delivered NP formulations
do not accumulate sufficiently in the brain to have an effect on tumor growth. Thus,
formulation modifications such as coating the NPs with hydrophilic surfactants have proven
to be beneficial in altering the biodistribution of the administered NPs, enhancing
accumulation in the brain, and also increasing circulation half-life of the NPs. Poly(n-butyl
cyanoacrylate) (PBCA) NPs loaded with DOX and coated with the surfactant, polysorbate
80 (Tween® 80), have been investigated as a potential therapy for GBM. Using these NPs in
a rat glioma model, Ambruosi et al. showed that the NPs delivered the drug across the BBB
after IV injection, and that these NPs increased median survival times with 35% of the
animals living for the entire length of the study (180 days) (136). Soluble DOX was less
effective with only 10% of the animals surviving for greater than 65 days, while untreated
animals survived for 18 — 24 days (136).

Steiniger et al. developed DOX-loaded PBCA NPs (270 + 20 nm d.) with or without a
polysorbate 80 coating, and investigated their therapeutic potential in a GBM tumor rat
model (137). The median survival time of animals treated with DOX-loaded PBCA-
polysorbate 80 coated NPs (injected 1V) increased by 85% and 24% compared to the
untreated control and DOX solution groups, respectively. NPs without the polysorbate 80
coating had a median survival time that increased by 38% compared with the untreated
control group (137). Pereverzeva et al. conducted a tolerance profile and toxicity study of
DOX-loaded PBCA NPs (240 £ 40 nm d.; injected IV) and DOX-loaded human serum
albumin (HSA) NPs (404 + 24 nm d.; injected IV) in healthy rats, demonstrating that both
NP formulations were safer and reduced testicular and cardiological toxicity (measured on
days 15 and 30) compared to soluble DOX (injected 1V). The dosing regimen of DOX was
3x 1.5 mg/kg spaced 3 days apart (113). In a different study using healthy rats, Gulyaev et
al. demonstrated that DOX-loaded PBCA NPs coated with polysorbate 80 (270 nm d.;
injected IV) increased DOX concentrations in the brain by more than 60-fold compared to
the uncoated equivalent indicating that the surfactant-coated NPs reached the brain more
efficiently (138). Borchard et al. performed an in vitro study using bovine microvessel
endothelial cells and found that coating poly(methyl methacrylate) NPs with polysorbate 80
led to a 5-fold increase in uptake into brain tissue compared to the uncoated NP control
group (139). Although the mechanism by which polysorbate 80-coated NPs traverse the
BBB has not been definitively established, their ability to effectively deliver drugs to brain
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tissue and significantly increase pharmacological effects compared to uncoated NPs and free
drug has been demonstrated in rodent models as well as in vitro (138-140).

Another study using the rat 101/8 GBM model showed that DOX-loaded lecithin-PLGA-
HSA NPs coated with the surfactant, poloxamer 188 (P188) (468 + 19 nm d.; injected 1V),
delivered DOX across the BBB at a therapeutically relevant concentration and significantly
reduced tumor growth compared to soluble DOX (141). HSA in this formulation functioned
as a NP stabilizer and was used instead of polyvinyl alcohol (PVA). Lecithin was used to
enhance efficacy of the NPs by increasing the amount of surface attached Pluronic
copolymer, a phenomenon also reported for other NP formulations (141-143). Previous
studies have demonstrated that using Pluronic copolymers such as P85 and P188 as
surfactant coatings on NPs enhances delivery to cancer cells although the mechanism by
which this occurs is uncertain (142, 144).

Aside from surfactants, specific ligands and other surface modifiers can be conjugated onto
polymeric NPs to enhance anticancer activity toward GBM, prolong blood circulation (124)
and reduce undesired off-target cytotoxicity of the drugs they carry (125). One example is
glutathione, an endogenous tripeptide that possesses antioxidant-like properties and is
actively transported across the BBB (145, 146). Moreover, glutathione has been used as a
targeting ligand by coupling it to PEGylated liposomes to enhance their uptake into brain
tissue via the glutathione transporter (126, 147). An in vivo study using female athymic
Friend leukemia virus B mice challenged with human glioblastoma cells (U87MG) showed
that DOX-loaded glutathione PEGylated liposomes (95 nm d.; injected IV) increased the
median survival time by 38.5% compared with saline treated mice. This formulation
increased the solubility of DOX, enhanced DOX activity as well as reduced side effects. For
these reasons, this formulation was used in clinical phase I/l1a trials (NCT01386580) (131).

Methoxy poly(ethylene glycol)-poly(e-caprolactone) (MPEG-PCL) NPs have been
investigated as nanocarriers to deliver anticancer agents to treat GBM. Xin et al. showed that
PTX-loaded MPEG-PCL NPs (72.5 £ 2.2 nm d.; injected 1) had antitumor activity in a
nude mouse human GBM model. The results showed that the mean survival time when
treated with PTX-loaded MPEG-PCL NPs was significantly longer (28 days) than mice
treated with Taxol (20 days) or PTX-loaded PCL NPs (23 days) (148). In another study,
Zhou et al. developed PTX-loaded PLGA NPs (71 £+ 13 nm d.; delivered intracranially) to
treat GBM and showed that they significantly increased median survival time in a tumor-
bearing rat model compared to free drug. These NPs also demonstrated the ability to deeply
penetrate the brain tissue as opposed to larger NPs (147 + 27 nm d.) and provided controlled
drug release (149). This enhanced delivery/penetration (under conditions of convection-
enhanced delivery) was reported to be due to the size of the NPs (71 £ 13 nm d.) since the
U87MG cells characteristically have a pore cutoff size range of 7 — 100 nm (150), occluding
NPs with greater than 100 nm d.. Because the NPs were delivered intracranially, the issue of
the BBB was circumvented. Hobbs et al. reported that long-circulating NPs in the 100 — 200
nm size range exhibited a more diffuse extravasation along the vessel while, in comparison,
NPs which were 380 — 780 nm in size extravasated in a more focal manner (150). In one
particular study, transferrin was used as a specific ligand on the surface of PTX-loaded NPs
(injected 1V) and resulted in increased cytotoxicity toward, and enhanced intracellular
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uptake by, a C6 rat glioma cell line compared to free drug and uncoated PLGA NPs (112).
The results confirmed that the therapeutic effects of PTX depended on transport of PTX
across the BBB and its ability to reach the glioma site.

TMZ-loaded PLGA NPs (194 + 1 nm d.) conjugated with a transferrin receptor (TfR)-
specific monoclonal antibody (OX26) demonstrated enhanced ability to cross the BBB,
resulting in increased anticancer activity of TMZ in in vitro studies. The TfR is highly
overexpressed on glioblastoma cells (151) compared to most normal tissues, thus making
this receptor an attractive active target for tumoricidal agents (119). By functionalizing the
NPs with anti-TfR monoclonal antibodies anticancer activity was enhanced by not only
improving their capacity to cross the BBB but also triggering enhanced uptake by GBM
cells.

Another target that has been exploited to localize NPs to glioma cells has been
interleukin-13 (1L-13) receptor alpha 2 (IL-13Ra2) which is highly overexpressed by glioma
cells compared to normal cells (152). Gao et al. developed a glioma treatment utilizing
docetaxel-loaded PEGylated-PCL NPs (113.4 nm d.) decorated with an IL-13 peptide ligand
(123). They found that the IL-13 peptide resulted in significantly increased anticancer
activity of docetaxel versus free drug and saline groups in a glioma-bearing murine model. It
was demonstrated that IL-13 functionalization of NPs resulted in increased cellular uptake
by glioma cells, altering the major uptake pathway from macropinocytosis to clathrin-
dependent endocytosis and increasing glioma localization (123).

Another example of a surface modification for targeting purposes is angiopep-2, a ligand for
LRP. NPs targeting LRP are transported across the BBB via LRP-mediated transcytosis and
are also taken up by glioma cells via LRP-mediated endocytosis (122, 132). These transport
mechanisms are illustrated in Figure 3. Xin et al. conjugated angiopep-2 to PEG-PCL NPs to
target the BBB and glioma cells in glioma-challenged mice (122). The mean survival time of
mice treated with PTX-loaded angiopep-2-PEG-PCL NPs (90 nm d.; injected 1V) was
significantly higher (35.8 days) than mice treated with saline (21.7 days), Taxol (24.1 days)
or PTX-loaded PEG-PCL NPs (29.7 days) (122). In addition to enhancing antitumor
efficacy, preliminary studies with the PTX-loaded angiopep-2-PEG-PCL NPs demonstrated
that this GBM treatment was safe compared to free drug solutions and showed no acute
toxicity to the brain, liver, kidney, or hematological system in mice (122).

Another target that has been researched for GBM treatment is miR-21, an oncogenic
microRNA (miRNA) that is overexpressed in glioma cells compared to normal brain tissue
(153). miR-21 plays an important role in cancer development because it is an apoptosis
suppressor (154). Seo et al. used anti-miR-21-loaded PLA-hyperbranched polyglycerol
(HPG) NPs (153 + 3 nm d.; intracranial convection-enhanced delivery) and demonstrated
promising findings upon treating malignant brain tumors in a rat model (155). The results
showed that the median survival of rats treated with anti-miR-21-loaded PLA-HPG NPs was
29 days compared to 24 days for the untreated group. This formulation was also used in
combination with TMZ solution and it was found that the median survival time was
prolonged to 50 days compared to 41 days for TMZ solution alone. This corresponded to a
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108% increase in median survival compared to the untreated group and a 22% increase
compared to TMZ solution alone group (155).

Some researchers have used dendrimers to generate drug delivery NPs to treat GBM.
Dendrimers are composed of repeating monomeric units, have extensive branching chains,
multivalent functional groups and possess an internal cavity surrounded by reactive terminal
groups (156). Their biocompatibility and biochemical properties could be beneficial as a
controlled and specifically targeted drug delivery system and to improve the
pharmacokinetic properties of drugs (156, 157). PAMAM dendrimer-based nanoplexes (or
dendriplexes) can be loaded with drugs and macromolecules such as DNA or small
interfering RNA (siRNA). Due to the high density of cationic charges on PAMAM,
dendriplexes form when they are mixed with negatively charged DNA or siRNA.
Dendriplexes can protect the nucleic acids from degradation and deliver them to their target
sites. In addition, modification of PAMAM by adding specific ligands can enhance targeting
to tumor cells overexpressing cognate receptors (158). In one study, PEGylated PAMAM
(5t generation) dendrimer NPs were conjugated to the peptide, CREKA, which can bind to
fibrin, an abundant component in GBM tumors. It was found that these small sized NPs
(7.52 £ 0.35 nm d.; injected IV) demonstrated high accumulation and deep penetration into
GBM tissue compared to normal tissues (103, 133). It should be noted however that no
therapeutic study was performed, and one potential issue could be delivering sufficient
quantities of a tumoricidal agent using such small NPs.

In another study by Li et al., DOX was coupled to the exterior of PAMAM (4 generation)
via acid labile hydrazone bonds [154]. Hydrazones are organic molecules similar to ketones
and aldehydes except that the oxygen is substituted with the N=NH, functional group. The
PAMAM-DOX conjugate was then PEGylated,; as it has been found that PAMAM
conjugated with PEG can decrease the inherent cytotoxicity of PAMAM (159). Finally,
transferrin was conjugated to the PEGylated PAMAM dendrimers, and tamoxifen solution
was encapsulated into the transferrin-PEGylated PAMAM-DOX dendrimers resulting in a
dendriplex with dual targeting properties due to the presence of transferrin and tamoxifen,
the latter of which has been shown to inhibit MDR as well as promote transport across the
BBB (127, 160, 161). This formulation showed a capacity to deliver drugs across an in vitro
BBB model as well as reduce the growth of avascular murine C6 glioma spheroids (in vitro)
(127). In the dendriplex formulation used by Li et al, the hydrazone linkages resulted in 32%
DOX release under weak acidic conditions (pH 4.5) and 6% at physiological pH 7.4 over a
period of 24 hours. This study indicated that acidic environments triggered a more rapid
release of DOX as well as demonstrating the stability of the dendriplex at physiological pH
(127). These results were corroborated by Lu et al. who recently reported the conjugation of
DOX and lactose-PEG via an acid labile hydrazone linkage, and found that the release of
DOX was significantly higher at pH 5.0 than pH 7.4 (162).

Combination of NPs with other strategies for GBM treatment

In a review by Choi et al., they summarized that using radiotherapy with high atomic
number (high-Z) metal NPs (i.e. gold or iron oxide) could significantly inhibit tumor growth
in comparison to radiation alone in an in vivo mouse model (163). The therapeutic effects of
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radiation were enhanced by the oxidative stress and DNA damage caused by these high-Z
NPs (164). In another study by Kievit et al., they showed that the majority of radiation-
induced DNA damage is a result of abasic lesions or single strand breaks. During the cell
repair process, apurinic endonuclease 1 (Apel) will cleave these abasic lesions via the base
excision repair (BER) pathway. Apel is a critical species for the proper function of the BER
making it a promising target to enhance the effectiveness of radiotherapy. Apel can be
delivered by NPs to sensitize GBM cells to radiation. In their work, Kievit et al. created
Apel:NPs complexes (48.5 + 4.0 nm d.; injected 1V) and found that the combination of
these complexes with radiation significantly extended the progression free survival time to
48 days compared to 32 days for radiation alone in a genetic GBM mouse model (165). In
this case, using Ape-1 NPs with radiation is a promising strategy for increasing the
effectiveness of radiotherapy. Additionally, NPs loaded with therapeutic agents can be used
in combination with non-invasive and reversible BBB disruption strategies (i.e. FUS,
ultrasound-targeted microbubble destruction (UTMD) or MRI-guided delivery) to enhance
their ability to cross the BBB and improve survival time in animal GBM models (166-168).
In a study by Timbie et al., chemotherapy agent cisplatin loaded into NPs (45.3 £ 2.5nm d.;
injected V) delivered with MRI-guided FUS improved survival time of F98 glioma rats by
61% and 64% compared to untreated control and NPs alone, respectively (166). Another
study utilized a C6 GBM rat model treated with cilengitide, a cyclic arginine—glycine-
aspartic acid (RGD) pentapeptide antagonist for the integrin receptors that are over-
expressed in GBM and tumor-invaded endothelial cells. Cilengitide-loaded NPs (105 + 1.78
nm d.; injected 1V) combined with UTMD significantly prolonged survival time (81.2 days)
compared to the normal saline group (16.5 days) and NPs alone group (30.4 days) (167).
This UTMD has been shown to increase permeability of NPs delivery across the biological
barrier into the brain without causing cellular damage (169) and to enhance glioma-targeted
therapy of cilengitide (167). Although FUS and UTMD have no therapeutic effects as GBM
treatments on their own, they can be used as a synergistic strategy when combined with
drug-loaded NPs.

Challenges to NP-based drug delivery to GBM

NP drug delivery systems are a promising means of treating various types of cancers,
particularly GBM. As described above, modifying NP surfaces such that they specifically
target membrane receptors can enhance their ability to cross the BBB and reach target
tissues. Using drug-loaded NPs versus soluble drugs can enhance cellular uptake, favor deep
penetration into tissues and decrease the off-target effects of the drug. Problematically, NPs
designed to cross biological membranes can cause undesired toxicities towards healthy
tissues. This can be due to excessive disruption of the integrity of intracellular/cellular
membranes by the NPs, potentially resulting in cell death (176). Although some NP
formulations possess the ability to deliver genes into the nucleus by passing through the
nuclear membrane, certain NPs can damage DNA often resulting from NP-induced oxidative
stress (117, 118, 177). Nanotoxicity can result from various physicochemical properties of
NPs such as size, shape and surface traits, which may significantly affect biological
interactions and chemical absorption in a non-specific manner (178).
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Biodistribution is an important consideration when it comes to administering NPs for drug
delivery purposes. Even though targeted-nanocarriers can improve the delivery of drug
compounds directly to target sites compared to soluble drug or non-targeting NPs, unwanted
drug distribution and accumulation in off-target tissues such as the liver and kidneys is still a
significant drawback (116). Another consideration is the biodegradability of the NP
formulation, since it is desired that the NPs are eliminated in a timely manner and without
generating toxic biproducts.

Currently, many researchers are developing NP formulations for GBM (and other diseases)
which do not have defined toxicity profiles or for which there is a paucity of toxicity data.
This is particularly the case when considering long term toxicity resulting from NPs that
may be eliminated more slowly from the body. Thus, standardized in vitro and in vivo
toxicity assays need to be performed in order to determine the nanotoxicity of NP-based
drug delivery systems.

Malignant brain tumors such as GBM possess an added degree of difficulty when it comes to
treatment compared to tumors in other parts of the body due to the BBB. To overcome this
and other challenges associated with brain tumors, various novel drug delivery systems such
as NPs have been designed, synthesized and evaluated for GBM treatment and have resulted
in prolonged median survival times in pre-clinical studies compared with the soluble
therapeutic agents. NPs have also been shown to reduce off-target effects compared to
soluble drugs. NPs can be designed to promote drug accumulation at the site of the brain
tumor and result in synergistic effects when combined with other treatments, not only for
brain tumors or GBM, but also for CNS related diseases. The significance of NPs as drug
delivery systems is increasing and from the results described here, a promising new era in
treatment of brain diseases, especially GBM, has the potential to unfold.
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Figure 1.
Timeline showing the various treatment strategies for GBM employed over the past several

decades.

1 combination of chemotherapy and radiation, 2 WHO develops universal system for
classifying brain tumors, 3 mapping the genome of glioblastoma (28), 4 FDA approval: the
treatment of recurrent GBM (29:30) and 5 TTFs have been approved (29: 30),
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The different types of physical, chemical, and biological GBM treatment approaches (PC =
preclinical testing stage, CT = reached clinical trials and FA = FDA-approved).
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Figure 3.
Schematic of the general mode of action of GBM targeting NP treatments. (A) NPs in blood

circulation cross the BBB via RMT. (B and C) NPs with specific-targeting ligands (e.g.
transferrin or angiopep-2) conjugated to their surface reach the GBM cells where they can be
taken up by receptor-mediated endocytosis which will ultimately lead to GBM cell death
(not shown).
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Table I.

Advantages and disadvantages of NPs used for GBM treatment.

Page 29

Advantages

Disadvantages

- Easily prepared (29

- Scaling up can be problematic (115

- Readily modified for targeting (103. 112, 119, 120)

- Surfactant can cause toxicity (117.118)

- Versatile vector for drugs, biological agents, and nucleic acids (26: 103, 112, 119, 120)

- Can result in unwanted drug distribution and
accumulation in off-target tissues such as the liver and
kidneys (16)

- High therapeutic efficacy (121-123)

- Broad size distribution (112-114)

- Increases drug circulation half-life (102124-126)

- Can be cytotoxic per sé9)

- Allows for controlled release 127

- Reduces drug-mediated toxicity (113.122)

- Smaller size NPs can take advantage of the EPR effect which lends to its ability
to accumulate in the tumor tissues (128)
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