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Preface
Although technical advances have resulted in marked improvements in the ability to diag‐
nose and surgically treat primary and metastatic brain tumors, the incidence and mortality
rates of these tumors are increasing. Particularly affected are young adults and the elderly.
The present standard treatment modalities following surgical resection, including cranial ir‐
radiation and systemic or local chemotherapy, each have limited efficacy and serious ad‐
verse side effects. Furthermore, the relatively few long-term survivors are inevitably left
with cognitive deficits and other disabilities. The difficulties in treating malignant gliomas
can be attributed to several factors. Glial tumors are inherently resistant to radiation and
standard cytotoxic chemotherapies. The existence of blood-brain and blood-tumor barriers
impede drug delivery to the tumor and adjacent brain infiltrated with tumor. In addition,
the low therapeutic index between tumor sensitivity and toxicity to normal brain severely
limits the ability to systemically deliver therapeutic doses of drugs or radiation therapy to
the tumor. New treatment strategies for the management of patients with these tumors are
urgently needed.
In this book, a review of the important features involving the clinical management of pa‐
tients with these tumors is outlined. In particular, advances in the molecular biology of
brain tumors including the evolution of microRNAs along with angiogenesis and tumor in‐
vasion patterns are reviewed. In addition, advances in radiology both for pre-operative di‐
agnostic purposes along with surgical planning are described. A discussion of the particular
resistance to radiation therapy and the long-term consequences of radiation therapy treat‐
ments is provided.
An important emerging strategy in the treatment of patients with brain tumors involving
the stimulation of an immunologic response against the neoplastic cells is outlined in this
book. Although in most instances proliferating tumors do not provoke anti-tumor cellular
immune responses, the hope is that the immune system can be called into play to destroy
malignant cells. Hopefully this information coupled with advances in the understanding of
the molecular biology of brain tumors, which are also outlined in this book, will translate
into additional novel therapeutic treatment strategies that should lead to the prolongation of
survival without a decline in cognitive functions or other side effects in patients with brain
tumors.
Terry Lichtor, MD, PhD
Department of Neurosurgery
Rush University Medical Center
USA

Section 1

Molecular Biology of Tumors

Chapter 1

Understanding Mitochondrial DNA in Brain
Tumorigenesis
Abdul Aziz Mohamed Yusoff, Farizan Ahmad,
Zamzuri Idris, Hasnan Jaafar and
Jafri Malin Abdullah
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/58965

1. Introduction
In developed countries, most studies reveal that the number of people who develop brain
tumors and die from them has increased. Brain tumor, one of the most devastating central
nervous system pathologies, is the leading cause of solid tumor death in children under the
age of 15, and the second leading cause of cancer death in male adults ages 20-39. So far,
researches on genesis and development of tumor are intensively focused and studied on
alteration of the gene in nucleus and brain tumors is the one where most were reported arise
as the result of progressive nuclear genetic alterations. Multiple genetic events have been
identified in brain tumor cells involving some well-known susceptibility genes such as tumor
suppressor and oncogenes that are encoded by the nuclear DNA (nDNA). For instance, the
p53 tumor suppressor gene is frequently mutated and often detected altered or lost early in
brain tumor mainly in astrocytic tumors formation [1-3]. Similarly, mutations or loss of PTEN
(phosphatase and tensin homolog), p16, RB (retinoblastoma) and amplification of EGFR
(epidermal growth factor receptor), MDM2, CDK4, CDK6 (cyclin-dependent kinase) are also
involved in the pathogenesis of brain tumor [4,5].
Although, it is well established that multiple alterations in the nuclear-encoded genes are
associated with tumor development, it is reasonable to consider and postulate that there is
another factor or genome yet to be investigated. The involvement of the mitochondrial genome
in tumorigenesis and cancer progression remains controversial to date. Mitochondria are
cytoplasmic organelles in eukaryotic cell and recognized as “the power houses of the cell”,
thus one of their principal functions is providing cellular energy, adenosine triphosphate
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(ATP) through the oxidative phosphorylation (OXPHOS) [6]. OXPHOS can be defined as the
oxidation of electron transfer chain by oxygen and the concomitant transduction of this energy
into ATP. The OXPHOS system is composed of five protein complexes: NADH-ubiquinone
oxidoreductase as complex I, succinate-ubiquinone oxidoreductase as complex II, ubiquinonecytochrome c oxidoreductase as complex III, cytochrome c oxidase as complex IV and ATP
synthase as complex V.
In addition to energy production, mitochondria are also key components in calcium signalling,
regulation of cellular metabolism, haem synthesis, steroid synthesis and, perhaps most
importantly, the initiation and execution of apoptosis [7,8]. Over the last 25 years, mitochon‐
drial abnormalities that associated with mitochondrial DNA (mtDNA) alterations, has been
identified in human disease, including seizure, ataxia, ophthalmoplegia, optic atrophy, short
stature, sensorineural hearing loss, cardiomyopathy, diabetes mellitus and kidney failure
[9,10]. Accumulation of altered mtDNA has also been widely believed to play the pivotal role
in aging and the development of various age-related degenerative diseases [11]. In recent years,
more attention has been directed towards the role of mitochondrial dysfunction in various
cancer due to genetic defects of OXPHOS system [12-17]. Proteins that take part in the proper
functioning of the OXPHOS system are encoded by both nDNA and mtDNA. Similar to nDNA,
mtDNA mutations and deletions have been identified in a wide variety of cancers including
brain tumor [18-26], although it is unclear whether these are causal or a consequence of the
neoplastic process.
This chapter begins with a general overview of basic mitochondrial structure and OXPHOS
system functions and then outlines more specifically the link between mitochondrial reactive
oxygen spices (ROS) and apoptosis with tumorigenesis and genetic alterations in mitochondria
associated with human cancers mainly brain tumor.

2. Mitochondrial structure
Mitochondria are seen by electron microscopy to be intracellular oblong or ovoid shaped
organelles with a transverse diameter of 0.1-0.5 µm and a variable length [27]. The structure
of mitochondria is shown in Figure 1. Most eukaryotic cells contain many mitochondria, which
cover up to 25% of the volume of the cytoplasm. The number of mitochondria within a cell
increases with the amount of substrate and oxygen. Mitochondria are large enough to be
observed under a light microscope, but the detail of their structure can be viewed only with
the electron microscope.
Initial studies based on electron microscopy investigations by two researchers Palade and
Sjöstrand, revealed that mitochondria contain more than one membrane system with the
existence of an outer membrane and of a highly folded inner membrane [28,29]. The baffle
model which was coined by Palade has been accepted and currently depicted as a model of
mitochondria structure in all the textbooks [28]. The baffle model describes mitochondria as
having four compartments (Figure 1). The first compartment is termed the outer membrane.
This smooth membrane surrounds with a very convoluted or folded inner membrane. The
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Figure 1. The structure of a mitochondrion

inner membrane is folded to create cristae. The outer and inner membranes have very different
properties. Together they create two compartments, namely the intermembrane space (the
space between the outer and inner membranes), and the matrix (closed by the inner membranethe very interior of the mitochondria).
Nowadays, the baffle model has been shown to be inaccurate. Based on the investigations of
3-D structure of mitochondrial morphology by electron microscope tomography, the inner
membrane is believed to be further divided into two distinct domains: an inner boundary
membrane and cristae membranes [27, 30-32]. The inner boundary membrane is located close
to the outer membrane and makes close contact with it at numerous positions. Cristae
membranes protrude into the matrix compartment and are connected to the inner boundary
membrane by narrow tubular structures called cristae junctions.
The outer bilayer lipid membrane contains channels made of voltage dependent anion
channels called porins and are permeable to molecules < 10,000 Da. It is composed of approx‐
imately 50% lipids and 50% proteins. The inner bilayer lipid membrane is folded and imper‐
meable to most molecules and protons. It is built up of 70% protein. The inner membrane is
also the site of the electron transport chain and contains transport proteins for OXPHOS
system. Within the matrix a large number of enzymes and other proteins and peptides,
including DNA-polymerase, chaperones (heat shock proteins), ribosomes, mRNAs, tRNAs,
and the mtDNA are located.
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3. Mitochondrial function: OXPHOS system
Mitochondria play a central role in energy conversion processes (respiration) within the cell
through the electron transport chain, the primary function of which is ATP synthesis via a
complex mechanism referred to as “oxidative phosphorylation” (OXPHOS) (Figure 2).
OXPHOS is the production of ATP using energy derived from the transfer of electrons in an
electron transport system and occurs by chemiosmosis. As the process of mitochondrial
electron transport takes place, energy is released in the form of a proton electrochemical
gradient that can be used to make ATP. Though, the details regarding the conservation of this
released energy are still being debated, most scientists accept the chemiosmotic hypothesis as
the general mechanism for the energy transfer. The chemiosmotic hypothesis was formulated
in the 1960s by Peter Mitchell [33,34]. This hypothesis states that hydrogen ions (H+or protons)
are transferred from mitochondrial matrix out across the inner membrane to the intermembrane space as electron transport occurs by a series of reduction-oxidation reactions that
establish an electrochemical gradient. The membrane is impermeable to protons, which flow
back down the proton gradient through a large enzyme called ATP synthase or complex V,
the energy from which is subsequently used to produce ATP.

H+
Intermembrane
space

H+

H+

H+

Cyt c

IV

Inner
membrane

e

Q
e

Q
II
I

III
e

ATP
synthase
V

e

Matrix
FAD

2H++½O2

NAD++ H+

NADH

H2O
FADH2
ADP+Pi
ATP

Kreb
Cycle

H+

Acetyl CoA (from oxidation of pyruvate)

Figure 2. A schematic representation of the mitochondrial OXPHOS system

For achieving the whole process, in first stage pyruvate, which is generated in the cytosol
during glycolysis, is transported across the double mitochondrial membranes and enters the
matrix. The pyruvate molecules are produced by the breakdown of glucose molecules from
carbohydrates via glycolysis. Once inside the matrix, pyruvate molecules are converted to the
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two carbon compound acetyl coenzyme A (acetyl CoA). This oxidative decarboxylation
reaction is catalyzed by the pyruvate dehydrogenase complex. The acetyl CoA is then taken
into a sequence of enzymatically catalyzed reactions known as the citric acid cycle which
completes the oxidation of carbon and regenerates an electron acceptor to keep the cycle going.
The oxidation of acetyl CoA in the citric acid cycle (which is also called the Krebs cycle or
tricarboxylic acid cycle) is catalyzed by a set of enzymes localized in the mitochondrial matrix.
During this process, the released electrons are transferred to co-enzymes, NAD+and FAD to
form the reduced molecules NADH and FADH2. Later, NADH and FADH2 transfer electrons
to acceptor molecules in the electron transport chain, in the inner mitochondrial membrane.
Coenzyme Q (ubiquinone) and cytochrome c are also involved in mitochondrial respiration,
serving as ‘electron shuttles’ or mobile electron carriers between the complexes.
Electrons donated from NADH to Complex I or from FADH2 to Complex II are passed to
coenzyme Q. Electrons then flow from coenzyme Q to Complex III which transfers the electrons
to cytochrome c. From cytochrome c the electrons move to Complex IV and finally to ½ O2 to
produce H2O [35]. As electrons pass through these complexes in a series of oxidation-reduction
reactions, the energy that is released by this electron transport chain is used to pump protons
out from the mitochondrial matrix to the inter membrane space via Complexes I, III and IV
creating the electrochemical gradient. The electrochemical gradient allows protons to drive
back into the matrix through a pore in Complex V (ATP synthase), using the released energy
to catalyze the synthesis of ATP from ADP and phosphate.

4. Mitochondrial genome
Mitochondria have a genetic system of their own, separate from the nuclear one, with all the
machinery necessary for its expression; that is, to replicate, transcribe and translate the genetic
information they contain. The mitochondrial deoxyribonucleic acid (mtDNA) was discovered
in 1963 [36] and the near complete sequence for human mtDNA was available in 1981 [37] and
was minimally revised in 1999 [38]. Human mtDNA is mostly a double-stranded, closed
circular molecule composed of 16,569 base pairs.
Figure 3 shows the human mitochondrial genome. It is very compact, containing little noncoding sequence, essentially just the 1.1 kb D-loop (displacement loop or non-coding) region,
and having even some overlapping genes. The non-coding region that includes the D-loop is
located between genes encoding tRNA phenylalanine (F) and proline (P). The two strands of
mtDNA have been named light strand (L-strand, rich in cytosines) and heavy strand (H-strand,
rich in guanines) according to their buoyancy through a denaturing caesium chloride gradient
[39].
The D-loop region of mtDNA contains the origin of replication for H-strand synthesis as well
as both mitochondrial transcription promoters (the light strand promoter, LPS and two heavy
strand promoters, HSP1 and HSP2), and serves as the main site for mitochondrial genomic
replication and transcription [40,41]. Between different mammalian species, the mtDNA is
about the same size and has the similar organization and content of genes [42-44]. The

7

8

Molecular Considerations and Evolving Surgical Management Issues in the Treatment of Patients with a Brain Tumor

mitochondrial genome has been sequenced and mapped for many species yet the regulation
of its expression is poorly understood.
The human mtDNA contains 37 genes coding mRNAs for 13 polypeptides that are part of four
of the five multi-enzymatic complexes in the OXPHOS system, 22 tRNAs (that are able to
decode all open reading frames) and 2 rRNAs (components of the specific mitochondrial
ribosomes) necessary for synthesis of the polypeptides. Unlike nuclear DNA, mtDNA coding
sequences have no introns. Seven of those polypeptides, ND1 to ND6 and ND4L are subunits
of Complex I; one, cytochrome b, is part of Complex III; three, COX I, COX II and COX III, are
the catalytic subunits of Complex IV, and ATPase 6 and 8 are subunits of Complex V (F0F1 ATP
synthase). The heavy strand is the main coding strand, and codes for 2 rRNAs, 14 tRNAs and
12 polypeptides. The light strand codes for remaining 8 tRNAs and only one polypeptide, the
ND6 subunit (NADH-dehydrogenase) [6].
Mammalian mitochondria are not self-supporting entities in the cell. Replication and tran‐
scription depend upon trans-acting nuclear-encoded factors. All proteins of mitochondrial
ribosomes and their associated translation factors and, indeed, all other mitochondrial proteins
including the components of the mitochondrial import machinery are encoded by the nuclear
DNA. For instance, mitochondrial tRNAs are charged by imported aminoacyl-tRNA synthe‐
tases from nuclear genes.
There are approximately hundreds or thousands copies of mitochondrial genome in each
somatic cell. Normally, all of the mitochondrial DNAs within the cells of an individual are
identical, which is termed homoplasmy. However, in the presence of a mitochondrial DNA
mutation, the affected individual cells will usually harbour a mixture of mutated and wildtype mitochondrial DNA. The condition of these two populations of mitochondrial DNA
molecules is called heteroplasmy [45]. As cells divide, the mutant and wild-type mitochondrial
DNA are randomly distributed to the daughter cells, so the proportion of mutant to wild-type
mitochondrial DNA may increase or decrease with each subsequent generation of the cell line.
If that proportion increases past a certain level, the cellular energy capacity will decline, and
clinical signs appear. This is referred to as the threshold effect. The threshold may vary from
tissue to tissue because the percent of mutant mitochondrial DNA needed to cause cell
dysfunction varies according to the oxidative requirements of the tissue and the severity of
the mutation. It has often been claimed that tissues with high requirements for oxidative energy
metabolism, such as muscle and brain, have relatively low thresholds and are particularly
vulnerable to mitochondrial DNA mutation.
Human mitochondrial DNA is a 16,569 base pair circle of double-stranded DNA that encodes
13 essential respiratory chain subunits. ND1–ND6 and ND4L encode seven complex I (NADH–
ubiquinone oxidoreductase) subunits, CYT b encodes one subunit of complex III (ubiqui‐
nol:cytochrome c oxidoreductase), COX I–COX III encode the three major catalytic subunits
of complex IV, and ATPase6 and ATPase8 encode two subunits of complex V (ATP synthase).
Also shown are the two ribosomal RNA (12S rRNA and 16S rRNA) genes and the 22 transfer
RNA genes (red spheres, depicted by single letter amino acid code abbreviation) required for
mitochondrial protein synthesis. tRNAs are F, Phenylalanine; V, Valine; L, Leucine; I, Isoleu‐
cine; Q, Glutamine; M, Methionine; W, Tryptophan; A, Alanine; N, Asparagine; C, Cysteine;
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Figure 3. The human mitochondrial genome

Y, Tyrosine; S, Serine; D, Aspartic acid; K, Lysine; G, Glycine; R, Arginine; H, Histidine; E,
Glutamic acid; T, Threonine; P, Proline. The genome is highly organised and shows little
redundancy of its coding sequence. The displacement loop (D-loop), or non-coding control
region contains the promoters for transcription of the L (LSP) and H strands (HSP1 and HS2)
and the origin of replication of the H strand (OH). The origin of light-strand replication is shown
as OL.

5. Warburg theory and mitochondrial dysfunction in cancer cells
In the 1930s, the German scientist, Dr. Otto H. Warburg pioneered the research specifically
targeted to the alterations of mitochondrial respiration in the aspect of cancer. He reported
that cancer cells exhibited a high glycolysis rate even in the presence of abundant oxygen. This
phenomenon was known as the “Warburg effect”. Cancer cells had to depend on anaerobic
glycolysis rather than respiration to generate ATP [46]. He further proposed that defects in
energy metabolism, especially due to mitochondrial malfunction, are involved in the initiation
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or progression of cancer. Dr. Warburg's discovery encouraged many scientists to realize the
potential role of mitochondria in cancer cells.
Since then, alterations of mitochondria in the number, shape and function have been reported
in various cancers [47]. The conversion of ATP production from mitochondrial OXPHOS to
glycolysis has been suggested to be the bioenergetic hallmark of cancer cells [48]. Furthermore,
it has been shown that mitochondrial dysfunction is able to initiate critical signaling pathways
that modulate cell proliferation or growth [49,50]. A study done by Pelicano’s group found
that mitochondrial respiration defects promoted to increased level of NADH, which could
inactivate PTEN via a redox modification mechanism [51]. PTEN deactivation could lead to
activation of the protein kinase B (Akt) survival pathway [51]. Akt was show to stimulate
glycolysis and also trigger an increase in cell survival of cancer cells [52,53]. In addition, LopezRios and colleagues showed that inhibition of OXPHOS activity by incubation of lung cancer
cells with oligomycin could trigger a rapid increase in aerobic glycolysis [54]. This finding
demonstrates that suppression of mitochondrial energy production can lead tumor cells
become glycolytic [54]. However, when glycolysis was inhibited, tumor cells were unable to
sufficiently upregulate mitochondrial OXPHOS and this indicating was due to partial mito‐
chondrial impairment [55].

6. Reactive Oxygen Spices (ROS) and tumorigenesis
ROS such as superoxide anion radical (O2¯), hydrogen peroxide (H2O2) and hydroxyl radical
(OH ) are constantly generated during metabolic process in all living species [56]. Mitochon‐
drial respiratory chain is a major intracellular source or producer of ROS generation, as some
of the electrons passing to molecular oxygen are instead leaked out of the chain. Under normal
physiological conditions, cellular ROS generation is counterbalanced by the action of the
endogenous systems include mainly antioxidant enzymes for instance superoxide dismutases
(SODs), cytosolic copper/zinc SOD (CuZnSOD) and mitochondrial manganese SOD (MnSOD).
Low levels of ROS regulate cellular signaling and are essential in proliferation of normal cell.
However, overproduction of ROS will lead to various cellular components injury, such as
damage to DNA, proteins and lipids. Recent studies have demonstrated a role of ROS in
promoting tumor development. The exposure of normal cells to ROS led to an increase in
proliferation [57] and expression of growth-related genes [58-60]. Furthermore, cancer cells
are commonly known to generate more ROS than normal cells [61,62]. These observations
suggest that the stimulation of ROS may be an important contributing factor in the initiation,
maintenance and development of cancer in vivo.
ROS are highly active and can also cause damage to mitochondrial genome [63,64]. It has been
proposed that damage to mtDNA, if not repaired properly, could initiate tumorigenesis and
promote cancer development [65,66]. Mutations in mtDNA may lead to a decreased efficiency
of the OXPHOS system and increased leakage electrons as well as enhanced more mitochon‐
drial and cellular ROS production. This situation may result in creating oxidative stress which
will further accumulate more total damage to mtDNA because the location of mtDNA is in
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close proximity to the ROS-generating electron transport system. Thus, it is possible that
persistent oxidative stress on cells may favour the neoplastic process through induction of
mtDNA damage which leads to mutations [67].
Moreover, in contrast to nDNA, mtDNA does not contain intronic sequences and not cover
up with protective proteins such as histones. Due to these reasons, it has been suggested that
most mtDNA mutations occur in coding sequences. However, more recent data shows that
mtDNA can be almost completely covered by the DNA binding protein Tfam (mitochondrial
transcription factor A) [68]. In addition, mtDNA also harbors limited effective DNA repair
mechanisms. All these conditions are believed may contribute to the increased sensitivity of
mitochondrial genome to damage, and ultimately leads to mutations. Whether mutations in
mtDNA are a cause or a consequence of cancer is still debatable and need to be worked out.
However, it is proven that mutations of mtDNA induced by oxidative damage could contribute
significantly to OXPHOS defects and genetic instability in tumours and thereby promoting a
higher propensity for tumour cell growth and progression [69]. This can be suggested that
mutation of mtDNA may worsen oxidative stress or vice versa.

7. Apoptosis and tumorigenesis
Apoptosis, also called programmed cell death, is a crucial physiological process in the
development and homeostasis of multicellular organisms which requires the involvement of
mitochondria. Mitochondria have long been recognized for their essential role in regulating
apoptotic signaling pathways [70,71]. Defects in apoptotic cell-death pathways are believed to
contribute to genomic instability and tumorigenesis [72]. Study recently conducted shows that
the mitochondrial respiratory chain has the ability to modulate apoptosis [73]. Respiratory
chain dysfunction has been shown to either promote or suppress apoptotic cell death, relying
on the specific alteration of electron flux [73]. Stimulation of ROS production can initiate
apoptosis in the mitochondria. Mitochondrial defects normally can lead to reduced phosphor‐
ylation with low ATP generation and high cytosolic calcium and theses situations become a
signal which triggers the apoptotic cell death [74]. Mitochondrial respiration defects in cancer
cells can lead to activation of the Akt survival pathway which promotes cell death resistance.
As mentioned earlier, this activation of Akt was suggested to result from increased level of
NADH and inactivation of PTEN through a redox modification mechanism [51]. More
interestingly, another study has elucidated the role of mitochondrial chaperones in modulating
mitochondrial function for the survival of cancer cells [75,76]. Molecular chaperone heat shock
protein 60 (Hsp60) was shown to orchestrate a broad cell survival program centered on
stabilization of mitochondria and also to restrain p53 function [75]. Another chaperone, Hsp90
and its mitochondrial-related molecule, TRAP-1, were suggested to interact with cyclophilin
D to suppress cell death [76].
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8. Mitochondrial DNA mutations in cancer
Over 300 mtDNA mutations and even more mtDNA deletions have been reported that are
associated with human diseases, since the first diseases caused by mtDNA damage were
described 25 years ago [77-79]. Diseases that have been shown to be linked with mitochondrial
dysfunction are diabetes mellitus, Parkinson’s disease, Alzheimer’s disease, epilepsy, sensor‐
ineural deafness and a variety of syndromes involving muscles and the central nervous system
as well as a variety of forms of cancer [80-83]. The same mutation or different mutations in the
same mtDNA gene may present with very different clinical manifestations, while the same
clinical phenotype may be caused by different mutations (DiMauro and Schon, 2003). A large
number of mtDNA mutations have been associated to a wide variety of clinical manifestations/
phenotypes of mitochondrial diseases include mitochondria encephalomyopathy, lactic
acidosis and stroke-like syndrome (MELAS), myoclonic epilepsy and ragged red fiber disease
(MERRF), Lebers hereditary optic neuropathy (LHON), Leigh’s syndrome, Kearns-Sayre
syndrome, chronic progressive external ophthalmoplegia (CPEO), neuropathy, ataxia, retinitis
pigmentosa (NARP).
Although the role of nDNA mutations in carcinogenesis is well established, the importance of
mtDNA alterations in the development and maintenance of cancers is only now beginning to
be focused by researchers. Alterations in mtDNA which may lead to OXPHOS system
destabilization seem to be particularly crucial because 13 proteins encoded by mtDNA are
essential for complex I, and III–V respiratory chain assembly and these enzymatic complexes
defects have been reported in human solid tumours [85]. There is considerable evidence
suggesting that mitochondria may serve as potential contributors to carcinogenesis even
though the exact mechanism of how mitochondria involved is still debatable and is not welldocumented. Thus, mtDNA is now being targeted organelle by an increasing number of
laboratories in order to investigate its potential role as biomarker for tumorigenesis in various
types of tissues [86,87].
DNA alterations in mitochondria are believed to become fast hotspots of cancer research.
Indeed, numerous mutations in mtDNA has now been observed in multiple cancer types
(88-90] since the first somatic mtDNA mutation was detected 15 years ago by Bert Vogelstein's
group in human colorectal cancer cells [91]. After these initial findings, mtDNA mutations or
alterations have also been identified in bladder cancer [92], breast cancer [93-96], esophageal
cancer [97-99], head and neck cancer [100], hepatocellular carcinoma [101-103], lung cancer
[104-106], ovarian cancer [107,108], prostate cancer [109-111], renal cancer [112], thyroid cancer
[113] and a number of blood cancers [114,115]. More recently, various types of molecular
abberations in mtDNA such as point mutations, polymorphisms, depletion, insertions,
microsatellite instability and changes in mtDNA copy number have been characterized
throughout the mitochondrial genome in human cancers [89,90,116].
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9. Somatic mitochondrial DNA alterations and brain tumors
Although there have been studies reporting about the association of mtDNA mutations with
brain tumors, it is still no clear evidence whether mitochondrial abnormalities are contributing
factors in brain tumorigenesis. Several types of somatic mtDNA alterations have been
identified in brain tumors. These mtDNA alterations include point mutations, deletions,
insertions, mtMSI (mitochondrial microsatellite instability) and copy number changes.
9.1. Point mutations
A number of studies have detected mtDNA point mutations in cancer of the brain and other
central nervous system, including gliomas, astrocytomas, gliomatosis cerebri, medulloblasto‐
ma, meningiomas, schwannomas, and neurofibromas [19,20,117-120]. Mitochondrial genome
somatic point mutations were most frequently found in the D-loop region, especially in a polycytosine (poly-C) mononucleotide repeat tract located between 303 and 315 nucleotides known
as D310. This location has been identified as a hot spot region for somatic mtDNA mutations
in various human cancers, including in brain cancer. In 2005, Montanini’s groups analyzed the
D-loop region of mtDNA in 42 patients affected by malignant gliomas and found sequence
alterations in 36% of the patients including 16 somatic mutations, mostly in the D310 area. The
authors suggested that mtDNA mutations were easily amplified from post-surgical tumor
cavities and could be used for the clinical follow-up of malignant gliomas [121].
Instead of focusing on D-loop region, the complete of mitochondrial genome was also
examined by various researchers in brain cancer patients. In a study that involved the entire
mtDNA mutation scanning by temporal temperature gel electrophoresis (TTGE) in medullo‐
blastomas, 40% of the cases (6/15) were found to have at least one somatic mutation [20]. Seven
matched cerebrospinal fluid (CSF) samples were also analyzed to detect mtDNA mutations,
where some of them were harbored mtDNA mutations in the tumors. This study suggests that
somatic mtDNA mutations in CSF shows some promise as potentially useful biomarkers for
disease prognosis. On the other hand, Lueth’s group (2010) also reported the existence of
somatic mtDNA mutations in 6 of 15 medulloblastoma patients. These results are in support
of their previous findings on frequency of somatic mitochondrial mutations in medulloblas‐
toma [23]. Before investigation on medulloblastoma patients, Lueth and colleagues have
sequenced entire mitochondrial genome of tumor tissue and matched blood samples from 19
pilocytic astrocytomas patients and identified somatic mutations in as many as 16 (84%) cases
[22].
In the cases of neurofibromas, Kurtz and team (2004) analyzed the whole mitochondrial
genome in 37 neurofibromatosis type 1 patients and found somatic mutations in 7 individuals
with cutaneous neurofibromas (37%) and 9 patients with plexiform neurofibromas (50%) [119].
All of the mtDNA somatic mutations detected in this study occurred in the D-loop region. The
reason of most genetic mutations to occur in non-coding regions of the mitochondrial genome
is currently unknown. However, mutations in the D-loop are believed to influence the origin
of replication and promoter region and thus may lead to impair mitochondrial biogenesis and
defective transcription and protein expression [122,123].

13

14

Molecular Considerations and Evolving Surgical Management Issues in the Treatment of Patients with a Brain Tumor

9.2. Deletion
Amongst the large-scale deletions identified in the mitochondrial genome, the 4977-bp
deletion is the most common mtDNA deletion detected in various types of cancers including
thyroid tumors, esophageal carcinoma, hepatocellular carcinoma, gastric cancer, and breast
cancer [124-128]. This deletion recognized as “common deletion” removes all 5 tRNA genes
and 7 genes encoding 4 complex I subunits, 1 complex IV subunit, 2 complex V subunits, which
are essential for maintaining normal mitochondrial OXPHOS function. The consequence of
this deletion could cause a complete failure of ATP production and abnormal ROS generation
[129]. Although the 4977-bp deletion has been implicated in the process of carcinogenesis, the
involvement or role of this deletion in brain tumors has not yet been investigated. Besides no
study to date on the brain tumors, Wallace’s group examined the existence of 4977-bp deletion
in the aging process using brain normal individuals [130]. They found a significant increase in
the 4977-bp deletion from young to old individuals, in different regions of the brain between
cortex, putamen and cerebellum. Therefore, it was suggested that this mtDNA deletion might
contribute to the neurological impairment associated with ageing. The 4977-bp deletion was
also detected in the autopsied brains of patients with bipolar disorder [131].
9.3. Mitochondrial microsatellite instability
In 1999, Kirches and colleagues revealed high mtDNA sequence variants in 12 astrocytic
tumors [117]. Two years later, the same group extended the study by examining 55 gliomas
specimens for mtDNA instability in the poly-C tract of mitochondrial D-loop using a combi‐
nation of laser microdissection and PCR technique [19]. They found a lower frequency of 9%
of specimens with the poly-C tract alterations. In addition, they also sequenced the entire Dloop in 17 frozen glioblastoma samples and corresponding blood samples for detecting somatic
mutation. In 2003, a follow up study of mitochondrial genome instability was carried out and
the author later determined that poly-C tract of the hypervariable region (HVR2) as a clonal
marker in gliomatosis cerebri patients [118].
Most recently, Yeung’s team investigated the contribution of mitochondrial genome variants
in glioblastoma multiforme (GBM) [132]. In this study, mtDNA variants were analysed in a
series of GBM cell lines using a combination of next generation sequencing and high resolution
melt (HRM) analysis. They reported a greatest frequency of mtDNA variants in the D-loop
and origin of light strand replication in non-coding regions. Moreover, in coding region, ND4
and ND6 were the most affected genes to mutation which both of them encode subunits of
complex I of the electron transport chain. The author concluded that these novel variants at
the mitochondrial genome offer an advantage to cells for promoting GBM tumorigenesis [132].
9.4. Copy number changes
In addition to mtDNA mutations and deletion, changes in the mtDNA copy number have been
studied in gliomas [133,134]. As first previously reported by Liang (1996), 15 of low-grade were
assessed with cDNA homologous to mtDNA at position 1,679-1,946 and 2,017-2,057 and the
results revealed that these tumors had increased mtDNA copy number when compared to

Understanding Mitochondrial DNA in Brain Tumorigenesis
http://dx.doi.org/10.5772/58965

normal brain tissue controls [133]. In a separate study done by Liang and Hays (1999), 39 out
of 45 (87%) examined gliomas, both low-grade and high-grade specimens, had increased up
to 25-fold in mtDNA copy numbers [134]. They claimed that this frequency was much higher
than erb-b gene amplification which was present in only 18% of these tumors.
9.5. Mitochondrial gene expression changes
In 2005, Dmitrenko’s group screened cDNA libraries of human fetal glioblastoma and normal
human brain samples and revealed 80 differentially expressed genes [135]. They identified 30
were corresponded to mitochondrial genes for ATP6, COXII, COXIII, ND1, ND4 and 12S
rRNA. According to their data, all these mitochondrial transcripts were expressed at lower
level in glioblastomas as compared to tumor-adjacent histologically normal brain [135].

10. Conclusion
The role of mtDNA mutations in cancer remains largely unclear and therefore more studies
and attentions should been given before a clear conclusion could be achieved. There is a lot of
evidence suggesting that some mtDNA mutations do play a role in certain stages of cancer
development and progression, but further research is needed to clarify this possible link. There
are still multiple potential experimental pitfalls and weaknesses, thus relevant caution and
basic guidelines in research should be followed in order to obtain the best results [136,137].
Based on our ongoing research and previous studies from other researchers, it could be
suggested that mtDNA mutations could be a genetic aberration target in cancer development,
instead of nuclear oncogenes and tumor suppressor genes. Cancer cells are very mutagenic in
the early stage either due to exposure to high levels of carcinogenic substances or conditions
or because of lack of repair mechanism. Thus, mtDNA simply seem to be more prone to
mutation at this stage and has a limited ability to repair itself.
Mitochondria produce energy and their genome is responsible for regulating OXPHOS
function. Aberrations in mtDNA may interrupt this process and ultimately lead to abnormal
function of the cell. The unique properties of mtDNA, including its high copy number, high
susceptibility to mutations, and quantitative and qualitative changes in cancer, stimulate
researchers to closely be involved in the clinical relevance investigation of mtDNA alterations
in cancers. In addition, the screening of mtDNA mutations is more easy and cost-effective than
nDNA analysis, due to several advantages that mtDNA have such as a simple circular structure
with a short sequence length. It has been shown that the existence of mtDNA mutations in
cancer cells is particularly consistent with the intrinsic sensitivity of mtDNA to accumulate
oxidative damage. Impairment of mitochondrial OXPHOS activity and mtDNA damage seem
to be a common feature of malignant cells. Instability and abnormality in DNA and protein of
mitochondria have been identified in various solid tumors and hematologic malignancies.
However, up to now many studies have been directed toward identifying and characterizing
the altered mtDNA. There have been only limited studies, mainly in relation to its functional
consequences and clinical relevance. The functional aspects of mtDNA mutations in cancer
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development will provide a mechanistic link between mitochondria and carcinogenesis and
also will translate into some useful prevention and therapeutic strategies of cancer in the future
research.
Although to date mutations, polymorphisms, and variants of mtDNA have been described in
brain tumors, there are more studies that need to be done to fully understand the role of
mtDNA in these tumor cells. Further studies which include the assessment of the different
types and stages of brain tumor need to be carried out. It is very crucial because perhaps that
only certain stages and types will be sensitive to the effects of mtDNA mutations. Based on
available evidence suggests that mtDNA may play a key role in the development and modu‐
lation of different steps of carcinogenesis. They could be used in the future as new potential
target markers for rapid and effective early detection of brain tumorigenesis.

Acknowledgements
This work was supported in part by the Research University Grant for Individual (RUI) from
Universiti Sains Malaysia 1001/PPSP/812110.

Author details
Abdul Aziz Mohamed Yusoff1*, Farizan Ahmad1, Zamzuri Idris1, Hasnan Jaafar2 and
Jafri Malin Abdullah1,3
*Address all correspondence to: azizmdy@yahoo.com
1 Department of Neurosciences, School of Medical Sciences, Universiti Sains Malaysia,
Health Campus, Kubang Kerian, Kelantan, Malaysia
2 Department of Pathology, School of Medical Sciences, Universiti Sains Malaysia, Health
Campus, Kubang Kerian, Kelantan, Malaysia
3 Center for Neuroscience Services and Research, Universiti Sains Malaysia, Health Cam‐
pus, Kubang Kerian, Kelantan, Malaysia

References
[1] Louis DN. The p53 gene and protein in human brain tumors. Journal of Neuropa‐
thology & Experimental Neurology 1994;53(1) 11-21.

Understanding Mitochondrial DNA in Brain Tumorigenesis
http://dx.doi.org/10.5772/58965

[2] Nozaki M, Tada M, Kobayashi H, Zhang CL, Sawamura Y, Abe H, Ishii N, Van Meir
EG. Roles of the functional loss of p53 and other genes in astrocytoma tumorigenesis
and progression. Neuro-Oncology 1999;1(2) 124-137.
[3] Yusoff AA, Abdullah J, Abdullah MR, Mohd Ariff AR, Isa MN. Association of p53
tumor suppressor gene with paraclinical and clinical modalities of gliomas patients
in Malaysia. Acta Neurochirurgica (Wien). 2004;146(6) 595-601.
[4] Louis DN. Molecular pathology of malignant gliomas. Annual Review of Pathology.
2006;1 97-117.
[5] Ohgaki H, Kleihues P. Genetic pathways to primary and secondary glioblastoma.
American Journal of Pathology 2007;170(5) 1445-1453.
[6] Attardi G, Schatz G. Biogenesis of mitochondria. Annual Review of Cell Biology
1988;4 289-333.
[7] Galluzzi L, Kepp O, Kroemer G. Mitochondria: master regulators of danger signal‐
ling. Nature Reviews Molecular Cell Biology 2012;13(12) 780-788.
[8] Wallace DC. Mitochondria and cancer. Nature Reviews Cancer 2012;12(10) 685-698.
[9] Wallace DC. Mitochondrial DNA in aging and disease. Scientific American
1997;277(2) 40-47.
[10] DiMauro S, Schon EA. Mitochondrial DNA mutations in human disease. American
Journal of Medical Genetics 2001;106(1) 18-26.
[11] Wallace DC. A mitochondrial paradigm for degenerative diseases and ageing. No‐
vartis Foundation Symposia 2001;235 247-263; discussion 263-246
[12] Kaipparettu BA, Ma Y, Wong LJ. Functional effects of cancer mitochondria on energy
metabolism and tumorigenesis: utility of transmitochondrial cybrids. Annals of the
New
York
Academy
of
Sciences
2010;1201:137-146.
doi:
10.1111/j.
1749-6632.2010.05621.x.
[13] Kim HS, Patel K, Muldoon-Jacobs K, Bisht KS, Aykin-Burns N, Pennington JD, van
der Meer R, Nguyen P, Savage J, Owens KM, Vassilopoulos A, Ozden O, Park SH,
Singh KK, Abdulkadir SA, Spitz DR, Deng CX, Gius D. SIRT3 is a mitochondria-lo‐
calized tumor suppressor required for maintenance of mitochondrial integrity and
metabolism during stress. Cancer Cell 2010;17(1) 41-52.
[14] Mullen AR, Wheaton WW, Jin ES, Chen PH, Sullivan LB, Cheng T, Yang Y, Linehan
WM, Chandel NS, DeBerardinis RJ. Reductive carboxylation supports growth in tu‐
mour cells with defective mitochondria. Nature 2011;481(7381) 385-388.
[15] Owens KM, Kulawiec M, Desouki MM, Vanniarajan A, Singh KK. Impaired OX‐
PHOS complex III in breast cancer. PLoS One 2011;6(8) e23846.

17

18

Molecular Considerations and Evolving Surgical Management Issues in the Treatment of Patients with a Brain Tumor

[16] Cook CC, Kim A, Terao S, Gotoh A, Higuchi M. Consumption of oxygen: a mito‐
chondrial-generated progression signal of advanced cancer. Cell Death and Disease
2012; 3:e258. doi: 10.1038/cddis.2011.141.
[17] Chen PL, Chen CF, Chen Y, Guo XE, Huang CK, Shew JY, Reddick RL, Wallace DC,
Lee WH. Mitochondrial genome instability resulting from SUV3 haploinsufficiency
leads to tumorigenesis and shortened lifespan. Oncogene 2013;32(9) 1193-1201.
[18] Baysal BE, Ferrell RE, Willett-Brozick JE, Lawrence EC, Myssiorek D, Bosch A, van
der Mey A, Taschner PE, Rubinstein WS, Myers EN, Richard CW 3rd, Cornelisse CJ,
Devilee P, Devlin B. Mutations in SDHD, a mitochondrial complex II gene, in heredi‐
tary paraganglioma. Science 2000;287(5454) 848-851.
[19] Kirches E, Krause G, Warich-Kirches M, Weis S, Schneider T, Meyer-Puttlitz B, Ma‐
wrin C, Dietzmann K. High frequency of mitochondrial DNA mutations in glioblas‐
toma multiforme identified by direct sequence comparison to blood samples.
International Journal of Cancer 2001;93(4) 534-538.
[20] Wong LJ, Lueth M, Li XN, Lau CC, Vogel H. Detection of mitochondrial DNA muta‐
tions in the tumor and cerebrospinal fluid of medulloblastoma patients. Cancer Re‐
search 2003;63(14) 3866-3871.
[21] Dai JG, Xiao YB, Min JX, Zhang GQ, Yao K, Zhou RJ. Mitochondrial DNA 4977 BP
deletion mutations in lung carcinoma. Indian Journal of Cancer 2006;43(1) 20-25.
[22] Lueth M, Wronski L, Giese A, Kirschner-Schwabe R, Pietsch T, von Deimling A,
Henze G, Kurtz A, Driever PH. Somatic mitochondrial mutations in pilocytic astrocy‐
toma. Cancer Genetics and Cytogenetics 2009;192(1) 30-35.
[23] Lueth M, von Deimling A, Pietsch T, Wong LJ, Kurtz A, Henze G, Driever PH. Me‐
dulloblastoma harbor somatic mitochondrial DNA mutations in the D-loop region.
Journal of Pediatric Hematology/Oncology 2010; 32(2) 156-159.
[24] Li LH, Kang T, Chen L, Zhang W, Liao Y, Chen J, Shi Y. Detection of mitochondrial
DNA mutations by high-throughput sequencing in the blood of breast cancer pa‐
tients. International Journal of Molecular Medicine 2014;33(1) 77-82.
[25] Larman TC, DePalma SR, Hadjipanayis AG; Cancer Genome Atlas Research Net‐
work, Protopopov A, Zhang J, Gabriel SB, Chin L, Seidman CE, Kucherlapati R, Seid‐
man JG. Spectrum of somatic mitochondrial mutations in five cancers. Proceedings of
the National Academy of Sciences USA 2012;109(35) 14087-14091.
[26] Yin PH, Wu CC, Lin JC, Chi CW, Wei YH, Lee HC. Somatic mutations of mitochon‐
drial genome in hepatocellular carcinoma. Mitochondrion 2010;10(2) 174-182.
[27] Frey TG, Mannella CA. The internal structure of mitochondria. Trends in Biochemi‐
cal Sciences 2000;25(7) 319-324.

Understanding Mitochondrial DNA in Brain Tumorigenesis
http://dx.doi.org/10.5772/58965

[28] Palade G. The fine structure of mitochondria. Anatomical Record. 1952;114(3)
427-451.
[29] Sjöstrand FS. The ultrastructure of cells as revealed by the electron microscope. Inter‐
national Review of Cytology 1956; 5: 455-533.
[30] Perkins G, Renken C, Martone ME, Young SJ, Ellisman M, Frey T. Electron tomogra‐
phy of neuronal mitochondria: three dimensional structure and organization of cris‐
tae and membrane contacts. Journal of Structural Biology 1997;119(3) 260-272.
[31] Perkins GA, Frey TG. Recent structural insight into mitochondria gained by micro‐
scopy. Micron 2000;31(1) 97-111.
[32] Frey TG, Renken CW, Perkins GA. Insight into mitochondrial structure and function
from electron tomography. Biochimica et Biophysica Acta 2002;1555(1-3) 196-203.
[33] Mitchell P. Coupling of phosphorylation to electron and hydrogen transfer by chem‐
iosmotic type mechanism. Nature 1961;191: 144-148.
[34] Mitchell P, Moyle J. Chemiosmotic hypothesis of oxidative phosphorylation. Nature
1967;213(5072) 137-139.
[35] Voet D, Voet JG, Pratt CW. 2002. Fundamentals of Biochemistry. John Wiley &
Sons,Inc., New York
[36] Nass S, Nass MMK. Intramitochondrial fibres with DNA characteristics. Journal of
Cell Biology 1963;19: 593-629.
[37] Anderson S, Bankier AT, Barrell BG, de-Bruijn MH, Coulson AR, Drouin J, Eperon
IC, Nierlich DP, Roe BA, Sanger F, Schreier PH, Smith AJ, Staden R, Young IG. Se‐
quence and organization of the human mitochondrial genome. Nature 1981;290(5806)
427-465.
[38] Andrews RM, Kubacka I, Chinnery PF, Lightowlers RN, Turnbull DM, Howell N.
Reanalysis and revision of the Cambridge reference sequence for human mitochon‐
drial DNA. Nature Genetics 1999;23(2) 147.
[39] Kasamatsu H, Vinograd J. Replication of circular DNA in eukaryotic cells. Annual
Review of Biochemistry 1974;43(0) 695-719.
[40] Lutz S, Weisser HJ, Heizmann J, Pollak S. A third hypervariable region in the human
mitochondrial D-loop. Human Genetics 1997;101(3) 384.
[41] Taanman JW. The mitochondrial genome: transcription, translation and replication.
Biochimica et Biophysica Acta 1999;1410(2) 103-123.
[42] Monnat RJ, Reay DT. Nucleotide sequence identity of mitochondrial DNA from dif‐
ferent human tissues. Gene 1986;43(3) 205-211.
[43] Tzagoloff A, Myers AM. Biogenesis of mitochondrial genetics. Annual Review of Bi‐
ochemistry 1986; 55: 249-285.

19

20

Molecular Considerations and Evolving Surgical Management Issues in the Treatment of Patients with a Brain Tumor

[44] Gadaleta G, Pepe G, DeCandia G, Quagliariello C, Sbissá E, Saccone C. The complete
nucleotide sequence of the Rattus norvegicus mitochondrial genome: cryptic signals
revealed by comparative analysis between vertebrates. Journal of Molecular Evolu‐
tion 1989;28(6) 497-516.
[45] Lightowlers RN, Chinnery PF, Turnbull DM, Howell N. Mammalian mitochondrial
genetics: heredity, heteroplasmy and disease. Trends in Genetics 1997;13(11) 450-455.
[46] Warburg O. On the origin of cancer cells. Science 1956;123(3191) 309-314.
[47] Pedersen PL. Tumor mitochondria and the bioenergetics of cancer cells. Progress in
Experimental Tumor Research 1978; 22 190-274.
[48] Cuezva JM, Krajewska M, de Heredia ML, Krajewski S, Santamaría G, Kim H, Zapa‐
ta JM, Marusawa H, Chamorro M, Reed JC. The bioenergetic signature of cancer: a
marker of tumor progression. Cancer Research 2002;62(22) 6674-6681.
[49] Arnould T, Vankoningsloo S, Renard P, Houbion A, Ninane N, Demazy C, Remacle
J, Raes M. CREB activation induced by mitochondrial dysfunction is a new signaling
pathway that impairs cell proliferation. The EMBO Journal 2002;21(1-2) 53-63.
[50] Rustin P. Mitochondria from cell death to proliferation. Nature Genetics 2002;30(4)
352-353.
[51] Pelicano H, Xu RH, Du M, Feng L, Sasaki R, Carew JS, Hu Y, Ramdas L, Hu L, Keat‐
ing MJ, Zhang W, Plunkett W, Huang P. Mitochondrial respiration defects in cancer
cells cause activation of Akt survival pathway through a redox-mediated mecha‐
nism. Journal of Cell Biology 2006;175(6) 913-923.
[52] Elstrom RL, Bauer DE, Buzzai M, Karnauskas R, Harris MH, Plas DR, Zhuang H, Ci‐
nalli RM, Alavi A, Rudin CM, Thompson CB. Akt stimulates aerobic glycolysis in
cancer cells. Cancer Research 2004;64(11) 3892-3899.
[53] Plas DR, Thompson CB. Akt-dependent transformation: there is more to growth than
just surviving. Oncogene 2005; 24(50) 7435-7442.
[54] López-Ríos F, Sánchez-Aragó M, García-García E, Ortega AD, Berrendero JR, PozoRodríguez F, López-Encuentra A, Ballestín C, Cuezva JM. Loss of the mitochondrial
bioenergetic capacity underlies the glucose avidity of carcinomas. Cancer Research
2007;67(19) 9013-9017.
[55] Wu M, Neilson A, Swift AL, Moran R, Tamagnine J, Parslow D, Armistead S, Lemire
K, Orrell J, Teich J, Chomicz S, Ferrick DA. Multiparameter metabolic analysis re‐
veals a close link between attenuated mitochondrial bioenergetic function and en‐
hanced glycolysis dependency in human tumor cells. American Journal of
Physiology-Cell Physiology 2007;292(1) C125-136.
[56] Chance B, Sies H, Boveris A. Hydroperoxide metabolism in mammalian organs.
Physiological Reviews 1979;59(3) 527-605.

Understanding Mitochondrial DNA in Brain Tumorigenesis
http://dx.doi.org/10.5772/58965

[57] Burdon RH. Superoxide and hydrogen peroxide in relation to mammalian cell prolif‐
eration. Free Radical Biology and Medicine 1995;18(4) 775-794.
[58] Nose K, Shibanuma M, Kikuchi K, Kageyama H, Sakiyama S, Kuroki T. Transcrip‐
tional activation of early-response genes by hydrogen peroxide in a mouse osteoblas‐
tic cell line. European Journal of Biochemistry 1991;201(1) 99-106.
[59] Amstad PA, Krupitza G, Cerutti PA. Mechanism of c-fos induction by active oxygen.
Cancer Research 1992;52(14) 3952-3960.
[60] Nose K, Ohba M. Functional activation of the Egr-1 (early growth response-1) gene
by hydrogen peroxide. Biochemical Journal 1996;316 (Pt 2) 381-383.
[61] Sundaresan M, Yu ZX, Ferrans VJ, Sulciner DJ, Gutkind JS, Irani K, GoldschmidtClermont PJ, Finkel T. Regulation of reactive-oxygen-species generation in fibro‐
blasts by Rac1. Biochemical Journal 1996;318 (Pt 2) 379-382.
[62] Ha HC, Thiagalingam A, Nelkin BD, Casero RA Jr. Reactive oxygen species are criti‐
cal for the growth and differentiation of medullary thyroid carcinoma cells. Clinical
Cancer Research 2000;6(9) 3783-3787.
[63] Harman D. Free radicals in aging. Molecular and Cellular Biochemistry 1988;84(2)
155-161.
[64] Ames BN, Shigenaga MK. Oxidants are a major contributor to aging. Annals of the
New York Academy of Sciences 1992;663 85-96.
[65] Poulsen HE, Prieme H, Loft S. Role of oxidative DNA damage in cancer initiation
and promotion. European Journal of Cancer Prevention 1998;7(1) 9-16.
[66] Zanssen S, Schon EA. Mitochondrial DNA mutations in cancer. PLoS Medicine
2005;2(11) e401.
[67] Grzybowska-Szatkowska L, Slaska B. Mitochondrial DNA and carcinogenesis (re‐
view). Molecular Medicine Reports 2012;6(5) 923-930.
[68] Kang D, Hamasaki N. Mitochondrial transcription factor A in the maintenance of mi‐
tochondrial DNA: overview of its multiple roles. Annals of the New York Academy
of Sciences 2005;1042: 101-108.
[69] Chandra D, Singh KK. Genetic insights into OXPHOS defect and its role in cancer.
Biochimica et Biophysica Acta 2011;1807(6) 620-625.
[70] Richter C. Pro-oxidants and mitochondrial Ca2+: their relationship to apoptosis and
oncogenesis. FEBS Letters 1993;325(1-2) 104-107.
[71] Orrenius S. Mitochondrial regulation of apoptotic cell death. Toxicology Letters
2004;149(1-3) 19-23.

21

22

Molecular Considerations and Evolving Surgical Management Issues in the Treatment of Patients with a Brain Tumor

[72] Nelson DA, Tan TT, Rabson AB, Anderson D, Degenhardt K, White E. Hypoxia and
defective apoptosis drive genomic instability and tumorigenesis. Genes & Develop‐
ment 2004;18(17) 2095-2107.
[73] Kwong JQ, Henning MS, Starkov AA, Manfredi G. The mitochondrial respiratory
chain is a modulator of apoptosis. Journal of Cell Biology 2007;179(6) 1163-1177.
[74] Raha S, Robinson BH. Mitochondria, oxygen free radicals, and apoptosis. American
Journal of Medical Genetics 2001;106(1) 62-70.
[75] Kang BH, Plescia J, Dohi T, Rosa J, Doxsey SJ, Altieri DC. Regulation of tumor cell
mitochondrial homeostasis by an organelle-specific Hsp90 chaperone network. Cell
2007;131(2) 257-270.
[76] Ghosh JC, Dohi T, Kang BH, Altieri DC. Hsp60 regulation of tumor cell apoptosis.
Journal of Biological Chemistry 2008;283(8) 5188-5194.
[77] Holt IJ, Harding AE, Morgan-Hughes JA. Deletions of muscle mitochondrial DNA in
patients with mitochondrial myopathies. Nature 1988;331(6158) 717-719.
[78] Wallace DC, Singh G, Lott MT, Hodge JA, Schurr TG, Lezza AM, Elsas LJ 2nd, Ni‐
koskelainen EK. Mitochondrial DNA mutation associated with Leber’s hereditary
optic neuropathy. Science 1988;242(4884) 1427-1430.
[79] Zeviani M, Moraes CT, DiMauro S, Nakase H, Bonilla E, Schon EA, Rowland LP. De‐
letions of mitochondrial DNA in Kearns-Sayre syndrome. Neurology 1988;38(9)
1339-1346.
[80] Penta JS, Johnson FM, Wachsman JT, Copeland WC. Mitochondrial DNA in human
malignancy. Mutation Research 2001;488(2) 119-133.
[81] Chinnery PF, Schon EA. Mitochondria. Journal of Neurology, Neurosurgery, and
Psychiatry 2003;74(9) 1188-1199.
[82] DiMauro S, Davidzon G. Mitochondrial DNA and disease. Annals of Medicine
2005;37(3) 222-232.
[83] Schapira AH. Mitochondrial diseases. Lancet. 2012;379(9828) 1825-1834. doi: 10.1016/
S0140-6736(11)61305-6.
[84] DiMauro S, Schon EA. Mitochondrial respiratory-chain diseases. New England Jour‐
nal of Medicine 2003;348(26) 2656-2668.
[85] Chatterjee A, Dasgupta S, Sidransky D. Mitochondrial subversion in cancer. Cancer
Prevention Research 2011;4(5) 638-654.
[86] Salas A, Yao YG, Macaulay V, Vega A, Carracedo A, Bandelt HJ. A critical reassess‐
ment of the role of mitochondria in tumorigenesis. PLOS Medicine 2005;2(11) e296.
[87] Nie H, Shu H, Vartak R, Milstein AC, Mo Y, Hu X, Fang H, Shen L, Ding Z, Lu J, Bai
Y. Mitochondrial common deletion, a potential biomarker for cancer occurrence, is

Understanding Mitochondrial DNA in Brain Tumorigenesis
http://dx.doi.org/10.5772/58965

selected against in cancer background: a meta-analysis of 38 studies. PLoS One
2013;8(7) e67953.
[88] Brandon M, Baldi P, Wallace DC. Mitochondrial mutations in cancer. Oncogene
2006;25(34) 4647-4662.
[89] Chatterjee A, Mambo E, Sidransky D. Mitochondrial DNA mutations in human can‐
cer. Oncogene 2006;25(34) 4663-4674.
[90] Yu M. Somatic mitochondrial DNA mutations in human cancers. Advances in Clini‐
cal Chemistry 2012;57 99-138.
[91] Polyak K, Li Y, Zhu H, Lengauer C, Willson JK, Markowitz SD, Trush MA, Kinzler
KW, Vogelstein B. Somatic mutations of the mitochondrial genome in human color‐
ectal tumours. Nature Genetics 1998;20(3) 291-293.
[92] Fliss MS, Usadel H, Caballero OL, Wu L, Buta MR, Eleff SM, Jen J, Sidransky D. Fac‐
ile detection of mitochondrial DNA mutations in tumors and bodily fluids. Science
2000;287(5460) 2017-2019.
[93] Tan DJ, Bai RK, Wong LJC. Comprehensive scanning of somatic mitochondrial DNA
mutations in breast cancer. Cancer Research 2002;62(4) 972-976.
[94] Zhu W, Qin W, Bradley P, Wessel A, Puckett CL, Sauter ER. Mitochondrial DNA mu‐
tations in breast cancer tissue and in matched nipple aspirate fluid. Carcinogenesis
2005;26(1) 145-152.
[95] Tseng LM, Yin PH, Yang CW, Tsai YF, Hsu CY, Chi CW, Lee HC. Somatic mutations
of the mitochondrial genome in human breast cancers. Genes Chromosomes Cancer
2011;50(10) 800-811.
[96] Xu C, Tran-Thanh D, Ma C, May K, Jung J, Vecchiarelli J, Done SJ. Mitochondrial
D310 mutations in the early development of breast cancer. British Journal of Cancer
2012;106(9) 1506-1511.
[97] Kumimoto H, Yamane Y, Nishimoto Y, Fukami H, Shinoda M, Hatooka S, Ishizaki K.
Frequent somatic mutations of mitochondrial DNA in esophageal squamous cell car‐
cinoma. International Journal of Cancer 2004;108(2) 228-231.
[98] Tan DJ, Chang J, Liu LL, Bai RK, Wang YF, Yeh KT, Wong LJ. Significance of somatic
mutations and content alteration of mitochondrial DNA in esophageal cancer. BMC
Cancer 2006;6:93.
[99] Lin CS, Chang SC, Wang LS, Chou TY, Hsu WH, Wu YC, Wei YH. The role of mito‐
chondrial DNA alterations in esophageal squamous cell carcinomas. Journal of
Thoracic and Cardiovascular Surgery 2010;139(1) 189-197.
[100] Lievre A, Blons H, Houllier AM, Laccourreye O, Brasnu D, Beaune P, Laurent-Puig
P. Clinicopathological significance of mitochondrial D-Loop mutations in head and
neck carcinoma. British Journal of Cancer 2006;94(5) 692-697.

23

24

Molecular Considerations and Evolving Surgical Management Issues in the Treatment of Patients with a Brain Tumor

[101] Lee HC, Li SH, Lin JC, Wu CC, Yeh DC, Wei YH. Somatic mutations in the D-loop
and decrease in the copy number of mitochondrial DNA in human hepatocellular
carcinoma. Mutation Research 2004;547(1-2) 71-78.
[102] Tamori A, Nishiguchi S, Nishikawa M, Kubo S, Koh N, Hirohashi K, Shiomi S, Inoue
M. Correlation between clinical characteristics and mitochondrial D-loop DNA muta‐
tions in hepatocellular carcinoma. Journal of Gastroenterology 2004;39(11) 1063-1068.
[103] Yin PH, Wu CC, Lin JC, Chi CW, Wei YH, Lee HC. Somatic mutations of mitochon‐
drial genome in hepatocellular carcinoma. Mitochondrion 2010;10(2) 174-182.
[104] Suzuki M, Toyooka S, Miyajima K, Iizasa T, Fujisawa T, Bekele NB, Gazdar AF. Al‐
terations in the mitochondrial displacement loop in lung cancers. Clinical Cancer Re‐
search 2003;9(15) 5636-5641.
[105] Jin X, Zhang J, Gao Y, Ding K, Wang N, Zhou D, Jen J, Cheng S. Relationship be‐
tween mitochondrial DNA mutations and clinical characteristics in human lung can‐
cer. Mitochondrion 2007;7(5) 347-353.
[106] Choi SJ, Kim SH, Kang HY, Lee J, Bhak JH, Sohn I, Jung SH, Choi YS, Kim HK, Han J,
Huh N, Lee G, Kim BC, Kim J. Mutational hotspots in the mitochondrial genome of
lung cancer. Biochemical and Biophysical Research Communications 2011;407(1)
23-27.
[107] Liu VW, Shi HH, Cheung AN, Chiu PM, Leung TW, Nagley P, Wong LC, Ngan HY
(2001) High incidence of somatic mitochondrial DNA mutations in human ovarian
carcinomas. Cancer Research 2001; 61(16) 5998-6001.
[108] Van Trappen PO, Cullup T, Troke R, Swann D, Shepherd JH, Jacobs IJ, Gayther SA,
Mein CA. Somatic mitochondrial DNA mutations in primary and metastatic ovarian
cancer. Gynecologic Oncology 2007;104(1) 129-133.
[109] Jerónimo C, Nomoto S, Caballero OL, Usadel H, Henrique R, Varzim G, Oliveira J,
Lopes C, Fliss MS, Sidransky D. Mitochondrial mutations in early stage prostate can‐
cer and bodily fluids. Oncogene 2001;20(37) 5195-5198.
[110] Gomez-Zaera M, Abril J, Gonzalez L, Aguilo F, Condom E, Nadal M, Nunes V (2006)
Identification of somatic and germline mitochondrial DNA sequence variants in
prostate cancer patients. Mutation Research 2006;595(1-2) 42-51.
[111] Kloss-Brandstätter A, Schäfer G, Erhart G, Hüttenhofer A, Coassin S, Seifarth C,
Summerer M, Bektic J, Klocker H, Kronenberg F. Somatic mutations throughout the
entire mitochondrial genome are associated with elevated PSA levels in prostate can‐
cer patients. American Journal of Human Genetics 2010;87(6) 802-812.
[112] Nagy A, Wilhelm M, Sukosd F, Ljungberg B, Kovacs G. Somatic mitochondrial DNA
mutations in human chromophobe renal cell carcinomas. Genes Chromosomes Can‐
cer 2002;35(3) 256-260.

Understanding Mitochondrial DNA in Brain Tumorigenesis
http://dx.doi.org/10.5772/58965

[113] Tong BC, Ha PK, Dhir K, Xing M, Westra WH, Sidransky D, Califano JA. Mitochon‐
drial DNA alterations in thyroid cancer. Journal Surgical Oncology 2003;82(3)
170-173.
[114] Carew JS, Zhou Y, Albitar M, Carew JD, Keating MJ, Huang P. Mitochondrial DNA
mutations in primary leukemia cells after chemotherapy: clinical significance and
therapeutic implications. Leukemia 2003;17(8) 1437-1447.
[115] Grist SA, Lu XJ, Morley AA. Mitochondrial mutations in acute leukemia. Leukemia
2004;18(7) 1313-1316.
[116] Schon EA, DiMauro S, Hirano M. Human mitochondrial DNA: roles of inherited and
somatic mutations. Nature Review Genetics 2012;13(12) 878-890.
[117] Kirches E, Michael M, Woy C, Schneider T, Warich M-Kirches, Schneider-Stock R,
Winkler K, Wittig H, Dietzmann K. Loss of heteroplasmy in the displacement loop of
brain mitochondrial DNA in astrocytic tumors. Genes Chromosomes Cancer
1999;26(1) 80-83.
[118] Kirches E, Mawrin C, Schneider-Stock R, Krause G, Scherlach C, Dietzmann K. Mito‐
chondrial DNA as a clonal tumor cell marker: gliomatosis cerebri. Journal of NeuroOncology 2003;61(1) 1-5.
[119] Kurtz A, Lueth M, Kluwe L, Zhang T, Foster R, Mautner VF, Hartmann M, Tan DJ,
Martuza RL, Friedrich RE, Driever PH, Wong LJ. Somatic mitochondrial DNA muta‐
tions in neurofibromatosis type 1-associated tumors. Molecular Cancer Research
2004;2(8) 433-441.
[120] Vega A, Salas A, Gamborino E, Sobrido MJ, Macaulay V, Carracedo A. mtDNA mu‐
tations in tumors of the central nervous system reflect the neutral evolution of
mtDNA in populations. Oncogene 2004;23(6) 1314-1320.
[121] Montanini L, Regna-Gladin C, Eoli M, Albarosa R, Carrara F, Zeviani M, Bruzzone
MG, Broggi G, Boiardi A, Finocchiaro G. Instability of mitochondrial DNA and MRI
and clinical correlations in malignant gliomas. Journal of Neuro-Oncology 2005;74(1)
87-89.
[122] Barthelemy C, de Baulny HO, Lombes A. D-loop mutations in mitochondrial DNA:
link with mitochondrial DNA depletion? Human Genetics 2002;110(5) 479-487.
[123] Wong L, Tan D, Bai R, Yeh K, and Chang J. Molecular alterations in mitochondrial
DNA of hepatocellular carcinomas: is there a correlation with clinicopathological
profile? Journal of Medical Genetics 2004;41(5) e65.
[124] Maximo V, Soares P, Lima J, Cameselle-Teijeiro J, Sobrinho-Simoes M. Mitochondrial
DNA somatic mutations (point mutations and large deletions) and mitochondrial
DNA variants in human thyroid pathology: A study with emphasis on Hurthle cell
tumors. American Journal of Pathology 2002;160(5) 1857-1865.

25

26

Molecular Considerations and Evolving Surgical Management Issues in the Treatment of Patients with a Brain Tumor

[125] Abnet CC, Huppi K, Carrera A, Armistead D, McKenney K, Hu N, Tang ZZ, Taylor
PR, Dawsey SM. Control region mutations and the ‘common deletion’ are frequent in
the mitochondrial DNA of patients with esophageal squamous cell carcinoma. BMC
Cancer 2004;4: 30.
[126] Yin PH, Lee HC, Chau GY, Wu YT, Li SH, Lui WY, Wei YH, Liu TY, Chi CW. Altera‐
tion of the copy number and deletion of mitochondrial DNA in human hepatocellu‐
lar carcinoma. British Journal of Cancer 2004;90(12) 2390-2396.
[127] Wu CW, Yin PH, Hung WY, Li AF, Li SH, Chi CW, Wei YH, Lee HC. Mitochondrial
DNA mutations and mitochondrial DNA depletion in gastric cancer. Genes Chromo‐
somes Cancer 2005;44(1) 19-28.
[128] Ye C, Shu XO, Wen W, Pierce L, Courtney R, Gao YT, Zheng W, Cai Q. Quantitative
analysis of mitochondrial DNA 4977-bp deletion in sporadic breast cancer and be‐
nign breast diseases. Breast Cancer Research and Treatment 2008;108(3) 427-434.
[129] Peng TI, Yu PR, Chen JY, Wang HL, Wu HY, Wei YH, Jou MJ. Visualizing common
deletion of mitochondrial DNA-augmented mitochondrial reactive oxygen species
generation and apoptosis upon oxidative stress. Biochimica et Biophysica Acta
2006;1762(2) 241-255.
[130] Corral-Debrinski M, Horton T, Lott MT, Shoffner JM, Beal MF, Wallace DC. Mito‐
chondrial DNA deletions in human brain: regional variability and increase with ad‐
vanced age. Nature Genetics 1992;2(4) 324-329.
[131] Kato T, Stine OC, McMahon FJ, Crowe RR. Increased levels of a mitochondrial DNA
deletion in the brain of patients with bipolar disorder. Biological Psychiatry
1997;42(10) 871-875.
[132] Yeung KY, Dickinson A, Donoghue JF, Polekhina G, White SJ, Grammatopoulos DK,
McKenzie M, Johns TG, John JC. The identification of mitochondrial DNA variants in
glioblastoma multiforme. Acta Neuropathologica Communications 2014;2(1): 1. doi:
10.1186/2051-5960-2-1.
[133] Liang BC. Evidence for association of mitochondrial DNA sequence amplification
and nuclear localization in human low-grade gliomas. Mutation Research 1996;354(1)
27-33.
[134] Liang BC, Hays L. Mitochondrial DNA copy number changes in human gliomas.
Cancer Letters 1996;105(2)167-173.
[135] Dmitrenko V, Shostak K, Boyko O, Khomenko O, Rozumenko V, Malisheva T, Sha‐
mayev M, Zozulya Y, Kavsan V. Reduction of the transcription level of the mitochon‐
drial genome in human glioblastoma. Cancer Letters 2005;218(1) 99-107.
[136] Salas A, Yao YG, Macaulay V, Vega A, Carracedo A, Bandelt HJ. A critical reassess‐
ment of the role of mitochondria in tumorigenesis. PLoS Medicine 2005;2:e296.

Understanding Mitochondrial DNA in Brain Tumorigenesis
http://dx.doi.org/10.5772/58965

[137] Fang H, Lu J, Wei J, Shen LJ, Ding Z, Li H, Bai Y. Mitochondrial DNA mutations in
the D-loop region may not be frequent in cervical cancer: a discussion on pitfalls in
mitochondrial DNA studies. Journal of Cancer Research and Clinical Oncology
2009;135(4) 649-651.

27

Chapter 2

Systems Biology of Glioblastoma Multiforme
Caroline Agha, Hannah C. Machemehl and
Hassan M. Fathallah-Shaykh
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/59642

1. Introduction
Gliomas encompass approximately 80% of primary brain malignancies [1]. The five-year
survival rate is dependent on the subtype of glioma. According to the Central Brain Tumor
Registry there are about 13,000 deaths and 18,000 new cases per year of primary brain cancer
in the United States and the overall average annual age-adjusted incidence rate for 2006-2010
for primary brain and CNS tumors was 21.03 per 100,000 [2]. In this chapter, our main focus
is glioblastoma (GBM), which is by far the most common and the most malignant of all primary
brain tumor [2]. Often described as the most lethal or the most devastating brain tumors,
gliomas continue to carry a very poor prognosis at all levels, quantity and quality of life. GBM
almost exclusively recurs despite meticulous conventional therapies, including surgical
resection, radiation, and chemotherapy and bevacizumab. Despite all advances, the survival
rates continue to be low, with a median survival of approximately 15 months in patients with
malignant gliomas [3].
The multiple hit theory of cancer speculates that the origin and progression of GBM is the
product of complex series of molecular processes like activation of oncogenes and alterations
in tumor suppression genes. However, the complexity of the molecular interactions in
malignant gliomas imposes a great challenge that indeed has crucial implications on treatment.
This cannot be achieved without a meticulous understanding of this multifaceted process and
its molecular mechanism, and therefore dictates dissection at systems level. The Cancer
Genome Atlas Research Network has sequenced the genome of GBM and deduced that the
apparatus of tumor growth and recurrence is the result of complex epigenetic mechanisms
and gene interactions [4]. The twenty first century has been referred to as the genomic
millennium, thus in an era where genes dictate remedy a comprehensive understanding of the
systems biology of gliomas may be a key to the cure. Our goal in this chapter is to touch on
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the complexity of the molecular networks of GBM by presenting on an overview without
delving into details. We will focus on how molecules and pathways are dysregulated in GBM
rather than presenting detailed graphs of networks as the latter are readily easily found. To
illustrate the clinical relevance of a systems approach to molecular networks, we dissect the
case of the use of rapamycin in a GBM clinical trial and discuss the pathogenesis of its adverse
effect in causing activation of AKT, an oncogene.

2. Classes of GBM
Malignant gliomas develop as part of a multistep process comprising chronological and
collective genetic modifications resulting from core and environmental dynamics. Cowden,
Turcot, Li-Fraumeni, neurofibromatosis type 1 and type 2, tuberous sclerosis, and familial
schwannomatosis are among the predisposing syndromes for glioblastoma occurrence [15].
From a molecular perspective, malignant gliomas are greatly heterogeneous tumors [14]. In a
nutshell, 4 transcriptional subclasses of GBM have been proposed: classical, mesenchymal,
proneural, and neural [1]. The classical type glioblastoma typically exhibits chromosome 7
amplifications, chromosome 10 deletions, EGFR amplification, EGFR mutations (point and vIII
mutations), and Ink4a/ARF locus deletion. The mesenchymal subclass shows a high frequency
of NF1 mutation/deletion and high expression of CHI3L1, MET, and genes involved in tumor
necrosis factor and nuclear factor–κB pathways. Proneural type glioblastoma is characterized
by changes of PDGFRA and mutations in IDH1 and TP53; these are features common to lowergrade gliomas and secondary GBM. A characteristic feature of the neural subclass of GBM is
the expression of neuronal markers.

3. Gliomagenesis
The multiple hit theory of cancer stipulates sequential molecular events leading to GBM. The
following is a summary of current ideas. One of the first steps in tumoregenesis is loss of cell
cycle control. The cell cycle checkpoint that has been of most interest is the G1-S phase. This
important checkpoint is mainly controlled by p16INK4a/cyclin-dependent kinase (CDK)-4/RB
(retinoblastoma) 1 pathway, which involves p16, CDK-4, cyclin D1, and RB1[16]. The CDK/
cyclin D1 complex phosphorylates RB1 therefore releasing the E2F transcription factor, which
in turn activates the genes, involved in the G1/S transition [17]. Subsequent steps in glioma‐
genesis include the overexpression of growth factors and their receptors. A diverse array of
growth factors such as epidermal growth factor receptor (EGFR), platelet-derived growth
factor (PDGF), basic fibroblast growth factor (bFGF, FGF-2), transforming growth factor (TGF)alpha, and insulin-like growth factor (IGF)-1 are overly expressed in glioblastoma [18, 19].
Malignant gliomas are highly vascular tumors; the angiogenic molecule that has been most
widely implicated in GBM is vascular endothelial growth factor (VEGF), an endothelial cell
mitogenic [20].

Systems Biology of Glioblastoma Multiforme
http://dx.doi.org/10.5772/59642

Another key event contributing to gliomagenesis is the abolishment of apoptosis, or program‐
med cell death. Malignant glioma cells, not only divide uncontrollably, but also intentionally
lose the ability to undergo apoptosis. p53, a key molecule involved in apoptosis, is often
mutated during gliomagenesis [21]. An important process contributing to gliomagenesis is
genetic instability, which refers to the property that random mutations are introduced in
dividing cancer cells because of the loss of check points and the molecular machinery that
ensures that the genome is copied faithfully during mitosis [22]. A clinical correlation to genetic
instability is the Turcot syndrome [23].

4. Signaling pathways
A large number of signaling pathways exchange information to generate a large molecular
network that controls the phenotypes of GBM. A detailed discussion is beyond the scope of
this chapter. In this section, we will discuss how the RTK/PI3K/Akt, mTOR, Ras/MEK/MAPK,
p53, ATM/Chk2, Rb, and stat3 pathways are affected to GBM. Additional pathways will be
briefly discussed in the section on crosstalk.
4.1. RTK/PI3K/Akt pathway
This pathway regulates a range of cellular processes such as proliferation, growth, apoptosis,
and cytoskeletal rearrangement. It involves receptor tyrosine kinases (RTKs), like EGFR,
PDGFR, and VEGFR, as well as tumor suppressor protein phosphatase (PTEN), and protein
kinases PI3K, AKT. Irregular activation of RTK/PI3K/AKT is commonly seen in malignant
gliomas [24].
4.1.1. Receptor tyrosine kinases
RTKs relay extracellular signals to activation of intracellular networks through PI3K and AKT.
EGFR gene amplification is the most widespread alteration present in GBM [25]. The most
common is EGFR vIII, which relays ligand independent accumulative growth signals [26, 27].
Some studies have previously shown a correlation between aberrance of EGFR and aggres‐
siveness of tumor and therefore shorter survival [28, 29]. Unfortunately, EGFR inhibitors such
as Gefinitib and Erlotinib have not produced promising results in clinical trials of patients with
GBM [30, 31]. Overexpression of PDGFR (especially PDGFR-α) and PDGF have been docu‐
mented in astrocytic tumors irrespective of the grade [32], [33]. PDGFRA amplification and
IDH1 mutation are a characteristic of the proneural subtype of GBM implying a possible
association of the proneural subtype and secondary GBM [4]. Anti-PDGFR therapy such as
imatinib has not been promising either [34].
4.1.2. PI3K–PTEN-AKT signaling
AKT, a serine/threonine kinase that acts to regulate cell growth, proliferation, and apoptosis,
is activated in about 80% of human GBMs [35]. PI3K belongs to the family of lipid kinases.
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PI3K enzymes produce phosphatidylinositol-3,4,5-trisphosphate (PIP3), a lipid secondary
messenger, which is found to be at high levels in cancer cells [36, 37]. Binding of PI3Ks to RTKs
results in activation of AKT through PiP3 and PDK1 [38]. Dissecting the PI3K complex, it is
composed of a catalytically active protein, p110α, encoded by PIK3CA, and a regulatory
protein, p85α, encoded by PIK3R1. In primary GBM, PIK3CA mutations and amplification are
seen in about 5% to 13% of cases [39]. Furthermore, PIK3R1 mutations have been reported in
about 10 % in GBM patients [4].
PTEN (phosphatase and tensin homologue, located on chromosome 10) is a tumor suppressor
gene. PTEN mutations are associated with several types of cancer including GBM. Loss of
heterozygosity of chromosome 10, which causes deletions or mutations of PTEN, is a common
event in GBMs. PTEN negatively regulates the PI3K/AKT/PKB pathway by blocking AKT
signaling via the reduction of intracellular levels of PIP3. Furthermore, lower PTEN activity
induces activation of the RTKs/PI3K/AKT pathway. This is due to the negative inhibition
accomplished by PTEN antagonizing PIK3 [40]. GBMs typically harbor diminished expression
of PTEN through homozygous deletion or mutations of PTEN, which contributes the activation
of the RTKs/PI3K/Akt pathway [4, 41, 42]. Mesenchymal and classical types of GBM exhibit
loss of PTEN (www.cbtrus.org). It is noteworthy that GBM cells expressing EGFRvIII with an
intact PTEN appear to have a higher response rate to EGFR inhibitors [35, 43].
4.2. mTOR
Signaling through mTOR is mediated by two independent complexes, mTORC1 and mTORC2.
mTORC2 is activated by growth factors and ribosomes and in turn activates AKT among other
kinases via phosphorylation [44]. mTORC1 controls cellular metabolism, biosynthesis, stress,
and by several growth factors such as EGF and its receptor, EGFR [45]. In settings promoting
cell growth, mTORC1 phosphorylates substrates to stimulate anabolic processes such as
ribosome biogenesis, translation, and synthesis of lipids and nucleotides and to abolish
catabolic processes such as autophagy [45]. Likewise, mTORC2 promotes cancer growth by
stimulating glucose uptake via activation of AKT and activating serum/glucocorticoid
regulated kinase (SGK), which contributes to proliferation and survival [46]. Inhibitors of
mTOR, like rapamycin, sirolimus, temsirolimus, everolimus have not shown efficacy in GBM
[47, 48]. In fact, inhibitors of mTOR lead to elevated expression and activity of growth factor
receptors, which increases PI3K activity and RAS signaling. Below we discuss the effects of
rapamycin on the mTOR pathway in detail.
4.3. Ras/MAPK pathway
The 3 components of the human Ras genes (Rat Sarcoma) are transmuting oncogenes and
include: H-Ras, N-Ras, and K-Ras. Ras is a member of the G protein family, which basically
means that it is activated by binding to guanosine triphosphate (GTP), and deactivated by
binding to guanosine diphosphate (GDP) [49]. Ras serves to activate serine tyrosine kinases
(STK) including Raf, MAPK (ERK1 and ERK2), PI3K, among other proteins that influence cell
proliferation, differentiation, and survival [50]. Although the mutual activation of Ras and
AKT in neural progenitors contributes to gliomagenesis in mouse models [51], Ras mutations
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are uncommon in human GBM [4]. Activated Raf phosphorylates and activates MAPK kinase
(MAPKK), also called MEK, which in turn phosphorylates and activates MAPK [52, 53][54],
which then moves to the nucleus to induce other transcription factors including Elk1, c-myc,
Ets, STAT (signal transducers and activators of transcription), and PPARγ (peroxisome
proliferator-activated receptor γ), which induce cell cycle progression and anti-apoptosis
genes [50, 55].
NF-1, a tumor suppressor gene encoding neurofibromin, negatively regulates Ras and
influences adenylate cyclase- and AKT-mTOR-mediated pathways [56]. NF-1 mutation and
homozygous deletions are detected in 18% of GBM [4]. Mesenchymal type GBM appears to
respond to concomitant chemo-radiation therapy and happens to commonly have inactivation
of the NF-1 (37%), p53 (32%), and PTEN genes [57].
4.4. The p53 pathway
The p53 gene, labeled as the "guardian of the genome", is located at chromosome 17q13.1 and
encodes a protein that takes action against miscellaneous cellular stresses to regulate the
corresponding genes that provoke programmed cell death or apoptosis, cell differentiation,
senescence, DNA repair, and neovascularization [58]. The p53 pathway is the most frequently
mutated pathway in human cancer and is essentially disrupted in roughly 80% of high-grade
gliomas. p53, activated in response to DNA damage, induces transcription of genes such as
p21Waf1/Cip1 that arrest the cell cycle progression at the G1 phase [59].
An important regulator of the p53 pathway is MDM2, an E3 ubiquitin ligase that negatively
modulates p53 through transcriptional inhibition by direct binding as well as by degradation
through its E3 ligase activity [60] [61]. On the other hand, the transcription of the MDM2 gene
is induced by wild-type p53 [62]. This creates an autoregulatory feedback loop which controls
the function of both the expression of MDM2 and the activity of p53. Another regulator of the
p53 pathway is the tumor suppressor protein ARF (p14ARF), which controls p53 transcrip‐
tional activities by binding to MDM2 and consequently hindering its E3 ubiquitin ligase
activity [63, 64]; conversely p14ARF expression is negatively regulated by p53 [59]. Both low
grade and high grade gliomas exhibit inactivation or mutation of p14ARF [65]; homozygous
deletion of p16INK4a/p14ARF/p15INK4b locus is one of the common mutations in GBMs [66].
Remarkably, mouse models revealed that co-deletion of ARF and INK4a increased accordingly
with tumor progression from low- to high-grade gliomas [67]. This suggests that ARF and
INK4a mutations are important steps in gliomagenesis.
4.5. ATM/Chk2 pathway
Disruption of the ATM/Chk2 pathway increases the speed of growth and development of
glioma [68]; it also contributes to resistance to radiation therapy by helping the malignant cell
activate a group of sensor kinases including ATM, ATR, and DNA-dependent protein kinase
[69]. The latter phosphorylates multiple downstream mediators such as checkpoint kinases
Chk1 and Chk2 that lead to cell-cycle checkpoint initiation and/or apoptosis [70]. Chk2,
encoded at chromosome 22q12.1, acts as a tumor suppressor as it regulates p53-dependent
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apoptosis [71]. Chk2 mutations have in general been rarely reported; however single copy loss
of the chromosomal region containing Chk2 has been reported in gliomas [4].
4.6. Rb pathway
The retinoblastoma gene, Rb, is implicated in progression from low grade to higher grade
astrocytoma [72], and it is inactivated in GBM [73]. The Rb pathway suppresses cell cycle entry
and progression and curbs the p53 pathway by binding and inhibiting transcription factors of
the E2F family. Of note, Rb controls progression from G1 to S-phase of the cell cycle [16]. Rb
is regulated by the complex of cyclin-dependent kinases (CDKs); in the G1 phase, Rb is
normally inactivated by Cyclin D/CDK4/CDK6- induced phosphorylation, causing its release
from E2F and consequent cell cycle progression into the S phase. CDKN2B, a CDK inhibitor,
which is commonly inactivated in GBM, forms a complex with CDK4 or CDK6, thus preventing
the activation of CDKs. The outcome of this inhibition is prevention of cell growth. In addition
to the inactivation of CDKN2B, amplification of CDK4 and CDK6 is also common in GBM,
demonstrating that both CDK4 and CDK6 have a fundamental function in gliomagenesis and
progression [74]. The CDKN2A (p16INK4a) protein binds to CDK4 and inhibits the CDK4/
cyclin D1 complex, consequently inhibiting cell cycle transition from G1 to S phase [73]. This
implies that any alteration of Rb, CDK4, or CDKN2A causes aberrant dysregulation of the G1S phase transition. Complete loss of Rb, homozygous deletion or mutation of CDKN2A, CDK4
amplification, CDKN2B (p15INK4b) homozygous deletion, CDKN2C (p18INK4c) homozy‐
gous deletion, CCND2 (cyclin D2) amplification, and CDK6 amplification are observed in
almost 80% of GBM [75-77].
4.7. STAT3
STAT (Signal transducers and activators of transcription) complexes are a family of cytoplas‐
mic proteins that have SH2 (Src Homology-2) domains functioning as transcription factors that
control cellular responses to cytokines and growth factors by signal transduction from the
plasma membrane to the nucleus [78]. Target genes are then transcribed and contribute to
proliferation, invasion, and apoptosis. STAT3 is an example of the STAT family proteins; it is
rendered active by EGF and is overexpressed in GBM [79]. STAT3 also plays a role in the
development of neural stem cells and astrocytes [80]. Targeting STAT3 may influence glioma
cell motility, resistance to temozolomide, as well as clinical outcome [81-83].

5. Crosstalk
A distinguished characteristic of signaling networks in GBM is the presence of crosstalk, or
communication between subnetworks, which interact to promote gliomagenesis and all the
phenotypes of GBM. For example, there is evidence of mutual cross talk between cells
inactivation of either Ras/Raf/MAPK or PI3K/AKT/mTOR triggering activation of the other
[39]. Other examples are the interactions between Ras and stem cell factor (SCF)/c-kit signaling,
mTOR, and MAP kinase pathways and the interactions between PI3Kand STAT3 pathways
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and NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells, in gliomas [84] [85].
In this section, we examine selected networks that play a role in glioma stem cells (GSC) and
cell motility.
5.1. GSC
GSC have the particular ability to auto-renew and initiate gliomagenesis, express neural stem
cell markers, and differentiate into multiple phenotypes such as neuronal, astrocytic, and
oligodendroglial. Sonic hedgehog homolog (SHH) and Notch are overly expressed in GSC and
therefore aberrantly regulate neural progenitor cells [86]. SHH is an important mitogen for
medulloblastoma precursor cells. The SHH pathway also contributes to glioma formation as
it is activated in GSCs. The SHH pathway is also closely related to the cell cycle as it inactivates
Rb and causes over-expression of cell cycle regulators such as N-myc. PDGF signaling in neural
stem cells is required for oligodendrogenesis, and amplification of this signal causes an
abnormal proliferation of neural stem cells and the formation of large glioma-like lesions [87].
Notch (Notch1-4 in mammals) is a family of transmembrane receptors that control intercellular
signaling [88]. They are transmembrane proteins that bind to notch and reveal the receptor to
proteolytic activation. Notch is cleaved by presenilin 1 which generates a Notch1 intracellular
domain (NICD), a nuclear transcriptional activator. Notch activation induces expression of
downstream target genes, such as p53, and promotes neural stem cell growth [89]. BMPs are
growth factors that act through binding to cell-surface receptor kinases (BMPRs); the effectors
of BMPRs are the Smad proteins, which play a major role in bone and cartilage formation. The
overall activity of BMPs is regulation of transcription. BMP ligands exhaust the GSC popula‐
tion by inducing the differentiation of GSCs into astroglial and neuron-like cells. Treating GSCs
with BMPs in vivo delays tumor growth and diminishes tumor invasion [90].
miRNA is a small non-coding RNA that post-transcriptionally downregulates gene expression.
Several studies have identified aberrant miRNA (microRNA-21, miR-326, microRNA-34a)
expression in gliomas, and linked some of them to GSC maintenance and growth [91, 92].
Finally, Tumor Necrosis Factor alpha-Induced Protein (TNFAIP) 3 regulates both the NF-κB
pathway as well as GSC self-renewal, growth, and apoptotic resistance [93].
5.2. Brain invasion and motility
Brain invasion is a hallmark of gliomas. Tumor cell migration requires highly coordinated
steps of dissociation of existing cellular adhesions, remodeling of the actin cytoskeleton to
project lamellipodium extensions, formation of new adhesions, and tail detachment along with
proteolytic processing and secretion of extracellular matrix proteins along the trajectory. This
complex phenotype requires crosstalk between networks that control the extracellular matrix,
growth factors, cdc42, GTPases, actin polymerization, PAK, src, cadherins, PIP3, integrins, and
myosin (see [96] for details).
Furthermore, some GBM exhibit enhanced motility at 5% ambient oxygen, which is higher
than the typical 0.3-1% concentrations observed in cancer hypoxia. This result supports an
increased propensity for invasion. The phenotype of increased motility in low ambient oxygen
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conditions is mediated by phosphorylation of src, which in turn phosphorylates NWASP,
Neural Wiskott-Aldrich Syndrome Protein (see [97] for details).

6. Effects of rapamycin on AKT
In the preceding section we have highlighted the complexity of the molecular interactions in
GBM and the large number of subnetworks that communicate to generate the phenotypes.
Because rapamycin inhibits the mTOR complex, it was considered a hopeful prospect for
pharmaceutical therapy. However, in a clinical trial using rapamycin in the treatment of PTENdeficient GBM, researchers encountered a paradoxical increase in AKT signaling, which was
unexpected and undesirable as the latter promotes oncogenic processes [98]. The exact
mechanisms for this finding are not yet known. Although many scientists postulate about a
simple loss of negative feedback, there may be more than what meets the eye. To illustrate this
point, we will delineate a well-characterized pathway in GBM molecular biology and discuss
how intersecting activation and inhibitory pathways can lead to paradoxical downstream
effects.
As reviewed in Howell et al. and Huang and Manning, mTORC1 acts ultimately as a negative
regulator of AKT through various mechanisms [99-101]. First, mTORC1 directly phosphory‐
lates IRS (insulin receptor substrate), which is thought to hinder the scaffolding ability of PI3K
to activate AKT. Additionally, mTORC1 acts through its downstream effector S6K1 (S6 kinase
1), which also phosphorylates IRS at specific serine residues and reduces downstream AKT
activation [102-105]. Zhang et al. in 2003 and 2007 showed that mTORC1 activation leads to
repression of PDGFR A and B transcription, which inhibits PDGF signaling to AKT and blocks
proper transmission of signals from other growth factors [106, 107]. AKT also acts as an
activator of mTORC1; but this interaction is irrelevant to our discussion of mTORC1 inhibitors
because direct inhibitors of mTORC1 are not influenced by AKT.
Since mTORC1 inhibits AKT (Figure 1, t = 0), bringing down mTORC1 via rapamycin (Figure
1, t = 1) would subsequently lead to an increase in AKT (Figure 1, t = 2).

Figure 1. Cartoon depicting the negative effects of mTORC1 on AKT activation and its response to perturbations.
Blocked arrows indicate repression/deactivation. The arrow pointing down indicates repression of mTORC1 activity at
time = 1. The arrow pointing up indicates the response of the network by increasing the activity of AKT at time = 2.

At first sight this explanation is logical, but when we look deeper into the networks we discover
additional factors to this relationship that can provide alternate explanations for the clinical
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trial’s findings. The simple diagram of Figure 1a does not appear to be the appropriate
explanation.
Subsequent studies have found that at low concentrations, rapamycin treatment leads to an
increase in AKT activity; however, at high, super-physiological concentrations rapamycin
causes a decrease in AKT activity [108]. Interestingly, at high concentrations of rapamycin,
both mTORC1 and mTORC2 are inhibited. Hence, we need to consider the effects of mTORC2
on AKT. In fact, mTORC2 phosphorylates AKT on S473 (serine 473), which activates AKT at
the plasma membrane [112]. The observation, that inhibiting both mTORC1 and mTORC2
caused a decrease in AKT activity, indicates that mTORC1 is a weak inhibitor of AKT as
compared to mTORC2 as an activator (see Figure 2 for details).

Figure 2. Cartoon depicting relative effects of mTORC1 and mTORC2 on AKT and the response of the network to
high concentrations of rapamycin. Blocked and regular arrows indicate repression/deactivation and activation, re‐
spectively. The thickness of the arrows reflects the level of repression or activation. If mTORC2 is a stronger activator
of AKT than mTORC1 is a repressor (time = 0), treating the cells with high concentrations of rapamycin, which inhibits
both mTORC1 and mTORC2 (time = 1), causes a decrease in AKT activity (time = 2).

If we delve deeper into these pathways, we learn of a negative loop between AKT, TSC2
(tuberous sclerosis complex 2), and mTORC2 (See Figure 3) [101]. AKT directly inhibits the
activity of the TSC2 complex by phosphorylating TSC2 [109-111]. Furthermore, Huang and
Manning provide evidence for the subsequent arm of the loop where the TSC2 complex
activates mTORC2 in a manner independent of mTORC1 [100]. These relationships together
comprise the negative loop illustrated in Figure 3.
We assume that the physiological levels of rapamycin used in the clinical trial inhibit the
activity of mTORC1 without any effects on mTORC2; let us now study the reaction of the
network in the presence of the AKT/TSC2/mTORC2 negative loop (see Figure 4). Theoretically,
if mTORC1 levels go down (Figure 4a), AKT activity should initially increase (Figure 4b).
However, higher AKT activity would lead to augmented inhibition of the TSC2 complex
(Figure 4c). The lower levels of TSC2 complex would then reduce the activation of mTORC2
(Figure 4c), which in turn feeds back to influence AKT. The ultimate result on AKT depends
on the dynamics and the strengths of the connections the negative loop. At this stage, two
possibilities arise as follows.
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Figure 3. Cartoon depicting negative loop between AKT, mTORC2 and the TSC2 complex. Blocked and regular ar‐
rows indicate repression/deactivation and activation, respectively.

Figure 4. Cartoon depicting the reaction of the network to rapamycin in the presence of the negative loop. Blocked
and regular arrows indicate repression/deactivation and activation, respectively. Arrows pointing up or down indicate
perturbations causing increased or decreased activity, respectively.

Possibility A: If both AKT’s inhibitory effect on TSC2 and TSC2’s activation effect on mTORC2
are strong, then an increase in AKT will lead to a significant decrease in mTORC2. Because the
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latter is a stronger activator than mTORC1 is a repressor (Figure 3), this causes an ultimate
decrease in AKT activity (Figure 4e).
Possibility B: The negative loop would cause a decrease in mTORC2 activity in any case. This
could attenuate but may not reverse the increase in AKT (Figure 4f).
This exercise highlights the profound effects of the presence of a negative loop in the simple
network. The results of the clinical trial where rapamycin leads to an increase in AKT activity
would be consistent with the explanation of possibility B. However, possibility A cannot be
excluded, since other regulatory loops likely influence this pathway as well. In creating
treatments and therapeutic strategies in GBM, it is imperative to gain a complete picture of the
complexity of intersecting pathways since inhibition can lead to paradoxical, sometimes
detrimental results.

7. Conclusion
The molecular networks of GBM include a large number of molecules and interactions, as well
as multiple subnetworks and crosstalk. These large networks appear to have the ability to not
only bypass therapeutic blockade, but to react to therapeutic modalities by activation of
oncogenic subnetworks. We are not surprised that little progress has been made against these
deadly and intelligent tumors. Success requires a clear understanding of these large networks
as well as predictions of their dynamical (time-dependent) behavior in response to perturba‐
tions (ie. therapeutic interventions). Fortunately, recent advancements in genomics and
mathematical biology bring us closer to attaining these goals.
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1. Introduction
Tumor microenvironment is a dynamic concept that includes, beside tumor cells, everything
is not tumor cells. It consists of cells, soluble factors, signaling molecules, extracellular matrix
(ECM), and mechanical cues that can promote neoplastic transformation, support tumor
growth and invasion, protect the tumor from host immunity and foster therapeutic resistance
[1]. It is organ-specific and in the brain it is not yet fully understood. In addition to cancer cells,
it contains different stromal cells mainly represented by endothelial cells, microglia/macro‐
phages, and reactive astrocytes [2], but other cell types should be considered such as fibro‐
blasts, pericytes, immune cells, etc. (Figure 1). These cells are heterogeneously distributed in
the tumor, according to its different phenotypes and relevant biological significances.

2. Microenvironment cell components
2.1. Microglia/macrophages
Malignant gliomas are rich in microglia/macrophages that are classified as ramified or resident
microglia, ameboid or activated microglia, macrophages and perivascular microglia [3]. They
are called tumor-associated macrophages (TAM) and lack apparent phagocytic activity
[4].They are considered as both intrinsic to the central nervous system (CNS) and blood-borne
arrived, subjected to the local production of chemoattractant factors [5]; they share surface
markers [6], but it has been demonstrated that microglia are chemokine (C-X3-C motif)
receptor 1 (CX3CR1)+/chemokine (C-C motif) receptor 2 (CCR2)– and monocytes are CCR2+/
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Figure 1. Scheme of the relationship between vessels/endothelium and microenvironment cells.

CX3CR1– [7]. In acute conditions microglia is blood-derived, from adult haematopoietic stem
cells (HSCs), even though macrophages in adult renew independently from HSCs. Their
majority derives from Tie2+ pathway generating eritro-myeloid progenitors, distinct from
HSCs, from the yolk sac they migrate in the various organs [8].
It is still debated whether they are included in or they are distinct from pro-inflammatory cells.
They increase both in the center and at the periphery of the tumors [9] and it has been calculated
that up to one third of the cells in glioma biopsies are represented by macrophages [9,10]
(Figure 2A,B). In the tissue, microglia/macrophages are found as small or large clusters around
vessels or necroses, whereas at the periphery or around the tumor they are more regularly
distributed. Undoubtedly, they proliferate in response to tumor growth and they have a
cytotoxic defense function [11], as well as the capacity for antigen presentation [12], but they
can also promote tumor infiltration and proliferation [13,14]. An inverse correlation between
TAM infiltration and glioblastoma multiforme (GBM) prognosis [15] and promotion of tumor
progression have been found [16].
Together with fibroblasts, pericytes, neutrophils, mast cells, lymphocytes, dendritic and
endothelial cells, macrophages belong to the category of stromal cells that interact with the
tumor, as discussed before, via cell-cell or by cytokine or chemokine-mediated signaling.
Tumor cells may influence stromal cells to produce growth factors such as vascular endothelial
growth factor (VEGF), tumor necrosis factor alpha (TNF-α), transforming growth factor beta
(TGF-β), interleukin 1 (IL-1) or CXC ligand 2 (CXCL2), CXCL8, CXCL12 that promote angio‐
genesis and tumor growth. Conversely, tumor cells are stimulated to produce chemokines that
influence angiogenesis [16] and growth. There is both an autocrine and a paracrine tumor
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growth stimulation [17]. The enrichment in stromal cells, especially microglia/macrophages,
in the brain adjacent to tumor (BAT) strongly influences immunoregulation and tumor growth
on the one side, and it represents a defense from the tumor on the other side.
The existence of a positive relationship between microglia/macrophages and tumor-initiating
cells (TICs) in the two opposite directions is relevant to the problem [18]. The vessels can be
associated or not with macrophages (Figure 2C,D) even with only one (Figure 2E). They occur
obviously in circumscribed necroses (Figure 2F). Basically, any glioma-associated monocytic
cell with macrophage characteristics has been called “tumor associated microglia”. It shows a
functional phenotype different from the inflammatory one and promotes glioma cell migration
and tumor growth [19]. Migration promotion is accomplished through matrix metalloprotei‐
nases (MMPs) released by microglia [20,21] and CX3CL1 with its receptor (CX3CR1) [22]. The
demonstration that microglia/macrophages promote glioma progression means that their
inhibition can be a useful therapeutic tool [23]. Macrophages have long been recognized as
critical components of immunity against tumors, because, when appropriately stimulated,
they can attack tumor cells by contact interaction or by secreting cytotoxic and cytostatic factors
[24]. However, they can also contribute to tumor development, by secretion of growth factors
such as angiogenic factors, proteinases, which degrade the matrix, and immunosuppressor
factors [25]. Their dual function is mainly exerted through TNF that demonstrates both an
anticancer [26] and a tumorigenic activity [27]. However, it has also been shown that TNF can
reduce glioma growth and prolong patient survival [28].
One specific question is the role of immune cells in the tumor microenvironment. These cells
through cytokines, growth factors, chemokines and cerebrospinal fluid (CSF) interfere with
tumor initiation, angiogenesis, proliferation and invasion [29]. IL-1β is the primary factor of
microglia that enhances TGF-β, that, in turn, inhibits lymphocyte proliferation by suppressing
antiglioma responses [30]. IL-1β also stimulates VEGF, epidermal growth factor receptor
(EGFR) and MMP9 for angiogenesis, proliferation and invasion [31].
Macrophages can be subdivided into M1 and M2 subtypes, according their polarization status,
supporting tumor suppression or progression, respectively [32]. As shown by the marker
MHCII [33], they are strongly M2 in GBM [34]. In summary, it can be stated that macrophages
support tumor progression and that tumor recruit macrophages [35]. There is an interrela‐
tionship between glioma stem cells (GSCs) and TAMs in GBM and it was shown that the former
express Periostin, a member of the Fasciclin family (POSTN) [36] that has a supportive role in
various tumors. TAM density correlates with POSTN in GBM and disrupting it TAM density
is reduced so that GSCs secrete POSTN to recruit M2 that support tumor growth [37]. It was
then showed that POSTN is highly expressed in high grade in comparison with low grade
tumors [38]. How POSTN acts in potentiating tumor progression in niches has been widely
discussed [39].
2.2. Reactive astrocytes
Reactive astrocytes can be sometimes confused with tumor cells, mainly because their
phenotype changes over time until their complete maturation. There are analogies between
glial reaction and physiological maturation of astrocytes during embryogenesis. In the initial
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phases, the fine processes originate directly from the cell soma and then from the thick and
long processes [40]. Nestin and Vimentin would be the main markers of immature astrocytes
whereas glial fibrillary acidic protein (GFAP) is the main marker of mature astrocytes [41,42].

Figure 2. Glioblastoma. Macrophages/microglia. A – Cluster of macrophages in a proliferating area, not in relation
with vessels; x200. B – Regular distribution of macrophages/microglia in a proliferating area not in relation with ves‐
sels; x200. C – Cluster of macrophages around a middle size vessel; x400. D – One vessel is surrounded by a crowd of
macrophages, the other has none; x200. E – Capillaries with a macrophage adherent to the wall; x200. F – Macrophages
in a perinecrotic palisade; x400. All double staining CD68-CD34, Alkaline Phosphatase Red and DAB, respectively.

It is still a debated question whether tumor infiltration can be recognized by magnetic
resonance imaging (MRI), not only when adjacent to tumor, but also at distance. It has been
observed, for example, that low grade gliomas, which preferentially locate in the insula and in
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the supplementary motor area, spread along distinct subcortical fasciculi [43]. By analyzing
different peritumor areas with different MRI methods, it has been shown that fractional
anisotropy and not apparent diffusion coefficient can be used to evaluate glioma cell invasion.
An attempt to classify different peritumoral tissues by a voxel-wise analytical solution using
serial diffusion MRI has been made [44].

Figure 3. Glioblastoma. Reactive astrocytes. A – Regular distribution of reactive astrocytes in a cortex with mild infil‐
tration. Some adhere to small vessels; GFAP, x200, DAB. B – Proliferating area with reactive astrocytes entrapped; al‐
most only the large cytoplasm is visible; GFAP, x200, DAB. C – Glomeruli: multi-channel formations; double staining
CD68-CD34, x100, DAB and Alkaline Phosphatase Red, respectively; D – Microvascular proliferations; x200, H&E. E –
Pericytes; α-SMA, x200, DAB. F – Id. x400.
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Peritumoral reactive gliosis (Figure 3A) has a particular importance because of three main
characteristics: reactive astrocytes divide by mitosis as tumor cells do, they progressively lose
Nestin and increase GFAP expression, as during development, and they may regionally exert
a series of metabolic and molecular influences [45]. The most important point is that reactive
astrocytes may be included in the advancing tumor (Figure 3B), in which they progressively
become no more recognizable from tumor cells. The question is whether they disappear
suffocated by the high tumor cell density, or if they remain, unrecognizable from tumor cells,
to contribute to the pleomorphic aspect of gliomas, or if they even can be transformed into
tumor cells [46]. There are evidences that reactive astrocytes support tumor progression [2].

3. The glioma origin and the stem cell theory
The existence of a similarity between cancer cells and embryonic stem cells is known since
Virchow [47]. Glioma cells may derive through tumor transformation from immature glia cells
[48,49], or primitive neuroepithelial cells or neural stem cells (NSCs) and many experimental
demonstrations are available on this matter [50,51]. Glioma-initiating cells (GICs) and GSCs
[52,53] share with NSCs some properties, i.e. proliferation and self-renewal, and GSCs share
with malignant gliomas similar genetic alterations. In contrast to the hypothesis of the
transformation of NSCs or neural progenitor cells (NPCs) into GSCs [54], either occurring in
situ during embryogenesis or during migration and their relationship with GICs, the origin of
GSCs has also been referred to dedifferentiation.
Dedifferentiation may refer to two distinct biological processes. The first one is represented
by a multi-step process accompanied by genetic alterations that lead to the progressive
transformation of normal cells into highly malignant cells. They require self-sufficiency growth
signal, insensitivity to anti-growth signals, escape from apoptosis, proliferation potential,
angiogenesis and invasion [55]. By combining activation of specific oncogenes and loss of
tumor suppressor genes, it is possible to induce GBM from cortical astrocytes [56]. Examples
are the combination of p16(INK4a)-p19(ARF) loss with K-Ras and Akt activation [57],
p16(INK4a) and p19(ARF) loss with EGFR activation [58] and p53 loss with myr-Akt and cMyc overexpression in mature astrocytes [59]. Basically, the capacity of transformation
inversely correlates with differentiation. It is easier to get transformation from Nestin+
progenitors than from mature astrocytes by Ras and Akt activation [60].
A second meaning of dedifferentiation refers to tumor cells that would acquire stemness
properties instead of reflecting the nature of the primitive cells [50,61].
Today, the existence of cell subpopulations, called cancer stem cells (CSCs) or GSCs, with stem
cell-like properties such as multipotency, ability to self-renewal or to form neurospheres in
vitro, is generally accepted, also for gliomas [62].
The origin of gliomas from NSCs has been repeatedly demonstrated by the experimental
induction of brain tumors by nitrosourea derivatives [63]. Moreover, NSCs have been accepted
as the source of gliomas, also because the signaling that regulates their self-renewal, prolifer‐
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ation and differentiation occurs, altered, in gliomas. Several studies demonstrated that GBM
may arise from the subventricular zone (SVZ) [64,65] that is the source of stem cells and
progenitors in adults [66,67]. The latter are represented by neuroblasts (type A cells) and
oligodendrocyte precursor cells (OPCs), by quiescent type B cells that give origin to highly
proliferative cells, and by transit-amplifying progenitor cells (type C cells), that differentiate
into two lineage-restricted progenitor cells [68,69]. These cells accumulate mutations up to give
rise to gliomas [70], not excluding the intervention of human Cytomegalovirus (HCMV) [71].
GBM is a heterogeneous tumor and its heterogeneity might be explained by either the
hierarchical model mechanism [72] or the stochastic mechanism of development [73]. Progen‐
itor cells are at risk of malignant transformation since they show the activation of the adequate
cell machinery, represented by telomerase activity, promitotic and antiapoptotic genes [54].
Abnormal developmental patterns are Sonic hedgehog (Shh) pathway, EGFR and phosphatase
and tensin homologue (PTEN) signaling. Although their clonal origin is from a small fraction
of transformed NSCs, gliomas are heterogeneous as a consequence of an anomalous tumor cell
differentiation [74]. The diversity within gliomas is due to changes of the subclones, being all
of them generated by multipotent tumor cells, but also through an arrest of the differentiation
process.
Recently, other cells have been supposed to give origin to GBM.

4. Origin of GSCs and glioma heterogeneity
The hypothesis of GSCs is based on the concept that a rare subset of cells within GBM may
have significant expansion capacity and the ability to generate new tumors [72]. The
remainder of tumor cells, which predominantly resemble GBM, may represent partially
differentiated cells with limited progenitor capacity or terminally differentiated nontumorigenic cells. A possible origin of gliomas is also from mature astrocytes by acquir‐
ing stemness properties through a dedifferentiation process, as above mentioned [54,75] or
from NG2 cells that fit better with tumors arising far from the ventricles or with secon‐
dary GBMs [76]. Also reactive astrocytes can be candidate for gliomas [77,78], since they
can acquire a stem-like phenotype [79].
In spite of the great similarity between SVZ NSCs or progenitors and GICs, the relationship
with GSCs remains unresolved. Are they equivalent, or the latter have nothing to share with
the former, if not the stemness properties? An answer can be that over time GICs can acquire
sufficient alterations to engender GSCs. GICs are the first genetically aberrant cells that can
initiate tumor development and that are responsible for the bulk of tumor cells. OPCs, the
major dividing cell population in the adult brain that gives origin to oligodendrocytes,
distributed in the SVZ and in the gray and white matter, remain a further unresolved problem.
The EGFR and prostaglandin-endoperoxide synthase 2 (PTGS2) inhibition prevents the
tumorigenesis of transformed OPCs and GICs for anaplastic oligodendroglioma but not the
tumorigenesis of transformed NSCs or GICs for GBM, suggesting that the latter can arise from
OPCs or NSCs [80].
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In mice models, by using the retrovirus replication-competent avian sarcoma-leukosis virus
long terminal repeat with splice acceptor (RCAS) [81], OPCs expressing 2’, 3’-cyclic-nucleotide
3’-phosphodiesterase (CNP) could be targeted later in their development or in the adult. Low
grade oligodendrogliomas were obtained by RCAS-platelet-derived growth factor subunit
beta (PDGF-β) expressing OPC markers such as sex-determining region Y (SRY)-box2 (SOX2),
oligodendrocyte transcription factor 2 (OLIG2), NG2 and PDGF receptor (PDGFR), interpreted
as indicating a slight dedifferentiation of tumor cells [82]. OPCs could serve as cells of origin
of gliomas [83]. According to the already mentioned experiments by mosaic analysis with
double markers (MADM), aberrant growth of precancerous lesions could only be found in
cells differentiated along the oligodendrocyte lineage to become OPCs but not in any other
lineage or in NSCs [84]. These demonstrations, however, do not exclude that aberrant growth
can occur in NSCs, responsible for a direct origin of malignant tumors.
Heterogeneity in gliomas is not due to the occurrence in the same tumor of different non-tumor
cells of various species, but to the cellular complexity formed by tumor cells that differ among
themselves for a series of phenotypic and molecular characteristics affecting cell proliferation,
invasion, etc. [85,86]. Cells are at risk of transformation only when demanded to proliferate,
such as progenitors, opposite, for example, to B cells of SVZ that are protected [87]. The passage
from B cells to amplifying cells implies a chromatin rearrangement from a quiescent to a
proliferating status where genetic lesions, if not repaired, pass to the following dividing cells.
There are interactions among DNA repair, epigenetics and stem cells. In the niche a homeo‐
static regulation of stem cells occurs, with a balance between self-renewal and differentiation,
and with proliferation starting in response to a stimulating signal. Uncontrolled proliferation
would take place when stem cells become independent of growth signal, because of mutations,
or they resist anti-growth signals [88]. The homeostatic balance would be regulated by the
interaction between Wnt/β-catenin pathway, that promotes cell growth, and bone morphoge‐
netic protein (BMP) signaling that inhibits it. This can be the starting point of heterogeneity,
largely dependent on the microenvironment. Gliomas with different genetic signatures may
as well originate from different cell subtypes [89].
The same molecular mechanisms of NSCs regulate gliomas [90] that can undergo epigenetic
changes and genetic mutations favoring evolution toward malignancy. During their lifespan,
they can be exposed to genotoxic stress, to which they respond through repair mechanisms
[76]. GBM has many molecular signatures depending on its polyclonality, and the events
themselves may have an effect on the clonality. The greater is the potency of stem cells, the
more anaplastic is the tumor.
The molecular profile of malignant gliomas has led to the distinction of proneural, proliferative
and mesenchymal types associated to NSC profiles [91] or to the distinction of proneural,
classic and mesenchymal types, the former expressing genes associated to progenitors and the
latter two to stem cells [92]. The stemness would reflect the cell of origin, but it could also be
acquired in the niche in adult gliomas [93]. On this basis, the contrasting results obtained on
GBM can be explained by the finding of different series of TICs characterized by different
phenotypic and molecular profiles [86,94].
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5. Migration of NSCs or NPCs toward tumors
NPCs can migrate from the SVZ toward a tumor and target it [95]. Today, this migration
may represent a new goal for therapeutic purposes. NSCs exhibit tumor-homing capabili‐
ty. In mice experiments, immortalized murine NSCs, implanted into glioma-bearing rodents,
distributed within and around tumors, even migrating to the contralateral hemisphere [96].
Genetically engineered NSCs show a tropism for gliomas, on which may have an adverse
effect [97-100], especially if they are also transduced with herpes simplex virus-thymidine
kinase (HSVtk) gene and followed by the administration of systemic Ganciclovir [101-103].
Human NSCs implanted in rat brains containing a C6 glioma, migrated in the direction of
the expanding tumor [104]. The same properties are shown by mesenchymal stem cells
(MSCs) injected either into carotid arteries or intracerebrally [105,106] and by hematopoiet‐
ic progenitor cells [107]. Endogeneous progenitor cells have been observed to migrate from
the SVZ toward a murine experimental GBM [108]. The migrated Nestin+ cells were also
actively cycling, as shown by Ki-67/MIB.1 positivity, and 35% of them expressed Musa‐
shi-1 [109]. In transgenic mice, virally labeled proliferating cells of the SVZ demonstrated
that NPCs accumulate around gliomas, diverted from their physiological migratory
pathway to the olfactory bulb [110].
Chemokines, angiogenic cytokines and glioma-produced ECM can play a role in the NSC
tropism [111]. It is possible to take advantage of the natural capacity of chemokines to
initiate migratory responses and to use this ability to enhance the tumor inhibitory capacity
by NPCs to target an intracranially growing glioma [112]. The therapeutic possibilities
offered by NSCs are continuously increasing. For example, they can be engineered as
sources of secreted therapeutics, exploiting their mobility toward CNS lesions. They could
function as minipumps [113].
Rat embryonic progenitor cells, transplanted at distance from a glioma grown in the striatum,
migrate and co-localize with it. They modify their phenotype, express Vimentin and reduce
the tumor volume, demonstrating that a cross-talk exists between them and the tumor [114].
It has been shown that hypoxia is a key factor in determining NSC tropism to glioma by
stromal-derived factor 1 (SDF-1) and its receptor (CXCR4), urokinase-type plasminogen
activator (uPA) and its receptor (uPAR) and VEGF and its receptor (VEGFR) [115]. It could be
interesting to try to enhance motility of adult NSCs toward CNS injury or disease and to take
into account that EGFR could play a role, because of its participation to malignant transfor‐
mation [116]. It has also been recognized that a limitation exists to the possibility of migration
of neural precursors from SVZ to an induced cortical GBM in mice. The limitation is caused
by the age and the proliferation potential of the SVZ. Adult mice supply fewer cells than
younger mice, depending on the expression of D-type Cyclins, because with aging Cyclin D1
is lost and only Cyclin D2 is expressed [110]. Recently, novel treatment strategies using NSCs
have been proposed, for example the suicide gene therapy using converting enzymes [117].
New strategies will emerge from further NSC and brain tumor stem cell (BTSC) studies [118].
Is it possible that tumors grow from transplanted NSCs [119]?
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6. Perivascular niches (PVN). Relationship between NPCs/GSCs and
endothelial cells
GBM is composed of three concentric zones: a central necrotic area, surrounded by an
intermediate zone containing large vessels with thrombosis or altered walls; a surrounding
proliferation zone that abruptly or progressively flows into the normal tissue and invades it
[63]. Neo-angiogenesis takes place in the proliferating zone or in normal surrounding tissue
after tumor cell invasion. In the latter, new capillaries are formed from the pre-existing venules.
Basically, new capillary formation is due to the endothelial proliferation that mimics angio‐
genesis in normal embryonic conditions, with buds and new tubule formation. In comparison
with normal angiogenesis, tumor angiogenesis is often dysregulated until the formation of
glomeruli (Figure 3C). In the invasion zone, tumor cells wrap around vessels (co-option). In
invaded cortex, the vascular tree coming down from the meningeal vessels is assailed by
advancing and invading tumor cells and it progressively deforms through endothelial cell
hypertrophy and hyperplasia. It becomes less adequate to perfuse the increased mass of tumor
cells coming up from the white matter, because transformed into a lumpy tree with irregular
lumina. The generated microvascular proliferations (MVPs) (Figure 3D) are mainly found at
the transition from central necrosis to the proliferation zone, where circumscribed necroses
with pseudopalisading develop [120]. As a consequence, areas very rich in capillaries and small
vessels, produced by an intense angiogenesis, coexist in tumors beside areas poorly vascular‐
ized where necroses develop.
Vasculogenesis is a mechanism of tumor neovascularization that has been also attributed
to circulating bone marrow (BM)-derived cells known as endothelial progenitor cells (EPCs).
Its importance is debated [121,122], but it was shown that mesenchymal progenitors from
bone marrow can differentiate into proliferating endothelial cells [123,124]. Also BMderived TAMs, including TIE-2 expressing monocytes/macrophages (TEMs), circulate in the
blood, home at sites of pathological neovascularization and differentiate into endothelial
cells or macrophages [125,126].
Another type of vascularization is represented by the “vascular mimicry” due to the capacity
of tumor cells to form a functional net of channels coated by themeselves. Two types of vascular
mimicry have been described. The patterned matrix type is composed of a basement mem‐
brane, lined by tumor cells, forming channels with flowing blood [127]. Vasculogenic mimicry
of the tubular type may be morphologically confused with endothelial cell-lined blood vessels.
In both types, cells express endothelium-associated genes, as in embryonic vasculogenesis
[128,129]. These properties are associated with CSCs [130]. By fluorescent in situ hybridization
(FISH) and immunophenotyping, these non-endothelial cell-lined vessels have been demon‐
strated to be primary tumor cells. In vitro CD133+ GSCs are vasculogenetic even with vascular
smooth muscle-like cell differentiation. The cells do not express CD34 and show EGFR gene
amplification [131]. It must be remarked, however, that usually cells of tumor vessels and
MVPs never show either isocitrate dehydrogenase 1 and 2 (IDH1/2) mutations or EGFR gene
amplification, never exceeding 1 or 2 copies [132]. They do not share with tumor cells genetic
alterations and this is in line with the lack of TP53 mutations in MVPs [133].
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In tumors transplanted into mice and irradiated, recruitment through hypoxia of BM-derived
cells occurs, able to restore circulation through SDF1 and CXCR4 [134]; among these cells, EPCs
prevail [121,135-137]. Vasculogenesis can be blocked by pharmacological inhibition or
antibodies toward SDF1 and CXCR4 [134].
Interestingly, also a GBM-endothelial cell transdifferentiation is considered to contribute to
tumor vascularization, favored by hypoxia [138], independently of VEGF [139]. It has been
observed that a quota of GBM CD31+ endothelial cells shares with tumors cells chromosomal
aberrations [140] and that a quota of GBM CD105+ endothelial cells harbours the same somatic
mutations identified within tumor cells, such as amplification of EGFR and chromosome 7
[141]. In a GBM model, it was demonstrated that the tumor-derived endothelial cells originated
from TICs [138]. This finding is of paramount importance because of the possibility to use an
anti-VEGF antibody (Bevacizumab) for therapy [142]. Unfortunately, the effects of the drug
are only transient [143] and the reason of the failure is the activation of other pro-angiogenic
pathways, the recruitment of BM-derived cells and the increase of pericyte protection and
tumor invasion [144,145]. The possibility that the tumor becomes more aggressive after therapy
has been contemplated [146].
The problem of transdifferentiation and the role that CSCs play in this process are still under
discussion [139]. All the observations have been made in animals or from animal models, and
in vivo experiments of transdifferentiation have been challenged [85]. In human pathology, the
contribution of tumor cells to the GBM vasculature has never been demonstrated and vessel
cells with typical genetic changes of tumor cells, such as those of EGFR, PDGFR, PTEN, TP53,
IDH1/2 have never been found in GBM [132].
By intussusception, pre-existing brain capillaries can be multiplied by transluminal endothelial
bridges and by lumen partitioning; it is an early phenomenon [147].
As NPCs or NSCs reside in the normal SVZ niche at close contact with endothelial cells, in
GBM, GSCs and/or NPCs are located in PVN. In the latter, a strict similarity exists with what
happens in the normal SVZ niche, where the intimate association between normal NSCs and
endothelial cells regulates self-renewal and differentiation of the former. In PVN, angiogenesis
is activated by VEGF produced by NSCs/GSCs [88,148], whereas their stemness is maintained
by Notch produced by endothelial cells through nitric oxide [19,149,150]. Notch is constitu‐
tively active in high grade gliomas and conditions their progression [104]. PVNs are strictly
correlated with tumor progression. There would be a bidirectional communication between
endothelial cells and TICs or GSCs [151].
The PVN composition has been carefully described in GBM, with the inclusion, beside cells of
the environment, of ECM, integrins, cell adhesion signaling, cadherin family, etc. [152]. In
GBMs, strong evidence for the existence of an endothelial mesenchymal transition (EMT)
process is still lacking, but this process is increasingly reported as instrumental to tumor
growth and diffusion [153,154]. It is defined by the possibility that differentiated epithelial
cells establish stable contacts with neighbor cells, assume a mesenchymal cell phenotype with
loss of cell-cell interactions, reduce cellular adhesion, active production of ECM proteases,
increase cytoskeletal dynamics and changes in transcription factor expression, and acquire a
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stem cell program, all of them leading to increased migration and invasion ability [155]. The
three major groups of transcription factors, the SNAI, Twist-related protein 1 (TWIST1) and
Zinc-finger enhancer binding (ZEB) family members, have been reported to be altered in GBM.
Their over-expression follows the activation of Wnt/β-catenin pathway and results in vitro in
an increased cell migration and invasion [156,157]. It is likely that the high expression of
mesenchymal genes in the mesenchymal subset of human GBMs [91] can be considered to be
reminiscent of the EMT program [92] or that the aberrant activation of EMT factors during
gliomagenesis can trigger the mesenchymal shift in GBM [158].
The influence that GSCs can exert on BM-derived endothelial cells has been summarized as
follows [159]: to elicit angiogenesis, to home at the tumor the BM-derived EPCs and to promote
their differentiation into blood vessels that incorporate into the existing vasculature. Trans‐
differentiation into endothelial-like cells contributes to the formation of blood vessels [140,160].
The PVN concept was substantiated by the demonstration of Nestin+ and CD133+ cells on
capillaries, forming a microvasculature in which the microenvironment that maintains CSCs
and their renewal is given by endothelial cells that, in turn, are stimulated by CSCs [149]. A
positive correlation was found between the CD133+ niches and CD133+ blood vessels, similar
to the correlation between the Nestin+ niches and Nestin+ blood vessels [161]. A good PVN
demonstration has been given [2] and beautiful and useful schemes have been provided [159,
162]. It can be added that angiogenesis and self-renewal would represent a resistance to chemoand radio-therapy.
The location of GSCs in PVN was confirmed by several studies using either CD133 positivity
[163] or side population signature genes, such as aspartate beta-hydroxylase domain-contain‐
ing protein 2 (ASPHD2) or nuclear factor erythroid 2-related factor 2 (NFE2L2) or hypoxiainducible factor 2 (HIF-2) [164]; they increase with malignancy [161]. By comparing xenografts
of C6 glioma with a high or low fraction of GSCs, it was observed that the former exhibit an
increased microvessel density and an increased recruitment of BM-derived endothelial
progenitors [123]. The relevance of the hypoxia will be discussed later.
6.1. Pericytes
Pericytes, the last PVN component, are perivascular cells that support blood vessels [165],
control blood vessel stability, function through paracrine factors and direct cell-cell contacts,
and promote vascular maturation (Figure 3E,F). They express different markers including
PDGFR-β, α-smooth muscle Actin (α-SMA), Desmin, and NG2. They originate from meso‐
derm-derived MSCs or from neuroectoderm-derived neural crest cells, depending on their
location within the brain. Pericytes are an essential element of the neurovascular unit and
contribute to the function of blood-brain-barrier (BBB) [166]. Gliomas can induce the differ‐
entiation of MSCs into pericytes [167]. MSCs injected into brain tumors in mouse models have
been shown to closely associate with the tumor vasculature and also with up-regulation of the
expression of pericyte markers [168].
Pathology observations show that pericytes increase in number in GBM and wrap around
vessels with endothelial hyperplasia.
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7. PVN neuropathology
The description of the niches must be obviously a survey of the different vascular structures
in GBM with their surrounding cell components. The first question to give an answer is: does
each vascular structure represent a niche, or are they distributed in the tumor and how? The
second question is: is the cell composition of the niches a constant one or does it vary from one
another? In the literature, GSCs have been demonstrated in perivascular position [149], as well
in perinecrotic niches [164,169] as discussed later. Good schemes of PVN are provided
including all the cells that can be encountered in such position [62,159,162]. Such schemes,
obviously, are not encounted as real occurrences in the histological examination of GBMs.
By examining the vascular structures in the different tumor zones, in infiltration areas
capillaries, arterioles, venules or penetrating vessels from the meninges occur. Around them,
there are tumor stem cells/progenitors, often forming cuffings (co-option), or Nestin+ cells
adherent to the walls, or reactive GFAP+ astrocytes (Figure 4A–D). Scattered in the tissue,
microglia/macrophages occur rather regularly, occasionally distributed in perivascular
position (Figure 2). Reactive astrocytes continue to be present also in more intense infiltration,
recognizable for their GFAP positivity and for what remains of their long and thick processes;
however, they are regularly distributed in the tumor tissue and occasionally they can be found
in perivascular position.
In areas of intense tumor cell proliferation, many small vessels can be found either with or
without endothelial hyperplasia, sometimes forming a dense net. Around them, tumor cells,
mostly Nestin+ and SOX2+, crowded, that can easily be considered as undifferentiated and
containing sometimes cells with stemness properties, associated with occasional CD68+ cells.
In proliferating areas, larger vessels can be found, with walls thicker than in capillaries,
surrounded by a dense cuffing of cells that are Nestin+ in the inner part and GFAP+ outside
(Figure 4E,F). In most vessels, pericytes appear wrapping the channel outside the endothelial
cell layer; they are well evident in MVPs or in glomeruli that, on the other hand, do not appear
to be surrounded by other cell types, if not tumor cells.
In intermediate areas or near the central necrosis, many vessels of different size and nature are
associated with edema or tissue dissociation and they do not show to be surrounded by any
special cell kind. Scattered in the tumor, myeloid cells can be found in variable quantity,
associated or not with other types of cells among which macrophages seem to be the most
frequent. Microglia/macrophages are distributed in small or large clusters around necroses or
around vessels where they can be associated or not with some of the other cell types. The
association with myeloid cells is the most striking.
The neuropathological study provides the information that PVN represents a theoretical
picture where the different cell types can be represented and where cross-talks occur among
the different signalings that support some tumor activities such as invasion, growth, etc. Of
course, the most important dialogue in these structures occurs between GSCs and endothelial
cells, and this is feasible around capillaries and small vessels, even though the thickness of the
vessel walls could not in absolute be an insuperable obstacle.
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8. Hypoxia and necroses – Perinecrotic niches
In GBM, there are two main types of necrosis: large necroses, usually at the tumor center, of
thrombotic origin, and circumscribed necroses, occurring in the proliferative areas and
representing a hallmark of the tumor. Hypoxia is, therefore, a tumor characteristic [170],
mediated by HIF-1/2 composed of two subunits, an oxygen insensitive HIF-β subunit and an
oxygen regulated HIF-α subunit [171]. Under normoxic conditions, HIF-α is rapidly degraded
following hydroxylation by the oxygen-dependent prolyl-hydroxylase domain proteins
(PHDs), that mark it for ubiquitination and proteasomal degradation [172]. Hypoxia stabilizes
HIF-1α by preventing its hydroxylation and degradation; together with HIF-2α, it is critically
involved in the regulation of GSCs [164]. Hypoxia directly promotes the GSCs expansion. In
human GBM biopsies, GSCs are enriched in perinecrotic regions, where the oxygen tension is
reduced and HIF-1α and HIF-2α are activated [164,173]. HIF-2α remains elevated under
chronic hypoxia, while HIF-1α is only transiently upregulated [174].
Hypoxia through HIF-1α promotes the expansion of GSCs through the phosphatidylinositol
3-kinase (PI3K)/Akt and ERK1/2 pathways, the inhibition of which reduces the fraction of
CD133+ GSCs [175]. In perinecrotic regions hypoxia regulates many properties [159]. In GSCs
under hypoxic conditions, it activates Notch by inducing its ligands and the activation of target
genes Hes1 and Hey2 [164,176]. Blockade of Notch signaling with γ-secretase inhibitors
depletes the GSC population, reduces the expression of GSC markers such as CD133, Nestin,
Bmi1 and OLIG2 and inhibits the growth of tumor neurospheres and xenografts [177].
GSCs can be demonstrated to lie around circumscribed necroses or scattered in the tissue by
CD133 positivity [169] or other specific antigens [164].
Hypoxia is generally realized when tumor growth exceeds neovascularization, and it would
not only regulate tumor cell proliferation, metabolism, differentiation, but also induce key
stem cell genes such as Nanog, Oct4 and c-Myc [178].
Necroses are the place where hypoxia occurs, but it must be taken into account that usually
its occurrence is histologically deduced from its pathologic effects, i.e., necrosis in the tissue.
Hypoxia at its very beginning could not yet be visible as necrosis, but already efficient for other
signs. It is possible that tissue features in an area not suspected to be hypoxic, are indeed due
to hypoxia. An example is given by apoptosis. Apoptotic nuclei are found in proliferating
tumor areas due to an intrinsic or transcriptional pathway via mitochondria and focused on
TP53 [179], or in hypoxic areas through an extrinsic pathway or TNF [180].
It is, however, possible that isolated apoptotic nuclei in a proliferating area are not due to the
first type of apoptosis, i.e. the intrinsic one, but to the extrinsic type, consequence of a not yet
morphologically evident hypoxia [181]. As a matter of fact, HIF-1α expression can be mainly
demonstrated around circumscribed necroses, but also in scattered cells in proliferating areas
(Figure 5A,B) [45].
Circumscribed necroses in GBM are the hallmark of the tumor, but their origin and develop‐
ment are still discussed. They have been carefully described and codified [139,182,183] as due
to an ischemic process following a vascular occlusion or to a pathology of the endothelium.
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Figure 4. Glioblastoma. D – Nestin+ tumor cells adhere to small vessels; Nestin, x200, DAB. B – GFAP+ cells scattered
in the tissue or in relation with vessels directly or by vascular feet: tumor cells or reactive astrocytes; double staining
GFAP-CD34, x200, DAB and Alkaline Phosphatase Red, respectively. C – Id. with a cuffing of GAFP+ cells in the outer
layer; GFAP, x200, DAB. D – Cuffing of Nestin+ cells on a medium size vessel; Nestin, DAB, x200. E – Infiltrative area
with Nestin+ cells on small vessels; Nestin, x200, DAB. F – Id. Some GFAP+ tumor cells adhere to vessels; GFAP, x200,
DAB.

The consequent hypoxia would stimulate angiogenesis, through HIF-1 and VEGF. Another
interpretation can be given: necroses develop in hyperproliferating areas, with a high Ki-67/
MIB.1 labeling index (LI) and a high Nestin expression in comparison with GFAP, due to the
focal insufficiency of angiogenesis to feed a very large number of tumor cells, because of the
imbalance between the high tumor cell proliferation capacity and the low one of endothelial
cells (Figure 6A–F and Figure 7) [184-186].
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Figure 5. Glioblastoma. A – HIF-1+ cells in perinecrotic position; HIF-1, x200, DAB. B – HIF-1+ cells scattered in a pro‐
liferative area; HIF-1, x200, DAB. C – A large avascular area; CD34, x25, DAB. D – High vessel density; CD34, x100,
DAB. E – Perinecrotic palisade with high density of SOX2+ cells; SOX2, x200, DAB. F – Cuffing of SOX2+ cells around
vessels; SOX2, x200, DAB.

This observation does not exclude that inside necroses regressive pathological vessels occur
[183]. In GBMs, beside areas with a high vessel density due to an active neoangiogenesis, large
avascular areas occur where necroses develop (Figure 5C,D).
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Figure 6. Glioblastoma. A – High Ki-67/MIB.1 labeling index (LI) in a hyperproliferating area; Ki-67/MIB.1, x200, DAB.
B – High Ki67/MIB.1 LI in the perinecrotic palisade; Ki-67/MIB.1, x200, DAB. C – Perinecrotic palisade with high densi‐
ty of Nestin+ cells; Nestin, x400, DAB. D – Id. with only rare GFAP+ cells; GFAP, x400, DAB. E – A circumscribed ne‐
crosis in hyperproliferating Nestin+ area; Nestin, x200, DAB. F – Id. only rare GFAP+ tumor cells; GFAP, x200, DAB.
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The palisades would be the remnants of the hyperproliferating area after necrosis develop‐
ment. Both are composed of a high number of cells positive for stemness markers such as
CD133, Nestin, SOX2, and RE-1-silencing transcription factor (REST), and have a high
proliferation index (Figure 5E,F) [163,187,188]. GSCs can be conceived as deriving from
dedifferentiated tumor cells that acquired stemness properties [189]; they would be concen‐
trated in the above mentioned malignant tumor areas where circumscribed necroses develop
because of the vascular insufficiency. It is likely that GSCs around necroses represent the quota
of GSCs that populated the hyperproliferating areas and remained unaffected by necrosis
development. The palisadings themselves would be the remnants of hyperproliferating areas,
spared by necrosis [45,189].

Figure 7. Progression from hyperproliferating areas with GSCs/progenitors → development of avascular area → ap‐
pearance of necrosis → necrosis surrounded by GSCs/progenitors.

9. Functions of the niches in the tumor and their interdependence
The GSC maintenance is provided by the signalings that occur in the niches; they can expand
and form new ones that, in turn, drive the tumor growth [190]. Signalings involved in the GSC
regulation are Oct4, c-Myc, Notch, TGF-β, Wnt/β-catenin pathways. Genes associated with
shorter patient survival, as already observed [91], are overexpressed in the side population
found by Seidel et al [164] and, viceversa, downregulated in those associated with longer
survival. The overexpression concerns more primary than secondary glioblastomas that show
a reduced CSC component [191] that, however, may still support tumor growth.
Perivascular and perinecrotic niches are not separated entities, first of all for temporal reasons.
Hypoxia is the main cause of angiogenesis, but this is realized through factors, such as VEGF,
Angiopoietin 1 and 2, SDF1 produced by GSCs and, at the same time, the imbalance between
the high proliferation rate of tumor cells and the low one of endothelial cells makes angiogen‐
esis insufficient and causes necrosis development. Moreover, besides tumor areas rich in small
neo-formed vessels and capillaries, MVPs due to a dysregulated angiogenesis do not show
sufficient exchanges with tumor cells and are responsible for hypoxia [63]. Another important
question, widely discussed [172], is how hypoxia and the vasculature regulate macrophages
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and immune cells through HIFs and nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) [192,193] and CXCR4 [194].
It cannot be established whether GSCs of perivascular and perinecrotic niches belong to the
same population, because, although showing the same stemness antigens, they still represent
progenitors that can be in different state of differentiation. The significance conferred to GSCs
in perinecrotic position as dedifferentiated tumor cells which reached stemness beyond a
certain point of dedifferentiation, cannot be recognized to GSCs in perivascular niches [45,189].
Letting aside the transdifferentiation of tumor cells into endothelial cells, which did not
received sufficient support, another point of link between the two microenvironments is
represented by cell migration through EMT that is promoted by hypoxia and bound to GSCs
[155]. GSCs can migrate along newly formed vessels and favor tumor diffusion.
The most important question in this topic is the occurrence of circumscribed necroses in the
tumor areas with the highest malignant phenotype including both avascular districts and
districts with a high vessel density, so that perinecrotic niches appear to be associated with
perivascular niches to characterize these malignant areas [45,189,195].

10. Conclusions
The origin of gliomas has been outlined as traceable back to the transformation of primitive
neuroepithelial cells or NSCs, capable of self-renewal and proliferation, i.e. endowed with
stemness properties, or to the dedifferentiation of adult glia to reach stemness properties. The
CSC responsibility for tumor proliferation, recurrence and resistance to therapies falls today
into the most credited hypothesis. Many experiments have shown that GSCs derive by
transformation of NSCs or they represent a simple functional stemness status. Some aspects
of the problem remain unresolved, for example, the relationship between TICs and CSCs or
the CSCs location in the tumor, as well as the existence in the tumor of NSCs that continuously
renew the CSCs quota.
Recently, a new concept arose to indicate everything in the tumor, outside cancer cells, that
regulates tumor proliferation, invasion, differentiation, resistance to therapies as the micro‐
environment, with its innumerable molecular pathways and numberless signalings and crosstalks. Major expressions of the microenvironment are in GBM the perivascular and the
perinecrotic niches. The former are important for the endothelial cell/CSC relationship that,
on one side, maintains the stemness status of CSCs and, on the other side, gives origin to
angiogenesis. The latter are important for the occurrence of hypoxia through HIF-1/2 that can
induce CSC formation.
The neuropathological study of GBMs with the final goal to find a concrete expression to the
perinecrotic niche concept, provides an alternative interpretation to that considering perine‐
crotic CSCs as induced by hypoxia. They can be the remnants of CSCs that crowded the
hyperproliferating and malignant areas of the tumor in which necrosis developed for insuffi‐
cient vascularization. Perivascular niches are usually very well depicted as schemes that
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contemplate all the cells that can be in contact with vessels/endothelial cells. This event,
however, is not observed to be realized with all the identified cells in all the vessels, going from
capillaries or small vessels to larger vessels, MVPs or glomeruli in the different tumor areas.
The cells described in the schemes never occur concurrently in one or all the vessels, so that
the schemes themselves remain as a theoretical indication of possible relationships that can be
established between tumor cells and vessels as a consequence of a general molecular regulation
that is realized in the microenvironment.
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1. Introduction
Primary tumors of brain account for approximately 2-3% of all cancers, with annual incidence
approximately 15 patients per 100,000 people and the prevalence has been estimated in 69
patients per 100,000 people. Several brain tumor types evolve from glial or neuronal precur‐
sors, being the tumors of glial cells the most common and denominated gliomas [1, 2]. Gliomas
are histologically classified according to the World Health Organization (WHO) classification
into four malignancy grades[3, 4]. Pilocytic astrocytomas (WHO grade I) are benign tumors
that can usually be cured after surgical resection. Diffuse astrocytomas (WHO grade II) exhibit
a slow growth, but have an inevitable tendency to progress to higher grade lesions, such as
anaplastic gliomas (WHO grade III) and glioblastomas (WHO grade IV). Anaplastic gliomas
are rapidly growing malignant tumors that, in addition to surgery, require aggressive adjuvant
therapy. Glioblastomas (GBMs) are the most malignant and frequent type of gliomas, which
are preferentially manifested in aged adults with a peak of incidence between 50-60 years old
[4]. Glioblastomas may evolve from lower grade tumors as described and are mentioned
secondary glioblastomas, although most of GBMs arise rapidly without the evidence of less
malignant lesion, and are denominated de novo or primary glioblastomas [2, 4].
The current standard therapy for GBM includes tumor resection followed by radiation and
concomitant chemotherapy, with temozolomide being the only approved drug that shows
some efficacy in this disease [5]. In the last decade, specific inhibitors of oncogenic signaling
pathways such as EGFR, PI3K/Akt, and VEGF have made progress with some of them
currently tested in clinical trials. Nowadays, bevacizumab (avastin®), a humanized monoclo‐
nal antibody against VEGF is approved as a second line of treatment for recurrent GBMs and
is currently in phase III clinical trials for the treatment of initial GBMs [6]. Antiangiogenic
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therapy with avastin improved radiographic response and 6 month of progression free
survival, however with modest or little effect on overall survival, when in combination with
TMZ during and after radiotherapy [7, 8]. Besides, its role in promoting vascular normaliza‐
tion, the effect on tumor cell invasion is still controversial. Avastin treatment induces infiltra‐
tion in U87 xenograft model and also was associated with diffusing invasive recurrence in
some GBM patients [9, 10]. Additionally, it was observed that vasculature normalization with
bevacizumab treatment leads to increased hypoxia and consequently acquisition of resistance
[11]. Despite progress in new molecular-based therapies, the prognosis of glioblastomas
patients is still very dismal [12, 13]. Thus, exploitation of new molecular targets becomes crucial
in neuro-oncology.
In recent years, understanding the regulation of tumor metabolism has significantly improved.
Accumulating evidence showed that tumor cells reprogram their metabolism to meet high
energy demands, coordinate markedly elevated biosynthetic processes and energy produc‐
tion, which in turn promote rapid growth and division of tumor cells [14-17]. Thus, targeting
metabolism has become a novel promising strategy for treating cancers, particularly glioblas‐
tomas.

2. Tumor metabolism
During cancer progression, molecular changes are associated to metabolic reprogramming [18,
19], which is nowadays defined as a new hallmark of cancer [20]. In mammalian cells, namely
quiescent cells or differentiated tissues, glycolysis is reduced in the presence of oxygen and
energy production arises from mitochondrial oxidative phosphorylation which oxidizes
pyruvate to CO2 and H2O, known as “Pasteur effect” (Figure 1) [21]. However, in tumor cells,
like proliferating tissues, there is high glycolytic activity even in the presence of oxygen, being
glycolysis the major source of energy. This phenomenon is known as “Warburg effect”. As a
result, tumor cells convert most of the incoming glucose into lactate (around 85 %) rather than
metabolizing pyruvate in the mitochondria through oxidative phosphorylation (around 5%)
(Figure 1) [16, 21, 22].
2.1. Glycolytic metabolism in brain tumors
As above mentioned, in tumor cells, even in the presence of oxygen, glucose is converted into
lactate instead of being oxidized in mitochondria, being glycolysis the major source of energy
[16]. It has been described that glioblastomas present metabolic remodeling, increasing
glycolytic activity about 3-fold when compared to normal brain tissue [23, 24]. Thus, an
increase in several glycolytic enzymes was observed, such as hexokinase II (HKII), pyruvate
kinase (PKM), as well as the glucose transporters (GLUTs). Importantly, several studies
reported these molecules as important mediators in glycolytic metabolism, constituting
attractive molecular targets (Figure 2).
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Figure 1. Schematic representation of the metabolic differences between differentiated tissues and proliferating tis‐
sues. In the presence of oxygen, non-proliferating tissues metabolize glucose to pyruvate and oxidize it in mitochon‐
dria through oxidative phosphorylation. On the other hand, glucose is metabolized to lactate when in the absence of
oxygen. In proliferative tissues, like tumor cells, glucose is metabolized to pyruvate and even in the presence of oxygen
pryruvate is converted into lactate,a phenomenon denominated aerobic glycolysis or Warburg effect.

2.1.1. Glucose Transporters (GLUTs)
Glucose is the main source of energy in most tissues, including brain. GLUTs are transmem‐
brane transporters that perform the uptake of glucose into the cell. The GLUT family is
composed by 12 isoforms, however only GLUT1, GLUT3, and GLUT12 have been described
as transporters of glucose [25]. GLUT1 is ubiquitously expressed and it is responsible for
providing basal glucose to different tissues and cells. In brain, GLUT1 is expressed in astro‐
cytes, whereas GLUT3 is observed in neurons [26].
In the tumoral context, overexpression of specific isoforms of GLUTs has been reported [27,
28]. Most frequently, an increase in GLUT1 expression has been observed in several solid
tumors compared with the corresponding normal tissue [27, 28]. However, it has been verified
that their expression is tissue specific and some tumors overexpressed other isoforms, such as
GLUT12 in prostate cancer [29]. Concerning brain tumors, few studies have evaluated GLUT
expression, where it is described that glioblastomas have an increased expression of GLUT1
and GLUT3 when compared with low grade gliomas and normal brain [30, 31]. In fact, both
the isoforms are downstream targets of hypoxia-inducible factor 1α (HIF-1α), a transcription
factor that is frequently present in glioblastomas. GLUT1 expression is observed in vessels of
the normal brain tissues and presents a focal expression in the perinecrotic regions of GBMs,
suggesting that their expression is associated with hypoxic regions in glioblastomas (Miranda-
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Figure 2. Potential molecular targets in metabolic remodeling of glioblastomas. The green boxes represent the poten‐
tial metabolic molecular targets in glioblastomas: enzymes involved in glycolytic metabolism, glutamine metabolism,
lipid metabolism; different transporters and also the oncometabolite 2-hydroxyglutarate. Yellow boxes represent the
different inhibitors of the specific molecular targets described. Abbreviations: GLUTs, glucose transporters; MCTs,
monocarboxylate transporters; CAIX, carbonic anhydrase IX; HKII, hexokinase II, PKM2, pyruvate kinase M2; LDH-A,
lactate dehydrogenase A; PDH, pyruvate dehydrogenase; PDK, pyruvate dehydrogenase kinase; IDH1/2, isocitrate de‐
hydrogenase 1/2; IDH1/2 mut, isocitrate dehydrogenase ½ mutation; 2-HG, 2-hydroxyglutarate; GLS, glutaminase; ACC,
acetyl-CoA carboxylase; FAS, fatty acid synthase; α-KG, α-ketoglutarate; VDAC, voltage-dependent anion channel;
CHC, α-cyanohydroxycinnamic acid.

Gonçalves V. et al, submitted). Several in vitro studies also reported overexpression of GLUT1
expression in GBMs cells when compared with normal astrocytes [32].
These findings raise the importance of GLUT inhibition in tumor therapy, however, at the
moment, a glucose transporter inhibitor is not available at the clinical level. Nevertheless, in
vitro studies have been using 2-deoxy-D-glucose has an inhibitor of glucose uptake promoting
a decrease on tumor cell proliferation [33] (Figure 2). These studies reported the high depend‐
ence of brain tumors on glucose as source of energy and also for catabolic processes.
2.1.2. Hexokinase II
HK is one of the most important enzymes of the glycolytic pathway, which is responsible for
the phosphorylation of glucose to glucose-6-phosphate (G6P), thereby preventing the efflux
of glucose from the cell [34]. This enzyme has four isoforms (I-IV) identified in different
mammalian tissues [35].
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In most solid tumors, hexokinases type I and II are the most frequently upregulated [36]. In
glioblastomas, HKII is highly expressed, whereas HKI is predominantly expressed in normal
brain and low grade gliomas [37]. Additionally, HKII is expressed at low levels in neuronal
tissue, but is highly expressed in mesenchymal subtype of glioblastomas [37]. As the first
enzyme involved in the glycolytic pathway, HK controls glucose flux in glycolysis or the
pentose phosphate pathway (PPP) [38]. HKII is a highly regulated form of hexokinase, being
regulated by HIF-1α, glucose, p53, insulin, glucagon, cAMP, among others [36]. The four
hexokinase types are normally expressed in the cytoplasm, however type I and II can bind to
the outer membrane of the mitochondria via voltage-dependent anion channel (VDAC) (Figure
2) [39]. The translocation of HKII to mitochondria is regulated by growth factors and signaling
pathways, such as EGFR and PI3K/AKT activation, which are known to be upregulated in
glioblastomas [40]. Moreover, the association of HKII with mitochondria in gliomas, besides
maintaining high glucose influx, also renders cells resistant to apoptosis, due to the prevention
of cytochrome c release [41].
Several studies have described that the expression of HKII in gliomas promotes prolifera‐
tion and increase in lactate production, being dependent on both mitochondrial localiza‐
tion and kinase activity [42]. Additionally, HKII overexpression in glioblastomas confers
resistance to treatment with both temozolomide and radiation, being associated with poor
overall survival [43]. Furthermore, silencing of HKII in glioma cells leads to decrease in
glycolytic metabolism, observed by a decrease in lactate production and increase expres‐
sion of OXPHOS proteins and oxygen consumption [43]. Finally, it was also demonstrat‐
ed that reduction of HKII expression impaired tumor growth in vivo both on subcutaneous
and intracranial xenograft models [37, 43].
Some drugs have been proposed for chemical inhibition of HKII (Figure 2). 3-bromopyruvate
(3-BrPA), a pyruvate analogue, is an alkylating agent and also an inhibitor of glycolysis that
decreases tumor growth, without apparent toxicity in subcutaneous hepatocellular carcinoma
[44]. However, it is effective only at high concentrations (mM) and to the best our knowledge
is not under clinical trials. Other known inhibitor is lonidamine, an inhibitor of HKII binding
to the mitochondria, which is currently in clinical trials. In vitro studies showed a decrease in
lactate production in high grade gliomas but not in low grade [33]. Despite that lonidamine
treatment leads to a decrease in tumor growth in different solid tumors without adverse effects,
the results of a phase I/II efficacy trial was disappointing in gliomas [45, 46]. Clotrimazole is
another inhibitor of HKII localization that demonstrated promising results in vivo. In gliomas,
clotrimazole increased the sensitivity to radiotherapy and also leads to decrease in tumor
growth [47, 48].
2.1.3. Pyruvate Kinase (PK)
PK is an enzyme involved in the last irreversible step of the glycolytic pathway, converting
phosphoenolpyruvate (PEP) to pyruvate [49, 50]. It is also regulated allosterically by the
phosphotyrosine binding or phosphorylation and its expression is regulated by isoform
selection [50]. Thus, PKM1 is mostly present in adult tissues, such as adult brain and muscle,
whereas PKM2 is more frequent in proliferating tissues and embryonic tissues, namely in fetal
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brain and tumor cancer cells [49]. PKM1 and PKM2 presented different properties, which
results in different activities. PKM1 is constitutively active, but PKM2 is regulated by fruc‐
tose-1,6-biphosphate, presenting reduced activity, which allows the accumulation of glycolytic
intermediates and promotes the entry of G6P into the oxidative metabolism of PPP for the
production of energy and biosynthesis of proteins, lipids and nucleotides (macromolecules)
[50-53]. In cancer cells, like glioblastomas, there is upregulation of PKM2 that favors aerobic
glycolysis, increasing lactate production [51, 54, 55]. On the other hand, PKM2 favors the
biosynthetic pathway, leading to increased biomass. This dual function potentiates tumor
proliferation and aggressiveness. The dimeric form of PKM2 delays pyruvate formation and
allows the accumulation of upstream glycolytic intermediates for biosynthetic pathways,
whereas the tetrameric form favors aerobic glycolysis, increasing lactate production [56].
In lung cancer cell lines, replacing PKM2 by PKM1 decreases lactate production and increases
oxygen consumption (reverse Warburg effect) and also decreases the proliferative capacity of
cancer cells in nude mice [54]. It was demonstrated in glioblastomas that knockdown of PKM2
decreased cell proliferation and survival but this did not favor the switch from aerobic
glycolysis to oxidative phosphorylation, unlike HKII knockdown [43]. Interestingly, PKM2
was identified as essential for survival of glioma stem cells [57].
Another important function of PKM2 has been associated to epigenetic regulation, being a
regulator of histone phosphorylation and acetylation of EGFR-driven glioblastomas [58, 59].
Additionally, in glioblastomas, it was demonstrated that PKM2 is involved in the EGFR
signaling pathway that induces its phosphorylation and translocation into the nucleus, which
in turn promotes activation of the transcription factor c-Myc with consequent activation of
downstream targets, namely genes involved in glycolytic metabolism [60]. Taken together,
inhibition of PKM2, in order to deplete the dimer and tetramer formation, can be a new
therapeutic strategy, since it can lead to inhibition of glycolysis, decreasing energy production
and at the same time blocking the anabolic process in tumor cells (Figure 2).
2.2. Mitochondrial metabolism in brain tumors
In addition to glycolytic dependence, most tumors present abnormalities in the number and
function of mitochondria, as the case of glioblastomas [61]. Otto Warburg hypothesized that
the increase on glycolytic metabolism in cancer was due to mitochondrial dysfunction,
however nowadays we know that most tumors maintain functional mitochondria [22, 62-64].
Moreover, increased glycolytic metabolism can be a consequence of mitochondrial metabolism
impairment, due to abnormalities in components of the tricarboxylic acid (TCA) cycle,
alterations in electron transport chain or deficiencies in oxidative phosphorylation [65, 66].
Concerning the selection theory in cancer cells, the dependence on glycolysis occurs gradually
in order to compensate the respiratory failure. In contrast to normal brain cells, in which
glycolysis and respiration are tightly coupled, tumor cells are defective in their ability to
connect glycolysis and respiration [66].
Two mitochondrial enzymes are important in glioblastomas, such as pyruvate dehydrogenase
kinase (PDK) and isocitrate dehydrogenases 1 and 2 (IDH1 and IDH2). The presence of
mutations in IDH1 and IDH2 has been recently associated with gliomagenesis.
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2.2.1. Pyruvate Dehydrogenase Kinase (PDK)
Pyruvate dehydrogenase (PDH) is a mitochondrial enzyme that controls the entry of pyruvate
into mitochondria, promoting its oxidative decarboxylation into acetyl-CoA [67, 68]. The
activity of PDH is inhibited by phosphorylation through PDK, resulting in its accumulation
in the cytosol and consequent conversion into lactate [67, 68]. PDK is an important mitochon‐
drial matrix protein comprising four isoforms (PDK1 to PDK4), being PDK2 highly expressed
in glioblastomas compared to normal adjacent brain tissue [69].
Tumor cells present high levels of glycolysis as a consequence of increased hypoxic microen‐
vironment, which leads to activation of HIF-1α and consequent upregulation of downstream
target genes involved in glycolytic metabolism, such as PDK [67]. This enzyme is responsible
for the uncoupling between glycolysis and mitochondrial oxidation of glucose, preventing the
entry of pyruvate into the mitochondria with consequent increase in glycolytic rates, which
confers resistance to apoptosis [67, 68]. Thus, PDK became an important target for glycolytic
tumors (Figure 2). Dichloroacetate (DCA), a chemical PDK inhibitor, has been studied in
several in vitro and in vivo models [68]. DCA promotes dephosphorylation of PDH, leading to
entry of pyruvate into the mitochondria, decreasing glycolytic rates and lactate production [68,
70]. This leads to activation of oxidative phosphorylation, depolarization of mitochondria and
consequent increase in production of reactive oxygen species (ROS), which promotes apoptosis
of cancer cells, decreasing tumor cell proliferation [68, 70]. DCA treatment has demonstrated
promising results in some tumors, particularly in non-small cell lung, breast and endometrial
cancer, either experimentally using in vitro and in vivo models, as well as in clinical trials
[70-73]. In glioblastomas, inhibition of PDK with DCA was evaluated pre-clinically. In C6
glioma cells, it was observed a decrease in lactate production, increase in ROS production, as
well as depolarization of mitochondria, which results in a decrease on cell proliferation and
induction of apoptosis [74]. In vivo it was verified that DCA decreased not only tumor growth
but also the angiogenic capacity of glioma cells [74]. The effect of DCA was also tested in a
series of glioblastoma patients with congenital acidosis, with a reduction in lactate levels,
decrease in HKII localization in the mitochondria, as well as a decrease in mitochondrial
polarization, which rendered tumor cells more sensitive to apoptosis [69]. Despite these
encouraging results, no exact conclusions can yet be made regarding the efficacy and toxicity
of DCA in glioblastoma patients. Thus, a large and randomized clinical study would be
important to define the efficacy and toxicity of DCA. Additionally, whether DCA can sensitize
GBM cells to temozolomide and radiotherapy remains undetermined.
2.2.2. Isocitrate Dehydrogenase (IDH)
IDH is an enzyme that catalyzes the oxidative decarboxylation of isocitrate to α-ketogluta‐
rate, generating NADH in the mitochondria or NADPH in the cytoplasm [75]. It is composed
by 5 genes, being the IDH1 and IDH2 the most explored and important in gliomas. IDH1 is
presented in the cytoplasm and peroxisome, whereas IDH2 is presented in the mitochondria [76].
In 2008, recurrent somatic hotspot mutations of IDH1 and IDH2 were found in low grade
gliomas and secondary glioblastomas [77, 78]. These mutations cause amino acid single change
in one of the two alleles of the gene (arginine 132 for IDH1 and arginine 172 for IDH2), being
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classified has a dominant mutation [79]. It is described that the arginine mutation occurs in
the binding site of the substrate isocitrate [42]. IDH1 mutations are reported in more than 80%
secondary glioblastomas, but only 5% in primary glioblastomas [76, 80, 81]. Additionally, it
occurs in 80% of diffuse astrocytomas (WHO grade II). These mutations are more frequent in
younger patient secondary glioblastomas, associated with a proneural subtype and also with
increased survival [82]. It was reported that the presence of IDH mutations leads to a decrease
in α-ketoglutarate that is required for prolyl hydroxylase (PHD) activity that promote
degradation of HIF-1α (ref). Thus, downregulation of intracellular α-ketoglutarate contributes
to stabilization of HIF-1α, leading to pseudohypoxia [83]. Nevertheless, subsequent studies
did not verify an alteration in α-ketoglutarate on mutant IDH1/2, instead, a gain of function
activity it was found, which converts α-ketoglutarate to 2-hydroxyglutarate (Figure 2) [84,
85]. The latter has been recognized as an oncometabolite, which inhibits enzymes involved in
the α-ketoglutarate pathway. Additionally, it was described that 2-hydroxyglutarate is
involved in epigenetic regulation, promoting a hypermethylator phenotype in gliomas [86]
and also keep cells in an undifferentiated status, or stem cell-like, which can be more permissive
to transformation [17]. The presence of pseudohypoxia, due to the constitutive stabilization of
HIF-1α, indicates that IDH1/2 mutations are involved in HIF-1α signaling pathway, which
promotes glucose metabolism, angiogenesis and invasion [83]. These results suggest the
paramount role of IDH mutations on the metabolic remodeling of glioblastomas, contributing
to the “Warburg effect”. Therefore, study the involvement of IDH1/2 mutations in metabolic
remodelling and in aerobic glycolysis opens a new window for investigation. Overall, IDH1
is an attractive target for therapy (Figure 2) since they are early events in the progression from
low grade to high grade gliomas.
2.3. Glutamine metabolism and lipid synthesis in brain tumors
Like glucose, glutamine is a source of energy for tumor cells, functioning as a nitrogen donor
[87, 88]. Glutamine metabolism has been reported to be upregulated in some tumors, being
crucial for the biosynthetic processes, namely synthesis of cholesterol and fatty acids [14, 89,
90]. The shift to glutamine metabolism to produce the precursor acetyl-CoA for lipid biosyn‐
thesis is a mechanism of adaptation to glycolytic metabolism that prevents the entry of
pyruvate into mitochondria, due to upregulation of PDK [91]. In fact, it has been observed an
increased expression of glutaminase (GLS) enzyme in tumor cells. GLS is located in the
mitochondria and catalyzes the conversion of glutamine to glutamate being transcriptionally
regulated by the oncogenes c-Myc and NFκB. [92-94], An increased concentration of glutamine
in glioblastomas compared to normal brain tissue was demonstrated by nuclear magnetic
resonance (NMR) [95]. Additionally, there is a low expression of glutamine synthase that
correlates with a better prognosis in glioblastomas [96].
Beyond the altered glycolytic and glutamine metabolism in tumor cells, the alteration in
lipid metabolism is also recognized as a component of the metabolic reprogramming. It has
been observed that tumor cells present reactivation of de novo fatty acid synthesis, impor‐
tant for the biogenesis of cellular membranes [97, 98]. Glioblastomas contain higher levels
of unsaturated fatty acids compared to normal brain, indicating the presence of exacerbat‐

Brain Tumor Metabolism — Unraveling Its Role in Finding New Therapeutic Targets
http://dx.doi.org/10.5772/59606

ed lipogenesis, which is regulated by several key genes, such as SREBP-1 and its down‐
stream-targeted genes acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS) and lowdensity lipoprotein receptor (LDLR), which are upregulated in these tumors [99].
Importantly, the EGFR/PI3K/AkT signaling pathway regulates the metabolic reprogram‐
ming in glioblastomas [100]. Cholesterol is also an important component of cell mem‐
branes and cholesterol esters have been found to be abundantly present in high grade
gliomas, but undetectable in normal tissues by NMR techniques [101, 102]. Recently, low
density lipoprotein receptor (LDLR) has been described to be upregulated in GBM patients,
xenografts and cell lines, and this upregulation was correlated with high levels of cholester‐
ol esters in GBM cells [103]. Interestingly, LDLR is also be upregulated by EGFR/
PI3K/Akt signaling, which was been shown to be mediated by SREBP-1 in GBMs [100].
However, little is known about the altered lipid metabolism in cancer cells, namely
glioblastomas, and their role in the tumor context, being possible that lipogenesis in cancer
cells could support the cell growth located within nutrient-limited areas, thereby contribu‐
ting to symbiotic relationships within tumors. Once more, lipid metabolism, as well as
glutamine metabolism, and their key enzymes are interesting targets in glioblastomas
(Figure 2)

3. Lactate transport and pH regulation in brain tumors
A constitutive increase in the glycolytic phenotype of cancer cells leads to acute and chronic
acidification of tumor microenvironment. Important proteins involved in acidification of the
extracellular space are monocarboxylate transporters (MCTs) that co-transport H+and lactate,
and carbonic anhydrases (CAIXs), which are activated by growth factors, oncogenic transfor‐
mation, hypoxia, and low intracellular pH [21]. As it is known, tumor acidity is associated with
cancer cell invasion behavior, i.e. increased migration, invasion and metastasis [104]. Further,
tumor acidosis and lactate contributes to several features of tumor progression and malig‐
nancy, like immune escape, angiogenesis, and radioresistance, making lactate a key player in
cancer aggressiveness. [105]. Still in line with a potential involvement of lactate in the invasion
behavior, it has been shown that lactate up-regulates the expression of transforming growth
factor (TGF-β2), which is associated with increased migration in glioblastomas [106].
3.1. Monocarboxylate transporters
The MCT family comprises 14 members with similar topology; however, only 4 isoforms
(MCT1–MCT4) are proton-linked monocarboxylate transporters, performing the transmem‐
brane transport of monocarboxylates, such as lactate, coupled with a proton, in an equimolar
manner [107, 108].
In the last years, several studies reported up-regulation of MCTs in different human solid
tumors, showing the importance of MCTs in cancer biology [109]. In brain tumors, the scare
studies point to the importance of MCT expression, especially MCT1. Strong expression of
MCT1 in the plasma membrane was found in high grade gliomas compared with low-grade
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lesions and normal adjacent tissues, which exhibited negative or weak MCT1 staining [110,
111],. A study in neuroblastomas showed, by mRNA quantification, that MCT1 was differently
expressed and that its activity was highly associated with MYCN amplification, leading to the
hypothesis that expression of MCT1 could be associated with higher malignancy [112]. Further,
expression analysis revealed that SLC16A1 transcript, encoding MCT1, was elevated in 90%
of the medulloblastomas analyzed [113]. It was also reported that inhibition of MCT activity,
particularly MCT1, decreased the glycolytic phenotype (low glucose consumption and lactate
production), cell proliferation and invasion, promoting increase in cell death [111, 114, 115].
This elucidates the importance of MCT1 activity in intracellular pH homeostasis and tumor
aggressiveness of glioblastomas.
Although MCTs are not the major H+ transporters, the data available in the literature support
the hypothesis of a major contribution of MCTs to the hyper-glycolytic and acid-resistant
phenotype, as major adaptation to the hypoxic microenvironment [116]. Thus, MCT inhibition
may be a useful therapeutic approach in brain tumors (Figure 2). Actually, it was demonstrated
that in vitro MCT1 inhibition decreases intracellular pH, leads to cell death and, importantly,
enhances cancer cell radiosensivity in gliomas [114, 115]. Importantly, promising results using
in vivo models have also been reported, where treatment with the chemical inhibitor CHC
retarded tumor growth, rendered tumor cells sensitive to radiation and decreased invasion
[114, 117]. However, CHC is not a specific MCT inhibitor, having also other targets. Recently,
novel MCT1 inhibitors have been designed and may constitute an effective strategy to block
MCT1 activity in cancer [118]. A orally administered related compound, AZD3965 (AstraZe‐
neca), is currently in Phase I/II clinical trials for advanced solid tumors [119].
3.2. Carbonic anhydrases
Carbonic anhydrase catalyzes the conversion of extracellular bicarbonate to CO2 and protons
(H+), thereby contributing to extracellular acidification [120]. This family is composed by
15 isoforms described in mammals, which differ in cellular localization, catalytic activity
and susceptibility to different class of inhibitors. Two carbonic anhydrases are overex‐
pressed in many solid tumors, namely CAIX and CAXII, being associated with tumor
progression and response to therapy [121]. It is verified that CAIX is mostly negative in
normal tissues but increase in the corresponding tumor tissues, whereas CAXII present a
diffuse distribution in healthy tissues [122, 123]. Glioblastomas present high levels of
intratumoral hypoxia, with consequent HIF-1α activation which contributes to increased
expression of glycolysis-related genes [124], including CAIX [125]. CAIX is overexpressed
in these tumors with focal plasma membrane expression close to peri-necrotic regions
(hypoxic) [126], being negative in normal adjacent tissues, making it a feasible treatment
target [127]. Furthermore, it has been described that CAIX is associated to poor overall
survival, because it confers resistance to chemotherapy, radiotherapy and anti-angiogenic
therapy [128]. Increased expression of CAIX in advanced stages/grades of many tumor types
also suggests its association with dedifferentiation [129].
In vitro and in vivo approaches have demonstrated the potential of CAIX inhibition (Figure
2). Knockdown of CAIX decreased tumor cell ATP levels under hypoxic and glycolytic
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conditions [126]. In addition, the susceptibility of U251 glioblastoma cells to chemothera‐
py and radiation treatment was strongly enhanced after CAIX downregulation, which is
supported by a recent in vivo study [126]. Similarly, CAIX inhibition enhanced the effect of
anti-angiogenic therapy with the anti-VEGF antibody bevacizumab [130]. Some inhibitors
have been developed to inhibit CA activity, particularly CAIX and CAXII. Acetazolo‐
mide, enhances the apoptotic response of glioma cells to temozolomide [131] and an in vivo
study using derivatives of acetazolamide showed retardation of mice carcinoma xenograft
growth after 1 month of treatment [131]. Other studies have identified coumarins as CA
inhibitors, however they were not tested yet in the cancer context [132, 133]. Further‐
more, specific monoclonal antibodies for the mostly expressed isoforms in tumors, namely
CAIX, have been developed, i.e, the M75 and WX-G250 for colorectal cancer and renal cell
carcinoma, respectively [134, 135].

4. Future perspectives and conclusions
Metabolic transformation plays a major role in gliomas development, tumor progression and
adaptation to tumor microenvironment. The interplay between tumor angiogenesis, hypoxia,
pH regulation and energy metabolism, glycolysis related enzymes and transporters, as well
as pH regulator transporters, may provide promising molecular targets for drug development.
In addition to glycolysis, glutaminolysis and fatty acid synthesis represent key metabolic
events with potentially interesting drug targets. Furthermore, mutations in IDH1/2, detected
in a genome wide screen on GBMs, point to new specific transforming events in gliomas. These
metabolic pathways are tightly linked and also controlled by signaling events often deregu‐
lated in gliomas, underlying the flexibility of glioma cells to develop adaptive mechanisms
when exposed to oxygen or nutrient deprivation. This highlights the need of targeting several
pathways simultaneously and linking the metabolic targets to the genetic makeup of GBM
tumors.
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1. Introduction
Recent studies have hypothesized that brain tumor stem cells (BTSCs) are responsible for the
poor survival outcome of brain tumor patients. Sonic hedgehog (Shh) is one of the crucial
signaling pathways to regulate stem cell self-renewable capacity. Disruption of this pathway
activate Gli transcription factors, which further activate other downstream target genes
including BMI1 to promote brain tumor development (medulloblastoma and glioblastoma
among other tumors) (Leung et al., 2004; Bruggeman et al., 2007; Godlewski et al., 2008). BMI1
is a polycomb complex protein also known as polycomb group RING finger protein 4 (PCGF4)
or RING finger protein 51 (RNF51). BMI1 gene (B cell-specific Moloney Murin leukemia virus
integration site 1) is located on human chromosome 10 (10p13). Interestingly, BMI1 showed
high expression in medulloblastoma and glioblastoma (Leung et al., 2004; Natsume et al., 2011).
Shh treatment induced both BMI1 and Gli1 expression. Gli1 overexpression also promoted
high expression of BMI1. High expression of BMI1 in tumor cells indicates high capacity of
self-renewing characteristics (Hemmati et al., 2003). Most of the BTSCs showed high expression
of BMI1. Inhibition of Gli with specific inhibitor GANT61 and Gli siRNAs mediated knock‐
down inhibited brain tumor cell proliferation and also decreased the expression of BMI1 in
medulloblastoma and glioblastoma (Shahi et al., unpublished). Therefore, all these studies
suggest that BMI1 would be a novel therapeutic transcription factor to target BTSCs and
enhance the survival of brain tumor patients.
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2. BMI1: An oncogene and stem cell marker
BMI1 is one of the crucial genes for the development of various tissues including the nervous
system. This gene is located at chromosome 10p13 in humans. BMI1 was initially identified as
a murin leukemia viral oncogene [1]. BMI1 was the first gene reported to belong to the
Polycomb-group of genes [2]. These genes express the proteins which form a large multimeric
structure to silence other genes via modification in chromatin organization [3]. Polycomb
repressive complexes are divided into two groups.
Polycomb repressive complex 1 (PRC1)
Polycomb repressive complex 2 (PRC2)
PRC1 includes BMI1, and PRC2 includes enhancer of zeste homolog 2 (EZHZ) to facilitate
stable silencing of gene expression [4]

3. Role of BMI1 in normal development
BMI1 polycomb protein is essential for the self-renewal of stem cells of different tissues of the
body besides the central nervous system (CNS) [5]. One study showed that Nestin-BMI1-GFP
transgenic mice cells increased the development of neural stem cell colonies and the selfrenewal capability of fetal and adult CNS cells (He et al., 2009). Ink4a and Arf genes encode
tumor suppressor proteins p16Ink4a and p19Arf respectively, which are involved in the
inhibition of cell cycle progression [6]. Interestingly, BMI1 promotes the maintenance of CNS
stem cells from the embryonic stage to adulthood by suppressing Ink4a and Arf genes [5].
BMI1 is also involved in Shh signaling mediated postnatal cerebellar neurogenesis by binding
to the promoter of p21waf1/cip1 [7]. Moreover, BMI1 is a crucial gene for the development of
embryonic and adult stem cells and brain tumors. Interestingly, selective conditional knockout
of BMI1 based on Cre/LoXP in transgenic mouse showed that BMI1 has potential to induce
neural stem cells proliferation and self-renewal both in vitro and in vivo [8]. In this process
BMI1 down-regulates both Ink4a/ARF and p21/FoxG1. Moreover, increased ectopic expression
of BMI1 in progenitors committed to a neuronal lineage during embryonic cortical develop‐
ment, triggered apoptosis via a survivin-mediated mechanism, and caused a reduction in brain
size [8]. However, the self-renewable capability of adult neural stem progenitor cells is
independent of FoxG1, while apoptosis resistance of neural progenitor cells depends on high
expression of BMI1 [8].

4. Role of BMI1 in glioblastoma development
Gliomas are the most common brain tumors of the central nervous system comprising
astrocytic gliomas, oligodendrogliomas, or a mixture of both. The most malignant glioma is
glioblastoma multiforme (GBM) (WHO grade IV) comprising about 50% of glioma. Post-
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therapy survival rate of GBM patients is 24% for 1 year and 12% for 2 years only [9]. There are
ample amount of evidence suggesting that gliomas have stem-like cells called glioma initiating
cells (GICs). These cells have self-renewal capability and cause gliomagenesis. The GICs are
under the regulation of several signaling pathways including Shh, Notch, Wnt and BMI1.
Effective targeting of GICs could become a novel strategy to target glioma [10]. The 10p13
region is highly significant in brain tumorigenesis especially glioblastoma. BMI1 is part of the
polycomb repressive complex 1, which epigenetically regulates gene expression by acetyla‐
tion, methylation, and mono-ubiquitination of histones [11]. These modifications cause
transcriptional repression of differentiation and pluripotency of embryonic stem cells [12].
BMI1 is essential for the proliferation and transformation of primary glial cells. BMI1 deficient
glial cells have less proliferating and tumorigenic capacities. BMI1 is also involved in pathways
including proliferation, adhesion, and differentiation. All these pathways play a significant
contribution to stem cell renewal and glioblastoma development [13]. One report demonstrates
a high copy number of BMI1 in glioma samples [11]. Even, a murine tumor model showed a
role for BMI1 in the genesis of glioma and high fold expression of BMI1 in high-grade gliomas
[13]. BMI1 shows functional diversity in different cell types including embryonic stem cells
and mature neurons [12]. Moreover, BMI1 sometimes behaves as a tumor suppressor gene or
oncogene in different tumors. According to one study most of the glioma samples showed
BMI1 gene allelic imbalance. BMI1 negatively regulates p16 in astrocytoma. However, they
also suggest that BMI1 is not very significant for prognosis of astrocytic tumors [2]. Interest‐
ingly, BMI1 is considered as a transgene, which helps MYC to promote hematopoietic
malignancies [14-16]. High expression of BMI1 has been noted in brain tumors irrespective of
tumor grades [5]. BMI1 has a role in glioma and glioma stem cell growth which is both
dependent and independent of InK4a-Arf [13]. GBM showed an association of BMI1 overex‐
pression and enrichment in CD133+ cells [Xia et al., 2012]. Stable knockdown of BMI1 in GBM
reveals that BMI1 prevented the clonogenic nature of GBM cells and also these cells were not
able to develop brain tumors in vivo. Accordingly, BMI1 is a potent inhibitor of apoptosis in
CD133+ cells and of differentiation into neurons and astrocytes [17]. BMI1 is also capable to
inhibit alternate tumor suppressor pathways that attempt to compensate for INK4A-ARF/p53
deletion and hyperactivity of the PI3K/AKT pathway [17]. Interestingly, one study suggests
that BMI1 causes apoptotic resistance to glioma cells through the activation of IKK-Nuclear
factor-kB pathway and could therefore be a good prognostic factor for glioma [20]. IKKNuclear factor-kB pathway is very active in high grade GBM and glioma cell lines [18, 19].
High expression of BMI1 protects brain tumor cells from cytotoxic reagents-induced apoptosis,
while attenuated BMI1 expression promotes apoptosis inducer factors. BMI1 also controls
apoptosis in glioma cell lines by activation of the IKK-NF-kB pathway and promoting antiapoptotic genes [20]. Co-expression of BMI1 and p65 protein, a subunit of NF-kB in glioma is
in favour of BMI1 and NF-kB pathways involvement in glioma chemoresistance. GBM is
resistant to all types of therapies. It has been postulated that most CD133+ cells are resistant
to gamma radiation via activation of DNA double-strand break (DSB) response mechanism,
including the participation of the ataxia-telangiectasia-mutated kinase gene (ATM). After
purification of BMI1 with DNA DSB responsive factors and nonhomologous end joining
(NHEJ) repair proteins in GBM cells [21], a BMI1 enrichment was observed after irradiation,
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being colocalized and co-purified with ATM and histone gammaH2AX. Deficient BMI1 glioma
cells showed inactive DNA DSB response, which promoted sensitivity of radiation in glioma
cells. Overexpressed BMI1 modulated the neural stem cells radiation resistance by enhancing
the ATM activity. Therefore, a combined effect of BMI1 inhibition together with radiation
therapy might efficiently target GBM stem cells [21]. Interestingly, a recent report suggested
that expression of BMI1 and c-Myc correlated in glioma. This finding further reveals that cMyc, either directly or indirectly, activates several epigenetic modulators including acetylase
GCN5 and polycomb-group (PcG) gene BMI1 [22, 23]. It is interesting to know that BMI1
promoter contains functional E-box and c-Myc binding regions [24, 25]. Moreover, c-Myc was
able to activate BMI1; and BMI1 further facilitated the oncogenic expression of c-Myc in
glioblastoma development [17]. It has been speculated that c-Myc and BMI1 might be good
biomarkers of glioblastoma due to their high expression and involvement in gliomagenesis.
Inhibition of both genes could give glioblastoma a greater sensitivity to combined anticancer
therapy. A recent study revealed that Tamoxifen (TAM) has the ability to reduce the expression
of neural stem cell markers, like Nestin, Bmi1 and Vimentin, in glioma cell lines. Moreover,
the action of TAM in glioma cells apotosis is assisted by prostate apoptosis response-4(par-4)
[26]. It has been published that AR-A 014418 inhibits GSK3 beta kinase activation which further
regulates the cancer escape pathway via downregulation of anti-apoptotic gene BMI1 [27].

5. BMI1 and miRNAs
Low expression of miRNA-128 was reported in GBM samples. High expression of miRNA-128
in GBM down-regulates ARP5 (ANGPTL 6), BMI1 and E2F-3a, factors which are key regulator
for brain cell proliferation [28]. miRNA-128 also targets BMI1 and down-regulates its expres‐
sion. Most of the glioma samples show less expression of miRNA-128. Overexpression of
miRNA-128 shows inhibition of GICs proliferation and self-renewable capacity [10]. Normal
brain has abundant expression of miRNA-124, however, miRNA-124 expression is diminished
during the development of glioma. Interestingly, overexpression of miRNA-124 reduced the
formation of neurospheres, the CD133+ cell subpopulation, and the expression of stem cells
markers like BMI1, Nanog and Nestin [29]. Smoothened inhibitor NPV-LDE-225 (Erismode‐
gib) inhibits BMI1 in GICs via upregulation of miRNA-128, miRNA-21 and miRNA-200 [30].
Interestingly, NPV-LDE-225 was used in topical cream for basal cell carcinoma treatment and
it inhibited the Shh pathway [31]. A recent study suggested that NPV-LDE-225 mediated
inhibition of Shh signaling downregulates Bmi1 via upregulation of miRNA-128 [30]. Another
study also suggested that polycomb repressor complex BMI1 is targeted by miRNA-128 in
glioma stem cells [32]. Another miRNA-218 also inhibited the expression of BMI1 which
further retarded glioma invasion, migration, and glioma stem cell renewal capability. Most
gliomas showed less expression of miRNA-218 and overexpression of miRNA-128, which
further inhibited glioma tumor characteristics. It was assumed that BMI1 is the downstream
target gene of miRNA-218. miRNA-218 regulates many genes which are involved in glioma
tumorigenesis [33]. Interestingly, we illustrate a model diagram for the role of BMI1 in
gliomagenesis (Figure 1).
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Figure 1. BMI1 networking in gliomagenesis

6. Role of BMI1 in medulloblastoma
Medulloblastoma is a primitive neuroectodermal tumor of the cerebellum. Medulloblastoma
is the most common pediatric malignant brain tumor, representing 20% of newly identified
CNS tumors in children [34]. Medulloblastoma is driven by several signaling pathways, among
which, Shh plays a critical role for the majority of these tumors [35, 36]. Mutations of the Shh
pathway regulators are present in about 20-25% of medulloblastomas [37]. Shh-driven
medulloblastoma showed high expression of BMI1. A recent study reveals the role of BMI1 in
Shh-driven medulloblastoma. Transgenic mice showed the expression of Shh signaling
activator SmoA1 with the help of glial fibrillary acidic protein (GFAP) promoter. They found
that SmoA1/BMI1+/+; SmoA1/BMI1+/-postnatal mice (p=26) between days P14 to P26 showed
prominent potential to develop medulloblastoma compared to SmoA1/BMI1-/-post natal mice
(n=6) [38]. Interestingly, cells with BMI1 deficiency BMI1-/- even in the presence of SmoA1
were non-proliferative compared to BMI1+/+ cells [38]. Two down-stream genes which are
inversely regulated by BMI1 in Shh-driven medulloblastoma development were reported.
Cyclin D1 expression was downregulated and cyclin-dependent kinase inhibitor p19Arf was
upregulated. Moreover, it was concluded that BMI1 is crucial for the Shh-driven medullo‐
blastoma development and that BMI1 facilitates medulloblastoma development de novo [38].
During embryonic development Shh signaling pathway regulates proliferation of granular
neuron precursors (GNPs). GNPs are progenitors for medulloblastoma development, com‐
prising the transient external granular layer of cerebellum [39]. BMI1 seems to promote the
expression of downstream target genes during cerebellum development [40]. BMI1-null mice
developed reduced cerebellum and impaired production of granular neurons. Altered
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expression of BMI1 in medulloblastoma as well as correlation of BMI1 expression and Shh
activation was reported in medulloblastoma [38, 41]. It was suggested that polycomb gene
expression could be used as a predictor of poor clinical outcome in medulloblastoma [42]. BMI1
overexpression caused cell proliferation and assisted Shh signaling driven tumorigenesis [43].
BMI1 expression and Shh ligand concentration were positively correlated during develop‐
ment. Chromatin immunoprecipitation experiments revealed that Shh signaling pathway
main transcriptional activator Gli1 preferentially binds to the promoter regions of BMI1.
Moreover, overexpression and downregulation of Gli1 controls high and low expression of
BMI1 respectively. Interestingly, BMI1 is not only a Shh-Gli1 downstream target gene but also
promotes a feedback mechanism which further activates Shh-Gli1 signaling. This finding
suggested that both BMI1 and Shh signaling pathways are mutually indispensable pathways
in brain tumor initiating cells (BTICs) of medulloblastoma [43]. One study reported that
overexpressed BMI1 was unable to induce tumors in mice from granule cell progenitors
(GCPs). Therefore, it was concluded that overexpression of BMI1 in GCP-derived human
medulloblastoma, could promote later stages of tumorigenesis and further sustain tumor cell
survival [44]. Apart from cell proliferation other characteristic of tumors include anti-apoptotic
nature and sustaining of high metabolic rate, both supported by high BMI1 and low TP53 levels
of expression which are characteristic of group 4 human medulloblastoma [44]. BMI1 overex‐
pression alone was not sufficient to induce medulloblastoma; however BMI1 overexpression
and loss of p53 induced medulloblastoma in mice, producing similar tumors to group 4 human
medulloblastomas [44]. Recently, medulloblastomas have been categorized in 4 subgroups on
the basis of prognosis and predicted therapeutics (Kool et al., 2012, Ramaswamy et al., 2013
and Gottardo et al., 2014). Group 1 and group 2 are under the good clinical outcome and
regulated by Shh and Wnt signaling, respectively [45]. Groups 3 and 4 medulloblastoma are
not Shh/Wnt signaling mediated tumors, have metastatic potencial, and poor patient outcome
and lack of known molecular pathways. Current gene expression analysis is unable to detect
self-renewal gene and brain tumor-initiating cells (BTIC) in group 3 and group 4 medullo‐
blastoma. BTICs constitute a minority of the tumor mass, and their detection can be difficult
in medulloblastoma. High BTIC promoted tumors to increase tumor aggressiveness and poor
patient outcome. They investigated the potential stem cells candidate genes among the
different subgroups of 251 human medulloblastoma samples from the 4 overlapping MB
transcriptional data bases (Amsterdam, Memphis, Toronto and Boston) and 74 nano-string
sub-grouped medulloblastoma (Vancouver) [45]. This analysis showed two crucial genes BMI1
and FoxG1, which presented abundant expression in non-Shh/wnt medulloblastoma groups.
These genes are responsible to promote MB stem cells and tumor initiation in mice [45]. We
also depicted a model for the different group of medulloblastoma development on the basis
of cell signaling pathways and gene expression profile (Figure 3). This study also identified a
reciprocal promoter in CD15+ medulloblastoma stem cells. The finding could be used as a
novel target therapy against BTIC self-renewal. They also found BMI1 is a downstream target
of FoxG1 and further promotes tumorigenicity. BMI1 also exerts feedback to FoxG1 expression
and facilitates in vivo tumor malignancy and enhances in vitro stem cell self-renewal capability.
Moreover, high expression of BMI1 can be considered as a strong molecular prognostic marker
in pediatric brain tumors. We attempted to show a model for the role of BMI1 in medullo‐
blastoma development (Figure 2).
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Figure 2. BMI1 networking in medulloblastoma development

Figure 3. Division of medulloblastoma on the basis of gene and cell signaling expression
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7. Conclusion
BMI1 is a very significant stem cell marker gene which contributes to the development of
glioblastoma and medulloblastoma. Therefore, the treatment of glioblastoma and medullo‐
blastoma would improve with the addition of BMI1 inhibitors. Moreover, high expression of
BMI1 could be used as one of the earliest markers to diagnose brain tumors.
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1. Introduction
Metalloproteinases (MMPs) were first described by Gross more than fifty years ago. They are
a family of zinc-dependent endopeptidases. They comprise a group of 25 enzymes. MMPs
were first described as proteases degrading extracellular matrix (ECM) proteins such as
collagens, elastin, proteoglycans and laminins, hence they were named matrix metalloprotei‐
nases. MMPs were divided according to their substrate specificity into collagenases, gelati‐
nases, stromolysins and matrilysins. This classification was later replaced by numbering the
enzymes according to the chronology of their identification.
Four metalloproteinases (MMP-14, MMP-15, MMP-16 and MMP-24) have a transmembrane
and cytosolic domains. They constitute a subgroup of membrane-type metalloproteinases
(MT-MMPs). Recently an intracellular, nuclear localization and functions of metalloprotei‐
nases have been discovered [1-4].

2. Physiological role of metalloproteinases
MMP-1 (collagenase 1) hydrolyzes collagen types I, II, III, VII, VIII, X and XI, as well as gelatin,
fibronectin, vitronectin, laminin, tenascin, aggrecan, links protein, myelin basic protein and
versican. MMP-2 (gellatinase) degrades collagen types I, II, III, IV, V, VII, X and XI, gelatin,
elastin, fibronectin, vitronectin, laminin, entactin, tenascin, SPARC and aggrecan, links
protein, galectin-3, versican, decanin and myelin basic protein. One of the most important
differences between these two metalloproteinases is the possibility of the hydrolysis of elastin
and collagen type IV by MMP-2, but not by MMP-1. Researchers have also focused their interest
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on MMP-9 which can degrade collagen types IV, V, VII, X and XIV, fibronectin, laminin,
nidogen, proteoglycan link protein and versican.
For a long time metalloproteinases have been viewed solely as enzymes of matrix proteins
breakdown. Results of researches performed in recent years indicate that there is a group of
non-matrix proteins which can be substrates for various MMPs. Metalloproteinases are
involved in the activation of latent forms of effective proteins. For example, MMP-2, MMP-3
and MMP-9 can activate interleukin 1β (IL-1β). They can also act on active cytokines, IL-1β
undergoes subsequent degradation catalyzed by MMP-3. Metalloproteinases can alter cell
surface proteins such as receptors and act on microbial peptides.
Metalloproteinases are not indiscriminately released by cells. They are secreted to or anchored
to cell membrane. MT-MMPs have a specific transmembrane domain placing them in a certain
position. Other metalloproteinases can be bound by specific cell-MMP interactions. This
phenomenon allows an exact localization of their proteolytic activity [1-3].

3. Activation of metalloproteinases
Metalloproteinases are encoded as inactive proenzymes, zymogens. They undergo proteolytic
activation. This process can take place either intracellulary or extracellulary. One third of
MMPs are activated by intracellular serine protease, furin. This process takes place in transGolgi network. A number of MMPs has a cleavage site for other metalloproteinases. MMP-3
activates proMMP-1 and pro-MMP-7. Some metalloproteinases have been described to be
activated by kallikrein or plasmin.
In vivo studies indicate that reactive oxygen species (ROS) generated by neutrophils can both
activate and subsequently inactivate MMPs. Hypochlorus acid (HClO) generated by neutro‐
phil myeloperoxidase and hydroxyl radicals can activate proMMP-1, proMMP-7 and
proMMP-9, whereas peroxynitrate can activate proenzymes of MMP-1, MMP-2 and MMP-9.
This process enables a control of burst of proteolytic activity within an inflammatory setting.
Like some other proteases, activity of MMPs is controlled also by two other mechanisms,
regulation of gene expression and specific inhibitors. MMP-2 is constitutively expressed and
regulation of its activity occurs by either activation or inhibition. Expression of a number of
metalloproteinases is up-regulated during various pathological conditions. Among them
inflammation is the most studied setting. MMPs are inhibited by α-2 macroglobulin and tissue
inhibitors of metalloproteinases (TIMPs). There are four TIMPs. Their secretion is also
regulated and represents another point in a network of control of the activity of metallopro‐
teinases. TIMP-3 is primarily bond to ECM and allows a regulation of MMPs’ activity in the
very site of their action. The network of the control of the activity of metalloproteinases is
complex and very precise. Sometimes TIMP interacts with proMMP and inactivate other MMP,
e.g. a complex of TIMP-1 and proMMP-9 inactivates MMP-3.
Protection from MMP degradation represents the next step in this sophisticated network of
diverse interactions. Neutrophil gelatinase-associated lipocalin (NGAL) bounds to MMP-9
protecting this metalloproteinase from its degradation [1-3].
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4. Metalloproteinases in central nervous system
Metalloproteinases in central nervous system can be produced by cells constituting it, by cells
of blood vessels’ wall or by blood cells. The production of MMPs in central nervous system
under normal conditions is low, however it can be augmented in several neoplastic and nonneoplastic conditions. The expression of MMP-14 (MT1-MMP) in microglia is very low under
physiological conditions. It can be increased in neurodegenerative and neuroinflammatory
pathologies, e.g. Alzheimer’s disease, multiple sclerosis, amyotrophic lateral sclerosis (ALS)
or even in a stroke. Astrocytes were reported to secrete MMP-2 and MMP-9 [5,6].
For a long time MMPs were thought to be enzymes acting exclusively in extracellular compart‐
ment. Studies carried in last few years have revealed nontraditional roles for MMPs in
extracellular space as well as in the cytosol and nucleus. MMP-2 and MMP-9 which were largely
studied in central nervous system have been shown to present an increased activity in cortex
neuronal nuclei after focal cerebral ischemia. These two MMPs, MMP-2 and MMP-9, are also
termed gelatinase A and gelatinase B. The increased gelanolytic activity in nucleus occurs to be
linked with MMP-dependent cell death triggering neuroinflammatory reactions. MMP-13,
named also collagenase-3, was found to be activated mostly in neurons and oligodendro‐
cytes. Its function in cell nucleus may be linked to the apoptosis cascade following ischemic
stimulus. MMPs localized in cell nucleus can have a different set of target proteins than MMPs
acting in extracellular space. Poly-ADP-ribose polymerase-1 (PARP-1) and X-ray crosscomplementary factor-1 (XRCC-1) can be the substrates for MMP-dependent cleavage [4].

5. Metalloproteinases in brain tumors
Gliomas are the most common malignant tumors in the brain, and the overall prognosis for
patients suffering from this neoplasm is poor. Glioblastoma multiforme (GBM) is the most
aggressive type of glioma. Molecular mechanisms of invasiveness of this neoplasm have been
most widely studied. Many factors are involved in the migration and invasiveness of GBM.
MMPs have gained a large interest of researchers. The role of MMPs is significant in the
degradation of ECM, thereby facilitating tumor cell invasion into surrounding stroma.
Neoplastic cell invades in three steps. The first one is the attachment of tumor cell to the
basement membrane through binding of neoplastic cell receptors to the basement membrane
receptors. The next one is the secretion of hydrolytic enzymes, MMPs, which locally degrade
ECM by extracellular proteolysis. The third step comprises the movement of the tumor cell to
the free space obtained by degradation of ECM. MMP-13 is involved in the initiation of
progression of invasion due to its proteolytic activity. Expression of MMP-13 is higher in
glioma than in the surrounding normal brain tissue. High expression of this MMP is more
often detected in advanced grades of glioma. Some researchers suggest that MMP-13 can be
used as a biomarker of GBM progression. A study of Hsieh et al. revealed that GBM cells
express higher amount of endothelin-1 receptors ETA and ETB. The stimulation of one of the
most invasive glioma cell lines in vivo, U251, with endothelin resulted in an increased expres‐
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sion of MMP-13, MMP-9 and increased cell migration. The addition of MMP-13 and MMP-9
inhibitors attenuated this increased cell migration [7-9].
Other scientists have shown that GBM cells can present an increased expression of other
metalloproteinases: MMP-1, MMP-2, MMP-3, MMP-7, MMP-9 and MMP-14. Some researchers
tried to reveal the molecular markers of invasiveness in gliomas. In the results of their studies
various MMPs can be found. Bakalova et al. found that patients in terminal stages of brain
tumors had elevated plasma levels of MMP-2 and MMP-9. Mariani et al. measured levels of
MMP-2 and MMP-9 in cerebrospinal fluid (CSF) of dogs with intracranial tumors. Latent, but
not active form of MMP-2 was found in all samples. MMP-9 was found in CSF of a minority
of studied animals. Xu et al. analyzed brain samples obtained from patients undergoing
surgery for GBM and non-malignant condition, epilepsy. Overexpression of both MMP-1 and
vascular endothelial growth factor-1 (VEGF-1) was an independent poor prognostic factor in
gliomas. Wang and co-workers analyzed frozen glioma samples and found out an increased
expression of stromal periostin (POSTN) gene. This protein took part in both cell invasion and
migration. In glioma cells POSTN signaling led to increased MMP-9 expression. The expres‐
sion of POSTN correlated with both grade and progression of glioma being a poor prognostic
factor [10-13].
MT1-MMP (MMP-14) activates directly proMMP-2 and indirectly MMP-2 and MMP-9.
Expression of MMP-14 was shown to correlate with invasiveness of glioma and to increase
with glioma grade. MMP-14 expression was also shown to correlate with brain tumor pro‐
gression. This metalloproteinase, MMP-14, has been proposed as a biomarker to determine the
type and grade of specific tumor. MMP-14 has a very interesting set of digested proteins. Apart
from ECM proteins it can hydrolyze the most potent central nervous myelin inhibitory
proteins, including BN-220. MMP-14 can also digest some proteins having adhesion functions.
MMP-14 can also be involved in some intracellular processes. It can be trafficked along the
tubulin cytoskeleton and be involved in intracellular recycling pathway. MMP-14 expression
abnormalities were linked to mitotic spindle aberrations and chromosome instability leading
to malignant transformation of neoplastic cells. MMP-14 may also be involved in regulation
of VEGF-A expression. VEGF-A induces angiogenesis and inhibits apoptosis. MMP-14 seems
to promote malignant glioma transformation, invasion and metastasis through intracellular
signaling pathways [14].

6. Metalloproteinases and intracellular signaling pathways
Increased expression of various MMPs observed in brain tumors is a result of multiple
intracellular events which may be termed as dysregulated pathways. These intracellular
molecular mechanisms leading to increased invasion of neoplasmatic cells have focused
scientists’ interest. Understanding these complex mechanisms may be a key to design a
molecular targeted therapy for patients with brain tumors. Signaling pathways leading to
increased expression of MMPs are of special interest.
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Tsai et al. observed that inhibition of focal adhesion kinase (FAK) phosporylation by osthole
reduced MMP-13 expression in human glioma cells. This inhibition led to a reduction of cells
migration even in a subgroup of glioma cells selected for high migratory ability. Lee et al.
observed GMB U251 cell line presented increased FAK activation which led to an augmented
expression of MMP-2. This study also revealed that examined GBM cells had an increased Bclw (B-cell lymphoma-w) expression. This protein is a prosurvival member of Bcl-2 family. The
augmented expression of this protein is associated with infiltration properties and aggres‐
siveness of various cancers. Bcl-w promotes the mesenchymal traits of glioblastoma cells by
inducing vimentin expression of transcription factors, β-catenin, Twist1 and Snail. The
increased expression of MMP-2 is accompanied by and results from the FAK activation, i.e.
phosphorylation, via the PI3K-p-Akt-p-GSK3β-β-catenin pathway. The role of Bcl-w in
promoting invasiveness of GBM by increasing MMP-2 activation was also confirmed in
another study of this researchers team which proposed Bcl-w induced activation of β-catenin,
also termed specificity protein-1 (Sp1), as a putative marker for aggressiveness of GBM.
Nuclear factor of activated T cell (NFAT) family has been identified as a group of regulators
of oncogenic transformation in several human malignancies. NFAT1 (NFATc2) is the prevalent
family member expressed in peripheral T lymphocytes and many other cells outside the
immune system. It is associated with tumor cell survival, apoptosis, migration and invasion.
Clustering analysis of microarray data revealed that in glioma cells the expression of invasion
related genes, cyclooxygenase-2 (COX-2), MMP-7 and MMP-9, was correlated with the
expression of NFAT1. In vitro analysis confirmed the role of NFAT1, as in a specific NFAT1
knock down in U87 glioma cell line led to a marked reduction of COX-2, MMP-7 and MMP-9
expression [7,15-17].
MMP-2 has been discovered to posses intracellular activity and play some role in cell nucleus.
A study by Kesanakurti et al. put new light on a role of MMP-2 in molecular mechanisms
engaged in aggressiveness of glioma cells. p21 activated kinase 4 (PAK4) is one of down stream
effectors of small GTPases Rac1 and Cdc42 which have diverse cellular functions by regulating
cytoskeletal reorganization, cell survival and angiogenesis. Abberant PAK4 expression was
found to be associated with enhanced tumor progression in various carcinomas. MMP-2
directly interacts with PAK-4 and augments the activation of αvβ3-mediated phosphoepidermal growth factor receptor (phospho-EGFR) in GBM. MMP-2 is supposed to bind to
PAK4 and the complex PAK4/MMP-2 is supposed to regulate integrin mediated pathways in
gliomas. Earlier study of Kesanakurti study group revealed that MMP-2 knock down glioma
cells entered on apoptosis pathway [18-20].
Understanding the molecular pathways enhancing aggressiveness of glioma cells may lead
to introducing a complex therapy focused on several targets which may give a better
effectiveness.

7. Metalloproteinases in other cells supporting tumor and metastasis
development
In last few years scientists have paid more attention to interactions between glioma cells and
microglia as well as on inreactions between metastatic cancer cells and astrocytes. Ellert-
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Miklaszewska et al. observed that glioma attracted microglia and polarized them into tumorsupporting cells that participated in matrix-remodeling, invasion, angiogenesis and
suppression of adaptative immunity. In her experiment rat microglial cultures exposed to
glioma conditioned medium polarized into pro-inflammatory or alternatively activated cells.
Glioma derived factors increased cell motility, phagocytosis and sustained proliferation.
Glioma induced activation of microglia was associated with induction of expression of several
genes. One of them was MT1-MMP. Vinnakota et al. also observed that microglia promoted
glioma through upregulation of MT1-MMP. This conversion of microglia into glioma suppor‐
tive phenotype was dependent on activation of Toll-like receptor 2 (TLR 2) along with TLR 1
and or TLR 6 signaling [21, 22].
Brain metastasis is a defining component of tumor pathophysiology and underlying mecha‐
nisms urgently need deeper elucidation. The relationship between metastatic cells and
astrocytes is crucial for tumor cell sustenance in brain. Some researchers postulate that tumor
cell metastasis to the brain are influenced by astrocyte secretome and astrocytes play a direct
role in tumor metastasis. Wang et al. revealed that astrocyte conditioned tumor cells displayed
highly invasive and metastatic behavior both in vitro and in vivo as well. MMP-2 and MMP-9
were two factors in the astrocyte secretome that were responsible for that response. Blocking
these MMPs proteins partially prevented the invasion and metastasis of tumor cells both in
vitro and in vivo as well. A very important question arises. What are the mechanisms by which
MMPs secreted by astrocytes trigger invasion of tumor cells? MMP-2 and MMP-9 may increase
the permeability of blood-brain barrier and allow the transfer of metastatic cells reaching brain
via blood stream. The alternative hypothesis is that latent MMPs substrates on tumor cells or
cells of tumor microenvironment may be activated upon cleavage by astrocyte secreted MMP-2
and MMP-9 leading to an invasive phenotype. The precise elucidation of these interactions is
urgent as astrocytes may be a novel target for therapy aimed at prevention of brain metastases
in patients with various cancers [21-23].

8. Blocking MMPs expression and/or activity
Scientists have widely studied the possibilities of attenuating MMPs expression and activity
in order to reduce the invasiveness of gliomas. They efforts have combined various directions.
Atorvastatin is a well known statin, an inhibitor of β-hydroxy-β-methylglutaryl-CoA reduc‐
tase. By inhibiting the key enzyme in a mevalonate synthesis pathway atorvastatin has
pleiotropic effects. The main mode of action of this drug is the inhibition of de novo cholesterol
synthesis. However, this drug has some other advantages resulting in its pleiotropic antia‐
therogenic properties due to the inhibition of synthesis of other biologically important
mevalonate pathway derivates: dolichol, ubichinon, farnesyl and geranyl residues. This
inhibition leads to disturbances in some signaling pathways. The possible anticancer proper‐
ties of statins have been postulated since a long time.
Yongjun and co-workers have observed that atorvastatin reduced pro-tumorigenic effects of
microglia on glioma migration and invasion by reducing microglial expression of MT1-MMP
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(MMP-14). Mohebbi et al. observed that atorvastatin 40 mg administered twice daily seven
from days before till three weeks after the neurosurgical procedure led to better outcome after
the neurosurgical treatment of brain tumors and raised significantly Karnofsky score. The
biochemical analysis showed that two weeks after the surgical treatment patients on atorvas‐
tatin therapy had significantly reduced plasma level of MMP-9 compared to patients receiving
placebo [24,25].
Locatelli et al. evaluated a composition of polymeric nanoparticles containing a composition
of two cytotoxic agents, drug alisertib and nanosilver conjugated with chlorotoxin, a peptide
binding specifically to MMP-2. Their experimental in vitro and in vivo studies showed the tumor
reduction [26].
Researchers are trying to investigate drugs aimed at inhibiting MT1-MMP (MMP-14). DX-2400,
a fully human antibody was shown to reduce MMP-14 activity, retard tumor progression,
metastasis, migration and invasion. Two natural isoflavonoid phytoestrogens, genistein and
biochain A, were shown to reduce MMP-14 activity in a dose dependent manner in U87MG
cell line. The green tea polyphenol, (Q)-epigallocatechin gallate (EGCg), has been found to
inhibit MMP-14 mediated cell migration. This compound also disrupted proMMP-2 activation
via downregulation of MMP-14 gene expression. Marimastat, an orally administered MMP
inhibitor, was tested in two clinical trials in GBM patients after neurosurgery or irradiation.
Marimastat alone did not improve survival, but in conjunction with cytotoxic chemotherapy
gave promising results [27-30].
The next point of scientists interest are microRNAs (miRNAs). These small, non-coding RNA
molecules containing 18-25 nucleotides in length can inhibit gene expression by binding to the
3’ untranslated region of their target genes and suppress translation. Several studies have
shown that various miRNAs can inhibit expression of MMP-14, MMP-2 and inhibit tumor cell
adhesion, migration, invasion and angiogenesis [31-35].
Lei et al. proposed a new strategy combining a cytotoxic drug paclitaxel and RNA interference
suppressing MMP-2 expression. This conception was aimed at blocking tumor growth and
proliferation by Paclitaxel and blocking tumor angiogenesis and invasion by inhibiting MMP-2
expression [36].

9. Conclusions
In last few years MMPs have been shown to exert new biochemical properties. Their extrac‐
ellular mode of action as well as intracellular, intranuclear activities were shown to be involved
in invasiveness of brain tumors, especially gliomas. Inhibiting their expression may be a new
therapeutical approach. So far some drugs being MMPs inhibitors have some serious adverse
effects. Inhibiting MMPs expression and activity seems to be rather a supplement to chemo‐
therapy, radiotherapy or neurosurgical procedures than a new single method of treatment of
brain tumors.
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1. Introduction
Radiation therapy is widely used for patients with intracranial tumors. However, there are
many complications, including cerebral atrophy, calcifying microangiopathy, radiation
necrosis, leukoencephalopathy and development of radiation-induced tumors [1-5]. Radia‐
tion-induced central nervous system (CNS) neoplasms are recognized in patients who have
had therapeutic radiotherapy to the head or face [6]. Radiation-induced CNS neoplasms are
rare, but the cumulative risk of brain tumor after therapeutic cranial irradiation is reported as
0.5-2.7% at 15 years [7]. Among radiation-induced CNS neoplasms, meningiomas are about
70%, gliomas about 20% and sarcomas less than 10% [4,6,8]. In children, high-grade gliomas
are the most common radiation-induced tumor [9]. Type of post-radiation gliomas are
glioblastoma (GBM) in 75% and anaplastic astrocytoma in 25% [7]. Brada et al. [6] described a
relative risk of secondary glioma of 7.92 times higher than that of the normal non-irradiated
population, with an average latency period to glioma diagnosis of 7 years, in 334 patients with
pituitary lesions, irradiated to a median dose of 45 Gy for the sellar region. Cahan et al. [10]
established criteria to diagnose a radiotherapy induced brain tumor. These criteria were
modified in 1972 by Schrantz and Araoz [11] as follows:(1) the tumor must appear within the
irradiated field; (2) the tumor was not present prior to the radiotherapy; (3) a sufficient latency
period must elapse between irradiation and appearance of the tumor (usually>5 years); (4) the
radiation induced tumor must be histologically proven and a different histological type from
the original neoplasm treated by the radiation therapy.

2. Radiation-induced gliomas in the literature
In a review of the literature, 191 cases of radiation-induced glioma that analyzed in detail were
identified in the period 1960-2014 [9,12-120]. The latency period from the irradiation to the
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onset of the secondary glioma ranged from 6 months to 50 years, with an average of 11.1 years.
More than 40 Gy irradiation was delivered in 50% of cases, with an average of 37.2 Gy. As
shown in Table 1, 29 grade II, 37 grade III and 97 grade IV gliomas had been reported, and no
specific grade had been shown in other 28 cases. Grade II gliomas developed after 10.7 years,
and grade IV gliomas developed after 10.6 years from the time of irradiation. The radiation
dose of grade II gliomas for primary lesion is 29.7 Gy, grade III 37.4 Gy and grade IV 37.3 Gy,
respectively. There was a significant difference of radiation dose between grade II and grade
IV glioma (p<0.05). In Table 2 and 3, the relation of primary lesion and radiation dose, latency
to radiation induced glioma occurrence, glioma grade are shown. The latency in acute
lymphoblastic leukemia (ALL) / acute myeloblastic leukemia (AML), Hodgkin/non-Hodgkin
lymphoma and cancer patients is short compared to that of intracranial and scalp lesion. And,
the irradiated dose in ALL/AML patients is rather small compared to that of intracranial lesion.
Patients with ALL/AML and Hodgkin/non-Hodgkin lymphoma are usually intensively
treated with anticancer agents with carcinogenic effects, so the patients may suffer from glioma
by the synergistic effects of prophylactic irradiation and chemotherapy.

WHO grade

Number of cases

Irradiated dose (Gy)

Latency (years)

Grade II

29

29.7±18.4

10.7±7.7

Grade III

37

37.4±15.9

12.6±8.6

Grade IV

97

37.3±17.5

10.7±6.6

Table 1. Radiation induced glioma

Number of cases

Irradiated dose
(Gy)

Latency (years)

Radiation induced glioma

Pituitary adenoma

20

52.2±12.7

13.5±7.5

Grade III/IV 16, II 3

Craniopharyngioma

15

63.9±7.0

11.7±7.0

Grade III/IV 13, II 1

Medulloblastoma

16

44.9±9.5

15.8±12.2

Grade III/IV 12, II 4

Germ cell tumor

10

44.9±8.5

15.2±13.4

Grade III/IV 9, II 1

6

46.5±10.9

7.2±2.4

Grade IV 6

Menigioma/Neurinoma

6

38.4±14.2

10±5.7

Grade III/IV 5, II 1

Low grade glioma

12

47.0±7.8

13.5±10.1

Grade III/IV 11, II 1

Optic glioma/
Retinoblastoma

Table 2. Radiation induced glioma of intracranial primary lesion

Radiation-Induced Glioma
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Number of cases
ALL/AML
Hodgkin/non-Hodgkin
Lymphoma
Cancer
Scalp lesion
(non-cancer)

Irradiated dose
(Gy)

Latency (years)

Radiation induced glioma

64

23.6±7.6

8.6±3.9

Grade III/IV 52, II 10

6

35.6±10.7

8±5.7

Grade III/IV 6

6

60.5±15.4

8±3.2

Grade III/IV 6

14

12.2±12.1

15.5±9.2

Grade III/IV 9, II 5

ALL: acute lymphoblastic leukemia, AML: acute myeloblastic leukemia
Table 3. Radiation induced glioma of extracranial primary lesion

3. Genetic characteristics of radiation-induced glioma
In a patient reported by Gessi [36], the genetic alterations were p53 mutation (C to G transition
at codon 176 of Exon 5), loss of heterozygosity (LOH) of 17p and 19q, O(6)-methylguanine
DNA methyltransferase (MGMT) promoter methylation, and no amplification of epidermal
growth factor receptor (EGFR). In Yang’s case [115], p53 mutation (deletion at codon 233 of
Exon 7 and a C to G transition at codon 278 of Exon 8) and no amplification of EGFR were
reported. In Tada’s case [104], 3-bp homozygous deletion in exon 7 of the p53 gene was
described. In Kon’s case [58], although LOH and amplification of EGFR, phosphatase and
tensin analog (PTEN) was not observed, LOH of 1p, K-ras, p16, p53 were observed. In
Alexous’s two cases, LOH of 1p was found in both cases [15]. Nine radiation-induced highgrade gliomas were studied for possible molecular alterations in p53, PTEN, K-ras, EGFR, and
p16 by Brat [121]. Exon 8 of p53 gene mutation (G to A substitution in codon 285) is detected
in one case, EGFR amplification in 2 cases and p16/ methylthioadenosine phosphorylase
(MTAP) gene deletion in 2 cases [121]. However, genetic alterations similar to those described
in spontaneous, sporadic primary GBM, except the absence of PTEN mutations in the radia‐
tion-induced group were found. Radiation-induced GBMs have a lower percent of EGFR and
p16 alterations than primary GBM [121]. Donson et al. [122] demonstrated by gene expression
analysis genetic homogenity relative to de-novo gliomas, suggesting a common precursor cell
for radiation-induced gliomas. It is not well known about the molecular alteration of radiationinduced gliomas, due to the limited number of cases and limited genes were analyzed.

4. Therapeutic implications
Radiation-induced glioma is difficult to treat; radiotherapy is not always a therapeutic option
because the patient has already been exposed to radiation. However there are several patients
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reported who had a sustained remission following chemotherapy alone or radiochemothera‐
py. About the reports of treatment of radiation-induced glioma, a dramatic response and
prolonged survival by carmustine, nimustine hydrochloride and temozolomide were reported
[52, 58, 71, 75]. These tumors have a poor prognosis due to their intrinsic resistance to treatment
and the difficulty using aggressive therapies in previously irradiated patients. However,
vigorous chemotherapeutic approaches may yield prolonged disease control in some patients
with radiation-induced glioma. The relationship of 1p LOH and chemosensitivity in oligo‐
dendroglial tumors is well known [123]. 1p LOH may account for the marked response to
chemotherapy [52,58], although the reason of the chemosensitivity is not discussed in other
case. In Fukui’s case [32], 40 Gy of local radiotherapy and chemotherapy with nimustine
hydrochloride and Interferone-β yielded dramatic response. The patient received 15 Gy of
whole brain radiotherapy 7 years prior to the onset of radiation-induced glioma. Although the
tolerable radiation dose is not well known after initial radiation therapy, additional radio‐
therapeutic approaches may yield prolonged disease control in some patients with radiationinduced glioma. The marked chemo and radiosensitivity should be further investigated for
the development of glioma therapy.

5. Conclusion
In case that intracranial and extracranial lesions are treated by standard fractionated radiation
or stereotatic radiosurgery, radiation-induced gliomas should be considered as possible longterm side effect. And the patients should be followed for a long term, even long after the period
of risk for relapse of the primary site has passed.
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1. Introduction
Radiation therapy is used widely for the treatment of diffuse primary and metastatic brain
tumors [1]. Especially for nasopharyngeal carcinoma (NPC), the most common type of cancer
in southern China, radiation therapy is the first-choice treatment and sometimes the only
effective management of the disease. As many as 200,000 patients receive partial large-field or
whole-brain irradiation every year, and the population of long-term cancer survivors keeps
on growing. During treatment, however, some healthy brain tissues are also exposed to the
radiation inevitably, and consequently many patients may experience neurological symptoms
associated with damage to these healthy tissues after radiotherapy. Some of these symptoms
may even last for months or years. This is known as acute and chronic radiation-induced brain
injury (RIBI), also known as radiation encephalopathy (RE). Approximately 100,000 primary
and metastatic brain tumor patients each year in the US survive long enough (>6 months) to
experience RIBI [2]. For example, the incidence of RIBI for patients with NPC in Guangdong
province is up to 3 per 100,000, to our knowledge, 40 times higher than the world average and
is the most common one among head and neck tumor. RIBI includes a series of clinical
manifestations, such as focal neurological deficits, secondary epilepsy, mental and behavioural
disorders, elevated intracranial pressure, and the progressive deterioration of the hippocam‐
pal-associated learning and memory functions [3],which can be especially devastating to
patients and caregivers.
The American Cancer Society center (ACS) stresses that in order to maximize the quality of
life for tumor patients after radiotherapy, the future research should focus on preventing and
curing complications of cancer therapy. RIBI, a common and devastating complication of
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radiotherapy for brain tumor, is now emerging as a major health problem in the treatment of
brain tumor.

2. Pathogenesis
Based on the time between onset of clinical expression and radiation therapy administration,
RIBI has been classified into acute, early delayed, and late delayed injury, which was first
reported by Sheline [4]. Acute brain injury occurs during and/or in days to weeks after
irradiation. Early delayed brain injury occurs 6–12 weeks post-irradiation [5], while some other
researchers consider this time course is 1-6 months [6]. Although both of these early injuries
can result in severe reactions, they rarely occur and normally resolve spontaneously or
reversible after short-term treatment. In contrast, late delayed brain injury, usually developing
6 months post-irradiation, which is most significantly higher than that of acute and early
delayed RIBI, have been viewed as irreversible and progressive continuously due to the
pathogenesis [7].
The knowledge of the mechanisms underlying the RIBI following irradiation is the basis for
improving the therapies and prophylaxes, but it is not wholly clear.
The most direct affecting risk of RIBI is the radiation doses, fractionation schemes, and
adjuvant treatments. [8, 9] Liu Y and Xiao S et al. found that single-dose irradiation at 10Gy
failed to induce any significant effects in young male rats whereas an exposure at 20 to 40Gy
induced acute brain injury at both cognitive and pathologic levels. [10] Zhou H. and Liu Z. et
al. reported that fractionated irradiation of 20 to 40Gy could also induce acute brain injury in
young rats which indicated the role of fractionation schemes. [11] Furthermore, Ruben JD et
al. not only demonstrated the risk of radiation dose and fraction size, but the subsequent
administration of chemotherapy as well. [9]
In general, ionizing radiation can cause RIBI by either direct or indirect way and it is likely
that the successful unraveling of this puzzle will not come true without the basic study of
subtle molecular, cellular, or microanatomic changes in the brain. Hereon, we will discuss the
pathogenesis of RIBI from oxidative stress, nonspecific inflammation, blood brain barrier(BBB)
disruption as well as apoptosis and inhibition of neurogenesis which act alone or accompanied.
2.1. Oxidative stress
It is reported that in the unilaterally irradiated animals, irradiated hemispheres showed
similarly significant changes in oxygenation compared to unirradiated controls. [12]
Due to radiation therapy, the microglia is activated and immune cells begin to infiltrate the
brain. These cells then produce reactive oxygen species (ROS) whose production and detoxi‐
fication are normal physiological processes. Nevertheless, an imbalance between ROS
production and ROS removal may lead to oxidative stress [13, 14].Several components of ROS
can cause damage to cardinal cellular components, such as lipids, proteins, and DNA, initiating
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subsequent cell death via necrosis or apoptosis [15]. Thus, ROS can be contributed to neuronal
toxicity and implicated in both acute injury and chronic neuropathological conditions [16].
Many related molecules have been reported. Jun showed hydrogen peroxide (H2O2)-induced
oxidative stress and apoptosis in HT22 cells accompany by up-regulated expression of p-ERK
1/2, p-JNK, and p-P38 [13]. What is more, the effectiveness of edaravone(a new agent of
ROSscavenger), peroxisome proliferator-activated receptor (PPAR) gamma agonists, and
antioxidants/antioxidant enzymes in preventing or mitigating the severity of RIBI also
provided an evidence of the oxidative stress. [13, 17]
2.2. Nonspecific inflammation
Irradiation can caused an acute endothelial cell apoptosis which lead to BBB breakdown,
chronic hypoxia and peritumoral tissue edema. [18] Meanwhile, nonspecific inflammation
cascades which further promote the microenvironmental changes, radiation necrosis, and
neurogenesis inhibition was activated [19].
Radiation could induce astrocytes proliferation and secrete a great quantity of proinﬂammatory mediators after irradiation, which may aid the inﬁltration of leukocytes into the
brain via blood-brain barrier (BBB) breakdown [20, 21]. Microglias could also be activated by
quantity of irradiation through rapid proliferation, as well as increased production of ROS and
other cytokines which are involved in mediating neuroinﬂammation [22].
Plenty of experiments have found up-regulation of pro-inflammatory transcription factors
after irradiation which constituted the evidence of nonspecific inflammation cascades in the
process of RIBI. Moore, A. H. suggest that radiation-induced changes in vascular permeability
are dependent on cyclooxygenase 2 (COX2), one of two isoforms of the obligate enzyme in
prostanoid synthesis and the principal target of non-steroid anti-inflammatory drugs activity.
[23] Lee et al. found mRNA and protein of pro-inflammatory mediators including tumour
necrosis factor-alpha (TNF-alpha), interleukin-1beta (IL-1beta), and monocyte chemoattrac‐
tant protein-1 (MCP-1) activated significantly in regions isolated from irradiated in rat brain.
[24] TNF-alpha is thought to be able to up-regulate other pro-inflammatory cytokines and
increase BBB permeability, increase leukocyte adhesion, activate astrocytes, and induce
endothelial apoptosis. And the further research demonstrated that anti-inflammation factor
(TNF-alpha) successfully inhibited radiation-induced effects in the local as well as abscopal
region in the brain. [12] Peroxisome proliferator-activated receptor (PPAR) gamma is ligandactivated transcription factor that belong to the steroid/thyroid hormone nuclear receptor
superfamily. And the effectiveness of PPAR-gamma agonists is also a strong demonstration
of nonspecific inflammation. [25]
What is more, radiation could induce the loss of oligodendrocyte type-2 astrocyte (O-2A)
progenitor cell, the most radiosensitive type of glial cell, which leads to transient demyelina‐
tion soon after irradiation. Since all the brain gliocytes including oligodendrocyte, astrocytes
and microglia would participate in the radioactive damage process in different ways and RIBI
is predominated by white matter necrosis and demyelination, the pathological mechanism is
well known as Gliocyte Hypothesis. However, there is conflicting conclusion that the targeted
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anti-inﬂammatory agent has no effect on gliocytes, but can still ameliorate RIBI [26]. Conse‐
quently, pathological mechanism of RIBI cannot be explained so simply by the Gliocyte
Hypothesis despite the large amount of evidence supporting this hypothesis.
Due to the synergistic effect of oxidative stress and nonspecific inflammation after irradiation,
endothelial cell nuclear, blood vessel density, and blood vessel length are vulnerable to have
a reduction. The vascular damage can result in brain ischemia and even white matter necrosis.
[7]. All of this elicited the Vascular Hypothesis. Paradoxically, radiation-induced necrosis has
also been reported in the absence of vascular changes [27]. In addition, the PPARγ agonist,
pioglitazone, and the ACE inhibitor, ramipril, which are believed to prevent RIBI in the rat do
not reverse the reduction in vascular density and length that occurs after fWBI [28, 29].
Therefore, RIBI cannot be completely explained by any single cell or tissue despite a host of
evidence supporting these hypotheses. It is supposed to occur and develop due to active
interactions between the multiple cells. These participating cells are considered to play a
synergistic rather than initial role in the radiation brain injury [30].
2.3. Blood Brain Barrier(BBB) disruption
A number of data from laboratory animals has demonstrated acute BBB disruption which was
initiated by apoptosis of endothelial cells and mediated by the ASMase pathway after
irradiation [18]. As a result, change of BBB permeability has been thought to be the most
sensitive and reliable index for detection of early RIBI. [31] Breakdown of the BBB may also
enhance the effectiveness of chemotherapeutic agents, with the unintended consequence of
contributing to injury of the peritumoral tissue. Liu Y. and Xiao S. et al. found that a singledose exposure at 20 to 40 Gy induced acute brain injury at cognitive is more or less accompa‐
nied with increased brain water content and deteriorated BBB function, though mild
histopathologic alternations were only noticed in the 40-Gy-irradiated rats at 20 days. [10]
Zhou H. and Liu Z. et al. reported disrupted BBB permeability was detected after fractionated
irradiation of 20 to 40Gy in young rats and thus proved that the change in BBB permeability
could be one of the most sensitive and reliable indices of fractionated-radiation-induced acute
RIBI. [11] Besides, increased astrogliosis in the hippocampus could be detected at 4 weeks'
postirradiation for 40-Gy group.
2.4. Apoptosis and neurogenesis inhibition
The pathogenesis of RIBI may also relate to the process of neuronal apoptosis and inhibition
of neurogenesis.
Even gray matter contains neuronal cell bodies which is quite oxygen-dependent, neurons
have been considered radioresistant since they could no longer divide. However, it is reported
that apoptosis occurs in the young adult rat brain after ionizing irradiation and recent studies
also demonstrated that there exists direct radiation-induced damage to hippocampal neurons
with associated cognitive decline. The hippocampus consists of the DG, CA3, and CA1 regions.
Irradiating the hippocampus resulted in an increase in apoptosis in the subgranular zone of
the DG which are capable of both self-renewal and generating neurons, astrocytes, and
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oligodendrocytes [32, 33]. And blocking neurogenesis which was associated with alterations
of microenvironment including disruption of the microvascular angiogenesis and increase in
the number and activation status of microglia within the neurogenic zone can contribute to
the deleterious side effects of radiation treatment. [14]
Neurogenesis is also related to inflammation for the reason that anti-inflammatory drug was
proved to be capable of restoring and augments neurogenesis after cranial irradiation.
[19]However, these changes could also be observed in the absence of demyelination, blood
vessel density alternation and inflammatory cellular infiltration by a doses of ≤2 Gy that fail
to produce these changes [34].

3. Clinical characteristics of RIBI
3.1. Latency
The latency of RIBI exists a long time span. Chandler reported the time interval between the
end of radiotherapy to the onset of RIBI was 1 month to 16 years [35]. JY Qin et al. documented
the latency of RIBI was 3 months to 38 months, median time of which was 21.7 months [36].
We collected data of 130 NPC cases who suffered RIBI post radiotherapy, the latency of them
underwent a large time span from 0 to 32 years, the mean time was about 6 years [37].
Therefore, being focus on the mechanism research to get early differentiation, diagnosis,
explore therapeutic strategies of late delayed RIBI become more and more urgent.
3.2. Clinical features and classification
Acute effects occur during and/or shortly after the radiation exposure and are characterized
by symptoms of fatigue, dizziness, and signs of increased intracranial pressure. The acute
effects are considered to be secondary to edema and disruption of the BBB. Early delayed
effects of post-irradiation and usually show reversible symptoms generalized weakness and
somnolence, partly resulting from a transient demyelination. It is, however, the late delayed
effects that may lead to severe irreversible neurological consequences.
According to the site of involvement and corresponding clinical manifestations, the subtypes
of RIBI were divided into cerebellum type, brain stem and cranial type, cerebellum type and
mixed type.
3.2.1. Cerebral hemisphere type
Focal delivery of one large radiation fraction during radiotherapy can lead to focal injury of
the brain adjacent to the irradiated lesion [38].Clinically, patients present with focal neuro‐
logical deficits, which are often accompanied by focal increased intracranial pressure.
The most common and serious delayed complication of cerebral radiotherapy is cognitive
dysfunction. Take NPC for example, since inferior temporal lobes inevitably expose to the
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radiation, the prominent and earliest seen symptom of RIBI is distinctive cognitive impair‐
ment. Recently, Hsiao demonstrated that nasopharyngeal cancer patients treated with
intensity-modulated radiotherapy (IMRT) had a worse cognitive outcome if >10% of their
temporal lobe volume received a total fractionated dose of >60 Gy than patients who received
< 60 Gy [39]. The feature of cognitive impairment is different from those with Alzheimer’s
disease, it is characterized by decreased verbal memory, spatial memory, attention, novel
problem-solving ability, and even executive function. Patients usually accompanied with
negative emotions including depression, anxiety as well as somatization. Mental disorders
such as stupor state, hallucinations and delusions could also be observed as the injury
progresses [20].
It should be noted that signiﬁcant cognitive impairment can be seen in the absence of radio‐
graphic or clinical evidence of demyelination or white matter necrosis after irradiation [40].
Therefore, conducting cognitive evaluations shortly post-irradiation at regular intervals is
becoming more and more important. Once cognitive decline is detected, no matter whether
there is imaging findings of brain lesions, prophylactic treatment should be given to the
patients immediately. The mini-mental status examination (MMSE), a test to assess global
cognitive function, is relatively insensitive to radiation-induced cognitive impairment [39,
41]. As the cognitive domains that are most affected by brain irradiation is distinct from the
common causes of dementia such as Alzheimer's disease and vascular dementia, current
Radiation Therapy Oncology Group (RTOG) study has established a series of tests that focuses
on the cognitive domains affected by brain irradiation, such as Dutch adult reading test for
assessing intelligence, vline bisection test for perception, visual verbal learning test for memory
and stroop color word test for executive function [42]. The Montreal cognitive assessment
(MoCA) is used to assess different cognitive domains including attention and concentration,
executive functions, memory, language, visuoconstructional skills, conceptual thinking,
calculations, and orientation. Sensitivity and specificity of MoCA application in radiationinduced cognitive impairment has not been reported.
Another most common injury after radiotherapy is unilateral or/and bilateral temporal lobe
edema which might elevate intracranial pressure. If the pathogenesis develops persistently,
the area of edema could expand to the parietal lobes and then cause rapidly deteriorating
clinical course. Signs of increased intracranial pressure such as headache, nausea and vomiting
would get worse progressively. Severe cerebral edema could result in compression of cerebral
peduncle and cerebral hernia, which would lead to hemiplegia and even to death. Once that
occurs, surgical treatment will be needed. Moreover, cerebral edema could at last get lique‐
factive necrosis with formation of cystic spaces. Figure.1
3.2.2. Brain stem and cranial type
It has been reported that each pair of cranial nerve could get involved in injury after irradiation
in NPC patients [43]. Due to the irradiation fields mainly cover the lower part of brain stem,
the last four cranial nerves, glossopharyngeal nerve, vagus nerve, accessory nerve and
hypoglossal nerve, were commonly affected and leading to corresponding clinical manifesta‐
tions, such as atrophy of tongue muscle, dysphagia, dysphonia and dysdipsia. Severe bulbar
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Figure 1. Cerebral edema and atrophy of a 39-year-old female cerebral hemangioma patient. 8 years after the treatment
of gamma knife. Lumps-like abnormal signal was shown in the right-basolateral region, heterogeneous high signal
was shown on T2W, surrounded by low signal, a large fingerlike high signal of the white matter around lesions on
T2W. Cerebral gyrus of the frontal and parietal lobe narrow and cerebral sulcus widen which is the sign of cerebral
atrophy. A.T2WI B. T2WI C.FLARE D.FLARE

palsy may significantly decrease the life quality of patients and sometime is fatal caused by
subsequent lung infection and/or malnutrition [43]. And the frequency of upper cranial nerve
injury increased greatly if the patients have to conduct re-radiotherapy.
Some other common involved cranial nerve is cochleovestibular nerve caused by not only
direct effect of irradiation to the nerve but also the indirect effect of the inner ear damage after
radiotherapy such as secretory otitis media or even intractable suppurative otitis media. The
prime symptoms of disorders of the cochleovestibular nerve are vertigo, tinnitus and pain.
Irreversible hearing loss caused by nerve deafness, conduction deafness and mixed deafness
will happen in the end [43].
Radiation-induced optic neuropathy (RION) is a rare but usually devastating side effect of
radiotherapy for NPC. The most frequent clinical symptoms of RION typically present with
sudden, painless, irreversible vision loss in one or both eyes after radiotherapy, and occur most
commonly from 3 months to more than 9 years after radiotherapy. Liu et al. reported RION in
NPC patients [44]. Ophthalmologic examinations showed flake bleeding in the retina, optic
nerve atrophy and cotton-wool spots. T1-weighted enhanced MRI images showed enhance‐
ment of the optic nerve and optic chiasm in six cases.
One more severe clinical manifestation is syncope. Damage to descending sympathetic nerve
fibers, which anatomically run along the brain stem, may result in hazardous syncope as well
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2.2.3 Cerebellum type
It is the least common type of RIBI. Damage to cerebellum results in edema of cerebellar
hemisphere and leads to symptoms such as vertigo, stumbling, ataxia and other discomfort.
The injury to cerebellum has the same prognosis as that in cerebral hemisphere and eventually
develop into the tonsillar hernia.
3.2.4. Mixed type
It is a combination of two or more subtypes mentioned above.
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4. Value of neuroimaging in RIBI diagnosis
Neuroimaging, including computed tomography (CT), magnetic resonance imaging (MRI)
especially neurological functional imaging technology, provide valuable information in early
diagnosis and differential diagnosis of RIBI. In this paragraph, we will provide a variety of
neuroimaging information to readers. Including not only traditional CT/MRI imaging, but also
proton magnetic resonance spectroscopy (MRS) and iffusion tensor imaging (DTI).
4.1. Computed Tomography (CT)
CT foundings of focal radiation brain edema and necrosis are generally low density, while the
affected white matter is usually symmetric and exhibit no enhancement or irregular peripheral
enhancement with contrast material. The brain lesions would range from small foci near the
frontal or occipital horns to a confluent band extending from the ventricles to the corticome‐
dullary junction. Figure.3

Figure 3. CT founding of a 59-year-old male patient with NPC after radiotherapy for over 10 years. A. cystic liquefac‐
tive necrosis of the right temporal lobe with edema around lesions. B. no enhancement.

4.2. Magnetic resonance Imaging (MRI)
MRI is definitely more valuable for the diagnosis of RIBI than CT. The appearence of finger
like edema and focal necrosis which shows low signal intensity on T1WI and high signal on
T2WI are typical feature of MR imaging in patients with RIBI. Ringlike or irregular enhance‐
ment in the bilateral temporal lobes are also frequently seen on T1WI enhanced MR imaging
while haemorrhage with heterogeneous signals is relative rare. (Figure.4)These findings on
conventional MRI technology are not specific and insufficient to distinguish RIBI from tumor
recurrence or other diseases. Thus various new technologies of MRI are employed to make up
for this shortcoming.
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Figure 4. Radiation necrosis and edema. MRI performed 8 years after radiotherapy of one 54-years-old male patient
with NPC. Necrosis of right-temporal and right-parietal lobe shows low signal intensity on T1WI and high signal on
1 enhanced boundary. Edema of the left-temporal lobe shows finger like low signal intensity on T1WI and
T2WI with
high signal on T2WI with non-enhanced boundary. A. T2WI; B. T1WI; C.T1WI+C

4.3. Proton magnetic Resonance Spectroscopy (MRS)
MRS is used to display metabolite changes in normal appearing white matter after fWBI in the
brain. Brain metabolites are quantiﬁed including choline(Cho), creatine(Cr), glutamate(Glu),
glutamine(Gln), N-acetyl-aspartate (NAA) and lactate. It is reported that NAA, Cr and Cho
change regularly from the center of the visible lesions. In the liquefaction and necrosis foci,
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NAA, Cr and Cho are nearly absent. In the visible lesions, the levels of NAA increase slightly,
while the contents of Cr and Cho decreased obviously. Certain extent away from the visible
lesions, the contents of NAA decrease and the levels of Cr and Cho increase. Farther away
from the lesions, the levels of the three substances gradually become normal. Consequently
the ratios of NAA/Cr and Cho/Cr alter from periphery to the lesion, decrease from a value
above 1 to one less than 1. A ratio of NAA/Cr and Cho/Cr less than 1 may be highly indicative
of nerve and cell structure damage in the brain tissue [45, 46]. In view of this, MRS is supposed
to indentify a larger area of abnormal metabolism in RIBI than visible lesion in MRI, which
makes it possible to detect RIBI in early stage.
4.4. Diffusion Tensor Imaging (DTI)
DTI is a novel way to assess tissue microstructure by measuring the diffusion of water
molecules in three-dimensional (3D) space. It is often applied to distinguish demyelination
from axonal injury within white matter bundle. In a DTI study of childhood survivors after
fWBI for acute lymphoblastic leukemia, fractional anisotropy (FA) decreases signiﬁcantly in
the frontal and parietal lobes related to declines in intelligence quotient [47]. In another study
of adult survivors post fWBI for acute leukemia, FA values reduced obviously in normal
appearing cerebral white matter of the temporal lobe, hippocampus, and thalamus [48]. DTI
is thought to be a promising technique to detect early changes in white matter integrity before
image evidence of radiation-induced demyelination or necrosis. However, the application of
DTI to RIBI is just in its infancy. Figure.5

Figure 5. Delayed RIBI of bilateral temporal. Edema is obvious. Isotropic map shows high signal in the lesion area
which is wider than FLAIR. Anisotropic map shows low signal in the bilateral temporal lobe and white matter fiber of
the normal temporal lobe shows high signal and blurred.
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5. Treatment strategies
Up to now, there has been no proven effective treatment to reverse or terminate the patho‐
genesis brain irradiation injury, which could be particularly devastating to patients and
caregivers since the exact mechanisms of RIBI is unclear. Potential therapeutic strategies to
prevent RIBI will be discussed in this part.
5.1. Glucocorticoids
Glucocorticoids play a vital role in the comprehensive therapy for RIBI. A large number of
experimental and clinical studies have confirmed its polyvalent efficacy of narrowing lesions,
relieving symptoms as well as improving their prognosis by counteracting the radiationinduced vascular endothelial damage and inflammatory cascade [49]. Dispute still remains
over the opportunity, dose and course of glucocorticoid therapy. Many a researchers recom‐
mend maintenance therapy with regular dose for more than 3 months while some others affirm
the effect of early large dosage of corticosteroids for shorter periods [49]. Some patients may
be weaned off after a period of symptomatic exacerbation while in some cases symptoms can
return after steroid cessation and lead to necessitating long-term steroid use. Unfortunately,
the prolonged systemic administration will result in immunosupression, psychiatric distru‐
bances, myopathy and sequelae of endocrinologic compromise such as hypertension, diabetes
mellitus, osteoporosis, weight changes and thickening of facial subcutis [49].
5.2. Antiplatelets and anticoagulation
Radiation induced vascular endothelial injury may lead to subsequent mural thrombosis, thus
antiplatelets may play a crucial part in preventing the RIBI. Currently exsisted antiplatelet
drugs mainly include cyclooxygenase(COX) inhibitors and adenosine diphosphate (ADP)
receptor antagonists. Phosphodiesterase inhibitors, a new type of antiplatelet agents, have
been proved to be protective for intravascular thrombosis after radiation [2].
Another kind of drug to control thrombosis is anticoagulation drugs. It’s reported that the use
of heparin and warfarin lead to partial recovery of function in five of eight patients with
cerebral radiation necrosis when they were proved to be unresponsive to steroid therapy [50].
One case concerning a patient experienced a recurrence of symptoms following discontinua‐
tion of anticoagulation therapy and was reversed again by resuming anticoagulation treatment
[50] demonstrated the limited success of anticoagulation drug. However, this treatment need
to be validated in larger trials before clinical application.
5.3. Reactive Oxygen Species (ROS) scavengers
Edaravone, a new agent of ROS scavenger, has been verified effective in reducing the vascular
endothelial cell injury, inhibiting brain encephaledema and preventing neuronal cell necrosis
[51]. Our clinical trails on 42 NPC patients suffered RIBI has demonstrated that efficiency
(50.0%) and total efficiency (88.9%) in the edaravone administration group were significantly
higher than that in the contrast group (14.3% and 42.9%). After a 4-week treatment, the lesion
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volume on MRI was smaller than before in edaravone group, and the scores of 6 domains, 19
aspects and the overall quality of life in edaravone group were significantly higher than those
in non-edaravone group [52]. However, ROS scavengers have received not so much attention
because they are likely to protect brain tumors to the same extent as they protect normal brain
[2]. Another antioxidant and radioprotective drug is vitamin E. The administration of Vitamin
E significantly reduced the severity of radiation-induced brain damages and increased the
activity of superoxide dismutase and catalase enzymes in the brain. [53]
5.4. Refactoring microcirculation
The butyl-phthalide, a neotype of drugs reforming the microcirculation, has multiple effects
of increasing the perfusion in the ischemia area, protecting the mitochondria from hypoxic
injury, and also reducing neuronal apoptosis. Human urinary kallidinogenase for injection,
another new agent of this type, may be instrumental in vasodilation of brain blood vessels,
increasing haemoglobin in the cerebral blood flow, and also improving glucose metabolism in
ischemic brain tissues [54].
5.5. Reconstructing the nerve function
Radiation injury could destroy the nerve structure and then lead to loss of neuron function.
Therefore neural plasticity is thought to play a vital role in the comprehensive treatment for
RIBI. As our data from animals and humans shows that gangliosides is helpful in promoting
the recovery of nerve function in lesioned brain, spinal cord and also peripheral nerve. A host
of in vivo and in vitro studies also demonstrated that neurotrophic factors are neuroprotective
in radiation-induced nouropathy. Curative effect has been proved in patients with temporal
lobe injury after two-month injection with mouse nerve growth factor, both MR imaging and
cognitive function of them were improved significantly [55].
5.6. Renin–Angiotensin System(RAS) inhibitors
The RAS has been viewed as a classical systemic hormonal system. Recently several intraorgan RAS including a brain RAS have been identiﬁed. The brain RAS is involved in modu‐
lation of the BBB, stress, memory, and cognition. Both angiotensin-converting enzyme
inhibitors (ACEI) and angiotensin receptor blockers (ARB) have been proved effective in
treating experimental radiation nephropathy and pneumopathy [56, 57]. As for their effect on
encephalopathy, studies of Jenrow et al. (2010) show that administration of the ACEI, ramipril
has modest protection against WBI-induced decreases in neurogenesis, but did not modulate
radiation-induced neuroinflammation while other report has different conclusion with a
different timing of chronic administration of theramipril and/or the response after single or
fractionated doses on rodent [58, 59]. Whether all of the drug mentioned above can be useful
for the patient of RIBI remains to be further elucidated.
5.7. Symptomatic treatment
Dehydration medicine such as mannitol and albumin should be given to patients with high
cranial pressure. Antiepileptic drugs (AED) should be chosen according to the forms of
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epilepsy seizures. Serotonin (5-HT) reuptake inhibitors and psychological therapies might be
preferred when anxiety and depression are the cardinal symptoms.
It should be mentioned that there has been no known preventive medications for radiationinduced cognitive impairment in humans, although several pharmacologic agents have been
assessed for symptomatic management [2]. The Wake Forest Community Clinical Oncology
Program Research Base completed a phase II study using 10mg/day of a cholinesterase
inhibitor namely donepezil, which showed signiﬁcant improvement in energy level, mood,
and cognitive function in radiation-induced brain injury survivors [60]. Memantine, an NMDA
receptor antagonist being able to block ischemia-induced NMDA excitation, was proven to be
effective in vascular dementia. Thus it is supposed to be conducive to radiation-induced
cognitive impairment if radiation-induced ischemia occurs after fWBI. Other potential
pharmacological mediators based on preclinical researches suggesting that anti-inﬂammatory
agents could prevent or ameliorate radiation-induced cognitive function. As for anti-inflam‐
matory peroxisome proliferator-activated PPARγ agonists, researchers have found some
evidence that they maight prevent/ameliorate radiation-induced cognitive impairment when
given for only a few weeks after fWBI on rodent [61].
5.8. Surgical management
Surgical resection can be considered when the patient’s necrosis are symptomatic and have no
take a turn for the better after medical treatments. For example, when suffering from large
area-cerebral edema, and the condition progressively exacerbated active medications although
has been given, patients should also be recommended to surgically remove the focal brain
lesions in time when the location is in a region that is surgically accessible. During this process,
the surgeon should avoid incurring additional significant neurologic morbidity. [85]
5.9. Neural Stem Cells(NSCs) therapies
In addition to drug therapeutics, there has been increased interest in the use of various NSCs
therapies. Pioneering researchers directly inject NSCs into rodent brains after WBI and found
it partially restores cognitive function [62, 63]. Interestingly, these NSCs not only differentiate
into neurons, but also oligodendrocytes, astrocytes and endothelial cells that can alter the
hippocampal microenvironment [63]. However, the use of exercise or NSCs transplantation
to prevent/ameliorate RIBI in humans will require considerably more research before it can be
translated to the clinic.
5.10. Organ-sparing approach
To date, one of the strategies to prevent RIBI in the clinic involves organ-sparing approach
which is based on neuroanatomical target theory. Technology has evolved to potentially allow
for selective avoidance of the regions of adult neurogenesis, including the hippocampus and
neural stem cell niche in the periventricular regions. With the help of advanced radiation
techniques, such as 3D conformal image guidance [64], inverse-planned intensity modulated
radiotherapy (IMRT) [65] and proton beam radiotherapy [66], it is expected to reduce the
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occurrence of RIBI by limiting the dose to critical organs and possibly increasing locoregional
tumor control. [67]
5.11. Anti-VEGF antibody
As is mentioned above, the necrosis is partly due to increasing capillary permeability which
is caused by cytokine release leading to extracellular edema. The edema is the most common
pathology of RIBI is just sustained by endothelial dysfunction, tissue hypoxia as well as
subsequent necrosis. Consequently, it is a logical option to block the vascular endothelial
growth factor (VEGF) at an early stage to reduce the development of radiation necrosis and
thus decrease the vascular permeability. After the patient with radiation-induced necrosis was
treated with an anti-VEGF antibody (bevacizumab), the improvement neurologic signs and
symptoms in accordance with the decrease in T1-weighted fluid-attenuated inversion recovery
signals put bevacizumab as a treatment direction for patients with RIBI [68].
5.12. Hyperbaric Oxygen Treatment (HBOT)
HBOT is proven to be able to stimulate angiogenesis and restore the regional blood supply by
reaching the goal of increasing parenchymal oxygen concentration. HBOT treatment has been
demonstrated to be beneficial in pediatric patients with radiation necrosis [69]and in smaller
series and case reports [70, 71]. However, Jun L et al. reported that HBOT treatment did not
reduce visual loss or blindness in patients with RION [44]. As single institution studies vary
widely due to patient selection bias, it would be necessary to conduct more randomized trials
to delineate the true benefit of HBOT. [72]

6. Problems and prospects
Although a great many treatment strategies have eliminated acute and early delayed brain
injury as well as most delayed demyelination and white matter necrosis, radiotherapy is still
carries a risk of RIBI which may seriously affect the life quality of survivors. This risk is further
exacerbated while the patient need to use chemotherapeutic agents at the same time [2].
To get more knowledge about the mechanism of RIBI is the key to the solution. Although many
theories have been proposed, it is likely that the pathogenesis in long term survivors of various
tumors like small cell lung cancer, NPC, low-grade glioma, non-parenchymal tumors, primary
brain tumors and metastatic brain tumors are different just because they were treated differ‐
ently. There is not a solely theory that can be used to fully answer this question.
As a result, it is imperative to detect the pathological change non-invasively as early as possible.
However, there still a lot of difficulties which need to be solved in clinical practice. It is explicit
that the most important issue is to differentiate radiation necrosis and tumor progression.
Fortunately, there are multiple radiological and nuclear medicine techniques available to help
us even these anatomic and metabolic imaging techniques all have inherent limitations in
sensitivity and specificity.

157

158

Molecular Considerations and Evolving Surgical Management Issues in the Treatment of Patients with a Brain Tumor

Researchers all over the world have tried hard but have had only modest success in modulating
RIBI to date. However, the future looks promising since we have attached importance to RIBI
and find some innovative treatments such as the NECs or anti-VEGF therapy which can be the
alternative offer [72].
Over the next decade, we will continue paying more attention to the investigation that how
radiation-induced brain injury develops and how it can be treated [2].
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1. Introduction
The use of endoscopic techniques for the treatment of anterior skull based tumors has seen
and exponential rise over the past 15 years. As a result of this rapid growth newer more
powerful endoscopic systems with better surgical instruments have been developed which
has increased the armamentarium and further broadened the scope of potentially treatable
lesions [1,2]. However, even with these newer systems as well as angled surgical telescopes;
visual lines of sight and normal anatomical structures can still hinder visualization. In addition,
the steep learning curve associated with this type of procedure as well as the loss of the normal
surgical feedback such as direct 3d visualization and tactile feedback also increase the
challenges associated with such procedures. Therefore, in many cases it may be difficult to
determine when the surgical goals of complete resection or safest maximal debulking have
been obtained. The addition of advanced intraoperative imaging with intraoperative MRI or
O-Arm (Medtronic, Minneapolis, MN) technology to some of these cases enables surgeons to
obtain radiographic feedback during the procedure and thus further assess their work and
adds another factor into surgical decision making [3].
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2. Surgical corridors and types of lesion approaches treatable with extended
endonasal approach
The treatment of both benign and malignant lesions of the anterior skull base can be performed
with this approach. This technique requires a team approach with an ENT and neurosurgeon
who both must be experienced in endoscopic principles, skull base anatomy and have a vast
understanding of all potential treatment options[1,2,4-6]. An enormous learning curve exists
not only for performing the surgical approach but also for dissection and removal of the lesion
and subsequent reconstruction of the surgical defect and complication avoidance. Most
authors have reported this learning curve with much higher complication rates in the earlier
portions of their series[1,6-8]. We like most other teams have modified and fine-tuned our
technique as we have continued to gain experience. Most authors recommend starting with
straight forward midline lesions (figure 1.) and then broadening their technique to more
challenging and invasive para-midline lesions as their comfort level and experience grows. In
addition, the inclusion of frameless navigation systems and even more modern advanced
imaging techniques such as O-Arm and intraoperative MRI also improve the safety and
broaden the scope of lesions that may be amenable to such treatment approaches.

Figure 1. Intraoperative photograph from endoscopic endonasal approach to a small midline pituitary tumor, after
straightforward midline approach and bone removal illustrating exposed sellar dura.
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Lesions from the crista galli all the way down to the body of C2 can be treated with different
variations of this approach[1,2,6,8-11]. Superiorly the medial orbits serve as a lateral limit on
exposure [6]; however, more advanced techniques utilizing an oculoplastic surgeon and a
small conjunctival incision can even expand this border (figure 2.). Traditionally the carotid
arteries served as the lateral extent at the level of the sella [6,10]; however more advanced
techniques now allow lateral exposure all the way to the infratemporal fossa [2,5].

Figure 2. Preoperative axial T2-wieghted preoperative MRI showing primary sinus melanoma with left orbital com‐
pression in an 86 year old gentleman. Patient underwent endoscopic removal with aide of a small subconjunctival inci‐
sion for palliative debulking of the lesion without globe removal.

Studies comparing endoscopic techniques with more traditional transcranial procedures have
found either equivalent or superior results with endoscopic approaches[7,8]. However,
limitations with endoscopic techniques continue to exist. These include anatomical con‐
straints that may place major neural or vascular structures ventral to the pathology and thus
increase the surgical risks and minimize utility. Limitations in visualization have been overcome
with newer endoscopic lighting and camera systems. The 2 dimensional view with endoscop‐
ic techniques may create some challenges; however, experienced surgeons have learned to
accommodate to these limitations. Newer 3D systems will soon become readily commercially
available and as these systems evolve will likely overcome this limitation all together. Hemosta‐
sis and repair of postoperative CSF leaks have been the two most challenging aspects of these
procedures [1,2,6,8,10,12]. Various commercially available products and surgical nuances can
be used to overcome many of the challenges with hemostasis. In addition, vascular lesions are
approached from the ventral side of dural involvement thus allowing devascularization of the
lesion prior to any tumor manipulation or debulking. Control of postoperative CSF leaks
deserves special mention and will be discussed below. Finally, the method of tumor removal
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must be modified to safely perform these techniques. While en bloc resection may be possible
for small midline lesions this is not safely feasible for the majority of tumors. This becomes
especially important in the realm of malignant tumor management where the historical standard
has always been en bloc resection with negative margins. Even though this may be the goal,
studies have shown that this in actually only obtained in 70% of cases of “open” resections for
these lesions [13,14]. There is no convincing evidence to prove that a less invasive piecemeal
resection portends to a worse prognosis and studies in this area are lacking [8].

3. Complications associated with EEA
Major neurological complications following this type of procedure are rare. They are typically
related to either damage to major vascular structures or perforating vessels, optic nerve and
chiasm or cranial nerves [1,2,4-8]. New or worsening visual symptoms are rare and their
occurrence varies considerably based on pathology. Intraoperative monitoring of cranial nerve
3, 4, 6 may minimize the risk of damage to these structures.
Unlike transcranial approaches there is no skin incision or autologous bone flap, thus the risk
of wound infection is almost entirely eliminated [7]. During the early experience with this
exposure the concern for operating through a contaminated nasal corridor and the associated
risk of meningitis or intracranial abscess was an enormous concern; however, experience has
shown that this risk is minimal and usually limited to the setting of postoperative CSF leakage.
In fact most authors recommend standard perioperative gram positive antibiotic coverage
(cefazolin, clindamycin, vancomycin) for 24-48 hours [1,2,4,7]. In addition, because the
pathological process is approached from the ventral bone interface, brain retraction and
manipulation is minimal in these procedures. Therefore the risk of postoperative seizures,
cognitive or other detrimental neurological changes from brain retraction and manipulation
are almost entirely eliminated.
3.1. Postoperative CSF leaks
The creation of postoperative CSF fistulas has been one of the most challenging limitations to
overcome with these techniques. Direct repair with suturing is not possible because of the deep
surgical corridor and limited lateral exposure. Rates of postoperative CSF leakage vary
between (0%-30%)[15-19]; and most surgeons have shown a direct relationship to experience
with higher rates early on in their series despite progressing to more complex and invasive
modifications of this procedure as their experience grew [1,2,4,6-8].
To try to prevent the occurrence of these events numerous reconstructive procedures have
been attempted. These include the use of various autologous, allogenic and synthetic sub‐
strates from abdominal fat, fascia lata, nasal mucosa or turbinates, temporalis muscle, peri‐
cardium, and synthetic dural substitutes. In addition, bone reconstruction has been attempted
with various autologous and synthetic commercial substances. These implants may be inserted
as inlay or onlay grafts as well as the “gasket seal” techniques [20]. The addition of biological
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sealants such as Tisseal (Baxter Bioscience, Deerfield, IL) and DuraSeal (Integra, Plainsboro,
NJ) are often commonly used as well.
A recent advancement has been the use of vascularized nasoseptal flaps [1,2,6,7,10,12]. These
flaps which are typically developed at the beginning of the procedure prior to bone removal
to reduce the risk of damage to the vascularity, have significantly decreased the risk of
postoperative CSF leaks in cases where opening of the dura and arachnoid is anticipated [6].
A complete understanding of the vascular anatomy of this region is required to ensure that
adequate vascularized tissue is available for reconstruction at the end of the procedure.
Harvesting of such grafts lengthens surgical times only slightly but does increase postoperative
nasal crusting and discomfort. Typically the septum is remucosalized by 3 months [6].

4. Combination of endoscopic techniques with advanced imaging
technology
Despite the fact that endoscopic techniques may actually improve illumination and visualiza‐
tion over conventional microsurgical techniques there are many instances where it may be
difficult to determine whether or not the surgical goals have been obtained. The use of angled
(30, 45, 70 degree) telescopes can help surgeons evaluate around corners but not through objects.
The surgical goals vary from case to case and depend on patient age, comorbidities, preopera‐
tive neurological status and pathology. While gross total resection may be the goal for most
procedures in some lesion debulking for symptom control followed by stereotactic radiosur‐
gery to the capsule may be the safest approach to minimize surgical morbidity (figure 3).

Figure 3. Sagittal T1-weighted post contrast preoperative, first intraoperative and second intraoperative MRI in 78 year
old myelopathic gentleman with clival meningioma with significant brainstem compression. The surgical goal was to
debulk the lesion leaving a small capsule however endoscopically it was difficult to determine how much residual tu‐
mor persisted behind the pituitary gland which is clearly seen on the middle image. On the final image the capsule can
be seen falling away from the diencephalon and chiasmatic region.
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O-Arm (Medtronic, Minneapolis, MN) and similar technologies may be useful in defining bone
anatomy during some very complex procedures. The lack of tissue differentiation makes this
technology very limiting for determining the extent of tumor removal for most cases. We have
found this extremely useful in verifying adequate surgical results in cases of basilar invagi‐
nation treated with the EEA. Following what is felt to be complete resection of the compressive
pathology imaging can be obtained to verify the actual surgical results (figure 4). In addition,
this technology can also be used in cases where more lateral temporal bone removal is required
to verify actual bone removal prior to dural opening and tumor resection.

Figure 4. Preoperative Sagittal T1-weighted MRI and axial CT scan; and axial post midline decompression O-Arm im‐
age (sagittal reformatted images show complete decompression from clivus to C2/3 level) in 44 year old myelopathic
female with platybasia and basilar invagination with brainstem compression, treated via endoscopic approach with OArm assisted navigation.

Another more common technology is the use of Intraoperative MRI. This technology has been
extensively utilized for endoscopic removal of pituitary tumors for more than ten years [3,21].
We have found this exceptionally helpful in cases of giant pituitary tumors (figure 5) and other
skull base cases such as meningiomas and craniopharyngiomas (figure 6). Following comple‐
tion of resection imaging can be performed and then additional tumor resection can occur if
significant residual is appreciated on these scans. Extreme care must be used in interpreting
these results as surgical induced changes on peritumoral structures or capsule can mimic
significant residual tumor in some instances.
We have found intraoperative imaging helpful in cases of large pituitary macroademonas
where the capsule/diaphragm fails to prolapse into the field (figure 7). Imaging can be
performed to determine the degree of residual tumor and decide whether opening the capsule
and proceeding with extracapsular dissection is warranted. Finally, in cases where surgical
debulking may be the primary goal intraoperative imaging can be performed to ensure that
adequate results are obtained.
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Figure 5. Post contrast T1-weighted sagittal and coronal preoperative (upper) and intraoperative (lower) images from
a patient with a giant pituitary macroadenoma.
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(a)

(b)

Figure 6. Post contrast T1-weighted preoperative and intraoperative Sagittal (a.) and axial (b.) images in 12 year old
female with giant polycystic Craniopharyngioma with 2 cm enhancing nodule. iMRI was helpful in determining com‐
plete removal of enhancing nodule and drainage of all major cyst compartments following endoscopic midline ap‐
proach from posterior ethmoids to clivus, working above and below pituitary gland, air visualized on intraoperative
images was irrigated out of ventricles prior to closure.

Minimally Invasive but Maximally Effective Treatment of Anterior Skull Based Tumors — The Combination of...
http://dx.doi.org/10.5772/59051

Figure 7. Post contrast sagittal preoperative and intraoperative sagittal MRI scans for a 76 year old female with a large
pituitary macroadenoma, tumor capsule failed to prolapse into field during resection, visual inspection following
imaging showed mostly blood products with a small amount of residual tumor along the superior aspect, given the
patients age and preoperative visual status it was decided that a more aggressive resection was not in the patients best
interest.
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1. Introduction
It has long been believed by many neurosurgeons that maximizing tumor resection improved
patient outcome for patients with high-grade gliomas. Over the past decade the impact of
maximizing tumor resection has been clearly shown to be a favorable prognostic factor in the
treatment of many types of brain tumors in clinical studies [1-11]. This holds true not only for
GBM and other high-grade gliomas but also for lower grade lesions as well [11-13]. In addition,
complete tumor resection has also been long known to be potentially curative for many
“benign” intracranial lesions such as meningiomas and pituitary tumors with much higher
rates of progression free survival for these types of lesions when complete resection has been
performed [14].
Even for the most experienced surgeon visual inspection and surgical judgment are not enough
to determine when complete resection has been obtained [3,15,16]. Too little resection increases
the chances for earlier recurrence and disease progression and overly aggressive resection
leads to an increased risk of potential neurological and cognitive deficits. As a result of this
many technological advances have been developed to try to assist the surgeon with determin‐
ing when complete resection has been obtained. These developments included intraoperative
ultrasound, frame based and frameless navigation systems, intraoperative MRI, and intrao‐
perative fluorescence with 5-aminolevulinic acid (5-ALA).
In addition, the utilization of awake mapping procedures also allows surgeons to maximize
tumor resection by enabling them to monitor the patient’s neurological status (motor or
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speech) throughout a resection. This real-time feedback enables surgeons to maximize tumor
resection in lesions near eloquent cortex while minimizing the development of neurological
deficits [17].

Figure 1. T1 Weighted post contrast preoperative and intraoperative MRI scans illustrating complete resection of a left
parietal GBM

2. Literature review of positive prognostic effect for extent of resection
(EOR)
One of the original studies to clearly show a survival advantage for extent of resection was a
large retrospective endeavor by LaCroix and the MD Anderson Group [1]. They showed a
survival advantage for extent of resection greater than 90% and an even greater advantage
when resection was over 97%. A 2012 review by Sanai found five studies which used volu‐
metric imaging to compare pre and postoperative MRIs for the EOR of contrast enhancement
for patients undergoing surgical treatment of primary GBM. Three of these studies showed a
survival advantage of between 2-8 months for patients undergoing complete resections
compared to subtotal resections [18]. He also found that seventeen out of twenty eight
nonvolumetric studies also found a survival advantage for extent of resection on univariate
analysis [18]. Fourteen of these twenty eight studies also performed multivariate analysis to
attempt to control for patient age, KPS and other factors. All fourteen of these papers found
extent of resection to be a positive prognostic factor using this type of analysis [18].
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In 2011 Sanai et al. [2] published a retrospective review evaluating extent of resection from a
retrospective series of 500 consecutive newly diagnosed GBM patients treated at the University
of California San Francisco Brain Tumor Center. Not only did they find a survival advantage
based on extent of resection; but they also showed that a resection threshold greater than 78%
was associated with a significant survival advantage. Although this study was retrospective
in nature, the large patient volume adds significantly to its importance and illustrates that even
in cases where complete resection may not be deemed safe that a significant debulking of
greater than 78% likely conveys a survival advantage versus less aggressive resections [2].
Finally Marko et al. [19] recently published another retrospective review of 721 primary GBM
patients treated at MD Anderson. They used an Accelerated Failure Time computer modeling
system to evaluate the effects of various parameters on patient outcome. They once again
showed a significant survival advantage for patients based on extent of resection. Unlike
previous studies they felt that there was an advantage across all levels compared to biopsy
alone and therefore felt that surgery should not be withheld based on preoperative assump‐
tions of only obtaining a subtotal resection. In addition, they also showed the strength of such
systems in reliably modelling outcome based on numerous patient and treatment parameters
and suggest possible uses for this system in determining personalized outcome models as well
as more appropriately stratifying patients for future clinical studies [19].

3. Elderly patients with GBM
At many institutions older patients with GBMs are not treated as aggressively as their younger
counterparts. Part of this problem is associated with higher rates of medical comorbidities
which may make more aggressive surgical interventions riskier. However, another bias is the
belief that elderly patients will not tolerate more aggressive procedures and subsequent
adjuvant treatments. Osvald et al. [20] performed a retrospective review of a large prospec‐
tively collected database to evaluate the impact of patient age on treatment. They found that
72% of patients younger than 65 were treated with resection vs. 55% of the older patients
(p<0.001). Elderly patients had lower KPS and significantly more medical comorbidities.
However, of the patients undergoing resection there was no statistical difference in the percent
that had gross total resection when the two groups were compared. Elderly patients had a
significantly decreased overall survival (9.1 months vs. 14.9 months), but subgroup analysis
of patients undergoing resection showed no difference in overall survival based on age (13.0
months for elderly vs. 13.3 months in younger patients) [20].
Grossman et al. [21] evaluated the effect of age on a group of patients undergoing awake
craniotomy for high-grade gliomas. They found perioperative morbidity (3.3% vs 0.59%) as
well as length of stay (6.6 vs 4.9 days) higher in the elderly group (age >65 years). The EOR
was not significantly different between the two groups (77.25 vs 81.9%).
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4. Recurrent GBM
The value of extent of resection for patients with recurrent GBM is even more difficult to
determine. Part of the issue in evaluating these patients is secondary to the bias created in
evaluating patients who are candidates for surgery, as less than 30% of patients are typically
deemed candidates for additional surgery. Factors in determining surgical eligibility include
patient performance, tolerance to previous treatments, patient wishes, and tumor factors such
as timing, size and location of recurrence [2,22-26].
Subgroup analysis of the Lacroix [1] paper showed a survival advantage for patients with
recurrent GBM who had maximal tumor resection at time of recurrence. In addition Bloch et
al. [7] evaluated the importance of extent of resection at the time of repeat surgery on a group
of 107 patients who underwent multiple resections at USCF. They found that if patients had
gross total resection at time of initial surgery than the extent of resection at recurrence did not
affect outcome; however, in patients who had subtotal resections at time of initial surgery than
the extent of resection at time of recurrence did impact overall survival. In addition, they found
that in patients who had an initial subtotal resection had a complete resection at recurrence
than there was no difference between them and patients who had complete resection initially
and were candidates for additional surgery regardless of extent of resection [7].
Oppenlander et al. [22] published results of 170 patients who were treated with recurrent GBM
at Barrow Neurological Institute. They found a distinct survival advantage based on an extent
of resection of 80% or greater in these patients. The median interval between initial and
subsequent surgery was 8.6 months (range 1.1-93.1 months) [22]. While these data do once
again show level 3 data of a survival advantage for these patients it is important to approach
this subgroup of patients with great care. First of all, early recurrence (less than 4-6 months)
should be approached with great hesitancy. Many of these patients harbor “treatment effect”
or pseudo-progression which can be managed medically in most of these patients. Secondly
patients who have true progression in this very short time frame often have very aggressive
tumor subtypes and are likely to progress despite further surgical interventions. My personal
practice is to typically withhold additional cytoreductive surgery in patients who have disease
progression prior to 6 months unless surgery is planned as a salvage intervention for symptom
management in an otherwise healthy individual, for tissue diagnosis, or to obtain tissue for
enrollment in a clinical trial. Finally, the incidence of wound healing and neurological
complications is much higher in this patient population. The Barrow group [22] reported
preoperative motor and language deficits in 33 and 31% respectively. Additionally they found
new or worsened deficits in 19% and 13% postoperatively at one week which only decreased
to 15% and 9% at one month [22]. These lesions are not curable and thus patient quality of life
is of paramount importance. Every effort should be made to minimize neurological worsening
in this patient population and thus judicious evaluation should be performed when deter‐
mining who is a candidate for additional cytoreductive surgery.
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(a)

(b)

(c)

Figure 2. Post contrast axial and coronal T1-weighted images of recurrent GBM, A. Preoperative; B. First intraoperative
(showing residual tumor along the lateral wall); C. Second intraoperative MRI scans

181

182

Molecular Considerations and Evolving Surgical Management Issues in the Treatment of Patients with a Brain Tumor

5. Low grade gliomas
Once again in Sanai’s 2012 review [18] he found three papers which evaluated EOR for low
grade gliomas using volumetric analysis and all three of these showed a significant increase
in 5 year survival. He also reviewed eight nonvolumetric studies and once again found an
advantage in five year survival in 7 of these 8 studies. Five year survival was shown to increase
from 50-70% in cases with subtotal resection to 80-95% in total resections.
Several recent studies have also shown that increasing the extent of resection in low grade
gliomas may also decrease the rate of malignant transformation in these tumors. Typically
only pilocytic gliomas and other infrequent subtypes such as Ganglioglioma can be cured with
complete surgical resection. For the remainder of these lesions recurrence and often progres‐
sion to a higher grade lesion is the norm. Smith et al. [11] in their review of 216 low grade
lesions found that increased EOR was associated with increased malignant progression free
survival (MPFS). However, Snyder et al [12] reviewed the impact of EOR on overall survival
and MPFS in 93 pure grade II oligodendrogliomas treated at their institution. They found that
an increased EOR was associated with an improved OS but did not influence the rate or timing
of progression in these patients as MPFS was not influenced by EOR [12].

Figure 3. Axial T1-weighted preoperative and intraoperative scans showing low-grade non-enhancing tumor with re‐
sidual tumor positioned next to atrium on intraoperative scan, that was subsequently resected.

6. Methods to increase extent of resection
Despite the growing body of evidence leaning towards significant survival advantage in both
low and high grade gliomas, complete resection is often only obtained between 17-47% of cases
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[1,27-33]. Numerous intraoperative adjuncts have been trialed to help increase the EOR in these
procedures. Intraoperative frameless navigation is a mainstay in most North American Brain
Tumor Centers. This technology which is based on a preoperatively obtained imaging set has
been shown to be ineffective in increasing the EOR in a prospective randomized trial [34].
Upon opening the dura and proceeding with CSF drainage and tumor resection considerable
brain shift can occur which makes the information obtained from preoperative datasets
inaccurate (figure 4)[35].

Figure 4. Axial T1 weighted intraoperative MRI scan illustrating the extreme degree of brain shift that can occur with
opening the dura, drainage of CSF and tumor resection.

Orringer et al. [27] evaluated patient and tumor characteristics that might effect EOR in GBM
patients. Interestingly they found that based on postoperative MRI scans complete resection
was obtained in only 17% of cases despite the surgeon’s belief that GTR had been obtained
based on intraoperative assessments. They also found that larger tumors, lesions touching the
ventricles and lesions in or near eloquent cortex were associated with lower extent of resection
[27]. Of the 17 cases where complete resection was felt to be possible based on blinded review
of two experienced surgeons this was only obtained in four patients (23%)[27]. This study
clearly shows that the surgeon’s impression alone is not enough to maximize tumor resections
for these patients.
6.1. Ultrasound
Ultrasound was introduced as a surgical tool in the 1960s. This technology which typically
utilized low frequencies was extremely limited secondary to poor image resolution and
cumbersome intraoperative probes. The sensitivity and specificity of findings was limited
especially for highlighting small tumor remnants or differentiating tumor from edematous
brain. In addition, it was even more difficult to differentiate tumor from surrounding normal
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brain in low grade gliomas [36,37]. However, newer developments in ultrasound technology;
with the use of higher frequency devices, has created a recent resurgence in this technology.
New smaller light-weight probes can be placed within a resection cavity and give a much better
spatial resolution of surrounding areas. The use of higher frequencies improves image
resolution however this has a tradeoff of lower tissue penetration [38]. Serra et al. [38]
performed a retrospective review of 22 patients with high grade lesions (mixed pathology)
who they felt to be good candidates for gross total resection based on preoperative imaging
findings. High frequency intraoperative ultrasound was used for all patients. They found that
21 of the 22 patients had gross total resection of the enhancing lesion on postoperative imaging;
however, as the study was retrospective they were unable to determine how many patients
underwent additional imaging based on ultrasound findings.
6.2. Fluorescence guided resections
5-aminolevulinic acid (5-ALA) is an orally administered pro-drug which is metabolized
intracellularly to protoporphyrin IX which gives off a red-violet fluorescent signal to blue light.
This agent preferentially accumulates in certain tumor types and thus can be used to help
differentiate tumor from normal surrounding brain tissue [39]. The oral agent is administered
3 hours prior to surgery and then the operative field can be intermittently interrogated for
evidence of fluorescence throughout the procedure by switching back and forth between white
and blue light on the operative microscope.
Several prospective studies have been performed evaluating the benefits of 5-ALA in patients
undergoing surgical resection of high-grade gliomas [39]. Stummer et al [40] performed a
phase IIIa prospective study evaluating the impact of this technology on patients with highgrade gliomas. The study was terminated early because interim analysis showed a significant
benefit in the study arm. Gross total resection was seen in 65% of patients in the 5-ALA arm
vs. 36% in the control group [40]. The utility of this technology only seems beneficial in patients
with high-grade lesions as significant accumulation has not been shown to occur in low grade
gliomas [41,42].
6.3. Intraoperative MRI
Intraoperative MRI (iMRI) was first used in Boston in the mid 1990’s. Since then numerous
revisions and variations of the technology have been performed. While significant expansion
in the number of centers with this technology has occurred in the past decade, cost is still the
limiting factor. The current technology can be divided into two categories based on magnet
strength. Low field systems such as the original 0.5 Tesla GE Signa SP (GE Medical Systems,
Milwaukee, WI) the 0.12 Tesla Odin Polestar table mounted system (Odin Technologies,
Yokneam, Israel); versus high-field systems which consist of 1.5 or 3.0 Tesla magnets. The highfield systems all require cessation of the surgical procedure for imaging. Two subgroups exist
in this category. One in which the magnet is moved from a storage facility into the operating
theater via an overhead crane system (IMRIS Inc., Winnipeg Canada) and the other in which
the patient is moved from the operating theater into an adjacent ferrous free imaging zone
(figure 5). This use of this technology allows for intraoperative imaging for evaluation and
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confirmation of the anticipated surgical results. In addition, it also allows for intraoperative
updating of the navigation system to offset the changes that result from tumor resection and
brain shift. Each system has its own advantages and tradeoffs in terms of cost, ease of use and
image resolution [43].

Figure 5. Various Intraoperative MRI concepts (clockwise from top left: GE Signa SP double doughnut, IMRIS mobile
ceiling mounted system (scanner moves to patient), GE hybrid OR concept (inset shows close up of scanner; patient
moves to scanner), Odin table mounted system.

I [44] previously reviewed the results for treatment of GBM using the older GE Signa SP system
at Norton Healthcare (Louisville, KY) and found that additional surgical resection was
performed in 71.4% of cases based on intraoperative imaging results. The average EOR in this
patient group was 93.7% and was limited secondary to tumor location and vascular anatomy
in cases where EOR was less than 95%. Numerous other authors have shown the value of such
systems in increasing EOR [15,16,45-50].
Senft [6] performed a randomized controlled study looking at the utility of iMRI for treatment
of gliomas. All patients were felt to be candidates for complete resection based on preoperative
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imaging findings. Patients were randomized to undergo surgery with conventional microsur‐
gical techniques vs iMRI using the Odin Polestar system. In the study group the use of iMRI
led to additional tumor resection in 33% of patients with 96% of patients in the iMRI group
obtaining complete resection vs 68% in the control arm. Six month progression free survival
was 67% in the iMRI group compared to 36% in the control arm (p<0.05).
Roder et al. [51] compared a group of 117 patients treated with iMRI (IMRIS Visius System)
vs. a control arm treated with microsurgical techniques plus 5-ALA in some patients. 5-ALA
was used in 70% of iMRI patients and 60% of patients in the control arm. Complete tumor
resection was seen in 74% of the iMRI group vs 34% for the conventional group. Subgroup
analysis of the control group showed that complete resection in the conventional group
increased to 45% and mean residual volume decreased for patients who had 5-ALA fluores‐
cence as part of their procedure.
These studies all show a significant advantage for the use of this technology not only for highgrade gliomas as outlined above but also for low-grade gliomas and pituitary tumors
[16,43,52-54]. However, despite the use of this technology complete resection is sometimes still
not possible. This can be secondary to tumor location in or near eloquent cortex, tumor adjacent
to the ventricle or tumor extending into deep or midline structures or associated around major
vascular structures[27,35,55,56]. Image interpretation during intraoperative procedures can
also lead to its own challenges. Tissue can become distorted and damaged secondary to
surgical trauma. This can lead to a disruption of the blood-brain barrier and thus increased
contrast enhancement. In addition, blood products and air in the surgical cavity can also distort
the imaging findings [35,43,44]. Finally the administration of contrast agents for preoperative
navigational studies the morning of surgery can also affect intraoperative imaging results. As
a result of these issues we routinely review all intraoperative imaging scans alongside an
experienced neuroradiologist in the iMRI control room during all procedures. Intraoperative
scans are directly compared to preoperative studies and when necessary any areas of ques‐
tionable residual tumor are directly investigated after the new dataset is downloaded to the
navigation system. Careful review of the imaging findings are necessary as overly aggressive
resections can lead to increased risk of new neurological deficits.

7. Awake mapping techniques
Regardless of the surgical techniques used for tumor resection the goal for extensive tumor
removal must always be tempered with the potential risk of inducing new or worsened
neurological injuries, as the patients postoperative neurological status is strongly correlated
with overall outcome. For lesions located in or near motor or speech centers intraoperative
mapping via electro-cortical stimulation can effectively identify these eloquent areas.
Newer developments in preoperative imaging such as functional MRI (fMRI) and diffusion
tensor imaging based fiber tracking (DTI-FT) can help to grossly localize the location of
eloquent cortex and their corresponding deep white matter tracts; however the accuracy of
exact localization is more reliably determined with intraoperative cortical and subcortical
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mapping techniques [57-64]. A meta-analysis of over 8000 patients who underwent craniotomy
for resection of intracranial glioma showed that patients who underwent intraoperative
mapping had a greater than two fold reduction in permanent neurological deficits [65].
Motor mapping can be performed either with the patient awake or under general anesthesia
(without muscle paralysis) while speech mapping requires the use of an awake anesthesia
technique at least during the mapping portion. Remifentanil and propofol or dexmetomidate
infusions are often used for these procedures as they have very short half-lives [17,55]. The use
of longer acting narcotics should be minimized as patients can become agitated and unco‐
operative with the over use of sedatives or narcotics. In addition an extensive local field block
of all regional nerves with a combination of a short and long-acting local anesthetic also helps
significantly with patient comfort and cooperation [17]. Patient selection is of paramount
importance as patients with severe edema, or significant pulmonary or airway issues may not
tolerate such a procedure. Time should be taken with the patient preoperatively to address
and concerns and thus minimize anxiety as well as to prepare the patient for their involvement
for the procedure. Complete details regarding the anesthesia for this technique are available
elsewhere [17,55]. I prefer to conduct all of my mapping procedures with an awake technique
regardless of whether speech function is being interrogated as having the ability to converse
with the patient and readily assess their neurological function is as important as localizing the
area of eloquent cortex. I have my anesthesiologist or operating room nurse regularly assess
the patients motor function throughout tumor resection, if speech cortex is involved we
routinely employ the assistance of a trained speech and language therapist who also assists
the patient in carrying on a conversation during tumor resection after mapping and stimulation
have been completed.
Mapping is routinely performed using a bipolar stimulation probe with 5 mm spacing between
the electrodes. Stimulation is performed at increasing amplitudes until a positive result in
encountered or after discharges are seen on electrocorticography or a upper threshold limit is
reached. The use of surface EEG is of great importance as it can minimize the risk of generalized
seizure activity induced by the stimulation and can verify that the stimulation system in
functioning adequately. A constant current generator is used to provide square biphasic wave
pulses for 1-4 seconds at 60Hz frequency (figure 6) [17,55,66]. Unlike epilepsy surgery where
positive stimulation results are almost always obtained the growing trend among tumor
surgeons is to perform smaller more tailored craniotomies for these cases. In these instances
negative stimulation results (with appropriate artifact on surface recordings) can be interpret‐
ed as absence of eloquent tissue [18]. Most authors recommend keeping a border of at least
0.8-1.0 cm of tissue between resection site and any site showing positive stimulation results
[17,18,55,66].
Subcortical stimulation can be performed using the same equipment and settings. The surgeon
must frequently alternate between deep white matter tract stimulation and tumor resection.
Resection is continued until either positive stimulation results are obtained or complete tumor
resection has been achieved. Higher rates of postoperative neurological deficits have been
shown in cases where positive motor stimulation is obtained during subcortical mapping,
likely secondary to manipulation in close proximity of these pathways [55,67].
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Figure 6. Picture of intraoperative mapping case; #1 corresponds to area of lower extremity stimulation, #2 hand stimu‐
lation, #3 face stimulation, lesion is seen just anterior to #2 on surface of the brain.

In appropriately selected patients awake mapping procedures can be performed safely with
minimal patient anxiety or discomfort. The information obtained from mapping and intrao‐
perative neurological assessment allows the surgeon to make a well informed decision
regarding the safety of continued resection vs. the risk of inducing new neurological deficits
(figure 7).

Figure 7. Preoperative and intraoperative axial T1-weighted post contrast scans; subcortical stimulation was positive
along the lateral and posterior border of the resection cavity thus a portion of the tumor was not resected.
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8. Conclusion: Combining technologies to obtain maximal safest results
I and several other authors have had experience combining several of these advanced tech‐
nologies together for the treatment of high risk patients undergoing treatment of intracranial
gliomas [44,45,56,68]. Select patients with lesions near or in eloquent cortex can undergo awake
mapping procedures with frequent neurological assessment to ensure the absence of gener‐
ating new neurological deficits. Intraoperative imaging can be performed once maximal tumor
resection has been performed to verify that the anticipated results have been obtained (figure
8). If significant residual tumors remains than the surgeon can immediately determine whether
further resection is deemed safe and continue with additional tumor removal while constantly
assessing the patients function or evaluating subcortical stimulation results. In cases where
the patient may be sedated but not intubated than transport of the patient into the scanner
does carry additional risks as the anesthesiologist has even more limited access to the patient
and their airway during imaging; however, I am unaware of any serious complications as a
result of performing iMRI on a mildly sedated non-intubated patient.

Figure 8. Preoperative and intraoperative axial T1-weighted post contrast images showing complete resection of a pos‐
terior left temporal lesion that was removed using an awake mapping technique in the intraoperative MRI.

One of the main drawbacks of the current high-field iMRI systems is the time required for
patient transport and scanning. For a majority of our cases we conduct only a single intrao‐
perative scan, typically if any residual tumor exists than further resection is performed based
off of updated neuronavigation results. In a minority of cases, typically those with large
volumes of residual tumor on the first scan, than a second confirmatory scan is performed.
The use of 5-ALA plus iMRI in patients with high-grade gliomas can further decrease the need
for additional scans. By maximizing the EOR based on the intraoperative fluorescence findings,
there is a higher likelihood of satisfactory results on the first scan, thus eliminating the need
for subsequent imaging. Any small or deep areas of residual tumor not appreciated with 5ALA can be seen on the iMRI images and resected with updated neuronavigation [51].
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1. Introduction
Cancer is the most frequently diagnosed disease-related cause of death among children and
adolescents [1], and malignancies involving the brain are collectively the most common solid
tumour [2, 3]. They are also either first or second in incidence overall (second only to leukae‐
mia) in the United States (USA) [1, 4,7], Canada [8], and Mexico [9]. The American Brain Tumour
Association has estimated that approximately 4,200 American children younger than age 20
would be diagnosed with a primary brain tumour in the year 2012, of whom three in four
would be under the age of 15 years [10]. However, the overall prognosis for brain malignancies
is much better in children than in adults, with up to half of paediatric brain cancer patients
surviving long-term [11]. The reason for this enhanced survival in youths is that children and
adolescents are much more likely than adults to have low-grade astrocytomas, in particular
pilocytic astrocytomas and other low-grade gliomas that are almost never fatal and often cured,
depending upon their location and surgical accessibility, rather than the grade III and IV
astrocytomas that account for the majority of tumours among adults [12-14].
Long-term survival, even in the setting of cure, is not without problems, however, with
empirical evidence accumulating that paediatric brain cancer survivors continue to suffer from
significant morbidity [15-20] and, sometimes, early death [15]. Among the more common longterm sequelae of brain cancer and brain cancer treatment in children are seizures, which can
be quite disabling and, at times, life-threatening in themselves [15, 21-30]. In one study, seizures
were the number one predictor of disability in long-term brain cancer survivors [24, 25].
Seizures even increase a paediatric survivor’s risk of suicide into adulthood [31]. In addition,
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there is a subset of children, up to 50% [32], whose low-grade brain cancer presents as seizures
[26, 32-42]. Though the vast majority of epileptogenic tumours are supratentorial, some are
not, especially among children in whom infratentorial tumours generally comprise the
majority [43, 44], and in less typical locations like the thalamus and hypothalamus [38, 45-47].
Among thalamic tumours, for example, up to one third of paediatric patients present with
seizures [38]. As such, and because even low-grade gliomas can nonetheless be infiltrative into
high-function brain tissue [19, 48-50], while some of these lesions are totally resectable, others
are not [51-54]. This creates dilemmas as to how aggressive to be, and therefore how much risk
to take in their resection [55]. As well, the return of seizures at some distant time postoperatively may indicate tumour growth or relapse [28, 30, 56-66], transformation into a more
aggressive lesion [28, 60, 65, 67, 68], or even the emergence of a secondary (e.g., radiationinduced) tumour [64].
Why seizures occur in patients with brain tumours is not entirely clear [27, 69-71], and several
conjectures have been made, including alterations in regional metabolism and pH, immuno‐
logic activity, disordered neuronal function, altered vascular supply and permeability, the
release of altered tumoral amino acids, proteins and enzymes, and abnormal protein transport
and binding to receptors [27, 44, 69, 71-74]. Even genetic predispositions for tumour-related
seizures have been postulated [71, 75]. A recent excellent review of current theories and
empirical evidence on the pathogenesis of tumour-related epilepsy has been published by You
et al. [74] Discussing the relative merits of each theory is a paper in itself, and beyond the scope
of the current review.
Interestingly, tumour size has a somewhat paradoxical relationship with seizure occurrence,
in that, though the opposite is true of low-grade lesions, high-grade gliomas that present with
seizures tend to be smaller than those that present with other symptoms [76]. Moreover, highgrade lesions that present with seizures tend to have a better prognosis than lesions of the
same size that present otherwise [77]. What this suggests is that the aggressiveness of the
tumour might have an effect upon seizure development. This being said, low-grade lesions
comprise the majority of epileptogenic tumours, both in children and adults [78]; and some
tumour types — like gangliogliomas and dysembryoplastic neuroepithelial tumours (DNET)
— are more likely to induce seizures than others [28].
In this chapter, we will thoroughly review the literature on seizures in paediatric brain cancer
patients, looking at them (1) as a presenting symptom; (2) in the early tumour management/
peri-operative period; and (3) long-term. Specific questions to be addressed in each of these
sections are: How common are they? What is their history? How do they impact patients’ lives,
both short-and long-term, and in terms of management and prognosis? How do they effect
management of the underlying tumour? How are seizures managed themselves? As much as
possible, these questions will be answered by examining empirical evidence across a number
of studies to provide, if not definitive answers, at least conclusions that are supported by
published research.
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2. Seizures as a presenting symptom of a brain tumour
2.1. How seizures present
A brain tumour is ultimately discovered in between one and three percent of children who
present with new-onset seizures [40, 42], though a slightly higher percentage has been reported
in children presenting with partial versus generalized seizures [79], and percentages as high
as 20% have been reported in children undergoing epilepsy surgery [80]. From the reverse
perspective, somewhere between 10 and 50% of brain tumours present with seizures as a
symptom [69, 74, 81-83], and sometimes as the only symptom [32, 41, 84-86], with supraten‐
torial and especially temporal lesions the most likely to be epileptogenic [44, 66, 78, 86-88]. In
one study that compared children with supra-and infratentorial tumours, for example, among
those with supratentorial lesions, 42% experienced vomiting as their first symptom, followed
by seizures in 37%, and headache in 31% [43]. Meanwhile, 62% of children with an infraten‐
torial lesion experienced headaches as their first symptom, with vomiting and ataxia account‐
ing for most of the remainder, and seizures not observed in a single case.
Because children are more likely than adults to have infra-versus supratentorial lesions, the
percentage of children presenting with seizures may be somewhat less than among adults,
closer to the 10-20% than the 30-50% range [51, 89, 90], though 50% or more has been reported
in some series [32, 35]. As in adults, of these epileptic tumours, the vast majority are supra‐
tentorial. For example, in their series of 157 children presenting to the hospital with brain
tumour-related seizures, of mean age 3.3 years, Khan et al. found that 81% of the tumours were
supratentorial and just 19% within the posterior fossa [82]. Meanwhile, Ianelli et al. reported
that 80% of their 37 paediatric patients presenting with a temporal lobe malignancy had
seizures as a presenting symptom [86]. Another excellent study on new-onset seizures
presenting in children with brain cancers was published by Shady et al. [32] who analyzed 98
paediatric brain tumour patients and found that 50% percent of the children had seizures as
part of their presentation, and 30% as their only presenting phenomenon; complex (55%) and
simple (28%) partial seizures were the most common types, accounting for more than three
quarters of all cases. Pre-operative electroencephalography (EEG) accurately lateralized to the
tumour side in 88% of the cases and to the correct lobe in 56%. In addition, tumours involving
cerebral cortex were much more likely than non-cortical lesions to present with seizures (59%
vs. 15% of patients, respectively), with temporal and frontal lobe lesions exhibiting the highest
incidence of seizures. Moreover, whereas 88% of gangliogliomas and 86% of oligoastrocytomas
were associated with seizures, seizures were noted in just 21% of the patients with an anaplastic
astrocytoma. Finally, as described elsewhere [32, 77], patients with seizures at presentation
had a better prognosis than those without (p=0.02) [32].
Virtually every possible tumour type has been reported presenting as seizures, especially lowgrade gliomas [27, 30, 32, 34, 37, 39, 70-72, 75, 76, 78, 91-93] and glioneuronal tumours like
ganglioglioma and dysembryoplastic neuroepithelial tumour [28, 44, 62, 73, 88, 89, 91, 94, 95];
but including oligodendroglioma [77, 96, 97], cortical ependymoma [98], medulloblastoma
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[47], subependymal giant cell astrocytoma (SEGA) [99], meningioma [10]0, thalamic and
cerebellar glioma [38, 46], and a variety of atypical, systemic and metastatic tumours, like
primary meningeal osteosarcoma [84], acute lymphoblastic leukemia [101], anaplastic large
cell lymphoma [102], neuroblastoma [103], melanoma [104], various sarcomas [105, 106],
Ewing’s sarcoma [107], malignant germ cell tumours [108], and others [16, 109].
There is no stereotypical seizure presenting as an early symptom of a brain tumour. Early
seizures may be generalized, simple partial, complex partial, or mixed, depending upon the
tumour’s size, location, level of aggressiveness, and other factors [24, 26, 27, 33, 34, 37, 70, 74,
77, 82, 87, 110-115]. This being said, among children, seizures as a presenting symptom of brain
tumour are most commonly complex or simple partial, versus generalized, with complex
partial seizures generally accounting for from 50% to as high as 85% of all new-onset seizures
[32, 63, 69, 86, 115-117]. The lone series in which this was not true was that reported by Hirsch
et al., in which complex and simple partial seizures together only accounted for half of all cases
[118]. The percentages generally reported for children and adolescents are somewhat different
than for adults, in whom tumour-associated seizures tend to be more evenly distributed across
the four most typical seizure types [58]. Other atypical and, therefore, less well recognized
forms of seizure have been described in children as well, including gelastic seizures, charac‐
terized by uncontrolled fits of inappropriate laughter [45], tics and Tourrette-like symptoms
[119], and sympathetic storms in a 7-year old with a midbrain glioma [120]. In addition,
especially in the paediatric population, tumors may arise in the setting of a variety of familial
syndromes such as neurofibromatosis types 1 [121] and 2 [122], and tuberous sclerosis [123].
Seizures in these conditions are often blong-standing, frequent, and intractable because of the
numerous non-neoplastic lesions that can involve the CNS [55, 124, 125]. In such patients, the
diagnosis of a new neoplastic lesion can be especially challenging [124, 126].
The diagnosis of brain tumour does not always quickly follow the onset of seizures. In one
study reported by Ibrahim et al., for example, the time from seizure onset to tumour diagnosis
among ten children presenting with seizures ranged from two weeks to two years, averaging
six months [37]. A wide range of opinions and practices exist regarding how aggressive to
pursue diagnostic imaging in children presenting with seizures [36, 41, 51, 79, 80, 100, 127-133].
For example, in one series of eighteen patients between the ages of 1 month and 13 years who
presented with seizures and were discovered to have DNETs between January 1992 and
December 2004, the preoperative evaluation included magnetic resonance (MR) imaging and
interictal scalp electro-encephalography (EEG) in all patients, but functional MR imaging also
was performed in eight patients, video monitoring with scalp EEG during seizures in 12
patients, interictal single-photon emission computerized tomography (SPECT) scanning in one
patient, and ictal SPECT scanning in two patients [132]. Meanwhile, in their 2010 review of
eleven clinical trials for anti-epileptic drugs (AEDs) conducted over the preceding two years,
Jansky et al. noted that none of the trials required MRI as part of the patient enrollment protocol
[128]. Increasingly, with advances in imaging and the recognition that the resection of
epileptogenic lesions is both safe and effective for many patients, there seems to be growing
opinion that the initial work-up of new-onset non-febrile seizures in children should include

Seizures in Children with Brain Tumours — Epidemiology, Significance, Management, and Outcomes
http://dx.doi.org/10.5772/58961

both an EEG and MRI, despite the likelihood that the majority of imaging studies will be either
normal or inconclusive [134, 135]. As discussed in the next section, mounting evidence suggests
that new-onset seizures in the setting of a tumour, and conversely, tumours in the setting of
new-onset seizures both have therapeutic and prognostic implications.
2.2. Implications of brain-tumour induced seizures
Having a child’s brain tumour present as seizures adds therapeutic complexity with respect
to how the patient is initially managed, since peri-operative control of seizures is obviously
considered of extreme clinical importance. The type of seizure a patient has also may have
prognostic significance, both in terms of patient survival [65, 136] and how easily the seizures
are controlled with anti-epilepsy drugs (AED), both peri-operatively and long-term. How well
AEDs work, in turn, may have implications relating to how aggressive surgical resection
should be.
Although no reliable data have been published for children, adults who present with seizures
as their sole symptom tend to have less aggressive or advanced lesions than those who present
with symptoms or signs of increased intracranial pressure like papilloedema, headaches [65],
neurological or cognitive deficits [65, 136]. Although this intrinsically makes sense — the fewer
the symptoms, the less aggressive or advanced the disease — extrapolating these findings to
children must be done with caution, because a disproportionate number of paediatric lesions
tend to be brainstem tumours that, though usually low-grade and non-epileptogenic, often are
non-resectable because of their location and proximity to function-rich neural tissue [2, 3,
137-139]. Nonetheless, especially among supratentorial lesions, it makes sense that having
seizures present before all other symptoms develop is a hopeful prognostic sign, given that
low-grade gliomas and other so-called benign lesions tend to be associated with much higher
seizure rates than high-grade lesions [32, 87, 91, 113, 140, 141].
Having seizures in the presence of a tumour has implications with respect to management of
the seizures as well, in that studies have shown that such seizures tend to be more resistant to
AEDs than idiopathic seizures [133, 142]. This appears to be especially true for patients who
present with a history of numerous seizures [142]. This likelihood of drug resistance, which has
been formally defined as “the failure of adequate trials of two tolerated, appropriately-chosen and
used antiepileptic drug schedules (whether as monotherapies or in combination) to achieve sustained
seizure freedom” [143], may play a role in determining the aggressiveness of surgery for tumour
resection. For example, given the clear superiority of epilepsy surgery over medical manage‐
ment alone, in terms of achieving freedom from seizures in patients with intractable seizures
(65% vs. 8% in one relatively recent meta-analysis [144]), a decision might be made to pursue
more aggressive resection in a patient with repeated new-onset seizures upon initial work-up
of seizures and diagnosis of their brain tumour, versus the patient who presents with a single
seizure prior to tumour detection. Moreover, for many epileptogenic lesions, surgical resection
often leads to either complete resolution of seizures, sometimes without the need for continued
AEDs, or to a marked reduction in their frequency, as will be elaborated upon next.
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2.3. General principles of management
How tumor-induced seizures are managed largely depends upon the aggressiveness and
location, and therefore, the prognosis of the underlying tumour. In patients with invariably
terminal forms of cancer, including primary brain neoplasms like glioblastoma multiforme
(GBM), and metastatic spread to brain, the goal usually is to prolong life over months to, at
most, a few years, while preserving as high a quality of life as possible. In both adult and
paediatric patients with high-grade astrocytomas like GBM, even partial resection of terminal
lesions has been shown both to prolong life and reduce the frequency and severity of seizures
[145-147]. Clearly, such surgery needs to be performed as soon after diagnosis of the lesion as
possible to have any effect upon outcome. Such is not the case in many patients with low-grade
tumours like stage I and II gliomas and gangliogliomas, in whom progression of the tumour
may be so slow as to be virtually undetectable, and patients can live for years without apparent
disease progression, so that any decision to surgically remove the offending lesion may be
delayed for years [58, 93, 148, 149]. This being said, there has been increasing emphasis on
surgically resecting low-grade tumours early in the course of disease [131] for a multiplicity
of reasons. Among these reasons are that anywhere from 20% to roughly one third of lowgrade gliomas (LGG) fail to respond to anti-epileptic medications [72, 150], and many that do
respond require more than a single AED [150], placing patients, and especially children, at risk
for long-term drug toxicities [23, 24, 59, 71, 151-153]. Among the various documented toxicities
of AEDs are wide-ranging adverse effects on cognitive function [23, 153], which already may
be impaired because of the tumour itself and the radiation therapy sometimes administered
to treat it [18, 20, 154-156]. Moreover, surgical resection of LGG has been shown to enhance
long-term survival [19] and to significantly improve the likelihood of seizure control [27, 70].
Though the data are not definitive, there is some evidence suggesting that, among the various
seizure types, partial seizures, either simple or complex, may be less likely to respond to antiepileptic drugs than generalized or mixed seizures [93, 157, 158]. This resistance may be noted
initially, so that seizure control is never achieved; but it also may develop over time, so that
seizure control is lost and never regained [158, 159]. In such patients, therefore, there may even
be an increased incentive to pursue surgical resection of the tumour+/-any adjacent epilepto‐
genic foci, if the lesion can be accessed with no undue risk.
Several studies have shown that radical removal of an epileptogenic brain tumour is a strong,
and likely the strongest, predictor of seizure freedom [127]. However, additional predictors
include the type of seizure, the histopathology of the tumour, the age of the patient at the time
of surgery, and the duration of epilepsy [127]. Among the various tumour histologies, tumours
that are non-resectable due to infiltration, like high-grade astrocytomas, can be problematic
over the patient’s relatively brief period of survival [160]. However, as stated earlier, such highgrade lesions tend to be less often epileptogenic than their low-grade counterparts [32, 87, 91,
113, 140, 141]. In long-term brain cancer survivors, glioneuronal tumours, and particularly
low-grade gliomas, gangliogliomas and dysembryoplastic neuroepithelial tumours (DNETs),
often produce quite drug-resistant epilepsy in children, so that complete surgical resection of
the tumour is typically considered the primary focus of treatment [28, 61-63, 88, 94, 116, 132].
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In such patients, post-operative seizure-freedom rates often approach or exceed 80% [35, 48,
51, 58, 66, 86, 88, 90, 93, 115, 157, 161-169].
Traditionally, there has been some concern about being too aggressive with younger children
with brain tumours, because of the risk of long-term adverse effects on neurological develop‐
ment, the risk of secondary neoplasms, and other neurological sequelae [155]. That such risks
exist is certainly true of radiation therapy [18, 20, 64, 153-156], but it also is true of surgery [170].
However, recent studies have shown that surgery to resect epileptogenic brain tumours is both
effective and safe for the vast majority of infants and toddlers [35, 55, 171]. In one large survey,
for example, data were collected retrospectively on 116 patients less than 3-years old from
eight centers across Canada from January 1987 to September 2005 who had undergone epilepsy
surgery [171]. Among the various seizure aetiologies were malformations of cortical develop‐
ment (n=57), tumours (22), Sturge-Weber syndrome (19), and infarcts (8), with 10 cases either
of unknown or some other cause. Seizure onset was in the first year of life in 82%, and the
mean age at the time of the initial surgery was 15.8 months (range: 1-35 months). Second
surgeries were performed in 27 patients, with six patients requiring a third surgical procedure.
Among the initial 116 procedures performed were 40 hemispheric operations, 33 cortical
resections, 35 lesionectomies, 7 temporal lobectomies, and one callosotomy. Of the 151
operations, including the 27 second and six third procedures, only one resulted in a surgeryrelated death. The most common surgical complications were infection, in 17 patients, and
aseptic meningitis in 13. Of 107 patients assessed more than one year postoperatively, 72
(67.3%) were seizure free (Engel I), 15(14%) had experienced at least a 90% reduction in seizures
(Engel II), and 12 had at least a 50% reduction (Engel III), with only eight exhibiting no benefit
(Engel IV). Moreover, 55.3% of the children exhibited signs of improved development postoperatively [171].
Consequently, regardless of patient age, the focus for most patients with low-grade lesions has
become, whenever possible without the undue risk of peri-operative death or long-term
adverse neurological sequelae, to attempt total or at least subtotal tumor resection earlier rather
than later in the course of disease. Debate rages, however, as to how aggressive to be achieving
this goal, whether or not resecting the lesion alone is enough, and what intra-operative
technologies to use to aid in identifying tumour margins and other epileptogenic foci.
Moreover, not all patients will be eligible for surgery and will have to rely on non-neurosur‐
gical treatments alone, most notably anti-epileptic drugs (AEDs) and radiation therapy. The
next section briefly discusses the benefits, risks and utilization of AEDs both prior to and in
lieu of surgery.

3. Anti-Epileptic Drugs (AEDs)
An extensive review paper could be written discussing the various advantages and disadvan‐
tages, indications and contra-indications, and drug-drug interactions that exist for the
extensive list of anti-epileptic drugs that now are available for use in patients with brain
tumour-induced epilepsy, all of which is beyond the scope of the current review. Here, we
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briefly describe the roles of AEDs, both in prophylaxis against and control of tumour-induced
seizures, some of the risks of prolonged use, and at least the theoretical advantages of the new
class of non-enzyme inducing drugs.
3.1. AEDs for seizure prophylaxis
In three recent surveys of neurosurgeons, including one survey specifically of members of the
American Association of Neurologic Surgeons (AANS), the majority (up to 70%) of respondents
reported prophylactically initiating AEDs in brain tumour patients who had not yet experi‐
enced a seizure [172-174]. This practice of prescribing AEDs prophylactically in brain tumour
patients with no seizure history persists, even though empirical evidence addressing this
practice is inconclusive at best [78, 81, 127, 140, 172]. Moreover, many authors and the most
current American Association of Neurology practice parameters argue against it [113, 140, 172,
175, 176]. The argument of AED detractors is that both meta-analyses published since 2000 to
address this issue failed to provide sufficient evidence to promote their prophylactic use in
brain-tumour patients without seizures [173, 177]. The first meta-analysis, published in 2000
by Glantz et al. [173], analyzed 12 studies, of which four were randomized controlled trials
and eight were considered to be “well-designed observational studies with concurrent
controls”, sufficient to be classified as class II evidence. Not one of these twelve studies
demonstrated a statistical advantage of the AED being studied (phenytoin, depakote, or
phenobarbital) over placebo [173]. The second, somewhat more stringent meta-analysis,
published in 2004 by Sirven et al [177], only included five RCTs, assessing the prophylactic use
of either phenobarbital, phenytoin, or valproic acid. Of the five trials, four identified no
statistical benefit of AED use for peri-operative seizure prophylaxis. The one exception was a
1983 study published by North et al [178], in which not only patients with brain tumours, but
patients who had undergone craniotomies for aneurisms and head injuries were included. A
closer, empirical look at these data reveals no advantage at all when brain tumours are
considered alone: seizures occurred in 9/42 on phenytoin, and in 5/39 on placebo (OR=1.11,
95% CI=0.58, 2.12). Further considering just those patients with glial tumours (versus menin‐
giomas, sellar tumours, and metastases), seizures occurred in three of 16 on phenytoin versus
just one of 16 on placebo (1.15; 0.42, 3.19) [178]. Overall meta-analysis across the five RCT
confirmed the lack of any AED benefit at both one week (OR, 0.91; 95% confidence interval
[CI], 0.45-1.83) and six months (OR, 1.01; 95% CI, 0.51-1.98) of follow-up. The AEDs also
exhibited no effect on seizure prevention for specific tumours, including primary glial tumors
(OR, 3.46; 95% CI, 0.32-37.47), cerebral metastases (OR, 2.50; 95% CI, 0.25-24.72), and menin‐
giomas (OR, 0.62; 95% CI, 0.10-3.85) [177].
More recently, in a review published in 2011, Kargiotis et al. non-statistically examined
published evidence on more currently-used AED, including the newer non-enzyme inducing
drugs, and concluded that, among patients with either brain metastases or primary brain
tumors who have never experienced seizures, prophylactic anticonvulsant treatment might be
justified, but only for up to six months postoperatively after surgical excision of the cerebral
tumour, since most of these patients will never experience seizures, and the anti-epileptic
drugs may cause toxicity and adverse interactions with chemotherapeutic treatments admin‐
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istered to control the neoplasm itself [109]. For such prophylaxis, the authors argued that newer
antiepileptic drugs like levetiracetam and oxcarbazepine are preferable to older agents like
phenytoin and carbamazepine [109]. To date, however, no hard evidence supports any of these
recommendations, and certainly not in children.
In a study by Hardesty et al., only 7.4% of 223 paediatric patients with brain tumours but no
history of seizures experienced even a single seizure during their surgical admission, even
though only 4.4% of patients had been started on a prophylactic AED [179]. This percentage
is similar to the 8.0% observed among those on placebo in a controlled study in which 127
patients awaiting brain tumour surgery, ranging in age from 16 to 84 years, were randomized
to receive either phenytoin 15mg/kg intravenously in the operating room, followed by 100 mg
three times daily, either by mouth or intravenously, for seven days or placebo [180]. Thereafter,
the dose of each was tapered. The 30-day incidence of seizures actually was higher in the
phenytoin group (10.0%) than in controls (8.0%), albeit not statistically so. Moreover, the rate
of complications was 18.0% versus 0% in the treatment versus placebo group, respectively (p
< 0.001).
In the Hardesty study on youths [179], dependent factors associated with peri-operative
seizures included a supratentorial tumour, patient age less than two years, and the presence
of post-operative hyponatraemia due to either the syndrome of inappropriate antidiuretic
hormone (SIADH) or cerebral salt wasting. No other factor was independently predictive of
incident seizures, including tumour type, the lobe of the brain affected, the amount of operative
blood loss, and the length of surgery [179]. Consequently, though children and adolescents
who are awaiting brain-tumour resection and have recurrent seizures might warrant the
initiation of an AED pre-operatively, and perhaps also children under age two years with a
supratentorial tumour and those with highly-epileptogenic tumours like DNETs, even in the
absence of seizures, the prophylactic use of these drugs is far from empirically justified. What
is more prudent is to monitor all patients carefully throughout the peri-operative period to
identify clinical factors that might place the child at risk, like electrolyte imbalances and fever.
3.2. AEDs for seizure control
Although in some small series of patients, seizures have been found to occur in up to 50%
of paediatric patients with a brain tumour [170], in most populations, the overall inci‐
dence of seizures in this patient population is considerably lower, in the 10-20% range [51,
89, 90]. This is largely due to the infratentorial location of the majority of paediatric tumours,
where very few are epileptogenic [37]. As such, only a small minority of children and
adolescents with a brain tumour will likely ever require an AED, and almost all will have
a supratentorial lesion. For example, from a database of 334 patients up to 21-years old,
Sogawa et al. only identified 32 (10%) who had been started on an AED [83]; 94% of these
32 tumours were supratentorial, and 78% were glial [83]. Similarly, in their series of 280
patients between the ages of two months and 18 years of age, Khan et al. identified only
55 (20%) patients who had required an AED, among whom 49 (89%) had a supratentorial
lesion [90]. This being said, over a 20-year period at a single institution, Khan et al. followed
157 patients who had presented with seizures and a brain tumour during childhood or
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adolescence, all of whom had been on at least one AED at some point [82]. Of these patients,
phenytoin was the first AED used for 52 patients, carbamazepine for 38 patients, gabapen‐
tin for 31, and phenobarbitol for 14. Sixty-two of these patients ultimately were taken off
all AEDs; but 17 of these 62 (27%) suffered seizure recurrence [181].
DNETs and gangliogliomas, which typically become manifest during childhood, adolescence
or young adulthood, represent only a small percentage of CNS tumours in either youths or
adults [6]. However, these tumours are almost always associated with seizures. Consequently,
they comprise a disproportionate percentage of tumour-associated epilepsy cases [28, 44, 62,
73, 88, 89, 91, 94, 95]. Moreover, DNETs tend to be extremely resistant to AED therapy [62,
182-186]. Consequently, though AEDs generally are initiated in such patients, the majority
ultimately will require surgical resection.
There is virtually no debate that AEDs are of use in treating brain tumour patients with
seizures, in patients with repeated seizures awaiting surgery, in patients in whom tumour
resection is infeasible, and in those whose seizures remain refractory despite surgery. How‐
ever, there is concern about the risks of their long-term use, especially in patients who require
on-going chemotherapy for their brain malignancy due to drug interactions and mutuallyshared toxicities [81, 83, 127, 140, 151, 159, 172, 176], 187]; and significant debate regarding
when and how AEDs should be discontinued post-operatively.
One of the biggest issues relating to AEDs is their potential interactions with anti-neoplastic
drugs administered to control tumours and prolong survival. In a paper reviewing antiepileptic drugs, Kargiotis et al. [109] listed 25 chemotherapeutic medications that interact with
AEDs, most commonly carbamazepine, phenobarbitol, phenytoin and primidone, but also
valproic acid. Common interactions are the AED accelerating metabolism of the chemothera‐
peutic drug, and the chemotherapeutic drug reducing serum levels of the AED [109], two
results that potentially accentuate each other — when AED levels fall, AED doses must be
increased to achieve seizure control, which will further increase metabolism of the chemo‐
therapeutic drug, resulting in its doses needing to be increased, and so on. Included on their
list of 25 drugs were 13 drugs often selected for the treatment of brain metastases, as well as
nine drugs currently used to treat glioblastomas, six drugs to treat medulloblastomas, and five
to treat malignant meningiomas.
In the current paper, Table 1 lists these interactions in reverse, indicating those anti-neoplastic
drugs used for CNS malignancies that have had documented interactions with each of the five
AEDs listed above. What is clear from this table is that all but valproic acid interacts with
almost all of the chemo-therapeutic drugs typically used for CNS cancers.
The only drug on the list published by Kargiotis et al. [109] this is not considered to interact
with AEDs is temozolomide (TMZ), a less toxic and more-easily tolerated orally-adminis‐
tered drug that effectively crosses the blood-brain barrier [188] and is now commonly used
for both high-grade [189] and low-grade [190, 191] gliomas, as well as for brain metasta‐
ses [192] and melanomas, often in combination with radiation therapy. There also is
evidence that TMZ itself reduces the frequency of seizures, independent of AED dose. In
one study in which 39 patients receiving TMZ (mean age 46.0 years) were followed for a
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mean 39 months and compared with 30 patients not on TMZ (mean age 41.5 years), patients
on TMZ experienced a 59% reduction in seizure frequency versus just 13% in controls (p
< 0.001) [150]. However, for reasons that are not entirely understood, TMZ appears to be
less effective in children [193]. For this reason, other anti-neoplastic drugs typically are
prescribed in children and adolescents, particularly multiple-drug regimens that include
carboplatin and vincristine [193-195], two drugs both documented to interact with the older,
cytochrome P450-inducing anti-eptileptics [109] (Table 1).
Meanwhile, evidence continues to mount documenting both the effectiveness and safety of
newer-generation AEDS, like levetiracetam, oxcarbazepine and pregabalin [152, 196-204].
Though direct comparisons against the older drugs are generally lacking, theoretical advan‐
tages include the lack of any effect on cytochrome P450, and the fact that these drugs generally
target specific risk factors for tumour-induced seizures [81]. Recently, in a survey of 32
paediatric brain-tumour patients requiring AEDs for seizure control, Sogawa et al. found that
patients who had been started on any the newer–generation drugs (levetiracetam, oxcarbaze‐
pine and lamotrigine) were three times as likely to remain on these drugs than those started
on one of the older drugs like valproic acid, phenytoin, and phenobarbitol (73% vs. 28%,
respectively, p=0.04) [83]. Although the sample was small, there also was evidence of increased
toxicity with the older drugs, with five versus just two adverse events resulting in drug
discontinuation [83].
Of course, the treatment of brain tumours is anything but a static field. In attempts to reduce
tumour progression and prolong survival, newer chemotherapeutic drugs are continuously
being tested. Some, like nimotuzumab [205]and bevacizumab [206], both of them antibodies
against epithelial growth factor receptors (EGFR), have been demonstrating considerable
promise, and this may have implications for which AEDs are best tolerated as interactions and
mutual toxicities become clearer. What is evident is that AEDs, in themselves, are usually
inadequate to control seizures in most patients with epileptogenic brain tumours. And while
novel treatments like stereotactic radiosurgery [154], vagus nerve stimulation [207], and
ionizing radiation [208] are emerging, at this time optimal management of a child or adolescent
with epilepsy caused by a brain tumour almost always necessitates resection of the lesion itself.

4. Surgical resection of epileptogenic brain tumours
4.1. The benefits and risks of surgery
In recent years, there has been a trend towards earlier surgical intervention in young patients
with low-grade epileptogenic tumours; but is this justified? One potential justification is the
risk of malignant transformation of low-grade tumours which, even though uncommon, has
been described for virtually all tumour types and often is catastrophic [60, 64, 65, 67, 68, 97,
112, 131, 209-213]. A second justification pertains to improved seizure control and the de‐
creased reliance on AEDs, with some patients potentially able to discontinue anti-epileptic
medications altogether59, [61, 181, 185]. But how successful is tumour resection in terms of
controlling or eliminating seizures?
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Table 2 lists 26 studies [35, 51, [61-63, 86, 90, 94, 96, 132, 148, 149, 168, 182, 184, 185, 214-223]
published over the past two decades in which seizure outcomes in children and adolescents
undergoing surgery to remove epileptogenic brain neoplasms were examined. Across these
26 studies are 741 patients, ranging in age from one month to 21 years of age, with a mean age
of 9.1 years and a mean duration of post-operative follow-up of more than four years (overall
mean=52 months, with individual study means ranging from 12 to 148 months). Though one
study [86] included six paediatric patients with high-grade gliomas (either GBM or grade III
astrocytoma), and another indicated 11 patients with either grade III or grade IV lesions [35],
almost all of the remaining 724 patients had low-grade (grade I or II) lesions, including various
low-grade gliomas and glioneuronal tumours, and less typically epileptogenic tumours like
craniopharyngiomas and a dysplastic cyst. Spanning these studies, surgical approaches clearly
differed, with some surgeons either largely or exclusively performing lesionectomies alone,
others performing further procedures like partial lobectomies [86, 148] and amygdylohypo‐
campectomies [182], and still others using various intra-operative mapping technologies like
electrocortography (ECoG) [63, 132, 184, 214] to identify and ultimately resect extra-tumoral
epileptogenic tissue. However, the ubiquitous goal was total tumour resection, whenever
possible, an objective that was achieved in roughly two-thirds of cases.
Overall, the series with the lowest total resection rates were those that included a number of
oligodendrogliomas (ODG), with resection rates ranging from 30% in a study exclusively of
ODG and ODG-mixed lesions [96] and 40% in an older study in which half the patients had
ODG [219], to 58% and 61% in studies in which the proportion of ODG was considerably lower
[90, 220]. This discovery is not unexpected, given the highly infiltrative nature of these tumours
[77, 96, 97, 191].
The outcomes of surgery otherwise were impressive, with almost four out of every five patients
(77.7%) seizure free at the time of the final follow-up assessment, and 92.6% experiencing a
significant improvement in their seizures from baseline, to Engel class 1, 2 or 3. Examining
these data further reveals moderately strong, borderline statistically-significant correlations
between the percentage of total resections achieved within any given series and the rate of
seizure freedom (r=0.37, p=0.08), and between the percentage of total resections and the
percentage of patients whose seizures were improved post-operatively (r=0.36, p=0.09).
However, no correlation is apparent between the duration of follow-up and either outcome
(r=0.06, p=0.78 and r=0.26, p=0.22, respectively), suggesting that it was the surgical procedure,
rather than post-operative management, that influenced seizure outcomes.
There also were no peri-operative deaths among the 741 patients, some of whom even
underwent second procedures to resect residual tumour detected by imaging after the first
procedure. The overall operative complication rate, adjusted for missing data, was 11.7%, with
the vast majority of complications and new neurological deficits transient and completely
resolved within weeks to months of the procedure. As stated above, a small number of patients
required repeat surgeries to achieve seizure control, sometimes associated with total tumour
resection. For example, in one series a second surgery was required in three of 29 paediatric
patients with supratentorial gangliogliomas, and all became seizure free after the second
operation [216].
The studies by Jo et al. [223] and Gaggero et al. [35] are of special note because all the patients
were infants, under the age of 5 and 3 years, respectively. In the first small series of 14 patients
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of mean age 2.7 years (32 months) [223], total resection of the epileptogenic lesion was achieved
in 71%, as was total seizure freedom an average of 35 months post-operatively. In addition, all
14 infants experienced a significant reduction in seizure frequency, either being totally seizure
free or having seizures limited to auras alone [223]. There also were no deaths and no reported
operative complications. In the second study, which included 20 infants under age 3 years
(mean age 1.5 years), eleven of the 20 children had either a grade III or grade IV neoplasm,
including four choroid plexus carcinomas, one anaplastic oligodendroglioma, one anaplastic
ependymoma, one immature teratoma, two glioblastoma multiforme, one PNET and one
neuroblastoma [35]. Despite this, total resection was achieved in 70% of the children, seizure
freedom beyond four years in 55%, and seizure improvement in 90%. Interestingly, all 20
patients lived beyond four years, and 17 remained alive at eight years of follow-up [35]. These
two studies that imply both the effectiveness and safety of aggressive brain tumour resection
in infants is counter to another study on 18 infants under one year of age who had a variety of
grade I through IV lesions [170]. In this series, there was only one peri-operative death, due to
massive brain haemorrhage in an 8-month old child with a deep, right parieto-occipital
ganglioglioma. However, three patients had new-onset seizures following surgery, and an
additional three had worsened neurological deficits. Of the nine patients who had preoperative seizures, three improved, five did not improve, and one died. Overall, as of the
paper’s publication, only eight of the twenty patients had survived beyond infancy, with five
now into adulthood (ages 18 – 26) [170]; two of the adult survivors were severely disabled at
the time of the report, both having a Karnofsky score [224] of just 40%.
Also worth noting from Table 2 are the six studies in which only patients with dysembryo‐
plastic neuroepithelial tumours (DNETs) were included (Table 3) [61, 62, 94, 132, 182, 184].
These six studies encompass 132 patients, of mean age 9.7 years, amongst whom total tumour
resection was achieved in almost 82%, seizure freedom in 87%, and seizure improvement in
all but a single patient (99%). However, the adjusted surgical complication rate was slightly
higher than that noted across all 26 studies.
Table 4 lists four additional studies of note. Among these four additional studies, three were
excluded from the previous table and its summation totals because vascular and other nonneoplastic lesions were intermingled with non-vascular lesions, with no data provided to
distinguish between them; and the fourth was excluded because all the patients had tuberous
sclerosis, in which brain tubors often cause uncontrolled seizures [225, 226]. The fifteen patients
in this fourth study all had subependymal giant cell astrocytomas (SEGA), a tumour that is
found in between five and fifteen percent of TS patients [123], typically developing in the
region of the foramen of Monro, where it frequently causes obstructive hydrocephalus.
Seizures primarily result from a broad array of intra-cerebral tumors, which include the cortical
tubers mentioned above, and subependymal nodules, in addition to SEGA [225, 226]. The longterm prognosis therefore is poor, with death primarily resulting from intractable seizures or
SEGA-induced obstructive hydrocephalus [225, 226]. As such, it is not unexpected that Cuccia
et al. [99] failed to achieve either seizure freedom or any meaningful clinical improvement in
seizure frequency in any of their patients. The inherent complexities of SEGA removal, given
the relative inaccessibility of these tumours, also could account for the high complication rate
(6 of 15, 40%).
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The three remaining studies [117, 227, 228] involved a high proportion of non-neoplastic
lesions that were not analyzed distinctly from neoplastic cases. Mean seizure free rates across
the three studies ranged from a low of 56% to a high of 81%, with seizure improvement noted
in 81.3% and 92.4% in the two studies in which this outcome was reported [117, 227]. Although
no deaths were reported, almost one in four patients (73 of 320, 22.8%) had a significant postoperative complication, likely due to the highly vascular nature of many of the lesions and the
increased risk of intracranial bleeding.
4.2. Post-operative management
According to the 30 studies (26+4) analysed above, the rate of post-operative complications
among patients with epileptogenic brain tumours is low, likely somewhere between 10 and
20 percent, depending upon the nature of the tumour resected, its location, and perhaps other
factors as well. The risk of peri-operative mortality also appears to be exceedingly low, with
not a single surgery-related death reported among those 873 patients.
Few papers have been published on the post-operative management of paediatric brain
tumour patients. What has been reported is that youths tend to experience different intraoperative and post-operative complications than adults, and that these complications affect
both short and long-term outcomes, including disability, mortality and hospital and PICU
lengths of stay and, hence, direct health care costs [229, 230]. Among the various risk factors
for complications are fluid and electrolyte imbalances, which may be especially significant in
children. One also must consider that volume of blood loss is all relative to the age and size of
the child, given that a human’s total blood volume varies dramatically relative to their age and
size: falling from roughly 85 to 90 ml per kg in term neonates, to roughly 85 ml/kg in infants,
80 ml/kg in children under age 10, 70-75 ml in children > 10 and adolescents, and 70ml/kg in
adults [231, 232]. Clearly then, 100 ml of blood loss may mean nothing to an adult, but may
represent 25% or more of the total blood volume of a newborn.
In general, the most common fluid and electrolyte abnormalities observed after brain surgery
in children relate to serum sodium levels, with hyponatraemia secondary to either the
syndrome of inappropriate diuretic hormone (SIADH) secretion or cerebral salt wasting
syndrome, and hypernatraemia caused by diabetes insipidis (DI) [233-236]. In one series of 79
children, for example, water and sodium disorders were noted in 36 (46%): 23 (29%) with DI,
12 (15%) with SIADH, and a single patient with cerebral salt wasting [236]. Why this is
especially important in the paediatric patient in whom an epileptogenic brain tumour has been
resected is that sodium disturbances are a significant risk factor for seizures. In one study
involving 223 paediatric patients with epileptic brain tumours undergoing 229 surgical
procedures, post-operative hyponatraemia — due to either SIADH or cerebral salt wasting —
was one of just three independent factors associated with peri-operative seizures, the other
two being a supratentorial tumour and patient age less than two years [179].
In another study of 105 paediatric patients post brain tumor resection admitted to the PICU,
patients required an average of 0.7 unexpected intensive care unit interventions, mostly
secondary to sodium abnormalities, followed by new neurologic deficits, paresis, and seizures
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[237]. Interestingly, however, 68% of the patients were stable enough to be transferred out of
the PICI within 24 hours of surgery.
With respect to anti-epileptic drugs, the same applies post-operatively as pre-operatively, in
that there is generally no need to initiate AEDs in patients who have not yet experienced
seizures, given the lack of evidence documenting any benefit of prophylaxis [180, 238]. This
being said, there are no clear guidelines as to when and how to discontinue AEDs if they have
been initiated pre-operatively, and there is always the potential risk of withdrawal-induced
seizures [59]. In one study of 332 mostly adult patients, but including some as young as age
16, among those with AEDs that had been initiated to treat seizures pre-operatively, patients
with a longer history of seizures (p<0.001) and those with simple partial seizures (p=0.004)
were found to be especially likely to continue to have seizures in the immediate post-operative
period, as well as poorer control long-term [58]. If AEDs are started post-operatively to reduce
the risk of seizures following the trauma of surgery in a patient who otherwise has not had
seizures, they generally should be administered short-term [239].

5. When seizures persist or recur
In virtually every series we have reviewed, patients were described who underwent resection
of their epileptogenic brain tumour, with apparently successful removal of the tumour, yet no
achieved control of seizures. Additional patients were noted to suffer from the post-operative
onset of new seizures [170]. And still others had complete control of their seizures, only to
relapse later, either while still on an anti-epileptic drug or after all AEDs had been withdrawn.
Each of these three scenarios has implications with respect to patient prognosis and manage‐
ment.
5.1. Implications of post-operative seizures
The clinical implications of seizures that either start or re-start months or years after the initial
resection of tumour are somewhat different than seizures that start immediately postoperatively or that started pre-operatively and failed to resolve with surgery. The major
concern with the latter two scenarios is that tumour resection either was incomplete, or that
extra-tumoral epileptogenic tissue was not removed. Over the years, attempts have been made
to optimize the resection of epileptogenic lesions by both better delineating their margins and
identifying extra-tumoral epileptogenic tissue, using intra-operative tools like electrocorti‐
cography (ECoG) to identify potential seizure-inducing tissue irregularities like cortical
dysplasia [63, 77, 93, 132, 1 [6]3, 184, 214, 216, 240, 241]. This has led to debate regarding the
relative benefits and safety of performing epilepsy surgery rather than just lesionectomies in
patients with tumour-triggered seizures [242]; though, in fact, many surgeons have been
utilizing additional surgical steps like lobectomies, amygdylohypocampectomies and, in
extreme cases, hemispherectomies for decades [63, 86, 94, 117, 132, 148, 149, 168, 182, 185, 214,
217, 218, 222, 227, 243]. To date, almost no direct empirical comparisons have been undertaken.
In perhaps the most methodologically sound study, Gelinas et al. retrospectively compared
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34 patients who underwent ECoG-aided epilepsy surgery and 33 patients who had undergone
simple lesionectomies without ECoG, all between the ages of 3 months and 16 years, in
Vancouver, Canada [214]. One year post-operatively, the two treatment arms were virtually
identical, with roughly 80% of patients in each group seizure free. However, at a mean followup of 5.8 years, there was a trend towards improved seizure freedom in patients in the ECoG
group, with 79% versus 61% patients still seizure free (p=0.08). The investigators also noted
no increase in neurological morbidity among patients who had undergone the more extensive
ECoG-guided cortical resection, and that these patients were less likely to require repeat
epilepsy surgery [214]. Why this has implications post-operatively relates to the potential need
for re-operation, as discussed in the next section.
If the major concern of continued seizures is residual tumour or other epileptogenic tissue, the
major concerns with later tumour recurrence are multiple. They include the possibility: (1) that
the tumour itself is re-growing, having never been fully resected; (2) that the tumour has
undergone malignant transformation; or (3) that some secondary tumour has started to
develop, perhaps as a consequence of brain irradiation, chemotherapy, or some other cause.
The risk of second brain malignancies is especially high in patients with CNS tumourassociated familial syndromes like neurofibromatosis types 1 [121] and 2 [122], tuberous
sclerosis [123], von Hippel Lindau disease [244, 245], and basal cell nevus syndrome [246], with
some of these tumours originating within the brain and others the result of metastatic spread
from some extra-cranial site. All of the above-mentioned scenarios warrant investigation,
which will include diagnostic imaging, due to their potentially dire consequences
Re-growth of tumour is anticipated among children with high-grade lesions, especially
glioblastomas [81, 146, 247]. However, although long-term prognoses remain dismal, small
improvements in survival times are being reported even among patients with GBMs, relating
to advanced surgical techniques, the introduction of real-time, intra-operative imaging and
brain mapping, and combining TMZ with radiation therapy [147, 189, 247-250]. Recall that in
one study in which eleven of the 20 children had either a grade III or grade IV lesion, including
two GBMs, a grade IV PNET, and a grade IV neuroblastoma, all 20 patients lived beyond four
years [35]. Nonetheless, when the return of seizures leads to the discovery of grade IV tumour
progression, surgery is almost never indicated. Instead, radiation therapy, chemotherapy, or
both can be used and may be effective at reducing seizures [81, 208]. The recurrence of seizures
does not necessarily indicate tumour progression, however. Sometimes, intrinsic changes
within the tumour itself render AEDs less effective, so that switching or combining drugs may
be beneficial [72]. As mentioned in Section 3, in such cases, care must be taken to avoid
interactions between chemotherapeutic and anti-epileptic drugs [109].
Tumour re-growth also in anticipated in many low-grade gliomas and other neuroglial
tumours when total resection is not achieved, and this can be manifested by the recurrence or
worsening of seizures. This being said, malignant transformation has been documented with
virtually every form of low-grade brain tumour, especially low-grade gliomas [65, 68, 112,
131], but also traditionally-benign lesions like DNETS [64, 67, 209-211], gangliogliomas [209,
212], meningiomas [251, 252], vestibular schwannomas [251], pituitary adenomas [251], and
haemangioblastomas [251], among others. Glioblastomas have even been documented to arise
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at the site of previously totally-resected tumours [253]. Previously-controlled seizures
generally are harder to control once malignant-transformation has occurred, even independent
of tumour size or rate of progression [78]. Identification of such transformation therefore has
implications in terms of patient prognosis, and management of both the tumour and the
seizures.
Finally, the late recurrence of seizures can represent the formation of a secondary tumour,
perhaps induced by brain irradiation or chemotherapy [251].
5.2. Surgical management of persistent and recurrent seizures
Whether seizures start immediately after surgery, later along in follow-up, or never fully remit,
in all three scenarios, some patients will have seizures that remain uncontrolled despite the
use of AEDs. In our review of the 26 studies listed in Table 2, as well as in various other case
series and case studies, we found that, occasionally, patients undergo second or even third
resections to remove either residual tumour that is now identified on post-operative imaging,
or a residual or newly-identified epileptogenic focus. Though sometimes prolonged attempts
are made to control the seizures with medication prior to the second surgery, in some cases,
surgery is almost immediate, even within a few days of the initial procedure [254]. In one multicentre survey that involved 116 children under age 3 undergoing epilepsy surgery for a variety
of causes, 27 children were brought into the operating room for a second procedure, and six
of these for a third procedure to control seizures [171]. Both the approaches and results of these
second operations are mixed. In terms of the former, attempts are usually made to resect any
residual or newly-discovered tumour, as well as to identify and resect other epileptogenic foci.
Approaches range from simple lesionectomies to lobectomies and, in the most severe cases,
hemispherectomies [243].
Table 5 summarizes ten studies we identified, published over the past two decades, in which
second operative procedures were performed [46, 77, 157, 1 [6]2, 171, 216, 242, 254-256]. Half of
these studies were exclusive to paediatric patients, while the other half included children,
adolescents and adults. The study by Steinbok et al. was restricted to infants under the age of
3 years at the time of their initial surgery [171]. In this study, six of the patients required a third
surgical procedure prior to achieving their final seizure outcome. Follow-up for most of these
studies was approximately two years, but sometimes not reported. Overall, slightly less than
half of the patients (46%) achieved seizure freedom, with roughly half the remainder (where
reported) achieving at least a significant reduction in seizures. As with the first procedures,
operative mortality was low, with only one death in 132 patients and 138 procedures.

6. Conclusions
A brain tumour is identified in one to three percent of non-febrile seizures that occur in a child.
Meanwhile, seizures occur in between one in ten and one in five paediatric patients with a
brain tumour, often as a presenting symptom. Most are associated with low-grade gliomas,
like pilocytic astrocytoma, or with neuroglial tumours like ganglioglioma or dysembryoplastic
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neuroectodermal tumour (DNET). There is no empirical justification for initiating an antiepileptic drug in a brain tumour patient without seizures, and some would restrict their use
to those patients who experience at least two ictal episodes.
The cornerstone of management in most patients with a low-grade lesion is surgical resection,
both because doing so often prolongs survival and reduces or eliminates seizures. Overall,
almost 80% of children who undergo surgery to for resection of an epileptogenic brain tumour
will attain prolonged seizure-freedom, and more than 90% will experience at least some
meaningful clinical improvement, associated with a negligible risk of death in experienced
surgical hands. Risks may be greater and results poorer in very small infants (under one year
of age), but most-preschool children can undergo epilepsy-lesion resections safely and with
benefit. Significant surgical complications occur in 10-20% of patients and include fluid and
electrolyte imbalances, as well as typically short-lived neurological deficits in most patients,
so that vigilant post-operative monitoring is essential.
Late post-operative seizure recurrence is an ominous sign that can be a harbinger of tumour
recurrence, progression, or malignant transformation, as well as the appearance of new
tumours, especially in patients with familial tumour syndromes like neurofibromatosis and
tuberous sclerosis, and those who have received brain irradiation. When low-grade tumours
recur and cause seizures, second resections may be effective at again controlling seizures.
These claims must be interpreted with caution, however, given that many essential questions
remain unanswered — like whether more extensive epilepsy surgery is more effective or as
safe as lesionectomy alone; and what factors best predict outcomes. In addition, with the
emergence of new anti-epileptics, new anti-neoplastic treatments, and new surgical technol‐
ogies, the management of epilepsy in children and adolescents with brain tumours appears to
be rapidly changing.
AED

Interactions with

Phenytoin

carboplain, cisplatin, cyclophosphamide, dacarbazine, erlotinib, etoposide, fluorouracil,
ifosfamide, imatanib, irinotecan, carmustine, lomustine, paclitaxel,
procarbazine, tegafur, teniposide, thiotepa, topotecan, vincristine

Carbamazepine

cisplatin, cyclophosphamide, erlotinib, etoposide, ifosfamide, imatinib, irinotecan,
carmustine, lomustine, palitaxel, procarbazine*, teniposide, thiotepa, topotecan, vincristine

Phenobarbitol

cyclophosphamide, erlotinib, etoposide, ifosfamide, imatinib, irinotecan, carmustine,
lomustine, paclitaxel, procarbazine, teniposide, thiotepa, topotecan, vincristine

Primidone

cyclophosphamide, erlotinib, etoposide, ifosfamide, imatinib, irinotecan, carmustine,
lomustine, paclitaxel, procarbazine, teniposide, thiotepa, topotecan, vincristine

Valproic Acid

cisplatin, cyclophosphamide, vorinostat

*Carbamazepine is contraindicated in patients on procarbazine
Table 1. Anti-epileptic drugs (AED) and their interactions with CNS anti-neoplastic drugs
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* Some patients died before final seizure assessment; ** Three patients underwent a second reaction; *** These 16 pa‐
tients part of a larger series with other seizure aetiologies included
GG=ganglioglioma; DNET=dysembryoplastic neuroepithelial tumor; PGNT=papillary glioneuronal tumor; LGG=lowgrade glioma; ODG=oliogodendroglioma; AC=astrocytoma; CPP=choroid plexus papilloma; CP=craniopharyngioma;
L=lesionectomy; L+E=lesionectomy+additional resection of adjacent epileptogenic tissue; L+A=lesionectomy+amygdy‐
lohypocampectomy; L+L=lesionectomy+lobectomy; TL=temporal lobectomy; L+L+A=lesionectomy+lobectomy+amyg‐
dylohypocampectomy; AHC=amygdylohypocampectomy; (T)=all temporal lesions
Table 2. Seizure response to surgical resection of epileptogenic tumor

Table 3. Seizure response to surgical resection of dysembroplastic neuroectodermal tumors

Vasc=vascular lesions; SEGA=subependymal cell astrocytoma; TS=tuberous sclerosis; FU=follow-up
Table 4. Seizure response to surgical resection of epileptogenic tumor – studies including vascular lesions
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First

Year

#

Mean

#

Author

Published

Subjects

Age (y)*

Seizure Free

Benifla

2006

12

13.5

7

Chae

2001

1

0.3

1

Gonzalez-Martinez

2007

57

24.7

22

Im

2002

3

16.5

3

Jooma

1995

8

24.0

5

Lombardi

1997

1

?

1

Ojemann

2012

4

8.5

2

Steinbok

2009

24

1.5

12

Tian

2011

9

13.7

3

Whittle

1995

4

36.0

0

Totals
Mean
Percentages

123

56
15.4
45.5%

Table 5. Seizure response to a second surgical resection
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1. Introduction
The last 20 years have seen a dramatic and rapid improvement in imaging technolo‐
gy. Developments in magnetic resonance (MR) imaging and more recently in positron
emission tomography (PET) have allowed unique insights into tumour biology. Although
careful evaluation this technology’s clinical value is still being undertaken, improved
imaging techniques have potential to assist many of the difficult problems currently
faced in neuro-oncology. [1, 2]
One of the most significant clinical issues following treatment for high grade glioma is injury
to the blood-brain barrier; so called pseudoprogression. [3] This results in oedema and
apparent deterioration in the CT and MRI images, often associated with increased steroid dose.
Brandes et al have highlighted the need for better imaging biomarkers for the problem of
pseudo-progression. [1]
There are two potential outcomes of improved medical imaging for conventional imaging
techniques currently adopted in the clinic. Firstly, treating clinicians may abandon treatment
if imaging shows it to have an apparent negative impact. Secondly, if imaging shows that
treatment regimes are not working, clinicians can decide whether or not to continue the current
regime given the opportunity cost and risk of the treatment to the patient. As the number of
treatment options slowly increase; the impact of this opportunity cost grows. In addition, data
from a study by Stupp et al suggests the survival with glioblastoma treated with temozolomide
is 14.6 months; [4] allowing clinicians little time to change treatment course.
Further insights into tumour biology could be gained from a better understanding of treatment
efficacy. There is a need for better ways to choose patients for treatment, assess when these
treatments are working and move onto something else when they are not. As an example, the
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benefit of temozolomide has been obscured to some degree by overestimating progression
when MRI alone is considered. [5]
Increasingly, radiotherapy (RT) technology, often combined with new drug treatments, is
allowing clinicians to treat more aggressively than could have been the case in the past. Modern
radiotherapy is a complex chain of procedures. [6] If the tumour is poorly delineated; the risks
of geographic misses increase. If the volume of treatment is too large, the toxicity increases
and limits the dose that can be achieved.
Clinical trials involving brain tumour imaging face a number of difficulties. Brain tumours are
relatively rare (excluding skin tumours; glioblastoma accounts for about 1% of tumours
diagnosed in Australia), often making patient recruitment difficult. There are also difficulties
with patient consent, as patients have frequent cognitive problems; especially when it comes
to salvage treatment regimes. Imaging trials are difficult to perform - requiring blinded
comparison of current best practice methods with and without the new modality. Finally,
patients may require multiple imaging sessions on separate machines, requiring a significant
amount of organisation. With each significant advance in imaging the studies may have to be
repeated. It is no surprise that progress has been slow.
The Cancer Genome Atlas has shown us a vast amount about the complex biology of brain
tumours such as glioblastoma. We are gaining “a window into its mutational landscape”. [7]
However, the more we know, the more complex the situation appears. U87, a commonly
studied glioma cell line, has at least 512 homozygously mutated genes. [7] Targeted therapies
are a last bearing fruit; as evidenced by CML treatment with imatinib or non-small cell lung
cancer with EGFR inhibitors. We are moving from a single drug to the era of the rationally
designed therapeutic regimen. Traditional response measures used in the chemotherapy era
are much less successful when the response is cytostatic – as it is with many targeted agents.
[8] The challenge is how to assess and integrate new agents within existing protocols.

2. Current imaging techniques
Computed Tomography (CT) provides good delineation of bony anatomy, can show haemor‐
rage or hydrocephalus and can be useful in planning resection of lesions. In combination with
PET; CT provides both improved anatomical localisation and improved PET images by
allowing attenuation correction. Although CT is often the initial imaging modality used, it has
a relatively small role in the investigation of brain tumours and has not been shown to be useful
in response assessment or to accurately delineate tumour outlines. [9]
In radiation oncology practice; a planning CT is routinely used to define the shape of the patient
and to provide an electron density map to allow modelling of the dose deposited by the
radiotherapy beam. The tumour itself, however, is usually delineated on a contrast enhanced
MRI fused to a non-contrast planning CT. MRI provides much greater anatomic detail of the
structures within the brain. Additionally, with increased magnet strength and better design
of coils, images obtained have steadily improved. MRI is routinely used for delineation of the
tumour both in neurosurgical and radiation oncology practice. [10]
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A contrast agent containing gadolinium is usually added to assist with interpretation. While
it is has been established that MRI can identify oedema and necrosis along with tumour
microstructure in great anatomical detail, as well as regions displaying dysfunction of the
blood-brain barrier (BBB). However, it is often the case that these regions do not correlate with
areas of infiltration or other neoplastic molecular events. [11] This is particularly concerning
in low-grade gliomas, where the blood brain barrier may not be disrupted.
Recently the growth in the use of MRI has stimulated a body of research aimed at estimating
electron density from the MR data and using this alone for radiotherapy planning. This avoids
the necessity for a CT, reducing both treatment costs and patient radiation burden. [12]
A variety of MR sequences are usually obtained – T1/ T2/ DCE and spin echo. The detailed
evaluation of a glioma patient usually involves about 45 minutes on the scanner for the patient
and would usually be repeated about every 3 months.
Diffusion weighted imaging (DWI), or the more elaborate Diffusion Tensor Imaging (DTI), are
developments of MRI based on the diffusion of water molecules. This diffusion occurs
preferentially down the axons rather than across cell membranes. DTI post-processing can
identify white matter fibre tracts within the brain, allowing ablative therapies (such as
radiosurgery) to eloquent areas to be avoided. [10]
Spectroscopy can be useful in certain clinical scenarios, particularly when radionecrosis is
suspected post radiotherapy. It is most commonly undertaken using proton nuclei on com‐
mercial scanners. [13] Ratios of choline to N-acetyl aspartate (NAA) have been found to
correlate with tumour tissue. [13] NAA, associated with mature neuronal cell density, [14] is
decreased in tumours, while choline, involved in cell membrane turnover, [14] is increased,
leading to an increase in the ratio of choline/NAA. [13] However, Horska makes the point that
spectroscopy looks very different depending on the zone of the tumour being examined
(necrotic core, actively growing tumour or peritumoural oedema) [13]. In clinical practice,
spectroscopy is complicated by the need for large voxels; limiting the resolution and applica‐
tion in small lesions. There have been attempts to incorporate wider field MRS in radiotherapy
planning; even using whole brain acquisition. [14] With the limitation of difficulty in the
anterior cranial fossa and prolonged scan time; it looks potentially useful. Spectroscopy’s
clinical role currently is to provide confirmatory information to other modalities.
The issue of response assessment is critical to development in neuro-oncology, from early
phase testing of drugs through to community oncology clinics delivering care to patients. The
traditional approach to tumour response has been to base assessment on the change in size of
the lesion. Volumetric criteria perform poorly in slowly growing lesions such as low grade
glioma. [15] Initially, response assessment was based on two dimensional imaging (MacDon‐
ald criteria) of high grade lesions but it was appreciated that these criteria did not account for
non-enhancing progression and so Response Assessment for Neuro-Oncology (RANO) criteria
were developed. [9, 15]
CT and MRI are not sensitive for early malignant transformation – a significant problem with
low grade glioma. The usual clinical situation is – has the patient progressed? The MRI is very
difficult to interpret for the 3 months post chemo-radiotherapy. Limitations of both CT and
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MRI have led to the increased interest and development of functional imaging. [16-18]
Combined PET-MR scanners are finding their way into the clinical setting and may become
more than the sum of their parts. It is clear to us that the skill set required for development
runs across chemistry, medical physics, pharmacology, computational informatics, radiology,
nuclear medicine and clinical oncology. [19] This chapter will concentrate on the clinical
applications across a number of entities and review where advanced imaging may help us
improve treatment.

3. Metabolic imaging of the brain
PET imaging involves injection of a radioactive tracer, which undergoes decay, with positron
emission. Positrons collide with electrons, resulting in positron annihilation and the emission
two photons at 180 degrees, detected by the scanner’s detector ring. Following the acquisition,
detected events are reconstructed into an image. PET scanning can be performed in static or
dynamic mode. In static mode, a single PET image is acquired which is a sum of all events
detected during the period of the scan. From this, a measure of tumour-to-background contrast
can be used to provide both qualitative and quantitative results. In dynamic mode, the scan is
divided up into temporal segments, allowing an insight into the pharmacokinetics and
temporal path of the tracer, with kinetic modelling offering quantitative measures that can
provide insights into tumour biology. Although dynamic imaging has been shown to provide
more information, static acquisitions are still considered the norm in the clinical setting largely
due to time and data storage constraints.
3.1. PET radiotracers
A large number of radiotracers have been developed for clinical imaging with many investi‐
gated for brain tumours. Selection of an appropriate radiotracer is critical for the investigation
being performed, as many target a specific molecular process. A list of common radiotracers
used for brain tumour imaging is presented in Table 1.
Radiotracer

Abbreviation

[ F]Fluorodeoxyglucose

18

6-[18F]fluoro-dihydroxy-l-phenylalanine

18

[18F]fluoromisonidazole

18

[11C]-L-methionine

Molecular Target

F-FDG

Glycolysis

F-FDOPA

Dopamine / Amino acid transport

F-FMISO

Hypoxia

11

C-MET

Amino Acid Transport

O-(2-[ F]fluoroethyl)-l-tyrosine

18

F-FET

Amino Acid Transport

3-deoxy-3-[ F]fluorothymidine

18

F-FLT

Thymidine Kinase Enzyme

18

18

18

Table 1. Common radiotracers used for imaging of brain tumours.
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It should be remembered that the difficulty in synthesis and half-life of many of these tracers
varies greatly. This can limit their availability, especially in areas with a widely dispersed
population. The ultimate utility of an imaging molecule depends on a combination of cost,
benefit over other modalities, availability and half-life of the tracer.
3.2. 18F-Flurodeoxyglucose (FDG)
Tumours such as glioma have a predisposition for increased proliferation and metabolism and
there is a wealth of literature investigating the clinical applications of FDG,. These include
comparison to MRI [20], detection of glioma [21-28], tumour grading [29-36], choice of biopsy
site and radiotherapy planning [37-39], detecting tumour progression [40], recurrence and
necrosis [41-53], predicting prognosis and survival [54-58], and patient follow up [59]. FDG
PET has the advantage that it is available in most centres due to its wide, relatively simple
synthesis and low cost of production. However, the literature highlights numerous limitations
in application to brain tumours. The brain is an obligate metaboliser of glucose,. This results
in a higher tracer uptake in normal brain tissue. While high-grade gliomas such as glioblastoma
are still detectable over background uptake, low-grade and slow progressing tumours often
show uptake equal to that of surrounding normal tissue. Other pathologies such as inflam‐
matory diseases can cause tracer up regulation, [60] leading to false positive diagnoses. More
sensitive scanner technology has improved this to some degree but a number of studies have
been performed exploring alternative radiotracers that may be more useful in brain tumour
imaging, such as [11C]-L-methionine (MET), 6- [18F]fluoro-dihydroxy-l-phenylalanine (FDO‐
PA), O-(2- [18F]fluoroethyl)-l-tyrosine (FET) and 3-deoxy-3- [18F]fluorothymidine (FLT).
3.3. [11C]-L-Methionine (MET)
MET is an amino acid. MET has advantages over FDG due to both its low cortical uptake and
high uptake in neoplastic tissues. (i.e better signal to noise ratio) Methionine is involved in
protein synthesis, energy production. I t is clear that MET is a powerful diagnostic tool for the
detection of primary [61-66] and recurrent [42, 52, 62, 66-70] glioma, as well as having some
benefit in prediction of survival. [30, 55, 71-74] Numerous investigations have been performed
comparing the diagnostic accuracy of FDG and MET, with reported findings clearly showing
the superiority of MET in detection [21, 30, 75] and grading [30, 31] of primary glioma.
Conflicting reports have been published, however, regarding the benefit of MET in detection
of recurrent glioma. [20, 21, 41, 42, 47, 52]
The ability to provide complimentary information to that of MRI is a key strength of PET,
assisting in diagnosis and treatment planning where differential diagnosis on MRI alone is
difficult. However, while findings have been published showing the superiority of MET over
standard MRI protocols for both primary [61] and recurrent [76] glioma, dynamic susceptibility
contrast-enhanced magnetic resonance imaging (DSCE MRI) [77] and perfusion MRI [45, 78]
have been shown to be superior to MET PET for tumour detection.
Conflicting findings have been reported for the use of MET PET for grading gliomas. Ceyssens
et al [74] and Moulin-Romsee et al [79] reported that MET could not differentiate between
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glioma grades. However, Singhal et al [30] found that MET could discriminate between high
and low-grade gliomas and Miyake et al [31] and Santoni et al [62] found the tracer could
discriminate between grades II and IV and grades II, III and IV, respectively.
While the literature does support the integration of MET PET into the clinical setting, there
remain two significant caveats for the tracer. The half-life of 11C isotopes such as MET is
considerably short at 20.3 minutes, limiting this isotope and its tracers to centres with onsite
production capabilities. Finally, similar to FDG, MET accumulates in inflammatory lesions,
complicating differential diagnosis.
3.4. 6- [18F]fluoro-dihydroxy-l-phenylalanine (FDOPA)
An alternative to MET is 6- [18F]fluoro-dihydroxy-l-phenylalanine (FDOPA), a tracer that is
commonly used for the assessment of Parkinson’s Disease and other neurodegenerative
diseases. However, a case study was published in 1996 by Heiss et al [80] revealed the tracer’s
potential application to brain tumour imaging. While investigating a patient with suspected
Parkinson’s disease, F-DOPA uptake was visualized in a small region of the brain later
pathologically confirmed to be a low-grade glioma. This discovery generated significant
interest in FDOPA, with the subsequent literature showing that it provides complimentary
information to that of MRI, assisting in diagnosis, prognosis and guiding treatment in primary
and recurrent glioma patients.
Studies by Ledezma et al [81] and Karunanithi et al [82] have shown the potential for FDOPA
to provide information complementary to that of MRI. Ledezma et al showed that using
FDOPA PET along with MRI provided a good mechanism for detecting lesions in primary and
recurrent glioma. Karunanithi et al compared the two modalities, finding that FDOPA PET
was able to detect tumour recurrence in more cases that MRI. Hence, while MRI is currently
implemented in the diagnosis and treatment of glioma, these studies support the potential of
FDOPA as modality for complimentary assessment to MRI. Specifically, 18F-FDOPA could
have utility where the MRI findings are negative in primary/recurrent tumours or inconclusive
in recurrent tumours.
A number of studies have been performed comparing the efficacy of FDOPA PET to that of
other radiotracers such as FDG, FLT, FET, Ammonia (NH3) and MET. Investigations per‐
formed by Chen et al [50], Tripathi et al [28], Jora et al [27] and Jacob et al [83] all reported that
FDOPA PET was more specific and sensitive to detecting primary and recurrent lesions than
FDG. Tripathi et al and Jacob et al also showed that FDOPA PET was more sensitive than FLT
and ammonia, respectively.
Given the aforementioned drawbacks of MET, Becherer et al [84] investigated FDOPA as a
potential alternative, finding that both tracers had similar standard uptake values (SUVs) and
almost identical patterns of spatial uptake.
Many factors are considered in determining prognosis of patients including Karnovsky
performance status (KPS), age, tumour size, extent of surgery and tumour grade and histology.
In addition, Karunanithi et al [85] have shown that numerous indices derived from FDOPA
PET were independent predictors of survival, with Dowson et al further corroborating these
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findings by showing that the uptake changes in the most treatment resistant region of tumour
post-treatment are predictive of survival.
Another potential application of glioma PET imaging currently under investigation is tumour
grading. Confirmation of a glioma diagnosis generally involves surgical biopsy or resection
followed by a pathological assessment to determine tumour microvascularity. [86] There are
some limitations to performing biopsies. Firstly, biopsy is an invasive procedure, sometimes
not possible due to the anatomic location of the tumour, or the condition of the patient.
Secondly, as biopsy tissue samples often represent only a small part of the entire tumour, there
is a chance that the true tumour grade will be underestimated, as different tumour regions
may be of a different grade. [74] Finally, surgery of certain regions may involve surrounding
normal brain tissue, exacerbating the prognosis by causing additional neurological morbidity
or dysfunction. [87] While FDG has been investigated for glioma grading, alternatives to
biopsy methods are yet to be widely implemented in the clinical environment.
Numerous investigations have been performed in an attempt to discriminate high-grade
gliomas from low-grade using FDOPA. However, reports are conflicting. Studies by Fueger
et al [88], Pafundi et al [89] and Nioche et al [90] reported that FDOPA PET could discriminate
between high and low-grade primary glioma. However, as part of their study, Chen et al found
no significant difference in FDOPA uptake between the two classes. For recurrent glioma, only
Nioche et al was able to discriminate between high and low-grade, while neither Fueger et al
nor Kratochwil et al could differentiate the grades in their cohorts. While these studies do
suggest that FDOPA has the potential to discriminate between tumour grades in newly
diagnosed gliomas, further investigation is needed, especially for recurrent tumours.
While there are clear clinical benefits to using FDOPA for the assessment and management of
patients with glioma, this tracer comes with its own set of caveats. The main drawback of
FDOPA is synthesis. The most widely used method for FDOPA synthesis uses an electrophilic
approach, based on a two-step process. [91, 92] A fully automated method for synthesis of
FDOPA is now also available. [93, 94] However, there are limitations with this approach, such
as the requirement of additional equipment, precautions for dealing with 18F in gaseous form,
and the low radiotracer production rate. [95, 96] Recent developments have seen the intro‐
duction of nucleophilic approaches. [97, 98] In contrast to electrophilic, nucleophilic pipelines
produce 18F in liquid form. In addition, nucleophilic methods for production of FDOPA are
similar to that of FDG and thus require less additional equipment than electrophilic-based
synthesis. Finally, the recent availability of single-use synthesis cassettes for FDOPA could
make it more readily available..
3.5. O-(2- [18F]fluoroethyl)-l-tyrosine (FET)
O-(2- [18F]fluoroethyl)-l-tyrosine (FET) has also been widely investigated for imaging of brain
tumours. FET is one of the first amino acid radiotracers that can be synthesised in large
amounts for clinical purposes. Unlike MET and FDG, it has been shown in animal models that
FET exhibits low uptake in inflammatory lesions.
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A number of studies have been performed investigating FET in brain tumour imaging, with
findings strongly supporting the use of the tracer for detecting both primary [99-10]4 and
recurrent [52, 100, 105-108] glioma and showing superiority in detection, [25] treatment
planning [24] and biopsy planning [24, 38] to that of FDG PET.
A key strength of FET PET is its apparent ability to differentiate between different grades of
glioma. While some studies report that static imaging alone can provide the information
necessary to grade tumours in vivo, [109-111] kinetic analysis from dynamic imaging appears
to be superior for both primary [102, 110, 112, 113] and recurrent [114] cases. A combination
of MRI, DWI and FET PET indices has also been investigated for grading tumours, providing
promising results. [115]
In addition, like other radiotracers, FET PET has been investigated as a possible tool for
predicting prognosis, [71, 100, 116-120] treatment planning, [121] and monitoring treatment
response [122-124] with findings from all studies supporting its use.
Compared to FDG and MET, FET is a relatively new radiotracer, with the first human
experiments performed in the late 1990s. It has been shown to be a cost effective tracer for
adoption into the clinic, [123, 125] and future studies could see this tracer being brought closer
towards clinical translation.
3.6. 3-deoxy-3- [18F]fluorothymidine (FLT)
3-deoxy-3- [18F]fluorothymidine (FLT) is another recently developed amino acid radiotracer
that has been investigated for imaging of brain tumour proliferation. [126-131] FLT is an
analogue of the thymidine nucleoside, altered to prevent it from following the full biochemical
pathway of the nucleoside. Once the tracer is diffused into the cells by active transport, it is
phosphorylated but not incorporated into the DNA, thus it becomes trapped within the cell.
FLT has been shown to effectively detect both primary [28, 132] and recurrent [22],
[49, 127, 130, 133, 134] tumours, with a large body of work supporting it as a prognostic
factor in both cases. [101, 135-141]
Further research has investigated FLT PET as a tool for assessing treatment response [142-145]
as well as tumour grading. [129, 132, 134] A study by Jeong et al also found that FLT PET uptake
in recurrent glioma correlated with the initial grade of the tumour.
However, despite the body of work supporting FLT as a surrogate biomarker for proliferation,
[126-129] its use remains controversial [131, 146] and further studies are warranted to fully
elucidate the role of FLT in future clinical practice.
3.7. Hypoxia and 18F-Flouromisonidazole (FMISO)
Hypoxia has been shown to have a significant effect on treatment outcome for patients
diagnosed with glioma. Low oxygen tension correlates with radioresistance, resulting in the
development of local recurrence or metastasis. [147-149] It is well known that hypoxic tumour
cells are significantly more resistant to radiation than normoxic cells, as the lack of oxygen
inhibits permanent DNA damage. In fact, it has been shown that up to three times the radiation
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dose is required to kill hypoxic cells. [150] While cell hypoxia is rare in normal tissue, it is a
common occurrence in many solid tumours; [41, 42] classified as acute, chronic or anaemic.
Cells become acutely hypoxic when they are temporarily deprived of oxygen due to the closure
or disruption of blood vessels, often caused by the hostile nature and abnormalities within the
tumour environment. The abrupt changes in vasculature prevent the supply of oxygen and
other nutrients to the cells. Upon return of oxygen to the cells, often due to angiogenesis or
vasculogenesis, cells become normoxic again. Chronically hypoxic cells on the other hand, are
cells that will remain hypoxic until they become necrotic, often due to the tumour outgrowing
its blood supply or proliferation pressure forcing cells away from blood vessels. [151] In fact,
necrosis is a requirement for the diagnosis of glioblastoma; as the highly proliferative nature
of the tumour forces it to outgrow the blood supply in areas, resulting in a necrotic core usually
visible from MRI. Anaemic hypoxia results from low oxygen concentrations within the blood
supply and can be due to either pathology or the treatment itself.
There are numerous methods available for measuring hypoxia, both in vivo and in vitro, with
the polarographic needle electrode regarded at the gold standard. While this method has been
used extensively to assess hypoxia, [39, 44, 49-55] there are concerns with this approach. [74]
Firstly, since the needle is invasive, not only is it uncomfortable for the patient, but there also
exists a risk that it may cause trauma to the sample site, resulting in exacerbation of injury.
Secondly, since only a small sample of the tumour is assessed, there is a risk of underestimating
the level of hypoxia. Other, non-invasive methods exist for hypoxia assessment, including
phosphorescent imaging, [152-154] which exploits the oxygen-depending quenching of
phosphorescence, blood oxygen level dependent (BOLD) MRI, which is able to identify
hypoxic vasculature using paramagnetic properties of deoxyheamaglobin, 19F MRI, [155]
which utilizes the linear relationship between 19F and tissue oxygen concentration, and near
infrared spectroscopy (NIRS), [156-159] which exploits the low absorption of near infrared
wavelengths by tissue chromophores.
In addition to the above methods, there is now significant interest in the use of PET radiotracers
for assessing tumour hypoxia. Many radiotracers exist for investigating tumour hypoxia
[160-170], including 18F-HX4, 18F-FAZA, 18F-EF5, [124]I-IAZA, [123]/ [125]I-IAZP, 64Cu–ATSM,
18
F-FENI, 62Cu-diacetyl-bis(N4-methylthiosemicarbazone), 18F-FETA, 18F-EF1 and [18F]fluoroer‐
ythronitroimidazole. However, 18F-Fluoromisonidazole (FMISO) PET is clearly the most
widely used, as it provides the best compromise between sensitivity, specificity and invasive‐
ness.
FMISO is a derivative of nitroimidazole, which is metabolized by intracellular nitroreductases
at low oxygen concentrations. They form covalent bonds with macromolecules and become
biochemically trapped within these hypoxic cells. [171] This has been shown to occur in oxygen
concentrations below 10mmHg [70], [71]. Nitroimidazole metabolism relies on active enzymes
and thus does not get absorbed by necrotic tissue.
The first to investigate FMISO as a potential hypoxia imaging agent was Valk et al, [172] who
elegantly showed that high-grade gliomas were clearly delineable 40 minutes post-injection
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of the tracer. Since this pioneering work, many studies have been performed on both humans
and animal models, bringing this tracer closer to clinical translation.
Further research has compared FMISO PET to other imaging modalities such as MRI and FDG
PET. MR imaging sequences such as FLAIR, T2 and contrast enhanced T1 are regularly used in
the diagnosis, treatment planning and treatment evaluation of glioma. However, there are
limitations with MRI as described above, especially for low-grade glioma, due to the invasive
nature of glioma beyond areas of BBB disruption. Hypoxia has been shown to promote
neovascularization through the angiogenic cascade and other molecular signalling events,
leading to leakage of the blood-brain barrier. [173, 174] Hence, an understanding of the
relationship between hypoxia, as assessed by FMISO PET and MR imaging may lead to an
improved understanding of tumour physiology.
Studies by Spence et al, [175] Swanson et al [176], Szeto et al [177] and Kawai et al [178] have
confirmed that a relationship does in fact exist between the two imaging modalities. Spence et
al showed that hypoxic regions delineated using FMISO PET correlated with contrast en‐
hanced T1 defined regions. This result was verified by Swanson et al, who reported on two
important findings in their study on pre- and post- operative glioma patients: regions of
hypoxia correlated with MRI defined volumes; and regions of hypoxia were not restricted to
inside MRI defined volumes. Further corroboration came from Kawai et al, who found that
individual hypoxic volumes significantly correlated with volumes defined on contrast
enhanced T1. Finally, Szeto et al used a mathematical model adopted from Swanson et al to
show that regions of hypoxia correlated with quantitative measures of tumour aggressiveness
and sphericity.
It is well established that hypoxic cells can increase their glycolysis to maintain energy levels,
suggesting that a relationship between hypoxia and glycolysis does exist. However, prolifer‐
ation is considerably inhibited in chronic hypoxia, significantly reducing glycolysis. [179-181]
This suggests that a complex relationship may exist, the understanding of which may lead to
a more comprehensive understanding of the tumour microenvironment.
Investigations by Rejendran et al, [182] Hatano et al [183] and Cher et al [184] have confirmed
that any relationship that may exist between the two microbiological processes is complex.
While Rejendran et al and Hatano et al found little to no correlation between FMISO and FDG
Uptake, Cher et al found that a correlation did exist within individual tumour grades. These
results suggest that complementary information can be obtained from FDG and FMISO
imaging. However, further studies are warranted to fully elucidate any relationship between
the two tracers.
Accurate grading of glioma cases is imperative for both patient prognosis and treatment
planning, as patients diagnosed with higher-grade glioma fair significantly worse compared
those with lower grade. While necrosis, usually visualized with MRI, is a key requirement for
diagnosis of glioblastoma, the most widely accepted method for grading is pathological
assessment from biopsy. However as described previously, there are concerns with this
approach: Biopsy is not always possible due to tumour location; where biopsy is possible,
further neurological dysfunction is a risk with such an invasive procedure; and the sample
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only represents a small section of the tumour volume, possibly resulting in an underestimation
of the tumour grade.
However, studies into FMISO PET have found that tracer uptake correlates very well with
tumour grade, offering up a non-invasive method for tumour grading. Cher et al, [184] Hirata
et al, [185] Yamamoto et al [186] and Kawai et al [187] all reported a higher uptake of 18F-FMISO
in glioblastoma patients than all other grades. While Cher et al and Hirata et al reported no
tracer uptake in lower-grade tumours compared to normal tissue, Yamamoto et al and Kawai
et al reported higher uptake in grade III than surrounding cortex. These results suggest that,
at the very least, FMISO PET could be used to confirm a diagnosis of high-grade (grade III-IV)
glioma. However, further studies are needed to conclude distinction between grade III and IV
cases.
Probably the most fascinating property of hypoxia is its apparent strong negative correlation
with patient prognosis, which has been investigated since the development of the polaro‐
graphic electrode needle. Cher et al [184] and Hirata et al [185] both reported FMISO PET
defined hypoxia as a significant negative prognostic factor, with Cher et al able to predict the
site of recurrence in two patients from 18F-FMISO images. Spence et al was also able to correlate
FMISO PET images with time-to-tumour-progression (TTP), survival and KPS. Finally,
Swanson et al was able to negatively correlate FMISO PET images with patient survival in preoperative cases of glioblastoma. These studies add to the growing body of evidence that
suggests hypoxia is a key factor in treatment success and patient survival.
Finally, Valable et al [188] performed an investigation into hypoxia and the anti-angiogenic
treatment sunitinib. Anti-angiogenic treatments were proposed as a possible cancer therapy,
as they target VEGF pathways, leading to a decrease in tumour vasculature. However,
treatment results were disappointing, with treatment benefits being temporary, leading to a
short increase in time to progression at best. However, the concept of vascular normalisation
rekindled the idea of anti-angiogenic treatments, whereby therapy improves tumours
vasculature, reducing tumour hypoxia and improving the efficacy of radiotherapy. Valable et
al showed in a mouse model that tumours treated with sunitinib had a significant decrease in
FMISO PET after 7 days, suggesting that the use of anti-angiogenic treatments may be viable
to improve tumour oxygenation and therefore radiotherapy treatments.
The body of work surrounding hypoxia strongly suggests that important information can be
obtained from F-MISO PET imaging of glioma and, while more needs to be done to fully
elucidate tumour biology, it is clear that hypoxia is an important aspect of future treatment for
patients diagnosed with glioma.
3.8. Dual-tracer imaging (multiplexing)
The current literature strongly supports the idea that, given the complex and heterogeneous
nature of glioma, knowledge of multiple biological characteristics is needed for effective
patient treatment. For example, amino acid activity from FDOPA PET, proliferation from FLT
PET and hypoxia from FMISO PET. Currently, however, the physical limitations of PET
imaging prevents ascertaining information from two radiotracers simultaneously. Thus, to
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acquire the necessary biological information, PET acquisitions must be performed on separate
days, allowing the first radiotracer to decay.
Unfortunately, however, there are many disadvantages to this approach. Firstly, performing
multiple PET acquisitions requires that the patient be prepared multiple times, significantly
increases the scanner time and increases the associated costs. Secondly, performing acquisi‐
tions on separate days introduces spatial uncertainty in two ways: Tumour evolution between
scans can be significant, especially given the aggressive nature of glioma. In addition, regis‐
tration of the images introduces uncertainty due to change in patient positions and image
artefacts. This, however, can be mitigated provided there is enough mutual anatomical
information available between the two scans.
With the need to image multiple biological characteristics becoming evident, and the obvious
inherent logistical limitations in performing multiple scans, the field of dual-tracer imaging is
gaining momentum.
Dual-tracer imaging, or multiplexing, allows for imaging of multiple PET radiotracers within
a single scanning session by employing novel post-processing techniques to separate the two
tracer signals. This approach trades-off tracer signal fidelity for logistics, circumventing some
of these issues encountered when performing multiple acquisitions: The patient need only be
prepared for scanning once; the required scanning time is shorter than that of two individual
acquisitions; tumour evolution between the two images is negligible; and, provided the patient
does not move during the scan, registration is no longer required.
However, this technique has one major logistical limitation, requiring that multiple radiotrac‐
ers be synthesized and available at the same time. This is a difficult task in most centres, as
simultaneous synthesis of two 18F radiotracers, for example, would be impossible without two
cyclotrons. This limitation may be mitigated, however, by either using radiotracers with
differing isotopes and/or synthesis methods, or using radiotracers with sufficiently long halflives that allow the two tracers to be synthesized consecutively before application.
Since dual-tracer imaging was first proposed by Huang et al, [189] a number of methods have
been proposed and can be loosely grouped by their method for signal separation. Methods
that allow both tracers to be injected simultaneously reduce the scanning time but require that
both tracers have different half-lives, with signal separation performed by exploiting the
difference in tracer decay rates. Such methods include those by Huang et al, [189] who
investigated 13N, 18F, 68Ga and 64Cu isotopes in phantoms, Figueiras et al, [190] who investigated
FDG and ammonia in both phantoms and an ischemic rat model, and Kadrmas et al, [191] who
exploited differing decay rates in conjunction with differing kinetics and distribution for FDG,
ATSM and PTSM. Other methods, such as those by Koeppe et al [192] and Kadrmas et al, [193]
employ a staggered injection that allows for the discrimination of tracer signals with the same
half-life, increasing the selection of available radiotracers that can be used. Both methods rely
on kinetic modeling to separate the two signals. In addition, Verhaeghe et al [194] and Ikoma
et al [195] proposed methods that exploit differing tracer half-lives in addition to a staggered
injection interval and kinetic analysis to separate tracer signals.
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The above studies propose methods that require scanning to be initiated at the injection of the
first tracer. To reduce the required scanning time further, a study by Bell et al [196] investigated
separation of two 18F radiotracers by staggering the injection interval and initiating the PET
acquisition once the first tracer had reached steady state. Using this method, scanning time
was only increased by 10 to 20 minutes over a standard PET acquisition.
Finally, two studies have been performed investigating performing signal separation at the
reconstruction level. Gao et al [197] and Cheng et al [198] incorperate kinetic modelling into
the reconstruction process to separate tracer information.
Dual-tracer imaging offers a viable alternative to performing multiple PET acquisitions, with
the above methods illustrating its potential in future research practices. However, further
studies are required to fully develop the concept of simultaneous multiplexing, with particular
attention to circumventing the logistical issue of simultaneous radiotracer synthesis.

4. Clinical applications
Medical imaging is important at many junctures during the course of the treatment path for
glioma patients, from the initial diagnosis and grading of the disease to planning and assessing
response to therapy. MRI is the gold standard for obtaining morphological information on
tumours, but has some limitations as mentioned previously. One role of imaging is in estab‐
lishing a continually updated prognosis at all stages during treatment. So in addition to
detecting and localising tumours, the differentiation of treatment induced pseudo-progression
from recurrence is important. The latter is a particular challenge, as is establishing the grade
of diffuse tumours and the late identification of recurrence. [199]
Non-structural MR modalities can assist in overcoming the difficulties of differentiating
recurrence from post treatment radiation effect. A previous study [200] examined the use of
relative cerebral blood volume, and measured a sensitivity of 92% with a specificity of 100%.
Relative cerebral blood volume (rCBV) has shown superior abilities in distinguishing recur‐
rence from radiation necrosis than either FDG or MET-PET. [45]
The sensitivity of molecular imaging techniques such as PET can be used to surmount some
limitations of MRI, [16] for instance FDG, the most widely used PET tracer, can predict
anaplastic transformation in low-grade gliomas. However PET should be used in conjunction
with anatomical imaging as greater sensitivity and specificity is demonstrated when PET is
combined with MRI. [16] In clinical practice, PET is considered useful for resolving ambiguities
between recurrence and treatment induced changes. [201] It is broadly acknowledged that the
augmentation of MRI and CT with other modalities such as PET, SPECT and diffusion imaging
may assist in differentiating treatment effects from progression, but more research is needed,
[202, 203] and efforts have been made to standardize assessments when considering metabolic
imaging modalities, at least when using FDG. [204] As mentioned however, although FDG has
demonstrated efficacy for many oncologic applications, it is of less utility in cortical regions
where healthy tissue has high FDG-avidity preventing the unambiguous differentiation of
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normal and neoplastic tissue. FDG retains some utility for glioma applications, for instance in
a study of 19 patients changes in glucose metabolism measured using FDG-PET predicted
response to temozolomide, but not when combined with radiotherapy. [205]
Amino acid tracers, such as MET and F-DOPA. are more sensitive for imaging recurrent
tumours, especially LGG, [16] as amino acid transport is up-regulated in malignant lesions.
[206] Some debate exists around the relative efficacy of different amino-acid tracers, with a
number of tracers examined in the literature. [52] MET is popular choice due it its relative ease
of synthesis [207] MET-PET is a better prognostic predictor and improves inter-observer
consistency compared to FDG, [42] although it is noted combining FDG with MET further
improves prognostic predictions. However, the aforementioned limitations with the half life
of MET have seen FDOPA to be a viable alternative to MET, which more accessible in the clinic
due to its longer half-life. [84]
FDOPA precisely localizes tumours as verified on MRI [81] and can also identify tumour not
visible on MRI. FDOPA has also been shown to better identify regions of higher density disease
than MRI on a study examining 23 biopsy specimens from 10 patients. [89] When evaluating
28 of 30 patients on anti-angiogenic therapy, the absolute volume based on FDOPA two weeks
after initiation of therapy, was the most significant predictor of overall survival. [208] This
slightly out-performed MRI, possibly implying that the overall tumour burden is a factor in
survival, and that metabolic images potentially provide better estimates of disease burden.
Such early yet accurate predictions of treatment response offer the potential to select more
appropriate therapeutic strategies.
FLT has also been examined as an alternative to FDG for the purposes of estimating tumour
margins, and in a study of 25 patients, FLT demonstrated greater with Ki-67 proliferation
index. [127] FLT demonstrated superior performance to MET in the grading and assessment
of proliferation in 41 newly diagnosed glioma of different grade, [132] with no complimentary
information being observed. In comparison to FDOPA, the kinetic parameters of FLT were
more predictive of overall survival in 126 glioma patients treated with Bevacizumab-Irinote‐
can, [145] although combining the modalities further improved predictive performance.
However, for low grade glioma FDOPA offers better visualisation than either FLT or FDG for
primary and recurrent low grade glioma. [28]
Considering low grade glioma in particular, FET has demonstrated efficacy. [209] In a
retrospective study of 59 patients [210] found that the presence of FET uptake was not
predictive of outcome, but in the subset of 30 patients with abnormal uptake and dynamic
data, a decrease in FET was significantly predictive of outcome. FET PET has also accurately
predicted antiangiogenic treatment failure in 11 patients, predicting treatment failure earlier
than MRI alone. [211] However changes in FET was found to only be prognostic in astrocytic
tumours and not for oligodendral tumours in a cohort of 83 patients. [212]
However, in addition to assessing glioma at the various stages of treatment, functional imaging
has a role to play in the treatment of the disease by supplying metabolic information during
the planning of surgery and of radiotherapy. The augmentation of MRI with PET to assist
surgical planning, has demonstrated the potential to improve cost effectiveness for two
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scenarios of varying disease severity. [213] Recently, a fluorescent biological markers that is
tumour specific, 5-Aminolevulinic Acid (5-ALA), is becoming available following its proposal
and the improvement in progression free survival in stage III trials. [214] 5-ALA is efficacious
not only because tumour remains easily identifiable despite tissue movement, but because
anaplastic foci are not always detectable on MRI. However 5-ALA is less sensitive than FET
for low grade glioma, [215] although for high grade glioma regions of high FET uptake also
fluoresce. Even so there is some motivation for the use of PET during surgical planning even
when in-vivo biomarkers are available, especially since the greater tumour extent made visible
by FDOPA imaging compared to MRI has been revealed by biopsies to be pathological in
almost all cases. [89] The latter result also has implications for radiotherapy planning.
The availability of PET imaging influences the definition of GTV when it is used to augment
MR images, which has the benefit of reducing inter-observer variability and better sparing
normal tissues, at least for some oncology applications. [216] A further study [121] examined
patterns of failure in a cohort of 10 patients, and found that treatment failures are generally in
the central region, but that neither FET-PET nor MRI optimally predicted recurrence, and that
the two modalities were complementary. However inadequate coverage of GTVs as defined
by increased MET-PET activity in 5 of 34 patients were associated with an increased risk of
treatment failure. [217] Such contradictions mean that although the potential of PET to assist
radiotherapy planning is acknowledged, more research is required before consensus is reached
on what strategy should be used to define treatment volumes. [218]
Although increased metabolic activity is useful to establishing target volumes, the margins
added for infiltration and patient movement to respectively obtain clinical and planned target
volumes are probably sufficient to prevent geographic misses, and focal radio-resistance plays
a larger role in recurrence. A recent study [219] showed that the uptake in focal regions was a
better predictor of recurrence, than uptake over the tumour as a whole, highlighting the
importance of intra-tumour heterogeneity. The importance of heterogeneity was confirmed
for FDOPA in a study examining high-grade gliomas, [220]where focal uptake was signifi‐
cantly correlated with survival time while tumour-global uptake was not. At the intra-tumour
scale, patterns of FET kinetic parameters have been correlated with histopathology in sus‐
pected grade II gliomas, and focal regions of anaplastic change were identified. [103]
Given the large treatment volumes, the fact that treatment failure is typically focal, and that
the radio-resistance associated with local hypoxia is a contender for the cause of treatment
failures, the imaging of hypoxia in conjuction with MRI could have greater efficacy than
imaging using amino-acid tracers. FMISO is a PET tracer that can be used to identify hypoxic
regions.
Typically only static PET images are analysed, but PET is intrinsically a dynamic modality and
kinetic analysis of the dynamic data contained by PET images can reveal supplementary
biological factors that are of clinical relevance. Hence, the kinetic analysis of PET data is of
increasing interest, for instance Pyka et al [219] demonstrated that recurrence can be best
predicted using parameters derived from dynamic data in cohort of 34 patients, and static
uptake had a lower significance for low grade gliomas. The kinetics of PET uptake have been
investigated for some time. Kinetic parameters derived from FDOPA demonstrated the
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potential to distinguishing between low and high grade gliomas for 37 patients. [221] Ellingson
et al [222] have also proposed using parametric response maps to evaluate treatment response,
especially for slow growing tumours. FET-PET has been shown to predict recurrence on a
cohort of 14 patients with a sensitivity of 83% and a specificity 88% [219], when using the
relative slope of FET uptake. Parameters derived from dynamic PET appear to offer advantages
over the analysis static PET images for FET, when applied to grading gliomas. [114]
The role of medical imaging varies depending on type and grade of tumour in addition to the
clinical application. When planning the surgery of low grade glioma, the intrinsic plasticity of
the brain can be established using fMRI and diffusion imaging to better trade-off the resection
of tumour tissue with the prevention of damage to eloquent areas. [223] PET has applicability
in a wide range of clinical settings including biopsy guidance, estimating the true extent of
tumours, establishing a prognosis, planning resections, detecting recurrence and monitoring
therapy, [224] but benefits fewer patients for radiotherapy planning. [225] For low grade
glioma the most promising PET tracers appear to be the amino acid markers FET and MET.
[224] Examples of the complementary nature of PET to MRI have been noted by Berntsson et
al, [226] where no correlation between tumour metabolism (MET uptake) and vascularity was
found, and Rahm et al [227] where no agreement between FET uptake and anisotropic diffusion
occurred. The pattern of MET uptake has also been found to differ from the pattern of neuronal
cell loss and membrane proliferation shown by Cho/NAA ratios obtained from MRS and
should potentially be taken into account when planning biopsies. [228]
FDOPA was found to be prognostic of low grade gliomas with non-enhancing T2 changes on
MRI in a cohort of 93 patients by Rangan et al. [229] FET was also found to be prognostic in 59
patients by Jansen et al, [210] who found a rapid roll-off uptake dynamics to be predictive of
shortened progression free survival although lack of uptake was not indicate of indolent
disease. The pattern of uptake MRI uptake (circumscribed versus diffuse) augmented with
FET PET has been found to significantly predict malignant transformation in 33 patients. [230]
FET has also been used to establish whether brain lesions are neo-plastic. [111]
Static FET uptake when normalized to background is useful for predicting the malignant
transformations, as is the dynamic parameter time-to-peak, [112] although the repeated PET
scans suggested to detect malignant transformation early might not be possible in general
clinical practice.
PET has potential utility in radiotherapy planning for recurrent and high-grade glioma. In a
study of 39 patients with high-grade glioma MET defined gross tumour volumes exceeded
those of MRI defined volumes in 74% of cases. [68] For the re-irradiation of recurrent highgrade glioma, in a cohort of 44 patients, patients planned using metabolic imaging (MET-PET
and IMT-SPECT) had a significantly longer survival time than those planned using anatomical
images alone. [231] However, Hutterer et al [232] note that the specificity of PET may be limited
by passive tracer influx through the disrupted blood brain barrier and non-neoplastic lesions.
The utility of PET for surgical planning for high-grade glioma has also been demonstrated,
where 66 patients whose tumours were completely resected according to PET images used in
planning had a prolonged survival. [233] In terms of response measurement, FET PET uptake
has been demonstrated to be better than MRI at predicting the failure of Bevacizumab-
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Irotocenin treatment. [234]Galldiks et al [122] also found tumour to background ratio (both
mean and max) to be significant and independent predictors of progression free survival and
overall survival.
For meningioma, the use of MET-PET was shown to improve inter-observer consistency for
delineating margins of neoplasticity compared to MRI/CT alone in a study of 10 patients. [235]
Another tracer, DOTATOC has also been used to delineate the extent of infracranial invasion
[236] and has more recently been incorporated into radiotherapy planning. [237] Notably there
were some masses that only DOTA could adequately identify. Cornelius et al [238] has
highlighted the efficacy of PET for planning the surgery of meningioma as compliment to MRI
and 5-ALA. [239]
Such observations motivate for the use of PET/MR during the planning of radiotherapy and
surgery; initial experiences in the clinic have found few drawbacks for such systems in
comparison to standard PET/CT and separate MRI systems. [240-242] While MRI will remain
the standard baseline modality, PET has demonstrated applicability for several types of brain
tumour. Applications include grading of tumours, detecting conversion to an aggressive
phenotype, establishing a prognosis, planning surgery and planning radiotherapy. The
enhanced sensitivity and specificity of metabolic imaging could assist in further delaying
progression and improving survival time by reducing the risk of geographic misses and by
identifying regions of infiltration that are occult to MRI, but only when used in concert with
structural MRI. The increased availability and use of PET/MR scanners will be key to realising
such ambitions.

5. Future developments in PET
5.1. Macromolecular imaging
Molecular imaging, in particular nuclear imaging, has been integral to the development and
growth of the field of nanomedicine [243, 244]. The development of nanomedicines occurs over
several stages, from materials development, characterisation and understanding at a molecu‐
lar level to in vitro testing and eventually into in vivo models in the preclinical environment.
Molecular imaging techniques have become the cornerstone of in vivo investigations in
nanomedicine development and this, in turn, has led to the development of macromolecular
imaging agents. The birth of the field of theranostics [245], therapeutic delivery and diagnostic
reporter combined in the same molecule, has highlighted the potential of macromolecular
imaging agents, which has translated into the field of neuro-oncology. The shift from a highly
specific targeting molecule such as an antibody, fragment antibody, peptide or synthetic
polymer to an imaging agent has become achievable with the development of facile and
commercially available chemistries for the attachment of chelating ligands specific to radio‐
metals [246]. Essentially, the library of nuclear imaging agents has expanded to the almost
infinite library of specific biomolecules that have been developed over the past 40 years in the
biotechnology field. The power of this approach in the imaging of brain tumours is yet to be
fully realised in the clinical environment. However, an increasing number of preclinical studies
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are beginning to show the potential of the approach [243, 244, 247-257]. The attraction of a
macromolecular imaging agent is very similar to the attractions of antibody-based therapeu‐
tics. Whereas with a targeted therapeutic the desired effect is increased anti-tumour efficacy
with decreased toxicity, the advantage of an imaging agent is greater contrast between
diseased and healthy tissue leading to a lower risk of misinterpretation. Additional benefits
lie in the half-life of the radionuclides used to label macromolecules. Radiometals commonly
used in labelling macromolecules are 68Ga (68 minute half-life), 64Cu (762.06 minute half-life)
and 89Zr (4704.6 minute half-life) each offering distinct advantages over the commonly used
11
C (half life = 20.3 minutes) and 18F (half-life = 109.8 minutes). Due to the short half-life, a
prerequisite for using 11C and 18F tracers is access to a cyclotron and radiochemistry facilities.
The enormous expense of installation of these facilities often limits the use of PET based brain
tumour imaging. The long half-life of 64Cu and 89Zr allows production of the isotope at one
location, shipment overnight and conjugation to the macromolecular imaging agent at the
imaging facility without significant loss of tracer activity. Although the short half-life of 68Ga
excludes this approach, 68Ga is produced from a generator and not by cyclotron methods,
which are comparatively inexpensive and have small footprints, leading to relative ease of
installation in the majority of facilities [258].
5.2. Macromolecular theranostics
As the chelators used to conjugate imaging nuclides can also be used to conjugate therapeutics,
beta emitting nuclides such as 90Y and 177Lu the use of highly specific labelled macromolecules
leads to a unique solution for personalised medicine. Essentially, what you see is what you
treat. Imaging with a radiolabelled macromolecule will give the clinician a quantitative map
of macromolecule tracer within the body. This can be used to either recommend the patient
for treatment with the diagnostic analogue of the tracer, or rule out the patient as a successful
candidate and recommend another course of treatment. The potential of this approach can be
evidenced with translation of materials and regimes to the clinic. The family of octreotate
peptides specific to the somatostatin family of receptors are used with increasing success in
the management of neuroendocrine tumours [259-261]. A 68Ga labelled version of the peptide
can be used for diagnosis and treatment planning and, if the patient is likely to display a
response, a 177Lu labelled version of the peptide is administered as the treatment.
5.3. Molecular imaging switches
Further potential for macromolecular imaging lies in switchable imaging agents. Hardware
developments in MRI have led to the possibility of multinuclear MRI. 19F (not to be confused
with 18F) MRI shows great promise as a molecular imaging modality and is being investigated
for a number of applications [262-269]. The gyromagnetic ratio of 19F is very close to that of 1H
(19F = 40.052, 1H = 42.576), the natural abundance of 19F is 100 % and the only endogenous 19F
in the body is in the bones and the teeth. Essentially this means that 19F can be imaged on most
clinical MRI scanners with the addition of a 19F radiofrequency coil, providing a higher
resolution molecular imaging modality. The use of 19F MRI is most predominant in cell tracking
and many cell types have been labelled with highly fluorinated polyether emulsions. Both
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preclinical [269] and clinical [269, 270] trials have shown that imaging labelled cells in vivo is
feasible at sub millimetre resolution, enough to visualise 103 – 105 cells. [269] 19F MRI however
comes with an additional bonus: the signal can be switched on and off in response to a
biological signal. There have been several reports of 19F containing molecules that can be
imaged in vivo and are sensitive to pH changes [271-275], temperature [276] and enzyme
activity [277]. This is largely achieved through changes to the T2 relaxation rate induced by a
physical change to the environment of the polymer. The potential of this approach is high as,
in theory, the same mechanism could be used to monitor the release of a drug from a nano‐
medicine. In this way, and with multimodal imaging platforms such as PET/MRI, key
questions surrounding the efficacy of targeted therapeutics, ‘how much reaches the target?’,
‘how fast is it cleared from the target?’, ‘is the drug delivered to the target?’ and ‘what is the
response to the therapy?’ can be answered by molecular imaging.

6. Conclusions
CT and MR imaging are currently considered the gold standard when treating patients
diagnosed with a brain tumour but these techniques are much harder to interpret after
treatment has commenced. Developing new therapies and improving care in the clinic will
depend on overcoming these shortcomings. The introduction of PET offers the ability to gain
complimentary information to that of MR and CT imaging, with many radiotracers developed
for investigating tumour microbiology. While each radiotracer has its own set of caveats, there
are continuing advances in tracer development and synthesis.
Hypoxia has been shown to significantly affect treatment outcomes, and although many
radiotracers have been developed for imaging hypoxia, FMISO continues to be the most
applicable. In addition, hypoxia has been shown to provide information on patient prognosis,
tumour grading and response to therapy. Multiplexing PET imaging may provide further
advances in treatment regimes, offering the ability to image with multiple radiotracers within
a single acquisition, although further investigations will need to be performed to bring the
technique towards clinical translation.
PET imaging has shown application far beyond the detection of tumours, including tumour
grading, detecting transformation to a more aggressive phenotype, predicting outcome,
planning surgery and radiotherapy. It’s application to surgery and radiotherapy planning
offers the potential to improve treatment by reducing the risk of geographic misses and by
identifying regions of infiltration that are not seen on MRI.
Future developments in PET technology as well as radiopharmaceutical developments should
see the wide adoption of theranostics, providing qualitative and quantitative measures of
therapeutic efficacy. With the incorporation of molecular imaging switches in conjunction with
newly developed PET/MR technology, the ability to answer vital questions about therapeutic
delivery to the tumour can be answered, significantly advancing treatment development for
the treatment of glioma.
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Acronyms
PET - Positron emission tomography
MRI - Magnetic resonance imaging
FET - [18F]-fluoroethyl-L-tyrosine
FDG - [18F]-Flurodeoxyglucose
FLT - [18F]fluorothymidine
LGG - Low grade glioma
FDOPA - [18F]fluoro-L-dihydroxyphenylalanine
MET - Methyl- [11C]-l-methionine
GTV - Gross tumour volume
IMT - 123I-α-methyl-tyrosine
5-ALA - 5-Aminolevulinic acid
DOTA - 68-Ga-DOTATOC-PET
SUV - Standard uptake value
KPS - Karnofsky performance status
NAA – N-acetyl asparte
MRS - Magnetic resonance spectroscopy
BOLD MRI - Blood oxygen level dependant magnetic resonance imaging
NIRS - near infrared spectroscopy
FLAIR - Fluid attenuated inversion recovery
MVD – Microvessel density
VEGF - Vascular endothelial growth factor
HIF-1α - Hypoxia inducible factor-1α
TTP - Time to tumour progression
DSCE MRI - Dynamic susceptibility contrast-enhanced magnetic resonance imaging
BBB - Blood brain barrier
RANO – Response Assessment for Neuro-Oncology
CT - computed tomography
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1. Introduction
High-grade gliomas are the most common and aggressive group of primary central nervous
system tumors, and are characterized by grim prognoses. The glioma with the worst associated
survival is Glioblastoma Multiforme (GBM), otherwise known as anaplastic astrocytoma grade
IV. The median survival of patients diagnosed with GBM is just 12 to 15 months. After
recurrence, only 9-15% of patients are alive and progression free at 6 months (APF6), with a
median survival of 9 months.
Advances in surgical techniques and neuroimaging have proven important, but nonetheless
have done little to improve survival. The standard treatment for newly diagnosed GBM
remains an aggressive tripartite strategy of surgery, radiation therapy (RT), and chemotherapy
with adjuvant and concurrent temozolomide (TMZ), and yet GBM almost inevitably recurs.
TMZ was added to the standard of care after Stupp et al. published results in 2005 showing
that TMZ extended survival by 2.5 months [1]. Other FDA approved treatments for GBM
include the nitrosoureas lomustine and carmustine, as well as gliadel wafers that release
carmustine and are placed during surgery. The use of these agents has been controversial and
not standard, despite the fact that they have a similar effect on survival as TMZ. Upon
recurrence, the treatment options for GBM are drastically diminished. Therapy is varied, and
can include re-irradiation or surgery for some patients, and drug treatments. Only recently
has the anti-angiogenic drug, bevacizumab, been added to the therapeutic regimen for
recurrent tumors, although its impact on survival is debated [2]. NovoTTF, an electric current
therapy, is also approved for use in recurrent GBM.
Current treatment for GBM is not without toxicity. None of the GBM treatments considerably
extend survival or improve quality of life, and consequently the risk-benefit ratio in treating
GBM is not greatly tipped towards beneficial. Indeed, individual prognostic factors of each
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patient, including 06-Methylguanine-DNA methyltransferase (MGMT) methylation status,
presence of mutant epidermal growth factor variant III (EGFRvIII), baseline performance
status, age, and extent of surgical resection, usually have a better correlation to survival than
available treatments [3]. Younger age, MGMT methylation, IDH1 mutation, gross total surgical
resection, and a higher performance status as measured by Karnofsky Performance Score (KPS)
are positive predictors of survival [4-7].
The lack of effective treatments can be largely attributed to the biology of this glioma making
it elusive to treatment. GBM is largely infiltrative of the surrounding brain tissue, so separation
for surgical and radiation treatment is essentially impossible, thwarting efforts to prevent
recurrence. Drugs may fail to impact GBM because of their inability to cross the blood-brainbarrier (BBB). Although it has been argued that the BBB becomes permeable due to a GBM, it
is likely that many cancerous cells remain in areas with an intact BBB [8]. Additionally, the
ubiquitous mutations and redundant biologic pathways in GBM allow the tumor to easily
escape many therapies. Upon recurrence, GBM often mutates and takes on new genetic
abnormalities, conferring resistance to treatment that previously achieved some success.
Combination therapy approaches are likely the best solution to GBM’s escape and resistance
mechanisms[9]. New therapies, possibly combined with older ones, are sorely needed to see
remarkable advancements in the treatment of GBM. Only a handful of agents have been FDA
approved for GBM in the last four decades, and these include: nitrosoureas, gliadel wafers,
TMZ, bevacizumab, and Novo-TTF. As such, clinical trials remain as vital as ever.
Clinical trials of innovative treatments are the avenue for progress in GBM treatment, but
serious obstacles plague trials and discourage advancements. Enrollment of patients and
success of investigational agents is sub-par. Only 5% of adults with cancer enter clinical trials,
and a mere 6% of the agents that go into trials are ultimately FDA approved.
A major barrier to developing new treatments has been the relative infrequency of GBM. The
incidence of GBM is 11,000 diagnoses and a prevalence of 25,000 each year [10]. Although it
gained some notoriety in the media when Senator Edward Kennedy passed away as a result
of the disease in 2009, GBM is still seen as an orphan disease. Its rarity contributes to a paucity
of funding, and makes innovative drug development through clinical trial research slow and
frustrating as a result of low patient accrual. With just 3% of patients who receive standard of
care surviving past 5 years, new clinical trials will shape the future of this diagnosis, but
presently, a very small handful of GBM patients participate in clinical trials. The world of
clinical trials is fraught with ethical debates, frustrating lack of standardization across trial
parameters, and low funding. The efficacy of new treatments is obscured by poorly designed
trials with insufficient stratification by individual prognostic factors or ill-chosen end-point
analyses. However, as researchers continue to elucidate the molecular mechanisms of GBM,
innovative, targeted treatments have gained promise as the new possible solution. These
include immunotherapies, anti-angiogenic drugs, and therapies against target molecules like
EGFR. Well-designed clinical trials involving these agents are necessary for finding progress
for the low survival rate of GBM.
Although it has been debated whether or not clinical trial research should be conducted on
terminally ill patients who may not reap a survival benefit, two recent studies have shown that
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clinical trials unequivocally help patients, irrespective of the trial’s occurrence before or after
standard of care advances, including the addition of TMZ. Shahar et al [11] discovered a
significant survival benefit for GBM patients who participated in clinical trials, regardless of
their placement in the control or experimental arm, and independent of baseline performance
scores or age. This important finding was corroborated by Field et al whose group showed
that patients in clinical trials had improved outcomes, once again regardless of assigned trial
arm, age, or performance status [12]. Clinical trials are valuable to academic and medical
communities, and now it would appear, they can be to the patient. Patients in both arms of a
trial could exhibit better outcomes because of the additional close surveillance by medical
teams that offer psychological and physical support. The act of following a rigid protocol,
placebo effect, and/or a change in the physician patient relationship as a result of both being
observed may also suffice as explanations [12]. A disconcerting question is provoked from
these results, if patients on the control arm do better than those who receive the standard of
care, is it really the best standard of care?

2. Overview of clinical trial development
Clinical trials have progressive phases of development, starting with pre-clinical laboratory
research, followed by either a pre-clinical phase 0 or phase I trial, and then a succession of
phase II, phase III, and usually a phase IV trial. Pre-clinical studies precede human trials, and
involve bench research, such as human cell lines, followed by translation into animal models
implanted with human xenografts or syngeneic rodent tumors in immune-competent mice for
immunological studies.
A phase 0 trial, also known as a micro-dosing exploratory investigational new drug trial (IND),
or early phase I trial, is the first translational step into human use, after an investigational agent
has been thoroughly studied in animal models. In this phase, only a small amount of drug is
used, and the data generated are preliminary without intended indications about safety or
effectiveness. A small number of patients with advanced disease and without available
treatment options participate, and once the experimental agent is deemed acceptable for
human use, a phase I trial is initiated.
Phase I trials are meant to examine the dosing of a new drug, its safety, and pharmacokinetic
properties. Classically, the goal is describe the maximum tolerated dose (MTD). Notably,
efficacy is not evaluated at this phase [13]. Patients in phase I trials are monitored carefully for
side effects. There are approximately 20 enrolled patients, who have advanced disease where
no standard treatment exists. Phase I can last for months to a year or more, depending on
accruement.
Phase II trials examine the efficacy and pharmacodynamics of the investigational treatment in
under 100 patients. Healthy patients are excluded from participation in oncology trials because
of the high toxicity associated with cancer treatments. Unfortunately, the efficacy and toxicity
of cytotoxic drugs simultaneously increase [14]. In brain tumor patients, efficacy is typically
measured by tumor changes, and these are characterized on a set spectrum from complete
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tumor response to progressive disease, with evaluation performed through radiographic
imaging [13]. If a pre-determined level of efficacy is attained, the trial may advance to phase
III, otherwise, the clinical trial process is halted. Phase I and II trials may be combined if a drug
is already well known for another diagnosis, as there is some existing information on toxicities
and dosing.
Phase III trials involve a larger cohort of patients, anywhere from hundreds to thousands of
people, and last for years. The intent is to compare the investigational treatment to the standard
of care and determine if it confers some advantage over the standard, in terms of efficacy, side
effects, or other factors. This phase usually employs both randomization and blinded enroll‐
ment, which in combination with larger numbers of participating patients, helps to reduce bias
of earlier phase trials. After the completion of phase III, if the study agent possesses benefit
over the standard treatment, FDA approval is sought.
Phase IV trials are not always required, and simply serve to answer any lingering questions
after the drug has FDA approval, such as side effects that have not been sufficiently explored.
Phase IV trials enroll many more patients and may last a long time. Drug companies often
sponsor phase IV studies to act as post-marketing surveillance trials (NCI).
The clinical trial process through all of the phases is not easy or rapid. It takes a median of 172
days to open any phase trial, and with three phases this adds up to an extra 1.5 years spent on
the administrative process. Many factors play into this slow approval, including inadequate
resources for frequent institutional review board (IRB) meetings and unavailability of staff that
can be allocated to protocol development. Other barriers, like contracting, or increased
litigation and bureaucracy at academic centers, also slow the process. Solutions such as a
centralized IRB have been proposed, but not realized. A more efficient administrative path
would mean opening trials faster, and consequently patients could obtain the benefits of new
treatments sooner; this does not need to come at the expense of ensuring that patient safety
and research integrity stay intact [15].
One more streamlined option for drugs entering clinical trials is to apply for accelerated
approval (AA). The FDA designed AA so that drugs could be more quickly approved for lifethreatening conditions. It is intended for drugs that fill an unmet need in the treatment of a
serious condition. Two notable social movements, namely the AIDS and breast cancer
movements, helped bring the concept of AA to fruition. Patients who were sick and dying
were frustrated by their inability to access promising experimental drugs that still had years
before FDA approval [16]. The advent of AA alleviated some of the regulatory sluggishness
and hindrances. The results of these activist movements have trickled down to affect treatment
of brain tumors; for example, both TMZ and bevacizumab have been granted AA for use in
GBM.
AA is faster in part because it relies upon data from surrogate end-points, as opposed to regular
approval, which is granted based off of data on real clinical benefit, designated to be either
prolonged survival or improved quality of life. Surrogate end-points, such as progression free
survival (PFS) or overall radiographic response (ORR), are supposed to reasonably predict an
effect on actual clinical measures and give evidence of an acceptable risk-benefit ratio, while
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requiring less time to assess. Ideally, the surrogate end-point has been well validated in its
relation to clinical benefit, as correlation with the clinical measure does not necessarily mean
evidence of clinical improvement will follow suit. A prevalent example is the two drugs
encainide and flecainide, which received AA in 1980 for their ability to suppress arrhythmias,
a known risk factor in myocardial infarction. After AA, they were prescribed to almost half a
million people; physicians even believed that it was unethical for control subjects in a random‐
ized trial not to receive them. However, the completion of a randomized, post-marketing trial
found that the drugs actually tripled the risk of death, and they were withdrawn from the
market [17]. As shown by this example, simply correlating an end-point with a clinical benefit
can be risky. Moreover, although phase II or III trials can provide the data for AA, regular
approval is contingent upon the completion of required post-marketing trials that are con‐
ducted to demonstrate actual clinical benefit, or the drug may be withdrawn from the market.
Although the importance of post-marketing trials is unquestionable, it is apparent that these
are not always conducted in a timely fashion for oncology drugs. The FDA granted AA to 47
new uses for 35 oncology drugs from 1992-2010, but by 2011, 21 had not been given regular
approval because the clinical benefit had yet to be proven in a post-marketing trial. Monitoring
from the FDA and penalties to companies that do not finish trials in a reasonable time will be
necessary to preventing ineffective, or even harmful drugs from staying on the market and
being prescribed. Confirming that a post-marketing trial is designed and ready for patient
accrual at time that AA is granted would help ensure the drug company’s compliance [17, 18].
The FDA and other regulatory agencies are not solely responsible for a challenging clinical
trial process. It can also partly be attributed to the complex ethics involved in cancer clinical
trials. These ethical issues are important to recognize, and play a part in the physician, patient,
and greater regulatory agencies’ attitudes towards clinical trial research.

3. Ethics of clinical trials
Ethical issues for patients in brain tumor (as well as other oncology and terminal diagnoses)
trials can be sorted into a series of fundamental questions. The first question is if terminally ill
patients should be considered a vulnerable population? Although the GBM patients who
participate in trials are often white, male, and educated, and therefore not classically catego‐
rized as vulnerable by society, their status as dying conveys a new vulnerability [19]. A
vulnerable group is defined by an inability to protect their own interests or by having cognitive
impairments that interfere with decision-making capacity. Physicians and others become
concerned when a dying, desperate patient becomes willing to do anything, regardless of
proposed risk or benefit, for the chance of an improved outcome. GBM patients undoubtedly
suffer from varying degrees of cognitive impairment, and struggle physically and psycholog‐
ically, so their resulting decision making capacity could very well be reduced. Conversely,
these patients arguably make other equally important decisions, such as end-of-life wishes and
estate wills.
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The debate regarding vulnerability should not produce the conclusion that GBM patients
need to be excluded from clinical trials; the very act of exclusion of dying patients can be
unjust and harm the progress of medical care [20]. It is presumptive to assume that each
patient prefers palliative care to the chance for involvement in research for future treat‐
ments, having an avenue to fight their diagnosis, or being valued in the medical research
world. The notion that participation in clinical trials by desperate patients is similar to
coercion is also incorrect, as being in a situation with inherently limited choices towards
the end of life is distinct from coercion [19]. Avoiding the categorization of terminally ill
patients participating in trials as exploitation can be achieved by ensuring that the research
is essential to the future of the diagnosis, that another population could not replace dying
patients, and that risk is minimized [20].
A second ethics issue is the patients understanding of the informed consent process mandatory
to entering a trial. Consent is intended to explain the reasons for the trial and what can be
expected to happen to a patient as a result of participation. For a phase I trial, the consent
process would inform the patient that the study is meant for finding dosing and safety
information. Despite this, patients involved in phase I trials often cite their desire for thera‐
peutic benefit as the reason for participation, despite the fact that phase I trials do not anticipate
efficacy for patients [14, 21]. A dichotomy between what the researcher, who searches for
toxicity and pharmacological details, versus the patient, who wants to get better, hopes to gain
is apparent [14]. The fact that patients use phase I trials as a last-ditch effort to fight their disease
and to attain a response brings up the natural conclusion that the informed consent process is
inadequate. If the consent process were sufficient, the patient would be aware that they very
likely would not experience a response in their disease, and that the trial is simply for dosing
and safety [21]. However, this gap in understanding is not as simple as inadequate consent. A
vital line must be drawn between understanding and appreciation; a patient can comprehend
that the chances of receiving a therapeutic benefit are incredibly slim, and that dosing is the
end-point, but what they appreciate in this scenario may remain the possibility, however small,
of a benefit. Indeed, although only a third of patients report the goal of a phase I trial is for
dosing information, a full 92% report it is for safety. Furthermore, it is exceedingly difficult to
grasp the psychological state of a person who is dealing with serious illness and fear, and thus
inadequate to assume that healthy people fully understand the perspective that gives rise to
a terminal patient’s decision to participate in a trial with an apparently skewed risk-benefit
ratio [19]. Comprehension as a result of the informed consent process needs to be pursued and
confirmed along with a realization that patients and researchers may continue to value
different end goals. This will avoid exploitation and protect against the formation of false hope
in patients.
The third ethics issue is the balance of the risk-benefit ratio, which is exceedingly impor‐
tant in ensuring that a clinical trial should be conducted. The risk-benefit ratio for terminal‐
ly ill patients has is unique, as they may be more willing to accept risks in order to gain a
benefit. For example, it has been historically believed that there has only been an overall
response rate of 5%, and a complete response rate of 0.3-0.7%, in phase I anticancer trials.
At first glance this seems quite low, and deciding whether or not conducting these trials
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is necessary also depends upon the associated risks. However, these numbers do not include
newer targeted therapies, and additionally do not contain descriptions of less drastic
responses. In fact, more than 60% actually showed at least one objective response (tumor
shrinkage of more than 50%). The risk of death by phase I associated toxicities was 0.5%
[19]. Horstmann et al. (2005) analyzed 460 oncology trials and found a 10.6% combined
complete and partial response rate, and a 34.1% rate of less than partial response or stable
disease, which are higher rates than previously recognized (deaths due to toxicity was
0.49%) [22]. It is possible that the benefits of phase I trials have been understated. Horst‐
mann also points out that the retrospective analyses lacked separation by treatment type,
which greatly affects toxicity and response. In addition to higher than believed biological
response rates, an encouraging result is that psychological value has been discovered in
phase I oncology trials. Although a large amount of time and energy must be dedicated by
the patient, which is precious at the end of life, it is arguably balanced by the comfort of
frequent physician contact and a chance to exert willpower in a powerless situation [19].
Another ethical dilemma in the oncology setting is how the physician-patient relationship is
altered by clinical trial participation. This issue is key because physicians are the interface
between patients and clinical trial research, and enrollment of patients into trials is heavily
dependent upon physician referral. Phase I trials can be frustrating for physicians. A phase I
trial is traditionally designed with the 3x3 model of Fibonacci escalation, meaning the first
group of patients receives a low dose, the second a higher dose, and the third the highest dose,
with dose escalation in each level until a reversible, toxic event occurs. In this design, the
majority of patients will receive a sub-therapeutic dose, as disease responses are typically seen
at 80-120% of the maximum dose [23]. This means 60-80% of patients in phase I trials receive
an ineffective dose, along with any associated toxicities, a low overall response rate, and a
historical disease remission rate of just 1%. It becomes understandable why physicians would
not be enthusiastic about referring patients to phase I oncology trials. Physicians have no
clinical authority over the care of their patient once they are enrolled in a trial, and it is hard
to communicate to a patient that even if a benefit were to occur, the chances are not optimized
for each patient in a phase I trial because this is fundamentally contrary to the Hippocratic
oath [21]. New dosing methods have been suggested to reduce the amount of patients who
receive sub-therapeutic doses and to quicken phase I trials. These can take the form of intrapatient escalation, a higher starting dose, fewer patients in each level, and accelerating the dose
escalation process [23]. The Fibonacci scheme is no longer widely implemented, which eases
some ethical tension for patients and physicians [16]. Changing dosing methods to increase
the likelihood of patients benefitting is desirable, but it can blur the lines between research and
therapeutics. It implies that phase I trials are for benefit, when they remain to be conducted
for research on safety and dosing. With a scheme like intra-patient escalation, physicians may
have a greater tendency to think that they are helping their patient, even though the end-point
of the phase I trial remains unchanged. Standard medical care and clinical trial research are
not one and the same, but physicians and patients alike often fail to see the boundaries [21].
This aside, decreasing the number of patients who are unnecessarily exposed to a drug by
employing better dosing schemes is important.
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Randomized phase III trials also present issues for the doctor-patient relationship. In order for
a physician to send a patient to a clinical trial, they must not believe either arm of the clinical
trial is superior; the Hippocratic oath would prevent the physician from accepting randomi‐
zation in this case. Physicians are inclined to operate under concern for their present patient,
not the future generations that will reap the results of a successful clinical trial [24]. However,
randomization and blinded enrollment are significant. Trials that do not adequately conceal
patient distribution have a greater tendency to find an advantage of the new treatment over
the standard. Blinded assessment produces significantly lower and more consistent scores as
compared to open assessment [25]. Dealing with ethical issues surrounding randomization is
essential. Reluctance of physicians to refer patients to clinical trials is a major obstacle as it
begets less effective and less powerful trials due to low patient accrual.
That being said, patient interaction with clinical trials is not wholly dependent upon a
relationship with a physician. Patients do seek them out independently or find them as a result
of patient advocacy and social movements, as seen with the AIDS and breast cancer activist
movements. It would appear that the activist movements gained a victory for terminally ill
patients who seek experimental drugs through AA. However, it is feasible that AA is mone‐
tarily helpful to pharmacology companies, who can profit once approval is granted, rather
than being as advantageous as patients believe it to be. In the AIDS movement, the drugs that
were granted AA were extremely expensive, while still being toxic and mediocre [16]. The
FDA and congressional regulations are wary of drug companies taking advantage of patients
through AA, which is why it is only granted for diseases with extreme need and why, in 1991,
the FDA published specific regulations for AA in life-threatening conditions, including a postmarketing trial requirement [26]. The crux of the issue in patients versus approval mechanisms
is the ethical argument between the right to take experimental drugs and the need to collect
drug data.
In 1980, the United States Supreme Court ruled that patients do not have the right to obtain
unapproved drugs (Rutherford vs. U.S.). Gonzales vs. Raich in 2005 resulted in the Supreme
Court ruling, “dispensing of new drugs, even when doctors approve their use, must await
federal approval” [26]. Recently, the Supreme Court denied the Abigail Alliance’s, a nonprofit organization founded by a young girl’s father hoping to gain access to an experimen‐
tal drug for his terminally ill daughter, requests to allow drugs to be approved and used
after phase I trials, and to let companies financially profit before approval. The possibili‐
ty of exploitation of sick and desperate patients by drug companies was too conceivable in
this case. The facts remain that 66% of oncology drugs entering phase I trials fail to be
approved [27]. Thus, accepting the Abigail Alliance’s desire for drug approval after phase
I trials would be dangerous.
The right to early access to drugs through AA should not compromise further data collection.
Once patients have access to a drug through AA, enrolling in the post-marketing trial is not
appealing, yet the purpose of the trial is to ultimately understand the risk-benefit ratio, which
is critical to patients and should not be undervalued [26]. Although AA is granted with the
assumption that the agent will procure clinical benefit, this is not always the case. For example,
if a drug receives AA after phase II, the reality is still that 45% of drugs fail phase III testing.

Clinical Trials in Glioblastoma — Designs and Challenges
http://dx.doi.org/10.5772/58973

Consequently, AA does need to be granted with caution and the assurance that more data will
follow [28]. It is also necessary to understand that rare adverse events may only be illuminated
in large randomized trials, and very rare ones may only be discovered after the drug is being
taken by large numbers of the population. A possible solution for mitigating the risk of AA
would be staggered approval, in which the drug is approved for use in a small subset of a
disease, and as more data are collected the drugs’ use can be expanded [28]. A second option
to reduce the risk associated with AA is expanded access for non-randomized open trials, so
that more patients can enroll and receive a drug while data are generated. The National
Coalition for Cancer Survivorship and the American Society for Clinical Oncology have
advocated for expanded access [26].
The ethics of clinical trials do not have straightforward resolutions; the main point that must
be adhered to through any of the ethical debates is protecting patients who have run out of
medical options from exploitation or an unacceptably skewed risk-benefit ratio. The fact is that
although clinical trials are complex to develop and run, their significance for GBM remains
strong even in the midst of ethical and regulatory barriers.

4. Challenges in brain tumor clinical trials
Obstacles in brain tumor clinical trials will be discussed in order to illuminate why progress
in the field continues to be a struggle. The issues covered will include: challenges to patient
selection, trial end-point analyses, and the different trial parameters required for optimal
assessment of recently developed targeted, experimental agents.
4.1. Patient selection and accrual
Patient accrual and selection in GBM clinical trials can be problematic, because without
sufficient patient numbers or stratification, trials become ineffective. GBM is an orphan disease
and consequently the number of patients who enter clinical trials is quite low. This problem
is exacerbated by physician hesitance to refer patients to trials. As a result of low numbers,
statistical power in clinical trials is diminished, which prevents detection of more subtle
efficacies. For example, in a randomized clinical trial looking for a 50% increase in survival,
136 patients are needed per arm. To detect a 25% increase in survival, 411 patients must be in
each arm. For this reason, in designing a clinical trial for a rare disease, the clinical outcome
pre-determined as significant must be carefully considered [29]. By using the same standard
for every disease, a drug might be inaccurately deemed ineffective and not worth studying.
Another element in patient selection for brain tumor trials is defining the appropriate control
for a treatment comparison. The possibilities include: an untreated baseline from the same
patient, an untreated patient in another arm, or historical controls. Historical controls are used
to compare efficacy results of many phase I and II trials, but this is not an ideal measure.
Historical controls can be derived from possibly flawed literature, and trials may have differed
in significant ways, like eligibility criteria, lack of control for corticosteroids, types of imaging
analysis, or unaccounted prognostic factors. There is little consistency across trials because of
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the absence of agreed upon standard care, with the exception of the Stupp protocol after 2005
[30]. With new, targeted therapies, the ideal control for a trial is to procure untreated and
treated biological specimens, within the same patient over time. By the patient serving as his/
her own control, the amount and function of a target can be easily and thoroughly compared.
The issue in this approach lies in the feasibility and cost-effectiveness of multiple surgeries [31].
The GBM patient population is also heterogeneous in regards to individual prognostic factors.
Principal prognostic factors described after a recursive partitioning analysis (RPA), performed
by the Radiation Therapy Oncology Group, were the patient’s age, KPS, neurological function,
mental status, and extent of surgery, which is related to survival after 89% of tumor volume
resection [4, 32]. Another essential factor for prognosis is tumor location. If patients are not
stratified and selected for, with consideration of prognostic factors, it may become impossible
to assess whether or not treatment effects are truly due to treatment or individual differences.
Understanding of these prognostic factors allows patient to be sorted into four main GBM risk
classes, which can be accurately compared amongst one another [32]. Risk groups determined
by RPA are important in phase II trials that compare data to historical controls to eliminate
patient selection bias [5]. Age is an extremely important as a prognostic factor, followed by
performance status for patients older than 50 years, and within that subset, mental status
causes a significant split [4, 33].
Highlighting the vitality of prognostic factor description and separation in clinical trials was
reported in a retrospective analysis by Perry et al. 1997 of the RTOG database. The group
discovered that pre-treatment variables (i.e. prognostic factors) impacted survival more than
actual treatment. The variables examined were the duration of symptoms, neurologic abnor‐
malities, tumor grade, age at diagnosis, and post-operative performance status. In their
examination of phase II studies, it became apparent that patient selection furnished sufficient
explanation of survival differences. It is clear that patient stratification is imperative for
accurate treatment analysis, even though it likely increases the required number of patients
for trials as subgroups are created [34].
4.2. Clinical trial end-points
End point analysis has been a major point of contention and frustration in many GBM clinical
trials. There is no single preferred end-point, making comparisons between trials complicated
and doubts about a treatment’s efficacy hard to resolve. The importance of the end-point
cannot be overstated, as an ill-chosen one can make a drug’s efficacy seem poorer or better
than it actually is, which are both detrimental outcomes. The two main types of end-point
analyses for efficacy in brain tumor clinical trials are tumor response (visible tumor effects
along with rate and duration of response) and tumor control (PFS or OS). Tumor control is
more optimal for targeted therapy effects because it takes into account cytostatic drugs that
do not impact tumor burden, as compared to tumor response, which is more sensitive to
cytotoxic drugs [34]. Both PFS and tumor response rely upon radiographic imaging analysis,
yet this is plagued by unreliability and lack of standardization in brain tumor patients.
Radiographic imaging needs meticulous and careful assessment.
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Imaging: Radiographic imaging is a chief tool for analyzing the results of an interventional
agent in clinical trials in all phases. Imaging gives insight into direct and tangible changes in
the GBM, but it also comes with many challenges. Treatments may lead to confusing imaging
read-outs.
Pseudoprogression is treatment caused changes in edema or contrast enhancement that
radiographically mimics increasing tumor burden [35]. Up to 30% of patients have shown
psuedoprogression after RT/TMZ, as well as after chemotherapy wafers, immunotoxins
delivered with convection enhanced delivery, viral gene therapy, and immunotherapies [36].
A repeat scan must be performed 4-8 weeks later helps to rule out pseudoprogression [37] in
order to prevent unnecessary therapy or accidental inclusion of patients in clinical trials for
recurrence [35]. Alternatively, pseudoresponse is equally as problematic as it can give rise to
the perception that a therapy has caused a response. The corticosteroids used by many patients
considerably reduce tumor enhancement on MRI or CT imaging, giving the false appearance
of a tumor response [34]. Further, agents that target vascularity alter vessel permeability, and
in turn decrease perfusion and enhancement on imaging, without the underlying tumor being
affected. One example is the anti-angiogenic agent bevacizumab, which can significantly
decrease enhancement within 24 hours on MRI, although the solid tumor is static [38].
There are commonly used methods for assessing imaging in many trials, although no standard
is globally applied. Before current methods were proposed, the Levin criteria and the WHO
response criteria were used to assess brain tumor imaging. The Levin criteria called for analysis
of MRI images to assess the extent of enhancement, edema, and mass effect as compared to a
baseline scan. Tumor responses were either categorized as complete, partial, stable disease, or
progressive disease [35, 39]. The WHO criteria evaluated contrast-enhanced computed
topography (CT) by multiplying the greatest cross-sectional enhancing tumor diameters [35].
The Levin and WHO criteria were subsequently replaced by the Macdonald criteria in 1990
because they did not have adequately defined guidelines, and did not consider artificial
enhancement created by factors besides the tumor.
The Macdonald criteria use MRI, contrast-enhancing imaging, which has become the imaging
gold-standard method for measuring changes in GBM. There are two different types of MRI
assessment. The first is to measure the largest diameter on any single axial section, which can
be done using two distinct established criteria, and the second is volumetric measure of tumor
size. The first diameter method is the Macdonald Criteria (two dimensional), outlined more
than 20 years ago but still widely used, which analyzes the largest enhancing tumor diameter
on a single axial gadolinium-enhanced T1-weighted section. This process also considers the
greatest perpendicular diameter on that section. The product of the diameters is calculated,
and each subsequent imaging study is summed with the previous diameters [40]. These results
are then applied to classify the results as complete response (CR), partial response (PR), stable
disease (SD), and progressive disease (PD). The Macdonald criteria defines complete response
as the disappearance of all enhancing measureable and non-measurable disease for at least 4
weeks, with no new lesions, no corticosteroids, and stable or improved clinical status. A partial
response requires greater than 50% decrease in all enhancing perpendicular diameters
compared with the baseline, with no new lesions, stable or decreasing corticosteroid use, and
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stable or improved clinical status. Significant progressive disease is a 25% increase in the sum
of the perpendicular diameter products in contrast-enhancing lesion, a new lesion, or clinical
deterioration. Stable disease is defined as anything besides complete, partial, or stable
response. Clinical status is measured with KPS or Eastern Cooperative Oncology Group
(ECOG) performance status (explained below) [34,40]. The criteria take into account cortico‐
steroid use and neurological status changes. Complete and partial responses are combined to
comprise what is known as overall radiographic response (ORR), which is the indication of
positive treatment efficacy. Radiographic response is used in clinical trials because changes in
the size of the tumor are presumably a predictor of symptomatic and survival benefit. ORR
can be evaluated in a single arm trial, and it is not convoluted by the history of the disease so
it can more accurately predict therapeutic benefit. ORR also has advantage as an end-point
because the Macdonald criteria are widely used and relatively objective, so they enable
comparison between trials [35]. However, although radiographic response and survival are
believed to be related, ORR has not been directly connected to therapeutic benefit, and the
significance of a partial versus a complete response is not well characterized [30]. Furthermore,
radiographic response is biased against cytostatic agents that produce stable disease as
opposed to partial or complete radiographic responses [36].
There are also limitations associated with the Macdonald assessment method. Macdonald
criteria do not specify directions for necrotic portions, are restricted in the ability measure
irregularly shaped tumors, are subjective to the radiographic reviewer, offer no guidance for
multifocal tumors, face challenges in measuring around cysts or surgical cavities, and fail to
assess non-enhancing tumor [35, 40, 41]. Ignoring non-enhancing tumor while simply meas‐
uring contrast enhancement is insufficient because perfusion of enhancing agents across the
BBB can be influenced by many factors, including corticosteroids, inflammation, surgery,
ischemia, anti-angiogenic drugs, radiation, radiological methods, seizure, and post-surgical
effects [36, 41].
In an effort to rectify these limitations, updates to the Macdonald criteria have been proposed
by the Response-Assessment Neurooncology (RANO) working group. The updated criteria
consider, without measuring, non-enhancing regions on T2-weighted and FLAIR MRI imaging
to visualize response. Any enlargements in these areas are considered as progression, and to
be defined as CR, PR, or SD, the non-enhancing regions must be stable or decreased. The
definition of stable disease is expanded to be a greater than 25%, but less than 50%, decrease
in enhancing disease, along with no new lesions, stable or decreasing corticosteroid use, and
stable or increased clinical status. Pseudoprogression is clarified by stating that within the first
12 weeks after radiotherapy, progression can only be determined if all of the enhancement
occurs outside the radiation field or is pathologically confirmed [35, 41].
The other diameter measuring method is the one-dimensional RECIST criteria, published in
2000, but not as widely utilized as the Macdonald criteria because it has not been validated in
brain tumors [40, 41]. RECIST finds the longest linear enhancing diameter of a lesion in one
axial plane, which is repeated on later imaging studies, regardless of changing section or
orientation. Non-measurable lesions are less than 10mm, less than 2 times the imaging section
thickness, and cannot be cystic foci, necrotic foci, or leptomeningeal lesions. If multiple lesions
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must be measured, they are done so separately and summed in final analysis [40]. RECIST
does not consider steroid use or neurological status, and faces similar challenges as the
Macdonald criteria in regards to the difficulty of radiographically measuring a heterogeneous
tumor [35]. Macdonald and RECIST have been found to be concordant in other cancers, and
recent evidence found that they gave similar responses for tumor response and progression
in recurrent GBM treated with irinotecan and bevacizumab [35].
The final MRI method is computer-aided volumetric assessment, in which a computer
delineates the border between enhancing and non-enhancing areas over every axial section
with enhancement. Border review is conducted by a neuroradiologist to calculate the total
enhancing volume. Volumetric measurements can better succeed in controlling measurement
variation, and may be more sensitive to early progression and response rates [40]. Neverthe‐
less, defining the borders for measurement is problematic in this heterogeneous tumor [40].
Although there are theoretical advantages, volumetric measurements are not recommended
because they are not standardized and the technology is not yet widespread [42].
Newer imaging modalities are a promising solution for imaging confusion. Spectroscopy uses
metabolites to better show events in the non-enhancing tumor regions and diffusion imaging
uses water diffusion into the tumor to visualize a treatment’s efficacy and allow better imaging
of the non-enhancing tumor. This helps distinguish between ischemia effects and recurrence.
Perfusion imaging is sensitive to blood flow and permeability and therefore an ideal measure
for anti-angiogenic therapy. PET scans can help distinguish recurrence versus necrosis postradiation therapy [30, 36, 41]. T2-weighted or fluid attenuated inversion recovery (FLAIR) MRI
imaging can give insight into non-enhancing tumor and the infiltrative tumor burden. These
technologies have been used in some studies, although they remain to be standardized [3, 35].
In summary, tumor response on MRI is not infallibly reliable or objective, but PFS is still a
common end-point. OS is another often used end-point, and does not rely on radiographic
imaging. OS and PFS are explained below.
Overall survival: Time from diagnosis or treatment initiation to death, from tumor-related or
unrelated causes, is qualified as OS. Because it does not rely upon imaging, OS is a more
objective measure. Another advantage over imaging is the ability to compare to historical
controls if a comparator trial arm is not present. However, caution is warranted in comparisons
to historical controls due to variable start times, eligibility criteria, or less than ideal radiolog‐
ical review [36]. The FDA prefers OS as a gold standard end-point; OS was used in approval
for gliadel wafers in recurrent GBM in 1996, gliadel wafers for first line therapy in 2003, TMZ
for first line therapy in 2005, and bevacizumab for recurrent GBM in 2009. This is likely a result
of the FDA’s wariness of imaging subjectivity [43]. However, OS exhibits disadvantages in its
inability to account for post-trial life-prolonging therapy, which is far from standardized. End
of life care can range widely from antibiotics to aggressive steroid usage [34, 36]. OS also takes
significantly longer in trials due to extended follow-up. However, including built in interim
analysis such as OS at 12 months can lessen the time needed before analysis. Reduction in time
required before measurement is the primary reason PFS is often utilized as an alternative endpoint.
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Progression Free Survival: PFS is the time between tumor stabilization, after surgery or RT/TMZ,
and subsequent radiographic tumor progression. Survival and PFS are well correlated, despite
inter-patient discrepancies in KPS, age, or prior chemotherapy treatment [29, 30]. PFS is often
used as a surrogate end-point for clinical benefit, especially in trials for brain tumors, but it
does require special consideration. PFS is optimally assessed through a blinded independent
radiology review board, and a control arm has to be included for efficacy comparisons. The
FDA is wary of PFS because of its reliance on subjective radiographic imaging. It is unlikely
that PFS would provide adequate evidence for AA if a drug were on the market that had
already shown significant survival benefit [18]. PFS is free of corruption by life-prolonging
treatments [34], and the more frequent occurrence of imaging measurements in comparison
to OS. PFS also yields increases in statistical power, facilitating trials involving fewer patients
and less time [30]. The standardization of PFS has been improved by setting specified time
points for imaging in order to negate time dependent assessment bias [36]. Using 6 month PFS
(6moPFS) as the determined end-point is a common choice, as it allows imaging to take place
over an adequate amount of time, and this longer time point may be better linked to OS. If
6moPFS were to be substituted for OS as an endpoint in FDA AA decisions, a randomized trial
would go from requiring 134 patients and 3.5 years to needing 134 patients and 1.5 years.
However, the FDA remains reluctant to accept PFS as a reliable measure.
1.3.3. Secondary end-points: There also exist other relevant end-point analyses besides tumor
response and tumor control in brain tumor clinical trials. Secondary end-points like quality of
life (QOL) or neurocognitive function are significant because radiographic imaging changes
do not necessarily give clear insight into the effect of tumor burden or the drug on the patient’s
everyday life. Survival benefit goes beyond response and survival to encompass improvement
of disease-related symptoms and/or QOL. Traditionally, KPS and QOL questions are used to
satisfy questions about a treatment’s impact on the patient. KPS is frequently used in clinical
trials, which measures, on a scale from 0-100, the patient’s activity level and medical care
requirements. KPS is more related to prognosis and overall physical status than QOL. The
ECOG score, also known as the WHO performance score, can also measure performance status.
The WHO score is a five-point scale derived from KPS, but it is slightly more simple [44, 45].
The FDA and the North American Brain Tumor Coalition (NABTC) have declared QOL a
secondary end-point of interest, but it is notoriously resistant to standardized measurement
and therefore it is challenging to validate QOL data to support drug approval [29, 30, 43]. A
main problem in measuring QOL is that patients often do not fill out all questionnaires over
time, due to symptomatic development, loss of motivation, or doctors and nurses failing to
administer or explain questionnaires, so data remain incomplete. There are different ques‐
tionnaires currently available to measure QOL, but none have become the standard. The MMSE
is a questionnaire intended to give insight into QOL, but it is insensitive to mild cognitive
impairments and is more appropriate for detecting dementia. QOL questionnaires have been
developed by the Functional Assessment of Cancer Therapy (FACT) and the European
Organization for the Research and Treatment of Cancer (EORTC) that incorporate information
given by the patient and their proxy, although proxies often cannot accurately recapitulate the
necessary data and may exaggerate HR-QOL issues while underestimating psychological
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problems [34, 46, 47]. The EORTC’s QLQ-C30 is a 30 item functional and symptomatic
assessment for HR-QOL. A measurement specific for brain cancer developed by this group,
the EORTC QLQ-BN20, has 20 items and assesses visual disorder, motor dysfunction, disease
symptoms, treatment toxicity, and future uncertainty. The FACT-BR questionnaire is specific
to brain cancer and examines physical, social, emotional, and functional measures and is more
psychologically, than symptomatically focused [47]. Even if QOL cannot yet be used to support
drug approval, it is an important measure in clinical trials of how a patient is coping with
treatment, and a worsening QOL needs to be monitored and corrected.
4.3. Future of brain tumor clinical trials
The end-points in clinical trials for targeted therapies need to be re-evaluated. Targeted
therapies frequently work in a cytostatic fashion, and judging their efficacy on imaging is often
inappropriate. Because the biology of GBM is unimaginably complex, it is not likely that a
single molecular agent will produce dramatic results on imaging. Instead, taking stock of
biological markers before and after treatment will allow a better glimpse at if and how the
drug is working. Other cancers have made use of biological markers, but this trend has not yet
taken root in brain tumor clinical trials. The relationship between biological molecular changes
and tumor response and clinical benefit requires comprehension before markers can be useful.
Grasping how molecular markers respond to a treatment will help explain the ideal context
for a drug. For example, identifying where it affects a biological pathway can shed light on
combination therapy options. Preclinical evaluations in animal models will help define when
molecular marker changes are significant in relation to survival or tumor burden. One
biological marker in gliomas is phosphorylation of a target receptor in association with tyrosine
kinase inhibitor drugs [31]. This measure is direct evaluation of the target, rather than upstream
or downstream molecules, which provides a clear picture of the drug’s effect on the intended
target. However, this does not take into consideration the target as part of a larger biological
environment.
An ideal picture of biological events can be gleaned through analysis of surgical tumor
samples. The most powerful scenario for efficacy appraisal using biomarkers is to administer
the investigational drug before acquiring a tumor sample through biopsy or craniotomy, then
give more investigational drug, and finally take another surgical tissue specimen after a
specified amount of time has passed. In this model, the changes in biological pathways in direct
relation to a drug can be carefully and thoroughly studied, but there are many disadvantages
as well. The major obstacle is that not all surgeries are therapeutically necessary. Craniotomies
are expensive and risky, while less invasive biopsies are a poor substitute as they may not be
representative of the tumor [29, 31].
Moreover, some investigational drugs, namely anti-angiogenic agents, preclude surgery
because they interfere with blood clotting, wound healing, and can complicate anesthesia.
Immunotherapeutic drugs might also block necessary immune responses in unexpected ways
after surgery [31, 34]. When the drug-surgery cycle is feasible, training must be in place for
surgeons. In surgery, circumferential dissection yields more viable tissue than inside-out
methods, thus standardization of how tissue is acquired is a key control step for clinical trial
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quality. In anticipation of this issue, surgeons who work with the NABTC have been taught
the expected tissue acquisition methods.
Because the drug-surgery model is not always an option for patients, non-invasive marker
development will be essential for these cases. Indeed, elucidating appropriate biomarkers and
avoiding unnecessary surgery would be preferred in every possible situation. Non-invasive
biomarkers were explored in clinical trials on the GBM drug cediranib. The trial utilized noninvasive biomarkers, including circulating progenitor cells (CPCs), circulating endothelial cells
(CECs), and amounts of pro-angiogenic proteins in the plasma. These biomarkers were
coupled with MRI for perfusion, permeability, and vessel size. Briefly, the study, which will
be discussed more below, discovered that the biomarkers were useful to predicting certain
tumor behaviors. Furthermore, it was revealed that the drug had a short-lived response,
something that may have gone undetected without molecular markers [31]. Fully compre‐
hending the drug’s effect is crucial, because subtle windows of efficacy such as this should not
be missed or the drug will be mistakenly shelved as ineffective.
Incorporating molecular markers would merit re-vamping of phase 0, I, and II trials,
hopefully into a more streamlined process. Trials that use molecular markers would
preferably switch from calculating MTD to appropriate biological dose (ABD), instead. As
stated previously, MTD works well for cytotoxic agents where a higher the dose equals a
higher efficacy. However, ABD can occur well below MTD, and is a function of affecting
the target as desired [31].
Phase 0 trials traditionally assess pharmacokinetic and pharmacodynamic properties in a small
group of patients, followed by phase I revealing the MTD. An accelerated combined phase 0/
I trial of a targeted molecular agent could simultaneously define ABD and gain a preliminary
understanding of the drug’s action on its target. Actually binding the target with the drug
would be a requirement for entering a phase II trial. The phase 0/I design is not meant to replace
the dose escalation assessment in phase I or the efficacy analysis in phase II, but it would
facilitate an efficient use of time and financial resources by combining dosing with initial target
data [29]. Using molecular markers in a phase II trial to show that a molecular agent affects,
not just binds the target as intended, would be crucial. Imaging and clinical data would remain
helpful as an indirect end-point, especially in combination treatment trials; yet it is vital to
keep in mind that a monotherapy clinical trial is unlikely to produce an obvious clinical benefit
[31]. Currently, more phase II trials are arising that have surgical arms to facilitate analysis of
molecular markers [8]. A phase II trial could go beyond its role for efficacy by identifying a
relevant target population. This way, enrolling patients in clinical trials, who are not expected
to benefit from it, could be avoided [29].
Comprehending if and how the drug works on the target will produce a knowledgeable
foundation for future drug combinations, which is probably the most promising method for
GBM treatment [31]. Although a drug may not produce obvious alterations to a clinical or
radiographic end-point as monotherapy, its effectiveness could be augmented by adjuvant
administration of other carefully selected drugs that simultaneously target relevant connected
pathways. Tailoring combinations of targeted molecular agents based on the individual’s
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molecular profile is a future possibility, and trials may come to be designed for patients with
different markers [48].
Ahead of many proposed clinical trial design changes, targeted molecular agents have begun
to infiltrate clinical trials for GBM, some of which will be explored below. Certain clinical trial
changes have taken place, but they are not uniform across the board. In addition to targeted
therapies, immunotherapies and other therapies will be discussed, as they are prevalent in the
clinical trial landscape and encompass similar trial designs and possible changes, such as use
of biomarkers, as targeted molecular agents. The clinical trials discussed are intended to serve
as practical examples of the changes, as well as established methods, that are actually taking
place in trials, rather than theoretical propositions. Two important points of focus will be endpoint analysis and choice of control in the clinical trials. The clinical trials examined below
have either been recently completed, or are ongoing. They are organized into categories by the
type of interventional agent, namely: anti-angiogenic/receptor tyrosine kinase (RTK) inhibi‐
tors, immunotherapies, and other therapy.

5. Discussion— Current clinical trials
5.1. Receptor tyrosine kinase inhibitor agents
RTK’s are an enticing target in GBM because the RTK/ phosphoinositide 3-kinase (PI3K) /
protein kinase b (AKT) pathway has mutations in over 80% of tumors [49]. RTKs, such as EGFR,
bind and activate PI3Ks, which in turn activate AKT that has many downstream targets and
causes apoptosis inhibition while stimulating growth and proliferation [50]. One important
downstream target of AKT is hypoxia-inducible factor-1α (HIF-1α), a key player in angiogen‐
esis [51]. EGFR is especially ubiquitous with a 40% alteration rate through mutation, rear‐
rangement, or amplification [49, 52]. PI3K is not the only mediator in functional RTK signaling;
in fact in vivo activation of various RTKs prohibits GBM from being dependent on any single
RTK for important downstream signaling [52]. GBMs are so variable that they can be com‐
prised of cells with different driver genes of RTKs, such as EGFR and PDGF, exhibiting various
activation statuses from cell to cell. Therapeutically, a silver lining is that these coexisting
subpopulations have shared early genetic mutations, suggesting the existence of a possibly
targetable precursor cell [53]. RTK therapy has given sub-par evidence of efficacy in trials thus
far. Clinical trial results may improve if targeted molecular therapy addresses the presence of
the target and the circuitry in which it occurs, the appropriate type of trial evaluation, that
GBMs are complex networks with cross-talk and feedback loops, and the tendency of cancer
cells to rapidly mutate due to genomic instability. Each of these elements is likely to impact
the effectiveness of any targeted therapy. A lesson should be learned from the failure of HIV
monotherapy and success of combination therapy as an example of the approach needed in
quickly mutating diseases [54]. This begs the question of why RTKs are evaluated as mono‐
therapy in clinical trials and expected to produce clinical benefit when the efficacy of a single
agent is highly unlikely due to ubiquitous presence of different activated RTKs in GBM.
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Erraticism in RTK profiles from patient to patient and even within one tumor is precisely why
combination therapy for RTK inhibitors would be necessary to demonstrate therapeutic
success. Combinations might even be optimized if they are based on the individual’s specific
RTK activation profile [52]. This will not be an easy undertaking, as the experience with some
drugs’ efficacy, namely cediranib, not correlating with the target expression indicates. Targets
are not biologically isolated, and their expression does not guarantee a targeted treatment will
have results. Combination therapy comes with its own issues in teasing out toxicities and
efficacy of different agents.
Ensuring that the RTK inhibitors, especially anti-angiogenic therapies, actually impact the
tumor is paramount to understanding their influence on efficacy. Imaging issues have already
been discussed; anti-angiogenic drugs can cause convoluted imaging read-outs with transient
improvement in edema and mass effect. As such, biomarkers will be vital in clinical trials, as
well as other imaging options, such as T2 and FLAIR MRI or PET with amino acid tracers [36,
37]. Finally, the side effects of RTKs are not negligible, and may affect future treatments, such
as surgery due to inhibited wound healing [29]. Selecting the patient population that is most
likely to benefit is essential for reducing unnecessary exposures to these drugs.
5.1.1. Bevacizumab
Bevacizumab is a humanized, monoclonal antibody that inhibits vascular endothelial growth
factor (VEGFA), the ligand of the VEGF receptor, a receptor tyrosine kinase associated with
angiogenesis. Angiogenesis is vital to embryogenesis in order to develop the vascular system
from endothelial cells. When a tumor becomes too large (greater than 1-2mm) to rely on the
host vasculature, it may transition from avascular to vascular prompted by hypoxia-induced
activation of pro-angiogenic factors such as VEGF and transforming growth factor beta (TGFβ). VEGF is an important inducer of angiogenesis, and is over-expressed in GBM, as well as
many other cancers [55]. Bevacizumab was granted FDA accelerated approved for the
treatment of recurrent GBM on May 5th, 2009, based on the evidence for objective tumor
response provided by two phase II studies. The process of bevacizumab through clinical trials
is discussed.
5.1.2. AVF3708
This phase II trial was designed to study GBM in its first or second recurrence and give evidence
for AA. The trial had two arms: bevacizumab as monotherapy and bevacizumab with Irino‐
tecan, and was historically controlled. To be eligible, patients may have had prior surgery or
biopsy, prior RT/TMZ, demonstrable radiographic evidence of progression after therapy,
stable or decreasing corticosteroid use 5 days before the baseline MRI, and a KPS ≥ 70. The
median age of the bevacizumab arm was 54 years, and KPS was stratified in groups of 70-80
and 90-100. There were 85 patients in the bevacizumab monotherapy arm; the irinotecan and
bevacizumab arm were not analyzed for approval because the FDA stated that the efficacy of
bevacizumab and irinotecan were inseparable. 6moPFS was the designated primary trial endpoint. However, the primary end-point per the FDA was objective response rate, as 6moPFS
needs a comparative control to show results. An independent review committee determined
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the objective response rate according to Macdonald response criteria, and the MRI readings
were confirmed 4 weeks later. Secondary end-points were the duration of response and safety.
Historical control data was from an analysis by Wong et al [56] of eight phase II trials at the
M.D. Anderson Cancer Center, which included 225 GBM patients. In these studies, both CT
and MRI imaging were used, scans were performed every 2 months, and criteria similar to
Macdonald were used. In the AVF3708 trial, MRI imaging was conducted every six weeks with
Macdonald criteria. The historical control objective response rates were assumed to be 5% for
the bevacizumab monotherapy arm, and 15% for the 6moPFS. A significant 28.2% objective
response rate with 1 CR and 23 PR, and a duration of 5.6 months was reported. The FDA
reported a 25.9% response rate with 4.5 months duration. The discordance rate for objective
response rate assessments between two assigned, independent review radiologists was 47.1%
and a third radiologist failed to agree with the first two 14.3% of the time. The high frequency
of disagreement highlights exactly why the FDA is hesitant about MRI usage in clinical trials,
especially with anti-angiogenic therapies that are known to change MRI readings, as stated
previously [38]. The 6moPFS reported by the trial sponsor (Genentech) was significant at
43.6%, the 6moPFS reported by the FDA was significant at 36%, and as reported by the
investigator was significant at 42.6%. The discrepancy was purportedly due to the fact that
Genentech used a 5.52 month cut-off, while the FDA adhered to 6 months. Although historical
controls are not ideal due to possible population differences, tumor assessment frequency and
criteria, along with type of follow-up, Genentech proposed that such a large change in 6moPFS
is a reasonable predictor of clinical benefit.
AVF3708 suffered from lack of clarity over the end-point of choice, since the FDA disagreed
with Genentech. The study also relied upon historical controls, which are never optimal, and
due to poor planning was unable to use data from the bevacizumab and irinotecan arm. Finally,
although the study used Macdonald criteria, the objective response rate was obviously a point
of contention with disagreement between reviewers. Despite these issues, this data was used
to support AA.
5.1.3. NCI 06-C-0064E
A second phase II trial examined the efficacy of bevacizumab in recurrent GBM, as compared
to historical controls. It used the same tumor assessment criteria (Macdonald) with an
independent review process, but collected MRI every 4 instead of 6 weeks. The median age of
the patients (n=56) was 54 years, and KPS was stratified with a group scoring 70-80 and a group
scoring 90-100. Patients had previously undergone surgery, radiation, and systemic chemo‐
therapy. Once again, PFS was the determined end-point, but it was agreed that the data on
objective response rate and the duration of the response would be used to support bevacizu‐
mab approval. A 19.6% response rate with a median duration of 3.9 months was reported.
These data supported AA along with AVF3708.
5.1.4. Post-marketing trials
After AA was granted based on these phase II trials, two post-marketing phase III clinical trials,
as required by the FDA after AA, were initiated. They were intended to confirm the efficacy
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of bevacizumab, but this time in the primary tumor setting, and the trials have recently have
reported results. The first trial, AVF4396g, was sponsored by the drug company Hoffman-La
Roche and was a randomized, double-blind, placebo-controlled study of bevacizumab in
combination with RT/TMZ for 921 newly diagnosed GBM patients. The median age in the
treatment group was 57 years and in the placebo group it was 56 years. KPS was stratified with
32.6% and 30.3% having a score of 50-80 in the treatment and placebo groups, respectively,
and 67.4% and 69.7% having a score of 90-100 in the treatment and placebo groups, respec‐
tively. Patients were also organized into RPA classes, with the majority being in class IV. The
primary end-points were designated as OS and PFS, although the FDA declared OS as the
principal regulatory end-point. Updated Macdonald criteria were used for imaging assess‐
ment. Patients were randomized with recursive partitioning analysis to receive RT/TMZ with
or without bevacizumab (FDA 2009). The median PFS was significantly higher at 10.6 months
in the bevacizumab arm versus 6.2 months in the placebo arm. OS was not significantly
different in the experimental versus placebo groups, 72.4% and 66.3% at 1 year, and 33.9% and
30.1% at two years, respectively. No change was observed in QOL or neurocognitive function
[57].
The second phase III trial was sponsored by the National Cancer Institute, and enrolled 978
patients, 637 of whom were eligible to undergo randomization to receive RT/TMZ with
bevacizumab or a placebo. The median age was 58 years in the randomized group. There was
a KPS of 60-80 in 40% and 39% of the treatment and placebo groups, respectively, and a KPS
of 90-100 in 60% and 61% of the treatment and control groups, respectively. The majority of
patients had total resection, although roughly a third had partial resection. RPA class stratifi‐
cation was used, with most patients being in class IV. There was no significant effect on OS,
15.7 months in the bevacizumab group and 16.1 months in the placebo arm. OS was similar to
the AVF4396g study, but PFS differed, possibly due to a statistical difference in the prespecified alpha level for progression (p<0.01). PFS was improved at 10.7 versus 7.3 months.
This study reported that over time patients experienced worsened quality of life, a greater
symptom burden, and a decline in neurocognitive function [58].
The phase III trials failed to show a direct clinical benefit for survival, which jeopardizes the
continued usage of bevacizumab in GBM, at least in the upfront setting. Disturbingly, these
two trials presented contrasting data on the impact on the quality of life for GBM patients. This
was puzzling as both studies used the EORTC’s QLQ-30 and BN20 questionnaires for quality
of life assessment. AVF4396g used updated Macdonald imaging criteria that took into account
non-enhancing tumor, so the possibility of missing a progression in disease was reduced,
which could have affected QOL [57]. The lessening of edema and subsequent reduced need
for corticosteroids is the purported benefit to QOL seen in AVF4396g. Differences in statistics
and imaging criteria between the post-marketing trials are not negligible, and point to the
challenge of which results are to be most convincing.
Bevacizumab is a germane example of a drug that received AA, only to disappoint in confir‐
matory trials. If bevacizumab is indeed harmful to the quality of life, as suggested by the NCI’s
phase III trial, its presence on the market is concerning, although the differences in primary vs
recurrent setting may clarify that. It could be speculated that early studies and AA were flawed
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in their reliance on imaging dependent end-points as their initial primary considerations.
Objective response and 6moPFS may not accurately predict clinical benefit. The issues with
imaging in the trial are substantiated by the almost 50% frequency of disagreement in AVF3708
between radiological reviewers according to the FDA. AA is also based on much smaller trials,
whereas the phase III trials combined looked at almost 2,000 patients, so statistical power is
greatly improved. It remains to be seen how bevacizumab will be prescribed in the future, now
that it is has a debatable effect on survival. It has not been removed from the market, and
continues to be evaluated in clinical trials.
5.1.5. Cediranib
A receptor tyrosine kinase inhibitor that recently went through clinical trials is Cediranib
(AZD2171), a pan-VEGFR inhibitor with some activity against related structures c-Kit and‐
which acts against platelet-derived growth factor receptors (PDGFRA and B). A phase II trial
involving 31 recurrent GBM patients receiving cediranib monotherapy, with the primary endpoint being APF6, was conducted. The median age was 53 years and median KPS was 90 and
patients were not stratified. Secondary end-points were radiographic response, median OS,
and toxicity. Various imaging modalities were employed (assessment was changed to include
2D and volumetric measurements) and analysis of plasma and urinary biomarkers was
undertaken. In summary, the median OS was 227 days and the APF6 was 25.8%. A radio‐
graphic partial response was detected in 17/30 (56.7%) patients with volumetric measurements,
and with 8/30 (27%) using Macdonald criteria instead of volumetric analysis. This is a signif‐
icant example of the differences that can arise between different imaging assessment methods.
As compared to historical controls (Wong et al. analysis 1999), the results were deemed
encouraging [59]. The baseline levels of different biomarkers were unable to be correlated with
PFS or OS, but were postulated to be helpful for pharmacodynamics. However, some bio‐
markers did exhibit significant change, independent of PFS or OS, after treatment. A significant
correlation was stated between some dynamic biomarkers and radiographic response and
survival. This study demonstrated that the majority of patients reduced or stopped their
corticosteroid dosages, but this was contingent upon continued treatment with cediranib. The
study results were overall positive, and the vitality of combined therapy was re-iterated due
to the belief that cediranib normalizes vessels to make other treatments more effective [60].
A phase III randomized, placebo controlled, partially blinded study was initiated after the
promising phase II results. Phase III was a 3 arm study of 325 recurrent GBM patients inves‐
tigating cediranib monotherapy, cediranib with lomustine (nitrosourea approved for use in
GBM), and lomustine monotherapy. This phase took the important step of moving to combi‐
nation therapy. The median age in each arm was 54 years. The patients were stratified
according to KPS with 50%, 48%, and 36.2% having a score of 70-80 in each arm, respectively
and 50, 51.2, and 62.5% having a KPS of 90-100 in the respective arms. Patients had previously
been treated with RT/TMZ. The primary end-point was PFS, assessed by centralized, inde‐
pendent, blinded radiographic review, which used updated Macdonald criteria for T1, T2 and
FLAIR MRI imaging. It should be noted that this evolved from the phase II trials that used
volumetrics for imaging analysis and APF6. The soluble biomarkers VEGF, VEGFR2, and bFGF
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from plasma were measured in relation to baseline levels, but they were determined to be
unrelated to predicting outcome in the trial. Biomarkers did not prove helpful in this trial,
which was disappointing. The trial did not meet its PFS goal of significance, and did not impact
OS. Since 136 patients received salvage therapy of bevacizumab monotherapy or combination
therapy, survival could have been biased, yet salvage therapy was established to be similar in
the different arms. Perhaps the disappointing results can be partially attributed to changes in
imaging analysis methods over the course of the trial phases. There were secondary benefits
of lengthened time to neurologic deterioration and reduced steroid dependence. The combi‐
nation of cediranib and lomustine was not ideal, as cediranib heightened lomustine associated
toxicities, although these were manageable. The idea that cediranib might be better in combi‐
nation with RT, according to pre-clinical results, was proposed. Two phase II studies on
cediranib and radiation are ongoing [2].
5.2. Immunotherapy
Immunotherapy has been gaining momentum as the next attractive treatment option for GBM.
It promises fewer side effects, and greater efficacy because it uses the host’s own immune
defense mechanisms to fight cancer while sparing normal tissue. Important immune cells to
be activated are naïve and memory T cells, natural killer cells (NK), and natural killer T cells
(NKT). Immunotherapies seem to show good evidence of impacting survival in clinical trials
with relatively minimal toxicities [61].
Although immunotherapy is promising, there are inherent challenges and limitations. The BBB
is often discussed in immunotherapy, but its role is a subject of debate. However, the BBB may
not be as impenetrable as formerly proposed. Antigens from the CNS do end up in cervical
and nasal lymph nodes. Also, lymphocytes are capable of crossing the BBB. In fact, activated
T cells express certain molecules that enable them to penetrate the BBB [62]. Inflammatory
chemokines stimulate lymphocyte arrest and binding of cell adhesion molecules to integrins,
which is fundamental to immune cells entering the brain. Furthermore, lower numbers of
immune molecules and cells, like CD4 and human leukocyte antigen (HLA) class I, have been
correlated to worse prognosis and survival, which would not be expected if the brain was
exclusive to the immune system [63].
In addition to the BBB, antigen identification is also challenging. While other cancers express
tumor-specific antigens for obvious targeting, GBM has very few cancer specific antigens [63].
Even epidermal growth factor variant III (EGFRvIII), which is found solely on GBM cells, is
expressed in just 20-30% of tumors. Also, because an antigen is tumor specific does not mean
that it is immunogenic [64]. GBM cells do not adequately present antigens, limiting the
activation of T cells [62]. A third formidable obstacle to immunotherapy is the profound
immunosuppression of GBM patients, both in the tumor microenvironment and systemically.
Immune suppression is typically profound and cannot be completely overcome, which is a
disadvantage for immunotherapy efficacy but an advantage in avoiding a different risk of
immunotherapy, that of accidentally inducing autoimmunity. The occurrence of an autoim‐
mune reaction is a risk because tumor cells are technically host cells, so they have inherent
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tolerance systems put in place to avoid autoimmunity, and expression patterns similar to host
cells [63].
Therapies that are effective despite immunosuppression issues can run into a major obstacle,
which is tumoral immune editing. If a therapy effectively targets certain antigens, the tumor
may subsequently change its reliance on these antigens [65]. This was illustrated by the loss
of EGFRvIII expression in many recurrent tumors after administration of an EGFRvIII targeted
vaccine, rindopepimut. Vaccines using whole tumor lysates or combination therapy are a
possible solution to immune editing.
In addition to immune system obstacles, immunotherapy faces the same problems as other
therapies with clinical trial design, imaging limitations, and end-point selection. Reliance on
pre-clinical animal models is not optimal because the models have limits as surrogates, and
translating the therapy’s effects into humans is complex. Moreover, obtaining an immune
response does not necessarily bestow improved survival or longer time to progression [65].
Finally, immunotherapy trials are very expensive. The simplest phase III immunotherapy
cancer trial with approximately 300 patients, easy immunotherapy manufacturing, and
efficient clinical readouts, surgery, and imaging might cost about 20 million dollars. A larger
trial that has personalized therapy and is more technology reliant could cost in the hundreds
of millions [64].
5.2.1. Rindopepimut
Another popular and prevalent vaccine for GBM is Rindopepimut (CDX-110), an EGFRvIII
specific 14-mer peptide. EGFRvIII is unique in that it is solely expressed on GBM cells. An inframe deletion causes fusion of two parts of the molecule, ultimately leading to constitutive
activation that is implicated in tumorigenicity, tumor cell migration, and resistance to chemo‐
therapy and radiation [62].
A phase II clinical trial (ACT III) with intradermally administered rindopepimut plus GM-CSF
and maintenance TMZ in 65 newly diagnosed EGFRvIII positive GBM patients reported a PFS
of 12.3 months (compared to 6.3 historically) and an OS of 24.6 months (compared to 15.0
historically). Patients had to have undergone gross total resection and traditional TMZ/RT
without progression. The median age was 56 years and the median KPS was 90 [62]. The
historical control cohort consisted of 17 patients treated at the center at the same time and the
populations were matched for positive EGFRvIII status, gross total resection, treatment with
RT/TMZ, and no progression for 3 months post treatment [66]. The primary end-point was
considered PFS. Methylation of MGMT resulted in a significantly increased PFS. After these
positive results, new clinical trials were initiated.
The current investigations of rindopepimut are a phase III trial (ACT IV) for newly diagnosed
GBM patients and a phase II trial (ReACT) of recurrent GBM patients. ACT IV aims to include
700 EGFRvIII positive patients who have had gross total and incomplete resection, in an effort
to reduce bias towards grossly resected patients, and who have completed standard chemo‐
radiation. Completion is expected in 2016 [62]. The trial is a 2 arm, randomized study,
comparing rindopepimut to a TMZ control, with OS as the primary measure, and PFS and
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safety and tolerability as secondary measures. Results have not yet been released (Clinicaltri‐
als.gov, NCT01480479). ReACT is studying the efficacy of rindopepimut in combination with
bevacizumab for patients with relapsed EGFRvIII positive GBM. Patients are sorted into two
groups: those who have received and are refractory to bevacizumab, and those who have not
previously received bevacizumab. Within those two groups, patients will be randomly
assigned to receive rindopepimut/GM-CSF or a placebo (KLH) while continuing, re-starting,
or starting bevacizumab therapy. Group 1 is bevacizumb naïve and receives bevacizumab plus
rindopepimut/GM-CSF. Group 2 is bevacizumab naïve and receives bevacizumab plus a KLH
placebo. Group 2C is bevacizumab refractory and receives bevacizumab plus
rindopepimut/GM-CSF. The primary end-point for Groups 1 and 2 is 6moPFS, and the
secondary end-points are safety and tolerability, antitumor activity, and EGFRvIII specific
immune responses. OS is notably absent as an end-point. The primary end-point in group 2C
will be ORR. Imaging analyses are performed using RANO criteria. Patients must have had
prior surgery and chemoradiation, be EGFRvIII positive, and be in their first or second relapse
of primary GBM or first relapse of secondary GBM. Completion is anticipated for 2014 with
168 patients. Preliminary results were released in November 2013. The OS for Group 1 was
12.0 months versus 7.9 months in Group 2. The PFS was 3.7 months in group 1 as compared
to 2.0 months in group 2. Interestingly, the occurrence of tumor response (>50% shrinkage) for
group 1 was 37% per investigator review and was 32% per expert panel review. For group 2
it was 19% per investigator review and 25% per expert panel review. Once again, this dem‐
onstrates the objective nature of imaging analyses. The results also indicate that patients who
are EGFRvIII positive do have a poorer prognosis. In Group 2C the OS was 5.6 months and
the PFS was 1.9 months. In preliminary ReACT data it was suggested that the anti-EGFRvIII
titer is predictive of patient outcome. The results for ReACT are continuing to be assessed, but
show a trend towards efficacy (Clinicaltrials.gov, NCT01498328).
There are limitations in the analysis and use of rindopepimut. An obvious problem with
rindopepimut is that only 20-30% of GBMs express EGFRvIII. Furthermore, upon recurrence
it has been documented that between 82-91% of tumors lose EGFRvIII expression after
recurrence [62, 67]. Importantly, EGFRvIII expression has not been significantly related to
survival. Furthermore, trial design was not ideal in rindopepimut testing. The ACT III trial did
not take into account certain prognostic factors, like mutation of isocitrate dehydrogenase one/
two (IDH1/2), which is known to positively affect survival; patients in the trial also had various
salvage therapies that may have influenced survival. The historical control population was
also much smaller than the experimental group (n=17 vs. n=65). Despite matched eligibility
criteria, discrepancies between the rindopepimut study population and the historical popu‐
lation used for comparison in ACT III are possible and would be problematic. Bias in the clinical
trials of rindopepimut could also have arisen from the fact that KPS scores were quite high; in
ACT III the median KPS was 90. KPS is a key prognostic factor and may indicate that patients
in these trials had a better prognosis overall. Moreover, patients in these trials underwent gross
total resection, which is not realistic to the greater GBM patient population, but ACTIV and
ReAct do attempt to address this by including patients with less than gross total resection [62].
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5.3. Other therapies
An intriguing non-drug option for GBM patients is the Novo-TTF system, approved by the
FDA in 2011. NovoTTF is a portable device that is worn almost continuously, with the
exception of short daily breaks for personal needs. It emits low intensity, intermediate
frequency, alternating electronic fields that are non-invasive. Electronic fields disturb cell
division by triggering microtubule misalignment necessary for the metaphase to anaphase
transition. The fields also cause movement of intracellular macromolecules and organelles in
telophase. Ultimately, the cytokinetic division of the cell is impossible after failed segregation
and distribution of chromosomes, organelles, and microtubules, and cell death occurs [59].
Dividing cells have unique shapes and electric features, making rapidly multiplying cancer
cells sensitive to electric field treatment.
NovoTTF was tested in 237 recurrent GBM patients in a phase III trial comparing NovoTTF
monotherapy to any active chemotherapy, as determined by the physician’s judgment. The
median age of patients was 54 years and the median KPS was 80. The primary end-point was
OS and the secondary end-points were PFS, PFS6, radiological response, 1 year survival, QOL,
and safety. A central review board did imaging analysis using the MacDonald criteria. Selected
patients must have had radiation, with or without TMZ, and 80% had failed 2 or more
chemotherapies and had more than one recurrence. The primary end-point of OS was not
significant at 14% versus 9.6% in the active control arm. PFS6 was improved at 21% compared
to 15%. The failure to produce improved survival might have been unavoidable in a patient
population with more than one recurrence and failure of other treatments; other trials
involving recurrent patients often enroll patients on their first recurrence. Despite not reaching
survival significance, NovoTTF was approved. An important result contributing to approval
was NovoTTF’s effect on QOL, assessed via QLQ-30 [59]. Enhanced QOL is attributable to the
absence of serious chemotherapy related toxicities, such as nausea, anemia, fatigue, and serious
infections, although, some patients treated with NovoTTF did have worsened neurologic
events, including headaches and convulsion.
The FDA approval of NovoTTF was surprising in light of the FDA’s hesitance on relying
unstandardized QOL measures. However, the decision to approve NovoTTF is understood
through its contingency upon the dearth of treatments for recurrent GBM. Re-resection and
re-irradiation are feasible in only a handful of recurrent patients, and chemotherapy has an
extremely low response rate of less than 10%. Approval for an intervention that does not
improve survival would is far more feasible in a disease like GBM that has such a poor
prognosis. The vote for approval was very close (7 to 6) and can be classified as a “noninferiority” approval, meaning NovoTTF is not better nor worse than other therapies, and it
may improve QOL [59]. Here the risk-benefit ratio was tantamount to the drug succeeding in
clinical trials. It is an example of how skewed the ratio is in a severe diagnosis such as GBM.
The benefit did not have to be great because other approved agents have very low benefits in
comparison to significant side effects.

301

302

Molecular Considerations and Evolving Surgical Management Issues in the Treatment of Patients with a Brain Tumor

6. Conclusion
The ideal design of clinical trials for GBM patients remains elusive. The conflict between OS,
PFS, and ORR as primary end-points continues, with the FDA staying with OS. Radiographic
imaging assessment remains an obstacle for PFS and ORR, which is evidenced by disagreement
between radiographic reviewers (as seen in studies with bevacizumab). Although imaging
criteria are being updated, the most likely progress will be through different imaging methods,
like T2 MRI and FLAIR. Alternatively, biomarkers are becoming more important. They are
already being used in trials, but there is still a gap in comprehension of how and when they
are most useful. In RTK inhibitor clinical trials biomarkers were assessed, yet they did not
always have predictive value or an expected relationship to an end-point. However, this does
not mean that biomarkers are useless. Connecting tumoral and survival end-points to bio‐
markers will require further study, and they are indeed continuing to be analyzed in clinical
trials.
Many investigational agents discussed above undergo changes to their end-points as the drug
advances from phase to phase in the clinical trial. Rindopepimut is an example of the myriad
end-points that may be used for assessing any one agent. Furthermore, as each investigational
agent seems to use a different control cohort, there is especially variability in the historical
cohorts chosen for comparative analyses, which are drawn from several literature sources.
Lack of consistency across trials or even phases is detrimental because it creates confusion and
complexity in analyzing investigational agents. Also, many drugs in clinical trials end up being
disappointing despite promising early phase results. This phenomenon could be attributed to
limitations in early phase clinical trials, such as small sample size, absence of a comparator
arm, or bias in patient selection. Protecting drugs in early phases who have not demonstrated
clear efficacy and safety from entering the market will continue to be an ethical and sometimes
legal battle; collecting data is absolutely vital to the welfare of current and future patients and
it cannot be compromised.
Another major issue is the tendency to focus on monotherapy (or monotherapy plus RT/TMZ).
Monotherapy is helpful in determining how a drug works, but beyond this the therapeutic
effects would be greatly augmented by creating relevant combination therapies. GBM evolves
too quickly and frequently for any monotherapy to become a “cure”. Moreover, combination
therapy in the form of novel drugs, in comparison to a new drug added to the RT/TMZ regimen,
is not common and needs more focus. Combining novel drugs is admittedly tricky, yet it holds
promise.
Clinical trials are the avenue for progress in GBM. The obstacles that inhibit the success of
clinical trials are formidable, but not unsolvable. Greater patient participation, better stand‐
ardization across and within clinical trials, and innovative end-points and combination
therapy are the way forward.
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1. Introduction
Understanding the clinical picture and the signs and symptoms produced by brain tumors is
complicated by the extreme heterogeneity amongst these patients. This is secondary to the
variability in size, location, pathology and rate of growth of the tumor. In general symptoms
can be broadly divided into two categories generalized or focal. Most generalized symptoms
are caused by the mass effect and resulting increased intracranial pressure or global cerebral
dysfunction caused by the lesion [1]. These typically are clues that a neurological abnormality
exists, but are not usually helpful in determining lesion localization.

2. Generalized symptoms
The most common generalized symptoms are shown in table 1. Headache is the most frequent
symptom and occurs in approximately 48-56% of brain tumor patients [2,3]. Headache patterns
and location vary greatly depending on mechanism and pathophysiology and this is described
in a subsequent section. In general, headaches can be either localized or global in nature and
the intensity and rate of progression may provide insight into the rate of growth of the lesion.
Lesions with a long history of slowly worsening symptoms over years tend to be more slow
growing and benign whereas acute onset headaches with a rapid crescendo pattern are
worrisome for a more ominous course. The classic brain tumor headache is one of a global
headache often radiating to the vertex or periorbital region which is associated with nausea
and vomiting and worse in the am (secondary to CO2 retention and subsequent vasodilation
during sleep).

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.
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Headache

52%

Memory loss/cognitive dysfunction

35%

Seizures

32%

Personality Changes

23%

Nausea and Vomiting

13%

Table 1. The common generalized symptoms of brain tumor patients [3].

Cognitive changes are not only a common presenting symptom of brain tumors, but also tend
to persist even after treatment of the tumor and can affect the patient’s overall quality of life
and survival [4]. These neurocognitive deficits encompass memory problems, personality
changes, and mood disturbances. In some instances, these changes are drastic enough to cause
alarm for the patient or family member and lead directly to the diagnosis. These scenarios often
include sudden changes, such as the loss of skills related to executive functioning such as
paying bills, following directions, job performance or driving and automobile (figure 1).

Figure 1. MRI scan from an elderly patient with a pineal mass and associated hydrocephalus who presented with acute
confusion consisting of difficulty driving and paying bills.
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However, in other cases, these changes are slow and insidious and may often be overlooked
or attributed to other causes such as aging or stress. In some instances these issues present only
following a visit from a distant family member or friend who has not seen or interacted with
the patient recently. It is also not uncommon for these issues to remain completely unrecog‐
nized and discovered only after specific questioning and inquiry by a physician or as the result
of specialized neuropsychological testing. In fact when formal neuropsychological testing is
performed on this population of patients almost all of them show at least mild to moderate
dysfunction in at least one cognitive domain [4]. It has only been over the past decade that the
magnitude and impact that these cognitive deficits have on such patients has been truly
recognized.
A majority of cognitive processes, including planning, motivation, personality, judgment, and
abstraction, are controlled by the frontal lobe. However, a significant amount of these processes
require input from various other regions of the brain including the parietal and temporal lobes.
Therefore, neurocognitive changes are seen with tumors in multiple locations. The tools for
evaluation of cognitive deficits will be discussed in a separate section.
Like cognitive deficits, seizures are another symptom of brain tumors that may be present on
presentation, or may develop later during the disease process. Tumor-related seizures include
both general and focal seizures. The seizure semiology (pattern and symptoms) may provide
insight into lesion localization especially in cases with focal seizures. There is a distinction that
can be made in the incidence of seizures for various types of brain tumors. Patients with
primary brain tumors are more likely to present with seizures or subsequently develop them
as compared to patients with brain metastases [5]. In addition, patients with low grade gliomas
have seizures more commonly than those with high grade gliomas. One study showed as much
as a 85% rate of seizures in those with low grade gliomas as compared to 49% in those with
glioblastoma multiforme [5].
Seizures occur secondary to irritation of the cerebral cortex either from the brain tumor itself
or the surrounding peritumoral edema. Seizures can result from lesions in any area of the
cerebral cortex but are more frequently seen in patients with lesions in the frontal or temporal
lobes. Lesions in the brainstem and cerebellum almost never cause seizure activity. Seizures
in essence occur as a result of this cortical irritation which causes a “short circuit” within the
brain where depolarization rapidly spreads to surrounding areas. Seizure types are broken
down into several categories based on the symptoms at the time of seizure onset and whether
or not the seizure activity remains focused or spreads throughout the brain. Generalized
seizures are those where a large portion of the brain is affected at the onset and as a result of
this the patient becomes unresponsive at the onset. Secondary generalized seizures such as the
classic partial complex seizure are very common and frequently occur with lesions located in
the medial temporal lobe. In these cases symptoms typically start with rhythmic movement
on the side contralateral to the lesion but then eventually progress to generalized seizure
activity resulting in a loss of alertness and tonic and/or clonic movements on both sides of the
body. Patients with generalized or secondary generalized seizures almost always lose con‐
sciousness during the event and typically have a period of post-ictal confusion that can last
for minutes to hours following such events. However, a less common type of generalized
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seizure commonly referred to as absence seizures presents with brief starring spells without
motor movements. These episodes can occur hundreds of times per day and are not usually
associated with post-ictal confusion. Finally, focal seizures occur when the abnormal electrical
depolarization remains contained to a small area of the brain. Symptoms with this type of
seizure depend on the area involved but usually results in either episodic periods of uncon‐
trolled motor movement and twitching or sensory complaints. The classic Jacksonian March
Seizure is commonly seen with lesions in or around the primary motor cortex. These patients
exhibit episodes of tonic-clonic activity that typically starts in one area of the contralateral
extremity such as the distal leg and the involved activity spreads (“marches”) to include a
progressively larger area of the body (entire leg and then arm) as the seizure progresses.
Patients with focal seizures almost always retain consciousness and awareness during their
episodes [1].
Unlike patients with other causes of epilepsy, patients with lesional epilepsy secondary to a
brain tumor often progress in frequency, intensity and severity if they remain untreated. It is
not uncommon to see a patient with a low-grade glioma who had “a spell” several years ago
which was never investigated or brought to the attention of a physician until the patient suffers
either repeated or more intense attacks at a later date. The treatment of epilepsy in brain tumor
patients varies on a case to case basis. We do not generally recommend prophylactic antiepi‐
leptics on these patients for many reasons. Most importantly class I data shows that the routine
use of such medications doesn’t prevent these patients from having seizures, but does
significantly raise the incidence of drug related side effects [6]. In addition, many of these drugs
are metabolized through the cytochrome P450 pathway in the liver and can affect the bioa‐
vailability of many chemotherapeutic agents and can thus affect the efficacy and side effect
profile of these other medications [6]. We typically reserve the use of antiepileptics for patients
who present with a seizure or develop one during treatment or for rare instances of “highrisk” patients with temporal lobe lesions who require awake mapping procedures. In these
unusual cases we may treat the patient only in the perioperative period. For patients requiring
treatment we commonly use leviteracitam unless the use of this is contraindicated. This
medication is typically well tolerated by the majority of these patients however in rare
instances it can cause or exacerbate headaches or cognitive dysfunction in this patient popu‐
lation. The duration of treatment for patients who present with seizure activity and then do
not have any further events remains controversial. In many instances the surgical removal of
the epileptogenic trigger may be enough to provide long-term control; however, we recom‐
mend continuing antiepileptic medications for at least 6 months or longer and routinely
perform EEG prior to considering discontinuation of any antiepileptic medications. If EEG is
normal or shows only diffuse changes than medications can usually be stopped safely;
however if it shows significant sharp waves or other electrical evidence of cortical irritation
than we will routinely advise patients to continue treatment for at least one to two years.
Nausea and vomiting associated with brain tumors is typically a result of the increasing ICP
from the space-occupying lesion. However, when occurring in the absence of other symptoms
it is often difficult to make the diagnosis which is typically made only after extensive workup
for other causes such as gastrointestinal issues have been ruled out. In rare instances lesions

Clinical Presentation of Brain Tumors
http://dx.doi.org/10.5772/59046

Figure 2. MRI showing lesion in motor cortex in a patient who presented with right sided weakness.

in the brainstem or other parts of the posterior fossa can lead to pure nausea and or vomiting
without other complaints.

3. Focal symptoms
Compared to the generalized symptoms described above, focal symptoms of brain tumors can
commonly offer clues as to the location of the lesion. This stems from the fact that focal deficits
are created from the tumor or resulting edema compressing a specific portion of the brain
parenchyma or cranial nerves. Therefore, from the knowledge of the structure and function of
the brain, we are able to use the focal deficits found on a patient’s exam to predict the location
of the tumor.
Motor deficits

33%

Language deficits or aphasia

32%

Visual deficits

22%

Sensory deficits

13%

Dizziness, balance problems or ataxia

9%

Table 2. The common focal symptoms of brain tumor patients [3].

Motor deficits from brain tumors can range from specific weakness in certain extremities to
generalized weakness throughout the body. Focal motor deficits occur from a lesion situated
in or around the precentral cortex (figure 2).
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Lesions in the prefrontal area, caudate or basal ganglia can also cause motor deficits but this
is typically more of a coordination or fine motor control issue as opposed to hemiplegia.
Deficits can also occur when the lesion affects the descending fibers associated with a specific
area of the motor cortex. These types of focal deficits are commonly very noticeable to patients
and often lead to them seeking medical attention sooner. In some cases, the tumor itself may
not be in a specific motor cortex region, but edema from the tumor extends to that region. In
those cases, weakness is typically very responsive to treatment with steroids.
Like focal motor deficits, sensory deficits are also seen when the tumor or associated edema
are lying in a region controlling sensory function such as the post-central gyrus or other areas
of the parietal lobe. Some of the common sensory deficits that are seen include: graphesthesia
abnormalities, stereoagnosis abnormalities, loss of proprioception, and abnormalities in pain
and touch sensation. Graphesthesia is the ability to determine a number or letter that is written
on the palm of the hand without watching as it is drawn. Stereoagnosis refers to the ability to
determine what an object is that is placed in the hand when the eyes are closed. Proprioception
refers to the ability to sense where in space a part of the body is. All of these abilities, along
with the ability to sense touch, pain, and temperature can be diminished when a brain tumor
is affecting the sensory areas of the parietal lobe [1].
When tumors occur in the regions of the brain controlling or contributing to speech and
language, specific forms of aphasia and language deficits can be seen. Statistics show that
language deficits of some sort occur in 30-53% of brain tumor patients [7,8]. Like all symptoms,
language function will be affected differently in brain tumor patients, but most commonly
tumors in the fronto-temporal region are responsible for causing aphasia [7].
Two regions of the brain, known as Broca’s and Wernicke’s area, are the most documented
regions for language control. In greater than 85% of people, these areas are located in the left
hemisphere, in the temporal region adjacent to the Sylvian fissure. Broca’s area is located in
the frontal operculum and typifies the expressive language control center, controlling a
person’s ability to facilitate speech. The location of Wernicke’s area is much more variable;
however, in most patients it is located in the posterior aspect of the superior or middle temporal
gyrus. It is associated with the control of receptive language, a person’s ability to understand
both written and spoken language.
The four most common types of aphasia include: Broca’s aphasia, Wernicke’s aphasia, global
aphasia and anomic aphasia. A brain tumor causing Broca’s aphasia would limit a patient’s
ability to express their thoughts. These patients understand what they want to say, but the ability
to form fluent, sensical words and phrases has been lost. On the other hand, a lesion causing
Wernicke’s aphasia would cause a patient to create non-sensical, non-meaningful speech. They
can speak fluently, but their words and phrases have no meaning. These patients typically are
not aware of the meaningless of their speech (figure 3).
When both Broca’s and Wernicke’s area have been affected, global aphasia results. These patients
can neither express nor understand speech and language. This includes spoken language in
addition to reading and writing. This can occur with large lesions affecting both the domi‐
nant frontal and temporal lobes or from smaller lesions which affect the angular gyrus on the
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Figure 3. MRI scan of patient presenting with Wernicke’s type aphasia.

dominant side. Finally anomic aphasia occurs when a lesion damages the left temporal region
in addition to other lesions in the language pathways. This is best illustrated in a patient who
has primarily word finding and naming difficulties. Speech will be fluent to start a sentence,
but the patient will then lose the ability to produce the next word. Anomic aphasia is the most
common form of language deficit in brain tumor patients [7].
The visual pathway is not specific to one hemisphere or lobe of the brain. Rather it encompasses
both hemispheres, multiple cranial nerves, and travels from the retina posteriorly to the
occipital lobe. Therefore, there are multiple locations in which visual deficits can be created
from a brain tumor. Even compression on the optic nerve creates variability in visual deficits
depending on the location along the cranial nerve. When compression occurs at the optic
chiasm, bitemporal hemianopsia occurs, meaning that a patient is unable to see temporal
peripheral fields out of both eyes. This type of visual loss is very common in patients with
tumors in the pituitary region, particularly with non-functioning adenomas that extend into
the suprasellar space and cause compression of the optic chiasm [9] (figure 4).
However, if compression from the lesion is only on one side of the optic nerve, than visual
impairment is only experienced on the affected side. Patients can also complain of changes
related to decreased visual acuity. This can occur with lesions anywhere along the optic system.
In addition, it is a frequent complaint among patients with hydrocephalus or increased
intracranial pressure in which case it is likely secondary to papilledema. Lesions in the occipital
lobe cause a homonymous hemianopsia in which the patient loses vision in the contralateral
portion of both eyes (figure 5). The onset of visual deficits is typically very gradual, and may
not cause the patient to seek medical attention until the deficits are very severe. In fact in
patients with benign slow growing lesions symptoms may not become evident until the patient
experiences and accident from running into an object that they didn’t visualize secondary to
an enlarged blind spot.
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Figure 4. Coronal MRI of a patient with a large pituitary mass compressing the optic chiasm causing bitemporal hemi‐
anopsia.

Figure 5. MRI scan of patient presenting with a left homonymous hemianopsia from a right occipital lesion.
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Cranial nerve dysfunction is much less common than the other above symptoms. These
typically occur with lesions affecting the skull base and in many instances multiple cranial
nerves may be involved. In general the cranial nerves with pure motor functions (i.e. Facial
nerve) are much more resistant to compressive forces than sensory nerves (i.e. Acoustic and
vestibular nerves) (figure 6). In patients with metastatic disease the occurrence of multiple
cranial neuropathies is an ominous sign and usually signifies the presence of leptomeningeal
disease.

Figure 6. Axial post contrast MRI of patient with a small right acoustic neuroma who presented with hearing loss.

4. Headaches
Headaches are probably the most common complaint among brain tumor patients. Headaches
can arise from many different pathological reasons. In some instances the headaches are
unrelated to the imaging abnormalities and thus may not improve with treatment whereas in
others the headaches are directly related to the pathological abnormalities.
In many instances the headaches are the result of increased intracranial pressure. This
headache pattern is often associated with either large tumors or those lesions that have
significant surrounding peritumoral edema (figure 7). The skull is a fixed rigid space with a
limited volume. Therefore any changes in that volume directly affect the pressure within the
skull. During early stages or with slowly growing lesions the CNS has the ability to autore‐
gulate and compensate for these changes in tumor or edema volume by decreasing spinal fluid
or changes in venous engorgement. However, sudden rapid changes in tumor size or edema
can cause changes that cannot be overcome by these typical compensatory mechanisms and
thus cause a dramatic change in intracranial pressure (ICP). This relationship of pressure and
volume in the skull is referred to as the Monroe-Kelli Doctrine [1].
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(a)

(b)
Figure 7. Axial T2-weighted and post contrast T1-weighted MRI scan showing significant edema and midline shift sec‐
ondary to a tumor and surrounding edemawhich resulted in headache secondary to increased ICP
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Typically headaches associated with this type of pathology are reported as global or frequently
refer pain to the convexity or bifrontal/periorbital region. These headaches are usually
progressive with time and are crescendo in nature. The speed at which they worsen varies
depending on the rate of change in ICP. These headaches are usually worse in the morning
and often associated with nausea and or vomiting. Vague visual complaints, likely the result
of increased pressure in the optic nerve sheath, are often common.
Some lesions result in obstructive hydrocephalus (figure 1). The pattern and disease progres‐
sion are often similar to headaches from more general increased ICP. These patients often have
cognitive deficits as a result of involvement of the lateral ventricles and frontal horns. In severe
cases alterations in mental status can occur and at times rapidly progress to death if emergent
interventions are not instituted.
Headaches as the result of dural inflammation or irritation tend to me more focal. This can be
the result of focal involvement of the dura by lesions such as meningiomas or metastasis or
from stretching of the dura from tumor growth. A majority of the dura in innervated by the
trigeminal nerve. As a result pain can at times be referred to the face, preauricular or periorbital
region.
However, in most cases the headaches are located unilaterally ipsilateral to the pathology and
in some instances directly correlated with lesion location. In my experience headaches that are
directly correlated with the location of imaging abnormalities almost always improve with
surgical resection.
Tumors in the sellar region can commonly cause stretching of the diaphragm sella (figure 8).
These headaches commonly radiate to the periorbital or bifrontal region. The intensity and
frequency of these types of headaches commonly fluctuate and can be sporadic in nature likely
do to transient changes in local inflammation or pressure in the lesion itself.
Tumors that invade or compress the trigeminal nerve typically cause a very classic head‐
ache syndrome. Many of these patients experience facial pain syndromes similar to classic
trigeminal neuralgia. This can often be dysesthetic in nature and frequently can become very
severe and debilitating. The pain is always on the side of the lesion unless there is involve‐
ment of the brainstem. Unlike classic trigeminal neuralgia patients pain related to these
lesions typically does not respond to medical management (gabapentin, pregabalin or
carbamazepine) (figure 9).
In rare instances tumors can be large enough to compress or stretch the large arteries in the
brain. Headaches from this cause are infrequent and vary in nature and symptomatology. On
the other hand headaches as the result of tumor bleeding tend to be very classic. These
headaches are often thunderclap or sudden onset in nature and occur instantaneously with a
high intensity. Mental status changes and nausea and vomiting may accompany this type of
headache depending on the volume and degree of hemorrhage (figure 10). Table three shows
the most common histologies for brain metastasis which result in hemorrhage.
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Figure 8. Coronal MRI of a patient with a small pituitary macroadenoma who presented with headache likely the re‐
sult of stretching of the diaphragm sella.

Figure 9. Axial post contrast MRI of patient with left sided facial pain who was found to have a small trigeminal neu‐
roma compressing the trigeminal nerve.
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Figure 10. CT scan from a patient with remote history of melanoma who presented with thunderclap headache.

Lung adenocarcinoma
Melanoma
Renal cell Carcinoma
Choriocarcinoma
Papillary Thyroid
Table 3. Most common histologies for brain metastasis that result in hemorrhage

Lesions located in the posterior fossa can cause headaches that refer pain to the vertex
especially if there is associated hydrocephalus. In addition, pain may also be referred to the
auricular and post auricular region secondary to innervation of the petrous dura and tentori‐
um. These patients may also complain of pain in the suboccipital region. In rare instances of
tonsilar herniation either from posterior fossa lesions or hydrocephalus patients may complain
of severe neck pain at the base of the skull which worsens with extension.
The determination of which headache patient to image is always a difficult decision for the
primary care or emergency room doctor as there are many more patients who complain of
headaches who don’t have intracranial pathology that those who do. My recommendations
have always been that for adult patients who previously have not had significant headaches
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but then start having gradually progressive headaches that imaging should be strongly
considered. Patients with rapidly deteriorating headaches or those with thunderclap onset
deserve more urgent evaluation. A strong index of suspicion should also be entertained when
new headaches occur with nausea and vomiting and persist despite routine headache man‐
agement. Headaches associated with any other neurological finding or seizure activity also
demand urgent imaging. In most instances MRI with and without contrast is the gold standard
as CT scanning even when performed with contrast can have significant false negative rates.
CT scanning may be adequate when intracranial hemorrhage or hydrocephalus are of concern
based on clinical suspicion.

5. Cognitive evaluation for brain tumor patients
A majority of patients harboring brain tumors experience changes in cognitive or high level
executive functioning [10-14]. Many patients may complain of subjective deficits which often
are difficult to characterize, while others can slowly develop large abnormalities and be
unaware of the slowly progressive changes (figure 11).
Unless patients are exhibiting major confusion and disorientation these complaints often go
unassessed and unaddressed for these patients. In addition, most will exhibit at least partial
improvement if a cognitive rehabilitation program is instituted before symptoms become too
devastating [15].
Objective screening tests are limited and vary in efficacy in this patient population. Extensive
neuropsychological batteries are time consumptive and require a trained neuropsychologist
which is not available at most major brain tumor centers or smaller community treatment
facilities. In addition, these deficits can change with time and are affected by all treatment
modalities: surgery, radiation and chemotherapy. Therefore any reliable screening tool must
also take into account the effect of “learning” from prior administrations.
Not until the past decade has the importance of assessing cognitive function and evaluating
the impact of treatment on such function come into the forefront, despite the known association
with cognitive functioning on quality of life and overall survival [16-18]. Only recently have
prospective studies incorporated some aspect of cognitive evaluation in their study design.
The mini-mental status evaluation (MMSE) is the most frequently used tool in clinical practice
as well as for many large research studies. This test has numerous drawbacks including
extremely low sensitivity and specificity in this patient population. In addition a “ceiling
effect” exists [4]. Many patients score normal results on this test despite having significant
cognitive impairments.
For the past five years I have been using the Montreal Cognitive Assessment Tool (MoCA)
with my tumor patients. This is a free screening tool (available at www.mocatest.org) can be
administered by office staff or physicians with minimal training and excellent inter-observer
reliability. This tool assesses several aspects of cognitive function including: executive
function, visuo-spatial function, naming, memory, attention, abstraction, language, orienta‐
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(a)

(b)
Figure 11. Axial post-contrast T1-weighted and FLAIR MRI in patient with a large olfactory groove meningioma who
presented with cognitive dysfunction.
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tion; and has been used extensively as a screening tool and for serial examinations for
numerous different pathological conditions from dementia to heart failure.
The MoCA is more sensitive than the MMSE for detecting mild cognitive impairment (MCI)
[19-21]. Olson compared the efficacy of MoCA vs MMSE in a group of patients with brain
metastasis by administering both tests to patients at a similar time point after diagnosis of their
brain metastasis. Ninety-eight percent of patients completed the test in less than 15 minutes,
and 88% of patients took less than 10 minutes. Based on the results of the study (using normal
cutoff scores for both tests) 80% of patients were classified as having at least mild cognitive
impairment on the MoCA (score <26) vs. 30% using the MMSE (score <26) [22].
In 2011 the same group reported the results of 58 brain metastasis patients who were studied
prospectively [4]. Once again both groups were administered MoCA and MMSE tests, 67% of
the patients also underwent formal neuropsychological assessment (NPA) which consisted of
a battery of tests taking 3-4 hours to complete. This formal testing was performed within 2
weeks of administration of the screening tests. Study analysis showed that only 7% of patients
scored normal on the NPA and an additional 38% had borderline results, the remainder of the
patients had cognitive impairment in greater than two domains. MMSE results showed
abnormal cognitive function in only 12.8% and MoCA showed impairment in 53.8%. Thus it
is clearly illustrated based on the poor sensitivity that the MMSE is a poor screening tool for
determining cognitive impairment in these patients and has limited value. The MoCA was
more sensitive in determining mild cognitive impairment but still failed to illustrate all cases
[4]. Finally, in yet another study they were able to show that the results of the MoCA were
highly correlated with overall survival in patients undergoing treatment for brain metastasis
but failed to show a relationship of survival to MMSE results [22].
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1. Introduction
Glioblastoma multiforme (GBM) is a highly aggressive and malignant brain tumor that is
largely resistant to surgical, radiological, and chemotherapeutic intervention. It is character‐
ized as a WHO Grade IV astrocytoma with high infiltrative capacity into brain parenchyma,
resulting in debilitating cognitive deficits. Features such as diffuse tumor margins, high
vascularity, and necrosis are cardinal indications for GBM diagnosis [1]. Current treatment
regimens include a combination of surgery and radiotherapy, along with adjuvant temozolo‐
mide. This line of therapy has been successful in extending patient survival to 15 months [2].
However, the significant emotional and financial cost incurred by patients and their families
during this process can be devastating. All three approaches employ a shotgun approach with
nonspecific effects leading to reduced quality of life and increased burden of disease. Despite
advances in the management of many other tumor types, glioblastoma has not experienced
the same success and median survival still remains 15 months. An alarming 8% average
survival at 3 years stresses the urgent need for more effective treatments [3]. Emerging novel
therapeutics aim to manipulate the immune system for selective destruction of cancerous
tissue, while leaving healthy brain tissue undisturbed. These approaches offer promise for a
selective approach of tumor elimination with reduced side effects and improved quality of life.
However, immunotherapeutic success has also been limited, due to lack of understanding of
the influence of cancer cells on the immune system. Better understanding of the glioma and
immune interface will allow for more effective immune manipulations in order to generate
anti-tumor responses. Recent studies have identified intercellular signaling modalities as
critical components for tumor growth. Extracellular vesicles released from GBM cells have
been revealed to be potent modulators of the local environment to facilitate malignancy and
mitigate destruction of the tumor by immune cells. Specific mechanisms of vesicle-induced
changes are becoming more evident and offer novel targets for future therapies. Elucidating
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intracellular changes and signaling cascades that lead to phenotypic deviation of naïve
immune cells will reveal points of regulation to manipulate for tumor destruction. This chapter
aims to examine the multifaceted roles of GBM-derived extracellular vesicles on immune cells.
We will discuss the current state of knowledge about the mechanisms by which extracellular
vesicles alter the tumor microenvironment, along with new findings relating to transformation
of T cells by extracellular vesicles. Phenotypic changes, functional pathways, and protein
profiles of immune cells will be discussed to gain an understanding of the means of transfor‐
mation. These changes will also be assessed over time to highlight potential early markers of
tumor influence that may be used for diagnostic or prognostic application. Finally, we will
discuss considerations for new immunotherapies relating to immune cell transformation
induced by extracellular vesicles.

2. Tenacity of brain tumors
2.1. Failure of current therapies
2.1.1. Traditional therapies
Despite recent advancements in approaches to cancer treatment, GBM remains a complex and
problematic cancer to target. Diffuse borders of GBM tumors invade sensitive brain tissue and
make complete surgical resection particularly difficult. Incidentally, cancerous cells are left
behind, which allows the tumor to repopulate the resection cavity and enables recurrent tumor
growth. Radiation therapy is commonly utilized to eliminate portions of tumor remaining after
surgery and in recurrent settings. Although radiation has shown to provide survival benefit,
innocent bystander damage to nearby brain structures still remains a major obstacle in this
field. Newer technologies, including gamma knife surgery, allow for a more targeted approach
to access remaining tumor and reduce the risk of complications from a second surgery [4].
Despite this, damage to healthy tissue still occurs and the inability to target every cancerous
cell constituting the tumor remains problematic. The addition of the alkylating agent temo‐
zolomide to GBM treatment has extended overall survival and progression-free survival for
patients receiving surgical resection and radiation [5]. A multimodal approach in the treatment
of GBM offers the most promising outcome for patients. However, prognosis remains dismal
and quality of life is poor because these treatment options do not specifically target glioma
cells. In recent years, alternative approaches have been explored that more specifically isolate
cancerous cells and remove support from surrounding structures. Gliadel wafers implanted
into the surgical resection bed provide survival benefit by releasing anti-tumor agent, car‐
mustine, locally to target areas of infiltrating tumor. Since most GBM tumors will recur in a 2
cm margin surrounding the resection cavity, carmustine impregnated wafers are able to focus
on this area, while sparing other sensitive structures. The ease of implantation and regional
release of drug makes this method attractive, yet overall survival and quality of life is equal
to temozolomide alone, and wafers offer no benefit in recurrent settings [6]. Electric field
devices offer a novel approach to GBM destruction by emitting alternating electric fields to
slow and prevent tumor progression. However, incomplete understanding of the mechanism
by which electric fields can slow tumor growth has hindered success of this therapy. The
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noninvasive nature of electric field technology offers promise for enhanced quality of life and
ease of treatment delivery integrated into patient’s daily lives. Unfortunately, these devices
have shown to confer minimal benefit in survival over chemotherapy [7].
2.1.2. Monoclonal antibodies
Utilization of natural defense mechanisms offers the most potential to support the failing triad
of traditional therapies in GBM. One element of immunotherapy that has gained momentum
in recent years has been the use of monoclonal antibodies. Monoclonal antibodies offer
antigenic specificity and have been successful in controlling a variety of other cancers in
different stages including breast, lung, and melanoma [8]. The strength behind antibody
treatment lies in their ability to circulate to identify distant metastasis and specifically target
tumor-specific antigens. The first major obstacle for antibody therapy in GBM is delivery across
a selective blood-brain barrier and maintenance of the antibody binding pocket once penetra‐
tion is complete. Since GBM almost never metastasizes outside the cranial cavity, antibodies
must be able to access the tumor in situ by crossing over the blood-brain barrier easily. The
second major barrier for antibody therapy is the existence of few tumor-specific antigens on
the surface of GBM cells. Although some antigens have been identified to date, tumors have
been shown to adapt quickly to change expression of surface molecules in the face of antigenspecific attack. Thus, even if these antigens have roles in aiding tumor progression, they are
not ideal targets because they are not necessary for tumor survival. In addition, the vast
heterogeneity of GBM tumors precludes a single target approach. Therefore, soluble factors
constituting the tumor microenvironment have been targeted. GBM tumors are highly
vascularized and release abundant amounts of vascular endothelial growth factor (VEGF) into
the external environment to induce local angiogenesis. Their high metabolic needs require
sustained nutrient delivery directly to the tumor site, so much that the cores of GBM tumors
contain areas of necrosis. Bevacizumab is a monoclonal antibody that binds and neutralizes
VEGFA in the brain tumor environment to reduce vascularization and limit nutrient delivery.
It is currently the only monoclonal antibody approved for use in recurrent GBM and is
implemented during various disease states in clinical trials [9]. Bevacizumab remains a passive
treatment option that has been successful in restricting tumor growth, but does not actively
kill cancerous cells. Some studies have suggested bevacizumab promotes development of
structurally competent blood vessels around the tumor, rather than the compromised leaky
vessels that typically grow in tumor sites [10]. This modification may help ameliorate symp‐
toms caused by cerebral edema, but does not slow nutrient delivery to GBM tumors. To date,
bevacizumab has conferred minimal overall survival benefit, although time to recurrence and
quality of life are reportedly improved [11]. Currently available treatment options offer a
variety of approaches that demonstrate clinical benefit, but none substantially extend survival
or decrease burden of disease for patients.
2.1.3. Tumor-specific immunotherapy
The heterogeneity and adaptability of GBM tumors needs to be met with a dynamic and
adaptable treatment strategy in order to maintain remission or eliminate the tumor altogether.
Manipulation of the adaptive immune system against GBM is the goal of future immuno‐
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therapies as a means to specifically identify cancerous cells for destruction. Vast molecular
differences between patients and within individual patient tumors have prevented identifi‐
cation of common components to target. New approaches employ ex vivo stimulation of
patient’s adaptive immune cells with their own tumor followed by injection of the activated
cells back into circulation. The goal of this approach is to initiate a level of immune stimulation
that will specifically target tumor antigens typically hidden in vivo, while protecting the patient
from autoimmune complications. The promise for initiation of an adaptive response stems
from identification of lymphocytes within GBM tissue during autopsies and the later under‐
standing of tumor specificity of these cells [12]. Although unable to eliminate the tumor, it
became clear that lymphocytes play a role in antitumor immunity. Activated lymphocytes
have a unique ability to migrate into brain parenchyma, thus ex vivo activation of the adaptive
immune response has been explored as a means of eliciting antitumor responses [13]. Varia‐
tions in type of tumor material, incubation conditions, adaptive cell types, and course of
treatment have been under rigorous investigation to optimize tumor destruction [12,14,15].
Tumor-specific antigens continue to be ideal targets, but tumors rarely rely on a single antigen,
and targeting overexpressed molecules could critically disrupt healthy cells that need those
antigens for survival. Molecular targets including EphA2, IL-13R2a, EGFRvIII and survivin
have been implicated in GBM progression and offer potential pathways and signaling
modalities for cellular immunotherapies to target [16–19]. Other potential sources of tumor
antigens include protein complexes, chaperones, RNA, and whole cell lysate [20]. These
approaches offer the benefit of stimulating a varied approach of tumor destruction because of
the immune cells’ innate ability to distinguish harmful from harmless. The potential for
response against multiple tumor antigens is greater with unbiased access to native tumor
material (antigens), thus the immune response has a better chance to elicit a multidimensional
attack against the heterogeneous GBM. The two primary approaches employing these
strategies include autologous T cell transfer and dendritic cell vaccines.
Autologous T cell transfer has been referred to as passive immunotherapy because the T cells
are stimulated ex vivo and reintroduced to the patient as antigen specific, activated cells.
Dendritic cell vaccines are an active type of therapy, in which dendritic cells are isolated from
the patient and pulsed with tumor antigen before reintroduction to the patient. The dendritic
cell then has the opportunity to present antigen in secondary lymphoid tissue to lymphocytes
in the ideal environment for activation. Both approaches continue to be studied in order to
identify the optimal approach to adaptive immune activation. Sipuleucel-T was the first FDAapproved dendritic cell vaccine to exhibit survival benefit for any type of cancer and created
a new realm of potential for personal immunotherapy [21]. Utilization of this treatment
strategy for GBM is much more difficult, primarily because Sipuleucel-T relies on the presence
of a tumor antigen found on the subset of cells that respond well to treatment. Dendritic cell
vaccines for GBM currently under investigation in clinical trials employ differential antigenic
approaches in hope of producing an ideal cocktail [22–24]. However, passive and active
immunotherapies have not yet transformed the landscape of GBM due to complexity of the
disease. In fact, very few patients have exhibited tumor regression for any substantial period
of time [25]. A major obstacle that must be overcome when developing these immunogenic
responses is the immunosuppressive environment induced by GBM. Once the burden of
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immunosuppression is alleviated, immunotherapeutic strategies and their effectors will have
a better chance to infiltrate, identify, and kill cancerous cells.
2.2. Immune manipulation by gliomas
Malignant brain tumors are known to correspond with multiple mechanisms of immune
suppression. Although phenotypic changes have been well documented, specific mechanisms
inducing the alterations are less well understood. Presence of modified immune cells trans‐
formed by the tumor environment presents obstacles investigators need to consider when
developing new therapeutics utilizing the immune system. GBM cells can modulate their
external environment through release of soluble factors and expression of discrete molecules
on the cell surface. One soluble factor released from GBM that appears to have a major role in
tumor progression is transforming growth factor beta (TGFβ) [26]. TGFβ has a wide range of
effects capable of suppressing immune responses including inhibition of IL-2 receptor on T
cells, down regulation of MHC molecules on antigen presenting cells, and even neutralization
of activated lymphocytes entering the tumor environment ([26,27]. Inhibitors of TGFβ and
neutralizing antibodies have shown promise in mitigation of glioma growth and immune
suppression [28]. To further enhance immune suppression in the local environment, GBM
recruits and converts naïve cells. Transformation of monocytes to immunosuppressive
macrophages is one of the most significant changes GBM produces in the microenvironment.
Tumor associated macrophages (TAMs) can comprise of classically activated M1 macrophages
or alternatively actived M2. TAMs are predominantly of the M2 phenotype and are the most
common immune infiltrate in glioma [29]. Evidence has shown TAMs can comprise up to 40%
of the tumor mass in GBM, thus the suppressive roles are highly apparent [30]. Unlike M1
macrophages, M2 TAMs do not release proinflammatory and chemoattractive factors, but
instead aid in tumor progression and attenuate activity of infiltrating lymphocytes. TAMs can
arise from both circulating monocytes and resident microglia near the tumor site [31]. Gliomas
ability to tip the balance towards the M2 phenotype is important for tumor survival and
progression because of the protection conferred to evade immune destruction. TAMs isolated
from glioma express very little MHCII or costimulatory molecules CD80/86 and this phenotype
can be transferred to naïve monocytes introduced to the same cell culture media [29,32].
Impaired release of TNFα from glioma macrophages can also be transferred to naïve mono‐
cytes in cell culture, providing a regionally dependent inhibitory modulation of monocytes in
the GBM environment. In addition to reductions in TNFα release, TAMs actively suppress the
extracellular space by constitutively expressing immunosuppressive cytokines IL-10 and
TGFβ [33]. This active inhibition is supported by impaired cytotoxic capabilities of TAMs,
which generates a highly immunocompromised environment for GBM to grow [34]. Convert‐
ed TAMs further propagate the glioma environment through release of matrix metallopro‐
teases and growth factors for endothelial cells and tumor cells alike [35]. In order to remove
the inhibition caused by glioma TAMs, it will be necessary to tip the balance back towards the
classically activated M1 phenotype without causing autoimmunity or inflammatory conse‐
quences.
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Glioma patients exhibit varying degrees of lymphopenia, but often a great proportion of
remaining cells are regulatory T cells. This phenomenon has been observed in many types of
cancer and is thought to act as a driving force to maintain immunosuppression and propagate
tumor cells. It is unclear whether regulatory T cell production is driven primarily by MDSC,
tumor-released proteins, alternative signaling pathways, or carefully selected from the natural
T cell population. Anti-CD25 treatment options have shown benefit in the glioma setting,
which could help tilt the balance back towards an immunostimulatory environment [36].
Although the presence of a high concentration of regulatory T cells persists, some T cells have
the capability to become active and access the tumor bed. Tumor-infiltrating lymphocytes
(TILs) are antigen-specific lymphocytes capable of penetrating the blood-brain barrier in an
effort to confer immunity against a growing tumor. The presence of TILs in gliomas indicates
patients are not entirely tolerant to the tumor and attempt to mount a response against it, thus
yielding a more favorable prognosis for patients. However, the TILs do not respond to
mitogenic stimulation and proliferate very poorly in the face of a challenge [37]. The exact
origin and capabilities of TILs are not clear, but their ineffectiveness in tumor destruction
generates an opportunity to learn about transformation. Similar activation abilities have been
reported with B cells isolated from peripheral circulation of GBM patients, whereas immuno‐
globulin production is hindered when cells were stimulated [38].

3. Extracellular vesicles
3.1. Genesis
Extracellular vesicles (EVs) arise primarily from two distinct biogenesis pathways during
healthy and pathological conditions. Release of vesicles can occur by direct shedding of plasma
membrane (microvesicles) or though invagination of an endosome to form a multi-vesicular
body, which later fuses with the plasma membrane (exosomes) [39]. Distinction of origin is
controversial, since components of the plasma membrane and intracytosolic proteins are found
in both. Overlapping similarities in size, density, membrane proteins and morphology
suggests differential nomenclature is not necessary, but the specific difference between the
types of extracellular vesicles is not fully understood [40]. Shuttling of contents into EVs occurs
through random capture during vesicle formation and through selection based on mechanisms
remaining to be elucidated [41]. EVs are released by many cell types in normal and pathological
states, including lymphocytes, dendritic cells, neurons, reticulocytes, and tumors [42–46]).
These vesicles contain distinct cargo that resemble the cell from which they were released and
can be identified in circulating fluids such as urine, breast milk, plasma, saliva, cerebrospinal
fluid, and amniotic fluid [47]. EVs vary in size from 30-2,000 nm in diameter, which ultimately
dictates the amount of cargo they can carry. Enhanced release of extracellular vesicles from
cancer cells is an indicator that they may have a role in aiding in tumor progression [48]. Release
is further heightened in cancer cells exposed to radiation or hypoxic conditions [49,50]. Due
to their presence in these fluids and the specific signature they contain, EVs are ideal vehicles
for transfer of large amounts of information to modulate the external environment and signal
immune complexes.
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Abbreviations used in this figure. MVB: Multivesicular body
Figure 1. Release pathways for microvesicles and exosomes. Microvesicles are directly shed from the cellular mem‐
brane and capture contents by inclusion of nearby particles. Exosomes are formed through endosomal invaginations,
which form multivesicular bodies and fuse with the plasma membrane. Shuttling of exosomal contents is more selec‐
tive due to machinery available

3.2. Waste receptacles
EVs are responsible for a multitude of roles in intercellular communication. Enrichment of
discrete molecules suggests well-organized machinery dictates packaging of internal contents
before release. These small packets of information can be transferred long distances with
specificity for a recipient cell. However, their pleiotropic roles in a healthy setting are still not
fully understood. They were originally thought to be waste receptacles for cells lacking
lysosome machinery, since release was first identified during reticulocyte maturation [45].
Other studies have confirmed packaging of waste products into extracellular vesicles, along
with cytotoxic substances, including chemotherapeutic agents [51]. This evidence provides a
novel mechanism of drug resistance in cancerous cells and a potential target to induce
sensitivity to toxic drugs as well. Controlling drug transport can allow for delivery of chemo‐
therapeutic drugs at a lower concentration and provide increased efficacy. This is particularly
important in GBM in order to preserve healthy brain tissue typically damaged by toxic drugs
during treatment.
3.3. Immune response
In addition to waste disposal, EVs are now known to be important factors in antigen
presentation [42]. Immunostimulatory properties of EVs were first recognized by Raposo
et al. when they found MHC class II molecule enrichment on the surface of extracellular
vesicles released from EBV-transformed B cells. These EVs were sufficient to elicit an
antigen-specific T cell response. These data present a mechanism for rapid amplification of
specific immune response via presentation of peptides bound to MHC II molecules. Later
studies confirmed presence of co-stimulatory molecules on the surface of vesicles and
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amplification of CD4+ and CD8+ responses through horizontal transfer of MHC II loaded
EVs from activated dendritic cells to maturing dendritic cells [52]. Further mechanisms of
immune activation by EVs include activation of NK cells and monocytes [53,54]. Extracellu‐
lar vesicles represent an ideal booster for immune responses, but also contain a kill switch
to dampen response and tightly regulate clearance of pathogens. Activated lymphocytes
release EVs containing Fas ligand and APO2 ligand, which are both capable of inducing
cell death [55]. It is postulated that release of cytotoxic components from activated cells
ensures moderation of excessive immune responses and reduces autoimmunity. The
expression and composition of EVs in a normal immune response is highly controlled and
deliberate to ensure modulation at appropriate times.
3.4. Horizontal transfer of information
Intercellular communication via EVs allows for transfer of large amounts of information to
maintain homeostasis and normal physiological function. Some functions that have been
identified to date include tissue repair, stem cell regeneration, synaptic plasticity, neuronal
communication, and viral transmission [56–59]. EVs contain many components that resemble
the host cell, but also contain discrete pieces of information that may be useful for identification
of specific signaling capabilities. Valadi et al. first described packaging and transfer of
messenger RNA (mRNA) and microRNA (miRNA) in extracellular vesicles in 2007 [60]. EVs
from healthy mast cells were harvested and analyzed based on genetic content. Interestingly,
no DNA was found within EVs, which suggests they signal exclusively through epigenetic
changes and signaling mechanisms in the recipient cell. mRNA found in EVs released from
mast cells exhibited functionality and was found to be unique from the donor cell. This
discovery revealed a new complexity to intercellular communication by means of modifying
protein expression and gene regulation through horizontal transfer of packets of information.
Later studies have been able to identify distinct miRNA signatures in pathological conditions
not found in normal cells. These signatures have been well documented in ovarian cancers,
lung cancer, and GBM [61–63]. mRNA contained within GBM extracellular vesicles control a
variety of cellular functions to promote tumorigensis, including enhancement of angiogenic,
proliferative, and migratory pathways. Identification of cargo released from cancerous cells
offers critical information about components that are deliberately shuttled out of the cell,
possible influence on the local environment, and the potential to act as a peripheral biomarker
for diagnostic or prognostic applications. Genetic signatures are particularly valuable in the
brain tumor arena because of their ease of collection and sensitivity to identify of tumor
progression.

4. Tumor-derived EVs
4.1. EVs and tumor microenvironment
The Taylor group first identified release of tumor-derived EVs in 1979 [46]. Their seminal
study was met with antagonism because it was not believed that small particles like these
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could have any substantial effect on tumor propagation. Later studies confirmed these small
cellular surrogates could act locally and peripherally and their bioactive cargo had
significance in the cancer setting [64,65]. EV cargo varies between cells and disease states
and the significance of inclusion of certain cargo is just beginning to be understood. EVs
are capable of carrying proteins, lipids, carbohydrates and nucleic acids in endless
combinations. The restrictive size of the EV compartments dictates the amount of materi‐
al that can be packaged, thus tumor cells must selectively package opportunistic cargo to
facilitate tumor progression. Tumor specific antigens MART1 and HER2/Neu have been
identified in EVs released from cells with respective mutations, implicating a role for EVs
in horizontal transfer of cancer promoting agents [48]. Much like transfer of viral pepti‐
des, EVs offer a mechanism to exponentially facilitate cancer progression through deliv‐
ery of disease-specific antigens. In the brain tumor setting, EVs have been shown to carry
and transfer the truncated EGFRvIII from GBM cells containing the mutation, to GBM cells
without the mutation [66]. EGFR mutant variant III may be associated with over 50% of
GBM tumors and indicates a negative prognosis for patients [67]. Rapid onset and growth
of this subset of GBM relies on the presence of EGFRvIII on the plasma membrane surface.
EV delivery of the mutated receptor to neighboring cells presents a partial explanation for
the relentless aggressiveness of these tumors. Besides tumor antigens, EVs also carry factors
to modify the extracellular environment to ensure tumor survival. Active matrix metallopro‐
tease (MMP) and other matrix remodeling enzymes have been identified as EV cargo and
are capable of compromising the rigidity of the extracellular matrix [68]. GBM tumors are
notoriously invasive around the borders of the tumor margin and it is likely that EVs play
a role in promoting invasion. Other factors carried by GBM EVs include angiogenic proteins
VEGF and IL-6, which aid in recruiting new blood vessels to the tumor site. Many other
pieces of cargo have been identified to date, but the functional consequences of their
presence is not clear. Identification of a tumor signature from tumor-derived EVs offers
promise for noninvasive biopsy type analysis and could aid in treatment before large
changes can be seen from imaging.
GBM EVs have been shown to participate in modulation of the external environment
through a variety of pathways, although specific molecules responsible for the changes are
not known. Exogenous brain tumor EVs are capable of enhancing proliferation of GBM
cells in a dose-dependent manner, which generate a positive feedback loop in vivo [69].
Thus, EVs are partially or largely responsible for rapid propagation of tumor cells. GBM
cells often induce their own proliferation through autocrine growth factor signaling, but
for cells that have not yet acquired the correct mutations, EVs offer a mechanism to promote
proliferation. In addition to proliferation, glioma EVs promote migration of tumor cells as
well [70]. Effectively, GBM tumors generate their own chemoattractive gradient away from
the core of the tumor towards the external environment. This process is further exacerbat‐
ed by radiation treatment, as the GBM cells release greater amounts of EVs and exhibit
enhanced migration towards their EVs [49]. Extensive proteomic studies have begun to
identify material responsible for some of these changes. Profiling all the material con‐
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tained within tumor-derived EVs and understanding the correct balance of information will
help to better characterize targets in the future.
4.2. Tumor-derived EVs and immune response
4.2.1. Cellular decoys
Extracellular vesicles are optimal vehicles for transfer of large amounts of information to
amplify signaling without cell-to-cell contact. While this elegant ability can amplify an
immune response against pathogens extremely rapidly, it can also be used as a mecha‐
nism of immune manipulation by brain tumor cells. The pleiotropic roles of tumorderived EVs on immune modulation are not fully understood and it is likely the effects in
the brain tumor environment may be unique compared to other tumor types. Many of the
studies conducted on tumor-derived EVs have occurred in vitro or using murine models,
but offer great insight about the modulatory capacities and potency of EVs. The immense
immunosuppressive roles of tumor-derived EVs reveal the importance of these signaling
modalities in the cancer setting. Modulation of both innate and adaptive immune respons‐
es undermines the immune system’s redundancy against harmful stimuli. Tumor EVs have
been shown to inhibit cytotoxic capabilities of natural killer (NK) cells that typically patrol
cellular surface antigens for danger signals [71] and presence of MHC. One of the mecha‐
nisms by which this occurs is through expression of danger signal MICA on the surface of
EVs released into the extracellular space. Binding of MICA on the surface of EVs by NK
cells prevents them from identifying the problematic cells and leads to inactivation of NK
cells through down regulation of MICA binding protein, NKG2D [72]. This process creates
difficulty for future attempts to activate this subset of NK cells in the presence of real tumor
and the continued release of tumor EVs as cellular decoys perpetuates inhibition. Similar‐
ly, tumor EVs have shown to attenuate humoral immunity by binding antigen-specific
antibodies and misguiding antibody-dependent cellular cytotoxicity away from the tumor
[73]. Expression of cell surface antigens on the surface of EVs introduces a unique obsta‐
cle for treatments targeting surface molecules. Immune cells and pharmacological agents
in development will have to circumnavigate the decoy EVs to specifically access tumor
cells.
4.2.2. Monocyte transformation
Another worrisome consequence of tumor EVs is their ability to restrict peripheral blood
monocytes from fully maturing to dendritic cells [74]. As a central hub bridging innate and
adaptive immunity, dendritic cells are critical for developing a specific and adaptable antitumor response. The potential of immunotherapy relies heavily on the premise of selective
destruction by adaptive cells that have been fully educated by dendritic cells about tumor
antigens to target. Further evidence has revealed EVs can not only inhibit, but also promote a
transformation of monocytes towards a myeloid-derived suppressor cell (MDSC) phenotype.
MDSCs are critically important for facilitation of glioma growth, as discussed above, and can
comprise a large portion of glioma mass [29]. Tumor-derived EVs induce release of immuno‐
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suppressive factors from MDSC including TGFβ and PGE2 and also down regulate expression
of MHCII on monocyte cell surfaces, limiting activation potential [75,76].
4.2.3. Migratory capacity
The phenotypic changes of naïve immune cells exposed to tumor-derived EVs dictates the
functionality of the immune response to perpetuate tumor growth. One of the most important
functional consequences of tumor-derived EVs is the ability to alter migratory capacity of
PBMCs. Preliminary data from our group has demonstrated attenuation of migration of
mitogen-activated PBMCs moving towards glioma EVs (Figure 2). Migration is a necessary
component of activated PBMCs in order to properly activate and then destroy cells of interest.
When brain tumor EVs are present, this process is disrupted, which can prevent even the best
tumor-specific cells from reaching their targets. Interestingly, studies have demonstrated brain
tumor EVs can enhance tumor cell migration as discussed above. If glioma EVs truly facilitate
glioma migration while diminishing immune cell migration, it is possible similar pathways
are altered in both cell types. Better understanding of the exact mechanisms and pathways
involved will lead to pharmacologic targets that could reverse migratory effects. Because EVs
are packets of complex information, identification of a switch to reverse both processes
simultaneously will be challenging. However, immune cells can still enter the tumor site to
promote tumor growth, thus tumor-derived EVs do not entirely eliminate PBMC entry into
brain parenchyma. They may, however, select for immune cells that will only aid in tumor
progression, such as MDSCs, and limit migration of anti-tumor cells. This selective entry could
help explain why resident immune cells at the tumor site do not destroy the tumor and presents
a reason for the limited success of immunotherapies that do not address EV presence. Alter‐
natively, brain tumor EVs in peripheral circulation may prevent movement of activated
dendritic cells to secondary lymphoid tissue, severely compromising their ability to activate
an adaptive immune response.

Abbreviations used in this figure. PHA: Phytohemagglutinin; EVs: Extracellular Vesicles; PBMC: Peripheral Blood
Mononuclear Cell
Figure 2. Average migration of naïve PBMCs in the presence of mitogenic stimuli with or without extracellular vesi‐
cles. PBMCs were placed in the top of a migration chamber with PHA and the bottom chamber contained EVs or me‐
dia. The number of PBMCs that migrated to the bottom chamber was quantified after 24 hours. *=p < 0.01.
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4.3. Altered function of T cells
Aberrations of T cell phenotypes and functional capacities in the cancer setting have been
described, but specific mechanisms of alteration are not well understood. T cell deficits
induced by tumor EVs are among the most important transformations necessary to protect
tumors from immune destruction. T cells cultured with tumor EVs exhibit reduced capacity
for interleukin-2 (IL-2) production, thus limiting the proliferative potential for activated T
cells [77]. In addition, tumor EVs can direct apoptosis of activated T cells though Fas/FasL binding [78]. Expression of the Fas death signal on the surface of activated cells typical‐
ly is used as a shut off switch to prevent development of autoimmunity during normal
pathogenic clearance. Cancer cells are able to take advantage of the molecule expression
by releasing EVs containing Fas-L on their surface to kill threatening T cells from afar.
Tumor EVs have also proven to be capable of suppressing mitogenic activation abilities of
naïve T cells in the ovarian cancer setting, exacerbating the attenuation of immunogenic
responses [79]. Although little work has been conducted analyzing the transformation of T
cells exposed to glioma exosomes, evidence exists that brain tumor EVs decrease quanti‐
ties of cytotoxic CD8 cells and inhibit interferon gamma release from remaining cells [80].
Our studies analyzing intracellular signaling cascades within naïve T cells exposed to glioma
EVs reveal aberrations of many signaling pathways seen in other cancer types, including
T cell receptor signaling (Figure 3). Analysis of just a few members of the signaling cascade
can predict the overall activation status of this pathway and isolate particular proteins of
interest to better understand how inhibition is occurring. Inhibition of the T cell receptor
cascade by EVs is of particular importance for immunotherapies, which rely on genera‐
tion of antigen-specific anti-tumor cells. Although many other factors in the tumor
microenvironment can alter T cell signaling, EVs appear to play a substantial role in creating
this change. Much like the effects of tumor EVs on monocytes, T cells can be inhibited and
converted to a suppressive phenotype [81]. Induction of regulatory T cells by tumor EVs
cultivates immunosuppressive factors in the tumor microenvironment to further prevent
activation of cells that may threaten tumor survival. Elevated levels of regulatory T cells
are common across many types of cancer and soluble factors pushing naïve cells towards
a regulatory phenotype have been characterized from gliomas [36]. Tumor EVs by
themselves are capable of inducing this transformation and may be an important factor to
target in order to prevent transformation.
4.4. Transformation of T cells over time
To date, no studies have analyzed the transformation of T cells in GBM over time or over
the course of treatment. Understanding the process of cellular transformation can offer
information about response to treatment or act as a prognostic predictor before changes
can be seen on radiological imaging. Other research in the brain tumor EV field has been
able to correlate EV contents to the constitution of tumor cells, which will allow EVs to act
as a liquid biopsy to track treatment. Perhaps as important are the downstream consequen‐
ces of changing EV contents released from GBM and the amount of time needed to produce
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Figure 3. PBMCs were incubated with PHA and EVs for 72 hours and intracellular signaling molecules were quanti‐
fied using protein arrays. Output from Ingenuity Pathway Analysis revealed pathways predicted to change based on
EV exposure.

functional immune consequences. Better understanding of pathways affected earliest could
offer insight about which functions the tumors consider a priority to eliminate. Transforma‐
tion of stimulated T cells after exposure to brain tumor-derived EVs occurs quickly and we
have been able to characterize some of the important changes that occur in the first 72 hours
of glioma EV presence (Table 1). By analyzing protein expression profiles, we observed the
transformation of intracellular signaling pathways within naïve T-cells exposed to tumorderived extracellular vesicles at 72 hours compared to 2 hours. Apoptotic and developmen‐
tal cascades were affected in the early stages, whereas migratory pathways become
increasingly dysregulated during later time points. These data parallel previous studies in
other tumor types, but here we are able to identify early activation of apoptotic path‐
ways that do not persist for a prolonged period of time in GBM. Instead, the EVs contin‐
ue to transform T cells without killing them, with a focus on modification of migratory
capacity and cytotoxicity of cells. Modification of invasive capacity of T cells within tumor
is an important functional deficit induced by glioma EVs. Lymphocyte entry into brain
parenchyma is loosely restricted by the blood-brain barrier and EVs may offer another
obstacle preventing activated T cells from accessing tumor cells.
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Function

Predicted Activation State

Z-Score

Binding of blood cells

Decreased

-2.000

Proliferation of T lymphocytes

Decreased

-2.028

Formation of cytoskeleton

Decreased

-2.043

Chemotaxis of cells

Decreased

-2.227

Adhesion of immune cells

Decreased

-2.323

Cytotoxicity of leukocytes

Decreased

-2.414

Migration of cells

Decreased

-3.469

Table 1. PBMCs were incubated with PHA and EVs for 2 or 72 hours, and then purified for T cells and analyzed for
intracellular signaling changes. Output from Ingenuity Pathway Analysis revealed functions predicted to change
based on protein expression. Z-score represents confidence of associated functions change.

5. Manipulation of EVs in the tumor setting
5.1. T cell rescue
GBM EVs utilize a variety of mechanisms to enhance tumor malignancy as discussed above.
However, the functional impact they have on naïve immune cells is still under investigation.
Disruption of function of naive T cells in the circulation of GBM patients may reveal a
significant barrier in production of anti-tumor responses in immunotherapy. Our data reveal
EVs alter migration pathways in T cells that have not seen tumor before, and EVs can func‐
tionally inhibit and convert naïve T-cells. However, GBM patients are not significantly globally
immune compromised and are able to mount healthy responses against communicable
diseases as well as grafted organs. This suggests specific immune tolerance to cancerous cells,
but it is not known whether cells that have been transformed by extracellular vesicles can be
rescued when challenged with a pathogen or if this is the job of truly naïve T cells. Determining
activation abilities of GBM tolerant T cells will be necessary in order to understand how to
develop new therapies to compensate for vesicle-induced modulation and to reactivate or
ablate affected cells.
5.2. EV release
Because of the known roles of EVs in propagating tumor survival, disruption of EV genesis,
release, or fusion may all offer viable solutions to lessen negative consequences of EV exposure.
In recent years, better understanding of packaging and release mechanisms have been
discovered. Some studies have been able to effectively inhibit release of EVs by inhibition of
neutral sphingomyelinases, which are necessary for EV formation [82]. Other inhibitors of
vesicle release have exhibited reduction in tumor growth in vivo, which further underlines the
importance of tumor EVs in the microenvironment [83]. Many other targets aimed to reduce
EV release are under investigation, but an obstacle in this approach is the removal of healthy
EVs as well. EVs are known to maintain homeostasis by communicating with every cell in the
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body and generating an effective immune response in a noncancerous setting. The conse‐
quences of nonselective EV removal are not understood, thus the safest inhibitor will need to
access the tumor site and selectively prevent EV release in a controlled manner. As more
evidence emerges concerning packaging and release of EVs, better targets will become
available to prevent the negative effects of tumor EV on supporting cells.
5.3. Therapeutic EVs
Engineered EVs represent a new mechanism for drug delivery and therapeutic potential in the
GBM setting. They maintain stability in circulation, protect cargo from metabolism and can
penetrate the blood-brain barrier to deliver cargo to a specific cell [41]. Their potential has not
been fully realized due to the complexity of specific binding, but it is possible in the future that
EVs will be engineered with high affinity for cellular targets. This delivery method would
provide a wide variety of benefits over antibody delivery, which has been the predominant
method of specific targeting in recent years. However, even the best targeted EV will not have
the dynamic capabilities of the natural immune system, thus EVs are under investigation as a
means to enhance the immune response against tumors. Because tumor-derived EVs contain
tumor antigen, EVs have been explored as an antigen delivery mechanism from dendritic cells
in order to prime an adaptive antitumor response. One approach that has been explored is
loading of tumor antigens onto MHC molecules on EV surfaces by pulsing dendritic cells with
tumor antigen [43]. EVs released from dendritic cells in a nontumor setting are potent
immunostimulatory agents because of their ability to express antigen, costimulatory mole‐
cules, and adhesion molecules. Artificial activation of dendritic cells must be sufficient to
produce mature cells, which express these molecules on their cell surface, in order to be
incorporated on to EV surface [84]. Full maturation of dendritic cells prior to antigen pulsing
is necessary to generate optimal antitumor responses. Once cells are loaded with antigen, EVs
can be isolated and reintroduced to the patient, or the activated dendritic cells can be injected
directly into the patient to elicit a response in vivo [69]. Studies are still under investigation to
determine the best method of transfer and optimal conditions for incubation of stimulated cells
to produce effective antitumor responses. Another approach to utilize tumor antigens within
EVs is by direct vaccination of tumor exosomes to generate specific immunity. Interestingly,
GBM EVs are not immunosuppressive in a tumor naïve setting. Prophylactic glioma EV
injection before tumor implantation in mice leads to rejection of tumor [85]. These mice exhibit
no evidence of tumor growth over time and when challenged with a second tumor implanta‐
tion, mice successfully rejected the graft again. However, EV delivered after tumor implanta‐
tion has no effect on tumor rejection. This evidence reveals potential immunostimulatory
capacity of GBM EVs in the correct setting. However, the tremendous obstacle in utilizing EVs
is that treatment for tumors must come after the tumor is established. Understanding and
mimicking the optimal environment in patients may allow for self-vaccination against their
own tumor.
5.4. Gene therapy
Gene therapy is gaining recognition as a possible avenue for future GBM treatment because
of its ability to recruit the immune system for a targeted therapy approach. It has many forms,
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ranging from virotherapy with a conditionally replicating virus to genetic immunotherapy.
By altering the genetics of target (or attack) cells, gene therapy is efficient while minimizing
detrimental systemic effects. Gene therapy employs a vector, either viral or non-viral, to deliver
genes to the cancer cells. Viral vectors are the most frequently used [86], and are being explored
in multiple glioblastoma clinical trials. An example is using a retroviral vector that codes for
an artificial molecule against a tumor-specific antigen to genetically modify T cells. The
artificial molecules are chimeric antigen receptors (CARs). Fusing an extracellular variable
domain from a high affinity monoclonal antibody specific for a tumor-associated antigen with
an intercellular signaling domain from CD3ξ of an antigen specific T cell receptor creates a
CAR. When the target antigen activates the extracellular domain, downstream signaling is
initiated to activate the T cell [87]. The survivability of viral vectors has been an issue, and
there are safety concerns with ensuring viruses are rendered non-replicative. To minimize risk
of this therapy, non-viral vectors, including EVs, are currently being explored. EVs have been
shown to be inherently capable of transferring genetic material, so using them for targeted
gene therapy is logical. Their small size, bi-lipid membrane for protecting cargo, natural, nonviral state, capacity to be taken up by target cells, and stability during laboratory work are all
advantages [88]. It is also possible that EVs could reduce non-specific delivery and immuno‐
genicity issues. One group has been able to deliver short interfering RNA (siRNA) to disrupt
gene expression in the brain using EVs as a vehicle in order to achieve targeted gene knock‐
down. In this study, dendritic cells altered to express an EV membrane protein, Lamp2b, were
fused to neuron-specific rabies virus glycoprotein peptide 3 (RVG peptide-3). The EVs isolated
from the culture media of these cells were loaded with siRNA via electroporation, and they
were targeted to neurons with RVG-p3. Although administered systemically, the EVs were
able to specifically deliver siRNA to neurons, microglia, and oligodendrocytes in the brain and
produce gene knockdown. Moreover, the mRNA and protein levels of the gene were strongly
knocked down (approximately 60%) [89]. Recently, a group studied a non-toxic peptide-based
carrier loaded with VEGF-siRNA and BCNU, an approved chemotherapy for GBM treatment,
to target GBM cells [90]. The VEGF-siRNA and BCNU were both efficiently delivered to
cultured GBM cells, and VEGF expression was successfully reduced. The combination of gene
therapy and drugs is an exciting possibility and EVs offer an ideal mechanism of transfer as
newer therapies become available. Gene therapy is promising because it offers the opportunity
deliver novel therapies directly and efficiently into the brain. It also holds the potential for
combination therapy, such as gene therapy/engineered drug delivery with immunotherapy,
which is the most probable method for successful treatment in this complicated and unpre‐
dictable disease.

6. Conclusion
The GBM microenvironment is a complex and heterogeneous conglomeration of many
factors working in concert to ensure survival of the tumor. Extracellular vesicles repre‐
sent a component that has not been well studied and may offer a way for GBM to exhibit
dynamic adaptation. Current clinical trials investigate neutralization or blockage of
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individual molecules, but a single driver does not define the heterogeneous nature of GBM.
The complexity of the tumor is likely to parallel the complexity of its signaling modali‐
ties. Extracellular vesicles provide transfer of discrete packets of information as a means of
influencing countless pathways in facilitation of tumor progression. Here we discuss
paracrine, autocrine, and immune modulatory effects of GBM-derived extracellular vesicles.
Environmental modulation is necessary for GBM progression and extracellular vesicles
influence many of the necessary changes needed for tumor survival. The adaptability of
GBM to tolerate toxic insults is characteristic of the tumor’s vigor. We are just now beginning
to understand the complexity of extracellular vesicle packaging to produce a tumorigenic
environment. As we understand more about the role of each signaling moiety contained
within the vesicles, more information dictating treatment can be generated based on their
overall composition. Appropriate treatment regimens will then be catered to each patient
to more efficiently target GBM cells for destruction.
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1. Introduction
The status of the immune system plays a major role tumor progression. Lewis Thomas
proposed the association between immune surveillance and tumor progression as early as
the 1950’s. He suggested that the adaptive immune system has evolved to detect changes
in the body’s own cell surfaces due to damage or mutation. T cells, which specialize in
monitoring cell surfaces, usually in the context of MHC molecular presentation, carry out
this role; if a cell is deemed to be abnormal, it is destroyed before a mutant clone has time
to proliferate and progress. Thus, the development of cancer could be seen as a failure of
the immune system.
This chapter will discuss the ongoing interaction between the tumor development and the
immune system, a process that has been called immunoediting. We will focus on tumors
involving the central nervous system in both adult and pediatric settings—high grade
gliomas (WHO grades III and IV tumors). We will review of the normal mechanisms
employed by the immune system in combating tumor cells including cytotoxic T cells, Th1/
Th2 cells, Natural Killer (NK) cells, B cells, macrophages, and the complement system.
Furthermore, we will explore the topic of tumor-associated antigens (TAA) in brain tumors,
where we will start the review of alternative tactics of brain tumor treatments using
immunotherapy. Although there have been relatively few successes in the field of immuno‐
therapy, we will review the recent developments in brain tumor immunotherapy research
and the different on-going clinical trials.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and eproduction in any medium, provided the original work is properly cited.
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2. The immune system
2.1. General defense mechanisms
The immune system is the backbone of the body’s defense against foreign invaders including
bacteria, fungi, parasites, and viruses. The ability of humans to resist infections is composed
of multiple systems working together, the first of which are the physical barriers of innate
immunity lining the human body and entry points—skin and mucous membranes. Those
physical barriers possess special properties that help fend off unwanted microorganisms
including the ability to regenerate and secretion of antibiotics—defensin and cathelicidin
families. However, under certain circumstances the physical barriers fail, allowing foreign
intruders to venture deep inside the body requiring the activation of the immune system.
The immune system is comprised of two major divisions: the innate and adaptive immune
systems. The innate system is not specific to a single pathogen, but is dependent on specific
group of proteins and cells to recognize conserved features of pathogens. The main compo‐
nents of the innate system include 1) physical epithelial barriers discussed above, 2) phagocytic
leukocytes, 3) dendritic cells, 4) natural killer (NK) cells, and 5) circulating plasma proteins.
Using toll-like receptors (TLRs), the innate system is able to recognize pathogen-associated
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) and
respond within minutes. The adaptive immune system, on the other hand, is capable of
recognizing new antigens and forming memory cells. The adaptive immune is activated when
pathogens overcome the defenses of the innate system. Adaptive responses, however, are slow
to respond at initial exposure to a new pathogen since specific clones of B and T cells are not
yet activated. There are two types of adaptive immunity: humoral and cell-mediated immun‐
ity. Humoral immunity is mediated via antibodies secreted by B-lymphocytes whereas cellmediated immunity is carried out by T-lymphocytes.
2.2. Induction of immune responses to antigens
Consider a scenario where a pathogen bypasses the physical barriers of the innate immune
system. The pathogen is then recognized as foreign, taken up by professional antigenpresenting cells (APCs) and delivered to the nearest lymph node via the lymphatic system
where T lymphocytes are activated. Alternatively, antigens can reach the lymph node by
passive drainage where they are taken up by macrophages and dendritic cells (DCs). The
antigens are then processed and presented to T-lymphocytes in association with MHC
molecules. The simultaneous binding of T-cell receptor (TCR) to major histocompatibility
complex (MHC) molecules and stimulation via APC’s co-stimulatory molecules initiates T-cell
activation. The T-lymphocyte may be a “helper T cell” that is now capable of aiding in
activating “killer T cells” (cytotoxic T-lymphocytes, CTLs) and B-lymphocytes.
2.3. Immune surveillance
Immune surveillance is the theory that the immune system evolved not only to protect the
body against foreign pathogens but also host cells that become tumorigenic. This idea,
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Figure 1. Immune mechanisms in tumor growth control: Tumor cells rendered immunogenic (by heat shock) are reject‐
ed by immune competent hosts, but grow unrestricted in immune-compromised mice. In this experiment, heatshocked murine brain tumor cells became immunogenic (possibly due to the release of stress proteins) compared to
non-heat shocked cells and were rejected following injection into syngeneic, immune-competent hosts. However, in
immune-compromised mice (athymic nude mice, in this case, lacking T lymphocytes), heat shocked tumor cells grew
equally large tumors as the non-heat shocked cells, indicating that the heat stress did not compromise cell viability,
and that an intact immune system is required for rejection of the implanted tumors. Note differences in day of tumor
measurements and the differences in the tumor volume axes.

proposed in the 1950’s, was quite prescient given that self monitoring done by T-cells was not
discovered until 20 years later [1]. There is some evidence for this attractive notion: 1) Patients
with T-cell immunodeficiencies have a higher incidence of tumors, e.g. AIDS patients have a
higher incidence Burkitt’s lymphoma and Kaposi’s sarcoma; 2) Organ transplant patients
treated with immunosuppressive drugs had 25 to 100 fold increase in tumor incidence relative
to healthy controls; 3) Tumor-Infiltrating Lymphocytes (TILs) have been identified that are
capable of recognizing tumor-associated antigens. The most persuasive evidence, however,
comes from the chemically-induced sarcomas in RAG2-/-mice. RAG2 knockout mice fail to
produce mature B and T cells due to lack of recombinase enzymes that are necessary to generate
mature and functional antibodies and T-cell receptors [2]. Tumor cells induced in this knockout
strain could be transplanted to new knockout hosts with 100% take rate, whereas wild-type
mice of the same strain rejected 60% of the tumor challenges [3]. These experiments suggested
that the immune system plays an active role in defending the body against cancerous cells.
Additionally, this suggests that certain types of tumors or cells within a tumor may be strongly
immunogenic inciting an immune response, while other cells may be weakly immunogenic.
For instance, cells that are driven (eg, by heat stress) to be immunogenic are rejected by
immune-competent syngeneic hosts, but those cells will grow at the same rates as control
(unstressed) cells in immune-compromised (nu/nu) mice (Figure 1). We can then conclude that
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the immune system of mice plays a role in determining the pro-or anti-immune phenotypes
of tumors that arise in mice, and possibly humans, a process termed immunoediting.
2.4. Immunoediting
The interaction between the immune system and tumor development has been termed
immunoediting. One can think of the role of the immune system in immunoediting as the
selective force on tumors, a process analogous to Darwinian selection. The process of immune
editing can result into 3 outcomes: 1) the tumor cells are successfully eliminated as seen in the
WT mice (Figure 1); 2) The tumor cells and lymphocytes exist in equilibrium; 3) Tumor cells
initiate several responses that result in the suppression of the immune system or avoidance of
immune effectors.
2.4.1. Tumor cell elimination
Compared to normal cells, tumor cells display a variety of metabolic abnormalities leading to
the expression of damage associated molecular patterns (DAMPs) [4], as well as the stress
expression of NK ligands such as MICA/B and ULBP families [5]. The expression of DAMPs
and other stress molecules leads to the activation of the innate immune system, which in turn
activates the adaptive immune system via APCs and cytokine release. The adaptive response
yields stimulated effector lymphocytes. The end result is macrophage and lymphocyte
infiltration of the tumor. If the abnormal clone is successfully eliminated, the process of
immunoediting ends here. If the abnormal clone persists, however, then it can exists in
equilibrium or grow beyond the control of the immune system [6].
2.4.2. Equilibrium
Another outcome to the infiltration of tumors by lymphocytes is incomplete eradication of the
tumor. In this scenario, the abnormal clone and lymphocytes exist in equilibrium where the
lymphocytes keep the tumor in check, but fail to entirely eradicate it, aided by regulatory T
cells (Tregs, a subset of lymphocytes with immune suppressive properties) [7]. This may result
in tumor dormancy (sometimes called “occult” cancers), but the mechanisms of this are poorly
understood [8, 9].
2.4.3. Escape
The third phase of the immunoediting paradigm is escape of the tumor from immune attacks.
This is often regarded as an “immune sculpting” phenomenon [10] that leads to immune
pressure selection and outgrowth of unrecognized tumor clones. In combination with the
aforementioned Tregs, the tumor may reach sufficient size that it can generate its own immune
suppressive microenvironment, leading to growth and metastases in the face of an ineffectual
immune response. In light of tumor selection and tumor-induced immune suppression, what
factors lead to immune recognition of tumors?
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3. Detection of neoplastic tissue
The immune system is generally very successful in eliminating viral infections and certain
virus-induced tumors due to the vast difference in structure between viral and self-antigens.
So, how are tumors lacking a viral etiology recognized and eliminated?
3.1. Tumor associated antigens
TAAs are antigens that are expressed by tumor cells and not readily found on corresponding
normal cells. TAA can be found on normal cells, but are usually overexpressed or abnormally
expressed on tumor cells. There are several types of TAAs: 1) viral gene products; 2) mutant
gene products; 3) normal gene products. Viral antigens are expressed in tumors caused by
viral infections: e.g. HTLV-1 and HTLV-2 viruses causing mycosis fungoides, human papil‐
loma virus (HPV) in cervical cancer, Epstein-Barr virus (EBV) in Burkitt’s lymphoma, and
hepatitis B and C viruses (HBV, HCV) in hepatocellular carcinomas [11]. Mutant gene products
are often found in transformed cells that may be part of the transformation process, or caused
by physical and chemical carcinogens resulting in mutated proteins. Mutant gene products
vary from one patient to the other and represent tumor-specific antigens (TSA). It has been
estimated that tumors may have scores to hundreds of mutations that lead to recognizable
epitopes [12].
Normal gene products are found on corresponding normal cells, but may overexpressed by
tumors, such as epidermal growth factor family members (eg, HER2/Neu [13]). Others may
be inappropriately expressed outside developmental or differential stages, such as oncofetal
antigens and differentiation antigens. Differentiation antigens are lineage specific antigens that
are usually overexpressed e.g. prostate-specific antigen (PSA) or the melanoma antigens
MART1, TRP1, and tyrosinase. Oncofetal antigens are normally expressed in fetal tissue but
not adult tissue. Perhaps the most familiar oncofetal antigen is the carcinoembryonic antigen
(CEA) found in patients with colon carcinoma, amongst others. A review describing a
comprehensive database for tumor antigens may be found here [14].
3.2. Effectors of the immune system
How does the immune system manage to eliminate tumors once an abnormal clone is
recognized? Perhaps the most important cell in the topic of anti-tumor resistance is the
CD8+cytotoxic T-lymphocyte (CTL).
CTLs are capable of recognizing TAAs presented on MHC class I molecules, which are present
on the surface of most cells in humans. Following activation, CD8+CTLs undergo clonal
expansion and migrate towards the tumor. CTLs then eliminate abnormal clones by inducing
apoptosis through perforin or Fas-mediated pathways. Additionally, CTLs secrete IFN γ upon
engagement of their TCR, attracting macrophages. CTLs, however, can be inactivated upon
arrival to tumor site as identified in melanoma patients [15, 16]. As a component of normal
regulatory mechanisms, CTLs carry a surface marker, PD-1, that when engaged inactivates the

359

360

Molecular Considerations and Evolving Surgical Management Issues in the Treatment of Patients with a Brain Tumor

CTL. Many tumor types, however, up regulate PD-1 ligand (PD-L1 or PD-L2) in order to
suppress and evade CTL activity.
Another notable cell belongs to a subset of CD4+T-lymphocytes, the type 1 T-helper cell (Th1).
Th1 cells play a major role in recognition of antigens, production of lymphokines, activation
of CD8+CTLs, and attracting M1 macrophages. Th1 cells then could play an important role in
development of cancer vaccines [17].
Natural Killer (NK) cells are part of the immune system and are also known as large granular
lymphocytes (LGLs). Being part of the immune system, NK cells can recognize a range of
tumors and stress related markers without prior exposure to antigen (eg, via immunization).
NK cells play a role in cancer immunity attacking cells that down regulate MHC class I
molecules. Certain types of cancer cells down-regulate MHC class I molecules as an attempt
to evade CTLs; the abnormal clone, however, risks detection and elimination by NK cells for
reduced expression of surface MHC molecules [18].
Macrophages play a major role in cancer, exhibiting both anti-and pro-cancer behavior.
Macrophages are part of the innate immune system and can be divided into the opposing M1
and M2 type macrophages. M1 activity inhibits cell proliferation and causes tissue damage.
M2 activity promotes proliferation and repair. Tumors are capable of promoting M2 macro‐
phage phenotypes which then aid in tumor angiogenesis, immune suppression, and tumor
progression [19].
Dendritic cells (DC) are professional antigen-presenting cells and are a transitional link
between the innate and adaptive immune system, inducing and maintaining T-cell immunity.
DCs are outfitted with antigen-processing machinery (APM) allowing them to uptake and
process TAAs. Processed TAAs are then loaded on MHC class I and II and presented to the
appropriate T-cells. Thus, activated DCs are responsible for antigen specific immune responses
by promoting activation and proliferation of T-cells. DCs can be divided into 2 major groups:
plasmacytoid and classical DC. Plasmacytoid DCs play a role in antiviral immune response.
Classical DCs can be further classified based on surface marker and function e.g. Langerhans
cell in human epidermis. DCs are potential vectors for immune priming as vaccines against
cancer antigens [20].
Antibodies play an interesting role in cancer immunity. Tumor-reactive serum antibodies from
patients have long been viewed as resources for antigen detection, both in terms of vaccine
potential and as exploitable biomarkers [21]. In other cases, antibodies isolated from cancer
patients were tested for reactivity against cancer cell lines in vitro and in vivo. The antibodies
showing specificity for tumors were all germ-line encoded and most belonged to the IgM class,
binding to surface carbohydrates on malignant cells [22]. The utility of endogenous anti-tumor
antibodies has not been clearly exploited, but may play a role in vaccine scenarios [23].
3.3. The immune response
Immune system activation is classically initiated when foreign antigens are taken up by
professional APCs such as DCs, which migrate to the nearest draining lymph node. Figure 2
shows a highly diagrammatic and simplified version of this phenomenon. Protein antigens
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are processed during transit and beyond so that peptides may be loaded onto MHC Class I
and Class II molecules for surface display by the APC. Once in the lymph node, the APC
presents the antigen to the corresponding naïve T-cell to activate it. Activation of the T-cell
requires two signals: 1) presentation/display of the processed peptide to the T-cell; and 2) costimulation of the T-cell by direct contact with APC surface molecules and by the secretion of
activating cytokines (interferons, IL-12, IL-15, granulocyte macrophage-colony stimulating
factor [GM-CSF], etc) by the APC. For Signal 1, the peptide displayed must fit into the peptide
binding cleft of the host’s MHC molecules and bind with sufficient affinity that the peptideMHC is stably presented at the APC surface. The “T-cell of destiny” will be one whose T-cell
receptor (TCR) recognizes the displayed peptide in the context of the MHC molecule. Thus,
the T-cell must be antigen-specific. For Signal 2, the APC must be sufficiently stimulated upon
and following antigen uptake that it produces co-stimulatory molecules such as CD80 and
CD86, whose receptor, CD28, awaits on the T-cells. The APC will also produce the aforemen‐
tioned stimulatory cytokines, as well, contributing to the activation of T-cells. This cell-cell
interaction, with the various presentation of antigens and ligands to receptors requires close
contact between the cells, and has been termed “the immunological synapse” [24]; for further
review, see [25].
3.3.1. Tumor evasion
Given the descriptions of the immune system cited earlier, one would think that attempts by
the immune system to eradicate tumors are a rare phenomenon. In fact, TAAs are found in the
sera of some cancer patients. Still, however, the development of many human cancers is not
blocked by the immune system. A likely explanation considers the antigenic properties of
abnormal clones; certain cancers utilize the tolerance of the immune system to self-antigens
by only expressing proteins that fly under the immunologic radar. Another possibility is
immunoevasion—strategies employed by antigenic tumors after initial insult by the immune
system.
3.3.2. Immunoevasion
The strategies of immunoevasion enable tumor cells to grow and create clinically relevant
tumors. The immune system acts as a selective force on the initial tumor, allowing abnormal
clones to escape elimination. Perhaps the most obvious evasive maneuver employed by tumor
cells is to hide their identity by ceasing to display specific TAA and TSA. By doing so, abnormal
clones evade elimination by cytotoxic T-lymphocytes. Consider a melanoma patient who was
vaccinated with tyrosinase protein expressed by his melanoma cells. Initially, his melanoma
regressed as a result of the immune response. Soon, however, tyrosinase-negative clones
emerge while the tyrosinase-positive clones continue to regress. The tyrosinase-negative
clones continue to proliferate rapidly until his death, a process called “immune escape”. A
possible explanation to the rise of the tyrosinase-negative melanoma cells is the diverse
population of abnormal clones created by faulty DNA replication in cancerous cells. The
tyrosinase-negative clone was then selected for by the immune system. This scenario is evident
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Figure 2. Antigen uptake, processing, and presentation. Pathogenic cells may lyse for a number of reasons, releasing
normal and abnormal (viral, mutated, mis-expressed) proteins or other products. Scavenging Antigen Presenting Cells
(APCs) may encounter the debris, internalize, and process it into peptides that are loaded onto MHC molecules and
presented with co-stimulation to T cells in the lymph node, activating the T cell.
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both in murine [26] and human studies [27], and is a concern where a particular antigen may
be inconsequential to tumor physiology.
Some antigens, however, are essential for the function of tumor cells and neoplastic growth.
In cancer cells that cannot down regulate TAAs, an alternative immunoevasive strategy is
employed—downregulation of MHC class I molecules by repressing MHC gene transcription,
instability of MHC at the cell surface by reduction of β2 microglobulin, or with proteasomal
or transporter associated with antigen processing (TAP) deficiencies leading to poor peptide
processing/loading [27]. Such strategy can be seen in various forms of human cancers (e.g.
lung, breast, colon, head & neck squamous cell carcinoma). Such downregulation or loss of
MHC class I expression in human cancer represents a poor prognosis. Nevertheless, downre‐
gulation of cell surface MHC class I molecules attracts the attention of Natural Killer (NK) cells.
NK cells patrol the body looking for cells that have reduced their cell surface display of MHC
molecules. Decreased level of MHC class I molecules or total loss prompts destruction of cells
by NK cells. This phenomenon explains why certain cancers block a minute fraction of surface
MHC class I molecules. Perhaps this small fraction of surface MHC molecules prevents NK
cell attack, but strategies to upregulate MHC I expression would be a consideration [28].
Another way by which abnormal clones evade NK cells is by repressing NKG2D ligands—
stress-signaling proteins displayed by cells in stressful situations such as viral infections and
neoplastic transformations. NK cells display a receptor on its surface (NKG2D) capable of
recognizing various stress signals such as MICA and MICB. Binding of the NKG2D receptor
to stress signals results in activation of NK cell’s cytotoxic response and rapid killing of cells
expressing the stress signals. Abnormal clones then can repress expression of NKG2D ligands
in various ways, such as by secretory release or shedding of NKG2DLs [29] or regulation of
expression at several levels [30]. The shedding strategy employed by human melanoma cells
allows for continued expression of stress signals such as MICA, but as decoy ligands—the
stress signals are released in surrounding medium instead of being displayed on cell surface.
This diverts the attention of NK cells and CTLs from the ligands displayed on the cells surface.
Macrophages also play a role in tumor elimination responding to several signals on the surface
of tumor cells. One protein expressed on the surface of various normal cells throughout the
body, CD47, is used to protect the cells from random attacks by macrophages. Consider the
downregulation of CD47 in erythrocytes as they progress through their life cycle. Such
downregulation ensures that older cells are discarded by macrophages. Circulating malignant
mammary cells have used CD47 to their advantage; by over-expressing CD47, they are able to
evade the innate immune system acting via macrophages [31].
Not only can tumor cells evade the attacks of the immune system, but also they can launch
counterattacks on lymphocytes. Cytotoxic lymphocytes utilize the Fas Ligand (FasL) molecule
on its surface to bind and activate Fas receptors on target cells. Activation of Fas receptors
leads to activation of the extrinsic apoptotic pathway. Cancer cells acquire resistance to the
FasL through mechanisms that are not well understood. This leads to abnormal clones that are
resistant to destruction by cytotoxic T-lymphocytes. Additionally, they also acquire the ability
to synthesize and secrete soluble forms of FasL. The secretion of FasL does not affect the already
resistant strain; however, some studies have shown that they do affect some lymphocytes
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leading to activation of extrinsic apoptotic pathway and lymphocyte death. This strategy
ensures a safe microenvironment for the growing neoplasm [32].
In addition to FasL, some human cancers have been shown to secrete TGF- β or Interleu‐
kin-10 (IL-10). Both IL-10 and TGF- β are immunosuppressive agents secreted by normal cells
of the immune system with TGF- β being is the most potent immunosuppressive cytokine. TGFβ has many biological effects including the inhibition of 1) APC antigen presentation; 2) APC
maturation; 3) T-cell activation and differentiation. Studies have shown that TGF- β is upregu‐
lated in glioma clones that are resistant to CTLs [33]. IL-10 on the other hand is capable of
downregulating the expression of MHC class II antigens and Type 1 T-Helper (Th1) cyto‐
kines. The expression of IL-10 in glioma tissue has been correlated with tumor grade [34, 35].
In addition to CTLs and macrophages, tumor cells have been shown to recruit regulatory Tlymphocytes (Treg) to essentially fend off attacks by other lymphocytes. Treg cells are capable
of suppressing T-helper lymphocytes and CTLs. These may be immature T cells committed to
the regulatory lineage, or antigen-driven induced Tregs [36]. Research has shown that the
percentage of Treg cells increases by 3-5 fold in cancer patients especially in tumor infiltrating
lymphocytes (TILs). Furthermore, the degree of Treg infiltration correlates with tumor grade
[37]. The ability of tumor cells to attract Treg cells depends on the secretion of chemokine
CCL22. CCL22 acts on CCR4, a receptor on the surface of Treg cells to attract Treg cells towards
the tumor [38, 39]. While present in the tumor, Treg cells are capable of indirectly suppressing
both the humoral and cellular branch of the immune system through inactivation of T-helper
cells. The existence of Treg cells in the tumor mass questions the association between the total
number of TILs and tumor prognosis. TILs were assumed to be cytotoxic T-cells, but if a
substantial fraction of TILs are Treg cells then this notion casts a shadow of doubt over the
significance of TILs in tumors [40].
Myeloid-derived suppressor cells (MDSCs) are another cell type recruited by tumors to evade
host immune defenses. MDSCs comprise a heterogeneous group of immature myeloid cells
that play a major role in the immune suppressive tumor microenvironment (TME) [41]. As a
part of their normal physiologic role, immature myeloid cells play a role in replenishing DCs
and macrophages in early phases of trauma and stress and avoiding immune pathology in
later stages [42]. The TME, however, influences local myeloid cells to become immunosup‐
pressive [43]. Additionally, tumors initiate myelopoiesis, thus recruiting more immature
myeloid cells [44]. MDSCs play a role in tumor progression by inhibiting T-cell response and
their elimination has been shown to improve anti-tumor immunity [45]. Although treatment
aimed at MDSCs could potentially be effective, efforts at characterizing MDSCs have been
fruitless providing inadequate information to understand their phenotypical and functional
heterogeneity.
3.4. Immunology of the CNS
The ability to restrict collateral damage caused by the immune response is essential, especially
in the CNS. As a result, a status of immunological privilege is maintained in the brain limiting
the magnitude of the immune response and inflammation.
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Due to the delicate nature of the cells composing the central nervous system (CNS), the
blood brain barrier (BBB) tightly controls molecular passage and cellular migration in and
out of the CNS. The BBB is composed of both capillary and post capillary vessels. The ability
of the BBB to tightly regulate passive diffusion of hydrophilic molecules results from the se‐
lectivity of the tight junctions (TJ) between endothelial cells in the CNS vasculature [46].
Consequently, the BBB has been implicated in the regulating the immune response in the
CNS by restricting molecular access to cerebral interstitial fluid (CIF).
As discussed above, the activation of the immune response is maintained throughout the
body: APCs uptake antigen, migrate to lymphatics, appropriate T-helper cells and CTLs are
activated. However, professional antigen presenting cells (APCs) such as dendritic cells in
the systemic circulation have not been described in CNS parenchyma, but DCs are present
in vascular-rich regions of the CNS [47]. Instead, microglia are the primary resident APCs in
the CNS [48]. Microglia express MHC class II antigens and T-cell co-stimulatory molecules
giving them the ability to present antigens to T-helper cells. Once antigens are taken up by
APCs in the CNS, presentation of the antigen seems to take place in the cervical lymph no‐
des (Dunn et al., 2007). T-cells are not normally found in the brain unless activated [49], but
T-cells and antibodies do have access to the brain [50].
Migration of leukocytes towards the CNS starts with the interaction between leukocytes
attracted to chemokines and adhesion molecules on endothelial cells. The chemokines secreted
by the site of inflammation activate G protein-signaling, thus activating the leukocyte and upregulating integrins. Through a tight interaction involving adhesion molecules on lympho‐
cytes and endothelial cells (VCAMs, ICAMs, and LFAs), the cells transmigrate into the
parenchyma [51].

4. Neoplasia in the CNS
4.1. Glioblastoma multiforme (GBM)
Brain tumors exist as two distinct types, malignant and benign. This chapter will focus
malignant tumors originating in the brain, primarily glioblastoma multiforme (GBM). Tumors
originating from astrocytes/glial cells are named gliomas with (GBM) being the most common
and aggressive primary adult brain tumor. GBM is a grade IV astrocytoma arising from
astrocytes and is characterized by central areas of necrosis surrounded by anaplastic cells.
Median survival time is less than 15 month and significantly less for patients with recurrent
tumors [52]. GBM can present as primary or secondary tumor. Primary GBM is generally seen
in older patients as a result of EGFR overexpression, PTEN mutations, and mdm2 gene
amplification [53]. Primary GBM is thought to be a single step transformation with no clinical
background. Secondary GBM is seen in younger patients as a slow multi-step transformation
process. Secondary GBM results from p53 inactivation or overexpression of PDGF ligand,
receptor, or both [54].
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4.2. Glioma immunity vs immune suppression
A number of potential TSA and TAA have been identified in gliomas (a listing may be found
here [55]) including a number of antigens previously found in melanoma (eg, gp100, MAGE-1
and-3, MART-1, NY-ESO-1, tyrosinase and related proteins 1 and 2). Others include tenascinC, IL13Rα2, EphA2, and EGFRvIII. Whole proteins or peptides derived from these antigens
could be used in vaccine scenarios with a goal of providing antigen to APCs (presumably DCs),
usually in the context of an adjuvant or immune stimulant to promote antigen uptake and
activation of the DCs. Alternatively, the DCs may be harvested as progenitors from patients,
differentiated and bulk-proliferated ex vivo, supplied with antigen, and then returned to the
patient as a cellular vaccine. In other scenarios, lysates or particular proteins that may “sample”
the antigenic peptide repertoire of the tumor (eg, heat shock proteins or chaperone proteins)
[56, 57] may be employed to provide “blanket” immunogenicity by theoretically supplying all
antigens rather than selected ones.
Unfortunately, gliomas are capable of employing some or all of the immunoevasive strategies
discussed above. Patients with malignant gliomas often have weak adaptive immune systems
due to the increased percentage of Tregs [58, 59]. In addition, malignant gliomas have been
shown to secrete TGF-β and VEGF capable of direct immune suppression as well as inducing
myeloid-derived suppressor cells [60]. VEGF has been shown to inhibit NF-κB signaling in
hematopoietic progenitor cells, thus inhibiting dendritic cell maturation.
4.3. Current therapies
Available therapies for GBM and other brain tumors include chemotherapy, fractionated
radiotherapy, and image-guided tumor resection. Current chemotherapeutic options for
glioblastoma include Gliadel wafers (carmustine/BCNU), cisplatin, and temozolomide (the
drug that is part of the standard of care regimen concurrent with radiation, and then in the
adjuvant setting [52].
Carmustine is an alkylating agent and was the first drug approved for the treatment of GBM.
Carmustine inhibits cancer growth via alkylation of O6-guanine position on DNA and thus
crosslinking the helix. Carmustine has shown modest improvement in patient survival in early
trials (reviewed here [61]) and has been the cornerstone of GBM adjuvant therapy. Although
carmustine can cross the blood brain barrier (BBB), delivery to target site is difficult. Addi‐
tionally, carmustine effectiveness hindered by its short half-life, systemic toxicity and tendency
for chemo-resistance.
For better delivery of carmustine to action site, Gliadel wafers are used. Gliadel wafers are
made of carmustine-loaded biodegradable polymers placed in the resection cavity formerly
occupied by the tumor post-surgical excision. As the polymer is degraded, carmustine is slowly
released. A study conducted by Westphal et al. in 2003 [62] showed that Gliadel-treated
patients had a median survival rate of 13.9 month compared to 11.6 month in placebo controls.
The complications of Gliadel wafers are serious and life threatening--seizures, edema, and
hydrocephalus [63, 64].
The current standard of care for GBMs is maximal surgical resection followed by concurrent
fractionated radiation and temozolomide (TMZ), with TMZ then given in the adjuvant setting
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[52]. There are variations on this theme, including the addition of the anti-VEGFA antibody
bevacizumab (as a form of anti-angiogenesis), but surgery, radiation, and TMZ are the staples
[65]. TMZ is an oral DNA alkylating agent capable of crossing the BBB and inducing apoptosis
[66, 67]. Attempts at combination treatments using TMZ and other chemotherapy drugs have
shown little or no benefit when compared to TMZ alone [68]. TMZ efficacy varies, however,
in patients depending on the action of the enzyme repairing the lesion produced by the drug,
O6 methyl guanine DNA methyl transferase (MGMT) [69].
Cisplatin is a cis platinum complex containing 2 chloride and 2 amine groups. Once in the
body, cisplatin triggers apoptosis by crosslinking DNA. Cisplatin’s efficacy on brain tumors
has shown few benefits. A phase 3 trial showed no significant outcome improvement in
patients administered carmustine and radiation therapy versus cisplatin, carmustine, and
radiation therapy [70].
4.3.1. Understanding Glioma-Associated Antigens (GAAs)
Considering the low median survival time, current therapies are inadequate and there is a
strong need for novel therapies with superior safety and efficacy. In order to develop new
therapies, it’s important to be familiar with potential glioma-specific molecular targets. In light
of the potential utility of immunotherapy as a novel therapeutic strategy for patients with
GBM, this section will discuss Glioma-Associated Antigens (GAA), some of which were briefly
mentioned above.
IL13Rα2
IL13Rα2 is a glycoprotein overexpressed on the surface of many glioma cells. The only other
normal tissue where IL13Rα2 can be found is in the testes; therefore it represents a great
potential target for glioma therapy [71].
EphA2
A receptor tyrosine kinase overexpressed on the plasma membrane of gliomas and tumorassociated vasculature. EphA2 is thought to play a role in developmental processes and
carcinogenesis. EphA2 has been shown to provoke a response from cytotoxic T-lymphocytes
against glioma clones [72].
EGFRvIII
Type III variant mutation of EGFR (EGFRvIII) is seen with patients with primary and recurrent
GBM and is currently the most prevalent TSA found on glioma. EGFRvIII promotes and
enhances carcinogenesis [73]; EGFRvIII encodes a constitutively active tyrosine kinase that
does not need to dimerize nor bind ligand for activity [74, 75].
Survivin
Although not specific for gliomas, survivin belongs to the inhibitor-of-apoptosis protein family
that is overexpressed in the majority of human cancers [76]. It is considered a marker of poorer
prognosis in patients with GBM [77].
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WT1
Wilm’s Tumor 1 (WT1) is a transcription factor that is important in the developmental biology
of many organs; its mis-expression may drive epithelial-to-mesenchymal transitions prevalent
in many cancers [78]. WT1 is overexpressed in solid tumors, leukemias, and gliomas [79]. WT1
has both oncogenic and tumor suppressor capacities depending on mutational status, over‐
expression, and tissue source [80]. It is considered to be a viable tumor antigen with multiple
applications [81].
SOX
Sry-related high mobility group box (SOX) is a family of transcription factors involved in
directing the development of various tumors and cell types [82]. SOX2, SOX5, SOX6, and SOX11
are preferentially overexpressed in tumors of the CNS [83] and in glioma stem cell lines [84].

5. Immunotherapy
Understanding how cancer escapes the immune system provides clues for researchers and
clinicians to intervene at critical points and empower the immune system. Although the field
of cancer immunotherapy has much to prove, it has the potential to treat various forms of
cancer with high specificity and relatively low toxicities. The superior therapeutic specificity
in particular makes immunotherapy an attractive, tolerable alternative or possible adjuvant to
chemotherapy for patients. Available cancer immunotherapeutic options include vaccines,
monoclonal antibodies, adoptive cell therapy (ACT), and cytokine therapy, and the so-called
“checkpoint blockades”.
5.1. Glioma vaccines
Vaccines harness the immune system and allow it to target glioma-associated antigens via the
processes of antigen provision/uptake to APCs, followed by the stimulation of specific
lymphocytes by the APCs. The field of antitumor vaccines is one of the most studied and
established modalities of immunotherapy. There are 3 general types of glioma vaccines: whole
cell/tumor lysate vaccines, peptide-based vaccines, and dendritic cell vaccines. These vaccines
may be used with various adjuvants or immune stimulants; they may be used amidst the
standard of care; they may involve additional immune stimulation or regulatory suppression
strategies.
Whole cell glioma vaccines involve administration of irradiated allogeneic or autologous
glioma cells providing multiple GAA for the immune system to target. Obviously, autologous
whole cell vaccines would provide the most personalized treatment using GAAs specific to
each patient. On the other hand, such tumor cells may also provide tumor suppressive entities
[85]. Manufacturing whole cell vaccines, however, is a very demanding task especially when
handling large-scale glioma cell cultures, and when time is of the essence for patients with
short times to progression [86]. Additionally, this approach puts patients at a theoretical risk
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for autoimmune encephalomyelitis [87]. However, several autologous cell vaccine trials by
Schneider et al among others have reported no major adverse effects [88].
An alternative to whole cell glioma vaccine and their associated autoimmunity risks are
peptide-based vaccines. Peptide-based vaccines use synthetic peptides based on shared GAA
epitopes. Unlike whole cell glioma vaccines, peptide-based vaccines target one or few GAAs
specific to each patient’s tumor. This may be beneficial in generating higher levels of specific
responses to a particular antigen; it may also provide an easier outlet for immune escape by
antigen loss. However, this strategy does present a lower risk for development of autoim‐
munity, and peptide manufacturing is relatively simple compared to handling large-scale
glioma cell cultures. Peptide-based vaccines targeting EGFRvIII have been shown to be safe
and potentially beneficial in the ACTIVATE (A Complementary Trial of an Immuno-therapy
Vaccine Against Tumor-Specific EGFRvIII) series of trials (including ACT II, ACT III, ACT IV,
ReACT [89, 90]). The ACTIVATE phase II trial recruited 18 patients with EGFRvIII expressing
tumors that received CDX-110 (14-amino acid EGFRvIII epitope conjugated to a keyhole limpet
hemocyanin as a hapten carrier with GM-CSF as an adjuvant) along with standard radio-and
chemotherapy. The median time to progression was 14.2 month and median survival was 26
month; no adverse events were recorded. ACT IV is a phase III trial comparing vaccine/GMCSF+TMZ vs TMZ and placebo alone (see Table 1).
A somewhat different version of peptide-based therapy is that of chaperone protein or “heat
shock protein” (HSP)-based vaccines [56, 57]. The concept here is that chaperone/HSPs bind
intracellular peptides as part of their chaperone duties. Thus, purification of particular
chaperone/HSPs from tumor cells results in a population of peptides that are specific to that
particular tumor, even though the chaperone/HSPs may appear identical. Upon vaccination,
this would provide APCs with a “peptide fingerprint” of the tumor, making the vaccine tumor
—and patient—specific, even if the chaperone proteins were ubiquitous in different cell types
(see Figure 3). The current chaperone protein vaccine in use for GBMs is variously called
Prophage, Oncophase, and HSPPC-96; the protein purified from tumors for vaccine generation
is glucose-regulated protein (GRP) 94, also called glycoprotein (gp) 96.
A key common feature of most peptide-based vaccines is the inclusion of immune stimulatory
factors as adjuvants (eg, DNA constructs such as polyICLC [91], GM-CSF [92], Freund’s
adjuvant [93], TLR agonists [94], and cytokines [95]). This is necessary because the lack of APC
stimulation will result in poor activation of T cells, with possible conversion to an anergic state.
The chaperone/HSP vaccines utilize the “danger signal” effects of extracellular HSPs as innate
immune stimulators to essentially provide their own adjuvanticity [96]. An advantage of
peptide antigens of known sequence is that provides investigators with a means of immune
monitoring by measuring and tracking the immune response, by T cell readouts [97] and
sometimes by antibody responses [23]. One question that remains is whether results from
immune monitoring yield true prognostic information, as often there is a positive correlation
with immune measures of vaccination, but these do not necessarily appear related to clinical
benefit [98].
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Figure 3. Chaperone/Heat Shock Protein (HSP) vaccines from tumors. Various HSPs have been shown to be immuno‐
genic when purified from tumors. However, purification of the same HSPs from different tumors does not generate
cross-protection (eg, if HSPs are purified from Tumor X and used as a vaccine, but the host is challenged with Tumor
Y, there will be no anti-tumor protection, because the antigenic peptide repertoire differs between the two tumors,
even if the HSPs appear the same).
Trial Name

Phase

n

I

9

II

55

HSPPC-96 + Temozolamide

ACT III

II

82

CDX-110 1 TMZ 1 RT

ACT IV

III

440

CDX-110 1 TMZ

Vaccine therapy +
sargramostim
HSPPC-96 vaccine +
Temozolamide

Therapy
ISA-51/survivin peptide vaccine +
sargramostim

Primary Outcome

Trial Identifier

Safety

NCT01250470

Safety

NCT00905060

Progression-free
survival
Overall survival

NCT00458601
NCT01480479

Table 1. Summary of ongoing peptide-based vaccine trials for malignant glioma. Data obtained from National
Institutes of Health. Information is available by Trial Identifier at http://www.clinicaltrials.gov.

5.2. Antibodies
Antibodies are utilized in cancer immunotherapy usually as human, humanized, or mousehuman chimeric monoclonal antibodies (mAb) that target tumor-associated antigens (TAA)
and tumor-specific antigens (TSA), generally on the surfaces of cancer cells, or targeted against
secretory molecules. There are 2 categories of mAbs most frequently used: naked and conju‐
gated antibodies. Naked antibodies work independently without an attached radiolabel or
toxin. Once bound to the target cell, naked antibodies mark cells to be eliminated by the
immune system, usually neutrophils and macrophage. If such mAbs target surface receptors,
they may interfere with ligand binding or downstream function. Conjugated or “armed”
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antibodies, on the other hand, are mAbs joined to a toxin, chemotherapy drug or a radioactive
particle. Conjugated antibodies are essentially vehicles specific for targeting abnormal clones,
sparing normal cells from toxic therapy. Regardless of the type, it is crucial that the mAb bind
with high affinity and specificity to target [99]. Monoclonal antibody therapy has been
successful in treating lymphomas (rituximab), breast cancer (trastuzumab), and more recently,
recurrent glioblastoma (bevacizumab). Malignant gliomas are vascular tumors producing
vascular endothelial growth factor (VEGF), which promotes angiogenesis and tumor progres‐
sion. Bevacizumab is a humanized monoclonal antibody against VEGFA administered in
combination with chemotherapy [100]. Inhibition of VEGF via bevacizumab followed by
cytotoxic chemotherapy and radiation therapy has generated encouraging results in several
studies [100].
The use of mAbs to treat GBM has been investigated in preclinical systems. Y10, anti-EGFRvIII
naked murine IgG2a, significantly increased survival time in mice bearing EGFRvIII express‐
ing tumors by an average of 286% [101]. Additionally, Y10 was shown to inhibit cell prolifer‐
ation and DNA synthesis in vitro by complement activation and antibody dependent cellmediated cytotoxicity (ADCC). Another type of anti-EGFRvIII (or “delta 2-7”) is mAb 806,
which has also shown pre-clinical efficacy against EGFR-amplified tumors [102] and has
shown good targeting capability and pharmacokinetics in a phase I study [103]. Anti-EGFRvIII
mAbs such as L8A4 (murine IgG1) have also been radiolabeled and utilized in pre-clinical
testing [104], including boronation [105].
Given the role of EGFR in the progression of malignant glioma, efforts to inhibit EGFR have
culminated in phase I study conducted by Faillot et al which demonstrated the ability of murine
anti-EGFR mAb EMD55900 to bind the tumor in vivo and is well tolerated in patients [106].
Repeated infusions only resulted in one patient developing human anti-mouse antibodies
(HAMA response). Despite the substantial binding of EMD55900 to targets, phase I/II clinical
trials using EMD55900 administered intravenously showed no significant tumor regression
[107]. The use of another anti-EGFR antibody (chimeric humanized), cetuximab, showed good
tolerability but limited efficacy in patients with recurrent GBMs [108]. A recently-developed
chimeric humanized anti-EGFR antibody, nimotuzumab, is in clinical trials for malignant
gliomas, but the studies are not mature enough to provide much information [109].
5.3. DC Immunotherapy
The superior antigen presenting ability of DCs has been harnessed in novel cancer
vaccination strategies. DC vaccines take advantage of the antigen presenting machinery of
these cells to activate CD4+ and CD8+ T cells that are specific for TAAs/TSAs. DCs are
generated using autologous peripheral blood leukocytes that are incubated with specific
cytokines to induce differentiation of monocytes into DCs; the type of cytokine used dictates
the quality of DCs generated e.g. GM-CSF and IFNα generate DCs highly potent in T-cell
activation. DCs are then pulsed with 1) synthetic tumor antigens (TAAs) or 2) autologous
tumor lysate, or 3) tumor RNAs to promote activation and antigen presentation, and are
injected back into the patient [110].
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Phase I trials assessing safety have been carried out by Yu et al. in 7 patients (+2 with anaplastic
astrocytomas) who received injections of autologous glioma peptide pulsed-DCs; these
peptides were acid-eluted from tumor cell surfaces (presumably from MHC molecules). Four
out of 7 patients developed tumor specific T cell cytotoxicity, and others had T cell infiltrates
into their tumors at reoperation [111]. The Cedar Sinai experience in DC vaccine clinical trials
is discussed here [112]. In another phase I trial done by Liau et al., 12 patients were adminis‐
tered DCs also pulsed with autologous glioma-eluted peptides from surface of resected
tumors. Fifty percent of the patients showed increased systemic and intracranial immunologic
responses while reporting no adverse effects from vaccination [113]. More recent studies by
that group have utilized autologous tumor lysate as the antigen source due to its availability
from surgical resection, whereas the use of specific GAAs requires patients to express suitable
MHC molecules able to present the GAA [114]. Prins et al have also conducted a phase I trial
using TLR7 agonists (imiquimod or polyICLC) combined with autologous tumor lysatepulsed DC vaccination. Twenty-three GBM patients were enrolled showing a mean overall
survival of 31 months and 47% 3-year survival [115]. The use of DC vaccines pulsed with
tumor-derived RNAs (total polyA+RNAs or specific mRNAs) was demonstrated almost 20
years ago [116], and this strategy has made it to clinical trials for patients with GBMs [117]. An
advantage of RNA as a source of antigen is that it can be prepared by standard conditions, or
synthesized cheaply.
DC-based vaccine trials have been prevalent in neuro-oncology, and many of those are
reviewed here [110], along with a listing of current DC vaccine trials in glioma (Table 2).
Trial Name
ATTAC
NY-ESO-1
intranodal vaccine
Vaccine therapy for
recurrent GBM
Phase I study of
DC vaccine

Phase

n

I

16

I

30

I

50

I

40

Primary Outcome

Identifier

Safety

NCT00639639

Safety

NCT01522820

BTSC mRNA-loaded DCs

Safety

NCT00890032

Allogenic stem cell lysate

Safety

NCT02010606

Autologous tumor lysate +

combination of DC

adjuvant

vaccine

CMV pp65-LAMP mRNA-loaded
DCs
DEC-205-NY-ESO-1 fusion protein
+ sirolimus

Most effective

DC vaccine for
patients with brain

Therapy

II

60

tumors

NCT01204684

components

ICT-107

IIb

200

TAA

DCVax-L

III

300

Autologous tumor cell lysate

Overall survival
Progression-free
survival

NCT01280552
NCT0045968

Table 2. Summary of ongoing DC vaccine clinical trials for malignant glioma. Data obtained from National Institutes
of Health. Available at http://www.clinicaltrials.gov.
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5.4. Adoptive Cell Therapy (ACT)
ACT is the manipulation of autologous cells ex vivo to be infused back into the patient. ACT
aims to amplify cell lines that best fight cancer including 1) TILs 2) peripheral blood mono‐
nuclear cells (PBMCs) 3) lymphokine-activated killer cells (LAKs) and 4) antigen specific CTLs.
ACT originated as a way to restore viral immunity in patients undergoing hematopoietic stem
cell transplant and to prevent cytomegalovirus (CMV) reactivation in transplant patients. Early
use of adoptive cell transfer to treat non-viral malignancies was seen in attempts to treat
hematologic malignancies and melanoma. Steinbok et al. was the first to demonstrate the
possibility of ACT in treatment of gliomas in 1984 [118]. Steinbok collected autologous PBMCs
to be re-infused into the cavity created post tumor excision. The study, however, showed no
significant beneficial outcomes. Newer technologies and a better understanding of the cells
involved have made ACT an attractive approach. However, the ex vivo generation of large
quantities of specifically reacting cells is cumbersome, expensive, and not necessarily available
everywhere.
5.4.1. Cytotoxic T-Lymphocytes
Based on the findings that CTLs can bypass the BBB and migrate into brain parenchyma
(reviewed here [119]. GAA-reactive CTLs isolated from peripheral blood and glioma tissue
might mount a favorable antitumor response in glioma patients. Glioma tissues are infiltrated
with GAA-specific CTLs that could be expanded ex-vivo using IL-2 and subsequently selected
for antigen specificity [120]. Once GAA-specific CTLs have been isolated, ex-vivo manipula‐
tions include cloning high affinity TCRs, expression of chimeric antigen receptors (CARs), and
T-cell subtype selection. Cloning high affinity TCRs is done by isolating CD8+T cells with high
GAA affinity for particular antigens and cloning TCR α and βgenes to be exogenously induced
in bulk CD8+cells. ACT using high affinity TCR T-cells has resulted in regression of metastatic
melanoma [121], suggesting the potential of applying this method to glioma therapy. ACT of
various types using CTLs has a history in glioma trial therapy, but none have shown consistent
benefit [122].
Chimeric Antigen Receptors (CARs) are chimeric molecules composed of epitope-binding
domain of mAb fused to CD3 signal transduction domain (Gross et al., 1989). CAR is an
alternative to transgenic high-affinity TCRs and don’t require the expression of MHC mole‐
cules. CAR-T cells have just reached clinical trial stage in GBMs (NCT02209376 at ClinicalTri‐
als.gov) targeting EGFRvIII. Other targets include IL13Rα2 [123], HER2/Neu (EGFR2) [124],
and 3rd generation anti-EGFRvIII cells [125].
5.4.2. LAK cells
Lymphokine-Activated Killer (LAK) cells are activated prior to exposure to IL-2 in vitro. LAK
cells possess cytotoxic machinery capable of lysing abnormal clones (allogeneic and autolo‐
gous) sparing normal cells. As a result of the toxic systemic effect of IL-2 administration, in
vivo human trials using LAK cells are limited and researchers have resorted to ex vivo LAK
trials, with an occasional long-term survivor [126]. Administration of LAK cells into post
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excision cavity combined with IL-2 therapy has shown to increase median survival from 26
weeks to 53 weeks in patients with recurrent GBM [127]. LAK cells, however, have limited
specificity to tumors in vivo and their tumor recognition mechanisms are not well understood.
5.4.3. Lymphodepletion
Lymphodepletion is the process killing white blood cells to enhance adoptive transfer therapy
possibly in vaccination scenarios. Lymphodepletion induces homeostatic proliferation, a
situation where lymphocytes proliferate in an enriched cytokine environment and with
lowered thresholds of stimulation and decreased numbers of Tregs [128]. Lymphodepletion
has a long history in the ACT therapies in melanoma, where there have been objective response
rates of greater than 50% [129]. There is also a suggestion that the lymphopenia induced by
TMZ chemotherapy may actually benefit anti-tumor vaccination by driving homeostatic
proliferation [130], and this may aid in Treg depletion by mAb blockade [131]. Dose-dense
TMZ regimens may induce more myelotoxicity, however [132].

6. Virotherapy
Oncolytic virotherapy is the use of genetically engineered viruses for the treatment of malig‐
nancies. Oncolytic viruses are engineered to specifically infect malignant cells, thus sparing
the normal tissue surrounding the tumor [133]. The intracellular replication of the oncolytic
virus then results in cancer cell lysis and release of viral progeny that infects additional
cancerous cells [134]. The use of oncolytic viruses for GBM treatment has been tested in clinical
trials for the last 15 years with multiple phase I trials completed and some ongoing, proving
to be a safe option. Two treatment strategies exist in virotherapy 1) replication-incompetent
viruses and 2) replication-competent viruses. Replication-incompetent viruses exert their
therapeutic effect through the delivery of transgenes that exert their effect through multiple
mechanisms, one of which is discussed below [133]. Replication-competent viruses exert their
therapeutic effect via replication and lysis of target tumor cells [133].
Concerns about uncontrolled viral infection in hosts led researchers to use replicationincompetent viruses for initial attempts in oncolytic virus therapies. Replication-incompetent
adenoviruses and retroviruses are then engineered with the herpes simplex virus thymidine
kinase gene (HSV-TK), which produces a cytotoxic metabolite from the drug ganciclovir [135].
Ram et al. used a replication-incompetent retrovirus engineered with HSV-TK for the first
phase I clinical trial [136]. Fifteen patients received viral injections to the tumor site and oral
gancyclovir with no adverse effects. Median survival time was 8.1 month; however, the lack
of statistical significance in phase III trials [137] led researchers to study replication-competent
oncolytic viruses (OVs).
OVs are attenuated viruses capable of lysing target tumor cells and activation of the local
immune response to tumor antigen release [138]. There currently exist 4 different OVs used in
published clinical trials. Herpes Simplex Virus G207 is among the OVs used in clinical trials.
G207 is unable to replicate in normal cells because it lacks ribonucleotide reductase. In the first
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of 2 separate phase I clinical trials, of the 21 patients injected with G207, 8 patients demon‐
strated reduction in tumor size shown on MRI scans [139]. In the second trial, investigators
demonstrated successful replication of the virus in the tumor [140]. Although safe, OVs tested
to date have proven less efficacious than expected. However, there are efforts to create new
viruses equipped with cytotoxic agents and other viruses specifically targeting the stem cell
population of GBM [141, 142]. There are also studies showing safety testing of a polio virusrhino virus chimera that shows high targeting capacities for tumors (due to overexpression of
the poliovirus receptor NECL5) and replication within tumor cells due to putative biochemical
abnormalities [143, 144]. There is a newly-opened trial based on this virus (NCT01491893 at
ClinicalTrials.gov). Other clinical trials involving viral therapy are listed in Table 3.
Trial Name

Phase

MV-CEA for
recurrent

I

glioblastoma
NDV-HUJ in
glioblastoma

I/II

DNX2401 and
TMZ in recurrent
glioblastoma

I

Viral Modifications
Carcinoembryonic antigenexpressing

HUJ strain

Mutation in E1A and RGDrelated integrin expression

n

40

30

31

Primary Outcome
Safety, MTD, viral propagation
and expression

Progression-free survival

No. of patients with adverse
events

Identifier

NCT00390299

NCT01174537

NCT01956734

Table 3. Selected ongoing oncolytic viral clinical trials for malignant glioma. Data obtained from National Institute of
Health. Available at http://www.clinicaltrials.gov.

7. Immune checkpoint blockade
As mentioned above, certain molecules expressed on T cells, with ligands or counter receptors
expressed on tumors or Tregs, may provide an avenue of control over maintenance of an
activated T cell status or denial of a suppressive effect. One such T cell surface molecule is
cytotoxic T lymphocyte antigen 4 (CTLA4), which is a receptor that downregulates T cell
activity by binding to CD80 and/or CD86 on other T cells, particularly Tregs. Ipilimumab is an
antibody that binds to CTLA4 and prevents its binding to CD80/86, thus maintaining the
activated state of the T cell (and running some risk for autoimmunity) [145]. This antibody is
approved for the treatment of therapy-resistant metastatic melanoma [146], and has been in
clinical trials for patients with brain metastases [146]. There is currently a clinical trial open for
patients with recurrent GBM utilizing this drug (NCT02017717, at ClinicalTrials.gov) as well
as the anti-PD-1 antibody nivolumab (below).
PD-1 and PD-1L/PD-2L are another pair of T cell inhibitory receptors/ligands. The ligands
PD-1L or PD-2L are often upregulated on cancer cells, where engagement with PD1 on T cells
leads to T cell apoptosis [147]. Nivolumab is an antibody directed against PD-1 that prevents
interaction with surface ligands on other cells, thus preventing the immune suppression
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induced by the tumor [147]. As mentioned, this antibody is used along with ipilimumab as
checkpoint blockades in a clinical trial for patients with recurrent gliomas.

8. Conclusion
Glioblastoma Multiforme (GBM) remains the most common CNS malignancy with abysmal
prognosis. Our current GBM therapies are clearly inadequate stressing the need for new
treatment modalities. Immunotherapy is an emerging cancer treatment, potentially utilized
alongside surgery, radiation, and chemotherapy. The dynamic interactions within the tumor
microenvironment dictate the balance between tumor elimination and escape. Additionally,
high-grade gliomas employ a multitude of strategies to evade the immune system. Early trials,
however, using anti-tumor vaccines and adoptive cell therapy have demonstrated the potential
anti-tumor efficacy and feasibility of such approaches. Moreover, several promising phase III
trials are underway, and continual research provides more information and more data that
indicate immunotherapy is a viable option for the treatment of patients with these devastating
diseases.
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Herbal Medicine Treatments for Brain Tumors
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Clinical Effects of Saireito for Patients with Advanced
Stage Glioblastoma
Yasushi Shibata
Additional information is available at the end of the chapter
http://dx.doi.org/10.5772/58979

1. Introduction
Glioblastoma is the one of the most malignant brain tumors. The average survival of patients
with glioblastoma is approximately one year, despite aggressive therapeutic efforts. Glioblas‐
toma is associated with peritumoral brain edema. This brain edema is caused by tumor
infiltration into the normal brain and breakdown of the blood brain barrier. Osmotic diuretics,
like glycerol and mannitol, are frequently used to reduce brain edema. The effective duration
of these osmotic diuretics is a few hours, so frequent intravenous infusions are required to
control brain edema in these patients. Steroids are effective for repairing the damaged blood
brain barrier. Therefore, the patients with advanced glioblastoma need to be administered
long-term osmotic diuretics and steroids. Both of these types of agents have various side effects.
Saireito is a commercially available Chinese herbal medicine that combines Syousaikotou and
Goreisan, both of them are also commercially available Chinese herbal medicine. Syousaikotou
has steroid-like effects and Goreisan has a diuretic effect. There have been some clinical reports
of a beneficial effect of Saireito or Goreisan for chronic subdural hematoma and other condi‐
tions. However, there have been no reports about the clinical effects of Saireito in patients with
malignant brain tumors. We evaluated the clinical effects of Saireito for patients with advanced
stage glioblastoma.

2. Patients and methods
Saireito was administered to eight patients diagnosed with advanced stage glioblastoma. The
tumor locations were cerebral in seven cases and in the pons in one case. There were four males
and four females. The age of the patients ranged from 38 to 86 years old. Seven patients
underwent tumor resection and were pathologically diagnosed with glioblastoma. One patient

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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did not receive surgery because of the high age, so glioblastoma was diagnosed clinically. The
seven patients who received surgery were treated with postoperative radiation and chemo‐
therapy. Five patients underwent repeat surgery and additional radiation therapy for recur‐
rence. All patients received temozolomide chemotherapy and interferon immunotherapy
wherever possible. Saireito (2.7 g) was given three times a day for all patients with advanced
stage disease. Saireito was given through a nasogastric tube for the patients who could not
take the medication orally.

3. Representative case report
A 74-year-old male presenting with memory disturbance and right hemiparesis was diagnosed
to have a left frontal brain tumor using brain magnetic resonance imaging (MRI). The tumor
was surgically removed, and the pathological diagnosis was glioblastoma. He received
postsurgical radiation therapy and concomitant oral chemotherapy with temozolomide. After
these initial therapies, maintenance chemotherapy with temozolomide and intravenous
infusion of interferon were continued. His consciousness deteriorated one year after the initial
therapy. He could not take medication orally, so we started parenteral nutrition using a
nasogastric tube. Brain MRI showed an increase in bilateral frontal edema (Fig. 1). Therefore,
we first administered intravenous glyceol; however, we considered permanent intravenous
administration of glyceol to be difficult. Therefore, we started parenteral Saireito administra‐
tion and terminated the intravenous glyceol treatment. The patient’s condition remained
unchanged, so he discharged, and the nasogastric parenteral nutrition and Saireito adminis‐
tration were continued at his home. He underwent repeat short-term hospitalization for
scheduled chemotherapy and intravenous infusion of interferon (Fig. 2)

Figure 1. Fluid attenuated inversion recovery (FLAIR) MRI image
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Figure 2. Gadolinium-DTPA enhanced T1 weighted image and FLAIR image

Figure 3. Gadolinium-DTPA enhanced T1 weighted image and FLAIR image

About one year after the initiation of Saireito, he developed intestinal bleeding and pleural
effusion. Chest and abdominal computed tomography showed multiple tumors. The paren‐
teral nutrition and medication were terminated. He died because of intestinal bleeding two
years after the initial diagnosis of the brain tumor. The final brain MRI showed a stable brain
tumor and perifocal edema (Fig. 3). The tumor diameter on fluid attenuated inversion recovery
(FLAIR) and gadolinium-diethylene triamine pentaacetic acid (DTPA)-enhanced T1-weighted
MRI (GdT1) was plotted in Figure 4. Before the administration of Saireito, the tumor diameter
in FLAIR was continuously increasing. After the initiation of Saireito administration, the tumor
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diameter in FLAIR became stable, although the tumor diameter in GdT1 continuously
increased. Because of his poor renal function, GdT1 MRI was not performed during the early
stage of follow-up.

Figure 4. Temporal change of Tumor diameter in MRI

4. Results
All eight patients died. The survival time of the patients ranged from four to 35 months, with
a mean of 18.4 months, and a median of 22 months. Saireito was given to all of the patients
until almost the end of the life. The direct causes of death were tumor growth in four patients,
central nervous system failure without tumor growth in one patient, and another malignancy,
pneumonia and a hyperglycemic coma in one patient each. The continuous glycerol infusion
was stopped after Saireito administration in all patients. The steroid administration was
stopped for two patients and reduced for two patients after Saireito administration. The
interval from the initiation of Saireito to death ranged from one to 12 months, with a mean of
5.9 months and a median of three months. The Karnofsky performance status (KPS) was used
to assess the patient’s general condition [1]. The KPS of all patients who received Saireito was
less than 50 at the time of initiation. The radiation therapy oncology group recursive parti‐
tioning analysis (RTOG RPA) was used as an index of the prognosis [2]. The RTOG RPA of all
patients who received Saireito was Stage VI. The mean prognosis of RTOG RPA Stage VI is
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five months. Therefore, a prolongation of survival was observed for four of the eight patients.
For the patients who took Saireito for less than four months, no prolongation of survival was
observed. On the other hand, prolonged survival was observed in the patients who took
Saireito for more than six months. No significant side effects of Saireito were observed. The
administration of Saireito is covered by the Japanese health insurance system, and the cost of
Saireito is less than 400 Japanese yen per day.
Age

Sex

onset to death

Saireito Intake

Intake to death

Cause of death

75

M

24

12

13

Intestinal bleeding

68

F

35

4

4

neural without tumor

86

M

4

2

2

hyperglycemic coma

62

F

4

1

1

Brain Tumor

59

M

20

2

2

Brain Tumor

58

M

31

8

8

Pneumonia

38

F

11

11

11

Brain Tumor

38

F

20

7

8

Brain Tumor

Mean

19.7

5.9

6.1

Median

22

3

3

Table 1. Summary of the patients

5. Discussion
Saireito is a mixture of Syousaikotou and Goreisan. Syousaikotou has mild steroid-like effects.
In animal studies, Syousaikotou increased the secretion of corticotrophin-releasing hormone
and adrenocorticotropic hormone (ACTH), resulting in an increased cortisol concentration [3]
[4]. Cortisol is effective for decreasing inflammation and brain edema. Long-term administra‐
tion of Saireito does not have the typical side effects of conventional steroids. Saireito and
Goreisan have diuretic effects by controlling the aquaporin function at the cell membrane [5].
Long-term glycerol infusion is associated with some side effects, such as electrolyte imbalance.
However, these side effects have been reported to be rare for Saireito.
There have been some clinical reports about the effective applications of Saireito and Goreisan
for cerebral edema, chronic subdural hematoma and edema at the extremities [6, 7]. However,
the clinical application of Saireito for malignant brain tumors has not been reported previously.
The clinical effects should be confirmed by a randomized controlled study. However, the low
cost and apparently rare side effects appear to be major advantages of this Chinese herbal
medicine.
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6. Conclusion
Saireito was found to be both safe and effective for patients with advanced stage glioblastoma.
Some patients could stop taking glycerol and steroids. Among the eight patients evaluated in
the study, death due to tumor growth was observed in four patients. A prolongation of survival
was observed in four of the eight patients. This Chinese herbal medicine appears to be effective,
and is associated with both a low cost and rare side effects, thereby warranting further studies
in a larger number of patients.
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1. Introduction
In this chapter the state of art of the pre-clinical evidences of cannabidiol (CBD) anti-tumour
effects on different kinds of cancer will be discussed. As you will see in the following para‐
graphs, CBD is a phytocannabinoid devoid of any psychotropic activity which exerts some of
its effects through modulation of different components of the endocannabinoid system. For a
more clear comprehension, a brief introduction on the endocannabinoid system itself is here
provided.

2. The endocannabinoid system: A brief overview
The endocannabinoid system (eCB) is a signalling system that consist of the cannabinoid
CB1 and CB2 receptors, their intrinsic lipid ligands, named endocannabinoids (eCBs), such as
the N-arachidonoylethanolamide (anandamide, AEA) and the 2-arachidonoylglycerol (2AG),
and the associated enzymatic machinery, comprising transporters, biosynthetic and degrada‐
tive enzymes. It has been recently discovered and was thoroughly explored by scientists in the
past 15 years.
The cannabinoid CB1 and CB2 receptors are G protein coupled receptors. CB1 receptors are
mainly present in the central nervous system (CNS) with low to moderate expression in
periphery; on the contrary, CB2 receptors are highly localized in the immune system with much
lower and more restricted distribution in the CNS [1,2].

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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Soon after the characterization of the cannabinoid receptors came the discovery of their
endogenous ligands. The two major known endogenous ligands are anandamide (AEA) and
2-arachidonoylglycerol (2AG) [3-6]. Both derive from arachidonic acid and are produced
postsynaptically from phospholipid precursors through activity-dependent activation of
specific phospholipase enzymes [7]. Later on, a number of other eCB ligands have been
discovered including N-arachidonoyldopamine (NADA), N-arachidonoylglycerolether and
O-arachidonoylethanolamine [8].
AEA and 2AG are characterized by different biosynthetic and metabolic pathways, showing
distinct mechanisms of regulation. AEA can be synthesized through different pathways from
the phospholipid precursors N-arachidonoyl-phosphatidylethanolamine, the most important
of which is a direct conversion catalysed by an N-acyl-phosphatidylethanolamine selective
phosphodiesterase. 2AG principal way of synthesis is through activation of phospholipase C
and subsequent production of diacylglycerol, which is rapidly converted to 2AG by diacyl‐
glycerol lipase. After its re-uptake, AEA is hydrolysed by the enzyme fatty acid amide
hydrolase (FAAH), producing arachidonic acid and ethanolamine, while 2AG is primarily
metabolized by monoacylglycerol lipase (MAG lipase), leading to the formation of arachidonic
acid and glycerol [9]. eCBs may bind not only to the well known CB1 and CB 2 receptors, but
also to other receptors. For instance, AEA may activate the potential vanilloid receptor type 1
(TRPV1) intracellularly [10]. Moreover, ‘orphan’ G protein coupled receptor, GPR55, has been
recently proposed as putative cannabinoid receptor [11], as has been the peroxisome prolifer‐
ator activated receptor, PPAR [12,13]. CB1 and CB2 receptors still remain the best known targets
for AEA and 2AG, though interacting with different affinity: AEA has the highest affinity to
both receptors, whereas 2AG has the highest efficacy on both receptors [14].
eCB synthesis can be induced by physiological or pathological stimuli and results in their
immediate release, with subsequent activation of cannabinoid receptors. Therefore eCBs are
synthesized and released “on demand” by post-synaptic cells, involving the cleavage of
membrane phospholipid precursors. Each member of the endocannabinoid machinery tightly
controls the synthesis, release and degradation of the eCBs, finely tuning the signalling system.
The eCB system has been found altered in several diseases, as multiple sclerosis and spinal
cord injury, neuropathic pain, cancer, atherosclerosis, stroke, myocardial infarction, hyper‐
tension, glaucoma, obesity/metabolic syndrome and osteoporosis, thus paving the way for
new therapeutic strategies aimed at restoring normal eCB system functionality [15].
Currently, the term ‘cannabinoid’ refers more than 100 terpenophenols derived from Cannabis
sativa [16], as well as to synthetic compounds that directly or indirectly interact with cannabi‐
noid receptors. The most psychoactive component of the plant Cannabis sativa is Δ9-tetrahy‐
drocannabinol (Δ9-THC): its biological actions as well as the ones of synthetic cannabinoid
compounds (synthetic compounds active on cannabinoid receptors) are primarily mediated
by CB1 and CB2 receptors. Cannabinoids classification comprises phytocannabinoids (subclas‐
sified in different categories according to their chemical structures, such as Δ9-THC, Δ8-THC,
cannabinol, CBD and cannabicyclol), synthetic compounds active on cannabinoid receptors
(i.e., JWH133, WIN55212-2, SR141716) and endocannabinoids (i.e., AEA and 2AG) which are
produced endogenously (Figure 1).
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Figure 1. Chemical structures of Δ9-tetrahydrocannabinol (Δ9-THC), cannabidiol (CBD), anandamide (AEA) and
WIN55212-2

3. Cannabinoids and cancer
Till now, most of cannabinoids applications in clinical practice of cancer patients comprised
palliate wasting, emesis and pain that often accompany cancer. The discovery of a potential
utility of these compounds for targeting and killing cancer cells led to a significant advance‐
ment in cannabinoid use in cancer treatment. In 1975 Munson et al. [17] demonstrated that the
administration of Δ9-THC, Δ8-THC and cannabinol inhibited the growth of Lewis lung
adenocarcinoma cells in vitro as well as in vivo after oral administration in mice. From then on,
the interest in anti-carcinogenic properties of cannabinoids substantially decreased, until the
discovery of the eCB system and the cloning of the specific cannabinoid receptors, CB1 and
CB2. In the past decades, more and more evidences have contributed to assess and define the
anti-tumourigenic effect of several cannabinoid compounds, including Δ9-THC, cannabidiol
(CBD), synthetic agonists, endocannabinoids and endocannabinoid transport or degradation
inhibitors. These molecules have proved valuable against tumour cell proliferation and
angiogenesis, and induce apoptosis in various cancer types, i.e. lung, glioma, thyroid, lym‐
phoma, skin, pancreas, uterus, breast, prostate and colorectal carcinoma, both in vitro and in
vivo [18-26]. Moreover, other mechanisms adopted by cannabinoids to counteract tumouri‐
genesis are currently emerging and comprise interference with tumour neovascularization,
cancer cell migration, adhesion, invasion and metastasisation [27].
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Notwithstanding these promising anti-tumour effects, the clinical application of Δ9-THC and
other cannabinoid agonists is often limited by their unwanted psychoactive side effects. In line
with this fact, in recent years increasing interest has been focused on non-psychoactive
cannabinoid compounds with structural affinity for Δ9-THC, such as cannabidiol (CBD).
Interestingly, although its very low affinity for both CB1 and CB2 receptors, CBD has been
recently reported to act with unexpectedly high potency in vitro as antagonist of CB1 receptors
in the mouse vas deferens [28] and brain [29] tissues, and to behave as inverse agonist at human
CB2 receptors [29]. Moreover, other putative CBD’s molecular targets are TRPV, 5-HT1A, GPR55
and PPARγ receptors (Figure 2).

Figure 2. Some of the potential biological targets of CBD (with the permission of the authors [30])

Several studies reported the beneficial effects of CBD in the treatment of pain and spasticity
and other CNS pathologies, as multiple sclerosis, Huntington disease, Parkinson etc. More‐
over, many reports demonstrated its anti-tumour effects: it is characterized by a pro-apoptotic
anti-metastatic activity and inhibits cancer cell migration, adhesion and invasion.
The aim of this chapter is to report the state of art on the efficacy of CBD in the modulation of
the different steps of tumourigenesis in several types of cancer. The results here presented
highlight the importance of future further exploration of CBD and/or of CBD analogues as
alternative agents for tumour therapy, at least for breast cancer, glioma, lung tumour and
leukaemia. The data available so far are summarized in Table 1 and are discussed in detail in
the following paragraphs.

4. CBD and breast cancer
In 2006 Ligresti et al. [31] first demonstrated that CBD potently and selectively inhibits the
proliferation of human breast cancer cells. This compound was able to strongly inhibit the
growth of different breast tumour cell lines (MCF7, MDA-MB-231) in vitro, with an IC50 of

Reference

In vivo effect

Apoptosis

Autophagy

Molecular cell signalling

ROS

production

Receptor

involvement

Cancer

In vitro effect

Cannabidiol and Cancer — An Overview of the Preclinical Data
http://dx.doi.org/10.5772/59193

↓ xenografts
↓ proliferation

CB2;
TRPV1

↑

NC

NC

+

growth
↓ lung

[26]

metastases
non-CB1;
Breast

↓ viability

non-CB2;

↓ pAkt; ↑
↑

cytochrome C

non-TRPV1

+

+

NC

[29]

Bid translocation
↓ tumour growth

↓ invasion

NC

↑

↓ Id-1; ↑ pERK

NC

NC

↓ size and
number of

[27,28]

metastases
↓ pERK; ↓ pAkt; ↓

non-CB1;
↓ proliferation partial-CB2;

HIF-1α

↑

↑ cytochrome C

non-TRPV1

NC

+

↓ tumour growth

[33,34,37,38
]

caspase activation

↓ proliferation
Glioma

and

NC

NC

NC

NC

NC

NC

[35]

NC

Ptx insensitive

NC

NC

NC

[39]

invasiveness
non-CB1;
↓ migration

non-CB2;
non-TRPV1

↓ invasiveness

NC

NC

↓ Id-1

NC

NC

NC

[46]

↓ viability

NC

NC

caspase-3 activation

NC

+

NC

[40]

NC

+

↓ p-p38
Leukaemia

↓ viability

CB2

↑

caspase activation; ↓
Bid

↓ tumour burden

Lung

↓ invasion

CB2;

↓ lung

↑ p-p38; ↑ p-ERK; ↑
NC

TIMP-1

TRPV1

[41]

apoptosis

↑ cytochrome C
CB1;

↑ tumour cell

NC

NC

↓ PAI-1

metastases
↓ PAI-1 in

[49,50]

xenografts

Thyroid

cytostatic effect

NC

NC

NC

NC

+

NC

[26]

Thymoma

↓ viability

NC

↑

NC

NC

+

NC

[53]

NC

+

CB1;
Colon

↓ proliferation

TRPV1;
PPARγ

NC

↓ Akt; ↑ 2AG
↑ caspase-3; ↑ COX-2

NC=not checked ↑ increase; ↓ decrease
Table 1. Effects of CBD on different types of cancer

↓ ACF, polyps
and tumours

[55]

403

404

Molecular Considerations and Evolving Surgical Management Issues in the Treatment of Patients with a Brain Tumor

about 6 µM. Worth to note, its effect on non cancer cells resulted far less potent. Further on,
by the use of xenografts obtained by s.c. injection into athymic mice of human MDA-MB-231
breast carcinoma, the authors demonstrated that CBD and CBD-rich extracts (containing
approximately 70% CBD together with lesser amounts of other cannabinoids) not only
inhibited tumour growth in vivo, but also reduced lung metastases deriving from intrapaw
injection of MDA-MB-231 cells. The possible cellular and molecular mechanisms underlying
these effects may include induction of a combination of mechanisms by CBD, involving direct
TRPV1 activation and/or CB2 indirect activation (via FAAH), as well as induction of oxidative
stress.
Subsequent work form McAllister and coworkers [32] demonstrated that CBD not only
affected breast cancer cell proliferation, but it also interfered with invasion and metastasis, two
other crucial final and fatal steps of breast cancer cell progression. Analysis on three different
groups of cannabinoid compounds (phytocannabinoids with affinity for CB1 and CB2 recep‐
tors; phytocannabinoids with no appreciable affinity for CB1 and CB2 receptors; synthetic
compounds with affinity for CB1 and CB2 receptors) revealed that CBD was shown to be one
of the most effective inhibitors of human breast cancer cell proliferation, being as potent as Δ9THC and CP55940 in inhibiting MDA-MB-231 and MDA-MB-436 cell growth respectively, and
resulting as the most potent inhibitor of the MDA-MB-231 cell migration. By the use of Boyden
chamber the authors also investigated the effect of several cannabinoids on the ability of MDAMB-231-the most aggressive breast cancer cell line-to migrate and invade a reconstituted
basement membrane: CBD demonstrated once more to be the most potent inhibitor of cell
invasion. Further investigation concerned the identification of the cellular mechanism
underlying CBD effect on cell growth and invasion. CBD was predicted to act through the
regulation of key genes involved in the control of cell proliferation and invasion. In particular,
attention was focused on Id-1 protein, an inhibitor of basic helix-loop helix transcription
factors, which overexpression in breast cancer cells stimulates proliferation, migration and
invasion. In fact, CBD exerted inhibition of Id-1 expression at the same concentrations already
proved to be effective against proliferation and invasion (0.1, 1 and 1.5 µM). It is worth noting
that CBD has no effect on invasiveness in cells that ectopically expressed Id-1. CBD therefore
revealed a non toxic exogenous agent able to significantly decrease Id-1 expression in breast
cancer cells and, at the same time, effective at reducing tumour aggressiveness.
Later work from the same group elucidated the cellular pathways involved in the downregulation of Id-1 expression by CBD and leading to inhibition of human breast cancer
proliferation and invasiveness [33]. First of all, they demonstrated that CBD-induced upregulation of the extracellular signal-regulated kinase phosphorylation (p-ERK) was respon‐
sible for inhibition of Id-1 expression and subsequent human breast cancer cell proliferation
and invasion. Indeed, the ERK inhibitor, U0126, partially reverted the ability of CBD to inhibit
proliferation and invasion and attenuated its effect on Id-1 expression. Besides ERK upregulation, also the production of reactive oxygen species (ROS) seems to play a role in CBD
inhibitory effect on Id-1. In fact, CBD ability to inhibit proliferation, invasion and Id-1 expres‐
sion was reversed by the use of tocopherol, a ROS scavenger. In addition to Id-1, CBD also
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modulates the pro-differentiation factor Id-2, inducing its up-regulation. Consistent with the
work from Ligresti [31], CBD also demonstrated in vivo efficacy: it reduced primary tumour
mass as well as the size and number of metastatic foci in two models of metastasis.
The most recent contribute to the elucidation of the cellular mechanism elicited by CBD to
induce cell death in breast cancer cells comes from an excellent paper of Shrivastava et al. [34].
According to the experiments that they performed on both estrogen receptor positive and
estrogen receptor negative breast cancer cells, CBD (0.1-10 µM for 24 h) induced a concentra‐
tion-dependent cell death. Worth to note, the effective concentrations of CBD in tumour cells
have little effect on MCF-10A cells, a line of non tumourigenic, mammary cells. This effect
resulted to be independent of CB1, CB2 and TRPV1 receptor activation. Cell morphology
assessed through electron microscopy revealed to be consistent with the coexistence of
autophagy and apoptosis. These events were promoted by the induction of endoplasmic
reticulum (ER) stress and the inhibition of Akt/mTOR/4EBP1 signalling. Also ROS production
induced by CBD seems to play a role, since ROS inhibition through tocopherol blocked the
induction of apoptosis and autophagy. Further investigation of the cellular mechanisms
involved in CBD-induced programmed cell death (PCD) demonstrated that this compound
reduced mitochondrial membrane potential, triggered the translocation of the Beclin2
Interacting Protein (Bid) to the mitochondria and the release of cytochrome C to the cytosol
and, ultimately, the activation of the intrinsic apoptotic pathway. The relationship between
CBD-induced apoptosis and autophagic cell death was also explored through blockade of each
form of the PCD with specific caspase and autophagy inhibitors. In the first case, caspase
inhibition reduced CBD pro-apoptotic effect and corresponded to lower levels of protein
markers in breast cancer cells. On the other hand, the inhibition of autophagy enhanced the
level of CBD-induced apoptosis and determined an increase in protein marker expression. As
suggested by these data, blockade of CBD-induced autophagy likely results in a compensatory
increase of apoptosis as an alternative means of PCD. CBD-induced PCD thus depends on a
precise balance between apoptosis and autophagy which could be mediated by Beclin1.
Though its mechanism of action is not clearly elucidated, Beclin1 is considered a key signalling
molecule in the autophagic process. It has been recently suggested that Beclin1 is cleaved by
caspases and that such cleaved form is incapable of inducing autophagy [31,32]. CBD treatment
(5 to 10 µM) resulted in the cleavage of Beclin1. This is consistent with induction of caspases
activity and suggests that Beclin1 may likely have a role in CBD-mediated cell death. The
consequent cleavage product translocates to the mitochondria, where it induces apoptosis by
enhancing the release of cytochrome C [35,36]. The cleavage and consequent translocation of
cleaved Beclin1 to the mitochondria induced by CBD treatment may thus be crucial among
the mechanisms elicited by CBD to modulate the balance between autophagy and apoptosis
in breast cancer cells.
As a whole this work highlights the presence of a complex mutual regulation of autophagy
and mitochondria-mediated apoptosis in CBD-induced breast cancer cell death. The very
promising data here reported support the idea that this non toxic compound could likely
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represent either a new therapeutic opportunity for breast cancer treatment or the starting point
for a second generation compound to be tested in clinic.
In Figure 3 it is depicted a schematic representation of the signalling pathways associated with
CBD effect in breast cancer cell proliferation and invasion.

Figure 3. Schematic representation of the signalling pathways associated with CBD effects on breast cancer (with the
permission of the authors [30])

5. CBD and glioma
Moreover, CBD also exhibited anti-tumoural properties in gliomas, a class of brain tumours
of glial origin characterized by a high morphological and genetic heterogeneity accounting for
over 30% of all primary brain tumours. Gliomas are characterized by a high proliferative rate,
aggressive invasiveness and insensitivity to radio-and chemotherapy, and are considered
among the most rapidly growing and devastating solid tumours.
In a seminal paper Jacobsson et al. [37] first demonstrated that CBD displayed a serumdependent effect on C6 murine glioma cell proliferation. Massi et al. [38] afterwards reported
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in 2004 an effective inhibition of U87-MG and U373 human glioma cell proliferation in vitro
following CBD treatment, associated with the induction of apoptosis. Exposure of both cell
lines to CBD for 24 h induced a concentration-and time-dependent inhibition of the mitochon‐
drial oxidative metabolism, with an IC50 value of 25 µM. The authors then evaluated the effect
of intratumoural in vivo treatment with CBD, in tumour xenografts generated by subcutaneous
injection of glioma cells in the flank region of immune-deficient mice. The treatment caused a
significant reduction (60% mean) of the tumour growth over a 23-day period of observation
[38]. Data from flow-cytometric analysis and ssDNA detection assay indicated that this
reduction was correlated to CBD ability to induce a PCD. Of note, subsequent investigation
demonstrated that CBD as no effect on the viability of non transformed primary glial cells [39].
Analysis of the cellular mechanisms responsible for CBD anti-proliferative effect demonstrated
the lack of significant stimulation of cannabinoid and vanilloid receptors [38]. The sole CB2
receptor antagonist SR144528 only weakly and transiently reverted CBD effect, a partial
antagonism being present only over a 24 h-period and restricted to just one glioma cell lineage.
Further data from the same work demonstrated for the first time that CBD anti-tumour effect
depend on its ability to induce an oxidative stress state in the tumour cells: indeed this molecule
induced an elevated and early production of ROS, a corresponding depletion of intracellular
glutathione and an increase of activity of the GSH-associated enzymes. Consistent with these
evidences, the anti-proliferative effect of the drug was reversed by the anti-oxidant, tocopherol.
It is worth noting that CBD did not affect ROS production in non transformed primary glial
cells [39]. Subsequent investigation of the cellular events implicated in glioma cell death
demonstrated that CBD induces a time-dependent release of cytochrome C and activation of
caspase-8, caspase-9 and caspase-3: both the intrinsic and the extrinsic pathways of apoptosis
result therefore involved in CBD effect [39].
Further support to the efficacy of CBD in inhibiting the growth of different glioblastoma cell
lines (SF126, U251 and U87-MG) comes from a work from Marcu et al. [40]. In their paper the
authors demonstrated not only that CBD appears more potent that Δ9-THC, but also that
combination treatment of Δ9-THC with CBD determined an enhancement of Δ9-THC inhibitory
effect on glioblastoma cell growth, but not on invasiveness [40]. Accordingly, Torres et al. [41]
recently confirmed that association of CBD with Δ9-THC treatment greatly reduced the
viability of several human glioma cells and determined an enhancement of both autophagy
and apoptosis, with corresponding triggering of caspase-3 activation. Exposure of xenografts
generated from U87-MG cells in nude mice to submaximal concentrations of CBD in combi‐
nation with Δ9-THC inhibited tumour growth at a higher extent than the treatment with the
individual compounds: these data suggest a potential use of the combinatory therapy as a
strategy to allow reduction of the amount of the psychoactive Δ9-THC in potential cancer
treatment.
The cellular mechanism involved in the synergistic action of the combined therapy were
investigated by Marcu et al. [40]: double treatment with CBD and Δ9-THC in vitro induced cell
cycle arrest, stimulation of ROS production and sustained activation of caspases-3,-7 and-9,
with consequent induction of apoptosis, together with specific modulation of the extracellular
signal-regulated kinase, ERK. Exposure to each individual compound was unable to induce
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these specific effects, suggesting that the signal transduction pathways affected by the
combination treatment were unique. Recent results form Parolaro’s group [42] apparently
disagree with Marcu’s data, as in their hands CBD per se strongly down-regulates ERK, as well
as another signalling molecule playing a crucial role in tumour cell proliferation, such as PI3K/
Akt, both in U87-MG cells and in cannabinoid-resistant T98G human glioma cell lines.
Moreover, CBD also profoundly down-regulated the hypoxia-inducible transcription factor
HIF-1α, one of the most critical stimuli for cell survival, motility and tumour angiogenesis.
These evidences suggest that HIF-1α, together with ERK and Akt, represent three of the
multiple molecular targets through which the CBD exerts its anti-neoplastic activity [42].
Talking about the mechanisms elicited by CBD to prevent glioma growth, further ex vivo
investigations, performed on glioma tumour tissues excised from nude mice treated in vivo
with CBD, showed its ability to modulate the lipoxygenases (LOX) pathway and the endo‐
cannabinoid system [43]. Biochemical analysis indicated a significant decrease of 5-LOX
activity and content and of its end-product leukotriene B4, as well as a marked stimulation of
the fatty acid amide hydrolase (FAAH), and a decrease of AEA content. In contrast, cycloox‐
ygenase (COX)-2 activity and content were not affected by CBD.
CBD ability to reduce tumour growth is not only restricted to cell proliferation, but several
data also support its effects on glioma cell migration and invasiveness. As a matter of fact, CBD
inhibited U87-MG glioma cells migration in a concentration-dependent way, at concentrations
lower than those required to inhibit cell proliferation [44]. Treatment with the selective
cannabinoid receptor antagonists SR141716 (CB1), SR144528 (CB2) or by pretreatment with
pertussis toxin were not able to antagonize CBD anti-migratory effect, thus indicating no
involvement of classical cannabinoid receptors and/or Gi/o protein coupled receptors. Cell
invasiveness, evaluated through a reconstituted basement membrane in a Boyden chamber
test, was reduced after CBD treatment in U251 glioma lineage [40].
Worth to note, an activation of TRPV2 receptor by CBD have recently [45] demonstrated to
inhibit human glioma cell proliferation and overcome carmustine resistance of glioma cells.
This mechanisms seems to involve increase in Ca2+influx and consequent drug uptake,
synergizing with cytotoxic agents to induce apoptosis of glioma cells. Interestingly this effect
was limited to tumour cells, whereas it is absent in normal human astrocytes.
At last, Soroceanu and coworkers [46] recently investigated the role of the transcriptional
regulator Id-1 in modulating the invasiveness of glioma cells. As previously reported for breast
cancer, Id-1 expression levels positively correlate with glioma cell invasiveness in culture and
with histopathological grades in patient biopsies. The authors showed that CBD significantly
down-regulates Id-1 gene expression and associated glioma cell invasiveness and self-renewal,
and glioma progression in vivo, thus suggesting that Id-1 may be an additional target for CBD.
As a whole, CBD seems to counteract glioma cell proliferation and invasion through multiple
mechanisms. Most of them are summarized in Figure 4.
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Figure 4. Schematic representation of the signalling pathways associated with CBD effects on glioma

6. CBD and leukaemia/lymphoma
Gallily et al. [47] first evidenced the possible role of CBD in the treatment of lymphoblastic
diseases. They demonstrated that 24 h-treatment with CBD induced apoptosis in human acute
myeloid leukaemia HL-60 cell line: the effect was dose-dependent and involved caspase-3
activation. On the contrary, CBD treatment had no effect on human monocytes from normal
individuals.
By far the most important work in this field was from McKallip et al. [48]. They exposed the
murine EL-4 lymphoma cell line and the human Jurkat and Molt-4 leukaemia cell lines to CBD
(1-10 µM) and demonstrated that this compound is able to reduce the number of viable cells
and to induce apoptosis, both in vitro and in vivo, in a CB2 receptor dependent way. In
particular, treatment with CBD in vivo led to a significant reduction in tumour burden and
determined a higher level of apoptotic tumours in EL-4-bearing mice [48].
As far as the cellular mechanisms are concerned, CBD effect on Jurkat cells in vitro involved
the activation of caspase-8, caspase-9, and caspase-3, caused the cleavage of poly(ADPribose)
polymerase, and corresponded to a decrease in full-length Bid: these concerted events support
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a possible cross-talk between the intrinsic and extrinsic apoptotic pathways. CBD exposure
caused a loss of mitochondrial membrane potential and the subsequent release of cytochrome
C, thus further confirming the crucial role of mitochondria in PCD regulation by CBD.
Moreover, as previously observed in other tumour cells, CBD treatment corresponded to an
increase of ROS production as well as in the expression of the NAD(P)H oxidases Nox4 and
p22phox. Treatment with the ROS scavengers or the NAD(P)H oxidase inhibitors prevented both
CBD-mediated induction of apoptosis and ROS increase. Finally, CBD down-regulated
phosphorylation and consequent activation of p38 mitogen-activated protein kinase, but did
not affect p-ERK and p-JNK levels. Exposure to a CB2-selective antagonist or to a ROS
scavenger reverted this effect, thus suggesting that CBD may involve CB2 receptors and
regulation of Nox4 and p22phox expression in its action [48].
As a whole, CBD may represent a novel and highly selective candidate for leukaemia treat‐
ment. It is worth noting that previous evidences indicated that human leukaemias and
lymphomas expressed significantly higher levels of CB2 receptors compared to other tumour
cell lines. For this reason the observation that CBD mediates apoptosis through CB2 receptors
is particularly relevant, suggesting the possibility that tumours of immune origin may be
highly sensitive to the CB2-mediated effects of CBD [49].

7. CBD and lung cancer
Lung cancer is characterized by a particularly aggressive biological nature and is, at present,
poorly responsive to available therapy. For this reason, a series of targets and therapeutic
strategies for its treatment are currently being investigated [50-53].
Ramer’s research group is one of the most active interested in preclinical lung cancer research.
They recently [54-56] evaluated CBD effects on A549 cells, a line of human lung carcinoma
cells expressing both CB1 and CB2, as well as TRPV1 receptors, with particular focus on
invasiveness. By the use of Matrigel invasion assay, they demonstrated that CBD induces an
impaired invasion of A549 cells; this impairment was reversed by antagonists to both CB1 and
CB2 receptors as well as to TRPV1. Moreover, they observed that invasion decrease determined
by CBD treatment corresponded to an upregulation of tissue inhibitor of matrix metallopro‐
teinases-1 (TIMP-1); on the other hand, knocking down of TIMP-1 expression through a siRNA
approach was able to reverse the CBD-elicited decrease in tumour cell invasiveness. These
evidences suggest that there may be a causal link between the TIMP-1 up-regulation and CBD
anti-invasive action. CBD was also shown to induce phosphorylation of two mitogen-activated
protein kinases, p38 and p42/44: these have been identified as upstream mechanisms leading
to TIMP-1 induction and subsequent decrease of invasiveness. Interestingly, these events are
all prevented by exposure to cannabinoids or TRPV1 receptor antagonists.
The authors also performed in vivo studies in thymic aplastic nude mice [54]: in such model,
intravenous injection of CBD at a dose of 5 mg/kg in animals caused a significant inhibition of
A549 lung metastasis, further supporting the possible therapeutic benefit of CBD adoption.
Together with the strong inhibition of A549 cell invasion, CBD treatment induced a corre‐
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sponding down-regulation of the plasminogen activator inhibitor PAI-1 expression and
secretion, another factor playing an important role in the regulation of cell spreading [55].
CBD-driven decrease in PAI-1 secretion and cell invasion were suppressed by exposure to
CB1 and CB 2 receptors as well as to TRPV1 receptor antagonists. Recombinant human PAI-1
led to a concentration-dependent up-regulation of invasiveness, while PAI-1 siRNA caused
down-regulation, suggesting a crucial role of PAI-1 in A549 invasiveness. The same experi‐
ments were also performed in two other human lung cancer cell lines, H460 and H358, and
key data were confirmed.
PAI-1 also revealed crucial in vivo: CBD treatment (5 mg/kg) of A549 xenografts of rats
determined its significant down-regulation [55].
One of the most important aspects in these works resides in the dose-range at which CBD
effectively inhibits invasion. In fact, treating human lung cancer cells for 72 h with CBD the
authors observed a significant effect at a concentration as low as 0.01 µM, corresponding to a
33% inhibition when compared to control vehicle. At the same conditions [56] an equimolar
concentration of Δ9-THC caused a 68% inhibition of cell invasion. Nonetheless, it is worth
noting that CBD anti-invasive effect occurred in a range of therapeutically relevant concen‐
trations: as a matter of fact, as reported from a clinical study on healthy volunteers, CBD
reached peak plasma concentrations between 0.01 µM and 0.05 µM following administration
of SativexTM (1:1 ratio of Δ9-THC and CBD) at the buccal dose of 10 mg or at the self-titrated
doses during chronic therapy [57].
In their most recent work, Ramer et al. [58] demonstrated that CBD reduces cell viability in
lung cancer cell lines (A549, H460) and primary cells from a patient with lung cancer, this effect
being associated with apoptosis. The cellular mechanisms induced by CBD involve an initial
up-regulation of COX-2 and PPAR-γ, both in vitro, in A549 and H460 cell lines, and in vivo, in
A549-xenografted nude mice, and a subsequent nuclear translocation of PPAR- by COX-2dependent prostaglandins.
As a whole, these evidences contribute to elucidate the mechanisms underlying CBD antiinvasive action on human lung cancer cells and strongly support its possible use as a thera‐
peutic option for the treatment of highly invasive types of cancers.

8. CBD and endocrine tumours
Among the endocrine malignancies, the most common one is thyroid cancer. This kind of
tumour is characterized by overactivation of Ras, that may depend on activating mutations in
the ras gene or on overactivation of receptor tyrosine kinase receptors. According to these
observations, new strategies for the treatment of thyroid cancer should reasonably point at Ras
as crucial molecular target.
Ligresti et al. [31] first exposed KiMol cells – rat thyroid cells transformed with the v-K-ras
oncogene – to CBD treatment: this phytocannabinoid caused anti-proliferative effects in

411

412

Molecular Considerations and Evolving Surgical Management Issues in the Treatment of Patients with a Brain Tumor

association with a cell cycle block at the G1/S phase transition, which was accompanied by a
pro-apoptotic action.
Further studies from Lee et al. [59] demonstrated a marked CBD pro-apoptotic effect in both
murine thymocytes and EL-4 thymoma cells: this effect was time-and concentration-related.
In particular, according to time-course analyses, CBD-mediated apoptosis occurred earlier in
EL-4 cells than in thymocytes. The cellular events triggered by CBD were similar in both T
cells: ROS generation played a pivotal role, although the basal level of ROS in thymocytes was
lower than that in EL-4 cells. Exposure to the glutathione precursor N-acetyl-L-cysteine (NAC)
markedly attenuated CBD-driven induction of apoptosis, and reverted the decrease of cellular
thiols levels.
In conclusion, unlike monocytes, T cells, both primary and immortalized, are all sensitive and
similarly responding to CBD, as demonstrated by the fact that CBD induced oxidative stress
in thymocytes, EL-4 cells and splenocytes [60]. ROS generation proved to play a central role
in this response.

9. CBD and colon cancer
Colon cancer is one of the principal causes of morbidity and mortality in Western countries.
Its aetiology seems to reside in a series of histopathological and molecular changes that
transform normal colonic epithelial cells, give rise to Aberrant Crypt Foci (ACF) and polyps
as intermediate steps, and at last develops a colorectal carcinoma.
First investigation about CBD effect on SW480 colon and LNCaP prostate carcinoma cells
comes from Sreevalsan et al. [61]. They demonstrated that CBD inhibits cell growth in both
cell lines. This anti-proliferative effect corresponds to an induction of apoptosis. Moreover,
CBD induced mRNA expression of several dual specificity phosphatases and protein tyrosine
phosphatases. This is particularly relevant given that the anti-tumoural effects of many
cannabinoids include modulation of intracellular kinase. The pro-apoptotic activity of CBD
was phosphatase-dependent in both cell lines, on the other hand, cannabinoid receptors
mediated its effects only in prostate cancer cells, whereas their role in colon carcinoma is
controversial.
Izzo and coworkers recently [62] investigated the effect of CBD in a preclinical animal model
of colon cancer based on azoxymethane (AOM) administration in mice. AOM causes in
exposed cells occurrence of ACF (preneoplastic lesions), polyps, and tumour formation, as well
as up-regulation of p-Akt, iNOS and COX-2 and the down-regulation of caspase-3. The authors
demonstrated that CBD possesses effective chemopreventive properties: it reduced ACF,
polyps and tumours and counteracted AOM-induced p-Akt and caspase-3 changes. Moreover,
in vitro studies performed in colorectal carcinoma cell lines evidenced that CBD protected DNA
from oxidative damage, increased endocannabinoid levels and reduced cell proliferation in a
CB1-, TRPV1-and PPAR-γ-antagonists sensitive manner.
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Based on these promising data and on its safety records, it is likely to consider CBD a worthy
candidate for clinical consideration in colon cancer prevention.

10. CBD and angiogenesis
More and more evidences indicate that a new promising therapeutic target for cancer therapy
is represented by angiogenesis, the formation of new blood vessels from the pre-existing ones.
Moreover, tumour angiogenesis is target of several cannabinoids, which not only downregulate the production of pro-angiogenic factors in cancer cells, but also directly modulate
endothelial cell growth [27]. It is hence surprising the lack of any data on CBD ability to
influence angiogenesis.
As Solinas et al. recently demonstrated [63], CBD is a potent inhibitor of HUVE cell prolifer‐
ation, migration and invasion, acting through the induction of endothelial cell cytostasis, but
without triggering apoptosis. Interestingly, CBD affected endothelial cell differentiation into
tubular capillaries and blocked the outgrowth of capillary-like structures from HUVEC
spheroids in vitro. Moreover, CBD anti-angiogenic effect was also evident in vivo in a matrigel
sponge model. The cellular mechanisms elicited seem to involve down-modulation of several
molecules associated with angiogenesis, including MMP2 and MMP9, uPA, Endothelin-1,
PDGF-AA and CXCL16.
These preliminary data are very promising and demonstrate for the first time that, besides its
well known pro-apoptotic anti-proliferative and anti-invasive actions, CBD may also exert
anti-angiogenic effects, thus further strengthening its potential application in cancer therapy.

11. Conclusion
Much interest has been addressed to CBD since it is a plant-derived cannabinoid devoid of
psychoactive properties. Many evidences support its pro-apoptotic and anti-proliferative
actions in different types of tumours, as well as its anti-migrative, anti-invasive, anti-metastatic
and perhaps anti-angiogenic properties. This wide range of anti-tumour effects indicate that
CBD may likely be a potent inhibitor of both cancer growth and spreading.
In this regard, it is worth noting that, at least in vitro, this compound seems to exert its anticancer effect selectively on cancer cells, without affecting normal cell viability. Moreover, CBD
revealed extremely efficient in inhibiting tumour growth: its versatility can be ascribed to the
modulation of multiple cellular pathways that control tumourigenesis and consequent altering
of different intracellular signalling, depending on the cancer type considered.
In particular, among all, increase in ROS production appears to be one of the most common
and crucial mechanisms induced by CBD to exert its effects in all of the considered cancer cell
lines. Less obvious is the role of cannabinoid and vanilloid receptors in mediating CBD action.
In some cases (lung, leukaemia, colon) exposure of the cells to specific antagonists clearly
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demonstrated the essential contribution of these receptors. In other kinds of cancer (breast and
glioma) their relevance appears only marginal or absent.
Of note, CBD demonstrated to efficiently inhibit cancer development not only in vitro, but also
in several in vivo tests, determining reduction of tumour growth and, in some cases, of
metastatization.
Nonetheless, the opportunity to introduce CBD in clinical practice for cancer treatment needs
some consideration. A good starting point comes from high tolerability and from the lack of
toxic effects. Indeed oral administration of CBD 700 mg/day for 6 weeks did not show any
overt toxicity in humans [64] suggesting its possible exploitation for prolonged treatment. On
the other hand, CBD oral absorption is slow and unpredictable, making it difficult to realize
the optimal route of administration. Previous trials indicated that 6 weeks of oral CBD
treatment 10 mg/kg/day induced a mean plasma level of CBD between 6 and 11 ng/ml (about
0.0036 µM) [65] and that this value did not differ significantly over the 6 weeks of adminis‐
tration. Of note, this same range of concentration was effective in inhibiting lung cancer cell
invasion [55,56]: for instance in this case, the oral route could be the appropriate choice.
Moreover, according to experimental data showing that combined treatment with CBD and
Δ9-THC could be more effective in reducing cancer cell proliferation, the co-administration
may represent a better choice for cancer therapy. In line with this, oromucosal treatment with
SativexTM 10 mg (a formulation consisting of 1:1 ratio of Δ9-THC and CBD and recently
approved for multiple sclerosis) provoked CBD plasma level of approximately 0.01 µM and
up to 0.05 µM in humans, a concentration range effective in reducing lung cell invasion in
vitro. As reported, the use of different associations of phytocannabinoids in a variable propor‐
tion might lead to a better outcome without pharmacokinetic interaction [66]. Another
favourable aspect of oromucosal administration is its possible application in presence of
nausea and vomiting. In view to overcome the several limitations to the systemic administra‐
tion of cannabinoids in part derived from their high lipophilicity, a recent work from Hernán
Pérez de la Ossa et al. [67] investigated the effects of CBD-and ∆9THC-loaded poly-ε-capro‐
lactone microparticles as an alternative delivery system for long-term cannabinoid adminis‐
tration in a murine xenograft model of glioma. Local administration of ∆9-THC-, CBD-or a
mixture (1:1 w:w) of ∆9THC- and CBD-loaded microparticles every 5 days to mice bearing
glioma xenografts reduced tumour growth with the same efficacy than a daily local adminis‐
tration of the equivalent amount of those cannabinoids in solution. Moreover, treatment with
cannabinoid-loaded microparticles enhanced apoptosis and decreased cell proliferation and
angiogenesis in these tumours.
Moreover, it would be worth evaluating the possibility to use CBD (or Sativex) in combination
with classical chemotherapeutic agents: this would enable to check for the presence of a
synergistic effect that might potentially allow clinical chemotherapeutic dose reduction, and
consequently reduce toxicity while maintaining efficacy.
Bearing in mind that CBD is already currently used in patients with multiple sclerosis, and in
light of the findings here summarized, it can be concluded that CBD might be a good candidate
for a future clinical approach and/or for the synthesis of a second generation compound, as
suggested by McAllister’s group. In view of these opportunities and based on the data here
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presented, further research should be addressed to continue exploration of CBD and/or of CBD
analogues as alternative agents for cancer therapy.
Nomenclature
The drug/molecular target nomenclature conforms to the BJP’s Guide to Receptors and
Channels [68].
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A dramatic increase in knowledge regarding the molecular biology of brain tumors
has been established over the past few years. In particular, recent new avenues
regarding the role of microRNAs along with further understanding of the importance
of angiogenesis, immunotherapy and explanations for the resistance of the tumors to
radiation therapy have been developed. A discussion of certain surgical management
issues including improvements in imaging along with issues concerning tumor induced
epilepsy is included. It is hopeful that this new information will lead to efficacious
treatment strategies for these tumors which remain a challenge. In this book, a review
of the latest information on these topics along with a variety of new therapeutic
treatment strategies with an emphasis on molecular targeted therapies is provided.
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