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Abstract

Around three out of one hundred thousand people are diagnosed with glioblastoma multiforme, simply called glioblastoma,
which is the most common primary brain tumor in adults. With a dismal prognosis of a little over a year, receiving a glio-
blastoma diagnosis is oftentimes fatal. A major advancement in its treatment was made almost two decades ago when the
alkylating chemotherapeutic agent temozolomide (TMZ) was combined with radiotherapy (RT). Little progress has been
made since then. Therapies that focus on the modulation of autophagy, a key process that regulates cellular homeostasis,
have been developed to curb the progression of glioblastoma. The dual role of autophagy (cell survival or cell death) in
glioblastoma has led to the development of autophagy inhibitors and promoters that either work as monotherapies or as part
of a combination therapy to induce cell death, cellular senescence, and counteract the ability of glioblastoma stem cells
(GSCs) for initiating tumor recurrence. The myriad of cellular pathways that act upon the modulation of autophagy have
created contention between two groups: those who use autophagy inhibition versus those who use promotion of autophagy
to control glioblastoma growth. We discuss rationale for using current major therapeutics, their molecular mechanisms for
modulation of autophagy in glioblastoma and GSCs, their potentials for making strides in combating glioblastoma progres-
sion, and their possible shortcomings. These shortcomings may fuel the innovation of novel delivery systems and therapies
involving TMZ in conjunction with another agent to pave the way towards a new gold standard of glioblastoma treatment.
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Introduction

Glioblastoma multiforme, commonly called glioblastoma,
is the most common and aggressive primary brain tumor
in adults. With an occurrence of about 3.19 cases per
100,000 people and a median overall survival (OS) rate of
14.6 months, the prognosis of glioblastoma patients under-
going the current standard of treatment is grim [1, 2]. Glio-
blastoma is histologically characterized by anaplasia, high
levels of mitotic activity, cellular pleomorphism, nuclear
atypia, and coagulation necrosis. They are high grade, infil-
trative astrocytomas with extensive vascular proliferation.
The diffuse and infiltrative nature of these tumors prevents
complete surgical resection, leaving malignant cells that
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can prompt recurrence of the disease. Radiotherapy (RT)
and concomitant and adjuvant chemotherapy follow surgi-
cal resection to prevent recurrence and eliminate remaining
tumorigenic cells. RT is typically administered in fractions
of 1.8 to 2.0 Gy amounting to a total of 58 to 60 Gy at the
site of tumor resection, while concomitant chemotherapy
with the alkylating agent temozolomide (TMZ) is given
daily at a dosage of 75 mg/m? at the site of tumor resection.
After a four-week break, TMZ is administered as adjuvant
chemotherapy at about 150 to 200 mg/m? for a maximum of
six cycles [5]. The drug TMZ remains a landmark achieve-
ment since it is the only chemotherapeutic agent that has
shown survival benefit in Phase III clinical trials; how-
ever, limitations in its efficacy prevent it from substantially
improving the OS of all glioblastoma patients.

A major advantage of the DNA-alkylating chemotherapy
TMZ is that it has the ability to penetrate the blood—brain
barrier (BBB). When the drug is orally administered, it
converts into the active metabolite 5-(3-methyltriazen-
1-yl)-imidazole-4-carboxamide (MTIC) at physiologic pH.
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MTIC is an unstable compound that readily degrades into
the highly reactive methyldiazonium cation, a powerful
methylating agent. The most common DNA lesions that are
produced by the methyldiazonium ion are at the N position
of guanine, N; position of adenine, and the Og4 position of
guanine (O4-MeG). Although methylation of the O, gua-
nine is the least frequent, it is directly involved in induc-
tion of apoptosis in methylguanine-DNA methyltransferase
(MGMT)-deficient cancer cells. MGMT is a mismatch repair
(MMR) enzyme that readily repairs Og-MeG in normal cells
by removing the methyl adduct. However, errors occur in
DNA replication in MGMT-deficient cells, activating the
DNA MMR pathway. Since the MMR pathway cannot repair
the O4-MeG, which remains in the template strand, repeated
cycles of reinsertion and excision carried out by the pathway
lead to extensive DNA resection and induction of apoptosis
in the cells [3].

A limiting factor of TMZ chemotherapy is that only 45%
of patients have MGMT-promoter methylation, which inhib-
its the activation of MGMT. The other 55% of patients expe-
rience only little to no clinical benefits from TMZ chemo-
therapy [4]. Another limiting factor includes the acquired
resistance of the tumor cells to TMZ. In a landmark study, it
was found that patients that had undergone prolonged chem-
otherapy had tumors consisting of hypermutated clones with
mutations in the mutator S homolog 6 (MSH6) DNA-repair
enzyme [6]. This shows that the current method of treatment
can still cause recurrent, increasing growth of glioblastoma
even in patients that have MGMT-promoter methylation.

The poor prognosis that glioblastoma carries has spurred
the investigation of alternative therapeutic options that can
address the limitations of this gold standard of therapy and
increase patient OS and progression free survival (PFS).
Examples of alternative therapeutic options include anti-
angiogenic therapy, targeted molecular therapy, tumor-
treating fields (TTFields, otherwise known as alternating
electric fields or AEFs), and immunotherapy. However, ther-
apeutic barriers like treatment resistant glioblastoma stem
cells (GSCs), intratumoral and intertumoral heterogeneity,

signaling pathway redundancy, and the BBB make creating
an effective therapy difficult [7-10].

Alterations in three signaling pathways are known to
be the main drivers for the emergence of glioblastoma and
its cell proliferation. These drivers are the retinoblastoma
(CDK4/6-p16-Rb1-E2F), the p53 (pl14-MDM2-MDM4-
p53), and the phosphoinositide 3-kinase (RTK-Ras-PI3K)
pathways [13-15]. Specifically, around 90% of high-grade
gliomas have PI3K pathway alteration, with the overexpres-
sion of a variety of cell surface tyrosine kinase receptors
(TKRs)—Ilike epidermal growth factor receptor (EGFR) and
platelet-derived growth factor receptor-alpha (PDGFRa)—
and the mutations in tumor suppressor genes such as the
phosphatase and tensin homolog or PTEN gene [15]. Sup-
pression of PTEN gene leads to activation of protein kinase
B (also known as Akt), which promotes cell survival and
proliferation in addition to altering the regulation of intracel-
lular homeostasis processes like autophagy. The pS3 protein
encoded by the TP53 gene also plays essential roles in tumor
suppression, impacting DNA repair, cell cycle arrest, and
apoptosis [14]. Dysregulation of these pathways leads to the
formation of tumorigenic properties that enforce therapeutic
barriers.

GSCs are particularly challenging when devising thera-
pies for glioblastoma. Not only are they resistant to standard
RT and chemotherapy, but they also have an increased pro-
pensity for invading brain parenchyma, evading and sup-
pressing the immune system, and promoting angiogenesis
[11]. Autophagy, the process where cellular components and
organelles are recycled to provide metabolic substrates for
cellular metabolism, is a main driver in maintaining GSCs’
self-renewal, pluripotency, and tumorigenesis capabilities
[12].

In normal cells, autophagy plays an important role in
homeostasis, degrading long-lived proteins and damaged
organelles [16] (Fig. 1). Within the context of the tumor
microenvironment, autophagy plays a protective role,
maintaining glioblastoma cell survival even in hypoxic
and nutrient-deficient conditions and conferring resistance

Autophagy under normal physiological conditions
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Fig. 1 Under normal physiological conditions, autophagy promotes cellular homeostasis by removing damaged organelles and protein aggre-
gates, which result from typical sources of stress that a cell may experience
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to glioblastoma cells even in the presence of chemothera-
peutic agents like TMZ that can induce cytotoxicity [17]
(Fig. 2). Autophagy also maintains glioblastoma survival
before vascular proliferation is in full effect [16]. In late
stages of tumor growth, autophagy increases metastasis, sur-
vival during therapy, and resistance to apoptosis [12]. By
recycling damaged organelles, autophagy provides a source
of metabolic plasticity for the tumor cells, aiding their sur-
vival, increasing chances of tumor recurrence, and confer-
ring therapeutic resistance. Only in rare cases are the tumor
cells overwhelmed with the quantities of metabolic and gen-
otoxic stress to the level that leads to type II programmed
cell death or autophagic cell death [149] (Fig. 3). In these
cases, the entire cell is digested through the action of autol-
ysosomes, and this only occurs in tumorigenic cells lacking
the pro-apoptotic proteins Bax and Bak, preventing the utili-
zation of type I programmed cell death [19]. However, most
of the time, autophagy promotes tumor proliferation, and it

is relatively uncommon for tumor masses to have mutations
in autophagy-related genes [20].

In the midst of therapeutic options that have had limited
success in glioblastoma, modulation of autophagy regula-
tion has become a new avenue of investigation. Although
the process of autophagy itself has been well studied, its
application to glioblastoma treatment has been controversial,
with proposed interventions that either upregulate autophagy
to cause autophagic cell death or downregulate autophagy
to promote apoptosis. The divergence in approaches sug-
gests that the usage of autophagy is context-dependent [18].
The focus of this article is to consider both conventional
inhibition of autophagy and unconventional promotion of
autophagy to predict what the future of autophagy-targeted
treatments in glioblastoma will look like.

Autophagy in the context of cancer: augmenting tumor progression/recurrence
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Fig.2 In the context of the tumor microenvironment, additional
sources of stress such as hypoxia and nutrient starvation trigger
autophagy, which acts cytoprotectively. Chemotherapy, radiother-
apy, and targeted therapy can also induce autophagy by triggering
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increase chances of tumor recurrence, and confer therapeutic resist-
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Autophagy in the context of cancer: causing type II programmed cell death
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Fig.3 In rare cases, the tumor cells overwhelmed with metabolic
and genotoxic stress succumb to type II programmed cell death
or autophagic cell death via the digestion of the entire cell by autol-
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ysosomes. This pathway is a last resort in the event that pro-apoptotic
proteins are not present in the cell, preventing type I programmed cell
death or apoptosis
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Autophagy and its importance in promoting
and inhibiting glioblastoma growth

Autophagy plays an essential role in maintaining cellular
homeostasis, and thus, is also implicated in cancer pro-
gression. Its involvement in the degradation of intracel-
lular components to produce high-energy macromolecules
that can maintain intracellular metabolism is what makes
autophagy, specifically macroautophagy, a key target in
developing novel therapies for glioblastoma.

There are three types of autophagy: macroautophagy,
chaperone-mediated autophagy, and microautophagy.
Macroautophagy is characterized by the formation of an
autophagosome that engulfs complete regions of the cyto-
sol and then fuses with a lysosome to digest its contents
using hydrolases. Microautophagy does away with the
autophagosome and involves the formation of invagina-
tions in the lysosomal membrane that allows the move-
ment of cytosolic regions into the lysosome for degrada-
tion. Lastly, chaperone-mediated autophagy is somewhat
similar to microautophagy in that it does not involve the
usage of an autophagosome; however, it is much more
specific in that chaperones in the cytosol selectively rec-
ognize proteins that are lysosomal targets and then those
proteins are able to cross the lysosomal membrane through
interactions with receptor proteins at the surface of the
lysosomal membrane [21]. Since macroautophagy, which
we will refer to as autophagy from here on out, consists
of the degradation and “recycling” of large quantities of
intracellular materials, it is most heavily involved in tumor
progression when the tumor microenvironment causes cel-
lular stress.

Autophagy occurs at basal levels in most tissues, and
it serves as a mechanism of quality control for cellular
macromolecules and organelles. It is stimulated by several
signals, including nutrient and growth factor deficiency,
decreased energy status, increased oxidative or endoplas-
mic reticulum (ER) stress, and pathogenic infection, with
the most well-studied being nutrient starvation [20, 22].
At tumor initiation phase, autophagy promotes tumor
suppression by providing an anti-inflammatory func-
tion, preserving genetic and genomic stability, degrading
potentially oncogenic proteins, participating in anti-can-
cer immunosurveillance, maintaining a normal metabo-
lism with optimal bioenergetics, and having anti-viral and
anti-bacterial effects [23]. However, in progressive and
established tumors, autophagy can play a different role
that enhances tumor progression. The tumor microenvi-
ronment is conducive to the upregulation of autophagy
since the lack of expression of tumor suppression genes
and the overexpression of oncogenes lead to high levels of
cell proliferation that result in hypoxia, nutrient deficiency,

and growth factor deprivation [24]. In response to these
stressors, autophagy can take a cytoprotective role by pre-
venting the toxic accumulation of the damaged proteins
and organelles, reducing the sensitivity of tumor cells to
microenvironmental factors that normally result in type
I programmed cell death or apoptosis [23]. Not only does
autophagy protect the tumor mass from death-inducing
factors like hypoxia and nutrient starvation, but it can also
promote survival in the presence of RT, chemotherapy, and
targeted agents, ultimately promoting therapeutic resist-
ance [24]. In well-established tumors, autophagy confers
resistance to starvation, endothelial-to-mesenchymal
transition, hypoxia, therapy-induced cell death, the main-
tenance of cancer stem cells, and the survival of senes-
cent cancer cells that can support disease relapse [23, 25]
(Fig. 4).

The molecular machinery of autophagy is quite complex
as it is tightly regulated in the cells. Mechanistic target of
rapamycin complex 1 (mTORC1) is the best understood
major regulator of autophagy [26]. Aa a part of the PI3K-
family, mTORCI is regulated by the cell-surface tyrosine
kinase receptors (TKRs) that are commonly dysregulated
in malignant tumors. An upstream negative regulator of
mTORCI1 is adenosine 5’ monophosphate-activated protein
kinase (AMPK), which is upregulated in hypoxic environ-
ments and in the presence of genotoxic stress, but AMPK
is down regulated during high energy availability [26, 27].
mTORCI is an upstream regulator and inhibitor of Unc-51
like autophagy activating kinase 1 (ULK1), autophagy-
related gene 13 (Atgl3), and focal adhesion kinase family-
interacting protein of 200 kDa (FIP200), ultimately lead-
ing to the repression of autophagy [27]. During nutrient
deficiency, mMTORC1 expression is inhibited via AMPK,
leading to an increase in autophagy [28].

Two pathways, which are commonly altered in glio-
blastoma and connected to the molecular machinery of
autophagy include the p53 pathway and the RTK-Ras-
PI3K pathway. Most glioblastomas have dysregulation of
the p53 pathway either through the mutation or deletion of
the TP53 gene that occurs in about 28% of glioblastomas,
the amplification of mouse double minute 2/4 homolog
(MDM2/4) that occurs in about 15% of glioblastomas,
or the deletion of cyclin-dependent kinase inhibitor 2A
(CDKNZ2A) that occurs in about 58% of glioblastomas
[14]. Alterations in TP53 are generally mutually exclusive
with MDM?2/4 mutations and are more common in second-
ary glioblastomas, which usually occur in younger patients
and are less malignant [29]. In the RTK-Ras-PI3K path-
way, about 90% of high-grade gliomas have PI3K pathway
alterations, and about 50% of glioblastomas show epider-
mal growth factor receptor (EGFR) amplification, with
the most common EGFR mutation being the intragenic
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Autophagy and senescence

GSCs

Hypoxia, nutrient
starvation, and low pH

—'| Induction of autophagy

Chemotherapy,
radiotherapy, and
targeted therapy

Maintenance of stemness

Inhibition of senescence |—> (rescues proliferative and

regenerative capabilities)

Disease relapse

Promotion of senescence l—b{ Inhibition of apoptosis

TME and other glioblastoma cells

Fig.4 Repeated and chronic stress can lead to the activation of mul-
tiple pathways to mediate DNA damage. Cellular senescence is one
mechanism that provides “time” for cells to undergo DNA repair
and to evade apoptosis, and usually occurs during the G1/S or G2/M
interfaces of the cell cycle [159]. However, it can be a mechanism
used by cancer cells and the tumor microenvironment (TME) to
escape cell death and promote disease relapse. In case of cancer-asso-
ciated fibroblasts (CAFs) and glioblastoma cells, TMZ-induced DNA

rearrangement and in-frame deletion of exons 2-7 that
produces the EGFRVIII allele [15, 30].

The dual role of autophagy, promoting tumor suppression
during initial stages of tumor development and enhancing
tumor progression in later stages, is reflected in the molecu-
lar pathways that glioblastoma progression and autophagy
regulation share. In early stages of tumorigenesis, hyperac-
tivation of p53 due to genotoxic stress causes the activation
of AMPK, which suppresses the formation of mMTORC1 and
indirectly promotes autophagy, counteracting tumor forma-
tion. However, gain-of-function mutations in p53 protein
suppressing autophagy have been observed, leading to an
accumulation of cellular damage that promotes tumorigen-
esis [31]. Autophagy-defective cells have shown an accumu-
lation of sequestosome 1 (SQSTM1, also known as p62), ER
chaperones, damaged mitochondria, reactive oxygen species
(ROS), and genome damage, leading to alterations in nuclear
factor-kappa B (NF-kB) regulation, and promoting tumor
growth and the formation of tumor cells with giant nuclei
exhibiting aberrations in ploidy [33].

During later phases of tumor progression, at the time
when multiple genetic mutations have already accrued,
autophagy can promote cancer growth and survival and
confer resistance to therapeutic agents. Dysregulated EGFR
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damage led to induction of autophagy and mitophagy in a transient
manner, leading to mitochondrial dysfunction and ultimately senes-
cence [43, 160]. Induction of senescence in CAFs promoted tumor
growth and metastasis, potentiating tumorigenesis [160]. On the other
hand, in the context of stem cells, senescence impedes their ability to
regenerate and proliferate, so activation of autophagy acts as a mech-
anism of evading induction of senescence to maintain characteristics
of stemness [37, 159]

signaling causes changes in gene expression and cytoskeletal
rearrangement, inhibits apoptosis, and increases cell pro-
liferation. EGFR-dysregulated tumors are more dependent
on autophagy for survival and use autophagy to increase
resistance against EGFR-targeting agents [32]. The usage of
autophagy against current therapeutic agents renders them
largely ineffective even though many cancerous tumors
present EGFRVIII mutations. Moreover, DNA damage
can activate ataxia telangiectasia mutated (ATM), a ser-
ine/threonine kinase, via double strand breaks leading to
phosphorylation of PTEN, a tumor suppressor. Phospho-
rylation of PTEN leads to nuclear translocation, which in
turn, activates autophagy through the p-Jun-SESN2-AMPK
pathway, promoting survival even in the presence of DNA-
damaging treatment [34]. Furthermore, increased expres-
sion of autophagic markers Beclin-1 and light chain-3 II
(LC310) correlates with decreased progression-free survival
(PFS) and high-grade gliomas. Although autophagy was
functionally non-defective in both low-grade and high-grade
gliomas, high-grade gliomas showed increased turnover of
autophagy [35].

Autophagy also plays a major role in maintaining
the stemness of GSCs and in promoting their migration
and invasion. Cancer stem cells are critical in conferring
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therapeutic resistance and in tumor initiation due to their
capacity for self-renewal and pluripotency [11, 36]. In
glioblastoma, not only can GSCs give rise to a variety of
neural stem cell types, but they can also transdifferentiate
into tumor endothelial cells, which promote angiogenesis
[39]. Autophagy maintains the stemness of GSCs by pre-
venting cellular senescence, protecting GSCs against irra-
diation injury, and by producing metabolites that correlate
with gene profiles normally associated with stemness. In
ageing cells, autophagy failure leads to increases in mito-
chondrial dysfunction and oxidative stress, which trigger
senescence via a loss of organelle and protein homeosta-
sis, while the regenerative properties of stem cells can be
restored through the re-establishment of autophagy [37].
Moreover, when autophagy was promoted via starvation
or rapamycin (an mTORCI inhibitor), ROS accumula-
tion induced by irradiation was decreased, maintaining the

Genotoxic
stress

Initiation

Fig.5 Pathways involved in autophagy regulation and autolyso-
some formation. Initiation of autophagy is caused by genotoxic or
metabolic stress; examples include deletion of TP53 and mutation in
EGFR. Stressors then modulate the mTORC1 or the Bcl-2 family of
proteins through intermediates such as AMPK, MDM2, Janus kinase/
signal transducer and activator of transcription 3 (JAK/STAT3) path-
way, or PI3K. Inhibition of members of the mTORC1 promotes the
formation of a complex (containing ULKI1, ATG101, ATG13, and
FIP200), which is necessary for the initiation of autophagy. Induction
of anti-apoptotic members of the Bcl-2 family of proteins can cause
inhibition of Beclin-1 and autophagy, while activation of the Raf-
mitogen activated protein kinase (MAPK) or extracellular signal
regulated kinase 1/2 (ERK1/2) kinase-ERK1/2 (Raf-MEK-ERK1/2)
pathway promotes Beclin-1 and, in turn, autophagy. Modulation of

Apatl ]
/\ Cytochromec

Nucleation Elongation

Autophagy flux

stemness of mesenchymal stem cells (MSCs). On the other
hand, when autophagy was inhibited, ROS accumulation and
DNA damage was increased, ultimately leading to the loss
of stemness of MSCs [36]. In another study, cancer cells
that were cultured with lactates and ketones, the high energy
metabolites often produced by aerobic glycolysis and fibro-
blastic production resulting from autophagy, demonstrated
genetic profiles that correlated with stemness and poor clini-
cal outcome [38]. Stressors like nutrient starvation, hypoxia,
and RT and chemotherapy activate the metabolic autophagy
pathway in the established tumors. This causes the expres-
sion of high levels of autophagy-associated factors like the
DNA damage-regulated autophagy modulator 1 (DRAM1)
and the SQSTM1 that are correlated with shorter OS in glio-
blastoma patients and with greater potential of the tumor for
migration and invasion. Along similar lines, autophagy is
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the Bcl-2 family also impacts apoptosis progression; for example, p53
may upregulate Puma and other pro-apoptotic proteins of the Bcl-2
family to trigger mitochondrial release of cytochrome c, leading
to activation of downstream caspase cascade and ultimately induc-
tion of apoptosis [156-158]. The relationship between autophagy
and apoptosis becomes even more complex with the consideration
of mitophagy. Mitophagy, the selective degradation of dysfunctional
mitochondria, can relieve the cell of pro-apoptotic signals, prevent-
ing induction of apoptosis [162]. Other proteins of note are LC3I
and LC3II, which are important in the lengthening of the autophago-
some and its fusion with the lysosome to form the autolysosome.
Modulation of various key elements in these pathways is the basis for
autophagy inhibition and promotion for therapies
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induced at greater levels in GSCs that are actively migrating
and invading [40].

Autophagy maintains cellular homeostasis through the
complex mechanisms, as we schematically outlined (Fig. 5).
The mechanistic pathway of autophagy induction overlaps
with pathways that are commonly altered in cancers and spe-
cifically in glioblastoma. The complexity of autophagy and
its dual roles as a tumor suppressor and a tumor promoter
yield multiple avenues of investigation in finding novel ther-
apies to combat glioblastoma growth.

Autophagy modulates efficacy of TMZ
in glioblastoma

As mentioned earlier, TMZ is a DNA-alkylating chemo-
therapeutic agent that is part of the gold standard of therapy
currently administered to patients diagnosed with glioblas-
toma [2]. Its ability to methylate the Og position of guanine
in DNA is cytotoxic and causes cancer cells to undergo
programmed cell death or apoptosis. Even though TMZ is
a breakthrough therapy in that it is one of the only chemo-
therapies that have shown consistent increase in OS and PFS
even in Phase III clinical trials, it is still largely ineffective
due to the intracellular presence of mismatch-repair enzymes
like MGMT and processes like autophagy that confer resist-
ance to RT and chemotherapy [4, 6, 41].

Administration of TMZ has been correlated with an
induction of autophagy in glioblastoma. Immunohistochemi-
cal analyses of the proteins LC3B, lysosome-associated
membrane protein (LAMP)-1, and LAMP-2 implicated in
autophagy progression reflect an increase in autophagy in
surgical glioblastoma tissues after TMZ treatment [42].
The induction of autophagy due to TMZ administration
is thought to occur through the sustained inhibition of the
Akt/mTOR pathway, which negatively regulates autophagy.
In addition to causing an uptick in autophagy, Akt/mTOR
inhibition suppresses apoptosis. A transient induction of
autophagy is thought to confer resistance to TMZ therapy
in glioblastoma cells [43]. Following TMZ treatment, an
increase in autophagy in glioblastoma cells has been associ-
ated with a concomitant surge in ATP production. The surge
in ATP indicates that autophagy has a cytoprotective effect
against TMZ therapy [41]. It has been suggested that TMZ
mainly exerts its cytotoxic activity through pro-autophagic
processes [44].

Increased autophagy has an inverse effect on TMZ sen-
sitization of glioblastoma cells. The autophagy-associated
ATP surge recorded in the tumor cells treated with TMZ
protects the cells from drug-induced cell death by providing
the energy required to meet intracellular metabolic require-
ments, ultimately contributing to drug resistance [41].
In addition, to compensate for a loss of nutrient uptake,
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autophagy can provide growth-factor deprived cells with
substrates to maintain catabolism and ATP production [45].
Processes like autophagy strengthen and potentiate genomic
instability by circumventing programmed cell death [43].

Even more disturbing is TMZ's effect on GSCs. Even
after therapeutic treatment of glioblastoma involving sur-
gical resection, RT, and chemotherapy with TMZ, disease
relapse is almost impossible to prevent due to the presence
of endogenous tumor cells that have cancer stem cell proper-
ties, giving them the ability to reproduce highly prolifera-
tive tumor cell populations [46]. When treated with TMZ,
members of the non-GSC population started to exhibit GSC
markers like CD133 +, Sox2, Oct4, and Nestin. These newly
formed GSCs acquired the phenotypic and functional char-
acteristics of the native GSCs of the original tumor [47].
Similarly, hypoxia-inducible factors (HIFs) can induce con-
version between non-CSC and CSC cell types, as HIF-1a
induced autophagy has the ability of converting non-stem
pancreatic cancer cells into CD133+ pancreatic cancer stem-
like cells [48]. The acquisition of these characteristics gives
a way for the replenishment of the original tumor population
even after surgical resection, RT, and chemotherapy. Moreo-
ver, the novel tumor population is increasingly infiltrative
and chemoresistant, leading to decreased response to later
rounds of treatment [47].

Since TMZ is an autophagy-inducer, multiple therapeutic
avenues are under investigation in determining which type
of cell death will best counteract glioblastoma progression.
Currently, both autophagy inhibitors and promoters are
under consideration. Autophagy inhibitors can be broken
down by the point of autophagy progression that is under
examination. Early-stage blockers or inhibitors of autophagy
are often combined with adjuvant RT and chemotherapy
with TMZ to activate apoptosis pathways resulting in cell
death. These inhibitors prevent the formation of autophago-
somes, block an important source of energy for tumor cells,
and eliminate the autophagy’s cytoprotective effect [49]. A
common early-stage autophagy inhibitor is 3-methyladenine
(3-MA), which suppresses class III PI3Ks that positively
regulate autophagy [50]. In addition, the ATP surge pro-
duced by TMZ-associated autophagy could also be blocked
via the small interfering RNA (siRNA) technology targeting
of Beclin-1 [41]. However, early-stage autophagy inhibitors
can have some negative effects on tumor suppression. For
example, in one study, when autophagy was inhibited at an
early stage during TMZ treatment, the anti-tumor effect of
TMZ was suppressed [51].

The ineffectiveness of using solely early-stage autophagy
inhibitors has called for the usage of late-stage autophagy
inhibitors and possibly even autophagy promoters. Although
late-stage inhibitors allow the formation of the autophago-
some, they prevent the fusion of the autophagosome
with lysosomes, impeding their ability to recycle cellular
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components to produce energy. Not only do late-stage inhibi-
tors repress the tumor cells' acquisition of energy, but they
also load tumor cells with non-degradable autophagic
vesicles and cause waste loading that ultimately leads to
cell death [43, 49]. Bafilomycin A1, which is a compound
commonly used to inhibit autolysosome formation, has
been observed to enhance apoptosis through the release of
pro-apoptotic agents like cathepsin B from lysosomes and
through mitochondrial membrane permeabilization (MMP)
[51]. A proposed model of treatment using late-stage inhibi-
tors includes starting treatment with PI3K/Akt/mTOR sup-
pressors to promote autophagy, then using late-stage inhibi-
tors in conjunction with TMZ and RT to induce high levels
of autophagosome accumulation and prevent functional
autophagy to lead to cell death [49]. Autophagy promot-
ers can also cause autophagic cell death via induction of
autophagy through the usage of continued RT, TMZ, and
the suppression of the PI3K/Akt/mTOR pathway to cause
uncontrolled intracellular digestion that ultimately leads to
cell death [49].

TMZ induces autophagy, while autophagy increases
tumor resistance to TMZ by maintaining optimal intra-
cellular bioenergetics and inducing stemness in non-GSC
populations. This leads to the genesis of increasingly resist-
ant tumor populations and poor patient outlook. Given the
integral role of autophagy in glioblastoma progression, its
utilization has been approached from different angles. This
array of autophagy-targeted therapeutics shows varying
levels of success, leading to controversy and begging for
additional investigation.

Targeting autophagy as a therapeutic
strategy in glioblastoma

Due to the limited efficacy of the current gold standard
of treatment for glioblastoma, combination therapies are
becoming an increasingly favorable option to increase the
number of potential targets and improve the survival of
patients diagnosed with glioblastoma. Combination thera-
pies that target and inhibit autophagy to increase chemo-
and radio-sensitivity or those that enhance autophagy to
induce type II programmed cell death are constantly being
developed.

Currently, the one of the only United States Food and
Drug Administration (FDA)-approved drugs that have been
used in the context of combination treatment to combat
glioblastoma is Bevacizumab (BEV, Avastin®), which is a
recombinant humanized vascular endothelial growth factor-
A (VEGF-A)-specific monoclonal antibody that inhibits
tumor angiogenesis and normalizes mature tumor vascula-
ture. BEV has been shown to increase PFS of glioblastoma
patients in a variety of clinical trials [52-54]. Although BEV

has shown promise as a monotherapy, it greatly improved
the PFS of patients when combined with Irinotecan, a
topoisomerase I inhibitor (29% PFS in monotherapy versus
46% PFS for combination therapy) [53, 55]. The improved
efficacy of BEV when combined with Irinotecan can be
attributed to increased uptake of Irinotecan into the cen-
tral nervous system (CNS) and/or the tendency for BEV to
target GSCs and for Irinotecan to target differentiated cells
[56, 57]. However, cytoprotective autophagy can confer
resistance to BEV and glioblastoma xenografts treated with
BEV have shown increased hypoxia-associated autophagy,
which ultimately promoted resistance to chemotherapy [58,
59]. This reinforces that even though BEV may be able to
increase the duration of PFS in glioblastoma patients, the
OS of glioblastoma patients does not increase because any
recurring tumors become more biologically aggressive than
the original tumor, which is reflected in the decreased post-
operative survival rates in patients treated pre-operatively
with BEV [60].

Another drug that has traditionally been used as a late-
stage autophagy inhibitor for glioblastoma is chloroquine
(CQ) and its less toxic metabolite, hydroxychloroquine
(HCQ). CQ's anti-cancer properties include autophagy
inhibition, DNA intercalation, and enhanced penetration of
chemotherapeutic drugs in tumor masses [61]. CQ inhibits
autophagy by increasing the vacuolar pH of acidic orga-
nelles, like lysosomes, due to its properties as a weak base.
This prevents the fusion of autophagosomes with lysosomes
and the ultimate formation of autolysosomes [62]. In Phase
I/II clinical trials, it has been seen that LC3II accumula-
tion in peripheral blood mononuclear cells (PBMCs), which
indicates inhibition of autophagy, is increased as HCQ
exposure is increased. However, at the maximum toler-
ated dose (MTD) of 600 mg/day, autophagy inhibition was
inconsistent and there was no notable improvement in OS.
At higher doses of HCQ (of around 800 mg/day), with RT
and concurrent and adjuvant TMZ, all subjects experienced
high grades of neutropenia and thrombocytopenia, with one
patient going into sepsis. Thus, although HCQ and CQ have
potent autophagy-inhibiting and anti-cancer properties, the
toxicity of the drugs can make them rather prohibitive for
clinical use [63].

To recruit drugs that have anti-cancer properties and
minimal toxicity, researchers are turning to the use of
phytochemicals, which are natural plant compounds that
can be found in everyday foods or concentrated in dietary
supplements [64]. The benefit of phytochemicals is that
they have high efficacy and can impact multiple cellular
pathways, have little side effects and toxicity, and they are
relatively cheap to produce. Not only can phytochemicals
enhance the efficacy of chemotherapeutic treatment, but
they can also ameliorate adverse effects of RT and chemo-
therapy and decrease chemoresistance. However, certain
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herb—drug interactions can lead to adverse effects like liver
injury, so these need to be investigated before putting cer-
tain phytochemical combination therapies into practice
[65]. Phytochemicals can activate both pro-autophagic
and pro-apoptotic pathways [66, 67]. Examples of phy-
tochemicals that are apoptosis promoters and autophagy
inhibitors are quercetin, silibinin, and luteolin when com-
bined with the tumor suppressor microRNA (miR)-7-1-3p;
proanthocyanidin (PAC) when combined with miR-30e (an
autophagy inhibitor); and thymoquinone (TQ), resveratrol,
and celastrol when combined with a heat-shock protein
90 (HSP90) inhibitor [68—73]. Specifically, celastrol is a
late-stage autophagy inhibitor much like CQ; however,
this phytochemical can increase lysosomal content at
minimally toxic doses, unlike CQ, showing the therapeu-
tic potential of using autophagy-inhibiting phytochemi-
cals [74]. Some phytochemicals are both autophagy and
apoptosis inducers, like cucurbitacin and evodiamine.
Pharmacological inhibition of autophagy in combination
with these phytochemicals has led to increased frequency
of apoptosis and decreased tumor cell viability [75, 76].
Other phytochemicals that induce type II programmed
cell death through autophagy induction are berberine, cur-
cumin, and ursolic acid [77-79]. Phytochemicals target a
variety of intracellular pathways, they relatively lack side
effects when used in treatment, and they have lower cost of
production, all of which make phytochemicals potentially
desirable anti-cancer agents.

Long non-coding RNAs (IncRNAs) and microRNAs
(miRs) have also been investigated to target the epigenetic
regulation of autophagy in combating glioblastoma. These
RNAs play an important role in epigenetic modification in
almost every single cellular process, and when it comes to
autophagy, they can regulate some ATG genes at specific
stages of autophagy, including induction, vesicle nuclea-
tion, vesicle elongation, maturation, and lysosomal fusion
[80]. An example of a IncRNA that has the ability to sup-
press autophagy and reduce chemoresistance in glioblastoma
through the induction of cisplatin, a platinum-based drug,
is AC023115.3. Studies show that AC023115.3 competes
with miR-26a and acts as a “sponge” reducing the inhibi-
tory effect of miR-26a on glycogen synthase kinase 3 beta
(GSK3p), a serine-threonine kinase that causes a decrease
in cytoprotective autophagy, which ultimately increases the
chemosensitivity of glioblastoma cells [81]. In addition, as
seen above with phytochemicals, miRs can be used in com-
bination treatment to have an enhanced positive effect on
decreasing tumor viability. For example, combining an miR
that is a tumor suppressor and autophagy inhibitor, like miR-
30e, with an apoptosis-inducer like PAC (a plant-derived
polyphenol), can lead to increased apoptosis in GSCs [70].
Also, the use of miR-7-1-3p as a tumor suppressor allowed
for the enhancement of the anti-tumor effects of luteolin
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and silibinin, with a focus on inducing apoptotic cell death
rather than the induction of autophagy, which could play
a cytoprotective role [69]. Using epigenetic modifiers like
IncRNAs and miRs can provide more direct and efficient
treatment when used in conjunction with other compounds
like phytochemicals.

Modulating the patient immune system has been another
avenue of treatment development in an attempt to counteract
the immunosuppressive effects of glioblastoma. The brain
was classically considered less immunologically active
due to constraints placed by the BBB, the postulated lack
of CNS lymphatic drainage, the limited number of resident
cells expressing major histocompatibility complex (MHC)
molecules, and the lack of antigen-presenting cells (APCs)
[82, 83]. However, recent developments argue against this
idea as it has been found that the BBB is not impenetra-
ble when it comes to the recruitment of peripheral immune
cells, T cells and antigens in the CNS are still able to drain
into cervical lymphatics, and that resident macrophages of
the CNS, otherwise known as microglia, can present MHCs
[82]. The realized complexity of the immune system of
the brain and CNS has allowed for newfound approaches
for targeting autophagy and stimulating glioblastoma cell
immunogenicity. One group used polyglycerol-functional-
ized nanodiamonds bearing doxorubicin (Nano-DOX) to
stimulate glioblastoma cells to emit antigens and damage-
associated molecular patterns (DAMPs) that resulted in the
activation of dendritic cells (DCs), enhancing the tumor's
ability to elicit an immune response [84]. The same group
developed polyglycerol-functionalized nanodiamonds (dND-
PG) as a drug delivery system that avoided macrophages
and exhibited selective uptake in cancer cells to potentiate
the cytotoxic effects of DOX [85]. Although DOX primar-
ily could induce apoptosis via intercalation with DNA and
inhibition of topoisomerase-II, it was seen that Nano-DOX
exerted its ability to increase immunogenicity through the
induction of autophagy [84]. Another study focused on the
late-stage inhibition of autophagy to enhance anti-tumor
immunity via the use of a histone deacetylase (HDAC)
inhibitor. In the study, it was found that inhibition of glio-
blastoma cell proliferation via the HDAC®6 inhibitor, J22352,
correlated with the dosage of J22352 that was administered,
and that J22352 enhanced anti-tumor immunity by decreas-
ing programmed death-ligand 1 (PD-L1) expression, and
promoting CD8 + T cell activation [86]. Overall, autophagy
plays an important role in the regulation of intrinsic anti-
tumor responses and using it as a target in the context of
immunotherapy may promote tumor regression.

Another novel therapy that has shown promise in combat-
ing glioblastoma and improving the PFS and OS of glioblas-
toma patients is TTFields, as mentioned earlier. TTFields are
alternating electrical fields of a low intensity that can disrupt
mitosis in replicating cells, leading to cancer cell death [87].
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In a clinical trial, concomitant administration of TTFields
in conjunction with TMZ has been shown to increase PFS
by about three months, and OS by around five months as
opposed to the sole use of TMZ therapy [88]. Another
study investigated the relationship between TTFields
and autophagy. In this study, it was found that autophagy
mediated TTFields-induced cell death, and that blocking
autophagy limited the anti-tumor efficacy of TTFields treat-
ment [89]. The promise TTFields show reflects how the con-
vergence of multiple scientific fields can lead to innovative,
game-changing treatments.

The complexity of glioblastoma and autophagy limits
the efficacy of the gold standard of treatment; however, it
paves the way for the discovery of new combination thera-
pies. From using anti-angiogenesis drugs, to recruiting
phytochemicals, and to using electrical fields, it seems that
both autophagy promotion and inhibition can have anti-
tumor properties and play a role in improving PFS and OS.
Further investigation into these different avenues of treat-
ment is required to fully understand the role of autophagy
in glioblastoma progression, its implications in combina-
tion therapy, and whether the modulation of autophagy will
ultimately be based on a patient’s individual physiology
or the pathological characteristics of their specific case of
glioblastoma.

Inhibition of autophagy as a conventional
therapeutic strategy in glioblastoma

Since the discovery that autophagy plays a cytoprotective
role in late stages of tumor progression, increasing focus
has been placed on finding efficient autophagy inhibitors
that sensitize glioblastoma cells to inducers of cell death
and that are tolerable in terms of toxicity. The result has
been the development of both early-stage and late-stage
autophagy inhibitors that attack various parts of autolyso-
some formation. This section will describe these inhibitors,
their efficacy, and evaluate the progress made starting from
long-standing to recently developed therapeutics.

Early-stage autophagy inhibitors

Early-stage autophagy inhibitors target various substrates
required in the initiation of autophagy, including PI3Ks
and Unc-51-like autophagy activating kinase 1 (ULK1)
(Table 1). PI3Ks are intracellular lipid kinases that phospho-
rylate the 3’-hydroxyl group of phosphatidylinositols, and
they are split into three classes (classes I, II, and III). As
master regulators, they are implicated in a variety of crucial
cellular pathways, including those for cellular metabolism,
survival and polarity, vesicle trafficking, autophagy, and
more [90]. Although much research has gone into classifying

the role of classes I and III PI3Ks, not as much is known
about class II PI3Ks. Class I PI3Ks are important in glu-
cose metabolism and can play a role in autophagy suppres-
sion through the activation of Akt (protein kinase B), which
is a serine/threonine kinase implicated in mTOR regula-
tion. Unlike class I PI3Ks, class IIT PI3Ks are implicated in
vesicular trafficking and are positive regulators of autophagy
[91]. Manipulation of class I and class III PI3KSs is the basic
mechanism of PI3K-specific early-stage autophagy inhibi-
tors. Examples of PI3K-specific early-stage autophagy
inhibitors include 3-methyladenine (3-MA), wortmannin,
LY?294002, and pyrvinium.

One of the most common autophagy inhibitors used,
other than CQ, is 3-MA. A classic PI3K inhibitor, 3-MA
is mainly employed for its ability to inhibit class III PI3Ks
and is often used in combination therapy to enhance the
efficacy of other chemotherapeutic agents [92-94]. During
nutrient starvation, which often occurs in the tumor micro-
environment due to rapid cellular proliferation and lagging
neovascularization, 3-MA persistently blocks both class
I and class III PI3Ks, ultimately leading to inhibition of
autophagy. However, another study reported that in nutri-
ent-rich media, 3-MA could act similar to rapamycin, an
autophagy promoter, due to its persistent blockage of class
I PI3Ks and transient blockage of class IIT PI3Ks, raising
possible concerns as to its efficacy as an autophagy inhibi-
tor. In addition, it seems that 3-MA acts on multiple cellular
pathways, affecting other metabolic processes such as pro-
teolysis in Atg5-deficient cells [91]. As this is so, although
3-MA has been used in combination therapy as an autophagy
inhibitor in a myriad of investigations, other PI3K autophagy
inhibitors should be investigated as well.

Another common PI3K-specific early-stage
autophagy inhibitor is LY294002, otherwise known as
2-(4-morpholinyl)-8-phenylchromone. Using a mechanism
similar to 3-MA, LY294002 also exerts a transient effect on
class IIT PI3K for its inhibition. This is most likely due to the
structural similarity of LY294002 to adenosine triphosphate
(ATP), limiting the efficacy of the drug due to competition
between the two molecules [96]. The result is that a greater
concentration of LY294002 is required in order to have an
inhibitory effect similar to wortmannin, which is another
PI3K inhibitor. However, even though LY294002 only tran-
siently inhibits PI3Ks, it has been shown to have a similar
effect on increasing TMZ cytotoxicity as CQ [99]. In the
clinical context, when 44 patients with B-cell malignancies
were treated with SF1126 (an RGDS peptide conjugate of
LY294002), around 58% of the patients that could be evalu-
ated had stable disease [97]. The peptide conjugate could
provide an opportunity to circumvent some of the downsides
of LY294002—such as limited bioavailability—to make
clinical application more feasible.
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The last major PI3K-specific early-stage autophagy inhib-
itor is wortmannin, which is an antifungal antibiotic [95].
Wortmannin, like 3-MA, affects both class I and class 111
PI3Ks; however, wortmannin persistently inhibits class III
PI3KSs, while transiently inhibiting class I PI3Ks (the inverse
of 3-MA), which means that wortmannin is still effective in
high-nutrient conditions [91]. It is thought that the persistent
inhibition of class III PI3Ks is due to the permanence of the
covalent bonding wortmannin forms with the kinase [96].
In addition to abrogating the formation of autophagosomes,
when wortmannin was used in combination treatment with
RT, it reduced the size of spheroids of the M059J cell line
(derived from a human glioblastoma) by 68%, indicating
that wortmannin induced radio-sensitization in tumor cell
populations [98]. However, it is possible that wortman-
nin may also promote tumor progression, as shown by a
study focused on thrombin-induced migration. The necrotic
lesions formed during the development of glioblastoma are
vulnerable to thrombin exposure, which is a regulator of
matrix metalloproteinase-9 (MMP-9) expression and cancer
cell migration. When rat glioblastoma C6 cells were treated
with wortmannin, thrombin-induced migration increased,
which showed that it was possible that the PI3K-inhibiting
effects of wortmannin acted to potentiate the migratory
properties of tumor cells [95]. These results indicate that
care needs to be taken when using PI3K inhibitors, as the
expansiveness of cellular pathways regulated by PI3Ks can
lead to undesirable results.

Pyrvinium pamoate, an FDA-approved anti-parasitic drug
mainly used for treating pinworms, has also been shown to
exert early-stage inhibitory effects on autophagy progres-
sion. Rather than acting directly on PI3Ks, pyrvinium has
been shown to reduce the levels of Vps34, Beclin-1, p150,
and Atgl4 in a dose-dependent manner, ultimately leading to
the inhibition of starvation and stimulation of autophagy flux
[100]. Its low toxicity also makes it an attractive early-stage
autophagy inhibitor. Moreover, pyrvinium has been shown
to have inhibitory effects on the proliferation of GSCs. At
low doses, pyrvinium targets the self-renewal and prolif-
erative capacity of CD133+ cell lines, initiating cell death
even in TMZ-resistant cell lines [101]. Pyrvinium's effect on
tumor cell lines, and specifically on GSCs, makes it a prom-
ising contender for an effective treatment for glioblastoma.

A variety of phytochemicals and bioflavonoids inhibit
early-stage autophagy. Quercetin, a bioflavonoid that is
commonly found in foods like kale and red onions, has
anti-carcinogenic, anti-inflammatory, and anti-viral activi-
ties; however, its usage in combination therapy has not been
thoroughly investigated in the context of glioblastoma [102].
Due to quercetin's limited bioavailability during monother-
apy, combination therapy with the HDAC inhibitor sodium
butyrate led to a synergistic increase in apoptosis in glio-
blastoma cells via autophagy inhibition [68]. The undetected

cleavage of LCB I to LCB II indicates that quercetin acts as
an early-stage autophagy inhibitor and prevents the matura-
tion of the autophagosome [68]. Although other research
shows that quercetin may also act as an autophagy promoter
[103], the difference in results may be attributed to whether
the environment was nutrient rich or nutrient deficient. Much
like 3-MA, when quercetin is used to combat glioblastoma
proliferation in a nutrient-deprived environment, quercetin
inhibits autophagy, and vice versa in a nutrient rich envi-
ronment [68]. These studies show that the low toxicity of
naturally derived flavonoids provides potential for their use
in combination treatment.

Moreover, a plant-derived polyphenol, PAC, has the
capability of acting synergistically with the targeted miRs
to increase apoptosis in glioblastoma cell lines. In one study,
PAC, a potent apoptosis promoter, is combined with miR-
30e, which is an inhibitor of both autophagy promoters and
apoptosis inhibitors, including Beclin-1, AVEN, and BIRC6
[70]. When used in combination therapy to combat hypoxic-
induced autophagy, PAC and miR-30e exhibited synergistic
inhibition of autophagy and induction of apoptosis [70]. This
was confirmed by decreased expression of LCB II, increased
mTOR signaling, and the presence of commonly known
morphological features of apoptosis. Since this combina-
tion therapy was tested on both glioblastoma SNB19 cells
and GSCs, this treatment showed promise for combating
recurrent tumor formation.

The last early-stage inhibitor of autophagy described in
this section is a polyphenolic small molecule, the ULK1
inhibitor known as SBI-0206965, which will be referred to
as 6965. This drug could down regulate autophagy originally
induced by mTOR inhibition, and after 18 h of amino acid
deprivation, around 42% of cells treated with 6965 dem-
onstrated late-stage apoptotic markers as opposed to only
15% of ULK1/ULK2 knockout mouse embryonic fibroblasts
[104]. In addition, it only required 10 uM 6965 to elicit a
pro-apoptotic response as opposed to 20 uM CQ, showing
that it could be used to reduce treatment toxicity. ULK1
inhibitors show promise for use in combination therapy with
mTOR inhibitors.

Late-stage autophagy inhibitors

Late-stage autophagy inhibitors rely on the accumulation of
proteotoxic stress to trigger mitochondrial apoptotic path-
ways, and ultimately apoptotic cell death (Table 2). Instead
of inhibiting the formation of autophagosomes, late-stage
inhibitors prevent the fusion between the autophagosome
and the lysosome, causing the accumulation of autophago-
somes and other non-essential proteins in the cell that cannot
be removed via autophagy. The mechanism by which fusion
between the autophagosome and lysosome is prevented
depends on the type of late-stage inhibitor. Fusion can be
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prevented via disorganization of the endo-lysosomal system,
de-acidification of the lysosome, or increase in lysosomal
permeability [51, 71, 105].

Although not FDA-approved for use as an autophagy
inhibitor, Bafilomycin Al (BafAl) is one of the most stud-
ied late-stage autophagy inhibitors. Vacuolar H* ATPase
(V-ATPase) is a lysosomal proton pump that increases the
acidification of cellular microenvironments and confers ther-
apeutic resistance to tumors via cytoprotective autophagy
[106]. BafAl is a selective inhibitor of V-ATPase, which
prevents the acidification of lysosomes, thus, preventing the
progression of autophagy. In addition to being a selective
inhibitor of V-ATPase, BafA1l can reduce the stemness of
glioblastoma cell lines, suppressing the expression of stem
cell markers like nestin and CD133+ [106]. When used in
combination treatment with TMZ, BafA1 synergistically
decreases glioblastoma cell viability by inhibiting autophagy
and activating caspase-3, an executioner of apoptosis. When
compared to the early-stage autophagy inhibitor 3-MA, via-
bility of cells treated with 3-MA combination treatment after
three days was at 52%, while viability of cells treated with
BafA1 combination treatment after the same period was only
19%, showing that the proteotoxic stress that resulted from
autophagosome accumulation might hasten the activation of
apoptotic pathways [51].

The only FDA-approved autophagy inhibitor, CQ and
its derivative HCQ, can inhibit autophagy at a late-stage
by disorganizing the endo-lysosomal system, rather than
inhibiting lysosomal degradation capacity [105]. When
tested for its ability to decrease lysosomal acidification, CQ
did not impact LysoTracker Red staining in cell lines, while
BafAl did decrease LysoTracker Red staining, showing
that CQ most likely did not prevent autophagy via lysoso-
mal de-acidification. Moreover, the same group found that
when cells were treated with CQ versus BafA1l and other
lysosomal inhibitors, the cellular degradative compartments
(DGCs) for the cells treated with BafA1 contained cytoplas-
mic components indicative of obstruction of degradation,
while those treated with CQ did not have intact cytoplas-
mic materials and reflected the morphology of untreated
cells, showing that CQ utilized a different mechanism to
inhibit late-stage autophagy than BafA1 and other lysosomal
inhibitors. As this is so, the suggested mechanism for CQ-
mediated autophagy inhibition involved the redistribution
and depletion of COPI subunits (the specific coat protein
complex that initiates the budding process on the cis-Golgi
membrane), causing defects in endosomal function and dis-
organization of the Golgi apparatus, ultimately preventing
the fusion between autophagosomes and components of the
endo-lysosomal system [105]. The discrepancy between the
pathways acted upon by BafAl and CQ raises a red flag,
since CQ seems to have a more wide-spread effect on cell
lines. In addition to adversely impacting endo-lysosomal

function, CQ does increase lysosomal membrane permeabil-
ity in glioblastoma cell lines [58]. In the context of combina-
tion therapy, when glioblastoma cells were treated with HCQ
and BEV, HCQ potentiated the anti-cancer effects of BEV
at a relatively low concentration [107]. Although CQ and
HCQ are widely used autophagy inhibitors, the pathways
they act on are still not entirely clear and merit additional
investigation.

The success that CQ and HCQ has had in preventing
autophagy has earned these drugs FDA-approval; however,
their toxicity can make clinical applications daunting. Often-
times, HCQ is as an alternative to CQ, but HCQ is also toxic
when used in combination with other therapeutics such as
TMZ. In a Phase II trial where HCQ was administered with
RT and concomitant and adjuvant TMZ, when a continuous
low-dosage schedule of TMZ was used, even low doses of
HCQ (at around 800 mg) caused neutropenia and/or throm-
bocytopenia in all three glioblastoma patients in the trial
[63]. This contrasts other clinical trials, where patients were
able to tolerate doses of even 1200 mg HCQ; however, the
discrepancy was most likely a result of a continuous dosing
schedule in comparison to an intermittent dosing schedule.
These results indicate that the toxicity of HCQ makes its
clinical applications limited [63]. In another study focused
on effects of CQ and HCQ on the retina, the investigators
found that even at doses much lower than the recommended
maximum, patients suffered from retinopathy that lasted
even after CQ and HCQ treatment stopped, indicating that
CQ and its derivative could cause retinal damage [108]. The
widespread toxic effects of CQ and HCQ show that other
late-stage autophagy inhibitors with less toxicity will need
to be developed in order to have maximal use in clinical
applications.

Flavonoids are a source of potential late-stage autophagy
inhibitors that exhibit low toxicity. Two examples are celas-
trol, a triterpene derived from the Thunder God Vine, and
TQ, the primary bioactive component of black seed oil [71,
74]. Celastrol promotes apoptosis by increasing p62 accu-
mulation and proteotoxic stress due to autophagy inhibition.
When glioblastoma cells were treated with cycloheximide
(CHX), an inhibitor of de novo protein synthesis, cell death
was greatly delayed, confirming that celastrol-induced cell
death was dependent on excess p62 accumulation [74].
Unlike CQ, celastrol can inhibit autophagy flux at minimally
toxic low doses while indirectly overburdening lysosomal
degradation pathways [74]. Evidently, the autophagy-inhibit-
ing and pro-apoptotic effects of celastrol in conjunction with
its low toxicity make it an attractive and potential therapeutic
agent to combat glioblastoma.

TQ primarily causes late-stage autophagy inhibition by
increasing lysosomal membrane permeabilization, result-
ing in the translocation of lysosomal hydrolases to the
cytosol. In addition, TQ affects lysosomal localization,
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negatively impacting autophagosome-lysosomal fusion
[71]. Moreover, TQ can cause greater cytoplasmic vacu-
olization than CQ, making TQ a more effective autophagy
inhibitor. The investigators also found that TQ concomi-
tantly triggers apoptosis in a caspase-independent man-
ner, which was reflected by a dose-dependent increase in
propidium iodide and Annexin-V double positive cells.
Contrary to the action of CQ, TQ is able to cause cell
death in glioblastoma cell lines at low doses while not
impacting normal astrocytes even at high doses. TQ at
a dose of 2 uM affected glioblastoma cell proliferation,
while doses of even up to 16 uM did not impact normal
astrocyte growth [71]. TQ is also effective in combina-
tion therapy. In one study, when TQ was used in combina-
tion therapy with TMZ, 66% of the cells were apoptotic,
while only 19% and 36% of cells treated with TMZ and
TQ monotherapies, respectively, were apoptotic. They also
noticed that the combination therapy reduced the colony-
formation ability of glioblastoma cell lines [72]. The low
toxicity of TQ, high efficacy at low doses, and promise in
combination therapy opens the door for its use in glioblas-
toma treatment.

The cytoprotective effect of autophagy in the context of
cancer has spurred the development of autophagy inhibi-
tors with a variety of targets. These early-stage and late-
stage inhibitors have varying levels of efficacy and toxic-
ity, which impact their applicability to the clinical setting.
As the mechanisms for long-standing early-stage and late-
stage autophagy inhibitors are deduced, novel autophagy
inhibitors should continue to be investigated to determine
which therapeutic option has the highest efficacy and low-
est toxicity in glioblastoma patients. Greater understand-
ing of current therapeutics and the development of novel
therapeutics will pave the way for creating safe and effec-
tive treatments for combating glioblastoma.

Promotion of autophagy
as an unconventional therapeutic strategy
in glioblastoma

Rather than inhibiting the already-produced side effects of
conventional therapies, autophagy-inducers can capitalize
on cytoprotective processes to cause type Il programmed
cell death, leading to decreased tumor growth and improv-
ing patient outlook. This unconventional approach to
modulating autophagy in cancer cell lines has led to the
development of novel treatments that can be classified by
their corresponding targets in key pathways required for
autolysosome formation. Although some of these treat-
ments show promise, one of their major impediments is
limited bioavailability, which has either been counteracted
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by developing variations of the therapeutic or through
combination treatment. This section will mainly focus
on three groups of treatments: tyrosine kinase inhibitors,
mTOR inhibitors, and activators of the JNK pathway and
inhibitors of the Bcl-2 family of proteins (Table 3).

Tyrosine kinase inhibitors

Two commonly overexpressed receptor tyrosine kinases are
EGFR and the PDGFR-A, which lead to the overactivation
of the Ras/Raf, MAPK, ERK, and PI3K/Akt/mTOR path-
ways in glioblastoma. Since these pathways are inherently
implicated in important cellular processes such as cell pro-
liferation, angiogenesis, migration, and invasion, their dys-
regulation leads to the overexpression of anti-apoptotic and
cell survival proteins and the decreased expression of pro-
apoptotic proteins [109]. The most common EGFR mutant
is EGFRVIII, which involves the increase in transcriptions
that do not contain exons 2—7 or alternative mRNA splicing
that lacks amino acids 6-273. Approximately 50% of high-
grade and low-grade astrocytomas contain this mutant, and
it is a defining genetic characteristic for the classic glioblas-
toma gene expression subtype [110, 111]. On the other hand,
PDGFR, with the most common isoform being PDGFR-A, is
a defining genetic characteristic for the proneural glioblas-
toma gene expression subtype, and it is amplified in around
23% of glioblastomas [112].

Gefitinib, which is a small molecule and selective recep-
tor tyrosine kinase inhibitor of EGFR, promotes autophagy
via AMPK activation [113]. Although it has been previously
shown that gefitinib promotes apoptosis via Bad phospho-
rylation, at lower concentrations, gefitinib also produces
cytotoxic autophagy that causes growth inhibition and
reduction in long-term clonogenic survival [113, 114]. The
exact mechanism that gefitinib uses to upregulate the LKB1/
AMPK pathway is still unknown; however, it is hypothesized
that its induction of endoplastic reticulum (ER) stress and
oxidative stress lead to the activation of tumor suppressor
LKBI, calcium/calmodulin-dependent protein kinase kinase,
and AMPK. Since gefitinib does not affect the expression of
other pro-autophagic proteins such as Beclin-1, Atg5, Atgl2,
or Vps34, it is thought that the promotion of autophagy is
a downstream effect of its upregulation of AMPK. The
concentrations of gefitinib required to induce autophagy
are higher than those required to inhibit EGFR, suggest-
ing that autophagy promotion is an off-target effect of its
action, and as a monotherapy it is not clinically practical due
to the possibility that the concentrations required may lead
to adverse effects on healthy tissues [113]. As a result, the
pro-autophagic effects of gefitinib have been investigated in
combination therapy as well. When combined with valproic
acid, a short-chain fatty acid that is an established treatment
for epilepsy, the two synergistically inhibited cell growth and
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long-term clonogenic survival via induction of autophagy
[115]. Their combined action was independent of the Akt/
mTOR pathway and acted upon the LKB1/AMPK pathway
yet again, and the synergistic effect was due to greatly ele-
vated levels of oxidative stress. Even though non-toxic lev-
els of valproic acid were required, concentrations of 10 uM
gefitinib or more were required for the combinatory effect,
which could make clinical applications less practical [115].

Imatinib, which is an ATP analog that can bind to the
receptors of PDGFR-A, breakpoint cluster region protein
(BCR), stem cell factor (SCF), and tyrosine-protein kinase
KIT (c-KIT), also promotes autophagy. Like gefitinib, as
a monotherapy, its efficacy is rather limited; however, it is
due to its inability to reach proper brain tissue distribution
because of the action of p-glycoprotein [116]. This is why
the action of imatinib has been investigated with a variety
of combination therapies, such as with chlorimipramine, an
anti-depressant, and with carvedilol, a treatment for chronic
heart failure. Both of these drugs have shown anti-neoplastic
characteristics, leading to synergistic effects when combined
with imatinib to combat glioblastoma. In one study, the level
of autophagy produced by imatinib only led to chemoresist-
ance; however, when it was combined with chlorimipramine,
levels of autophagy increased to the point of induction of
autophagic cell death. This was also confirmed by increased
autophagy and membrane fusion in the combination treat-
ment group [116]. Carvedilol, in addition to acting upon
PDGFR, also inhibited the action of p-glycoprotein, which
led to the synergistic decrease in cell number, spheroid
volume, percentage of cells in S-phase, and cAMP levels
when combined with imatinib [117]. Both drugs have shown
promise in vitro; however, further studies are required to
determine their efficacy in vivo. Another possible explana-
tion for limited action of imatinib as a monotherapy is its
multi-target mechanism of action. Although it may act as
an upstream promoter of autophagy, a study reports that in
the context of hepatocellular carcinoma, imatinib can inhibit
late stages of autophagy, prohibiting lysosomal fusion to
the autophagosome. The additional ability of imatinib to
counteract the pro-autophagic properties of sorafenib makes
the usage of imatinib solely in the context of autophagy pro-
motion questionable [161]. To use imatinib in this fashion,
more molecular insights would have to be understood about
its targets and mechanisms of action.

Overall, although tyrosine kinase inhibitors are an exam-
ple of targeted therapies that take advantage of key identified
characteristics of glioblastoma, monotherapies have only
shown limited efficacy due to the refractory response of the
tumor. Combination therapies show some promise, but may
be clinically inapplicable, or require further exploration.
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mTOR inhibitors

Of the modern mTOR inhibitors, rapamycin, otherwise
known as sirolimus, was approved by the FDA long ago.
Rapamycin was derived from the bacterium Streptomyces
hygroscopicus, which was found in soil samples of Easter
Island, a special territory of Chile in the southeastern Pacific
Ocean. Found to have antibiotic properties, it was approved
by the FDA in 1999 to help prevent kidney transplant rejec-
tion. It was not until Blommaart and colleagues analyzed
the effects of rapamycin on S6 phosphorylation that the link
between rapamycin and its ability to induce autophagy was
discovered [118]. After rapamycin or sirolimus was deter-
mined to have anti-neoplastic qualities, other derivatives
such as temsirolimus, everolimus (or RADO0O1), and rida-
forolimus were developed for determining their therapeutic
values [119]. Everolimus has been approved by the FDA in
2009 for advanced kidney cancer and it differs from rapa-
mycin in its solubility and terminal half-life. This means
that it has higher bioavailability, faster steady state levels
once treatment starts, and it is eliminated from the body
faster after the treatment has ended. The mechanism upon
which rapamycin and its derivatives acts is that rather than
directly binding to the mTOR protein, it binds to immuno-
philin FK506 binding protein (FKBP), which then forms
a complex with mTORCI, leading to its inhibition. Newer
mTOR inhibitors directly inhibit mTOR (such as by target-
ing its ATP-binding domain), possibly making them more
effective; however, none are at the point of receiving FDA
approval yet [119].

Rapamycin has been shown to promote the differentiation
of stem cells in glioblastomas and increase radio-sensiti-
zation via autophagy. When SU-2 cells were treated with
rapamycin or combination of rapamycin and 3-MA, the cells
that were part of the rapamycin only group demonstrated
decreased stem cell markers, while increased expression of
differentiation markers [120]. The ability of rapamycin to
cause differentiation of the stem cells was counteracted by
3-MA, an early-stage autophagy inhibitor, in the combina-
tion treatment group indicating that differentiation was the
result of pro-autophagic processes. The same results were
observed in rapamycin-treated tumor xenografts [120].
Around the same time, another group found that rapamycin
increased the radiosensitivity of GSCs, leading to a syner-
gistic effect that resulted in high levels of differentiation and
cell death. When treated with monotherapy (just rapamy-
cin), double therapy (rapamycin and irradiation), and triple
therapy (rapamycin, irradiation, and 3-MA), the monother-
apy and triple therapy led to the formation of large tumors
with small satellite tumors while the double therapy led to
the formation of small, confined lesions [121]. The mono-
therapy and triple therapy also led to greater toxicity, while
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the double therapy resulted in levels of apoptosis twenty to
thirty times greater than the control [121].

Combination treatments consisting of EGFR inhibi-
tors, PI3K and Akt inhibitors, and oncolytic adenoviruses
potentiate the activity of rapamycin. When rapamycin was
combined with erlotinib, an EGFR inhibitor, the ability of
erlotinib to promote growth arrest and cell death increased
even in PTEN-deficient cell lines, which are commonly
resistant to the action of EGFR inhibitors [122]. Simi-
lar results were shown in rapamycin-resistant cell lines
when rapamycin was combined with the PI3K inhibitor
LY294002 and the Akt inhibitor UCN-01 (7-hydroxystau-
rosporine). Although L'Y294002 commonly is used as an
autophagy inhibitor, when combined with rapamycin it is
observed that it synergistically increases autophagy levels,
reinforcing that its mechanism of action depends on the
cell conditions [123]. Rapamycin was also combined with
oncolytic adenovirus OBP-405, which was derived from
human adenovirus stereotype 5. OBP-405 was determined
to be more effective than other oncolytic adenoviruses at
causing cell death regardless of the coxsackievirus and
adenovirus receptor (CAR) expression level, and combi-
nation treatment led to an increased PFS in the mouse
model of around 9.3 days when compared to monotherapy
[124]. Clinical trials have been conducted with combi-
nation therapy of rapamycin and EGFR and VEGFR2
inhibitor vandetanib. Only two out of the nineteen selected
patients showed response, and the PFS at 6 months was
15.8%; however, the clinical trial was limited in that par-
ticipants were not pre-selected by the levels of activation
of VEGFR, EGFR, and PI3K/Akt/mTOR pathways [125].
More clinical trials have to be conducted to determine the
efficacy of these combination treatments and their applica-
tions to the current standard of glioblastoma treatment.

Although not as well studied as rapamycin, everolimus
has been studied in combinations with other treatments such
as the current standard of care, other oncolytic adenoviruses,
and VEGFR and EGFR inhibitors. In a Phase I clinical trial,
everolimus and TMZ were combined to determine the effi-
cacy of treating newly diagnosed and progressive glioblas-
toma. Even though the full dose of TMZ could not be used
in the combination treatment, out of the 28 patients in the
study, 3 had partial responses while 16 had stable disease
[126]. In addition, when everolimus was combined with
oncolytic adenovirus Delta-24-RGD, long-term survival
was observed in 80% of experimental animals while only
10% and 50% was observed in everolimus and Delta-24-
RGD monotherapies, respectively. The cell cycle arrest and
anti-angiogenic effect caused by everolimus potentiated the
efficacy of the adenovirus, leading to significantly increased
median survival [127]. Delayed tumor growth was also
observed when everolimus was combined with the EGFR
inhibitor AEE788. When combined, the drugs delayed tumor

growth by 31.7 days rather than by 5.2 and 7.3 days with
everolimus and AEE788 monotherapies, respectively [128].
Although they have shown promise in tumor xenografts and
early stages of clinical trials, it is not until further clinical
investigation is conducted that the efficacy of the combina-
tion therapies can be determined.

So far, sirolimus or rapamycin and everolimus have
already been approved by the FDA for usage. Both treat-
ments as monotherapies show efficacy in combating glio-
blastoma, and they show even greater potential when used
in combination therapies. Since they are well-tolerated for
the most part, further clinical investigation of combination
therapies is required to determine the applicability of these
therapies to enhance the efficacy of mTOR inhibitors.

Flavonoids have also proven their efficacy in modulat-
ing cellular pathways when it comes to mTOR inhibition.
Cucurmin, a yellow pigment extracted from turmeric and
commonly used in South Asian medicine, is a flavonoid
that has been shown to modulate the Akt/mTOR pathway
in both glioblastoma and endothelial cell lines [129, 130].
When curcumin was combined with nimustine hydrochlo-
ride (ACNU), a chemotherapeutic agent commonly used
in Central Europe and Asia, it suppressed the Akt/mTOR
pathway, synergistically inhibited cell proliferation, and pro-
moted cell-cycle arrest [131]. Although it has shown prom-
ise, one of the major drawbacks of curcumin is its low bioa-
vailability. As a result, one research group created solid lipid
curcumin particles to increase its solubility. The treatment
with this novel method of preparation led to elevated lev-
els of mTOR pathway inhibition, as indicated by increased
levels of Beclin-1, Atg5, and Atg7. In addition to promot-
ing autophagy, this preparation of curcumin also led to the
decrease in expression of pro-mitophagic markers Bcl-2 and
adenovirus E1B 19-kDa-interactive protein 3-like (BNIP3L),
indicating promotion of mitochondrial dysfunction leading
to increase in cell death [129]. Perhaps the development of
more efficient methods of curcumin distribution could lead
to the formation of a low-toxicity polyphenol-based therapy
that capitalizes on mTOR inhibition and autophagy promo-
tion for inhibition of glioblastoma progression.

JNK activators and Bcl-2 inhibitors

JNK (c-Jun N-terminal kinase) is a member of a subfam-
ily of MAPK (mitogen-activated protein kinase) and it has
three variants: JNK1, INK2, and JNK3. JNK1 and JNK?2 are
commonly found throughout the body while JNK3 is mainly
found in the brain, heart, and testis. c-Jun is a phosphoryl-
ation-activated transcription factor that is a downstream
effector of INK. When activated, it regulates expression of
the pro-apoptotic and anti-apoptotic and autophagic genes
such as Bax (Bcl-2 associated X-protein) and Bcl-2 (B-cell
lymphoma 2). Bcl-2 is a protein that binds to Beclin-1,
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preventing formation of the Beclin-1-hVps34-PI3K complex
and inhibition of autophagy, and it also acts in preventing
apoptosis. Activated JNK1 results in Bcl-2 phosphorylation,
causing it to dissociate from Beclin-1 and resulting in induc-
tion of autophagy [133]. Manipulating this pathway has been
a source of interest in promotion of autophagy, as it can lead
to autophagic cell death while also indirectly enhancing pro-
apoptotic pathways.

A polyphenol that affects Bcl-2 expression is gossypol,
which is derived from cottonseeds. In the past, gossypol has
demonstrated pro-apoptotic effects through the inhibition of
the anti-apoptotic proteins Bcl-2, Bcl-xL, Mcl-1, and Bcl-
W. When used in combination therapy with TMZ in both
MGMT-negative and MGMT-expressing cells, (—)-gossypol
synergistically increased cell death via autophagy, as con-
firmed by the formation of autophagosomes without lyso-
somal damage or caspase activation [134]. The decrease in
levels of Mcl-1, down regulation of which has been deter-
mined as specifically important in causing cell death, has
been hypothesized to contribute to the polyphenol's ability
to cause stress-triggered degradation through upregulation
of JNK1. Although the effect of gossypol was reduced in
the MGMT-expressing cell line, the ability of gossypol to
enhance the activity of TMZ as a pan-Bcl-2 inhibitor shows
some hope. When further analyzed by another group, it was
found that the responsiveness of cell lines to a gossypol-
TMZ combination treatment depended on their individual
Mcl-1 and MGMT expression statuses, which mean that
there may be some applicability in the limited cases [135].
In clinical trials, gossypol can be orally ingested and is
well-tolerated; however, on its own it does not do much to
improve patient's PFS and OS [134, 136].

Cucurbitacin, another flavonoid, also acts upon JNK and
the action of Bcl-2 family proteins to induce autophagy and
suppress growth of glioblastoma. Commonly used in tradi-
tional medicine in Brazil, China, India, and Peru, cucurbi-
tacin can be found in a variety of plant families. When glio-
blastoma cell lines were treated with this flavonoid, levels
of phosphorylated p38, JNK, and c-JUN increased, while
significant G2/M phase arrest followed. The action of cucur-
bitacin modulated the cytoskeleton and affected the JINK
pathway [137]. In another study, cucurbitacin decreased the
expression of anti-apoptotic Bcl-2 and Bcl-xL and increased
the expression of pro-apoptotic Bax. The mechanism of
action found in relation to a decrease in expression of Bcl-2
was the down regulation of the JAK/STAT3 pathway, which
led to decrease in HIF-1a expression and decrease in inter-
action between Bcl-2 and Beclin-1 [75]. Overall, it shows
some promise; however, it is possible that its action is rela-
tively limited in inducing type II programmed cell death.
Additional in vivo investigation for mechanistic studies and
preliminary clinical trials are required.
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Other flavonoids such as ursolic acid and evodiamine have
shown similar ability to cause the upregulation of autophagy
through the JNK pathway; however, their ability to cause
levels of autophagy that lead to type II programmed cell
death has not been thoroughly investigated [76, 79]. In gen-
eral, the role of the INK pathway in autophagy regulation is
largely undiscovered and the low toxicity of many flavonoids
may provide an opportunity to utilize the action of the INK
pathway to develop novel therapies, but this is still in its
infancy.

Autophagy promoters have shown varying levels of suc-
cess. Oftentimes, as a monotherapy they are largely ineffec-
tive, but when combined with other inducers of autophagy,
they have demonstrated the ability to induce senescence,
increased levels of apoptosis, anti-angiogenic properties,
and increased PFS. Increased efficacy as a monotherapy and
in combination therapy could possibly be attained through
development of strategies to increase bioavailability of the
treatment, such as how everolimus was developed. In vitro
efficacy of these therapies has been deduced; however, there
is limited research conducted on certain groups of autophagy
promoters in vivo and in clinical trials. As new avenues of
investigation are pursued, it is possible that the promotion of
autophagy will be a therapeutic option to combat glioblas-
toma, but its relative novelty places the question of whether
it will be incorporated in mainstream care in the near future.

Future of autophagy in glioblastoma
therapy

Autophagy plays a critical role in glioblastoma progression
because of its ability to either promote resistance to radia-
tion and chemotherapy when it is activated in a cytoprotec-
tive fashion, or to cause cell death and tumor suppression
when it is activated in a cytotoxic mode. Its dual role has
been addressed through the development of novel treatments
that either cause inhibition or promotion of autophagy.
Autophagy inhibitors are long-standing and can be split into
either early-stage or late-stage inhibitors. Whether they are
PI3K inhibitors or they prevent lysosome and autophago-
some fusion, autophagy inhibitors have shown promise in
reducing tumor cell viability, combating recurrent tumor
formation, and increasing activation of apoptotic pathways.
However, problems still exist with the efficacy and the tox-
icity of certain therapies that involve autophagy inhibition.
These problems also translate into therapies that promote
autophagy. Although these inhibitors have shown great
strides in promoting cell death, reducing the formation of
large tumors, and delaying tumor growth, many therapies
focused on autophagy promotion have shown little efficacy
or ability to improve PFS or OS of the patients suffering
from glioblastoma. Limited efficacy in both scenarios can be
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due to a lack of full understanding of the pathways involved
in action of certain therapeutics, or they can also be due to
difficulties in transporting therapeutics to the desired site
of action [91]. Toxicity is yet another concern that is being
resolved by finding new therapies that have lower toxic-
ity, such as those that are derived from bioflavonoids and
polyphenols.

The BBB is another limiting factor in obtaining optimal
therapeutic bioavailability. Playing an important role in brain
homeostasis, the BBB provides biomechanical and cellu-
lar resistance to a variety of elements including systemati-
cally circulating hormones, cytokines, waste and toxins, and
items that can cause drastic change in ion gradients [151].
Although it is semi-permeable, passive diffusion only occurs
for molecules that are under 400-500 Daltons (Da) in size
and that are lipid-soluble. Therapeutics such as TMZ do fit
the bill and are at a size of around 192 Da and have lipo-
philic properties; however, their relative penetration across
the BBB is still only a mere 20%. Moreover, changes in the
tumor microenvironment due to upregulation of HIF-1a and
VEGEF causes the formation of leaky vasculature that results
in the reflux of chemotherapies back into the vasculature
even after they have reached the parenchyma [151]. As this
is so, a variety of methods have been developed in an attempt
to overcome this challenge, such as biochemical drug mod-
ification, intra-arterial injection, hyperosmotic disruption,
other surgical approaches, and thermotherapy.

Specifically, the development of novel treatments in the
past meant creating a derivative of the ‘parent’ treatment
(biochemical drug modification), such as in the case of
everolimus and HCQ. However, this does not address the
transport of current treatments such as those that involve
bioflavonoids and can take quite a bit of time to develop.
Recently, nanoparticles have been used to deliver treatments
to their desired site. Common types of nanoparticles include
polymeric nanoparticles, metallic nanoparticles, dendrim-
ers, and carbon nanomaterials. Some carbon nanomateri-
als have shown promise, with Fullerene C60 being a potent
autophagy inducer; however, problems with bioaccumula-
tion leading to obstruction of autophagy flux still remain
[138]. Nanomaterials have also been combined with the late-
stage autophagy inhibitor CQ to induce apoptotic cell death.
When albumin nanoparticles were modified with folic acid
and loaded with paclitaxel and CQ, investigators noticed
a synergistic increase in cellular apoptosis and a reduced
quantity of expression of stemness-associating genes [139].
Ultimately, nanomaterials show promise in increasing the
bioavailability of current treatments and are the next step
to possibly creating great strides in producing therapies for
glioblastoma since they can greatly augment the anti-tumo-
rigenic action of current treatments without needing to use
them at toxic levels.

Another method of delivery that has shown promise is
the use of thermotherapy, specifically magnetic resonance-
guided focused ultrasound (FUS). Considered relatively
safe compared to other types of therapeutics, FUS can cause
BBB disruption without irreversibly damaging neighboring
tissues via emittance of low intensity ultrasound energy cou-
pled with circulating microbubbles, focusing the effect of the
ultrasound energy on vasculature [152]. FUS has been able
to increase permeability of the BBB for molecules that are
up to the sizes of 2000 kDa, providing the framework for
the transport of nanoparticles containing chemotherapeutics
like TMZ across the BBB to improve TMZ half-life [151,
152]. In one study using a rat model, investigators noticed
that TMZ levels (measured as the cerebrospinal fluid-to-
plasma ratio) increased from 22.7 to 38.6% in the presence
of ultrasound therapy [151]. The high efficacy and minimal
toxicity of FUS make it an attractive therapy for application
to clinical trials and current standard of therapy.

In addition to finding new combination treatments or
monotherapies that have lower toxicity and greater efficacy,
the role of autophagy needs to be further investigated. Due to
the great intra-tumoral heterogeneity that exists in glioblas-
toma, it is possible that different roles of autophagy can exist
within one tumor [140]. As a result, which role of autophagy
predominates within a particular cancer needs to be deter-
mined in addition to when autophagy should be targeted
during tumor progression [141]. The long-term effects of
modulating autophagy also have to be considered. For exam-
ple, autophagy is essential for the development of memory T
cells, and thus prolonged inhibition of autophagy could lead
to even further immunosuppression [142]. By understanding
the role of autophagy within a particular cancer, and how
modulating autophagy affects the body in the long term,
more targeted treatments can be developed.

The future of autophagy in glioblastoma is using preci-
sion medicine to give targeted therapy that is most effec-
tive in the individual patient being treated. Through greater
understanding of the role of autophagy in glioblastoma,
and the development of more efficient methods of deliv-
ery, current treatments can lead to greater tumor remis-
sion and improved OS for people who are diagnosed with
glioblastoma.

Conclusions

As the most prominent primary malignant brain tumor
in adults, glioblastoma makes up about 80% of all malig-
nant brain tumors [1, 2]. Although TMZ, the current gold
standard of treatment, has increased the life expectancy of
patients diagnosed with glioblastoma by about two months,
the prognosis is still grim. Oftentimes, patients hardly live
to see another year after diagnosed with the disease, with
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a median survival still around 14.6 months after diagnosis
[143]. The current standard of treatment relies heavily on
MGMT-promoter methylation, which only exists in about
45% of patients diagnosed with glioblastoma [4]. As a result,
alternative therapies need to be developed to consider the
patients that do not have MGMT-promoter methylation and
that capitalize on other pathways that are commonly dys-
regulated in glioblastoma [15].

Autophagy is a process that occurs at basal levels in most
tissues and serves as a form of quality control. Although at
incipient stages of tumor progression autophagy acts as a
tumor repressor, at later stages, autophagy enhances tumo-
rigenesis by conferring resistance to starvation, hypoxia,
and therapy-induced cell death and maintaining cancer stem
cells, which ultimately support relapse of the malignancy
[23, 25]. The widespread role of autophagy and its impli-
cation in tumor progression make it a desirable target for
novel therapeutics. TMZ, the current standard of treatment,
upregulates autophagy that confers resistance to chemothera-
peutics and RT, giving two possible avenues of investiga-
tion: either continued upregulation of autophagy leading to
type II programmed cell death, also called autophagic cell
death (unconventional), or inhibition of autophagy to upreg-
ulate type I programmed cell death, also called apoptotic cell
death (conventional).

Much research has been conducted on both fronts. From
the use of flavonoids to oncolytic adenoviruses, the pro-
gression of autophagy has been modulated to increase cell
death. Some therapies have existed for over a decade and
have been approved by the FDA for use in the clinical set-
ting, while others are novel and have yet to be tested in larger
clinical trials. Although almost all avenues seem to have
a positive effect on controlling tumor progression in vitro,
they fall short in vivo when it comes to bioavailability or
their efficacy as a monotherapy. Since the development of
TMZ and RT concomitant treatment, no other therapy has
shown as great of advancement in the increase in PFS and
OS. As a result, either novel treatments with lower toxicity
and higher bioavailability or more efficient methods of dis-
tributing treatments that have already shown some promise
need to be developed.

It is clear that certain questions need to be answered
before advancements can be made and a singular direction
can be taken on the development of treatments that modu-
late autophagy. These questions concern the intra-tumoral
and intertumoral heterogeneity of autophagy activity, how
autophagic activity impacts the efficacy of certain drugs
(especially in the context of combination therapy), and how
modulation of autophagy can impact other cellular pro-
cesses, such as the immune system. As current therapies
are further investigated in higher levels of clinical trials, the
practicality of each therapeutic option can be determined and
a decision can be made about whether early-stage autophagy
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inhibitors, late-stage autophagy inhibitors combined with an
autophagy promoter, or autophagy promoters are the most
effective at curbing glioblastoma progression. The wide
variety of therapies that have been developed in addition to
the use of nature-derived flavonoids and polyphenols shows
great promise for glioblastoma treatments of the future.
However, now is the time for increased understanding of
autophagy function and the development of improved deliv-
ery methods to determine which therapeutics need to be left
behind and which ones are worth pursuing further.
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