
Tumors of the  
Central Nervous System 

Primary and Secondary

Edited by Lee Roy Morgan

Edited by Lee Roy Morgan

A novel concept that is reviewed and discussed in several chapters in the book alludes 
to the transport of drugs bound to red blood cells into the highly vascular CNS tumors 

- both primary and metastatic. Such a transport mechanism is unique and of significant 
therapeutic potential. It is hopeful that the novel information presented in this book 

will result in new approaches to the treatment CNS tumors.

Photo by bestdesigns / iStock

ISBN 978-953-51-1576-2

Tum
ors of the C

entral N
ervous System

 - Prim
ary and Secondary



TUMORS OF THE
CENTRAL NERVOUS

SYSTEM – PRIMARY AND
SECONDARY

Edited by Lee Roy Morgan



TUMORS OF THE
CENTRAL NERVOUS

SYSTEM – PRIMARY AND
SECONDARY

Edited by Lee Roy Morgan



Tumors of the Central Nervous System - Primary and Secondary
http://dx.doi.org/10.5772/57014
Edited by Lee Roy Morgan

Contributors

Richard Michael Zuniga, Siddharth Joshi, Lee Roy Morgan, Igor Pessoa, Fabio Da Silva, Nilson Anselmo, Edivaldo 
Herculano Correa De Oliveira, Pinar Atukeren, Taner Tanriverdi, M.Ramazan Yigitoglu, Marc-Eric Halatsch, Georg 
Karpel-Massler, Adrianna Ranger, Navjot Chaudhary, Jonathan Lau, Hassan Mahmoud Fathallah-Shaykh, Paula 
Province, Davide Schiffer, Laura Annovazzi, Yasushi Shibata

© The Editor(s) and the Author(s) 2014
The moral rights of the and the author(s) have been asserted.
All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced, 
distributed or used for commercial or non-commercial purposes without INTECH’s written permission.  
Enquiries concerning the use of the book should be directed to INTECH rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2014 by INTECH d.o.o.
eBook (PDF) Published by  IN TECH d.o.o.
Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.
Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Tumors of the Central Nervous System - Primary and Secondary
Edited by Lee Roy Morgan

p. cm.

ISBN 978-953-51-1576-2

eBook (PDF) ISBN 978-953-51-7211-6



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

4,200+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

116,000+
International  authors and editors

125M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editor

Dr. Morgan is a clinical pharmacologist and oncologist 
whose research interests are focused on developing new 
and novel agents that penetrate the CNS and are effec-
tive against both CNS primary and metastatic cancers. 
Dr. Morgan is currently CEO of DEKK-TEC, Inc. in New 
Orleans, Louisiana.



Contents

Preface VII

Section 1 CNS Cancer – Past, Present and Future    1

Chapter 1 High Grade Glioma — Standard Approach, Obstacles and
Future Directions   3
Siddharth K. Joshi and Richard Zuniga

Chapter 2 Paediatric Brainstem Cancers — Where We Have Been; Where
We Are; Where We Are Going   31
Adrianna Ranger, Navjot Chaudhary and Jonathan Lau

Section 2 New Diagnostic Approaches – CNS Tumors    61

Chapter 3 Spatial Relationships of MR Imaging and Positron Emission
Tomography with Phenotype, Genotype and Tumor Stem Cell
Generation in Glioblastoma Multiforme   63
Davide Schiffer, Consuelo Valentini, Antonio Melcarne, Marta
Mellai, Elena Prodi, Giovanna Carrara, Tetyana Denysenko, Carola
Junemann, Cristina Casalone, Cristiano Corona, Valentina Caldera,
Laura Annovazzi, Angela Piazzi, Paola Cassoni, Rebecca Senetta,
Piercarlo Fania and Angelina Cistaro

Chapter 4 New Application of 123I-Iodoamphetamine SPECT for the
Diagnosis of Primary Central Nervous System Lymphoma   95
Yasushi Shibata

Section 3 Neurobiochemical – Considerations for the Future    103

Chapter 5 Biochemical and Surgical Aspects of Epilepsy Related to Brain
Tumors — Appraising Redox Biology and Treatments   105
Pinar Atukeren, Taner Tanriverdi and M. Ramazan Yigitoglu



Contents

Preface XI

Section 1 CNS Cancer – Past, Present and Future    1

Chapter 1 High Grade Glioma — Standard Approach, Obstacles and
Future Directions   3
Siddharth K. Joshi and Richard Zuniga

Chapter 2 Paediatric Brainstem Cancers — Where We Have Been; Where
We Are; Where We Are Going   31
Adrianna Ranger, Navjot Chaudhary and Jonathan Lau

Section 2 New Diagnostic Approaches – CNS Tumors    61

Chapter 3 Spatial Relationships of MR Imaging and Positron Emission
Tomography with Phenotype, Genotype and Tumor Stem Cell
Generation in Glioblastoma Multiforme   63
Davide Schiffer, Consuelo Valentini, Antonio Melcarne, Marta
Mellai, Elena Prodi, Giovanna Carrara, Tetyana Denysenko, Carola
Junemann, Cristina Casalone, Cristiano Corona, Valentina Caldera,
Laura Annovazzi, Angela Piazzi, Paola Cassoni, Rebecca Senetta,
Piercarlo Fania and Angelina Cistaro

Chapter 4 New Application of 123I-Iodoamphetamine SPECT for the
Diagnosis of Primary Central Nervous System Lymphoma   95
Yasushi Shibata

Section 3 Neurobiochemical – Considerations for the Future    103

Chapter 5 Biochemical and Surgical Aspects of Epilepsy Related to Brain
Tumors — Appraising Redox Biology and Treatments   105
Pinar Atukeren, Taner Tanriverdi and M. Ramazan Yigitoglu



Chapter 6 Alterations in TP53 gene – Implications in Tumorigenesis
Process and Prognosis in Central Nervous System Cancer   127
Igor Andrade Pessôa, Fabio P. Estumano da Silva, Nilson Praia
Anselmo and Edivaldo Herculano C. de Oliveira

Section 4 Angiogenesis and Immune Therapy – New Therapeutical
Approaches    175

Chapter 7 Anti-Angiogenesis,  Gene Therapy, and Immunotherapy  in
Malignant Gliomas    177
Paula Province, Alexis Bashinski Shaefer, Benjamin McCullough and
Hassan M Fathallah-Shaykh

Chapter 8 Erlotinib in Glioblastoma – A Current Clinical Perspective   223
Georg Karpel-Massler and Marc-Eric Halatsch

Section 5 New Drugs for CNS Tumors – The Hope for the Future    237

Chapter 9 Comparative Preclinical Pharmacology and Toxicology for 4-
demethyl-4-cholesteryloxycarbonylpenclomedine (DM-CHOC-
PEN) — A Potential Neuro-Alkylating Agent for Glioblastoma
(GBM) and Metastatic Cancers Involving the Central
Nervous System   239
Lee Roy Morgan, Andrew H. Rodgers, Gerard Bastian, Edmund
Benes, William S. Waud, Christopher Papagiannis, Dan Krietlow,
Branko S. Jursic, Robert F. Struck, Gerald LaHoste, Melissa Thornton,
Melody Luttrell, Edward Stevens and Rodger Thompson

X Contents

Preface

The treatment of malignancies involving the central nervous system – primary, as well as meta‐
static, has improved in recent years, however, the long term responses are still depressing.

The causes for the paucity of useful chemotherapeutic agents have been due to a reluctance
to enroll patients with advanced CNS cancer in new clinical trials.

Thus, the knowledge of anti-cancer drug pharmacology in the brain is lagging. Tumors of the
Central Nervous System – Primary and Secondary presents a concerted effort to appreciate the
relationships between the pathophysiology of malignancies growing in the brain, the func‐
tions of the blood brain barrier (BBB), tolerance of the brain to potential new drugs, and new
imaging techniques. Neurooncology has been a sleeping giant and finally the neurosur‐
geons, neuropharmacologists, neuro-oncologists, neuro-physiologists and the medicinal
chemists are all working together to identify novel, safe and effective anticancer agents and
procedures to treat CNS tumors. Plus the FDA’s Orphan Designated Drug program has cre‐
ated an incentive for pharmaceutical industry involvement. Maybe we can ‘catch up’ .

Every chapter in “Tumors of the Central Nervous System – Primary and Secondary “ is an exam‐
ple of neuro-collaborations and contains new approaches, in-depth discussions and/or re‐
views of diagnostic and therapeutic concepts that will improve the management of key
topics in neurooncology.

Neurooncology is still an empirical subspecialty when it comes to selecting treatment plans or
cancer chemotherapy. We continue to face the age old question from patients and families
during the treatment process – will the patient respond, not when a response will occur . This is
often based on the fact that we lack the ability to predict whether or not a drug or drugs
will:

Be absorbed

Be absorbed

Undergo the required activation or metabolism

Enter the cancer cell

Target a bio-sensitive site

and , if all the required pharmacological criteria are met, in fact ‘will the cancer cell respond in
the proper way to therapy – with death’!

Tumors of the Central Nervous System – Primary and Secondary is designed to integrate con‐
cepts in surgery, diagnostic imaging, radiation and molecular pharmacology with results
from empirical trials to promote our advancement on current neurooncology issues.
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Perhaps the information presented in these chapters will help reverse the negative concept
that ‘Cancer of the Brain’ always has a fatal outcome.

I sincerely hope that all enjoy reading the book, as much as I have enjoyed writing a chapter
and reviewing the book.

Lee Roy Morgan, MD, PhD
CEO

DEKK-TEC, Inc.
New Orleans, United States

XII Preface

Section 1

CNS Cancer – Past, Present and Future



Perhaps the information presented in these chapters will help reverse the negative concept
that ‘Cancer of the Brain’ always has a fatal outcome.

I sincerely hope that all enjoy reading the book, as much as I have enjoyed writing a chapter
and reviewing the book.

Lee Roy Morgan, MD, PhD
CEO

DEKK-TEC, Inc.
New Orleans, United States

PrefaceVIII

Section 1

CNS Cancer – Past, Present and Future



Chapter 1

High Grade Glioma — Standard Approach, Obstacles and
Future Directions

Siddharth K.  Joshi and Richard  Zuniga

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58548

1. Introduction

Glioblastoma Multiforme is the most malignant of gliomas. These malignancies that arise from
glial cells remain one of the pre-eminent and confounding therapeutic challenges in oncology
and medicine at-large. Though uncommon, it continues to be responsible for disproportionate
rates of morbidity and mortality the world over, as qualified by a median survival of only
about 15 months despite optimal treatment [1, 2]. This is in large part due to its heterogeneous
biology, exceedingly complex molecular pathogenesis, and the tumor's predilection for growth
in the CNS. Ongoing research, particularly in the last decade, has provided the scientific and
medical worlds with ever deeper insight into, and further elucidation of, the biology and
molecular pathogenesis of Glioblastoma Multiforme (GBM). This in turn has led to compelling
novel treatment modalities that range from rudimentarily conceptual to, excitingly, on the very
cusp of implementation. This chapter aims to provide the reader with a comprehensive survey
of Glioblastoma Multiforme contextualized within the broader realm of malignant gliomas.

GBM is the most common malignant primary brain cancer in adults, accounting for roughly
3 new cases per 100,000 people [3]. Underscoring its importance as a therapeutic target, GBM
accounts for nearly 16% of all brain tumors and, furthermore, nearly 46% of malignant gliomas
[3]. The average age at diagnosis of GBM is 64 years of age, and, for reasons yet unclear, it has
demonstrated a clear male predilection, being about 1.6 times more common in males than
females [3].

Running in tandem with the quest for more effective therapies for GBM has been a long and
intensive search for clear risk factors positively associated with the development of GBM. This
search, however, has been fraught with many dead ends. Indeed, no clear inciting cause has
been identified for the vast majority of cases of GBM and the only bona-fide established risk
factor is exposure to ionizing radiation. The cause-effect relationship between ionizing

© 2014 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 reproduction in any medium, provided the original work is properly cited.
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radiation and the development of GBM was established with studies that demonstrated that
children treated with radiotherapy for malignancies like leukemia have a markedly increased
risk for developing GBM [4]. Family history of cancer of any type also has a suggested
association, being found in the family members of roughly 19% of patients diagnosed with
GBM in one small study [5]. In a small minority, approximately 5%, of diagnosed primary
brain tumors, there is the presence of genetically inherited syndromes (e.g. Neurofibromatosis
Types I and II, Li-Fraumeni Syndrome, von Hippel-Lindau Syndrome, Turcot Syndrome,
Tuberous Sclerosis), which suggests a putative genetic relationship [6]. As with other malig‐
nancies, it has also been suggested that viral infections, specifically by SV40, HHV-6, and CMV,
may be associated with the development of GBM by tumorigenesis through integration of viral
genetic material into normal DNA [7-10]. Another putative association that has garnered much
in the way of publicity is the relationship between cell phone use and development of primary
brain tumors. This is a weakly-supported association based on the aggregate epidemiological
data on hand that deserves further study and follow-up in the years to come as cell phone use
becomes more ubiquitous the world over [11,12].

2. Histopathology

GBM is, in a manner of speaking, the pathological culmination of and histological end point
on the broader continuum of gliomas/astrocytomas. The word Glioma literally translates in
Greek into the English equivalent of "glue" [13]. This connotates the functional conception of
the cells that beget gliomas, i.e. gliomas arise from those cells in the CNS that form the support
framework for neurons. It merits a side note here that though this has been the traditional
conception of glial cells, new studies have shown them to possess a more autonomous role
than previously supposed [15]. The WHO has classified gliomas/astrocytomas into 4 grades
that, successively, convey graver prognostic significance (See Table 1); this is the 4th iteration
of this classification system published in 2007 and originally conceived in 1979 [15]. This
method of classification, based on histopathological features, is one that has built a certain
assumed relevance for clinical decision making. The neuro-oncologist uses it as a template to
guide whether a patient may qualify for a conservative strategy of watchful waiting, as with
Grades I and sometimes with Grade II, or aggressive radiotherapy with chemotherapy, as with
Grades III and IV. Indeed, only Grades III (Anaplastic astrocytoma/oligodendroglioma) and
IV (GBM) are considered malignant gliomas. There are discrete histological features that
qualify Grade III and IV astrocytomas as malignant. Grade III gliomas when compared to lower
grades, is distinguished by a significant increase in cellularity, mitotic activity, and nuclear
atypia [16] (See Figure 3). Grade IV gliomas, in addition to these telltale harbingers of malignant
transformation, is embodied, uniquely, by areas of microvascular proliferation and/or
neoplastic tissue necrosis [16] (See Figure 4). Indeed, it is worthy of emphatic mention that one
of the overarching and typifying characteristics of malignant gliomas is their histological
heterogeneity, i.e. consisting of both neoplastic and stromal tissue [16]

Tumors of the Central Nervous System – Primary and Secondary4

Localized Astrocytoma

WHO Grade I

Pilocytic Astrocytoma

Pleomorphic Xanthoastrocytoma

Subependymal Giant Cell Astrocytoma

Diffuse Astrocytomas/Oligodendrogliomas

WHO Grade II (Astrocytoma)

Fibrillary

Protoplasmic

Gemistocytic

WHO Grade II (Oligodendroglioma_

WHO Grade III (Anaplastic Astrocytoma)

WHO Grade III (Anaplastic Oligodendroglioma)

WHO Grade IV (Glioblastoma Multiforme)

Giant Cell Glioblastoma

Gliosarcoma

Table 1. WHO Classification of Gliomas

Figure 1. Gross Appearance of GBM
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Figure 2. Gross Appearance of GBM

Figure 3. Histological Appearance of Grade III Anaplastic Oligodendroglioma. [16]

Figure 4. Histological Appearance of GBM. First Panel shows Pseudopalisading Nuclei at area of asterisk; second panel
shows mitotic figures at arrows and endothelial proliferation at asterisk. [16]

Tumors of the Central Nervous System – Primary and Secondary6

The pathology of GBM, quite simply, is summated by foci of necrotic tissue surrounded by
anaplastic cells and microvascular hyperplasia. The anaplastic cells surrounding the foci of
necrosis are unique for malignant gliomas and are known as “pseudopalisading cells” due to
their configuration around the necrotic foci (Refer to asterisk in Figure 4, which shows a
necrotic center surrounded by pseudopalisading cells). It is interesting to note that the
pseudopalisades, hyperplastic vasculature and necrotic centers are all inextricably linked to
one another. The pseudopalisading cells are found to be severely hypoxic which causes over-
expression of hypoxia-inducible factor (HIF-1) and secretion of pro-angiogenic factors VEGF
and IL-8. It is thought that the telltale hypoxia and necrosis that distinguish malignant gliomas
arise as a result of vascular occlusion and intravascular thrombosis that are inevitable conse‐
quences of tumor outgrowing blood supply. By this model, then, the pseudopalisading nuclei
are seen as waves allowing for tumor cells to extend outwards from necrotic foci into normal
surrounding parenchyma [33]. Another tumor type of neuroepithelial tissue with malignant
capacity is oligodendroglioma. This type of tumor usually presents in younger patients within
the white matter of the frontal and temporal lobes. Histologically, oligodendrogliomas are
characterized by round nuclei and perinuclear halos dispersed in a monotonous pattern. The
perinuclear halos are a preparation artifact that is characteristic of oligodendrogliomas and
are frequently described as having a “fried-egg appearance”. This type of tumor can be
classified as WHO grade II or III (diffuse oligodendroglioma and anaplastic oligodendroglio‐
ma respectively) and the presence of a high mitotic rate (most 5-10%), vascular endothelial
hyperplasia and nuclear pleomorphism categorizes the tumor as Grade III anaplastic oligo‐
dendroglioma.

When one considers the origin of malignant gliomas, i.e. the inciting events that herald
transformation of normal glial tissue/parenchyma into malignant tissue, they conform to the
general oncological orthodoxy. That is, they are basically the end-result of stepwise mutations
in genes responsible for essential biological processes, most notably cell growth, proliferation
and controlled cell death. Oncogenesis of GBM is essentially representative of that basic canon
in oncology--activation of oncogenes and silencing of tumor suppressor genes. In other words,
stepwise acquisition of new biological properties/characteristics by oncogenesis confers
phenotypic characteristics that allow the malignant cells to outcompete their wild-type
counterparts in their micro-mileu.

3. Primary vs. secondary GBM

Upon diagnosis, GBM is customarily delineated into one of two broad categories--Primary
GBM, which arises de novo in brain tissue, or Secondary, which develops from lower grade
astrocytomas (Refer to Table 2 for salient respective features and differences). In addition to
the fundamental etiological difference, primary GBM possesses categorically different genetic
and epigenetic differences from Secondary GBM. (Epigenetics refers to those meiotically or
mitotically heritable traits resulting in phenotypic/gene expression patterns not related to
changes in the underlying actual DNA code.) The vast majority of cases are GBM are primary,
i.e. de novo, and comprise upwards of 90% of diagnosed cases. Epidemiologically, Primary

High Grade Glioma — Standard Approach, Obstacles and Future Directions
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i.e. de novo, and comprise upwards of 90% of diagnosed cases. Epidemiologically, Primary
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GBMs are almost always found in the elderly population with a mean age of diagnosis of 62
years and is characterized by a rapidly inexorable course till death [27]. The genetic/epigenetic
features that beget the malignant transformation in primary GBM and encompass its difference
from secondary GBM include: mutations in and amplification of EGFR, loss of heterozygosity
of Chromosome 10q, deletion of the phosphatase and tensin homologue (PTEN) on Chromo‐
some 10, and p16 deletion [16,23]. Secondary GBM, on the other hand, predominantly affects
younger patients with a mean age at diagnosis of 45 years, and is characterized by a much
slower, more smoldering course than Primary GBM [23]. Secondary GBM evolves from Grade
II (Low Grade Well-Differentiated) and Grade III (Anaplastic) astrocytomas, has a predilection
for the frontal lobes, and develops from its precursors over the course of years. An epidemio‐
logical study from 2005 showed that the time of progression from low-grade astrocytoma to
GBM was approximately 5.3 years whereas the time of progression from anaplastic astrocy‐
toma to GBM was approximately 1.4 years [28]. This stands in stark contrast to the rapidity of
Primary GBM progression, with roughly two-thirds of patients having a clinical history from
time of diagnosis to death of less than 3 months [27]. As stated, secondary glioblastoma has a
genetic/epigenetic footprint that differs from Primary GBM, the exception being the common‐
ality of loss of heterozygosity of Chromosome 10q. The differences in this epigenetic footprint
include: mutations in p53, over expression of Platelet-Derived Growth Factor Receptor
(PDGFR), aberrancies in p16/Retinoblastoma pathways, and global differences in transcription
patterns and DNA copy numbers [16]. It is worthy of emphatic mention here that primary and
secondary GBM, though developing through distinct genetic and molecular pathways, are
grossly and histologically indistinguishable from one another.

Primary GBM Secondary GBM

Mean Age at Diagnosis ~ 62 years of age ~45 years of age

Percentage of Cases > 90% < 10%

Clinical Course Rapid Smoldering

Genetic Hallmarks EGFR, etc. PDGFR, etc.

Table 2. Primary vs. Secondary GBM

4. Clinical characteristics

The clinical presentation of GBM is, as intuited, dependent in large part on the location of the
tumor. Continuing to bode ill for both treatment and prognosis is the sobering fact that
malignant gliomas, and GBM in particular, grow insidiously and largely asymptomatically
until they are big enough to elicit symptoms by sheer mass effect. By that time, tellingly, the
options for surgical resection are relatively limited given extension into vital CNS parenchyma.
Common presenting symptoms include recalcitrant headaches, unprovoked new-onset
seizures, unprecedented memory loss, unaccountable changes in personality or consciousness,
cognitive/language impairments, and other miscellaneous symptoms, i.e. nausea/vomiting.

Tumors of the Central Nervous System – Primary and Secondary8

Though there are no pathognomonic symptoms that may help the clinician to reliably
distinguish between the two WHO Grades of malignant gliomas, there have been cohort
studies done that have shown some nuances in symptomatology between Anaplastic

Astrocytoma and Glioblastoma Multiforme (See Table 3). Prognostic factors boding favorably
for patients diagnosed with malignant gliomas include a lower tumor grade, resection of tumor
mass, younger age (less than 50 years) at time of diagnosis, higher performance status (e.g.
ECOG) score and intact neurological function [35].

Symptom Grade III, % Grade IV, %

Headache 53 57

Seizure 56 23

Memory Loss 26 39

Motor Weakness 25 36

Visual Symptoms 23 21

Language Deficits 22 36

Cognitive Changes 22 39

Personality Changes 11 27

Change in Consciousness 11 18

Nausea and Vomiting 8 15

Sensory Deficit 5 12

Papilledema 5 5

Table 3. Initial Symptoms in 565 Patients with Grade III or Grade IV Malignant Glioma (Data from Glioma Outcomes
Project [29])

5. Diagnosis

The diagnostic modalities for suspected GBM in the appropriate clinical setting are, broadly,
twofold: imaging and biopsy. The cornerstone of imaging is MRI with and without Gadolinium
contrast enhancement. Prior to administration of contrast, malignant gliomas are hypo-intense
on T1-weighted images (See Figure 5). Upon administration of Gadolinium, it is found that
tumor enhances heterogeneously; this allows it to be distinguished from surrounding edema
that remains hypo-intense on T-1 weighted images (See Figure 5). Another ancillary MRI sub-
modality is FLAIR (Fluid Attenuated Inverse Reconstruction) MRI (See Figure 5) [30]. The
utility of FLAIR MRI is that, as an inversion recovery MRI technique, it can essentially nullify
or subtract the effects of fluid, thereby suppressing CSF in brain imaging. This can be especially
useful in planning radiation therapy (to be discussed in more detail below) when it is of vital
importance to delineate malignancy from native vital brain parenchyma [31].
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Figure 5. (A) T1 pre-contrast images exhibit a hypointense lesion in the left frontal lobe region (arrow). (B) Axial T1
post-contrast images, after injection of 20 cc of intravenous MultiHance®, demonstrate a focus of enhancement in left
frontal lobe. (C) Axial T2 FLAIR images show increase in FLAIR signal in the left frontal lobe, which demonstrates en‐
hancement. (D) T2 FSE images also demonstrate increase in signal in the region of the left frontal lobe.[30]

The gold standard for diagnosis, of course, remains procurement of tissue for histological
confirmation that can either be accomplished either diagnostically through stereotactic biopsy
or, more commonly, diagnostically and therapeutically with tissue samples obtained during
craniotomy for the purposes of tumor resection or debulking.

6. Role of surgical resection

The standard treatment for newly-diagnosed GBM has remained relatively staid as evinced
by the relatively abysmal prognosis over the aggregate of decades. However, caveat emptor
must once again be invoked as there is a sea change in elucidation of the molecular features
of GBM that promises much in the way of therapeutic potential on the horizon. This will be
discussed in detail in content to follow.

The first modality in treatment is maximally safe surgical resection. This, it needs bearing in
mind, is not curative. At the time of diagnosis, newly-found GBM has invariably infiltrated
extensively into normal brain parenchyma. GBM is almost always diagnosed after it has grown
large enough to elicit symptoms due to mass effect and parenchymal disruption. However,
the benefits of maximally-safe surgical resection of tumor are manifold: sampling of tissue for
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pathological diagnosis, palliation of mass effect, and some indication of improvement in
survival [16]. Though rote surgical resection has remained somewhat limited due to the
intricate insinuation of the tumor into brain tissue, new surgical technologies have allowed for
more elegant and discriminating extrication of malignant tissue. One example is neuroendo‐
scopy, use of an endoscope deployed through the ventricles for a minimally-invasive approach
to allow for biopsy, resection and alleviation of lesions causing obstructive hydrocephalus [13].
Another surgical technology is fluorescence-guided resection. This involves the administra‐
tion of a non-fluorescent prodrug 5-aminolevulinic acid (ALA) that, when taken up by tumor
tissue, is converted to fluorescent metabolite protoporyphyrin IX (PpIX) and accumulates to
a marked degree in Grade III and IV gliomas. The neurosurgeon intra-operatively deploys
“blue light” which allows tumor tissue to be visualized as “red” due to the fluorescent
biomarker. This, in turn, has been shown to allow for more optimal and extensive tumor
resection [13] (See Figure 6).

Figure 6. Flourescence/ALA-Guided Surgical Resection of GBM [13]

An important concept to invoke here in the discussion of surgical treatment is Extent Of
Resection (EOR), i.e. the extent of tumor tissue that can be safely resected. There is, as would
be intuited, a likely positive association between (EOR) and patient survival/patient outcome.
Data from the ALA-glioma Study Group out of Germany provided the highest level of
evidence--2b--for a positive association between patient outcome, i.e. progression free
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survival, and EOR [34]. There are, however, some retrospective studies (volumetric and non-
volumetric) that have shown no survival benefit with increased EOR. However, the aggregate
of evidence does support the thesis that patients with high-grade gliomas do show survival
benefit with increased EOR.

7. Standard adjuvant therapy

After maximally-safe surgical resection, the standard of care for GBM is a 6 week course of
External Beam Focused Radiation Therapy with concurrent chemotherapy followed by 6
months of adjuvant chemotherapy.

With the support of Level IA evidence, fractionated focal radiotherapy (60 Gy, 30-33 fractions
of 1.8-2 Gy) is the established radiation regimen after resection or biopsy of malignant gliomas
[37]. The fundamental nature of the ionizing radiation utilized has, needless to say, not
changed; however, leaps and bounds have been made in efforts to focus the beam, tailor it to
the highly-serrated and convoluted contours of tumor, and limit the dose to nearby critical
structures/tissue by the use of intensity-attenuated and image-guided technologies, all with
positive effect.

The single first-line chemotherapeutic agent for GBM is temozolomide, an oral alkylating agent
that exerts its anti-tumorigenic effect by methylating/alkylating DNA at the N-7/O-6 positions
of guanine residues, thereby causing irreparable damage to (tumor) DNA and instigating the
process of tumor cell death. The benefits of the addition of concurrent with adjuvant chemo‐
therapy to the foundation of radiation therapy were demonstrated by a seminal landmark
study by Stupp et al that showed a 14.6 to 12.1 month median overall survival benefit and
showed a sustained survival advantage of 9.8% vs 1.9% at 5 year analysis (Figure 7) [35].

High-dose corticosteroids have a role to play in reduction of tumor-associated edema and
associated symptoms but are not indicated for long periods of time [37]. There is an established
role for anti-seizure therapy in patients who present with seizures, but the role for seizure
prophylaxis after surgery is only indicated in symptomatic patients. It ought to be kept in mind

Figure 7. EORTC/NCIC Trial 5-Yr Follow-up [35]
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that many anti-epileptics, particularly of the first generation (e.g. phenytoin, carbamazepine),
may decrease the serum concentration of certain chemotherapy agents by dint of inducing
increased hepatic metabolism [37].

As evinced by the yet-sobering statistics on overall GBM survival/patient outcome, there are
many-a-challenge and obstacle that remain in treatment, especially regarding the development
of resistance to both radiation therapy and, more so, to temozolomide chemotherapy.

8. Signaling pathways in high grade glioma

To understand the fundamentals of GBM oncogenesis, it is essential to understand that that
there are certain cellular signal transduction pathways responsible for cell proliferation that
are normally highly regulated. However, in malignant gliomas, these pathways aberrantly
lose regulatory control and end up constitutively activated to disastrous consequence. This
occurs mainly through anomalies in the receptors that initiate the signal transduction cascades
for growth factors. In one common mechanism, epigenetic mutations result in overexpression
or amplification of the genes that encode growth factor receptors. Increased expression of these
growth factor receptors results in increased activation of signal transduction cascades. This
ultimately yields exponentially increased expression of growth factors which begets malignant
cellular proliferation [16].

Some of the best-characterized growth factor mutations in GBM oncogenesis are, as previously
introduced, EGFR in primary GBM and PDGFR in secondary GBM. In upwards of 40% of cases
of primary GBM, EGFR is amplified to significant pathologic effect (27). Most cases have a
genetic lesion of EGFR from deletion of exons 2-7 that results in the anomalous gene EGFR‐
vIII. The normal gene product of the wild-type EGFR gene is the EGFR receptor. This receptor,
by default, is phosphorylated at the intracellular domain which sets in motion a cascade of
signal transduction events that culminates in cell proliferation and survival. In normal cells,
the EGFR receptor is regulated by binding of extracellular ligands to the extracellular domain
which acts to antagonize phosphorylation at the intracellular domain and thereby down-
regulate the mitogenic function of the growth factor cascade. The mutant gene EGFRvIII
generates the aberrant gene product EGFRvIII that is constitutively phosphorylated/activated
due to lacking a down-regulating extracellular ligand-binding domain that would otherwise
have been coded by the missing exons 2-7 [16].

There is an ever-burgeoning body of information with the molecular features of malignant
gliomas that casts the WHO system in a stark light for the limitations it makes apparent. This
molecular information has allowed for determination of discrete subtypes of gliomas within
each WHO grade that, through the rigors of clinical trials, have borne out true clinical utility
for diagnosis, prognostication and treatment [13]. Within one grade, molecular signatures have
identified subtypes that respectively take demonstrably different clinical courses and have
discrete treatment responses. Another aspect illuminated by molecular markers is that, when
placing a new specimen into one of the 4 WHO grades, there still remains, considerable
variability between pathologists/centers. This is particularly so for Grades III and IV [17].
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9. Predictive and prognostic molecular markers: Clinical implications

Before embarking further on the discussion of molecular profiling of malignant gliomas, it is
imperative to make the distinction that, on the face of it, appears but a matter of simple
semantics. Within the context of this discussion, there exists a fundamental difference between
Prognostic and Predictive. Prognostic connotes the effect a certain marker gives an outcome
that is independent of the therapeutic intervention(s) employed. On the other hand, when a
marker is said to have predictive utility, this indicates that it foretells benefit specifically from
one type of treatment over others [17].

This discussion will first consider 1p/19q codeletion, a molecular profile that comes from
unbalanced translocation between chromosomes 1p and 19q, leading to net loss of genetic
material which ultimately leads to loss of one hybrid chromosome, and ultimately, loss of
heterozygosity [17]. Mutations have been found in genes that correspond to this translocation;
however, the biological underpinnings of these mutations have yet to be understood. The 1p/
19q Codeletion has been reliably found in oligodendroglial tumor subtypes that are inter‐
spersed between the WHO Grades [17]. Three randomized clinical trials (RTOG 9402, EORTC
26951, NOA-04) have shown that anaplastic oligodendroglioma patients with 1p/19q codele‐
tions have a survival benefit over those without the codeletion when receiving radiation
therapy (RT), alkylating chemotherapy, or both [18-20].

First, the RTOG 9402 trial randomly assigned 289 patients with anaplastic oligodendroglioma
or anaplastic oligoastrocytoma to receive either adjuvant RT alone or four cycles of Procarba‐
zine/CCNU/Vincristine (PCV) chemotherapy followed by RT (PCV-> RT). Of 201 patients
tested by FISH, 93 (46%) were found to have the codeletion. The first initial analysis of results
at 3 years out found a median progression free survival (PFS) of 1.7 years for the RT alone
contingent vs. 2.6 years for the PCV-> RT contingent; however, no overall survival benefit of
either study arm was found at this time, with a median overall survival (OS) of 4.9 years in the
PCV-> RT group vs. 4.7 years with RT alone. The 1p/19q codeletion was found to confer an
overall survival benefit, with a median OS of > 7 years vs. 2.8 years in those patients without
the codeletion. The type of treatment (RT vs. PCV-> RT) was not found to have statistically
significant bearing on this increase in OS in patients with tumors possessing the codeletion at
this interim analysis of study results. Extended follow up of patients in 2012 continued to show
an OS benefit of the 1p/19q codeletion but also found, interestingly, that PCV-> RT did improve
survival. At the 2012 reevaluation, those patients without the codeletion had median OS of 2.6
years for PCV-> RT vs. 2.7 years for RT alone, corresponding to earlier results. Those patients
with the codeletion who received PCV-> RT were found to have a median OS of 14.7 years vs.
7.3 years with RT alone, yielding a hazard ratio of 0.59 (95% CI, 0.37-0.95; P=0.03).

Very analogous to the RTOG trial was the EORTC 26951 trial, which randomized 368 patients
with anaplastic oligodendroglioma or anaplastic oligoastrocytoma to receiving either RT or
RT followed by six cycles of PCV (RT-> PCV). In this study, there were 78 patients (21%) whose
tumors were found to have the 1p/19q codeletion by FISH. When taken as a whole, the results
were similar to the RTOG study, finding that addition of PCV to RT increased PFS to 23 months
vs. 13.2 months but not finding a statistically significant difference in OS between the RT alone
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group (30.6 months) and the RT-> PCV group (40.3 months) at a median follow-up of 60
months. On stratification of patients based upon co-deletion status, a discernible survival
benefit was once again found, with no median OS reached for patients possessing the co-
deletion (irrespective of RT-> PCV vs. RT alone) vs. median OS of 25.2 and 21.4 months for RT-
> PCV and RT alone, respectively, in patients with partial or no deletion. Updated results from
2012, reflecting a median follow up of close to 12 years, went further to demonstrate that receipt
of adjuvant chemotherapy in patients possessing the co-deletion conferred an additional
survival benefit, the median OS for the subgroup of 42 patients with co-deleted tumors and
receiving RT-> PCV having not been reached vs. median OS for the subgroup of 38 patients
with co-deleted tumors receiving RT alone being 9.3 years. With respect to patients without
the co-deletion, this study's results were in accord with the RTOG trial, with a median OS of
25 months for the RT-> PCV subgroup vs. median OS of 21 months for the RT alone subgroup.

The third trial, NOA-04, by the German Neuro-Oncology Group, randomized 318 patients
with anaplastic astrocytoma, anaplastic oligodendroglioma, and mixed anaplastic oligoastro‐
cytoma into three single modality treatment groups--RT, PCV, or TMZ--by the ratio of 2:1:1,
respectively. This study had crossover design built into it, with patients experiencing unac‐
ceptable toxicity or progression from RT being further randomized to receive either PCV or
TMZ, or patients experiencing unacceptable toxicity or progression from chemotherapy
further randomized to RT. In this study, FISH analysis revealed 74 patients (23%) to possess
1p/19q co-deletion. The first analysis of results was undertaken at 54 months of follow-up at
which time 43% of patients had met the criteria for treatment failure, the primary endpoint of
the study. This analysis revealed that across all groups there was similar PFS and similar OS.
As with the RTOG and EORTC studies discussed above, the 1p/19q co-deletion was found to
bode well for prognosis, conferring a risk reduction of nearly 50% irrespective of treatment
arm.

Thusly, the molecular signature of 1p/19q codeletion has a predictive and prognostic utility as
it shows increased overall survival in patients who receive alkylating chemotherapy, radio‐
therapy or both as compared to those who do not possess it. However, this benefit was not
demonstratedin the group comprised of anaplastic astrocytoma which included 53% of the
patient population in this study. There was no statistical difference in outcome, time to
progression, nor overall survival whether patients were first treated with RT or alkylating
chemotherapy. However, given the worse overall prognosis in patients with anaplastic
astrocytoma the generally accepted approach to therapy is combined adjuvant chemotherapy-
radiation. This approach is extrapolated from data obtained in trials including patients with
glioblastoma.

MGMT is a DNA repair protein that canonically exemplifies the concept of chemotherapeutic
resistance. It does so by removing the alkylation of the O6 position of Guanine, which
represents the seminal mechanism of action of alkylating chemotherapeutic agents. The
beneficial epigenetic profile associated with MGMT is methylation of the MGMT promoter,
which silences the MGMT gene and thereby reduces the repair of chemotherapy induced
alkylation of DNA. This molecular marker was first suggested to have predictive utility by
Stupp et al in 2005 [21] in a post-hoc analysis of 203 (out of 573 patients treated in that study)
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9. Predictive and prognostic molecular markers: Clinical implications
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19q Codeletion has been reliably found in oligodendroglial tumor subtypes that are inter‐
spersed between the WHO Grades [17]. Three randomized clinical trials (RTOG 9402, EORTC
26951, NOA-04) have shown that anaplastic oligodendroglioma patients with 1p/19q codele‐
tions have a survival benefit over those without the codeletion when receiving radiation
therapy (RT), alkylating chemotherapy, or both [18-20].

First, the RTOG 9402 trial randomly assigned 289 patients with anaplastic oligodendroglioma
or anaplastic oligoastrocytoma to receive either adjuvant RT alone or four cycles of Procarba‐
zine/CCNU/Vincristine (PCV) chemotherapy followed by RT (PCV-> RT). Of 201 patients
tested by FISH, 93 (46%) were found to have the codeletion. The first initial analysis of results
at 3 years out found a median progression free survival (PFS) of 1.7 years for the RT alone
contingent vs. 2.6 years for the PCV-> RT contingent; however, no overall survival benefit of
either study arm was found at this time, with a median overall survival (OS) of 4.9 years in the
PCV-> RT group vs. 4.7 years with RT alone. The 1p/19q codeletion was found to confer an
overall survival benefit, with a median OS of > 7 years vs. 2.8 years in those patients without
the codeletion. The type of treatment (RT vs. PCV-> RT) was not found to have statistically
significant bearing on this increase in OS in patients with tumors possessing the codeletion at
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tumors were found to have the 1p/19q codeletion by FISH. When taken as a whole, the results
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Tumors of the Central Nervous System – Primary and Secondary14

group (30.6 months) and the RT-> PCV group (40.3 months) at a median follow-up of 60
months. On stratification of patients based upon co-deletion status, a discernible survival
benefit was once again found, with no median OS reached for patients possessing the co-
deletion (irrespective of RT-> PCV vs. RT alone) vs. median OS of 25.2 and 21.4 months for RT-
> PCV and RT alone, respectively, in patients with partial or no deletion. Updated results from
2012, reflecting a median follow up of close to 12 years, went further to demonstrate that receipt
of adjuvant chemotherapy in patients possessing the co-deletion conferred an additional
survival benefit, the median OS for the subgroup of 42 patients with co-deleted tumors and
receiving RT-> PCV having not been reached vs. median OS for the subgroup of 38 patients
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As with the RTOG and EORTC studies discussed above, the 1p/19q co-deletion was found to
bode well for prognosis, conferring a risk reduction of nearly 50% irrespective of treatment
arm.
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it shows increased overall survival in patients who receive alkylating chemotherapy, radio‐
therapy or both as compared to those who do not possess it. However, this benefit was not
demonstratedin the group comprised of anaplastic astrocytoma which included 53% of the
patient population in this study. There was no statistical difference in outcome, time to
progression, nor overall survival whether patients were first treated with RT or alkylating
chemotherapy. However, given the worse overall prognosis in patients with anaplastic
astrocytoma the generally accepted approach to therapy is combined adjuvant chemotherapy-
radiation. This approach is extrapolated from data obtained in trials including patients with
glioblastoma.

MGMT is a DNA repair protein that canonically exemplifies the concept of chemotherapeutic
resistance. It does so by removing the alkylation of the O6 position of Guanine, which
represents the seminal mechanism of action of alkylating chemotherapeutic agents. The
beneficial epigenetic profile associated with MGMT is methylation of the MGMT promoter,
which silences the MGMT gene and thereby reduces the repair of chemotherapy induced
alkylation of DNA. This molecular marker was first suggested to have predictive utility by
Stupp et al in 2005 [21] in a post-hoc analysis of 203 (out of 573 patients treated in that study)
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assessable tumors. In that analysis, MGMT methylation status had significant bearing on
progression free survival (PFS) in patients from the experimental arm receiving TMZ in
addition to RT whereas it showed minimal benefit in PFS in those patients from the control
arm receiving RT alone. It was then shown to have prognostic, but not predictive, utility by
the results of the RTOG 0525 study, which showed an overall survival benefit of 23.2 months
in patients with MGMT methylated tumors vs. 16 months in patients with unmethylated
tumors irrespective of whether in the experimental arm (3 weeks on-one week off adjuvant
dose-intensified TMZ) or the control arm (standard TMZ) [22]. Based on these results, MGMT
methylation status is only accepted as a prognostic factor without predictive value in the
population studied. It is also very intriguing to note herein the results of studies aimed at
studying single vs. combined modality treatments in elderly patients greater than 70 years of
age in whom combined modality treatments are less tolerable and perhaps less effective. These
studies showed that in this subset of patients, MGMT methylation status has a predictive
utility. Patients with MGMT methylation had longer PFS when receiving chemotherapy plus
RT or chemotherapy alone as opposed to RT alone whereas patients without MGMT methyl‐
ation accrued no comparable survival benefit from chemotherapy [17]. This supposition--that
MGMT status is useful as a predictive tool in stratifying elderly patients to receipt of either
chemo or RT--was further corroborated by two trials--the NOA-08 trial and the Nordic Trial.
The NOA-08 trial, in brief, set out to prove non-inferiority of TMZ alone (one week on one
week off) with RT alone in patients 66 years of age and older. While there was no OS or PFS
difference between the two arms, it was noteworthy that patients with MGMT methylation
showed PFS of 8.4 months vs. PFS of 4.6 in the TMZ arm whereas in the RT arm, MGMT
methylation status had the opposite effect, conferring a PFS of 4.6 months in those without
MGMT methylation vs. 3.3 months in those with [23]. It is important to note that the temozo‐
lomide regimen used in this study varies significantly from the standard schedule used today
for patients with glioblastoma. In the Nordic Trial, patients were randomized into one of three
groups--standard RT (60 Gy) vs. hypofractionated RT (34 Gy over 2 weeks) vs. standard TMZ
schedule. Between the three groups, OS was found to be inferior in the standard RT group
when compared to TMZ and hypo fractionated RT. However, MGMT methylation did show
better OS in TMZ-treated patients whereas no such benefit was found in RT treated patients
[24]. In addition, a recently published meta-analysis performed by Yin et al [25], also supports
the predictive value of MGMT methylation status in the elderly population. These results make
it reasonable that MGMT status be brought to bear when considering single modality treatment
with RT or TMZ in elderly glioblastoma patients.

A third example of genetic/molecular markers that has proven prognostic is the genes IDH1
and IDH2 which encode the ubiquitous metabolic enzyme Isocitrate Dehydrogenase in the
cytoplasm and mitochondria, respectively. The native function of wild-type IDH protein is to
produce alpha-ketoglutarate. IDH Mutants catalyze a reaction that converts the native
metabolic intermediary alpha-ketoglutarate into D-2-hydroxyglutarate, an onco-metabolite
(this can be reliably measured by magnetic spectroscopy in situ and mediates the oncogenic
activity of the provoking IDH mutations [26]. The classification of gliomas based on IDH is to
categorize them based on IDH-wild-type vs. IDH-mutant gliomas. IDH-wild-type tumors are
inclusive of Grade I Pilocytic Astrocytomas and Primary Glioblastomas; these, of course,
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acquire their tumorigenesis independently of IDH-mutating pathways. IDH-mutant gliomas
are inclusive of most Grade II and Grade III Gliomas along with a few Secondary GBMs. It is
exceedingly interesting to note that IDH mutants tend to carry a better prognosis than IDH-
wild-type gliomas of the same histological grade (e.g. Secondary GBM carries a better
prognosis than Primary GBM). Indeed, an insightful pooled analysis of 382 WHO Grade III
and IV gliomas by Hartmann et al in 2010 corroborated this--that IDH status bears more
valuable prognostic information than simple histological grade [27]. So revelatory has the
delineation of gliomas been based on IDH status that, despite unequivocal similarities in
histological grade and morphology between tumors that would otherwise have classified them
together, it is now considered insufficient that they be grouped together if one were to be IDH-
wild-type and the other IDH mutant.

10. Angiogenesis: Vascular Endothelial Growth Factor (VEGF) and
Glioblastoma stem-like cells (GSC)

As alluded to earlier in the chapter, angiogenesis is an essential part of the pathogenesis of
malignant gliomas which, as a rule, are among the most vascularized of tumors [40, 41]. This
is due to: (1) upregulation of genes encoding proangiogenic factors, which include VEGF,
fibroblast growth factor (FGF), IL-8 and-6, hypoxia-inducible factor 1 alpha (HIF-1alpha) and
angiopoietins, and (2) downregulation of angiogenesis inhibitors, including thrombospodins,
angiostatin, endostatin and interferons. Indeed, the lynchpin that begets the transformation
from low grade to high grade gliomas is induction of expression of the above-cited proangio‐
genic factors [40]. The most prominent and well-characterized of the proangiogenic factors is
VEGF-A, commonly denoted simply as VEGF, which is directly secreted by tumor cells. VEGF
exerts its function by binding the receptor VEGFR2 on endothelial cells nearby the tumor. This
action initiates a paracrine signaling loop that results in the proliferation of endothelial cells
and, as a result, neo-vasculature. Interestingly, the level of VEGF produced by a tumor is
proportional to the degree of malignancy, the aggressiveness and poor outcome; high-grade
tumors are found to have orders of magnitude more VEGF than low grade tumors [13, 42].
There has thusly been a significant amount of clinical research focus on anti-angiogenic therapy
for malignant gliomas. Anti-angiogenic therapy has multiple hypothesized mechanisms of
action for the treatment of malignant gliomas. The primary mechanism of action is direct
cytotoxicity to endothelial cells, inducing apoptosis. This, by merit of the resultant attenuated
blood supply, decreases oxygen and nutrient delivery to tumor cells which preempts further
growth for a short period of time. A second hypothesized mechanism of action based upon
the results of select clinical studies is that, when used alongside cytotoxic chemotherapeutic
agents, anti-VEGF agents are thought to synergistically sensitize endothelial cells to penetra‐
tion by these cytotoxic agents. Intriguingly, it is also very likely that anti-VEGF agents work
to counteract an upsurge of VEGF expression and endothelial cell recruitment observed with
the tumoral insult caused by chemotherapy and radiation. Another hypothesis is that, during
a discrete window of time after administration, anti-VEGF agents elicit a phenomenon known
as “vascular normalization” during which there is reduced vessel diameter/permeability,
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age in whom combined modality treatments are less tolerable and perhaps less effective. These
studies showed that in this subset of patients, MGMT methylation status has a predictive
utility. Patients with MGMT methylation had longer PFS when receiving chemotherapy plus
RT or chemotherapy alone as opposed to RT alone whereas patients without MGMT methyl‐
ation accrued no comparable survival benefit from chemotherapy [17]. This supposition--that
MGMT status is useful as a predictive tool in stratifying elderly patients to receipt of either
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showed PFS of 8.4 months vs. PFS of 4.6 in the TMZ arm whereas in the RT arm, MGMT
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angiostatin, endostatin and interferons. Indeed, the lynchpin that begets the transformation
from low grade to high grade gliomas is induction of expression of the above-cited proangio‐
genic factors [40]. The most prominent and well-characterized of the proangiogenic factors is
VEGF-A, commonly denoted simply as VEGF, which is directly secreted by tumor cells. VEGF
exerts its function by binding the receptor VEGFR2 on endothelial cells nearby the tumor. This
action initiates a paracrine signaling loop that results in the proliferation of endothelial cells
and, as a result, neo-vasculature. Interestingly, the level of VEGF produced by a tumor is
proportional to the degree of malignancy, the aggressiveness and poor outcome; high-grade
tumors are found to have orders of magnitude more VEGF than low grade tumors [13, 42].
There has thusly been a significant amount of clinical research focus on anti-angiogenic therapy
for malignant gliomas. Anti-angiogenic therapy has multiple hypothesized mechanisms of
action for the treatment of malignant gliomas. The primary mechanism of action is direct
cytotoxicity to endothelial cells, inducing apoptosis. This, by merit of the resultant attenuated
blood supply, decreases oxygen and nutrient delivery to tumor cells which preempts further
growth for a short period of time. A second hypothesized mechanism of action based upon
the results of select clinical studies is that, when used alongside cytotoxic chemotherapeutic
agents, anti-VEGF agents are thought to synergistically sensitize endothelial cells to penetra‐
tion by these cytotoxic agents. Intriguingly, it is also very likely that anti-VEGF agents work
to counteract an upsurge of VEGF expression and endothelial cell recruitment observed with
the tumoral insult caused by chemotherapy and radiation. Another hypothesis is that, during
a discrete window of time after administration, anti-VEGF agents elicit a phenomenon known
as “vascular normalization” during which there is reduced vessel diameter/permeability,
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improved vessel perfusion, a reduction in tumor interstitial pressure, and improved tumor
oxygenation. Summarily, these changes all translate into an observed improvement in the
delivery and efficacy of cytotoxic chemotherapy. A newer and exceedingly compelling
hypothesis is that antiangiogenic agents appear to exercise antagonism to Glioblastoma stem-
like cells (GSCs). GSCs play an inextricable part in the angiogenic potentiation of malignant
gliomas. They appear to contribute to the resistance that glioblastoma is known to have to
cytotoxic chemotherapy treatment by augmenting the repair of DNA damaged by cytotoxic
agents and activating the DNA damage checkpoint response system. Antiangiogenic therapy
appears to antagonize the functionality of GSCs by merit of GSCs embodying a categorically
structural and functional vascular niche in the tumoral micro-milieu. GSCs have been found
to upregulate VEGF expression, instigate formation of very angiogenic tumors in animal
models, and bear a predilection for stem cell hot beds in areas around endothelial cells. In the
self-same animal models, antiangiogenic agents appear to fundamentally disrupt the struc‐
tural framework of the hot beds in which GSCs reside and resultantly provoke GSC death.

The canonical agent that has garnered the most investigation and use is the humanized anti-
VEGF monoclonal antibody bevacizumab, originally used for treating colorectal cancer and
also used routinely for metastatic lung adenocarcinoma. Its use for CNS tumors, recurrent
gliomas in particular, was conceived of after improved outcomes were noted when it was used
in conjunction with chemotherapy for colorectal and lung cancers. Recurrent gliomas have
historically had a low radiographic response rate after re-exposure to temozolomide after
failing initial therapy, ranging from only 5-8%. However, in the very first published study of
the use of bevacizumab with irinotecan, a radiographic response rate of 66% (19 of 29 patients)
was found [40]. This was followed by a number of retrospective studies on recurrent gliomas
which showed progression free survival at 6 months (PF6) of 32-64% with bevacizumab vs.
21% PF6 rate for temozolomide [13]. The aggregate of these very positive results prompted
two phase 2 trials designed for the purposes of fast track FDA approval of bevacizumab for
the indication of recurrent gliomas. These two trials corroborated the prior results--a signifi‐
cant radiographic response rate and increase in PF6. The largest bevacizumab trial to date,
designated the BRAIN trial and conducted by Freidman et al in 2009, randomized patientswith
glioblastoma either after first or second recurrence to be treated with bevacizumab alone(n=85)
or bevacizumab plus irinotecan (n=82). Both response rates (using MacDonald response
criteria) and six month progression free survival were markedly higher when compared to
historical controls in both groups (higher response rate in bevacizumab plus irinotecan group).
However, overall survival was not statistically significant between the two groups at 9.2
months for bevacizumab alone and 8.7 months for the combination regimen. Bevacizumab
was well tolerated. The most common or significant adverse events included thromboembo‐
licevents, hypertension and proteinuria.

It is important to remind the reader here of the interdependence between angiogenesis and
the propagation of peritumoral edema in malignant gliomas. In fact, the original name for
VEGF was vascular permeability factor due to its increasing the permeability of tumor vessels,
which leads to the phenomenon of vasogenic brain edema. Vasogenic brain edema is a telltale
hallmark of malignant gliomas and qualifies much of the morbidity associated with them. It
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is for this reason that many patients with brain tumors are maintained over long periods of
time on high doses of corticosteroids, not without insubstantial side effects. Both clinical and
radiographic studies have found reductions in peritumoral edema with the administration of
anti-VEGF agents. This in turn allowed for reduction in corticosteroid use by as much as 50%,
a significant benefit for many of the patients experiencing the multifarious ill effects of chronic
corticosteroid use [41].

11. Hypoxia as means of resistance and poor outcome

Despite the many promising aspects of antiangiogenic therapy outlined above, there have
recently come to the fore many challenges that remain to the use of antiangiogenic agents for
the treatment of malignant gliomas. One challenge that has become evident is based upon, in
a matter of speaking, “tipping the balance” too far towards antiangiogenesis by significant use
of antiangiogenesis agents. Animal and human biopsy results have showed that when used
overzealously, antiangiogenic therapy actually works to promote a hypoxic environment
within the tumor bed. Tumor hypoxia has been well established as a formidable means of
resistance to chemotherapy and radiation [38]. Pre-clinical data obtained from xenograft
models suggests that hypoxia and the hypoxia-inducible factors (HIFs) play a central role in
maintaining the stem-like fraction in gliomas. This is achieved by providing the essential
cellular interactions and signals needed to arrest differentiation of these stem-like cells. These
interactions lead to stem-like cell survival and self-propagation. Upregulation of HIF-1alpha
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VEGF monoclonal antibody bevacizumab, originally used for treating colorectal cancer and
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gliomas in particular, was conceived of after improved outcomes were noted when it was used
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is for this reason that many patients with brain tumors are maintained over long periods of
time on high doses of corticosteroids, not without insubstantial side effects. Both clinical and
radiographic studies have found reductions in peritumoral edema with the administration of
anti-VEGF agents. This in turn allowed for reduction in corticosteroid use by as much as 50%,
a significant benefit for many of the patients experiencing the multifarious ill effects of chronic
corticosteroid use [41].
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a matter of speaking, “tipping the balance” too far towards antiangiogenesis by significant use
of antiangiogenesis agents. Animal and human biopsy results have showed that when used
overzealously, antiangiogenic therapy actually works to promote a hypoxic environment
within the tumor bed. Tumor hypoxia has been well established as a formidable means of
resistance to chemotherapy and radiation [38]. Pre-clinical data obtained from xenograft
models suggests that hypoxia and the hypoxia-inducible factors (HIFs) play a central role in
maintaining the stem-like fraction in gliomas. This is achieved by providing the essential
cellular interactions and signals needed to arrest differentiation of these stem-like cells. These
interactions lead to stem-like cell survival and self-propagation. Upregulation of HIF-1alpha
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also activates autophagy, a lysosomal degradation pathway which may promote tumor cell
survival.

Though clinical trials have largely focused on VEGF-A antagonism through bevacuzimab,
there are a multitude of other pro-angiogenic factors/cytokines that contribute to glioma
angiogenesis, including basic FGF (bFGF), angiopoietins, PDGF, interleukin-8 (IL-8), and
hepatocyte growth factor/scatter factor (HGF/SF). It is thought that the contribution of these
alternative mediators of angiogenesis mediate the phenomenon of antioangiogenic therapy
resistance. In other words, these alternative proangiogenic factors are thought to allow for
continuing angiogenesis in the face of VEGFR inhibition. Quite sobering is the harsh reality
that though antiangiogenic therapy does prolong PFS and response rates are high in patients
with recurrent GBM/gliomas, progression of disease inevitably occurs and once tumor burden
breaks through, no therapeutic recourse presently exists. Confoundingly, patients with
recurrent GBM die very shortly after failing antiangiogenic therapy (figure 8) [44].

Figure 8. Post-Bevacizumab Salvage Therapy [44]

12. Response criteria and pseudoprogression

Anti-angiogenic agents also have made assessing response and progression a nebulous task.
Prior to the era of anti-angiogenic agents, response assessment was performed via the
MacDonald criteria which only utilized post-gadolinium MRI sequences. It was previously
accepted that a decrease in enhancement represents eradication of tumor but this has proven
not to be entirely valid with the use of anti-angiogenic agents. The development of a post-
treatment hypoxic microenvironment favors a metabolic change in the tumor cells toward
glycolysis, which leads to enhanced tumor cell invasion into the normal brain that is not
represented by MRI contrast enhancement. Pre-clinical data suggests that Anti-VEGF treat‐
ment reduces vessel contrast leakage, reduces vessel density and promotes invasiveness of
tumor cells which can be observed by an incongruent decrease in contrast enhancement along
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with hyper-intense T2 FLAIR MRI signal. Due to this new understanding, a revised response
criteria was developed that, in addition to post-gadolinium sequences, incorporates FLAIR
MRI sequences, steroid dependence and clinical stability. This new set of criteria is known as
the RANO criteria (Response Assessment in Neuro-Oncology) and now is standard in clinical
practice.

An important concept to invoke at this juncture, and one unique to the treatment of Glioblas‐
toma with chemotherapy and radiation, is that of Pseudoprogression. A few months after
completion of concurrent temozolomide with radiation, many patients show increased
contrast enhancement and T2/FLAIR hyperintensity in the radiation treatment field. This
generally occurs about 3 months after completion of chemo-radiation and sometimes persists
for about 6 months. The MacDonald criterion does not take this phenomenon into account
when defining disease progression. The more contemporary RANO criteria defines progres‐
sion at less than 12 weeks after chemoradiotherapy as the development of a new area of
enhancement outside of the prior radiation field, confirmed tumor via biopsy, or clinical
decline. Pseudoprogression, as the name implies, denotes these changes that are not due to
tumor progression, but rather due to unique cytotoxic effects on the tumor and its microen‐
vironment. Approximately ⅓ of patients with pseudoprogression are found to be symptomatic
due to associated inflammation and edema and require treatment with corticosteroids. There
is preliminary evidence at hand that indicates that administration of an anti-VEGF agent with
standard of care concurrent temozolomide and radiation may reduce the incidence of pseu‐
doprogression [45]. As in the case of vasogenic cerebral edema, this may spare, if not limit, the
ill effects of heavy corticosteroid use in many patients. Distinguishing pseudoprogression and
true disease progression is very challenging and new imaging techniques (i.e. MR spectrosco‐
py, MR perfusion study) are being developed to help with this dilemma and guide treatment
approach. Accumulating data shows promise using these new techniques but have yet to be
validated in large clinical studies.
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13. Bevacizumab as first line therapy

Two large phase III double-blinded randomized studies published in NEJM in February, 2014
evaluated the use of bevacizumab in the first line setting in patients with glioblastoma. Gilbert
et al, led a study that randomized 637 patients with newly diagnosed glioblastoma to standard
six weeks of chemo-radiotherapy (adjuvant temozolomide and concurrent radiotherapy)
followed by up to twelve months or until disease progression of maintenance temozolomide,
with or without bevacizumab starting at week four of chemo-radiotherapy [46]. The results
were disappointing in that no survival benefit was determined between the two groups. The
bevacizumab group reported a median overall survival (OS) of 15.7 months and the placebo
group had an OS of 16.1 months. Progression-free survival favored the bevacizumab group at
10.7 months vs. 7.3 months in the placebo group. Interestingly, over time the patients who
received bevacizumab did not benefit from a quality of life standpoint despite better response
rates. These points further reinforce the question as to whether PFS is an appropriate surrogate
maker for overall survival.

A second published in the same issue of NEJM performed by Chinot et al, studied the use
of bevacizumab in the front line setting as well [49]. Similar conclusions were reported in
this study compared to the performed by Gilbert et al. The treatment regimen used in the
study  differed  in  that  after  6  months  of  maintenance  temozolomide  with  or  without
bevacizumab were  continued with  bevacizumab alone or  placebo until  disease  progres‐
sion or until suffering from intolerable side effects. The results were again disappointing
in that the addition of bevacizumab to standard chemo-radiation and maintenance therapy
with this anti-angiogenic agent did not provide a survival benefit (72% and 33.9% one and
two year  survival  rate  respectively  in  the  bevacizumab group versus  66.3% and 30.1%)
despite  a  significantly better  PFS (10.6  months in bevacizumab group vs.  6.2  months in
placebo group). Baseline quality of life was maintained for a longer period of time in the
bevacizumab group.

These results, in particular the study by Gilbert et al, appears to possibly support the use of
maintenance temozolomide for twelve months instead of traditional standard therapy with
six months as conducted in the landmark study by Stupp et al now considered standard of
care. This is a question that every neuro-oncologist has to address when treating patients with
newly diagnosed glioblastoma. Although difficult to extrapolate data from two separate
studies, no large scale study has been performed making a direct comparison of twelve months
versus six months of maintenance temozolomide. However, this data suggests that twelve
months of maintenance temozolomide leads to an improvement in OS reporting 16.1 months
versus14.6 months reported in the EORTC trial led by Stupp et al.

14. Patterns of recurrence

As we gain more experience using anti-angiogenic agents in high grade gliomas, we also learn
more about what occurs after treatment failure. Mancuso et al. conducted a pre-clinical study
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using a mouse xengraft model to address the reversibility of VEGF inhibition after cessation
of anti-VEGF therapy. It was noted that even after a 50–60% reduction of tumour vascularity,
‘‘empty sleeves of basement membrane were left behind.’’ By day 7 after drug cessation,
tumours were fully re-vascularized, suggesting that these remaining empty sleeves of
basement membrane and pericytes are responsible for this tumor revascularization. These
basement membranes also serve as storage sites for angiogenic growth factors as well as
‘‘tracks’’ for tumor vascular regrowth. This “rebound” phenomenon has also been observed
in clinical studies (figure 9) [46]. This phenomenon appears to be associated with rapid clinical
demise and dismal prognosis.

Figure 9. Rebound progression after discontinuation of bevacizumab: Original tumor area seen on post-Gd T1
weighted (a) and FLAIR MRI (e) sequences prior to initiating therapy with bevacizumab in a patient with recurrent
high-grade glioma. Post-Gd T1 weighted (b) and FLAIR MRI (f) sequences that demonstrate partial response after 1
six-week cycle of treatment with bevacizumab. Post-Gd T1 weighted (c) and FLAIR MRI (g) sequences at the time of
bevacizumab failure and subsequent cessation of bevacizumab therapy. Post-Gd T1 weighted (d) and FLAIR MRI (h)
sequences at the time of “rebound” progression demonstrating a dramatic increase in area of enhancement and ab‐
normal FLAIR signal 6 weeks after cessation of therapy with bevacizumab. [44]

15. MicroRNA – Potential target

MicroRNAs (miRNAs) are molecules of RNA numbering 20-23 nucleotides that function to
interfere  with  messenger  RNA  (mRNA)  translation  into  protein,  the  final  step  in  gene
expression. Through a complex and elegantly-characterized molecular sequence of steps,
miRNAs function to “flag” mRNAs for decay, translational inhibition, or cleavage prior to
the process of translation. This, in turn, results in a decreased level of encoded proteins,
which  in  turn  affects  a  myriad  of  essential  cell  functions,  i.e.  growth,  proliferation,
metabolism, apoptosis, etc. [43] Interestingly, though miRNA constitutes roughly 1-3% of
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the human genome, it is postulated that these molecules have influence on as much as ~30%
of all  gene expression [44].  The expression of one mRNA may be affected by numerous
miRNAs; on the same token, one miRNA may affect the expression of multiple mRNAs
[44]. The deregulation of miRNA has been pivotally implicated in tumorigenesis; a positive
association has been found between those sites in the human genome associated with cancer
and areas of miRNA expression [44]. Furthermore, miRNAs have been found to exempli‐
fy both oncogenic and tumor suppressor functions in the tumorigenesis of pancreatic cancer,
prostate cancer,  thyroid cancer,  ovarian cancer,  colon cancer,  breast cancer,  and melano‐
ma. Of recent, the same has also been found in GBM wherein a multitude of miRNAs have
been reported to have roles in tumor suppression or oncogenesis.  Therapeutic strategies
with  respect  to  miRNA aim to  augment  tumor  suppression  or  antagonize  oncogenesis,
respectively. In the former case, it is postulated that viral vectors may be utilized to deliver
gene therapy to increase the in situ expression of tumor suppressive miRNAs. In the latter
case,  studies  pursuing  anti-miRNA therapies,  e.g.  the  use  of  anti-miRNA oligonucleoti‐
des, are underway for downregulation of oncogenic miRNAs [44].

16. Promising treatment approaches: Convection enhanced nanoparticle
delivery

An utterly novel modality of treatment actively under investigation is the utilization of
nanoparticles for the directed delivery of radionuclides into tumor bed. The premise behind
this modality is to maximize delivery of radiation therapy to tumor tissue while limiting
damage to surrounding normal tissue; external beam radiation is limited to 60 Gy due to
toxicity to normal tissue and lack of clinical benefit with higher dose of EBRT. Recently, studies
have been published in which radionuclide particles, e.g. 186-Rhenium, are encased in
liposomal nanoparticles and injected straight into the GBM tumor bed. In a study published
in 2012, Brenner et al injected 186-Rhenium liposomes directly into GBM Xenografts trans‐
planted into the brains of rat models. It was found that up to 1850 Gy could be delivered by
this method without overt clinical or microscopic evidence of toxicity. Those animals in the
experimental arm treated with 186-Rhenium liposomes were found to have a median survival
of 126 days vs. a median survival of 49 days for those animals in the control group. Compel‐
lingly, it was found that a large number of the animal subjects that were treated 21 days after
tumor grafting were found to have multiple objective indicators of tumor cure (See Figure
10). This included lack of detecting contrast-enhancing tumor on MRI, lack of detecting
luminescence by the luminescent molecule embedded in tumor cells, and no tumor cells found
on histopathology of resected animal brain tissue. These results suggest that nanoparticle
delivery of radioisotopes to the cavities of resected GBM either intra-or postoperatively may
have limitless therapeutic potential, particularly when used alongside adjuvant cytotoxic
chemotherapy [45].
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Figure 10. [45]

17. Conclusion

Glioblastoma is a deadly and devastating disease that is, as this chapter has made abundantly
clear, in need of the development of effective new agents to treat this aggressive tumor. Our
understanding of the intrinsic molecular and genetic make of this tumor, although still lacking,
has improved rapidly over the past decade and has shed light on current obstacles and is
leading to an array of promising agents on the horizon.
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1. Introduction

In North America and Europe, cancer involving the central nervous system (CNS) ranks
second as the most common malignancy seen in infancy through adolescence, second only to
leukaemia [1-7]. Consistent with this are figures on cancer-related mortality. In the year 2004,
for example, there were 566 confirmed cases of leukemia-related death among children in the
United States, followed by 555 CNS cancer-related deaths; these numbers accounted for 25.5%
and 25.0% of the total number of cancer deaths in individuals less than 20 years old, respec‐
tively [4].

In general, survival from cancer has improved dramatically over the past forty years, pre‐
sumably due to a combination of improved treatments and earlier detection. This is especially
true in the paediatric population, among whom the overall long-term survival rate across all
cancers has risen from under 50% to roughly 70% [4;8;9]. Even with brain cancer, the prognosis
in children has improved, such that long-term survival is now achieved in more than half of
patients [10]. This being said, the neoplasm originates in the brainstem in roughly 10-20% of
children with CNS cancer [7;11-13], accounting for 150 to 300 new cases per year in the U.S.
[11;13] and thus rendering it more common in children and adolescents than in adults [14;15].
And in this subset of children, the prognosis generally is considered extremely bleak, akin to
that of glioblastoma multiforme [1;4;14;16-19].

Despite a continued poor prognosis, much has changed over the past several decades — like
how paediatric brainstem tumours are diagnosed and classified, if and when surgery is
considered, approaches to surgery, the use of adjunct therapies like radiation and chemother‐
apy, and the evolution of several new therapeutic options. Once lumped together as a single

© 2014 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 reproduction in any medium, provided the original work is properly cited.



Chapter 2

Paediatric Brainstem Cancers — Where We Have Been;
Where We Are; Where We Are Going

Adrianna Ranger, Navjot Chaudhary and
Jonathan Lau

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58297

1. Introduction

In North America and Europe, cancer involving the central nervous system (CNS) ranks
second as the most common malignancy seen in infancy through adolescence, second only to
leukaemia [1-7]. Consistent with this are figures on cancer-related mortality. In the year 2004,
for example, there were 566 confirmed cases of leukemia-related death among children in the
United States, followed by 555 CNS cancer-related deaths; these numbers accounted for 25.5%
and 25.0% of the total number of cancer deaths in individuals less than 20 years old, respec‐
tively [4].

In general, survival from cancer has improved dramatically over the past forty years, pre‐
sumably due to a combination of improved treatments and earlier detection. This is especially
true in the paediatric population, among whom the overall long-term survival rate across all
cancers has risen from under 50% to roughly 70% [4;8;9]. Even with brain cancer, the prognosis
in children has improved, such that long-term survival is now achieved in more than half of
patients [10]. This being said, the neoplasm originates in the brainstem in roughly 10-20% of
children with CNS cancer [7;11-13], accounting for 150 to 300 new cases per year in the U.S.
[11;13] and thus rendering it more common in children and adolescents than in adults [14;15].
And in this subset of children, the prognosis generally is considered extremely bleak, akin to
that of glioblastoma multiforme [1;4;14;16-19].

Despite a continued poor prognosis, much has changed over the past several decades — like
how paediatric brainstem tumours are diagnosed and classified, if and when surgery is
considered, approaches to surgery, the use of adjunct therapies like radiation and chemother‐
apy, and the evolution of several new therapeutic options. Once lumped together as a single

© 2014 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 reproduction in any medium, provided the original work is properly cited.



entity that was considered inoperable and, hence, completely incurable, recent developments
in imaging and surgical techniques have led to the classification of several different types of
brainstem tumour; and, for some of these, surgical resection is considered the treatment of
choice [16;18;20].

This chapter reviews the historical progression of understanding of paediatric brainstem
tumours, including evolving beliefs regarding their classification, diagnosis, management,
prognosis and prognosticators, dating from the 1970s to current times. It then describes current
diagnostic and management protocols for these tumours, ending with a glance forwards
towards potentially promising treatments and technologies and how they might, hopefully
within the near future, favourably alter outcomes in these patients, both in terms of their
survival and quality of life.

2. Where we have been

2.1. Definitions, diagnosis and classification

The brainstem has been defined as extending from the midbrain (tectal plate) to the medullary
cervical junction [7]. Brain stem tumours are, by definition, tumours that involve the brainstem.
However, they include tumours not just in the brainstem per se, but also in the upper cervical
spine [16]. In the paediatric population, posterior fossa tumours significantly outnumber those
that are supratentorial [10;21;22], and brainstem tumours account for roughly 25% of all
tumours found within the posterior fossa [16;23]. The vast majority of these are primary lesions,
since just 3 to 5% of all brain metastases are found in the brainstem [24]. The most common
paediatric posterior fossa tumours are cerebellar astrocytomas, medulloblastomas, ependy‐
momas and brainstem gliomas [25].

Traditionally, the term brainstem glioma has been used to incorporate all brainstem tumours,
largely because biopsies often were not performed and the majority of brainstem tumours in
childhood are, in fact, of glial cell origin [26;27]. However, other histological forms of tumours
do exist, though they comprise but a small percentage of brainstem tumours, and generally
tend to be exophytic, growing either external to the brainstem or on its surface. Even among
such exophytic tumours, gliomas form the clear majority. In their series of 75 paediatric
patients with exophytic tumours seen between 1970 and 1990, Pierre-Kahn et al. [28] noted 69
glial tumours (92% of the total), of which 58 were astrocytomas and 11 oligodendrogliomas.
The remaining six non-glial tumours were two ependymomas; two primitive neuroectodermal
tumours (PNET); one ganglioglioma; and one of unknown histology [28]. In a much more
recent review of non-glial brainstem tumours, other brainstem lesions noted to occur anecdo‐
tally included medulloblastomas invading the brainstem, cavernomas, lymphomas, haeman‐
gioblastomas, and other ganglionic and mixed tumors [29]. Nonetheless, many continue to use
the term brainstem glioma generically, given that the vast majority of brainstem tumours are
glial cell based.

Up until the development of advanced imaging techniques — like computed tomography (CT)
and, to an even greater extent, magnetic resonance imaging (MRI) — brainstem tumours
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tended to be lumped together as a single clinical entity and considered uniformly inoperable
[30]. Since they were presumed gliomas and surgery was deemed contraindicated, there was
no call even to biopsy them, except in certain instances in which the diagnosis was in doubt.
For example, in 1969, Matson wrote: “brainstem gliomas must be classified as malignant
tumors since their location in itself renders them inoperable” [21]. And as late as 1984, Tomita
et al. [31] wrote: “Since biopsy specimens often misrepresent the true pathology... surgery
undertaken to obtain precise histological verification of brain stem gliomas is futile.” Instead,
these latter authors recommended computed tomography (CT) with high-resolution metriza‐
mide CT cisternography to distinguish surgically resectable extra-axial tumors adjacent to the
brain stem from non-resectable intrinsic brain stem gliomas. Such sentiments — that tumours
only were worth a biopsy if they were either completely exterior to brainstem tissue or, at
worst, on the surface — were echoed by others [32]. Consequently, early classification of
brainstem tumours often subdivided lesions into those that were exclusively or primarily intra-
axial, and those that were exclusively or primarily extra-axial. Meanwhile, brainstem tumours
were collectively contrasted against those involving the midbrain or thalamus, both of which
exhibited considerably superior prognoses [33].

This being said, there were early reports of certain patients with brainstem tumours who
survived long-term. For example, in 1971, Lassiter et al. reported on 37 patients with presumed
brainstem gliomas (22 of them children), among whom there were four children with large,
surgically-drained neoplastic cysts who achieved long-term survival: two of these children
died 7½ and 13 years later, and two still were alive 8½ and 9 years post diagnosis, one of them
going on to graduate from college and the other with residual hemiparesis and mental
retardation [34]. In 1975, Hara et al. reviewed the cases of 24 brainstem gliomas, and found
that the median survival was 9 months, except for one patient who survived beyond 4½ years
and another who lived for 14 years and 10 months before succumbing to the disease [35].
Similar isolated cases of long-term survival with brainstem gliomas, especially cystic lesions,
were reported as far back as 1937 and 1940 through the mid nineteen seventies and early
eighties [36-42]. And, contrary to conventional wisdom, even then, some neurosurgeons were
routinely performing biopsies and surgery on select patients with brainstem gliomas
[27;40;41;43-46].

In the nineteen sixties and early nineteen seventies, angiography and pneumoencephalograms
were largely used to identify brain and brainstem tumours [47-50]. These imaging modalities
were replaced in the mid nineteen seventies as computed tomography (CT) emerged as the
imaging tool of choice for the detection and diagnosis of both supra-and infra-tentorial lesions,
including brainstem tumours [51-54]. By this point, some surgeons were starting to distinguish
outcomes between different subsets of patient who were able to undergo either partial or
radical resection of brainstem cancers [27;40;41;43-45]. The first to propose what he termed a
staging system for brainstem gliomas was Epstein, in 1985, who first categorized tumours as
intrinsic, exophytic and disseminated; and then subcategorized intrinsic (actual brainstem)
tumours as either diffuse, focal or cervico-medullary [43]. In 1986 and again in 1988, Epstein
et al. published series of paediatric patients undergoing surgery for brainstem cancer, again
classifying patients as focal, diffuse or cervico-medullary; in the latter report, they added a
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and, to an even greater extent, magnetic resonance imaging (MRI) — brainstem tumours
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tended to be lumped together as a single clinical entity and considered uniformly inoperable
[30]. Since they were presumed gliomas and surgery was deemed contraindicated, there was
no call even to biopsy them, except in certain instances in which the diagnosis was in doubt.
For example, in 1969, Matson wrote: “brainstem gliomas must be classified as malignant
tumors since their location in itself renders them inoperable” [21]. And as late as 1984, Tomita
et al. [31] wrote: “Since biopsy specimens often misrepresent the true pathology... surgery
undertaken to obtain precise histological verification of brain stem gliomas is futile.” Instead,
these latter authors recommended computed tomography (CT) with high-resolution metriza‐
mide CT cisternography to distinguish surgically resectable extra-axial tumors adjacent to the
brain stem from non-resectable intrinsic brain stem gliomas. Such sentiments — that tumours
only were worth a biopsy if they were either completely exterior to brainstem tissue or, at
worst, on the surface — were echoed by others [32]. Consequently, early classification of
brainstem tumours often subdivided lesions into those that were exclusively or primarily intra-
axial, and those that were exclusively or primarily extra-axial. Meanwhile, brainstem tumours
were collectively contrasted against those involving the midbrain or thalamus, both of which
exhibited considerably superior prognoses [33].

This being said, there were early reports of certain patients with brainstem tumours who
survived long-term. For example, in 1971, Lassiter et al. reported on 37 patients with presumed
brainstem gliomas (22 of them children), among whom there were four children with large,
surgically-drained neoplastic cysts who achieved long-term survival: two of these children
died 7½ and 13 years later, and two still were alive 8½ and 9 years post diagnosis, one of them
going on to graduate from college and the other with residual hemiparesis and mental
retardation [34]. In 1975, Hara et al. reviewed the cases of 24 brainstem gliomas, and found
that the median survival was 9 months, except for one patient who survived beyond 4½ years
and another who lived for 14 years and 10 months before succumbing to the disease [35].
Similar isolated cases of long-term survival with brainstem gliomas, especially cystic lesions,
were reported as far back as 1937 and 1940 through the mid nineteen seventies and early
eighties [36-42]. And, contrary to conventional wisdom, even then, some neurosurgeons were
routinely performing biopsies and surgery on select patients with brainstem gliomas
[27;40;41;43-46].

In the nineteen sixties and early nineteen seventies, angiography and pneumoencephalograms
were largely used to identify brain and brainstem tumours [47-50]. These imaging modalities
were replaced in the mid nineteen seventies as computed tomography (CT) emerged as the
imaging tool of choice for the detection and diagnosis of both supra-and infra-tentorial lesions,
including brainstem tumours [51-54]. By this point, some surgeons were starting to distinguish
outcomes between different subsets of patient who were able to undergo either partial or
radical resection of brainstem cancers [27;40;41;43-45]. The first to propose what he termed a
staging system for brainstem gliomas was Epstein, in 1985, who first categorized tumours as
intrinsic, exophytic and disseminated; and then subcategorized intrinsic (actual brainstem)
tumours as either diffuse, focal or cervico-medullary [43]. In 1986 and again in 1988, Epstein
et al. published series of paediatric patients undergoing surgery for brainstem cancer, again
classifying patients as focal, diffuse or cervico-medullary; in the latter report, they added a
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category for cystic lesions [27;44]. What these authors noted was uniformly dismal outcomes
in children with diffuse lesions, but often favourable outcomes in those patients with any one
of the three other classifications. In the 1988 report, co-authored by Wisoff [27], among 66
children with intrinsic brainstem gliomas diagnosed between 1980 and 1986 who underwent
radical surgical resection and either CT, MRI or both pre-operatively, 27 (41%) were found to
have diffuse tumors, all of whom died within 12 to 18 months of surgery with malignant
neoplasms that had not benefitted from surgery. However, five of nine children with cystic
tumors, three of five with focal tumors, and twenty of twenty-four with cervicomedullary
tumors were discovered to have a histopathologically low-grade lesion, and these 28 children
all remained alive between one and six years post-operatively. The authors proposed criteria
combining clinical and neuroradiological findings to predict which patients with brainstem
tumors were likely to benefit from radical surgical intervention [27].

Since that time, several additional and very different classification systems have been proposed
for brainstem tumours, including those by Stroink et al., Barkovich et al., Albright, Fischbein
et al., Choux et al., Fisher et al., Mehta et al. and, most recently, Ramos et al. [45;55-61]. (See
Table 1) The system proposed by Stroink et al., published in 1987, was born out of a study of
16 children (9 girls, 7 boys; age range 1½-12 years) with dorsally exophytic transependymal
benign brainstem gliomas diagnosed between 1962 and 1985 at Sick Kids Hospital in Toronto,
Canada [45]. Of these, 13 were low-grade (grade I-II) astrocytomas, one a grade III astrocytoma,
and two gangliogliomas. All 16 patients underwent subtotal resection of their tumours, and
seven had post-operative radiation therapy. One died 18 months after surgery, but the
remaining 15 remained alive an average of eight years post-operatively (median=7 years;
range=8 months to 23 years). Based upon these results, Stroink et al. proposed dorsal exophytic
gliomas (Type I) as a distinct clinical entity, to differentiate them from hypo-dense, non-
enhancing intrinsic tumours (Type IIa); hyper-dense, contrast-enhancing exophytic intrinsic
tumours (Type IIb); focal, enhancing cystic intrinsic tumours (Type III); and focal iso-dense
and contrast-enhancing intrinsic tumours (Type IV) [45].

Author(s)
Year

Published
Imaging Classification System

Epstein [43] 1985 CT, MRI Intrinsic - diffuse; focal, cervicomedullary

Exophytic - anterolateral; posterolateral

Disseminated - positive cytology; positive myelography

Epstein et al. [44] 1986 CT, MRI Diffuse

Focal

Cervicomedullary

Epstein et al. [27] 1988 CT, MRI Diffuse

Focal

Cervicomedullary

Cystic
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Author(s)
Year

Published
Imaging Classification System

Stroink et al. [45] 1987 CT with contrast Type I: dorsal exophytic glioma

Type II intrinsic brainstem tumour

* IIa - hypodense with no contrast enhancement

IIb - hyperdense with contrast enhancement, exophytic

Type III: focal cystic tumour with contrast enhancement

Type IV: focal isodense tumour with contrast enhancement

Barkovich et al. [55] 1990 MRI Tumours characterized by -

(1) Location - midbrain, pons, medulla

(2) Focality - focal or diffuse

(3) Direction & extent of tumour growth

(4) Degree of brainstem enlargement

(5) Presence/absence of exophytic growth

(6) Presence/absence of haemorrhage or necrosis

(7) Evidence of hydrocephalus

Albright [58] 1996 MRI Focal - midbrain; pons; medulla

Diffuse

Fischbein et al. [56] 1996 MRI Midbrain - diffuse; focal; tectal

Pons - diffuse; focal

Medulla - diffuse; focal; dorsal and exophytic

Choux et al. [57] 2000 MRI Type I - diffuse

Type II - intrinsic and focal

Type III - intrinsic and exophytic

Type IV - cervicomedullary

Fisher et al. [59] 2000 MRI Pilocytic astrocytomas

Fibrillary astrocytomas

Other tumors

Mehta et al. [60] 2009 MRI Intrinsic tumours - expanding; diffuse infiltrative; purely ventral

Extrinsic tumours

Ramos et al. [61] 2013 MRI Diffuse intrinsic/diffusely infiltrative

Posterior exophytic/cervicomedullary gliomas; other focal tumours

Dorsal exophytic tumours

Cervicomedullary tumours

Focal tectal tumours

Table 1. Classification Systems for Brain Stem Tumours-1985 to Present
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enhancing intrinsic tumours (Type IIa); hyper-dense, contrast-enhancing exophytic intrinsic
tumours (Type IIb); focal, enhancing cystic intrinsic tumours (Type III); and focal iso-dense
and contrast-enhancing intrinsic tumours (Type IV) [45].
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It was in the mid to late nineteen-eighties that magnetic resonance imaging (MRI) started to
replace CT as the imaging modality of choice for the diagnosis and classification of brainstem
tumours [62]. As such, it was based upon MRI studies that Barkovich et al. proposed their
criteria for brainstem tumours in 1990 [55]. Their criteria were derived from the results of
retrospectively-reviewed MRI studies for 87 paediatric patients with brainstem gliomas. T2-
weighted images were deemed most appropriate for use, given that they were the most
accurate at demonstrating the extent of tumour. In this much more elaborate classification
scheme, tumours were characterized in terms of (1) their location of origin, into midbrain, pons
and medulla; (2) their degree of ‘focality’ (whether diffuse of focal); (3) the direction and extent
of tumour growth; (4) the degree of brainstem enlargement; (5) the degree of exophytic growth;
(6) the presence or absence of cysts, necrosis or hemorrhage; and (7) the presence or absence
of hydrocephalus. This classification scheme was never scientifically validated to determine
its ability to predict outcomes, however, and failed to achieve widespread acceptance. Likely
reasons for this failure were how cumbersome the system was, and the lack of any firm
guidelines as to its use.

As such, subsequent classification schemes have been much simpler, starting with those
proposed by Albright, in 1996, who returned to the very simple categorization of lesions as
being either focal (further distinguished by location, into midbrain, pons or medulla) or diffuse
[58]; and Fischbein et al., also in 1996, who again categorized lesions as focal or diffuse, but
categorized both forms of lesion by location — again into midbrain, pons or medulla [56].
Harkening back to the four-category system initially proposed by Epstein in 1985 [43], Freeman
et al., in 1998, and Choux et al., in 2000, adopted the four relatively straight-forward categories
largely in use today: diffuse intrinsic; focal intrinsic; focal exophytic, and cervicomedullary
[18;57]. In 2009, Mehta et al. proposed a modified sub-categorization of intrinsic tumours, into
expanding, diffuse infiltrative, and pure ventral varieties, achieving good surgical results and
reasonable survival with the first of the three subtypes [60]. Then, most recently, Ramos et al.
adopted yet another classification system that included ‘diffuse intrinsic and diffusely
infiltrative’ as a single category, followed by four additional categories of various focal lesions
[61]. The authors’ conclusion was that “brainstem tumors are a heterogeneous group of
tumors.” Clearly then, in terms of how brainstem tumours are now perceived, there has been
a 180 degree reversal from early statements [21;30;31] about their homogeneity and the
inappropriateness of biopsies for brainstem tumours. The questions remain, however: Who
warrants such biopsies? And how could biopsies and surgery influence outcomes?

2.2. Outcome predictors and indications for surgery

Early universal pessimism regarding the fate of children with brainstem tumours has also
clearly changed in recent years, with reports of better than 90% five-and ten-year survival rates
in children with certain types of tumour [23;63]. The primary objective of all the classification
schemes proposed to date has been to identify which patients warrant surgical treatment and
how aggressive such treatment should be. Contrary to early years, when all brainstem tumours
were considered inoperable [21;30;31], for the past thirty years neurosurgeons have been
operating to either de-bulk or completely excise lesions when doing so was felt to be of clinical
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benefit, potentially positively influencing quality of life and/or survival. As stated earlier, that
a subset of patients existed for whom long-term survival was possible has been suspected for
almost eighty years [36;37]. Once again, it was Epstein et al. who first identified diffuse lesions
as being the most rapidly fatal, and focal and cystic lesions as being more amenable to treatment
and long-term survival [27;43;44]. Since then, other prognostic factors have been identified that
can influence the decision to operate (See Table 2).

Factor Studies
Year

Published
Imaging Comments

Focal (vs. diffuse intrinsic) tumour Sandri et al. [77] 2006 MRI 87.4% 4-year vs. 12.3% 2-year survival

Mauffrey [20] 2006 MRI 90% vs. 22% 2-year survival

Fried et al. 2012 MRI 89% vs. 3% 5-year survival

Cystic appearance Lassiter et al. [34] 1971
not

identified
All 4 children with cystic lesions

Prolonged pre-diagnosis

symptoms
Fisher et al. [59] 2000 MRI

Cox regression→ survival ↓w/ symptoms > 6 mo (p = .

004)

Shuper et al. [17] 1998 MRI Mean survival 19.5 vs. 12.9 mo with >1 mo symptoms

Other than pons location Fisher et al. [59] 2000 MRI
Cox regression→ survival ↓w/ pons involvement (p=.

0002)

No presenting eye

symptoms/eye palsies
Fisher et al. [59] 2000 MRI Cox regression→survival ↓w/ abducens palsy (p<.0001)

Shuper et al. [17] 1998 MRI Mean survival 17.5 vs. 12.3 mo with no eye symptoms

Basilar artery engulfment Fisher et al. [59] 2000 MRI
Cox regression→survival ↓w/ basilar artery engulfed

(p=.006)

Tectal location Poussaint et al. [65] 1998 MRI All 32 children with tectal tumours alive

after a mean 5 years follow-up

Non-enhancing on gadolinium

MRI
Poussaint et al. [65] 1998 MRI Gadolinium enhancement of tectal lesions

increased odds of disease progression x15

Contrast enhancement on MRI Dellaretti et al. [64] 2012 MRI
Mean survival with contrast enhancing lesions = 21.7

mo.;

with non-enhancing lesions 54.2 months (p < .001)

Maximum diameter < 0.5 cm Poussaint et al. [65] 1998 MRI Each 1 cm increase in maximum diameter

increased odds of disease progression x5

Neurofibromatosis type 1 Fried et al. [72] 2012 MRI All 7 children with NF-1 had non-focal

lesions & long-term survival

Other papers Numerous isolated anecdotal reports in other papers

Table 2. Factors Predicting Favourable Outcomes in Paediatric Brainstem Tumour Patients
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It was in the mid to late nineteen-eighties that magnetic resonance imaging (MRI) started to
replace CT as the imaging modality of choice for the diagnosis and classification of brainstem
tumours [62]. As such, it was based upon MRI studies that Barkovich et al. proposed their
criteria for brainstem tumours in 1990 [55]. Their criteria were derived from the results of
retrospectively-reviewed MRI studies for 87 paediatric patients with brainstem gliomas. T2-
weighted images were deemed most appropriate for use, given that they were the most
accurate at demonstrating the extent of tumour. In this much more elaborate classification
scheme, tumours were characterized in terms of (1) their location of origin, into midbrain, pons
and medulla; (2) their degree of ‘focality’ (whether diffuse of focal); (3) the direction and extent
of tumour growth; (4) the degree of brainstem enlargement; (5) the degree of exophytic growth;
(6) the presence or absence of cysts, necrosis or hemorrhage; and (7) the presence or absence
of hydrocephalus. This classification scheme was never scientifically validated to determine
its ability to predict outcomes, however, and failed to achieve widespread acceptance. Likely
reasons for this failure were how cumbersome the system was, and the lack of any firm
guidelines as to its use.

As such, subsequent classification schemes have been much simpler, starting with those
proposed by Albright, in 1996, who returned to the very simple categorization of lesions as
being either focal (further distinguished by location, into midbrain, pons or medulla) or diffuse
[58]; and Fischbein et al., also in 1996, who again categorized lesions as focal or diffuse, but
categorized both forms of lesion by location — again into midbrain, pons or medulla [56].
Harkening back to the four-category system initially proposed by Epstein in 1985 [43], Freeman
et al., in 1998, and Choux et al., in 2000, adopted the four relatively straight-forward categories
largely in use today: diffuse intrinsic; focal intrinsic; focal exophytic, and cervicomedullary
[18;57]. In 2009, Mehta et al. proposed a modified sub-categorization of intrinsic tumours, into
expanding, diffuse infiltrative, and pure ventral varieties, achieving good surgical results and
reasonable survival with the first of the three subtypes [60]. Then, most recently, Ramos et al.
adopted yet another classification system that included ‘diffuse intrinsic and diffusely
infiltrative’ as a single category, followed by four additional categories of various focal lesions
[61]. The authors’ conclusion was that “brainstem tumors are a heterogeneous group of
tumors.” Clearly then, in terms of how brainstem tumours are now perceived, there has been
a 180 degree reversal from early statements [21;30;31] about their homogeneity and the
inappropriateness of biopsies for brainstem tumours. The questions remain, however: Who
warrants such biopsies? And how could biopsies and surgery influence outcomes?

2.2. Outcome predictors and indications for surgery

Early universal pessimism regarding the fate of children with brainstem tumours has also
clearly changed in recent years, with reports of better than 90% five-and ten-year survival rates
in children with certain types of tumour [23;63]. The primary objective of all the classification
schemes proposed to date has been to identify which patients warrant surgical treatment and
how aggressive such treatment should be. Contrary to early years, when all brainstem tumours
were considered inoperable [21;30;31], for the past thirty years neurosurgeons have been
operating to either de-bulk or completely excise lesions when doing so was felt to be of clinical

Tumors of the Central Nervous System – Primary and Secondary36
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a subset of patients existed for whom long-term survival was possible has been suspected for
almost eighty years [36;37]. Once again, it was Epstein et al. who first identified diffuse lesions
as being the most rapidly fatal, and focal and cystic lesions as being more amenable to treatment
and long-term survival [27;43;44]. Since then, other prognostic factors have been identified that
can influence the decision to operate (See Table 2).
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One of the earliest attempts to empirically look at prognostic factors beyond imaging results
was published by Fisher et al. in 2000 [59]. They reported on the results of a study of 77 patients,
21-years old or younger, seen between 1980 and 1997. In this study, they sought to identify
characteristics statistically associated with poor survival. The factors that they identified were
(a) symptom duration less than six months before diagnosis (p=0.004); (b) abducens palsy at
presentation (p < 0.0001); (c) a pontine location (p=0.0002); and (d) engulfment of the basilar
artery (p=0.006). Twenty of their patients were found to have pilocytic astrocytomas, which
were associated with a very favorable 5-year overall survival rate of 95%, as well as with
location outside the ventral pons (p=0.001) and dorsal exophytic growth (p=0.013). Another
histological type they could predict based upon clinic-radiographic findings was fibrillary
astrocytoma, of which they had 14 cases. These lesions were associated with symptoms < 6
months (p=0. 006), abducens palsy (p < 0.001), engulfment of the basilar artery (p=0.002), and
a one-year survival rate of just 23% (p < 0.0001). Shuper et al. also found, in their analysis of
24 children operated upon between 1981 and 1997, that a shorter duration of symptoms (< 4
weeks) and visual symptoms at presentation were associated with shorter survival and lower
survival rates [17]. Meanwhile, Dellaretti et al. found that contrast-enhancing lesions on MRI
were associated with a significantly shorter mean duration of survival versus non-enhancing
lesions (21.7 vs. 55.2 months, p < 0.001); however, on Cox proportional hazards regression
analysis, tumour grade was the only significant predictor of survival, suggesting that contrast
enhancement in that sample was an indicator of higher tumour grade [64].

Poussaint et al. specifically sought to determine which clinical and imaging findings best
correlated with outcomes in children with tumours involving the midbrain tectum, via a
retrospective review of the medical records and imaging studies of 32 children (16 boys and
16 girls; mean age, 8 years) with tectal tumours [65]. Of this number, eight children had
undergone CT, 11 MRI, and 13 both CT and MRI studies. Over a mean follow-up period of
five years (range, 3.6 months to 17 years), all patients experienced hydrocephalus, for which
all but one required cerebrospinal fluid (CSF) diversion. The tectum was the centre of the
tumour in all cases; and the majority of the tumours appeared iso-dense on CT scans, iso-
intense on T1-weighted MR images, and hyper-intense on T2-weighted images. Twenty
patients required no further treatment. In this group, the mean maximum tumour diameter
was 1.8 cm, and enhancement occurred in only two cases (10%). At follow-up, 18 tumours were
the same size as at baseline, one was larger due to cyst formation in the setting of stable
symptoms, and one was smaller. The remaining 12 patients required further treatment
(excision and/or radiotherapy) because of disease progression, indicated either by increased
tumour size or by worsening symptoms. In this group, the mean maximum tumour diameter
was 2.5 cm and contrast enhancement occurred in nine (75%). Further follow-up in this group
showed decreased tumour size in eight and stable residual tumor in three. The authors then
used regression analysis to calculate and compare the likelihood of a patient requiring further
treatment with various-size enhancing versus non-enhancing tumours and identified two
trends: larger tumours were more likely to require further treatment; and the same was true
for enhancing lesions. Combining these two factors was especially predictive. For example,
whereas 31% of lesions with a maximum diameter of 0.5 cm required further treatment, same-
sized non-enhancing lesions warranted such treatment less than one percent of the time.
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Corresponding percentages for lesions of maximum diameter 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0
cm were 48 and 1%, 67 and 3%, 80 and 6%, 90 and 11%, 95 and 21%, 97 and 36%, and 98 and
54%. By the time a lesion reached 4.5 cm in maximum diameter, virtually all (99 and 70%)
required further treatment, irrespective of whether they did or did not enhance. Overall, the
odds of surgical or radiation treatment were almost five times greater for each 1 cm increase
in maximum tumor diameter (odds ratio, 4.9; 95% confidence interval, 1.3-19.3; p=0.015); and
15 times greater when the tumor enhanced versus when it did not (15.0; 2.2-106.5; p < 0.003).
The investigators thereby concluded that, though paediatric tectal tumors exhibit somewhat
variable behavior, patients generally do well, and that larger tumours, and especially those
that that enhance with contrast on MRI, are highly likely to be more aggressive [65]. Whether
size and contrast-based enhancement on MRI or CT predict the need for treatment or ultimate
outcomes with other non-diffuse intrinsic or exophytic brainstem tumours has not yet been
demonstrated.

Another factor long believed to place individuals at increased risk of brainstem and other CNS
malignancies, but also to confer a relatively favorable prognosis, is the presence of type 1
neurofibromatosis (NF-1), though this belief is largely based upon anecdotal reports [66-72].
In the large study of 223 children with brainstem tumours reported by Fried et al., however,
there were seven children with concomitant NF-1; and all had low-grade brainstem tumours
[72]; the statistical likelihood that this occurred merely by chance, assuming a fifty-fifty split
of low-to high-grade lesions (which is roughly what they observed across the sample), is less
than one percent.

Overall in NF-1 patients, brainstem gliomas comprise a heterogeneous group of lesions,
consisting of three main subtypes: (1) diffuse brainstem enlargement; (2) focal enhancing
nodules with or without cystic areas; and (3) peri-aqueductal gliomas. All of these subtypes,
including diffuse brainstem enlargement, generally exhibit a very indolent course and do not
require treatment, though MRI monitoring is indicated until their indolent course is confirmed.
Some lesions even regress on their own [73]. The diffuse brainstem enlargement is somewhat
similar in appearance to the unidentified bright objects (UBOs) that are the most commonly
observed CNS lesions on MRI in patients with NF-1 [74]. Like UBOs, they exhibit abnormal
signals on T1-weighted images. The major differences are that, as opposed to UBOs, there
usually is a mass effect, and these lesions also tend to be considerably larger than most UBOs.
What the diffuse enlargement represents remains controversial. Many presume them to be
gliomas, but they exhibit a much more indolent course than brainstem gliomas seen outside
of NF-1, such that adjuvant treatment is only required in the minority of patients whose lesions
progress. However, ongoing monitoring is required to detect the few who do progress, before
neurological deficits ensue, which often are irreversible. Rarely, these gliomas progress to more
malignant forms of astrocytoma, including glioblastoma [73;75].

The focal enhancing nodules seen in the brainstem of NF-1 patients, which may occur with or
without cystic areas, generally are thought to represent pilocytic astrocytomas, given their
imaging characteristics. Like pilocytic astrocytomas elsewhere, they generally are indolent;
but their course is unpredictable and the brainstem so susceptible to major deficits, relative to
the cerebral hemispheres, that ongoing monitoring is required. Small, focal intrinsic lesions
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One of the earliest attempts to empirically look at prognostic factors beyond imaging results
was published by Fisher et al. in 2000 [59]. They reported on the results of a study of 77 patients,
21-years old or younger, seen between 1980 and 1997. In this study, they sought to identify
characteristics statistically associated with poor survival. The factors that they identified were
(a) symptom duration less than six months before diagnosis (p=0.004); (b) abducens palsy at
presentation (p < 0.0001); (c) a pontine location (p=0.0002); and (d) engulfment of the basilar
artery (p=0.006). Twenty of their patients were found to have pilocytic astrocytomas, which
were associated with a very favorable 5-year overall survival rate of 95%, as well as with
location outside the ventral pons (p=0.001) and dorsal exophytic growth (p=0.013). Another
histological type they could predict based upon clinic-radiographic findings was fibrillary
astrocytoma, of which they had 14 cases. These lesions were associated with symptoms < 6
months (p=0. 006), abducens palsy (p < 0.001), engulfment of the basilar artery (p=0.002), and
a one-year survival rate of just 23% (p < 0.0001). Shuper et al. also found, in their analysis of
24 children operated upon between 1981 and 1997, that a shorter duration of symptoms (< 4
weeks) and visual symptoms at presentation were associated with shorter survival and lower
survival rates [17]. Meanwhile, Dellaretti et al. found that contrast-enhancing lesions on MRI
were associated with a significantly shorter mean duration of survival versus non-enhancing
lesions (21.7 vs. 55.2 months, p < 0.001); however, on Cox proportional hazards regression
analysis, tumour grade was the only significant predictor of survival, suggesting that contrast
enhancement in that sample was an indicator of higher tumour grade [64].

Poussaint et al. specifically sought to determine which clinical and imaging findings best
correlated with outcomes in children with tumours involving the midbrain tectum, via a
retrospective review of the medical records and imaging studies of 32 children (16 boys and
16 girls; mean age, 8 years) with tectal tumours [65]. Of this number, eight children had
undergone CT, 11 MRI, and 13 both CT and MRI studies. Over a mean follow-up period of
five years (range, 3.6 months to 17 years), all patients experienced hydrocephalus, for which
all but one required cerebrospinal fluid (CSF) diversion. The tectum was the centre of the
tumour in all cases; and the majority of the tumours appeared iso-dense on CT scans, iso-
intense on T1-weighted MR images, and hyper-intense on T2-weighted images. Twenty
patients required no further treatment. In this group, the mean maximum tumour diameter
was 1.8 cm, and enhancement occurred in only two cases (10%). At follow-up, 18 tumours were
the same size as at baseline, one was larger due to cyst formation in the setting of stable
symptoms, and one was smaller. The remaining 12 patients required further treatment
(excision and/or radiotherapy) because of disease progression, indicated either by increased
tumour size or by worsening symptoms. In this group, the mean maximum tumour diameter
was 2.5 cm and contrast enhancement occurred in nine (75%). Further follow-up in this group
showed decreased tumour size in eight and stable residual tumor in three. The authors then
used regression analysis to calculate and compare the likelihood of a patient requiring further
treatment with various-size enhancing versus non-enhancing tumours and identified two
trends: larger tumours were more likely to require further treatment; and the same was true
for enhancing lesions. Combining these two factors was especially predictive. For example,
whereas 31% of lesions with a maximum diameter of 0.5 cm required further treatment, same-
sized non-enhancing lesions warranted such treatment less than one percent of the time.
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Corresponding percentages for lesions of maximum diameter 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0
cm were 48 and 1%, 67 and 3%, 80 and 6%, 90 and 11%, 95 and 21%, 97 and 36%, and 98 and
54%. By the time a lesion reached 4.5 cm in maximum diameter, virtually all (99 and 70%)
required further treatment, irrespective of whether they did or did not enhance. Overall, the
odds of surgical or radiation treatment were almost five times greater for each 1 cm increase
in maximum tumor diameter (odds ratio, 4.9; 95% confidence interval, 1.3-19.3; p=0.015); and
15 times greater when the tumor enhanced versus when it did not (15.0; 2.2-106.5; p < 0.003).
The investigators thereby concluded that, though paediatric tectal tumors exhibit somewhat
variable behavior, patients generally do well, and that larger tumours, and especially those
that that enhance with contrast on MRI, are highly likely to be more aggressive [65]. Whether
size and contrast-based enhancement on MRI or CT predict the need for treatment or ultimate
outcomes with other non-diffuse intrinsic or exophytic brainstem tumours has not yet been
demonstrated.
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In the large study of 223 children with brainstem tumours reported by Fried et al., however,
there were seven children with concomitant NF-1; and all had low-grade brainstem tumours
[72]; the statistical likelihood that this occurred merely by chance, assuming a fifty-fifty split
of low-to high-grade lesions (which is roughly what they observed across the sample), is less
than one percent.

Overall in NF-1 patients, brainstem gliomas comprise a heterogeneous group of lesions,
consisting of three main subtypes: (1) diffuse brainstem enlargement; (2) focal enhancing
nodules with or without cystic areas; and (3) peri-aqueductal gliomas. All of these subtypes,
including diffuse brainstem enlargement, generally exhibit a very indolent course and do not
require treatment, though MRI monitoring is indicated until their indolent course is confirmed.
Some lesions even regress on their own [73]. The diffuse brainstem enlargement is somewhat
similar in appearance to the unidentified bright objects (UBOs) that are the most commonly
observed CNS lesions on MRI in patients with NF-1 [74]. Like UBOs, they exhibit abnormal
signals on T1-weighted images. The major differences are that, as opposed to UBOs, there
usually is a mass effect, and these lesions also tend to be considerably larger than most UBOs.
What the diffuse enlargement represents remains controversial. Many presume them to be
gliomas, but they exhibit a much more indolent course than brainstem gliomas seen outside
of NF-1, such that adjuvant treatment is only required in the minority of patients whose lesions
progress. However, ongoing monitoring is required to detect the few who do progress, before
neurological deficits ensue, which often are irreversible. Rarely, these gliomas progress to more
malignant forms of astrocytoma, including glioblastoma [73;75].

The focal enhancing nodules seen in the brainstem of NF-1 patients, which may occur with or
without cystic areas, generally are thought to represent pilocytic astrocytomas, given their
imaging characteristics. Like pilocytic astrocytomas elsewhere, they generally are indolent;
but their course is unpredictable and the brainstem so susceptible to major deficits, relative to
the cerebral hemispheres, that ongoing monitoring is required. Small, focal intrinsic lesions
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may enlarge and then regress spontaneously. Exophytic tumours often are more aggressive
and require treatment.

Periaqueductal gliomas occur adjacent to the aqueduct of Sylvius between the 3rd and 4th

ventricles in the midbrain. They typically manifest with late-onset aqueductal stenosis, leading
to hydrocephalus. Presumably, they represent low-grade gliomas or glial hamartomas, and
typically are indolent. However, because of their location, CSF shunting often is necessary.
But, as with the other two forms of brainstem tumour seen in NF-1 patients, resection usually
is unnecessary [73;75].

Table 3 summarizes currently published research on tumour characteristics that predict a
favourable outcome. What is most evident is the dearth of confirmatory studies. These findings
aside, the brainstem tumour characteristic that is unquestionably the one most likely to
dissuade surgeons from operating is evidence that the tumour is intrinsic and diffuse, due both
to the known high risks of surgery and to the lack of evidence suggesting any benefit, in terms
of either quality of life or survival time [16-18;20]. The corollary to this is that, contrary to thirty
years ago when most surgeons preferred to leave all brainstem tumours alone, focal, exophytic
and cystic tumours are increasingly being accessed and resected, often with good results
[16-18;20;23;60].

Year Study Study subjects 5-year survival

Author(s) Published Type N = N = % =

Lesniak et al. [76] 2003 Retrospective 57 26 45.6%

Sandri et al. [77] 2006 Retrospective 17 15 88.2%

Mauffrey [20] 2006 Retrospective 14 8 57.1%

Teo et al. [63] 208 Retrospective 34 27 79.4%

Fried et al. [72] 2012 Retrospective 108 96 88.9%

Klimo et al. [23] 2013 Retrospective 52 51 98.1%

OVERALL 282 223 79.1%

Table 3. Survival in Paediatric Patients with Non-Diffuse Intrinsic Brainstem Tumours

2.3. Treatment and outcomes

In 1984, Tomita [31] wrote that “radiation therapy is the choice of treatment, should CT indicate
clear evidence of intrinsic brain stem tumor... posterior fossa craniotomy should be undertaken
only for aspiration of cystic intrinsic stem tumors, resection of extra-axial juxtastem tumors
and, although rare, in instances when CT is unable to definitively distinguish extra-axial from
intra-axial mass for verification of lesion location.” Clearly, sentiments have changed; but has
the increase in surgical interventions altered outcomes?

In 1998, Shuper et al. published the results of their study of 24 children with brainstem tumours
operated upon between 1981 and 1997 [17]. The main question they asked was: are we
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improving outcomes? A tissue diagnosis was achieved in only six of the children. Although
the investigators did not perform inferential statistical analysis, average survival in five
patients seen before 1990 was 8.6 months, versus 19.4 months in the five patients seen in 1990
through 1994, and 20.0 months in those seen in 1995 and 1996. Moreover, raw data were
provided, allowing the current author to perform a statistical comparison of months of survival
pre (8.6) versus post (19.7) January 1st 1990. This difference, despite the low numbers, is
significant (t=2.379, df 13, p=0.03). However, these patients generally were offered radiation
+/-chemotherapy, and not surgery. In addition, other biases might have erroneously generated
these results, like alterations in referral patterns or the earlier recognition of tumours as a result
of major technological advances in imaging.

More recently, several authors have reported survival rates in paediatric patients treated
surgically for non-diffuse tumours (Table 3). In 2003, Lesniak et al. [76] retrospectively
reviewed the charts of all pediatric patients admitted to Johns Hopkins University Hospital
with a diagnosis of a brainstem tumor between January 1985 and December 2000: 89 patients
met the inclusion criteria, among whom 57 (64.0%) underwent surgical resection, while 32
(36%) were treated with radiation and/or chemotherapy. Of the surgical candidates, 57 (100%)
had an accompanying MRI scan significant for an enhancing lesion in the midbrain, pons or
the medulla. The pathology was consistent with juvenile pilocytic astrocytoma in 30 patients
(52.6%) and glioblastoma multiforme in 12 patients (21.1%). The remaining cases consisted of
ten patients (17.5%) with fibrillary astrocytomas, three (5.3%) with gangliogliomas, one (1.8%)
with an oligodendroglioma and one (1.8%) with a primitive neuroectodermal tumor. Total
surgical resection was attained in 29 patients, near total resection (>90%) in eight, subtotal
resection (50-90%) in 15, and partial resection (<50%) in five. The progression-free survival of
all patients, which included the twelve with glioblastomas, was 71.9% at 3 years and 45.6% at
5 years. Excluding the 12 patients with known glioblastomas, all of whom died prior to three
years, these survival rates rise to 83 and 53%, comparable to rates observed in a subsequent
study by Sandri et al. [77].

In 2006, Sandri et al. [77] published their series of 31 children admitted to their institution from
1995 to 2003, 14 of whom were classified on MRI as having diffuse and 17 as having focal
brainstem tumours. Patients with diffuse lesions were treated with locoregional radiotherapy
(1.8 Gy/day for 54 Gy) and weekly vincristine for radiosensitization (1.5 mg/sm for six total
doses). Meanwhile, patients with focal tumours underwent surgical resection, with adjunct
chemotherapy and/or radiotherapy considered on a case-by-case basis. Among the 14 with
diffuse tumours, ten experienced a partial response, three exhibited stabilization of their
disease, and one progressed. General and/or neurological symptoms improved in more than
80% of these patients. However, the median time from diagnosis to progression and from
diagnosis to death were just 8 (range of 3-13) and 13 (range of 4-25) months, respectively, with
a 2-year overall survival rate of just 12.3%. Conversely, among the 17 children with focal
lesions, gross total removal was achieved in 4/17 cases, subtotal removal in 7/17, and partial
removal in 6/17. There was one surgery-related death. Eight out of 17 patients had adjuvant
chemo-and/or radiotherapy after progression, among whom six remained free of neurological
symptoms and two died secondary to tumor progression. The 4-year overall and disease-free
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may enlarge and then regress spontaneously. Exophytic tumours often are more aggressive
and require treatment.

Periaqueductal gliomas occur adjacent to the aqueduct of Sylvius between the 3rd and 4th

ventricles in the midbrain. They typically manifest with late-onset aqueductal stenosis, leading
to hydrocephalus. Presumably, they represent low-grade gliomas or glial hamartomas, and
typically are indolent. However, because of their location, CSF shunting often is necessary.
But, as with the other two forms of brainstem tumour seen in NF-1 patients, resection usually
is unnecessary [73;75].

Table 3 summarizes currently published research on tumour characteristics that predict a
favourable outcome. What is most evident is the dearth of confirmatory studies. These findings
aside, the brainstem tumour characteristic that is unquestionably the one most likely to
dissuade surgeons from operating is evidence that the tumour is intrinsic and diffuse, due both
to the known high risks of surgery and to the lack of evidence suggesting any benefit, in terms
of either quality of life or survival time [16-18;20]. The corollary to this is that, contrary to thirty
years ago when most surgeons preferred to leave all brainstem tumours alone, focal, exophytic
and cystic tumours are increasingly being accessed and resected, often with good results
[16-18;20;23;60].

Year Study Study subjects 5-year survival

Author(s) Published Type N = N = % =

Lesniak et al. [76] 2003 Retrospective 57 26 45.6%

Sandri et al. [77] 2006 Retrospective 17 15 88.2%

Mauffrey [20] 2006 Retrospective 14 8 57.1%

Teo et al. [63] 208 Retrospective 34 27 79.4%

Fried et al. [72] 2012 Retrospective 108 96 88.9%

Klimo et al. [23] 2013 Retrospective 52 51 98.1%

OVERALL 282 223 79.1%

Table 3. Survival in Paediatric Patients with Non-Diffuse Intrinsic Brainstem Tumours

2.3. Treatment and outcomes

In 1984, Tomita [31] wrote that “radiation therapy is the choice of treatment, should CT indicate
clear evidence of intrinsic brain stem tumor... posterior fossa craniotomy should be undertaken
only for aspiration of cystic intrinsic stem tumors, resection of extra-axial juxtastem tumors
and, although rare, in instances when CT is unable to definitively distinguish extra-axial from
intra-axial mass for verification of lesion location.” Clearly, sentiments have changed; but has
the increase in surgical interventions altered outcomes?

In 1998, Shuper et al. published the results of their study of 24 children with brainstem tumours
operated upon between 1981 and 1997 [17]. The main question they asked was: are we
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improving outcomes? A tissue diagnosis was achieved in only six of the children. Although
the investigators did not perform inferential statistical analysis, average survival in five
patients seen before 1990 was 8.6 months, versus 19.4 months in the five patients seen in 1990
through 1994, and 20.0 months in those seen in 1995 and 1996. Moreover, raw data were
provided, allowing the current author to perform a statistical comparison of months of survival
pre (8.6) versus post (19.7) January 1st 1990. This difference, despite the low numbers, is
significant (t=2.379, df 13, p=0.03). However, these patients generally were offered radiation
+/-chemotherapy, and not surgery. In addition, other biases might have erroneously generated
these results, like alterations in referral patterns or the earlier recognition of tumours as a result
of major technological advances in imaging.

More recently, several authors have reported survival rates in paediatric patients treated
surgically for non-diffuse tumours (Table 3). In 2003, Lesniak et al. [76] retrospectively
reviewed the charts of all pediatric patients admitted to Johns Hopkins University Hospital
with a diagnosis of a brainstem tumor between January 1985 and December 2000: 89 patients
met the inclusion criteria, among whom 57 (64.0%) underwent surgical resection, while 32
(36%) were treated with radiation and/or chemotherapy. Of the surgical candidates, 57 (100%)
had an accompanying MRI scan significant for an enhancing lesion in the midbrain, pons or
the medulla. The pathology was consistent with juvenile pilocytic astrocytoma in 30 patients
(52.6%) and glioblastoma multiforme in 12 patients (21.1%). The remaining cases consisted of
ten patients (17.5%) with fibrillary astrocytomas, three (5.3%) with gangliogliomas, one (1.8%)
with an oligodendroglioma and one (1.8%) with a primitive neuroectodermal tumor. Total
surgical resection was attained in 29 patients, near total resection (>90%) in eight, subtotal
resection (50-90%) in 15, and partial resection (<50%) in five. The progression-free survival of
all patients, which included the twelve with glioblastomas, was 71.9% at 3 years and 45.6% at
5 years. Excluding the 12 patients with known glioblastomas, all of whom died prior to three
years, these survival rates rise to 83 and 53%, comparable to rates observed in a subsequent
study by Sandri et al. [77].

In 2006, Sandri et al. [77] published their series of 31 children admitted to their institution from
1995 to 2003, 14 of whom were classified on MRI as having diffuse and 17 as having focal
brainstem tumours. Patients with diffuse lesions were treated with locoregional radiotherapy
(1.8 Gy/day for 54 Gy) and weekly vincristine for radiosensitization (1.5 mg/sm for six total
doses). Meanwhile, patients with focal tumours underwent surgical resection, with adjunct
chemotherapy and/or radiotherapy considered on a case-by-case basis. Among the 14 with
diffuse tumours, ten experienced a partial response, three exhibited stabilization of their
disease, and one progressed. General and/or neurological symptoms improved in more than
80% of these patients. However, the median time from diagnosis to progression and from
diagnosis to death were just 8 (range of 3-13) and 13 (range of 4-25) months, respectively, with
a 2-year overall survival rate of just 12.3%. Conversely, among the 17 children with focal
lesions, gross total removal was achieved in 4/17 cases, subtotal removal in 7/17, and partial
removal in 6/17. There was one surgery-related death. Eight out of 17 patients had adjuvant
chemo-and/or radiotherapy after progression, among whom six remained free of neurological
symptoms and two died secondary to tumor progression. The 4-year overall and disease-free
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survival rates were 87.4 (SE 8.4) and 58.8% (SE 11.9), respectively, with the extent of resection
identified as the best predictor of survival (p=0.012) [77].

Also in 2006, Mauffrey reported on his retrospectively reviewed series of 27 paediatric patients
admitted to hospital in Turin, Italy with a diagnosis of brainstem glioma [20]. Thirteen patients
had a diffuse pontine tumour on MRI scan, while fourteen had other brainstem gliomas. Those
in the first group had a shorter mean duration of symptoms prior to diagnosis (2.6 vs. 10.6
months), never demonstrated gadolinium enhancement of their tumour on MRI (vs. 78.6% in
the other group), and were much more likely to have symptoms or findings indicating cranial
nerve involvement (77.0 vs. 28.5%). None of the 13 with diffuse gliomas underwent radical
surgery, whereas it was the treatment of choice in the remaining 14. Two-year survival rates
were 25% and 90%, respectively, and 60% of the latter remained alive at five years [20].

In 2008, Teo and Siu [63] reported on their results with 34 consecutive patients between 3 and
16 years of age who underwent endoscope-assisted microsurgery for focal brainstem gliomas
with the intent of radial resection between 1999 and 2005. More than 90% tumour resection
was achieved in 31patients, while >50% was attained in the remainder. There was no peri-
operative mortality and the average follow-up was 46 months. Twenty-three patients (74%)
harboured low-grade and 11 (26%) high-grade gliomas. Kaplan-Meier survival analysis
revealed marked differences in the 5-year survival rates between the two groups (100% vs.
33%). Multivariate analysis demonstrated that the degree of tumour resection was not
associated with poor outcome at 6 months.

Two papers published over the past couple of years are those by Fried et al. [72], based at The
Hospital for Sick Children in Toronto Canada, and Klimo et al., based at George Washington
University in Washington, DC [23]. The latter study, like all those described previously, was
relatively small, with just 52 patients (32 boys), all with radiographically-confirmed, low-grade
focal brainstem gliomas seen from 1986 to 2010. The median duration of follow-up was 10.0
years, and the median age at diagnosis 6.5 years (range 1-17 years). Tumors were located in
the midbrain (n=22, 42%), pons (n=15, 29%), and medulla (n=15, 29%). Surgical extirpation was
the primary treatment in 25 patients (48%). Five-and 10-year event-free survival and overall
survival rates were 59% and 98%, and 52% and 90%, respectively. Surprisingly, children with
intrinsic tumors trended towards slightly higher event-free survival at 5 years than those with
exophytic tumors (p=0.054), but not at 10 years (p=0.147). No other variables were predictive
of event-free survival [23].

The retrospective study by Fried et al. is by far the largest to date, assessing a total of 223
children with brainstem tumours (12% of all CNS tumours seen) followed at The Hospital for
Sick Children in Toronto over the preceding 25 years [72]. Ninety-five of these tumours were
diffuse and an additional 17 were high-grade astrocytomas (grade III or IV). The investigators
made several novel observations. First, whereas 75% of tumors involving the pons were high-
grade, 98% of tumours lacking pontine involvement were low-grade (p = 0.0001). Second,
residual tumour after surgery, even when visualized, did not adversely alter either progres‐
sion-free survival or overall survival. And, among those requiring further treatment, 5-year
progression-free and overall survival were comparable between those receiving chemotherapy
(53 and 93%) and those administered radiotherapy (66 and 83%) (p = 0.26 and 0.30, respective‐
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ly). Among those with focal lesions, five-year progression-free survival (PFS) and overall
survival (OS) were 57% and 89%.

Combining the results of these last seven studies (Table 3), in which children with non-focal
brainstem tumours were identified and treated, either surgically or non-surgically, there were
282 such children, of whom 223 (79.1%) survived long-term (beyond 4 years and most beyond
5 years). In the largest study, which had 108 such children [72], 90% remained alive 10 years
post diagnosis. Several comments are warranted. First, every one of the above-mentioned
studies had significant methodological issues, not the least being that they all were retrospec‐
tive. Moreover, because patients were selected for surgery, it is not possible to rule out the
possibility that the characteristics that made them surgical candidates in the first place (e.g., a
focal vs. diffuse tumour) were responsible for their survival, rather than the surgery itself.
Nonetheless, what is clear is that long-term survival among children with non-diffuse tumours
clearly is not at all uncommon. In fact, it seems likely for four out of five such children, making
it the rule and not the exception, which is radically distant from both the beliefs and outcomes
of thirty and forty years ago, and considerably improved from survival rates in at least one
older study in which those with non-diffuse tumours were identified but not offered surgery
[78]. Fried et al. concluded that children with non-diffuse brainstem tumours do well even
with conservative management; but their conservative management appears to have consisted
of surgical resection in most cases, with adjuvant chemotherapy or radiation considered more
aggressive [72]. Ideally, from a purely methodological standpoint, future studies would
randomize surgery-eligible patients to surgery versus non-surgery groups. Practically,
however, this author considers it unlikely that most parents would consent to allow their
children to be randomly assigned to one group or the other when surgery offers at least the
potential of cure.

The good news, then, irrespective of methodological questions regarding the true effectiveness
of surgery, is that children with several types of brainstem tumour appear to do well. The bad
news is that the majority of brainstem tumours in children continue to be either diffuse intrinsic
lesions or high-grade astrocytomas [72], and the prognosis for either remains dismal, with only
about 10% of children alive two years after diagnosis [79;80]. One major challenge currently
facing researchers and clinicians is to identify non-surgical ways to better target these other‐
wise poorly responsive tumours.

3. Where we are and where we are going

Clearly, the past forty years have brought about substantial changes in the way brainstem
tumours are both perceived and managed. No longer is the term ‘brainstem glioma’ used to
lump all brainstem lesions together as homogenous, untreatable and ultimately fatal. Now,
either three or four heterogeneous classes of tumour are described, and all but one is considered
to be an indication for aggressive, often surgical treatment. Some investigators sub-classify
lesions further, related to their anatomical location (e.g., midbrain, pons, medulla). In essence,
though, irrespective of the number of tumour types proposed, all categorization systems
ultimately separate diffuse intrinsic lesions from all others.
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survival rates were 87.4 (SE 8.4) and 58.8% (SE 11.9), respectively, with the extent of resection
identified as the best predictor of survival (p=0.012) [77].

Also in 2006, Mauffrey reported on his retrospectively reviewed series of 27 paediatric patients
admitted to hospital in Turin, Italy with a diagnosis of brainstem glioma [20]. Thirteen patients
had a diffuse pontine tumour on MRI scan, while fourteen had other brainstem gliomas. Those
in the first group had a shorter mean duration of symptoms prior to diagnosis (2.6 vs. 10.6
months), never demonstrated gadolinium enhancement of their tumour on MRI (vs. 78.6% in
the other group), and were much more likely to have symptoms or findings indicating cranial
nerve involvement (77.0 vs. 28.5%). None of the 13 with diffuse gliomas underwent radical
surgery, whereas it was the treatment of choice in the remaining 14. Two-year survival rates
were 25% and 90%, respectively, and 60% of the latter remained alive at five years [20].

In 2008, Teo and Siu [63] reported on their results with 34 consecutive patients between 3 and
16 years of age who underwent endoscope-assisted microsurgery for focal brainstem gliomas
with the intent of radial resection between 1999 and 2005. More than 90% tumour resection
was achieved in 31patients, while >50% was attained in the remainder. There was no peri-
operative mortality and the average follow-up was 46 months. Twenty-three patients (74%)
harboured low-grade and 11 (26%) high-grade gliomas. Kaplan-Meier survival analysis
revealed marked differences in the 5-year survival rates between the two groups (100% vs.
33%). Multivariate analysis demonstrated that the degree of tumour resection was not
associated with poor outcome at 6 months.

Two papers published over the past couple of years are those by Fried et al. [72], based at The
Hospital for Sick Children in Toronto Canada, and Klimo et al., based at George Washington
University in Washington, DC [23]. The latter study, like all those described previously, was
relatively small, with just 52 patients (32 boys), all with radiographically-confirmed, low-grade
focal brainstem gliomas seen from 1986 to 2010. The median duration of follow-up was 10.0
years, and the median age at diagnosis 6.5 years (range 1-17 years). Tumors were located in
the midbrain (n=22, 42%), pons (n=15, 29%), and medulla (n=15, 29%). Surgical extirpation was
the primary treatment in 25 patients (48%). Five-and 10-year event-free survival and overall
survival rates were 59% and 98%, and 52% and 90%, respectively. Surprisingly, children with
intrinsic tumors trended towards slightly higher event-free survival at 5 years than those with
exophytic tumors (p=0.054), but not at 10 years (p=0.147). No other variables were predictive
of event-free survival [23].

The retrospective study by Fried et al. is by far the largest to date, assessing a total of 223
children with brainstem tumours (12% of all CNS tumours seen) followed at The Hospital for
Sick Children in Toronto over the preceding 25 years [72]. Ninety-five of these tumours were
diffuse and an additional 17 were high-grade astrocytomas (grade III or IV). The investigators
made several novel observations. First, whereas 75% of tumors involving the pons were high-
grade, 98% of tumours lacking pontine involvement were low-grade (p = 0.0001). Second,
residual tumour after surgery, even when visualized, did not adversely alter either progres‐
sion-free survival or overall survival. And, among those requiring further treatment, 5-year
progression-free and overall survival were comparable between those receiving chemotherapy
(53 and 93%) and those administered radiotherapy (66 and 83%) (p = 0.26 and 0.30, respective‐
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ly). Among those with focal lesions, five-year progression-free survival (PFS) and overall
survival (OS) were 57% and 89%.

Combining the results of these last seven studies (Table 3), in which children with non-focal
brainstem tumours were identified and treated, either surgically or non-surgically, there were
282 such children, of whom 223 (79.1%) survived long-term (beyond 4 years and most beyond
5 years). In the largest study, which had 108 such children [72], 90% remained alive 10 years
post diagnosis. Several comments are warranted. First, every one of the above-mentioned
studies had significant methodological issues, not the least being that they all were retrospec‐
tive. Moreover, because patients were selected for surgery, it is not possible to rule out the
possibility that the characteristics that made them surgical candidates in the first place (e.g., a
focal vs. diffuse tumour) were responsible for their survival, rather than the surgery itself.
Nonetheless, what is clear is that long-term survival among children with non-diffuse tumours
clearly is not at all uncommon. In fact, it seems likely for four out of five such children, making
it the rule and not the exception, which is radically distant from both the beliefs and outcomes
of thirty and forty years ago, and considerably improved from survival rates in at least one
older study in which those with non-diffuse tumours were identified but not offered surgery
[78]. Fried et al. concluded that children with non-diffuse brainstem tumours do well even
with conservative management; but their conservative management appears to have consisted
of surgical resection in most cases, with adjuvant chemotherapy or radiation considered more
aggressive [72]. Ideally, from a purely methodological standpoint, future studies would
randomize surgery-eligible patients to surgery versus non-surgery groups. Practically,
however, this author considers it unlikely that most parents would consent to allow their
children to be randomly assigned to one group or the other when surgery offers at least the
potential of cure.

The good news, then, irrespective of methodological questions regarding the true effectiveness
of surgery, is that children with several types of brainstem tumour appear to do well. The bad
news is that the majority of brainstem tumours in children continue to be either diffuse intrinsic
lesions or high-grade astrocytomas [72], and the prognosis for either remains dismal, with only
about 10% of children alive two years after diagnosis [79;80]. One major challenge currently
facing researchers and clinicians is to identify non-surgical ways to better target these other‐
wise poorly responsive tumours.

3. Where we are and where we are going

Clearly, the past forty years have brought about substantial changes in the way brainstem
tumours are both perceived and managed. No longer is the term ‘brainstem glioma’ used to
lump all brainstem lesions together as homogenous, untreatable and ultimately fatal. Now,
either three or four heterogeneous classes of tumour are described, and all but one is considered
to be an indication for aggressive, often surgical treatment. Some investigators sub-classify
lesions further, related to their anatomical location (e.g., midbrain, pons, medulla). In essence,
though, irrespective of the number of tumour types proposed, all categorization systems
ultimately separate diffuse intrinsic lesions from all others.
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Current diagnosis largely depends on the use of patient histories and physical findings,
especially paying attention to the duration of symptoms prior to diagnosis and the type(s) of
neurological deficits identified (e.g., ocular palsies), followed by magnetic resonance imaging,
both with and without contrast. Lesions that are intrinsic and diffuse, and lesions that involve
the pons are generally considered to be a contraindication to surgery, though many clinicians
are now biopsying them to determine if they are high-or low-grade to estimate course and
likely survival time [81]. Conversely, lesions that are focal, cystic, and extraphytic are usually
considered treatable, with surgery to remove as much of the tumour as possible often consid‐
ered the treatment of choice. Table 4, utilizing the most recently proposed classification system
of Ramos et al. [61], summarizes current general practices. Following the 2013 publication of
guidelines promoting the biopsy of diffuse intrinsic brainstem lesions to aid in the develop‐
ment of targeted therapies [82], stereotactic biopsies must now be at least considered standard
of care for these patients. Radiation therapy, sometimes combined with chemotherapy,
appears to induce brief clinical remissions in patients with diffuse tumours for whom surgery
is not indicated, and may prolong survival slightly [83]. With other tumours, surgery often
plays the major role; though some patients merely require monitoring and others respond well
to radiation or conservative measures like CSF shunting alone.

Tumour type
Typical

location
Usual histology Biopsy Surgery

Radiatio

n

Chemothera

py

2-year

survival

Diffuse Intrinsic or Pons grade III-IV gliomas Yes No Yes +/- 10%

Diffusely

Infiltrative

fibrillary

astrocytomas

Focal Medulla
pilocystic

astrocytomas
Yes Complete resection +/- +/- ≥ 90%

Brainstem gangliocytomas often possible

Dorsal Exophytic Mostly in 4th
pilocystic

astrocytomas
Yes Usually only partial +/- +/- ≥ 90%

ventricle
other low-grade

glioma
resection is possible

Cervicomedullary Epicentre either
pilocystic

astrocytomas
Yes Complete resection +/- +/- ~ 100%

in medulla or gangliocytomas
possible in ~75% of

pts

cervical spine

Focal Tectal Tectum low-grade gliomas Yes Shunt placement Yes Usually not ~ 100%

Resection often

unnecessary

Table 4. Current Management of Paediatric Brainstem Tumours
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There remains no consensus, however, as to how to best categorize lesions; and the lion’s share
of brainstem tumours continue to be considered untreatable and to have a dismal prognosis.
Consequently, three major challenges that remain are (1) coming to some consensus as to
classifying lesions, so as to best predict their course, likely response to treatment and, hence,
when and how best to treat them; (2) developing more effective non-surgical treatments to
treat the intrinsic diffuse tumours for which all current treatments, including surgery, have
been ineffective and the prognosis remains abysmal; and (3) optimizing quality of life in these
children and their families, irrespective of long-term prognosis. With a view to these three
main objectives, we now briefly explore current and future directions in the detection,
diagnosis and classification of brainstem tumours, and in their non-operative and operative
management.

3.1. Enhanced diagnostics and classification

In few fields have there been as many and as dramatic advances as in the field of diagnostic
imaging, and this appears to be having a significant impact upon how brain and brainstem
tumours are now detected and diagnosed. Increasing recognition that not all brainstem
tumours are a diverse collection of pathological entities with distinct courses and responses to
treatment, has led to attempts to distinguish between them using advanced imaging. Typically,
for example, diffuse intrinsic fibrillary astrocytomas appear hypo-intense on T1-weighted
images, while heterogeneously hyper-intense on T2-weighted images; they also exhibit
indistinct margins that reflect the tumour’s highly infiltrative nature [61]. Beyond distinctions
made using different MR sequences, various contrasts are now being used to try to detect
lesions that otherwise might be missed [84] and to delineate low-from high-grade lesions [19;
45;56;64;76]. For example, dorsal exophytic tumours often are low-grade pilocytic astrocyto‐
mas that, like high-grade fibrillary astrocytomas, may be hypo-intense on T1-weighted images
and hyper-intense on T2-weighted images; however, they classically appear well-demarcated.
Moreover, after gadolinium infusion, a cystic component often is identified, as only the solid
portion of the tumour is enhanced, revealing a hypo-intense centre [61;85;86]. More recent
advances in MR scanning — like MR spectroscopy, MR perfusion, and diffusion tensor
imaging (DTI) — are also being utilized to further establish the histopathologic diagnosis of
brainstem lesions [18;61]. An additional advantage of these newer MR technologies is that they
are better at monitoring for disease recurrence or progression after treatment, since radiation-
induced necrosis may be mistaken for tumour re-growth with traditional MRI [87-90]. In
addition, functional scans — like functional MRI (fMRI), positron emission tomography (PET),
and single-photon emission computed tomography (SPECT) — are emerging as additional
imaging tools to identify and characterize lesions in the brain, brainstem and spinal cord
[19;91-95]. Further development of these tools may aid in further delineating the various
brainstem tumours, even obviating the need for tissue in those patients for whom biopsies
pose undue risk.

This being said, among the most major imaging advances related to brainstem tumours relates
to stereotactic biopsies. A stereotactic biopsy utilizes a computer and images performed in at
least two planes, first to localize a target lesion, like a tumour, in three-dimensional space; then
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of brainstem tumours continue to be considered untreatable and to have a dismal prognosis.
Consequently, three major challenges that remain are (1) coming to some consensus as to
classifying lesions, so as to best predict their course, likely response to treatment and, hence,
when and how best to treat them; (2) developing more effective non-surgical treatments to
treat the intrinsic diffuse tumours for which all current treatments, including surgery, have
been ineffective and the prognosis remains abysmal; and (3) optimizing quality of life in these
children and their families, irrespective of long-term prognosis. With a view to these three
main objectives, we now briefly explore current and future directions in the detection,
diagnosis and classification of brainstem tumours, and in their non-operative and operative
management.
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In few fields have there been as many and as dramatic advances as in the field of diagnostic
imaging, and this appears to be having a significant impact upon how brain and brainstem
tumours are now detected and diagnosed. Increasing recognition that not all brainstem
tumours are a diverse collection of pathological entities with distinct courses and responses to
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for example, diffuse intrinsic fibrillary astrocytomas appear hypo-intense on T1-weighted
images, while heterogeneously hyper-intense on T2-weighted images; they also exhibit
indistinct margins that reflect the tumour’s highly infiltrative nature [61]. Beyond distinctions
made using different MR sequences, various contrasts are now being used to try to detect
lesions that otherwise might be missed [84] and to delineate low-from high-grade lesions [19;
45;56;64;76]. For example, dorsal exophytic tumours often are low-grade pilocytic astrocyto‐
mas that, like high-grade fibrillary astrocytomas, may be hypo-intense on T1-weighted images
and hyper-intense on T2-weighted images; however, they classically appear well-demarcated.
Moreover, after gadolinium infusion, a cystic component often is identified, as only the solid
portion of the tumour is enhanced, revealing a hypo-intense centre [61;85;86]. More recent
advances in MR scanning — like MR spectroscopy, MR perfusion, and diffusion tensor
imaging (DTI) — are also being utilized to further establish the histopathologic diagnosis of
brainstem lesions [18;61]. An additional advantage of these newer MR technologies is that they
are better at monitoring for disease recurrence or progression after treatment, since radiation-
induced necrosis may be mistaken for tumour re-growth with traditional MRI [87-90]. In
addition, functional scans — like functional MRI (fMRI), positron emission tomography (PET),
and single-photon emission computed tomography (SPECT) — are emerging as additional
imaging tools to identify and characterize lesions in the brain, brainstem and spinal cord
[19;91-95]. Further development of these tools may aid in further delineating the various
brainstem tumours, even obviating the need for tissue in those patients for whom biopsies
pose undue risk.

This being said, among the most major imaging advances related to brainstem tumours relates
to stereotactic biopsies. A stereotactic biopsy utilizes a computer and images performed in at
least two planes, first to localize a target lesion, like a tumour, in three-dimensional space; then
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to determine its depth; and finally to guide the removal of tissue for pathological examination.
Stereotactic biopsies rely on the underlying principle of parallax, a process that initially was
used in astrology to estimate distances between stars [96]. Parallax is the concept of using
multiple site lines to visualize the same object relative to objects of known position in front of
and behind it. Since objects closer to the observer tend to move more than objects that are more
distant when the point of observation changes, measuring the degree of movement of the target
lesion relative to reference points, combined with recording the change in viewing angle,
permits one to estimate the depth or "Z-dimension" of the target lesion [97]. Long used to aid
in the biopsy of breast lesions [98], CT-guided stereotactic biopsies have been used for the
diagnosis of brain lesions since the nineteen seventies [99;100], but not with brainstem lesions
until more recently. Just this year, Cage et al. reported on their results specifically biopsying
diffuse brainstem tumours; they also extensively reviewed the literature [81]. In their own
series, nine children with pontine lesions were biopsied, with successful tissue collection
achieved in all cases. Among these lesions, four were found to be low-grade (grade I or II)
astrocytomas, and five high-grade (grade III or IV) gliomas, demonstrating heterogeneity even
among diffuse pontine lesions. Moreover, only one patient experienced any post-operative
complication – transient seizures and hydrocephalus. In their review of the literature, the same
authors identified twenty case series besides their own, ranging in size from a single paediatric
patient [101] to 52 children [102]. In this latter series, among 52 paediatric brainstem biopsies,
only five patients experienced any post-operative morbidity, in four instances transient; and
there were no deaths. Biopsy was felt to alter management in 18% of the cases. In another one
of the larger series, Kondziolka and Lunsford reported on their use of CT-guided stereotactic
biopsies in 40 consecutive patients seen over a 13-year interval [103]. Of this number, 20
patients had midbrain lesions (n=20), 18 pontine lesions, and two medullary lesions. Midline
lesions were approached via a coronal, trans-thalamic trajectory; lateral brain stem lesions
usually were approached via a trans-cerebellar route. A histologic diagnosis was achieved in
38 patients (95%), and no post-biopsy haemorrhages were noted on CT performed immediately
after the procedure. Only one patient (2.5%) experienced a complication, which was transient
diplopia. Altogether across the twenty-one papers Cage et al. reviewed, there were 294
documented brainstem biopsies in paediatric patients, among whom there were 16 cases of an
intra-operative complication (5.4%); 42 cases of increased post-operative morbidity (14.3%)
that was transient in the vast majority of cases; 29 inconclusive biopsies (9.9%); and two
procedure-related deaths (0.7%) [102]. The authors concluded that brainstem biopsies are safer
than widely perceived and that, when used judiciously, might be both safe and of advantage
in terms of determining treatment. Stereotactic biopsies have been demonstrated to be superior
to MRI alone in accurately diagnosing brainstem lesions [104].

3.2. Enhanced non-operative management

Many have argued against biopsying diffuse intrinsic brainstem lesions, since they cannot be
surgically removed or even de-bulked without causing unacceptable neurological deficits
because of their location and infiltrating nature, and given the lack of enduring response that
the vast majority of patients demonstrate to traditional chemotherapy and radiation. But this
pessimistic outlook may be changing, given emerging knowledge about potential therapeutic
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targets and optimized ways to cross the blood-brain barrier. In fact, one key rationale behind
obtaining tissue in patients with diffuse pontine lesions stems from recent work to further
classify lesions based upon a number of identifiable genetic and molecular alterations that may
render these tumors susceptible to targeted therapies [79-81].

Until the last couple of years, the biology of diffuse intrinsic brainstem tumours was entirely
unknown. However, tissue analysis has now identified a number of identifiable genetic and
molecular alterations — like amplification of receptor tyrosine kinases and cell-cycle regula‐
tory genes, and alterations in membrane proteins and the Hedgehog (Hh) signaling pathway
[79;105-109] — that could serve as therapeutic targets. Much of this research is being aided by
the development of human glioma cell lines that can be studied in the lab [110]. One particular
membrane protein that has garnered considerable recent interest is B7-H3 (also called CD276),
a type I trans-membrane glycoprotein that is part of the B7-CD28 family [111]. This glycopro‐
tein is known to interact with host defenses in certain cancers, being recognized by the
monoclonal antibody 8H9 [112] that binds to a vast array of different tumours. Among primary
brain tumors, for example, it bound to 15 of 17 glioblastomas, three of four mixed gliomas, and
six of eight astrocytomas, among others; however, it did not bind to normal neurons or glial
cells [113]. Moreover, extremely favourable results were observed in a study in which 21
children with recurrent stage IV neuroblastoma — like gliomas, a neuroectodermal tumor —
were administered compartmental intra-thecal antibody-based radio-immunotherapy [114].
The therapy consisted of 131I-monoclonal antibodies targeting B7-H3. Among the 21 children
treated, 17 (81%) remained alive between seven and 74 months later (median 33 months),
significantly longer than the expected, post-disease-recurrence median survival of six months.
For all these reasons, the potential is there for B7-H3 to be a future therapeutic target for diffuse
intrinsic brainstem gliomas. Considerable interest also has focussed on the epidermal growth
factor receptor (EGFR), which has been the target of several chemotherapeutic drugs currently
undergoing early phase trials, like gefitinib and erlotinib [115-117]. Another drug currently
undergoing early phase testing is vandetanib, a tyrosine kinase inhibitor of both the EGFR and
vascular endothelial growth factor receptor (VEGFR) [118]. To date, one-year survival rates
have ranged from 38 to 56% [115-118], not significantly better than the median survival of 9 to
12 months reported elsewhere [79].

Promising results were observed when data were combined across four phase II trials [119] in
which 18 mostly paediatric (age range 2 – 42 years, median=10) patients with brainstem
gliomas were treated with anti-neoplaston A10 (A10I) and AS2-1 injections over a median of
five months [120]. Fourteen of the 18 patients had diffuse intrinsic tumors; four were glioblas‐
tomas and 14 anaplastic gliomas. Prior to treatment, twelve patients had suffered a relapse
and six had never received either radiation or chemotherapy. Contrary to the expected 2-year
survival rate of roughly 10%, 39% remained alive at two years, and 22% at five years, including
one patient with an anaplastic astrocytoma who remained alive for 17 years and another with
a glioblastoma for more than five years. The only adverse event was a single case of reversible
anaemia.

Another potential boon to the treatment of all CNS malignancies may be the development of
nanotherapeutic approaches, which include an entire new generation of novel targeted-
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permits one to estimate the depth or "Z-dimension" of the target lesion [97]. Long used to aid
in the biopsy of breast lesions [98], CT-guided stereotactic biopsies have been used for the
diagnosis of brain lesions since the nineteen seventies [99;100], but not with brainstem lesions
until more recently. Just this year, Cage et al. reported on their results specifically biopsying
diffuse brainstem tumours; they also extensively reviewed the literature [81]. In their own
series, nine children with pontine lesions were biopsied, with successful tissue collection
achieved in all cases. Among these lesions, four were found to be low-grade (grade I or II)
astrocytomas, and five high-grade (grade III or IV) gliomas, demonstrating heterogeneity even
among diffuse pontine lesions. Moreover, only one patient experienced any post-operative
complication – transient seizures and hydrocephalus. In their review of the literature, the same
authors identified twenty case series besides their own, ranging in size from a single paediatric
patient [101] to 52 children [102]. In this latter series, among 52 paediatric brainstem biopsies,
only five patients experienced any post-operative morbidity, in four instances transient; and
there were no deaths. Biopsy was felt to alter management in 18% of the cases. In another one
of the larger series, Kondziolka and Lunsford reported on their use of CT-guided stereotactic
biopsies in 40 consecutive patients seen over a 13-year interval [103]. Of this number, 20
patients had midbrain lesions (n=20), 18 pontine lesions, and two medullary lesions. Midline
lesions were approached via a coronal, trans-thalamic trajectory; lateral brain stem lesions
usually were approached via a trans-cerebellar route. A histologic diagnosis was achieved in
38 patients (95%), and no post-biopsy haemorrhages were noted on CT performed immediately
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than widely perceived and that, when used judiciously, might be both safe and of advantage
in terms of determining treatment. Stereotactic biopsies have been demonstrated to be superior
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Many have argued against biopsying diffuse intrinsic brainstem lesions, since they cannot be
surgically removed or even de-bulked without causing unacceptable neurological deficits
because of their location and infiltrating nature, and given the lack of enduring response that
the vast majority of patients demonstrate to traditional chemotherapy and radiation. But this
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targets and optimized ways to cross the blood-brain barrier. In fact, one key rationale behind
obtaining tissue in patients with diffuse pontine lesions stems from recent work to further
classify lesions based upon a number of identifiable genetic and molecular alterations that may
render these tumors susceptible to targeted therapies [79-81].
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six of eight astrocytomas, among others; however, it did not bind to normal neurons or glial
cells [113]. Moreover, extremely favourable results were observed in a study in which 21
children with recurrent stage IV neuroblastoma — like gliomas, a neuroectodermal tumor —
were administered compartmental intra-thecal antibody-based radio-immunotherapy [114].
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significantly longer than the expected, post-disease-recurrence median survival of six months.
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intrinsic brainstem gliomas. Considerable interest also has focussed on the epidermal growth
factor receptor (EGFR), which has been the target of several chemotherapeutic drugs currently
undergoing early phase trials, like gefitinib and erlotinib [115-117]. Another drug currently
undergoing early phase testing is vandetanib, a tyrosine kinase inhibitor of both the EGFR and
vascular endothelial growth factor receptor (VEGFR) [118]. To date, one-year survival rates
have ranged from 38 to 56% [115-118], not significantly better than the median survival of 9 to
12 months reported elsewhere [79].

Promising results were observed when data were combined across four phase II trials [119] in
which 18 mostly paediatric (age range 2 – 42 years, median=10) patients with brainstem
gliomas were treated with anti-neoplaston A10 (A10I) and AS2-1 injections over a median of
five months [120]. Fourteen of the 18 patients had diffuse intrinsic tumors; four were glioblas‐
tomas and 14 anaplastic gliomas. Prior to treatment, twelve patients had suffered a relapse
and six had never received either radiation or chemotherapy. Contrary to the expected 2-year
survival rate of roughly 10%, 39% remained alive at two years, and 22% at five years, including
one patient with an anaplastic astrocytoma who remained alive for 17 years and another with
a glioblastoma for more than five years. The only adverse event was a single case of reversible
anaemia.

Another potential boon to the treatment of all CNS malignancies may be the development of
nanotherapeutic approaches, which include an entire new generation of novel targeted-
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delivery devices — ‘smart’ nanoparticles — that facilitate the transfer of a variety of therapies,
from drugs to thermotherapy, across the blood-brain barrier [121], a barrier that has tradi‐
tionally hampered the delivery of most anti-neoplastic drugs. Stem cells that are themselves
drawn to tumour cells are another potential vehicle that is being explored for the treatment of
high-grade gliomas [122;123] and may have applications in the treatment of inoperable
brainstem gliomas. Some investigators are also examining the potential to test the effectiveness
of anti-neoplastic drugs ex vivo prior to patient administration via the use of in vitro assays
[124]. In this way, drug regimens might be more appropriately taylorized to each patient, and
in vivo drug effectiveness more accurately predicted prior to initiating therapy, thereby
minimizing unnecessary toxicity and enhancing the likelihood of initial treatment response.

Finally, as mentioned earlier, advanced imaging techniques are now allowing for enhanced
prospective monitoring of treatment response and the earlier detection of disease recurrence
and progression [87;88]. Another previously-unexplored means by which to accomplish such
monitoring might be via the analysis of various bodily fluids — like blood, urine and cere‐
brospinal fluid (CSF) — to identify and estimate levels of various CNS tumour markers, similar
to how prostate-specific antigen (PSA) is being used to detect and monitor prostate cancer. For
example, Saratsis et al. recently performed protein profiling by mass spectrometry of 76
specimens — including CSF, serum, urine, and normal and tumor brainstem tissue [125] —
from 10 patients with diffuse intrinsic brainstem gliomas and four healthy controls. CSF
proteomic analysis revealed selective up-regulation of both cyclophillin A (CypA) and
dimethylarginase 1 (DDAH1) in patients relative to controls. Protein expression was validated
further via Western blot analysis and immunohistochemical assays. Immunohistochemical
staining exhibited selective up-regulation of secreted but not cytosolic CypA and DDAH1 in
patients. The authors proposed that the detection of secreted CypA and DDAH1 in serum and
urine could have clinical applications in the monitoring of treatment response and disease
recurrence in patients with brainstem gliomas [125].

As such, although the prognosis for patients with inoperable brainstem gliomas remains bleak
for the time being, beliefs regarding the potential for enhanced survival certainly are changing
with the emergence of targeted therapies, better delivery systems, and enhanced imaging and
other techniques to monitor disease regression and progression. But what will the neurosur‐
geon’s role be in all this?

3.3. Emerging role of the neurosurgeon in the management of diffuse brainstem tumours

Nothing has changed in terms of neurosurgeons’ reluctance to operate on diffuse intrinsic
brainstem gliomas; nor does it seem likely to anytime soon, given the known aggressiveness
of the vast majority of these tumours, their high degree of infiltration that would preclude
anything more than partial resection, and the extreme risks of such surgery, given the
anatomical compactness of vital structures and neural pathways. Consequently, the main
change in current surgical practices relates to the stereotactic biopsy of these lesions, a practice
that this year was formally recommended in a published, multi-disciplinary consensus
statement concerning surgical approaches to low-and high-grade astrocytomas and diffuse
intrinsic pontine gliomas in childhood [82].

Tumors of the Central Nervous System – Primary and Secondary48

There also has been a clear swing in the route selected for brainstem biopsy access, at least in
studies involving paediatric patients. For example, over the decade of the nineteen nineties,
82% of reported brainstem biopsies were accessed via a trans-frontal route, versus just 18%
trans-cerebellar. Since the year 2000, however, these percentages have completely reversed,
with 82% of reported biopsies trans-cerebellar and 18% trans-frontal. In the five studies
published since 2006 in which paediatric patients were identified among those biopsied
[81;126-129], every one of the ninety biopsies were performed through the cerebellum. Across
these ninety biopsies, 77 of them in children, there was one intra-operative complication (1.1%),
nine post-operative complications (10%), two inconclusive biopsies (2.2%) and no deaths. The
reason(s) for this shift in surgical approach is not entirely clear. In 2012, Dellaretti et al.
published the results of their study comparing the two approaches over twenty-three years of
practice (1984-2007), and no significant differences were noted [130]; however, whether any
children were included within the sample of 142 patients is not stated in the manuscript.
Moreover, there was a clear preference for trans-frontal biopsies, which were performed in
123 of the patients versus just 19 via the cerebellum, and no explanation for this preference
was offered.

Cage et al. described their trans-cerebellar surgical approach in nine children with diffuse
intrinsic brainstem tumours as follows [81]: “Preoperatively, patients all completed an MRI
with and without gadolinium intravenous contrast of the brain according to Brainlab (Brainlab
AG, Germany) protocols to allow for intraoperative neuronavigation. Patients were positioned
either supine (n=3) or in the lateral decubitus position (n=6) opposite the side of their lesion
with neck flexion in the same direction. The head was then fixed using both a horseshoe head-
holding device and further immobilized with Mayfield pin fixation. For all stereotactic
procedures, the Brainlab neuronavigation system was used to plan the trajectory from the skull
to target locations in the brainstem. The biopsy entry point was transcerebellar, either right
(n=4) or left (n=5) for all patients. A side-cutting biopsy needle was then passed along the
trajectory path. Between one and four samples were obtained from within the lesion.... Target
selection was designed to minimize the trajectory through the brainstem. If there was an
obvious area of enhancement suggesting a pathologically-aggressive area of the tumour, then
this was chosen as the biopsy target. Otherwise, the target was usually just deep to the
cerebellar peduncle. Care was taken to avoid the lateral edge of the fourth ventricle and the
ventral corticospinal tracts.” [81]

Otherwise, surgeons continue to operate successfully on patients with focal, exophytic and
cystic brainstem tumours, with survival and quality of life enhanced even by subtotal resec‐
tions, as well as by cyst drainage procedures and the insertion of shunts when necessary [61].
But here too, stereotactic biopsies play a significant role, as some apparent tumours are found
to be focal areas of inflammation, infectious lesions, vascular anomalies, or some other
pathology necessitating different treatment [29;131]. As such, neurosurgeons now appear to
have a role to play in all paediatric patients with brainstem tumours, a far cry from forty years
ago, when they seemed to have no role at all.
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of the vast majority of these tumours, their high degree of infiltration that would preclude
anything more than partial resection, and the extreme risks of such surgery, given the
anatomical compactness of vital structures and neural pathways. Consequently, the main
change in current surgical practices relates to the stereotactic biopsy of these lesions, a practice
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4. Conclusions

Over the past forty years, much has changed in the way in which brainstem tumours are treated
in children. Though these lesions continue to be the most common cause of CNS cancer-related
death in the paediatric population, the discovery of a brainstem tumour is no longer a death
sentence. Formerly thought to be pathologically homogeneous and/or of no pathological
interest since they were not surgically accessible, paediatric brainstem tumours are now
understood to be highly heterogeneous; and knowing the pathology is now considered critical
to management decisions. For the minority of children who have focal, exophytic or cystic
lesions, long-term survival is now the rule, with 5-and 10-year survival rates often 90% or
higher. For those children in the future who will develop diffuse brainstem lesions, mostly
high-grade gliomas, emerging therapies are now providing multiple reasons to hope. Besides
providing competent, compassionate care to each child and their families, what is critical, from
the current neurosurgeon’s standpoint, is to assist in the collection of tissue, either by biopsy
while a child is alive, or at autopsy via respectful conversations with parents and other
caregivers, so that future targeted therapies can be developed, tested and ultimately approved
for widespread use.
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1. Introduction

Glioblastoma multiforme (GBM), the most malignant and frequent glioma, is a heterogene‐
ous tumor in which areas of different histological aspect,  aggressiveness, genetic expres‐
sion and regressive events coexist so that one region of the tumor is not representative of
the  entire  neoplasia.  The  consequences  of  the  heterogeneity  reflect  on  the  diagnostics,
prognostics  and  therapies.  As  a  matter  of  fact,  unguided  surgical  biopsies  can  lead  to
sampling error and to undergrade the tumor up to 30% of cases [1]. From the surgical, but
also prognostic and therapeutic point of view, it is of great importance to know in advance
the composition of the tumor and the biological significance of the different imaging aspects.
Neuro-imaging is the only and fundamental source of information for the neurosurgeon
and it has progressed today from the simple anatomic recognition of the tumor to that of
functional and metabolic significance of its different regions, contributing greatly to a better
approach  to  tumor  surgery,  prognosis  and  therapy.  The  detection  of  highly  malignant
regions and the definition of the tumor extent are crucial before the operation, when they
are the main concern of neurosurgeons.

GBM is composed, as it is universally known, of three zones: central necrosis, proliferation
and infiltration zones (Figures 1,2). Proliferation region is characterized by high indices of cell

© 2014 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 reproduction in any medium, provided the original work is properly cited.
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density, proliferation, mitoses, vessel density or angiogenesis and circumscribed necroses. In
the spectrum of the many aspects of the tumor, with the term disruption one indicates the
passage from the uniform and quiescent appearance of an astrocytoma to the rupture of the
structure, forms and dimensions of GBM (Figure 3A). Circumscribed necroses and angiogen‐
esis are the absolute features of GBM and their occurrence is needed for its recognition, because
they are direct signs of malignancy (Figures 3B,4A-C). Angiogenesis in gliomas represents the
intervened transformation, whereas it depends on the imbalance between the high prolifera‐
tion potential of tumor cells and the low reproduction capacity of endothelial cells [2]. When
the diagnosis has to be carried out on small tumor samples, as for example in stereotactic
biopsies, the diagnosis cannot be of certainty. When close to central necrosis, circumscribed
necroses merge with it. Infiltration zone represents the invasion into the brain of tumor cells
that acquire a particular phenotypic and molecular signature. It is not uniform along the tumor
borders and often it is so mild that it is hardly detectable, also histologically. Frequently, it is
discovered in histological sections only after counting the cells and this happens either when
it affects the white matter or the cortex, where tumor cells must be distinguished from normal
cells. In the latter, perineuronal satellitosis may be of help. Isolated tumor cells (ITCs) in the
normal nervous tissue make the problem of the tumor delimitation very hard. They cannot be
detected, of course, in the samples removed during intervention, but only in the study of the
brain at autopsy and they can be found very far from the tumor borders; the classic example
is the passage of normally looking corpus callosum by ITCs [3,4]. Regressive events are
frequent and include haemorrhages, large necroses, vascular thrombosis, etc and they con‐
tribute to the so-called disruption of the tissue.

Figure 1. Coronal section of a brain with GBM. The borders of the tumor show different nervous structures. H&E.
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Figure 2. Three zones can be recognized: central necrosis, proliferation, and infiltration zone. H&E, 25x.

Figure 3. A – Area of disrupture with high cell density, vessels of different size and edema dissociation of the tissue; B
– Circumscribed necrosis with pseudo-palisading in an area with high cell density (H&E, 100x) and area with a high
Ki-67/MIB.1 proliferation index (DAB, 100x).

Beside the classic T1 and T2 imaging of GBM, supplied by the anatomy based magnetic
resonance (MR), physiology-based MR imaging methods, namely diffusion-weighted imaging
(DWI), perfusion-weighted imaging (PWI) and proton MR spectroscopy imaging (MRSI),
together with the positron emission tomography (PET), which is highly correlated with the
degree of malignancy [5,6], improved the tumor characterization. Today, the advancement of
the knowledge in molecular biology and cell biology, associated with new surgical procedures,
radiation techniques and therapeutic possibilities ask the neuro-imaging to answer three main
questions: the identification in vivo of the tumor sites with the highest malignancy grade, the
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extension of tumor invasion and the sites where the capacity of the tumor to reproduce, to
recur and to resist therapies resides, i.e. where the so-called glioblastoma stem cells (GSCs) are
located.

Figure 4. A – High vessel density. Laminin, DAB, 100x; B – Neoformed vessels and endothelial buds. PAS, 200x; C –
Glomeruloid structure. α-sm-actin, DAB, 200x.

2. Physiology based MRI and PET

DWI rationale is to quantify the brownian movement of water protons within tissues that
depends on the complex interaction between the intracellular and extracellular compartments,
but also on cell density, cell membrane permeability and tissue structure. Water diffusivity
within the extracellular compartment is inversely related to cell size and cell number. The
greater the volume of the intracellular space and also the higher the cell density, the lower is
the water diffusivity in the extracellular space, resulting in a low apparent diffusion coefficient
(ADC), a measure of water diffusion. Diffusivity within tumors is heterogeneous due to
different tumor components, being reduced in areas with high cellular density and increased
in necrotic regions. Restricted ADC values in a tumor can also be related to ischemic changes,
haemorragic or calcific components.

Tumors of the Central Nervous System – Primary and Secondary66

Although several reports have shown that glioma grade inversely correlates with intra-tumor
minimum ADC [7], reflecting the presence of areas with high cell density in high grade tumors
[8,9], the clinical significance of ADC measurement is limited as a consequence of the tissue
heterogeneity within a tumor and because of substantial overlap in ADC values among
different grades of glioma [10,11]. The range of ADC values within a given glioma, therefore,
can vary markedly [11] and there is no final confirmation that minimum ADC always correlates
with cell density.

PWI  is  used  to  measure  vascularization  and  perfusion  of  brain  lesions.  Different  PWI
techniques  are  available,  namely  dynamic  susceptibility  contrast  (DSC)  and  dynamic
contrast-enhanced (DCE), widely used in the clinical setting. DSC perfusion measures T2-
weighted  signal-intensity  loss  occurring  dynamically  over  a  bolus  injection  of  contrast
medium, from which relative cerebral blood volume (rCBV), a marker of tumor angiogen‐
esis, can be computed. DCE is a T1-weighted sequence that measures vascular permeabili‐
ty in tumors during a bolus injection of contrast medium; rCBV values are then calculated
from  DCE  data.  rCBV  values  have  shown  good  correlation  with  the  World  Health
Organization (WHO) tumor grading [12,13]; exceptions are represented by low-grade glial
neoplasms with oligodendroglial features and grade I pilocytic astrocytoma, that may have
markedly elevated rCBV (Figure 5).

Figure 5. A –T1C MRI; B – T2 MRI; C – Diffusion MRI; D – Perfusion MRI.
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Arterial spin-labeling (ASL) is a more recent perfusion technique that uses water of the blood
entering the brain as an endogenous tracer to evaluate perfusion. ASL is emerging as an
alternative to gadolinium based techniques in the evaluation of tumor perfusion.

MRSI is another advanced technique that provides metabolic information of the brain tissue.
The predominant metabolites are choline (Cho), N-acetylaspartate (NAA), creatine (Cr),
glutamate and glutamine (Glx), myo-inositol (MI) and lactate/lipids (LL). The Cho peak
contains contributions from several different choline-containing compounds, which are
involved in membrane synthesis and degradation; NAA is marker of neuronal integrity; Cr is
a marker of cellular energetics; MI is considered a glial cell marker; LL are markers of tissue
breakdown and anaerobic glycolysis. Glx is a complex peak from glutamate (Glu), glutamine
(Gln) and gamma-aminobutyric acid (GABA). Glu is an important excitatory neurotransmitter
and it also plays a role in the redox cycle. In brain tumors, as malignancy increases, NAA signal
decreases, as a consequence of loss, dysfunction or displacement of normal neurons, while
Cho levels increase as a consequence of rapid cell membrane turnover. Malignant tumors also
have reduced Cr due to high metabolic activity that depletes the energy stores; this is associated
to anaerobic glycolysis leading to the appearance of lactate. Necrotic portions of tumor show
the presence of lipid peaks. Elevated concentration of Gln can be found in high grade tumors.

Metabolite concentrations are usually expressed as ratios (i.e. Cho/Cr, Cho/NAA, NAA/Cr)
rather than as absolute concentrations.

Such spectra can be obtained using single voxel or multi-voxel 2D or 3D technique. Multi-voxel
spectroscopy is the best to detect infiltration of malignant cells beyond the enhancing margins
of tumors [14,15] (Figures 6,7).

Figure 6. Case CTO3. Correlation among histopathology, Ki-67/MIB.1 proliferation marker, MRSI, physiologic MRI and
PET values. Column 1 – ROIs on T1C MRI; Column 2 – Histopathology of a hyper-proliferating area and two areas dif‐
ferently infiltrated. H&E, 200x; Column 3 – Ki-67/MIB.1 proliferation index, DAB, 200x; Column 4 – MRSI values; Col‐
umn 5 – PET values.

Tumors of the Central Nervous System – Primary and Secondary68

Figure 7. Case CTO5. Correlation among histopathology, Ki-67/MIB.1 proliferation marker, MRSI, physiologic MRI and
PET values. Column 1 – ROIs on T1C MRI; Column 2 – Histopathology of a hyper-proliferating area and two areas dif‐
ferently infiltrated. H&E, 200x; Column 3 – Ki-67/MIB.1 proliferation index, DAB, 200x; Column 4 – MRSI values; Col‐
umn 5 – PET values.

Diffusion tensor imaging (DTI) is an advanced MRI technique that describes the movement of
water molecules using two metrics, mean diffusivity (MD) and fractional anisotropy (FA), that
represent the magnitude and directionality of water diffusion, respectively. FA technique
measures the preferential direction of proton movement and varies among values between 0
(isotropic diffusion, i.e. random diffusion such as in brain gray matter) and 1 (anisotropic
diffusion, such as in brain white matter where proton diffusion is constrained along myelin
fibres). MD technique gives information on the whole diffusivity in the brain; the reduction of
nervous fibres results in an increased MD because of a higher degree of freedom of movement
of water molecules. The degree of anisotropy depends on many factors, such as fibre density
and diameter, myelin sheath integrity and the intercellular space characteristics. In the
presence of a structural alteration of the nervous fibre tract, the anisotropic value reduces.

Anisotropy is reduced in cerebral lesions due to the loss of structural organisation. The
measurement of FA allows prediction of histological characteristics such as cellularity,
vascularity, or fibre structure. This technique is useful to differentiate normal white matter
from edematous brain tissue and occult white matter invasion around the enhancing portion
of the tumor.

DTI may help to determine the white matter fibre displacement by tumor. This technique, in
combination with functional neuro-imaging methods, permits to map the individual anatomo-
functional connectivity and represents a useful tool for surgical planning [16-18].

PET is currently the most powerful method of molecular imaging, as it has been emphasized
in a recent review [19] (Figure 8). Depending on the radiotracer, various molecular processes
can be visualized by PET, most of them relating to an increased cell proliferation within
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Arterial spin-labeling (ASL) is a more recent perfusion technique that uses water of the blood
entering the brain as an endogenous tracer to evaluate perfusion. ASL is emerging as an
alternative to gadolinium based techniques in the evaluation of tumor perfusion.

MRSI is another advanced technique that provides metabolic information of the brain tissue.
The predominant metabolites are choline (Cho), N-acetylaspartate (NAA), creatine (Cr),
glutamate and glutamine (Glx), myo-inositol (MI) and lactate/lipids (LL). The Cho peak
contains contributions from several different choline-containing compounds, which are
involved in membrane synthesis and degradation; NAA is marker of neuronal integrity; Cr is
a marker of cellular energetics; MI is considered a glial cell marker; LL are markers of tissue
breakdown and anaerobic glycolysis. Glx is a complex peak from glutamate (Glu), glutamine
(Gln) and gamma-aminobutyric acid (GABA). Glu is an important excitatory neurotransmitter
and it also plays a role in the redox cycle. In brain tumors, as malignancy increases, NAA signal
decreases, as a consequence of loss, dysfunction or displacement of normal neurons, while
Cho levels increase as a consequence of rapid cell membrane turnover. Malignant tumors also
have reduced Cr due to high metabolic activity that depletes the energy stores; this is associated
to anaerobic glycolysis leading to the appearance of lactate. Necrotic portions of tumor show
the presence of lipid peaks. Elevated concentration of Gln can be found in high grade tumors.

Metabolite concentrations are usually expressed as ratios (i.e. Cho/Cr, Cho/NAA, NAA/Cr)
rather than as absolute concentrations.

Such spectra can be obtained using single voxel or multi-voxel 2D or 3D technique. Multi-voxel
spectroscopy is the best to detect infiltration of malignant cells beyond the enhancing margins
of tumors [14,15] (Figures 6,7).

Figure 6. Case CTO3. Correlation among histopathology, Ki-67/MIB.1 proliferation marker, MRSI, physiologic MRI and
PET values. Column 1 – ROIs on T1C MRI; Column 2 – Histopathology of a hyper-proliferating area and two areas dif‐
ferently infiltrated. H&E, 200x; Column 3 – Ki-67/MIB.1 proliferation index, DAB, 200x; Column 4 – MRSI values; Col‐
umn 5 – PET values.
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Figure 7. Case CTO5. Correlation among histopathology, Ki-67/MIB.1 proliferation marker, MRSI, physiologic MRI and
PET values. Column 1 – ROIs on T1C MRI; Column 2 – Histopathology of a hyper-proliferating area and two areas dif‐
ferently infiltrated. H&E, 200x; Column 3 – Ki-67/MIB.1 proliferation index, DAB, 200x; Column 4 – MRSI values; Col‐
umn 5 – PET values.

Diffusion tensor imaging (DTI) is an advanced MRI technique that describes the movement of
water molecules using two metrics, mean diffusivity (MD) and fractional anisotropy (FA), that
represent the magnitude and directionality of water diffusion, respectively. FA technique
measures the preferential direction of proton movement and varies among values between 0
(isotropic diffusion, i.e. random diffusion such as in brain gray matter) and 1 (anisotropic
diffusion, such as in brain white matter where proton diffusion is constrained along myelin
fibres). MD technique gives information on the whole diffusivity in the brain; the reduction of
nervous fibres results in an increased MD because of a higher degree of freedom of movement
of water molecules. The degree of anisotropy depends on many factors, such as fibre density
and diameter, myelin sheath integrity and the intercellular space characteristics. In the
presence of a structural alteration of the nervous fibre tract, the anisotropic value reduces.

Anisotropy is reduced in cerebral lesions due to the loss of structural organisation. The
measurement of FA allows prediction of histological characteristics such as cellularity,
vascularity, or fibre structure. This technique is useful to differentiate normal white matter
from edematous brain tissue and occult white matter invasion around the enhancing portion
of the tumor.

DTI may help to determine the white matter fibre displacement by tumor. This technique, in
combination with functional neuro-imaging methods, permits to map the individual anatomo-
functional connectivity and represents a useful tool for surgical planning [16-18].

PET is currently the most powerful method of molecular imaging, as it has been emphasized
in a recent review [19] (Figure 8). Depending on the radiotracer, various molecular processes
can be visualized by PET, most of them relating to an increased cell proliferation within
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gliomas. Radiolabeled 2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG), methyl-[11C]-L-methio‐
nine ([11C]MET) and 3-deoxy-3-[18F]fluoro-L-thymidine ([18F]FLT) are taken up by prolifer‐
ating gliomas depending on their tumor grade as the consequence of an increased activity of
membrane transporters for glucose ([18F]FDG), amino acids ([11C]MET), and nucleosides
([18F]FLT) as well as increased expression of cellular hexokinase ([18F]FDG) and thymidine
kinase ([18F]FLT) genes, which specifically phosphorylate [18F]FDG and [18F]FLT, respec‐
tively [20]. Imaging of brain tumors with [18F]FDG was the first oncologic application of PET.
[18F]FDG is actively transported across the blood-brain barrier (BBB) into the brain where it
is phosphorylated and trapped into cells. Since 1982 [5,21], PET with [18F]FDG has been
accepted and widely used in the grading of brain tumors; its uptake is generally high in high-
grade tumors and it has a good prognostic value, because increased intra-tumoral glucose
consumption correlates with tumor grade [22], biological aggressiveness and survival of
patients in both primary and recurrent gliomas. Pathology and survival can be predicted by
[18F]FDG-PET in gliomas [6]. In addition, a tumor-to-white matter ratio and tumor-to-gray
matter ratio were found to increase the sensitivity of the grading evaluation [22]. Since intra-
tumor heterogeneity of brain tumors is not adequately revealed in conventional MRI, because
evaluation of the contrast enhancing lesion can either under-or overestimate the presence of
active tumor, MRSI and PET are requested to gain additional information on metabolic and
molecular tumor markers. In a tumor, the grading can be heterogenous with low-and high-
grade areas, as it happens frequently in GBM. This may affect the choice of the site for
stereotactic biopsy, which must direct towards tumor sites with the highest tumor grade.
Therefore, suitable targets for biopsy will have positive contrast enhancement on T1-weighted
MRI, a high choline-peak on MRSI and hypermetabolism on [18F]FDG-PET, the uptake of
which is much higher in high-grade component of tumors. As a matter of fact, the [18F]FDG-
PET improved the diagnostic yield of stereotactic biopsies by detecting metabolically active
areas of tumor [23].

However, [18F]FDG-PET can have some diagnostic limitations, because of the high rate of
physiologic glucose metabolism in normal brain tissue. In the brain cortex it is particularly
high [24,25], so when a hypermetabolic lesion is close to the cortex or the subcortical white
matter, the distinction of the tumor from the normal tissue may be difficult [22]. Moreover, it
must be taken into account that [18F]FDG accumulation can be non-specific, because it is also
observed in inflammatory or granulation tissues [26]. A later PET image acquisition [27] and
a co-registration of PET images with MR images greatly improves the performance of
[18F]FDG-PET [28]. Technologic advances have allowed to merge PET and MR images,
combining the high resolution of MR imaging with the low-resolution functional capability of
PET [23], defined as a reduction of intracellular oxygen pressure (pO2), because of decreased
supply and of increased demand for oxygen. It predicts poor treatment response of malignant
tumors. Two different forms of tumor hypoxia are recognized. Diffusion-limited chronic
hypoxia may develop as a result of increased intercapillary distances, and acute hypoxia can
result from occlusion of large tumor vessels [29]. Both forms of hypoxia have several implica‐
tions for the further evolution of tumors (induction of signaling cascades that promote
angiogenesis, growth, and cell migration) [30]. Tumor hypoxia may also lead to necrosis, which
is mandatory to establish the diagnosis of GBM. The ([18F]Fluoromisonidazole) ([18F]FMI‐
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SO) is a nitroimidazole derivative, a PET agent used for hypoxia detection. [18F]FMISO-PET
can image tumor hypoxia by increased [18F]FMISO tumor uptake, because [18F]FMISO
metabolites are trapped exclusively in hypoxic cells. It accumulates in both hypo-and hyper-
perfused tumor regions, suggesting that hypoxia in GBM may develop irrespective of the
magnitude of perfusion [31].

3. Biological significance of MRI variables in GBM

Basically, three conditions can be detected with anatomy-based MRI: iso-hypo-intensity in TC1
(tumor, edema), hyper-intensity in TC2 (edema) and contrast enhancement (malignancy). The
contrast enhancing regions (CERs) of untreated GBM correspond to the most histologically
malignant areas of the tumor with architectural disruption, high cell density, proliferation,
vessel density and angiogenesis with circumscribed necroses. Many other properties are
revealed by physiology-based MRI. In CERs, in comparison with non-enhancing regions
(NERs), physiologic MRI variables show higher values of rT1C, relative fast spin echo (rFSE),
rCBV, relative peak height (rPH) and relative recovery factor (rRF), whereas rADC, relative
fractional anisotropy (rFA) and fluid attenuated inversion recovery (rFLAIR) do not differ
from NERs. All these observations have been shown and confirmed in recent studies of many
cases of GBM planning pre-operatively tissue sampling sites and marking them on the
anatomic images used by the surgical navigation work station. A comparison between MRI
variables and histology of the samples corresponding to the MRI regions of interest (ROIs) in

Figure 8. Female 22-year-old affected by GBM. Maximum intensity projection (MIP) fusion PET/3D spgr MRI image
showing extensive lesion involving the right parietal-temporal lobe with heterogeneous increased [18F]FDG uptake,
due to the lesion heterogeneity: high-grade component presenting elevated [18F]FDG activity with standardized up‐
take value (SUV)max=17 (yellow arrow), intermediate-grade component presenting SUVmax=12 (white arrow), low-grade
component SUVmax=4 (red arrow).
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observed in inflammatory or granulation tissues [26]. A later PET image acquisition [27] and
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[18F]FDG-PET [28]. Technologic advances have allowed to merge PET and MR images,
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supply and of increased demand for oxygen. It predicts poor treatment response of malignant
tumors. Two different forms of tumor hypoxia are recognized. Diffusion-limited chronic
hypoxia may develop as a result of increased intercapillary distances, and acute hypoxia can
result from occlusion of large tumor vessels [29]. Both forms of hypoxia have several implica‐
tions for the further evolution of tumors (induction of signaling cascades that promote
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fractional anisotropy (rFA) and fluid attenuated inversion recovery (rFLAIR) do not differ
from NERs. All these observations have been shown and confirmed in recent studies of many
cases of GBM planning pre-operatively tissue sampling sites and marking them on the
anatomic images used by the surgical navigation work station. A comparison between MRI
variables and histology of the samples corresponding to the MRI regions of interest (ROIs) in
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CERs and NERs has been made [32,33]. A correlation of histopathologic features and DWI and
DSC variables prevailed in enhancing areas and rCBV and Cho/NAA index (CNI) above and
rADC below a certain value could indicate the occurrence of tumor cells. Neoangiogenesis
could be recognized and distinguished from simple endothelial hyperplasia, even though the
permeability of the region is limited. Interestingly, also T2 rFSE and rFLAIR hyperintensity
areas could show histopathologic features of malignancy. On the whole, it was demonstrated
by gene microarray that the genetic expression patterns between CERs and NERs were
different, with genes associated with mitosis, angiogenesis and apoptosis clustered in CER
surgical samples [32].

The values of MRSI variables such as Cho/Cr and Cho/NAA showed a parallel variation as
those of DWI and PWI. In spite of the possibility of a misregistration between biopsy sites and
MRI uploaded to the neuronavigation device if a brain shift occurs, GBM histologic features
could be usefully identified by physiology-based MRI [33].

Using the same technique, i.e. combining physiology-based MRI, MRSI and [18F]FDG-PET
imaging with neuronavigation work station in a series of gliomas, mainly GBMs, we observed
that the values of rCBV, ADC, Cho/Cr, CNI were useful for recognizing tumor areas and their
phenotypic variations, as for both the number of cells and vascular pathologic structures
(Figures 6,7). A possible source of error was the mismatch between the MRI registration and
the sampling by the navigator, so that a dissociation between the variable values of the ROIs
and histopathology occurred. For example, a ROI on central necrosis could erroneously
correspond to a high rCBV value and histologically to the occurrence of tumor tissue in the
sample. However, this was a rare event and it did not prevent from recognizing the biological
significance of the imaging values contained in the ROIs, also by extrapolation among all the
samples.

Malignant gliomas are hypermetabolic in comparison with normal brain. The glycolytic
metabolism is increased as well as protein and membrane synthesis to maintain the rapidly
dividing tumor cells. MRSI in spite of an intra-or inter-subject variability can identify the
tumor. There are two patterns clearly distinct: one is that corresponding to the ROIs on necrotic
regions and the other that on the enhancing ring. In the first one, two patterns have been in
turn described: “necrosis” and “cystic necrosis” with variable Ch and high LL peak and with
no peaks and variable LL, respectively. The ROIs on the ring show a high Cho and Cho/NAA
ratio, whereas very variable are those on regions around the ring [34]. In our series Cho, Cho/
Cr and Cho/NAA values were constantly high in CERs in comparison with NERs.

Fusing  MRI  and  [11C]MET-PET it  was  shown that  the  volume of  the  radio-compound
uptake is greater than that of gadolinium enhancement on T1, even though smaller than
T2 volume; it extends beyond in most cases [35,36] correlating with the proliferation markers
[37,38], increased Cho/NAA and DTI abnormalities in the white matter [28,39]. However,
there could be an underestimation of the tumor extension, because infiltrating cells do not
proliferate [3,40].

The number of genetic alterations decreased from the most malignant areas of the tumor to
the peripheral areas, correlating fairly well with the MRI variable values and indicating the
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occurrence or not of tumor cells. In particular, Epidermal Growth Factor Receptor (EGFR)
amplification, the occurrence of EGFRvIII and Tumor Protein p53 (TP53) mutations were more
frequent in CERs than in NERs, corresponding to a malignant histology. The genetic variability
in the different samples was interpreted as due to polyclonality and not only to a genetic
heterogeneity supported by the occurrence in the same tumor of different non-tumor cells of
various species. Polyclonality means cell complexity, formed by tumor cells that differ among
themselves for a series of phenotypic and molecular characteristics of cell proliferation,
invasion, etc. [41,42]. This observation can be a warning against the use of small tumor samples
to characterize the genotype of the entire tumor. Heterogeneity has been explained either by
the hierarchic model mechanism [43] or by the stochastic mechanism [44] of tumor develop‐
ment. The two models, however, cannot be mutually exclusive, because their cells should
derive from a common ancestor [45]. As for EGFR amplification, the possibility that its
variation could depend on an asymmetrical distribution during mitoses must be mentioned
[46,47], even if it is already included in the clone formation. The neurosphere assay produces
neurospheres (NS), characterized by stemness antigens (Figure 9A,C,E), and adherent cells
(AC), characterized by differentiation antigens (Figure 9B,D,F).

However, their phenotype is not the same in the different tumor sites, differing for the quota
of the two types of antigens. There must be a different capacity of the tumor areas to host or
to generate GSCs and this is in line with the concept that a GSCs hierarchy exists for their
potential [48-52]. GSCs have been interpreted as the top of a hierarchy of tumor cells for
stemness and, therefore, for self-renewing, clonogenicity, etc. They occur in tumor niches and
are under the control of microenviroments with their intrinsic and extrinsic signaling [53,54].
The niches can be perivascular or perinecrotic [53] and for a series of observations and
considerations they must develop in the most malignant sites of the tumor [51,55]. Stemness
and differentiation are the opposite poles of a spectrum in which a hierarchy exists of GSCs as
for their potential [48-52]. Going from areas of the highest malignancy, such those of CERs, to
differentiated ones, the stem-cell potential decreases [55]. In this way the distribution of GCS
in GBM could be explained. The NS and AC degree of differentiation or stemness, demon‐
strated by the relevant antigens, represents an interesting subject of study that has been
pursued by us by confocal microscopy (unpublished data).

Confocal microscopy is an advanced technique of optical imaging used to obtain high
resolution images [56,57]. In tissue and cells derived from GBM, it is possible to distinguish
the emission signal of different markers and to perform study of both co-localization and
quantification of the luminous signal related to the protein marker expression. The cellular
heterogeneity is a hallmark of GBM. Using differentiation and stemness markers it is possible
to identify hypothetical immature or dedifferentiated elements in the whole tumor cell
population, as well as in NS or AC by the neurosphere assay. Confocal images of glioma cells
by double immunofluorescence allow to distinguish the expression pattern of the markers
above mentioned. Their expression levels, related to the intensity of the emitted signal, show
variable Nestin and glial fibrillary acidic protein (GFAP) positivity, depending on the tumor
site. The method has a paramount importance in the study of the spectrum from stemness to
differentiation.
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strated by the relevant antigens, represents an interesting subject of study that has been
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resolution images [56,57]. In tissue and cells derived from GBM, it is possible to distinguish
the emission signal of different markers and to perform study of both co-localization and
quantification of the luminous signal related to the protein marker expression. The cellular
heterogeneity is a hallmark of GBM. Using differentiation and stemness markers it is possible
to identify hypothetical immature or dedifferentiated elements in the whole tumor cell
population, as well as in NS or AC by the neurosphere assay. Confocal images of glioma cells
by double immunofluorescence allow to distinguish the expression pattern of the markers
above mentioned. Their expression levels, related to the intensity of the emitted signal, show
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4. The tissue around the tumor — Cell invasion and edema

Beside resistance to chemo-and radiotherapy, the failure of a local control of GBM by therapies
is due to the modalities of tumor cell invasion into the brain. Surgical resection cannot prevent
recurrence because of the occurrence of infiltrating cells; recurrence usually starts from the
resection margin. The target volume for radiotherapy, therefore, conventionally includes the
tissue within 2 cm from the MRI border of the tumor. This is for sparing normal nervous tissue
from irradiation damage, but also for including in it infiltrating cells. Nevertheless, 80% of

Figure 9. Immunofluorescence (IF) for stemness antigens in NS. A – Nestin, 200x; C – CD133, 200x; E – Musashi1, 200x.
IF for differentiation antigens in AC. B – GFAP, 400x; D – GalC, 400x; F – β-III Tubulin, 400x. Nuclei are counterstained
with DAPI.
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tumors relapses within 2-cm margin around the enhanced region [58]; another adverse
characteristic of infiltrating cells is that they do not proliferate [3,40], escaping thus detection
and being less sensitive to treatments.

Tumor invasion is not uniform along its borders. It can be non-existent where the tumor
sharply abuts against the normal nervous tissue (Figure 10A), as it may happen with the white
matter, or it gradually progresses from the tumor outwards (Figure 10B). Typical is the
invasion of the cortex from a tumor located in the white matter, even with the typical picture
of perineuronal satellitosis (Figure 10C). The different invasion modalities have been codified
[59] and a distinction between diffuse and local tumors has even been proposed [60], but it
was not confirmed by the observation of substantially different outcomes.

Figure 10. A – Sharp tumor border. Ki-67/MIB.1, DAB, 100x; B – Invasion gradient toward the cortex. H&E, 100x; C –
Perineuronal satellitosis. H&E, 400x; D – Infiltration along corpus callosum. H&E, 200x.

Letting aside the mechanisms of tumor cell migration and invasion of which there is today a
good knowledge [61-63], some information about neuropathologic findings on peritumor
tissue are relevant. First of all, it has been demonstrated that patients with absence of tumor
cells in the adjacent normal nervous tissue had better survival than those with tumor cells [64].
This is not in contrast with the observation that the removal of edematous peritumor tissue
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4. The tissue around the tumor — Cell invasion and edema
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Figure 9. Immunofluorescence (IF) for stemness antigens in NS. A – Nestin, 200x; C – CD133, 200x; E – Musashi1, 200x.
IF for differentiation antigens in AC. B – GFAP, 400x; D – GalC, 400x; F – β-III Tubulin, 400x. Nuclei are counterstained
with DAPI.
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tumors relapses within 2-cm margin around the enhanced region [58]; another adverse
characteristic of infiltrating cells is that they do not proliferate [3,40], escaping thus detection
and being less sensitive to treatments.
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does not improve the outcome of operated patients [65]. In this regard, residual cells after
surgery have been interpretated as distinct from the cells found in routinely resected GBM
tissue, as if they would represent a distinct, malignant GBM subentity [66]. A second important
point is how to recognize invading cells. Beside nuclear abnormalities, there are only the counts
of cells, as will be said. Nestin expression [67] and mainly Isocitrate Dehydrogenase isoforms
1 and 2 (IDH1/2) mutations [68] have been proposed, but it must be taken into account that
primary GBM cells are IDH1/2 wild-type.

Cell infiltration, as it is usually seen in histological sections of tumor surgically removed, can
be very mild and not easily recognizable without cell counts or decidedly evident (Figure
11A,B). Its aspects largely depend on the various modalities of GBM spreading and three main
possibilities are recognized [69]: the distant spreading through corpus callosum (Figure
10D), septum pellucidum, etc., the sub-pial invasion (Figure 11C) and the invasion of the cortex
from the white matter where the tumor is located (Figures 11C). Also sub-arachnoidal seeding
is frequent [70,71], sometimes as small clusters of tumor cells, visible at naked eyes from which
tumor cells go down along penetrating vessels to invade the cortex (Figure 11D). It is very
important to remark that invading cells do not proliferate, as it has been demonstrated in
vitro [72,73] and in vivo [3,41,74]. Two other cell types can be found in peritumor tissue:
macrophages/microglia and reactive astrocytes, both in edematous and non-edematous tissue.
The former, independently of their influence on immunoregulation and tumor growth [61],
are abundant in both tumor and peritumor tissue [75]; it has been calculated that up to one
third of cells in glioma biopsies are represented by macrophages [75,76] (Figure 12B,C).
Incidentally, a positive or negative relationship between microglia/macrophages and TICs is
today discussed [77]. The same can be said for the possibility that microglia can be exploited
in tumor therapy. It remains today “in its infancy” [78] as it happens for the possibility to
inhibit microglia/macrophages in order to prevent their promotion of tumor progression [79].

Reactive astrocytes can be sometimes confused with tumor cells, mainly because their
phenotype changes over time until complete maturation (Figure 12A). There are analogies
between glial reaction and physiological maturation of astrocytes during embryogenesis. In
initial phases, the fine processes originate directly from the cell soma and then from the thick
and long processes [80]. Nestin and Vimentin would be the main intermediate filaments of
immature astrocytes, whereas GFAP of the mature ones [81,82].

It is long debated whether infiltrated tissue can be recognized by MRI, not only when adjacent
to tumor, but also at a distance. It has been observed, for example, that low-grade gliomas,
which preferentially locate in the insula and the supplementary motor area, spread along
distinct sub-cortical fasciculi [83]. Analyzing different peritumor areas with different MRI
methods, it has been shown that FA 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 [84].

Peritumoral reactive gliosis has a particular importance because of three main characteristics:
reactive astrocytes divide by mitosis as tumor cells; they progressively lose Nestin and they
increase GFAP expression as during development, and they may exert regionally a series of
metabolic and molecular influences [61]. The most important point is that reactive astrocytes
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may be included in the advancing tumor in which they progressively become no more
recognizable from tumor cells. The question is whether they disappear suffocated by the high
density of tumor cells or if they remain, unrecognizable from tumor cells, contributing to the
pleomorphic aspect of gliomas, or if they are transformed into tumor cells [85].

Practically, two important points are that the tumor extends beyond the area of enhancement
and that tumor cells can be found in peritumor edema [86]. In 20% of stereotactic biopsies
tumor cells have been found in normal areas [87]. With the MRI era, detection of tumor
infiltrating cells did not improve and it was shown that they can occur either in the T2-
hyperintense areas or beyond them [88] or even in areas apparently normal in T1 or edematous
in T2.

GBM spreads frequently along white matter tracts and their disruption can be detected by DTI.
Observations have been made, but without any histological control. For example, infiltrated
white matter shows a decrease of FA and an increase of ADC as when it is edematous.
Displacement of white matter tracts with decreased FA can be recognized [89]. Many studies
have been dedicated to FA reduction, but it did not appear to be sensitive enough to detect

Figure 11. A – Mild infiltration. H&E, 200x; B – Strong infiltration. H&E, 200x; C – Sub-pial infiltration and growth. H&E,
100x; D – Infiltration along penetrating vessels from a tumor seeding in sub-arachnoidal space. PCNA, DAB, 100x.
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infiltration [90]. The problem has not yet been resolved and it is still under discussion, because
new techniques have been proposed [91,92], even though ADC values, lower in the tumor than
in peritumor tissue, were not interpreted by others as significant [93]. Nevertheless, DTI is
going to be accepted in the evaluation of tumor margins and invasiveness [94].

Figure 12. A – Reactive astrocytes at regular inter-distance. GFAP; B – Macrophages/microglia in the tumor. CD68; C –
id. in peritumor area. CD68. All DAB, 200x.

Edema on T2-weighted imaging may have a high Cho/NAA ratio as in tumors [95] and this
would indicate the occurrence of tumor cell infiltration [96] (Figure 13). It can be demonstrated
by Aquaporin-4 antibody method (Figure 14A), but in the tissue this is not suitable for
quantitative assessments. However, the real problem is how to detect mild infiltration, either
alone or with edema. Some observations were supported by histological examination of
peritumor edematous areas with or without cell infiltration. Three spectral patterns in peri-
enhancing apparently edematous ROIs have been described: high Cho and abnormal
Cho/NAA ratio in presumed tumor areas, normal Cho/NAA ratio in presumed edematous
areas and Cho levels similar to normal, but with abnormal Cho/NAA ratio in tumor edema.
In ROIs on peri-enhancing normal tissue, the patterns therefore could be: presumed infiltration
with high Cho and abnormal Cho/NAA ratio and presumed normality with normal values.

Tumors of the Central Nervous System – Primary and Secondary78

These findings are in agreement with those indicating that tumor cells could be detected
beyond the margin of the tumor by MRSI [97] and this has been substantiated by histopathol‐
ogy studies [88,96].

Figure 13. Axial contrast enhanced T1-weighted image, T2-weighted image, ADC and rCBV maps showing a lesion in
the left frontal lobe with heterogeneous signal and diffusion properties, peripheral and irregular contrast enhance‐
ment. Perfusion is increased in the peripheral portion of the lesion.

Figure 14. A – Aquaporin-4 in a peritumor area with astrocyte and vessel positive staining. DAB, 200x; B – Aspect of a
gemistocytic astrocytoma found in a T2 hyper-intense area. H&E, 200x.

Spatial Relationships of MR Imaging and Positron Emission Tomography with Phenotype, Genotype and...
http://dx.doi.org/10.5772/58391

79



infiltration [90]. The problem has not yet been resolved and it is still under discussion, because
new techniques have been proposed [91,92], even though ADC values, lower in the tumor than
in peritumor tissue, were not interpreted by others as significant [93]. Nevertheless, DTI is
going to be accepted in the evaluation of tumor margins and invasiveness [94].

Figure 12. A – Reactive astrocytes at regular inter-distance. GFAP; B – Macrophages/microglia in the tumor. CD68; C –
id. in peritumor area. CD68. All DAB, 200x.

Edema on T2-weighted imaging may have a high Cho/NAA ratio as in tumors [95] and this
would indicate the occurrence of tumor cell infiltration [96] (Figure 13). It can be demonstrated
by Aquaporin-4 antibody method (Figure 14A), but in the tissue this is not suitable for
quantitative assessments. However, the real problem is how to detect mild infiltration, either
alone or with edema. Some observations were supported by histological examination of
peritumor edematous areas with or without cell infiltration. Three spectral patterns in peri-
enhancing apparently edematous ROIs have been described: high Cho and abnormal
Cho/NAA ratio in presumed tumor areas, normal Cho/NAA ratio in presumed edematous
areas and Cho levels similar to normal, but with abnormal Cho/NAA ratio in tumor edema.
In ROIs on peri-enhancing normal tissue, the patterns therefore could be: presumed infiltration
with high Cho and abnormal Cho/NAA ratio and presumed normality with normal values.

Tumors of the Central Nervous System – Primary and Secondary78

These findings are in agreement with those indicating that tumor cells could be detected
beyond the margin of the tumor by MRSI [97] and this has been substantiated by histopathol‐
ogy studies [88,96].

Figure 13. Axial contrast enhanced T1-weighted image, T2-weighted image, ADC and rCBV maps showing a lesion in
the left frontal lobe with heterogeneous signal and diffusion properties, peripheral and irregular contrast enhance‐
ment. Perfusion is increased in the peripheral portion of the lesion.

Figure 14. A – Aquaporin-4 in a peritumor area with astrocyte and vessel positive staining. DAB, 200x; B – Aspect of a
gemistocytic astrocytoma found in a T2 hyper-intense area. H&E, 200x.

Spatial Relationships of MR Imaging and Positron Emission Tomography with Phenotype, Genotype and...
http://dx.doi.org/10.5772/58391

79



The overlapping of tumor cell infiltration and edema remains a major problem in the brain
adjacent to tumor (BAT), because of the difficulty of their distinction [98,99], even though
somebody supports that white matter fibre tract infiltration can be recognized [97]. In exper‐
imental tumors transplanted into mice, it has been observed by superimposing immunohis‐
tochemistry to MRI that in edema districts around the tumor, reactive astrocytes and activated
microglia increased Aquaporin-4 expression and invasive tumor cells coexist [100]. Aquapor‐
in-4 has been observed to correlate in peritumor tissue with edema and in the tumor with
Hypoxia-Inducible Factor-1 (HIF-1), Vascular Endothelial Growth Factor (VEGF) and the
grade of malignancy [101], whereas NAA seemed to be more suitable to detect low tumor
infiltration in peritumor edema [102]. Of course, in the latter a damage to myelin sheaths takes
place and it is detectable by MRSI [103].

In the recognition of tumor cell infiltration in edematous areas by MRI, histological examina‐
tion of the surgical samples corresponding to the ROIs on rFSE or rFLAIR areas, is of great
importance, in spite of the demonstration that removing T2 hyperintense non-enhancing areas
and areas possibly containing ITCs, survival did not change [65]. It must be known that a T2
hyper-intense area may well correspond to a tumor (Figure 14B). A distinction would be
possible, provided that there is no mismatch between the ROIs and sample removal. Usually,
the cells composing edematous areas can be: tumor, normal or endothelial cells, macrophages
or inflammatory cells and mainly reactive astrocytes. In our experience, the cell count is of
paramount importance, especially when the number of non-tumor cells largely exceeds that
of tumor cells, including in the former reactive astrocytes, microglia and endothelial cells. By
comparing the number of cells in H&E stained sections and of GFAP+and CD68+cells with
MRI variables, it has been found that normal cells, reactive astrocytes and microglia cells
represent a rather stable quota of cells, so that variations of the total number of cells of a given
area could be attributed to tumor cells. Reactive astrocytes, once no more proliferating, become
fibrillogenetic and mature; usually, they do not exceed a certain number per field (Figure
12A). Therefore, they may influence the total number of cells only when tumor cell infiltration
is mild. When the number of infiltrating cells is high, the astrocytic quota becomes insignificant.
The same can be said for microglia/macrophages. Inside the tumor these cells are often found
in perivascular or perinecrotic masses, but in peritumor tissue they are more regularly
distributed and they too do not exceed a certain number per field (Figure 12B,C). CBV or Cho/
NAA values will be influenced by macrophages/microglia only when the total number of cells
is very low, i.e. when tumor cell infiltration will be really mild, below a certain percentage of
the total number of cells, taking into account that the number of reactive astrocytes plus that
of microglia/macrophages usually corresponds to the half of that of normal cells (unpublished
data).

ITCs can be detected only after a systemic study of the brain at autopsy, as in the whole
mounting preparation technique (Figure 15); they cannot be detected in surgical material
because this usually cannot include them [4]. ITCs remain as a sword of Damocles in regard
to tumor recurrence.
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Figure 15. Isolate tumor cells in a white matter bundle. PCNA, DAB, 400x.

5. GSCs in the tumor: Target of therapies?

In the last decades, the aphorism is that the eradication of the tumor cannot be obtained by
directing chemo-and radiotherapies to the entire tumor mass, composed of non-proliferating,
differentiated and insensitive cells; on the contrary, such therapies would be successful if
addressed to the cells responsible for growth, recurrence and resistance, i.e. GSCs. Therefore,
the question is whether these cells can be in vivo detected by neuro-imaging and where are
they located or generated in the tumor. To answer this question, a short discussion on the origin
and nature of GSCs is necessary.

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. The remainder of
tumor cells, which predominantly make up GBM, may represent partially differentiated cells
with limited progenitor capacity or terminally differentiated cells that cannot form new
tumors. Following the model of glioma origin from sub-ventricular zone (SVZ) after nitro‐
sourea derivatives [104], the most important hypothesis on gliomagenesis is today that GSCs
derive by the transformation of Normal Stem Cells (NSCs) or progenitors, i.e. from B or C cells
of the SVZ niche [105]. There is a great similarity between SVZ NSCs or progenitors and TICs
and malignant gliomas most probably originate from the SVZ [106,107]. The concept is
supported by the observation that GBM is almost always in contact with lateral ventricles [108].
This hypothesis cannot be applied to benign gliomas that should derive from mature glia.
According to other hypotheses, also GBMs could derive from mature glial cells by acquiring
stemness properties through a dedifferentiation process [109] or from stem cells of the white
matter, NG2 cells. This origin would fit better with tumors far from the ventricles or with
secondary GBM [110]. Also reactive astrocytes can be candidate for glioma origin [111,112],
considering that they can acquire a stem-like phenotype [113].

GSCs develop in niches that can be perivascular or perinecrotic [114]. In perivascular niches
there is a close contact between endothelial cells and Nestin+and CD133+cells [115]; the former
would favor the self-renewal of the latter, mainly by Notch, and the opposite would happen
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for angiogenesis through VEGF and hypoxia/HIF-1 [115-120]. In perinecrotic niches, GSCs are
generated by hypoxia through HIF-1. Really, in the niches there can be a complicated rela‐
tionship among different cell types, such as macrophages, pericytes, astrocytes, etc. with a
multiple signalling [54,121,122]. In our experience, perinecrotic GSCs could be the remnants
of GSCs that populated hyper-proliferating areas before the development of circumscribed
necroses within them; this would take place because of the imbalance between the high
proliferation capacity of tumor cells and the low one of endothelial cells [2,123]. GSCs, either
as NS or AC, are heterogeneous as for stemness properties, clonogenicity and tumorigenicity
and they have been regarded as at the top of a cell hierarchy for some molecular signs [49,50].
Stemness among tumor cells could be distributed in a spectrum with a crescendo from quiescent
highly differentiated cells, where it is nil, to those in which it reaches the highest degree of
expression. Stemness would be regulated by the microenvironment [53] and it could be the
feature of a functional status rather than of a subset of cells [124,125]. As it is lost during
differentiation of normal cytogenesis beyond the stage of progenitors, in the opposite way it
is gained by dedifferentiating tumor cells when they reach the stage of progenitors.

The heterogeneity of GBM, before discussed, conditions different genetic assets of the cells in
the different clones; going from the samples of the most malignant areas of the tumor to those
of tumor periphery, the potential of generating NS or AC decreases. The conclusion is that
stem cells are kept as such by microenvironments and these are realized in the most malignant
sites of the tumor [51,55].

6. Location of GSCs in the tumor and their detection by neuro-imaging

If GSCs were considered as a subset of special cells, they should be located somewhere in
the tumor and therefore their search in vivo could be justified. According to the hypothe‐
sis that they represent a functional status, they should appear in the tumor when and where,
as  the  consequence  of  the  transformation  process,  tumor  cells  reach  the  threshold  of
stemness. In some experience, NS would be generated from whatever part of GBM [126],
whereas in some other experiences [48],  different  subsets  of  GSCs arise from regions of
GBM  with  different  malignancy  potential,  showing  different  tumorigenic  potential  and
genetic  abnormalities,  even though originating from the  same ancestor  cell.  Since  GSCs
reside in niches, their distribution in the tumor should follow that of niches which in turn
with their microenvironments develop where malignancy occurs [52]. On the other hand,
it has been observed that GSCs occur in the hypoxic area between the central necrosis and
the proliferating zone of GBM [127].

Until today, the only mean to detect GSCs is to apply the neurosphere assay to the surgical
samples removed from different parts of the tumor. Their recognition can be therefore achieved
only after surgery. It would be highly useful to know in advance where in tumor GSCs are
located or generated in order to try to annihilate them without surgery and to cure the patient.
Can they be detected by MRI or other procedures in vivo?

Animal in vivo imaging techniques have been applied to some stem cell populations – hema‐
topoietic and leukemic stem cells – but the application to solid tissues has been limited [41].
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Using intravital microscopy, labelled GSCs could be followed in their propagation and
responsibility in producing glioma heterogeneity [41], but data are not available by MRI
techniques. Bone marrow-derived endothelial precursors, labelled by super-paramagnetic
iron oxide nanoparticles, could be demonstrated in glioma-bearing immunodeficient SCID
mice by MRI [128], but no similar procedure has been adopted for GSCs. The only possibility
is to use the spatial relationship between MRI variables and tumor phenotypes [33] including
into the phenotype the expression of GSC stemness status.
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Chapter 4

New Application of 123I-Iodoamphetamine SPECT for the
Diagnosis of Primary Central Nervous System
Lymphoma

Yasushi  Shibata

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58321

1. Introduction

123I-iodoamphetamine (IMP) single photon emission computed tomography (SPECT) is used
to evaluate the cerebral blood flow (CBF) in patients with either cerebrovascular or neurode‐
generative diseases [3, 6]. However, its application for patients with brain tumors has so far
only been rarely reported [2, 8, 11]. Primary central nervous system lymphoma (PCNSL) is a
rare tumor that shows a delayed IMP uptake [1, 5, 7, 9, 10]. The relatively low spatial resolution
of SPECT is a clinical problem when it is used to diagnose brain tumors.

Anatomical standardized statistical mapping is a useful method for improving the diagnostic
ability of SPECT. We examined the statistical mapping of IMP SPECT in patients with brain
lesions. In this report, we analyzed the diagnostic performance of the usual reconstructed
images and statistical mapping of IMP SPECT of patients with brain tumors.

2. Patients and methods

This study included IMP SPECT images for 49 patients with brain lesions: 20 with PCNSL, one
with Burkitt’s lymphoma, 15 with glioma, two with meningioma, one with a metastatic tumor,
two with multiple sclerosis (MS), five with cerebritis and three without any pathological
diagnosis, but a clinical diagnosis of PCNSL. No patients had received prior radiation or
chemotherapy for brain tumors. Three patients had previously received steroid medication at
the time of IMP SPECT examination.

© 2014 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 reproduction in any medium, provided the original work is properly cited.
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We examined the normal reconstructed images and statistical mapping of IMP SPECT. After
the intravenous injection of 222 Megabecquerel (MBq) of 123I-IMP, the early (15 minutes) and
delayed (3 hours) images were acquired using a multi-detector SPECT machine (E.CAM,
Siemens Medical, Erlangen, Germany) and a high resolution collimator (LEHR, Siemens
Medical, Erlangen, Germany). The Butterworth pre-correction filter and the Chang method
were used for pre- and post-attenuation corrections. The Ramp filter was used for reconstruc‐
tion. The image matrices, the pixel sizes and the slice thickness of the IMP SPECT were 128 x
128, 3.31 mm and 6.62 mm, respectively. All SPECT data were saved in the Digital Imaging
and Communication in Medicine (DICOM) format. The DICOM data were transferred to a
newly developed software program, the iNeurostat+ (Nihon Medi-physics, Hyogo, Japan),
which runs on a Windows personal computer. The SPECT data were anatomically standar‐
dized on normal brain images. The increased uptakes of IMP were statistically mapped on the
tomographic images of the normal brain. The image quality, diagnostic ability and imaging
artifacts were evaluated by a visual inspection (Figure 1).

Fig 1: Automatic Process Flow of iNeurostat+ 
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Figure 1. Automatic Process Flow of iNeurostat+

Magnetic resonance imaging (MRI) data were acquired with 1.5 Tesla instrument (Gyroscan
NT Intera, Philips, Amsterdam, The Netherlands). The tumor diameters and size were
measured using gadolinium-diethyltriaminepentaacetic acid (Gd-DTPA)-enhanced T1-
weighted MRI.
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The statistical analysis was performed with the Chi-square test. Values of p < 0.05 were
considered to be significant.

3. Representative cases

3.1. Case 1 (Figure 2)

A 58-year-old female had a Gd-enhanced MRI scan, which showed a homogenously enhanced
tumor at the left putamen. Delayed IMP SPECT showed tumor uptake, however, other normal
brain uptake was also detected. Statistical mapping of IMP SPECT data demonstrated hot
tumor uptake and no uptake into the normal brain. A tumor biopsy revealed a pathological
diagnosis of PCNSL.

Fig 2: Case 1: 58 Woman: PCNSL

IMP‐SPECT  4, 24, 48 hours

Gd‐MRI          Statistical 
Mapping 
24 hours

Figure 2. 58 Woman: PCNSL

3.2. Case 2 (Figure 3)

A 71-year-old female underwent a Gd-enhanced MRI scan, which showed a homogeneously
enhanced tumor at the left cerebellum. Delayed IMP SPECT did not show clear uptake into
the cerebellar lesion. Statistical mapping of IMP SPECT demonstrated clear uptake of IMP into
the tumor. The tumor was pathologically diagnosed as PCNSL by biopsy.
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3.2. Case 2 (Figure 3)

A 71-year-old female underwent a Gd-enhanced MRI scan, which showed a homogeneously
enhanced tumor at the left cerebellum. Delayed IMP SPECT did not show clear uptake into
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the tumor. The tumor was pathologically diagnosed as PCNSL by biopsy.
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4. Results

Eighteen patients showed a high uptake in the delayed IMP SPECT images (16 PCNSL, two
unknown). All unknown patients were successfully treated with steroids and radiation
therapy, so their clinical diagnosis was PCNSL. Other tumors or lesions did not show a high
uptake on delayed IMP SPECT, so there were no false positives (Table 1). Four patients with
pathologically proven PCNSL showed no uptake in the original IMP SPECT. These tumors
were either too small to detect by IMP SPECT or the IMP SPECT images were taken after the
administration of steroids. However, statistical mapping revealed the IMP uptake in two of
these four patients. A heterogeneous IMP uptake was seen in homogenous tumors in MRI. For
patients with a hot IMP uptake, statistical mapping showed clearer uptake. The sensitivity and
specificity of original IMP SPECT were 80 and 100% (Chi-test p<0.01), respectively. Those of
statistical mapping were 90 and 100% (Chi-test p<0.01), respectively.

The patients who had received steroid treatment showed negative of IMP SPECT findings.
However, patients with glioma, MS and Burkitt’s lymphoma did not show a high uptake of
delayed IMP SPECT. IMP SPECT is therefore useful for the diagnosis of PCNSL, especially for
the differentiation from glioma, MS and Burkitt’s lymphoma. A heterogeneous IMP uptake
was seen in homogenous tumors in MRI. For patients with a hot IMP uptake, statistical
mapping showed an even clearer uptake. There were some artifacts on the statistical mapping,
however, these artifacts did not result in diagnostic problems due to comparisons of the
statistical mapping and original SPECT or MRI findings.

Fig 3: Case 2: 71 Woman: PCNSL
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Figure 3. 71 Woman: PCNSL
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5. Discussion

5.1. Sensitivity and specificity of IMP SPECT

Our results revealed a high sensitivity (80%) and high specificity (100%) of IMP SPECT in the
diagnosis of PCNSL. Our IMP SPECT of 3.31 mm in pixel size could not detect one small
supratentorial tumor less than 5 mm. Because our patient series included only one patient with
a tumor less than 20 mm in diameter, the detection threshold could not be demonstrated.
However, two cerebellar tumors more than 30 mm in diameter could be detected with the
usual IMP SPECT, while two cerebellar tumors smaller than 25 mm in diameter could not be
detected. Based on our results, the detection threshold of cerebellar tumors seems to be around
25 to 30 mm in diameter.

Akiyama reported that the PCNSL larger than 3 ml could be detected in delayed IMP SPECT
[1]. Their patient series included some patients with brain stem tumors and no patients with
cerebellar tumor. Shinoda reported the IMP SPECT findings in 10 patients with PCNSL [9].
There were two patients with cerebellar tumors in their study, but the tumor size or volume
was not described.

SPECT has some physical and radiological limitations. The absorption of gamma rays in each
tissue decreases the detected signal. Scattering radiation from the gamma ray source leads to
low spatial resolution of the reconstructed SPECT images. The posterior fossa is covered by a
thick area of the skull, so the signal from the brain stem and cerebellum is attenuated more
than that from the cerebrum. Homogeneous attenuation correction could not correct for the
low signal from the posterior fossa. These reasons might underlie the low sensitivity at the
cerebellum. Some methods of correcting the absorption and scattering have been employed,
however, all of these correction methods are associated with some limitations [4]. In our
facility, the scatter was corrected with a Butterworth filter, and the absorption and attenuation
were corrected with the chang method. The chang method assumes homogenous attenuation,
however, the head is not homogenously attenuated. Therefore, using the Chang method leads
to an overestimation of the regional CBF values in IMP SPECT in low CBF regions and an

Table 1
Original IMP PCNSL other unknown

uptake + 16 0 2

uptake - 4 26 1

Statistical
Mapping

PCNSL other unknown

uptake + 18 0 2

uptake - 2 26 1

Sensitivity 80%, specificity 100%, Chi‐test p<0.01

Sensitivity 90%, specificity 100%, Chi‐test p<0.01
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underestimation in high CBF regions [4]. The cerebellum is a high CBF region. Therefore, the
tumors at the cerebellum might be less detectable by IMP SPECT than the tumors at the brain
stem.

5.2. Mechanism of IMP uptake

The mechanisms underlying the uptake and retention of IMP in PCNSL are not fully under‐
stood. The amine receptor is one of the IMP binding sites [6]. A specific amine receptor in
PCNSL was hypothesized to be responsible for the IMP retention in PCNSL [10] [11]. Most
IMP binding is considered to be mainly associated with high capacity, relatively nonspecific
binding sites in brain synaptosomes [6]. The IMP SPECT findings suggested that there is strong
IMP binding to PCNSL. In the future, the mechanisms of IMP uptake and the retention in
PCNSL may be revealed by clinical and basic studies of PCNSL.

5.3. Standardization of SPECT images

The CBF is dependent on the patient age. Each patient’s CBF should therefore be evaluated in
comparison with a normal standardized database for specific age groups. Each patient also
has different cerebral morphology. In order to compare the SPECT data of each patient with
the normal standardized database, each patient’s SPECT data should be transformed to fit
standard SPECT data. Using the iNeurostat+ software program, a statistical evaluation of an
anatomically standardized tomographic image is possible. Anatomical standardization and
statistical mapping are useful methods to reduce the differences based on the individual brain
morphology and to objectively evaluate the image findings.

Based on our results, the IMP uptake into PCNSL was highly specific. At present, the final
definite diagnosis of PCNSL should be determined by biopsy and pathological examination.
However, a biopsy is an invasive surgical procedure. Therefore, there is currently no definitive
non-invasive method for diagnosing PCNSL. Some patients, such as those with tumors in the
brain stem, or who are in poor general condition, are not candidates for surgical procedures.
In such cases, IMP SPECT may be helpful to diagnose PCNSL without the surgical risk
associated with a biopsy. Our results warrant further clinical prospective research to evaluate
the clinical significance of IMP SPECT for the diagnosis of PCNSL.

The statistical mapping method was especially useful to detect small tumors that were not
detected using usual IMP SPECT. Statistical mapping has the same spatial resolution as the
original SPECT images. The detectability of tumors at the posterior fossa and skull base is
affected by absorption and scattering corrections. Statistical mapping method reduces these
affects, and as a result, improves the detectability of tumors at the posterior fossa or skull base.

Reconstructed SPECT images include some error and artifacts by nature. A statistical analysis
can reduce some errors and artifacts, however, it can also lead to new errors and artifacts. In
our study, some artifacts were observed in the statistical mapping results that were not seen
in original SPECT images. These artifacts were recognizable as artifacts by comparing the
statistical mapped images with original reconstructed SPECT images. However, it should be
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kept in mind that the statistical mapping images are not original images, and should not be
overrated. The final clinical evaluation should be based on careful image interpretation.

5.4. Study limitations

Our study has some limitations. The patient population was small and selected based on the
criteria of suspected PCNSL. All patients with brain lesions were not included in this study.
However, the patient population in this study represents the actual target population who
need a differential diagnosis. Therefore, this study demonstrated the actual clinical usefulness
of IMP SPECT for the differential diagnosis of PCNSL.

IMP SPECT is useful for the diagnosis of PCNSL because the uptake is specific, as shown in
our results. The gold standard for the diagnosis of PCNSL is the pathological examination of
surgical specimens. There is currently no definitive non-invasive diagnostic method. Because
some patients with PCNSL are contraindicated for surgery, IMP SPECT may represent an
alternative to biopsy for obtaining a diagnosis. Further collection of experiences and improve‐
ments of the diagnostic methods will increase the reliability and decrease the limitations of
diagnostic imaging using IMP SPECT for PCNSL. In the actual clinical diagnosis of PCNSL,
we generally acquire additional information from other examinations, including tumor marker
levels and gallium and/or thallium scintigraphy. In our patient population, we also examined
the findings by these modalities. A detailed discussion of the results of these examinations is
not within the scope of this paper, but such combined evaluations may help overcome some
of the limitations of IMP SPECT.

6. Conclusion

IMP-SPECT and statistical mapping are considered to be useful for the diagnosis of PCNSL.
Multi-modal images should be taken before steroid therapy, because steroids affect the
diagnostic performance of both of MRI and SPECT. Statistical mapping is useful for detecting
small tumors which cannot be detected by usual IMP SPECT. However, some artifacts also
exist in statistical mapping images. The careful interpretation of such image findings is
essential. Anatomical standardized statistical mapping is thus considered a useful method for
improving the diagnostic sensitivity, specificity and accuracy of IMP SPECT for brain lesions.
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1. Introduction

Oxidative stress appears when prooxidant-antioxidant balance is altered in the direction of
the former, causing neuronal cell death and dysfunction, so resulting in oxidative damage
lending to disease pathogenesis. Brain tissue have a very high metabolic rate as it consumes
approximately 20% of the inhaled oxygen due to the fact that neurons need high amounts of
ATP for sustaining ionic gradients across cell membranes and so as for neurotransmission and
as most of the ATP is produced via oxidative metabolism, neurons are dependant on mito‐
chondrial function supremely. Oxidative stress is known to act a part in mitochondrial
dysfunction and brain damage associated with epileptic seizures. In recent studies it is implied
that epileptic status alters the redox potential and diminishes ATP levels creating a break down
in brain energy production and a damage to cellular targets such as protein, lipids and DNA
is seen following persistent seizures. Thus a consecutive cell damage emerges after persistent
seizures with an increase in mitochondrial oxidative stress status in epilepsy patients.

Brain tumours typically cause epileptic seizures. The life quality of patients with brain tumors
having epileptic seizures are seriously effected owing to the factors not being clear and the
problems confronted in the treatment. Antiepileptic treatment culminates with limited success
due to drug interactions, adverse effects and pharmacoresistance frequently.The mechanism
of epileptogenesis in patients having a brain tumour is not clarified obviously yet. Seizures are
conferred as the initial symptom in around 30-50% of patients particularly with slow growing
primary brain tumors [1]. Seizures are mostly seen in patients having low grade tumors while
in patients with high grade brain tumors the insidance is lower. Also, the location of the tumor

© 2014 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 reproduction in any medium, provided the original work is properly cited.
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is an important deterministic of epileptic seizures. Due to the decreased intratumoral perfusion
and increased metabolism, hypoxia occurs causing acidosis through metabolic requirements
of the proliferating tissue and the disrupted oxidative energy metabolism, both inducing glial
cell swelling and damage effecting the surrounding tissue [2]. It was implied that derangement
between the excitatory and inhibitory balance leads to glioma associated seizures as there is
an intimate relationship between seizure activity and increased extracellular glutamate levels
in tumor related epilepsy. The involvement of tumor growth is not clear yet. Glutamate levels
are shown to increase reaching neurotoxic levels during seizures. Epileptic activity is implied
to be originating within the peritumoral border distant from the tumor tissue and it was shown
that the glutamate levels were higher in peritumoral cortex when compared with health brain
tissue parts in glioma patients. GABA receptor activity is thought to be an inhibitor as receptor
down regulation seems causing hyperactivity in the surrounding microenvironment. There is
also a close relationship between immunological and inflammatory changes with a diminished
risks of glioma and epileptic seizures related to tumor presence as proinflammatory cytokines
seem to be involved in epilepsy pathogenesis [3,4]. On the other hand, patients having epileptic
seizures with brain tumors were reported having increased levels of ROS and the antioxidant
status was found to be decreased. This seems to be recovered after treatment with antiepileptic
drugs favoring the so called damaging effect of oxidative stress in epilepsy flashing the
estimated possibility of preventing the seizures via antioxidant treatment. Alleviation of the
oxidative damage utilizing antioxidant substances in epilepsy was shown experimentally.

These knowledge may highlight the possible future strategies in the medical treatment of
tumor associated epilepsy. In terms of surgical aspects, removing the tumor to stop epileptic
seizures might not assure a prosperous result alone considering that the neurons surrounder
the tumor form an epileptogenic area [2]. On the other hand, when the lesion is removed,
surrounding neurons may stop exciting aberrantly, returning to normal status. Thus the
neurosurgeons are suggested to minimize the residual tumor volume where applicable. The
conservation of the mitochondria and eventually decreasing oxidative stress related events
seems to be reasonable therapeutic approach. Not only resecting the tumor but also combining
an appropriate postoperative treatment should be the main aim in seizure control. As men‐
tioned, therapy with antioxidants having a potential neuroprotective effect, should be
intended to lower the conferred oxidative damage in epilepsy treatment where ketogenic diets
were also shown to have beneficial effects in treating epileptic seizures as they seem to increase
glutathione levels in mitochondria. It is clear that developing a mitochondria targeted
antioxidant therapy would be promising approach in epilepsy, hopefully resulting in seizure
control withdrawing treatment with antiepileptic drugs in long term.

2. The biochemical mechanisms transpiring in case of epileptic seizures

Epilepsy should be considered not only as a single disease, but also common symptomatic
symptoms of brain abnormalities involving central nervous system infections, traumatic brain
injuries, genetic syndromes or brain lesions such brain tumors are present. The relationship of
inflammation in the pathophysiology of epilepsy is implied in various clinical studies [5,6].
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The dysregulated homeostasis in the peritumoral tissue may cause to seizure somethesia as
the tumor cells create an intrinsic epileptogenicity. The most vital mechanism inducing tumor
related seizures is the alteration of amino acid neurotransmission where also an alteration in
the extracellular ions is involved. These mechanisms should be enlightened to provide
guidance for improving new strategies in the surgical and medical treatment for tumor
associated epilepsy.

The tumor tissue might be epileptogenic due to excreting some molecules itself or the peritu‐
moral tissue might be transformed into an epileptogenic zone as the microenvironment of
brain tumors is considerably different from that of healthy brain tissue which is demonstrated
via contemporary imaging techniques. On the other hand, the peritumoral tissue might turn
into an epileptogenic zone because of the mechanic restrainment of the tumor as a result of
hypoxia and ischemia. These lead to epileptic seizures following the alterations in neurotrans‐
mitters and their receptors, metabolic changes and inflammatory responses. Structural
epileptogenic abnormalities in the cortex might also be attended as low levels of N-acetylas‐
partate which is a marker for the survival and functionality of the neurons, was shown in the
epileptogenic cortex via magnetic resonance spectroscopy [7]. It was shown that damage in
the subcortical network affecting the electrical transmission is effectuated mostly by high grade
brain tumors [8] while a partial deafferentation in cortical regions is induced by low grade
tumors causing an epileptogenic stage [9,10]. Inflammatory changes and gliosis in the
peritumoral tissue also contribute. Derangements in the neurovascular entirety also cause
hypersynchronization leading to epileptogenity. The emerge of decreased expression of
junctional transmembrane proteins [11] and increased vascular endothelial growth factor
(VEGF) release which aggrevates the edema in the surrounding of the lesion [12] is due to the
impaired blood brain barrier through molecular alterations in brain tumors and hypoxia and
acidosis, appearing sequentially, occur because of the enhanced metabolism and the dimin‐
ished perfusion in the intratumoral tissue. Definitely, an adequate blood supply is obligatory
for brain tumor growth [13] and in case of inadequate blood supply, acidosis followed by
interstitial hypoxia appears extending to the surrounding tissue, as a consequence of both
elevated metabolic requirements of the proliferating tissue and impaired oxidative energy
metabolism. Also, peritumoral hypoxia comes out because of direct restrainment through large
sized tumors. In either case, damage sequential to glial cell swelling occurs [14] where the
membranes of the cells are vulnerable for inward sodium currents augmenting the risk of
epilepsy [15]. In consequence of hypoxia, glucose catabolism picks up culminating excess
lactate production which leads to acidosis and in tumor tissues increased lactate levels were
also shown [16]. In the peritumoral area the increase in sodium and calcium levels contribute
to neuronal hyperexcitability [17] and the change in the gating of calcium channels have been
reported in epileptic tissue where calcium influx is blocked via NMDA receptor channels
through stabilizing the neuronal excibility by magnesium. Also, mutations in the potassium
channels were implied and the extracellular potassium concentrations are known to play a
role in membrane potential [18,19].

Glutamate is an excitatory neurotransmitter which acts on postsynaptic membranes through
interacting with ionotropic and metabotropic glutamate receptors [20]. There is a relationship
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between seizure activity and high levels of extracellular glutamate in tumor associated
epilepsy. Increased levels of glutamate was shown in glioma patients with epilepsy [15,21].
The number of glutamate receptors are variable depending on the tumor degree. Ionotropic
glutamate receptors, which induce intracellular calcium release when activated, are NMDA,
AMPA and kainate receptors and with marred activity, in the peritumoral tissue differences
in the expression are seen. GABA is also a neurotransmitter which inhibits neuronal discharge
and when there is a down regulation in GABA receptors, which are GABAA, GABAB and
GABAC, hyperactivity in the peritumoral zone is encountered. Alterations in the functions of
GABA receptors in the peritumoral tissue, induce GABAergic neurotransmission alleviation
and GABA levels are reported to be increased in tumor tissues [18,19]. GABAergic activity
doesn’t have a relationship with seizure somethesia directly yet the alterations in the levels
seem causal for tumor related epilepsy. Also, in gliomas decreased kynurenic acid levels
causing NMDA receptor disinhibition [22] and decreased noradrenaline and serotonin levels
causing antiepileptogenic effects were reported [23].

Inflammation, either immune mediated or without infection, also play a crucial role in epileptic
seizures and in tumor related epilepsy where proinflammatory cytokines being inflammatory
mediators and their receptors are involved in the pathogenesis. High levels of cytokines such
as interleukin (IL)-6, IL-1β and the IL-1, tumor necrosis factor (TNF)-α were implied [24].
Cytokine activation depends on both seizure severity and duration in epilepsy patients. [25,
26]. Activation of IL-1β system in glial cells expressing IL-1β and its receptor was reported in
studies with chronic epileptic rats [27,28]. IL-4 and IL-6 were shown to be having modulating
effects on neurotoxic neurotransmitters which are released during excitation and inflammation
[29]. In the peritumoral tissue neurochemical alterations, coupled with the imbalance between
stimulatory and inhibitory cytokines, which are immune mediated were shown in glioma
[30-32] and reported to be related with tumor associated epilepsy. The activation of toll like
receptor (TLR) signaling pathways, which are activated via pathogens or endogenous ligands
released by damaged or stressor activated cells called as danger signals, is also a current subject
in epilepsy [33,34] and in neurons and astrocytes TLR4 overexpression was demonstrated in
chronic epileptic mice [33,35]. The inflammation in the brain tissue is thought to be contributing
to the deterioration of the blood brain barrier leading to serum albumin and IgG accumulation.
Albumin was reported to be inducing the long lasting hyperexcitability via impairing astrocyte
buffering capacity of extracellular potassium and glutamate through activating transforming
growth factor (TGF)-β pathway which leads to glutamate transporter downregulation [36-38].
These induced mechanisms through brain inflammation might explain the detention time
occuring between the inflammatory complications and the inception of epilepsy.

3. The redox status in brain tumors

Brain is considered to be intensely vulnerable to oxidative damage having a high content of
peroxidizable unsaturated fatty acids, high oxygen consumption per unit weight, high content
of iron which is a key in lipid peroxidation and a shortage of antioxidant defense systems [39],
so a crucial and unique target for both oxidative stress effects compared to other tissues and
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for metastatic growth being surrounded by the blood brain barrier. Reactive oxygen species
(ROS), or free radicals, may exceed the scavenging ability of endogenous antioxidants,
resulting in a shift of the redox state of the brain to the oxidative state. Redox balance in neural
tissue has an important role in the pathophysiology of neurotoxicity through the free radical
generation. ROS are particularly active in the brain and neuronal tissue and very aggressive
to glial cells and neurons. Endogenous antioxidant system plays a constitutive role in preven‐
tion of any damage due to free radicals. However, imbalanced defense mechanism of antiox‐
idants, overproduction or incorporation of free radicals from environment to living system
bring about a serious infliction and therefore to a neuronal death [40].

Tumor cells frequently demonstrate a change in redox status. The alterations in the redox
environment enhancing oxidation can induce some of the factors that cause cell proliferation
and malignant transformation. Cancer cells display increased glycolysis rate combined with
a reduced respiration rate [41]. The enhanced requirements for ATP; generates oxygen free
radicals and this causes oxidative stress conditions to come out which eventually promotes
cell death. Neurons and cancer cells consume glucose as energy source to respond this issue
and glycolytic metabolism rules over in tumor cells. The release of cytochrome c couples with
the pentose phosphate pathway and this initiates cytochrome c mediated apoptosis [42].
Caspase activation is initiated by cytochrome c when released from mitochondria during
apoptosis. So, the cancer cells and neurons control apoptosis through regulation of cytochrome
c release, while utilizing glucose as a source of energy [43]. This marked changes in metabolism
have been shown to be related with increased oxidative stress which is emphasized to be due
to increased mitochondrial superoxide radical production [44].

Studies have been done to evaluate antioxidant enzyme activities in different types of brain
tumors. However, most studies have emphasized decreased levels of antioxidant enzymes and
vitamins in diverse malignancies but still the results are inconsistent. Elevated manganase
superoxide dismutase (MnSOD) activities were shown in the serum samples of neuroblastoma
patients in a study. In recent studies, MnSOD was found to be associated with loss of differ‐
entiation and increased clinical malignancy in neuroepithelial origined brain tumors. MnSOD
was found significantly positive in Grade IV astrocytomas and medulloblastomas and negative
in normal brain samples. It can be said that MnSOD is overexpressed in most brain tumor types
and enhanced MnSOD expression is related with a poor prognosis. MnSOD seems to be a
tumor suppressor in the proliferative stage. When tumor progresses more aggressive, MnSOD
is upregulated. MnSOD level positively correlates with increased metastasis so MnSOD has
an oncogene role. Increase in MnSOD level was seen during the progression of different types
of tumors, including brain, to the metastatic stage. Tumorigenesis and metastasis are depend‐
ent on the levels of ROS. A cell having low levels of MnSOD is vulnerable to oxidative stress
then it may turn its progression to a tumor cell. Oxidative gene polymorphism and brain tumor
risk seems to be associated, the increased risk of glioma and meningioma type brain tumors
were found to be related with variants in some antioxidant enzyme genes and in a study,
MnSOD tissue expression is said to be a prognostic marker for glioblastoma. Superoxide
dismutase (SOD) and glutathione peroxidase (GPx) activities showed a clear decrease pro‐
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and malignant transformation. Cancer cells display increased glycolysis rate combined with
a reduced respiration rate [41]. The enhanced requirements for ATP; generates oxygen free
radicals and this causes oxidative stress conditions to come out which eventually promotes
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and glycolytic metabolism rules over in tumor cells. The release of cytochrome c couples with
the pentose phosphate pathway and this initiates cytochrome c mediated apoptosis [42].
Caspase activation is initiated by cytochrome c when released from mitochondria during
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c release, while utilizing glucose as a source of energy [43]. This marked changes in metabolism
have been shown to be related with increased oxidative stress which is emphasized to be due
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Studies have been done to evaluate antioxidant enzyme activities in different types of brain
tumors. However, most studies have emphasized decreased levels of antioxidant enzymes and
vitamins in diverse malignancies but still the results are inconsistent. Elevated manganase
superoxide dismutase (MnSOD) activities were shown in the serum samples of neuroblastoma
patients in a study. In recent studies, MnSOD was found to be associated with loss of differ‐
entiation and increased clinical malignancy in neuroepithelial origined brain tumors. MnSOD
was found significantly positive in Grade IV astrocytomas and medulloblastomas and negative
in normal brain samples. It can be said that MnSOD is overexpressed in most brain tumor types
and enhanced MnSOD expression is related with a poor prognosis. MnSOD seems to be a
tumor suppressor in the proliferative stage. When tumor progresses more aggressive, MnSOD
is upregulated. MnSOD level positively correlates with increased metastasis so MnSOD has
an oncogene role. Increase in MnSOD level was seen during the progression of different types
of tumors, including brain, to the metastatic stage. Tumorigenesis and metastasis are depend‐
ent on the levels of ROS. A cell having low levels of MnSOD is vulnerable to oxidative stress
then it may turn its progression to a tumor cell. Oxidative gene polymorphism and brain tumor
risk seems to be associated, the increased risk of glioma and meningioma type brain tumors
were found to be related with variants in some antioxidant enzyme genes and in a study,
MnSOD tissue expression is said to be a prognostic marker for glioblastoma. Superoxide
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portionally with tumor malignancy, decrease of SOD activity with the increasing grades of
malignancy in brain tumors were implied [45,46].

The GSH redox cycle is one of the most important antioxidative systems. GSH is a primary
endogenous neuroprotectant for the brain. GSH protects neuron cells from lipid peroxidation
and brain cells from peroxynitrite mediated oxidative damage. GSH is prevalantly seen in
brain tissue, thus highly expressed in various primary brain tumors. GSH content was shown
to be related to tumor response to nitrogen mustard therapy in human brain neoplasms. When
glutathione-S-transferase (GST) isoenzymes in neoplastic and non-neoplastic astroglia were
compared, GST3 isoenzyme was seen to be significantly higher in tumors. It is said that GST
expression levels in brain tumors seems in association with the tumor histology as some tumor
types express enhanced levels but some show only slight rise or decrease when compared to
normal cells. GST was found to be active in high levels in benign tumors such as meningioma
but only two-three folds higher compared to normal tissue but it was slightly increased in
astrocytoma. In glioblastomas, GSH levels were found significantly lowered compared to
normal tissue and merely elevated in meningioma. It has been reported that GPx and gluta‐
thione reductase (GR) enzyme activities decrease and protein oxidation levels increase in
patients with glioblastoma multiforme and transitional meningioma; the two kinds of tumors
which represent specially one of the most malignant and most benign tumors respectively and
it was shown that there is a complex relationship between pro-and anti-apoptotic molecules
in glioblastoma multiforme pathogenesis, thus targeting multiple pathways with advanced
chemotherapeutic agents or radiotheraupetic regimens following total resections might be
helpful in patients with glioblastoma multiforme and consistent differences in the levels of
antioxidants in different types of brain tumors were emphasized in different studies. The
decreased antioxidant levels in brain tumor patients reflect the enhanced oxidative damage
and increased cancer developing possibility, stating the role of antioxidants in cancer preven‐
tion and role of oxidative injury as the of cancer. It was seen that β-carotene and α-tocopherol
levels decreases when malignancy grade increases and the decrease was found significant for
oligodendroglioma grade I-II, glioblastoma multiforme and medulloblastoma [45,46].

4. The pivotal role of oxidative stress during epileptic seizures

Epilepsy, being an excitotoxic brain disorder, causes neuronal destruction incrementally. The
generation of ROS is distinctly implicated in a number of neurologic diseases including seizure
disorders. Oxidative stress and mitochondrial dysfunction are indicated to be having a crucial
role in the pathogenesis of epilepsy [47,48], contributing to the neuronal destruction through
the activation of proapoptotic transcription factors [49,50]. Neuronal cell damage develops due
to recurrent or obstinate seizures and abnormal increases in by products during seizures
through the increased metabolic activity producing ROS with damage and leading to disrup‐
tion of electrophysiologic integrity and instability of neuronal membranes. Fe3+induces
oxidative damage to neuronal plasma membranes and experimentally it was shown that this
is related with the development of epileptic activity. Due to small bleedings, Fe3+levels may
increase in tumoral and peritumoral areas which also prospectively contribute to the devel‐
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opment of tumor related seizures and this is mostly encountered in high grade gliomas [2]. In
an experimental study, intracortical injection of Fe3+induced the formation of epileptic areas
in cerebral cortex. Also, increase in the peroxidation of membrane lipids is found to be related
with the development of epileptic activity [51].

Mitochondrial dysfunction is associated with epilepsy and this was demonstrated both in
humans [52,53] and in several experimental epilepsy models [54,55]. When complex I was
inhibited, markers of oxidative damage; 3-nitrotyrosine, 4-hydroxynonenal and protein
carbonyl levels were significantly increased and this was alleviated treating with a radical
scavenger and an antioxidant enzyme [56,57]. It is suggested that the reduced activity of
complex I is due to oxidative modification with an extreme sensitivity to ROS, on the other
hand complex I is also an important source of ROS, especially when the enzyme complex is
partially inhibited [58,59]. Thereby, when complex I is inhibited, enhanced production of ROS
might lead to epileptogenesis [60]. The pivotal role of mitochondrial dysfunction in the
pathogenesis of epileptic seizure generation seems to be the main topic appraising oxidative
stress.

5. Contributing mitochondrial alterations

Seizure activity is considered to be inducing energy failure and leading to neuronal injury.
Neuronal mitochondria, moving along axons and dendrites, are substantially dynamic [61].
Ca2+regulation, redox signaling, developmental and synaptic plasticity are among the func‐
tions of mitochondria [62].The triggering influence of several mutations in the genes affecting
oxidative phosphorylation in epilepsy implies the importance of mitochondria for neurons.
The related mutations were demonstrated in the mitochondrial DNA polymerase γ (POLG1)
[63,64], mitochondrial tRNALys (MT-TK) [65,66] and tRNAPhe (MT-TF) [67] genes in different
phenotypes of epilepsy. Epilepsy is also appelled as a nonsyndromic mitochondrial disorder
(MID) due to a novel classification and has a genetic or metabolic ground through a cerebral
lesion or dysfunction [68]. Depending on the selection of MID patients, the prevalence seems
to be lower in adulthood and the generalized seizures are remarkably more often compared
to focal seizures.

Decreased ATP levels, changes in neuronal calcium homeostasis and modifications of ion
channels and neurotransmitter transporters due to ROS damage are the main causes of
impaired mitochondrial function and the increased neuronal excitability leading to epilepto‐
genesis. In many studies, ATP depletion during seizures was indicated [69-71] entailing a
decrease in neuronal plasma membrane potential leading to an increase in neuronal excitability
as the major source of ATP for sodium potassium ATPase is the mitochondrial oxidative
phosphorylation in neurons [72,73]. The interneurons, being mithochondria rich, expose a
decreased synaptic transmission in inhibitory synapses, thereby the increased excitability in
epilepsy due to mitochondrial dysfunction could be explained accordingly.

Mitochondria have a substantial role in intracellular Ca2+sequestration in neurons so can be
named as major calcium buffers [74,75]. Attributing to remarkable calcium flow in neuronal
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portionally with tumor malignancy, decrease of SOD activity with the increasing grades of
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thione reductase (GR) enzyme activities decrease and protein oxidation levels increase in
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it was shown that there is a complex relationship between pro-and anti-apoptotic molecules
in glioblastoma multiforme pathogenesis, thus targeting multiple pathways with advanced
chemotherapeutic agents or radiotheraupetic regimens following total resections might be
helpful in patients with glioblastoma multiforme and consistent differences in the levels of
antioxidants in different types of brain tumors were emphasized in different studies. The
decreased antioxidant levels in brain tumor patients reflect the enhanced oxidative damage
and increased cancer developing possibility, stating the role of antioxidants in cancer preven‐
tion and role of oxidative injury as the of cancer. It was seen that β-carotene and α-tocopherol
levels decreases when malignancy grade increases and the decrease was found significant for
oligodendroglioma grade I-II, glioblastoma multiforme and medulloblastoma [45,46].

4. The pivotal role of oxidative stress during epileptic seizures

Epilepsy, being an excitotoxic brain disorder, causes neuronal destruction incrementally. The
generation of ROS is distinctly implicated in a number of neurologic diseases including seizure
disorders. Oxidative stress and mitochondrial dysfunction are indicated to be having a crucial
role in the pathogenesis of epilepsy [47,48], contributing to the neuronal destruction through
the activation of proapoptotic transcription factors [49,50]. Neuronal cell damage develops due
to recurrent or obstinate seizures and abnormal increases in by products during seizures
through the increased metabolic activity producing ROS with damage and leading to disrup‐
tion of electrophysiologic integrity and instability of neuronal membranes. Fe3+induces
oxidative damage to neuronal plasma membranes and experimentally it was shown that this
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inhibited, markers of oxidative damage; 3-nitrotyrosine, 4-hydroxynonenal and protein
carbonyl levels were significantly increased and this was alleviated treating with a radical
scavenger and an antioxidant enzyme [56,57]. It is suggested that the reduced activity of
complex I is due to oxidative modification with an extreme sensitivity to ROS, on the other
hand complex I is also an important source of ROS, especially when the enzyme complex is
partially inhibited [58,59]. Thereby, when complex I is inhibited, enhanced production of ROS
might lead to epileptogenesis [60]. The pivotal role of mitochondrial dysfunction in the
pathogenesis of epileptic seizure generation seems to be the main topic appraising oxidative
stress.
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Seizure activity is considered to be inducing energy failure and leading to neuronal injury.
Neuronal mitochondria, moving along axons and dendrites, are substantially dynamic [61].
Ca2+regulation, redox signaling, developmental and synaptic plasticity are among the func‐
tions of mitochondria [62].The triggering influence of several mutations in the genes affecting
oxidative phosphorylation in epilepsy implies the importance of mitochondria for neurons.
The related mutations were demonstrated in the mitochondrial DNA polymerase γ (POLG1)
[63,64], mitochondrial tRNALys (MT-TK) [65,66] and tRNAPhe (MT-TF) [67] genes in different
phenotypes of epilepsy. Epilepsy is also appelled as a nonsyndromic mitochondrial disorder
(MID) due to a novel classification and has a genetic or metabolic ground through a cerebral
lesion or dysfunction [68]. Depending on the selection of MID patients, the prevalence seems
to be lower in adulthood and the generalized seizures are remarkably more often compared
to focal seizures.

Decreased ATP levels, changes in neuronal calcium homeostasis and modifications of ion
channels and neurotransmitter transporters due to ROS damage are the main causes of
impaired mitochondrial function and the increased neuronal excitability leading to epilepto‐
genesis. In many studies, ATP depletion during seizures was indicated [69-71] entailing a
decrease in neuronal plasma membrane potential leading to an increase in neuronal excitability
as the major source of ATP for sodium potassium ATPase is the mitochondrial oxidative
phosphorylation in neurons [72,73]. The interneurons, being mithochondria rich, expose a
decreased synaptic transmission in inhibitory synapses, thereby the increased excitability in
epilepsy due to mitochondrial dysfunction could be explained accordingly.

Mitochondria have a substantial role in intracellular Ca2+sequestration in neurons so can be
named as major calcium buffers [74,75]. Attributing to remarkable calcium flow in neuronal
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excitability, through ligand gated and voltage gated ion channels, cyclic calcium elevations
are seen during epileptic activity. Referring to this, mitochondria can attenuate the altered
neuronal excitability and synaptic transmission in epilepsy [76]. Yet another reason for the
increased excitability encountered in epilepsy is, astroglial and neuronal glutamate transport‐
ers’ being quite sensitive to oxidative damage which are known to be crucial for the mainte‐
nance of low synaptic glutamate levels [77]. and it was indicated that complex I activity induces
the excess release of glutamate [78]. So it can be concluded by stating that oxidative stress has
direct effects on neuronal excitability in the same time.

6. Surgical approach

The majority of surgical series showed that almost 60 to 90% of supratentorial benign gliomas
present with epilepsy and surgical resection may be the only treatment option for both
histopathological diagnosis and treatment [79]. There is still discussion whether epilepsy is a
specific property of the tumor or the brain's reaction to the tumor. However, proximity to the
functional areas such as primary motor strip or language or Broca’s area increases the chance
of having seizures. Advanced developments in the imaging technology, brain tumors,
especially low-grade gliomas which were missed in the past, led the physicians to diagnose
such lesions and early surgery is now performed without doubt. Since these gliomas are slow
growing, seizures may occur late and any seizure in the adult life must raise the suspicion of
a tumor until proven otherwise. Magnetic resonance imaging (MRI) is the gold standard
diagnostic modality to diagnose brain tumors and sensitivity is higher than computerized
tomography (CT). Especially T2-weigted and FLAIR images (Figure 1) are important for
visualize low grade tumors which are generally not enhanced with contrast agent. Additional
imaging modalities such as MR spectroscopy may provide further evidence of the lesions true
nature. In some patients electroencephalography (EEG) is needed because of discordant
finding between the MRI and seizure semiology but there is no characteristic EEG pattern.
However; EEG can lateralize the tumor in 70% of patients. Rarely, intracranial depth electrodes
and/or electrocorticography (EcOG) is needed before and during surgery to expose the
epileptogenic area. The most common location for these gliomas is the frontal lobe, followed
by parietal, temporal lobes and insula. Occipital lobe alone is less involved and the reason is
not clear.

Clinical experience has demonstrated that surgical removal of the lesion alone significantly
reduces seizure frequency. It is interesting to note that lesionectomy alone or lesionectomy
with corticectomy show similar good results so that there has been no standard resection
among the centers. But we know very well that completeness of tumor removal is the most
important prognostic factor for seizure control, recurrence, and improved quality of life.
Surgical approach depends mainly on the proximity to the functional cortices which necessi‐
tated local anesthesia (awake craniotomy). On the other hand, when a tumor is located in silent
area, general anesthesia is preferred.

Scalp incision and craniotomy is planned according to the location of the tumor and “question
mark” incision has been extensively used for temporal, frontal tumors (Figure 2). For central
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and parietal located tumors an inverted”U-shaped” incision is usually sufficient. Particular
attention should be paid to dural sinuses and large cortical veins when removing the bone flap
and opening the dura. If awake craniotomy is performed, cortical mapping with intraoperative
electrical cortical stimulation in order to figure out the functional area should be performed.
The aim of the cortical mapping is to have maximum tumor removal with minimum neuro‐
logical deficit by not causing any damage to the functional cortex (Figure 3).

Figure 2. The picture showing a “question mark” scalp incision which is the commonest incision type used in the neu‐
rosurgical operations.

(a) (b) 

Figure 1. This 27-year-old male was presented with complex-partial seizure and MRI showed a mass in the left tempo‐
ral lobe without involvement of the mesial temporal structures (hippocampus, parahippocampus and amygdala). The
tumor margin is clearly seen in the preopretive T2-weighted image (a) and histopathological diagnosis was astrocyto‐
ma grade-II and 3 years after the surgery the T2-weighted image (b) shows no tumor recurrence and the patients is
seizure free without antiepileptic medication.
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not clear.
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among the centers. But we know very well that completeness of tumor removal is the most
important prognostic factor for seizure control, recurrence, and improved quality of life.
Surgical approach depends mainly on the proximity to the functional cortices which necessi‐
tated local anesthesia (awake craniotomy). On the other hand, when a tumor is located in silent
area, general anesthesia is preferred.
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and parietal located tumors an inverted”U-shaped” incision is usually sufficient. Particular
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electrical cortical stimulation in order to figure out the functional area should be performed.
The aim of the cortical mapping is to have maximum tumor removal with minimum neuro‐
logical deficit by not causing any damage to the functional cortex (Figure 3).
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Figure 1. This 27-year-old male was presented with complex-partial seizure and MRI showed a mass in the left tempo‐
ral lobe without involvement of the mesial temporal structures (hippocampus, parahippocampus and amygdala). The
tumor margin is clearly seen in the preopretive T2-weighted image (a) and histopathological diagnosis was astrocyto‐
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(a) (b) 

Figure 3. This picture shows an awake craniotomy and intraoperative electrical cortical stimulation (cortical mapping)
for the identification of the motor cortex (white paper marks) which is close to the tumor (black dots depict the tu‐
mor) (a). The tumor was removed without any motor deficits (b) and the patient is seizure free at 1 year follow up.

The main surgical technique for the removal of these gliomas is “endopial” resection. By doing
this technique, vessels running deep in the sulci and neighboring cortices are saved. Since these
tumors are surrounded by the pial layers, respecting the pia avoids severe neurovascular
damage during surgery and minimizes postoperative neurological deficits.

7. Potential neuroprotective and therapeutic strategies in tumor related
epilepsy

Epileptic seizures related to brain tumors generally expose kind of focal seizures and around
one third of the patients are resistive to medical antiepileptic treatment. Generally, neuronal
voltage gated sodium and calcium channels, glutamate receptors and the GABA system are
the main targets for antiepileptic drugs (AED) [80] which usually trend to treat through several
mechanisms suppressing abnormal neuronal set off, solely none of the medications seems to
be exhibiting an alteration neither in the progress of the disease not in the prevention [81] due
to a number of reasons involving the biochemical context of the peritumoral zone and the drug
drug interactions between the chemotherapeutics and AEDs inspiring an antiepileptic
effectiveness revealing some side effects [82]. Also, the overexpression of the multidrug
resistance proteins (MRPs) in tumors may restrict medicine diffusion into the brain as
increased levels of MRPs were reported in brain tumor cells [82]. AEDs are known to be leading
to cognitive impairment [83]. Moreoever, some patients under AED therapy exhibit poor
seizure control as well as with undesireable side effects [84] embracing a high risk of terato‐
genicity in women [85], alterations in mood, hepatotoxicity, decrease in the mineral density of
the bone, difficulties in weight management, dermal maladies etc. [86], thereby an increased
tolerability towards new desiged AEDs should be the main intention in future studies.
Currently, development of novel glial specific AEDs is considered to be a potential target
promising to improve a good outcome.

Obviously, epileptogenesis is intimately associated with oxidative stress inducing ROS
generation thus leading to membrane lipid peroxidation and impairment in the antioxidant
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defense system which also increase the risk of seizure recurrence [87]. In case, treatment with
antioxidants is considered to be very profitable in inhibiting epileptic seizures without any
adverse effect [88]. Selenium, an antioxidant protecting against ROS, is known to be causing
an alteration in the rate of some neurotransmitters when deficient and depletion in selenium
levels was reported to be leading to a failure in response to AEDs which act through GABAer‐
gic receptors due to an increased glutamate receptor activation [89] and utilization of selenium
supplements reduce epileptic seizures [90]. Application of resveratrol, a meritorious antioxi‐
dant, was also demonstrated to be useful in seizure management and in reducing seizure
incidence [91]. Similar findings were indicated experimentally where the prevention of
seizures was concerned [92,93] Thymoquinone, another potent free radical and superoxide
radical scavenger, exhibited an antiepileptic effect in children suggesting a lack of adverse
effects even at high doses [94]. With respect to this point of view, the antiepileptic effect of
curcumin, which is an active polyphenolic component, extracted from Curcuma longa called as
turmeric, was also investigated being almost ten times more active than vitamin E as an
antioxidant [95]. Implementation of curcumin which inhibits the transcription of inflammatory
cytokines via nuclear factor kappa B (NF-κB),inducible nitric oxide synthase (iNOS), and
cyclooxygenase 2 (Cox-2) [96], was demonstrated to be preventing the cognitive decline related
to traumatic brain injury [97] and its antiepileptic potential was ascertained with short term
treatment. Recently, inhibitors of mammalian target of rapamycin (mTOR), including rapa‐
mycin and its analogs, are pointed out and regular treatment with rapamycin is emphasized
in preventing epileptogenesis experimentally [98,99], thereby, research relevant to inhibiting
mTOR activity seems appreciable. Curcumin is also suggested as mTOR inhibitor suppressing
epileptogenesis in experimental studies [100,101].

The ketogenic diet (KD), a subdued carbohydrate diet, is known to be effective in epilepsy
treatment [102-104] being neuroprotective and antiepileptogenic. In children, seizures owing
to GLUT-1 and pyruvate dehydrogenase deficiency are treated with KD [105], also a prosper‐
ous outcome is seen with other pediatric epilepsy syndromes [106] as it upregulates the
neuronal gene expression of the enzymes in Krebs cyclus, oxidative phosphorylation and
glycolysis and increases mitochondria density leading to enhanced brain metabolism
[107,108], therefore, stimulating the Krebs cyclus seems to be an attractive strategy in seizure
management via direct replenishment of energy substrates [109,110]. β-hydroxybutyrate,
being a ketone body, protects against metabolic and excitotoxic insults in organotypic
hippocampal cultures [111]. Considering the nutrient and energy sensing ability of mTOR, it
has a role in pathophysiologic changes related to epileptogenesis and mTOR activity is
increased after epileptic status. KD reducing the insulin levels [112], is expected to be inhibiting
mTOR activity through decreasing the PI3K/Akt signaling pathway. Also, ROS have a role in
the efficacy of KD as the production of some mitochondrial uncoupling proteins are increased
with KD and this eventuates with a reduction in the mitochondrial membrane potential and
an increase in mitochondrial respiration rate [113]. Mitochondrial production of ROS is
decreased with ketone bodies via increasing NADH oxidation without affecting endogenous
antioxidant glutathione levels [114]. It was shown that in rat neocortical neurons, ketones
prevent oxidative injury via decreasing mitochondrial ROS production [115]. Recently,
pyruvate seems to be a promising substrate on seizure activity due to its dual action as a
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scavenger of ROS and a substrate of Krebs cyclus, so as a strategy in treatment, this might be
taken into consideration in prolonged seizures [116]. Restricted KD was implied to be an
alternative approach in brain cancer management also, with the purpose of changing the
metabolic environment of the tumor [117], yet further studies are essential in case the glucose
levels of the patients are lowered when simultaneously the ketone levels are elevated, in the
lack of radiation or drug toxicity.

Currently, the role of microRNAs (miRNA) is emphasized in the regulation of immune
responses. miR-146a, known to be induced via several proinflammatory cytokines such as
IL-1β and TNF-α, was shown to be upregulating in experimental epilepsy models [118,119],
thereby miRNA is suggested to be a potential target in modulating the inflammatory path‐
ways. Some inflammatory mediators have direct effects on neuronal excitability providing a
decrease in seizure threshold which was demonstrated experimentally, so if the activation of
inflammatory signalings might be blocked, this may also be appraised as a possible therapeutic
approach for epilepsy patients.

Distinctive medications exhibit variable therapeutic approaches for epilepsy patients. Not only
improving seizure management but also preventing epilepsy in patients who have high risk
should be the main target in the treatment with antiepileptogenics. Future studies are truly
required with an acceptable safety profile, especially for herbal and supplemental products as
there is an incompetence of relevant clinical results although they are recommended in seizure
treatment. Yet, antioxidant compounds, particulary targeting mitochondria, may have
beneficial effects on long term consequences of epilepsy.

8. Conclusion

Epileptic seizures are common in patients with brain tumors. The mechanisms laying beneath
the pathogenesis of tumor related epilepsy remain substantially unclear. Epileptogenicity
might be generated by the tumor itself because of the intrinsic characteristics or the impaired
balance between excitation and inhibition arising due to insufficient homeostasis in the
peritumoral zone might be the reason where also metabolic, immunological and inflammatory
alterations might be contributing. Thereby, clarifying both tumoral and peritumoral patho‐
physiology would lead in selecting the most convenient medical treatment. Recently, oxidative
stress is suggested to be having a crucial role in brain tumor associated epileptic seizures as a
means of mitochondrial dysfunction. Yet it should be enlightened with future studies weather
treatment with antioxidant compounds would be beneficial on attenuating epileptic seizures.
On the other hand, as there are no detectable inflammatory biomarkers with proven signifi‐
cance for epilepsy yet, the challenge should also be defining specific biomarkers which would
be helpful in the diagnosis of antiinflammatory or immunomodulatory therapy effects.
Apparently, bringing novel concepts out in the treatment strategies for brain tumor related
epilepsy should be the main target in the future.
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1. Introduction

1.1. TP53 Mutations and CNS tumors

Central nervous systems (CNS) malignancies, as others cancers, are formed by the uncontrol‐
led cell growth that involves the sequential accumulation of alterations in genes controlling
cell proliferation, lifespan, responses to stress, relationships with neighbors, and gene homeo‐
stasis. These genetic alterations can be achieved by intragenic mutations, chromosome
alterations or epigenetics modifications, all playing important role in the activation or
inactivation of key genes, such as oncogenes and tumor suppressor genes. Some of these
mutations can be most frequently encountered in specific cancers or group of cancers and
correlated with tumor biologic behavior and have implications on diagnosis, prognosis or
treatment [1].

Biomarkers are important oncology tools in diagnostic, monitoring disease progression,
helping in determining prognosis and predicting therapeutic response. Biomarkers vary from
specific proteins and antigens to unique genetic, epigenetic or cytogenetic profiles, but common
to all markers is that they provide specific information to a disease process. They function as
supplementary and rarely supplanting, the histopathologic examination of tissues that is still
the mainstay of traditional oncologic pathology [2, 3]. For this reason, we intend to compile
the vast information about the important contribution of TP53 gene as a biomarker in CNS
cancer genesis, progression, stratification, prognosis, treatment and its importance to future
targeted therapies.

© 2014 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 reproduction in any medium, provided the original work is properly cited.
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CNS cancers are heterogeneous diseases, arbitrarily grouped by the systems that are affected.
The “WHO (World Health Organization) Classification of Tumors of the Central Nervous
System” discriminates more than one hundred different diseases derived from different cell
types, affecting patients of different ages, with a vast biological behavior and clinical implica‐
tions. It is not our intention to describe the features of each CNS tumor. Hence, authors will
follow the WHO classification for CNS tumors [4].

TP53 tumor suppressor gene is the most frequently mutated gene in human tumors and one
of the most studied on different kinds of cancer. It is a large and complex gene located on
chromosome site 17p13.1 (Figure 1). It has 11 exons along approximately 20.000bp. This gene
codifies a protein with 393 amino acids in which different domains are responsible for diverse
functions as exhibited on Figure 1. Genetic variations in this gene contribute to human cancers
in many different ways. Firstly, somatic mutations are frequent in most cancers [5]: it is
estimated that mutations in this gene are present in half of the human cancers. The antiproli‐
ferative role of p53 protein in response to various stresses and during physiological processes
such as senescence makes it a primary target for inactivation [6], mainly by a combination of
single-base substitution and loss of alleles [7]. Secondly, inheritance of a mutated TP53 causes
predisposition to early-onset cancers including breast carcinomas, sarcomas, brain tumors,
and adrenal cortical carcinomas, defining the Li-Fraumeni (LFS) and Li-Fraumeni-like (LFL)
syndromes [8, 9]. Thirdly, TP53 is highly polymorphic in coding and noncoding regions and
some of these polymorphisms have been shown to increase cancer susceptibility and to modify
cancer phenotypes in TP53 mutation carriers [10].

Commonly, advanced stage or aggressive behavior cancers have a higher frequency of TP53
mutations [11, 12]. Moreover, in cancers with low mutation rates, p53 is often inactivated by
alternative mechanisms, like protein degradation. TP53 allelic deletion is also observed in
many tumors, resulting in the reduction of expression of tetramers and decreased expression
of genes inhibiting cell growth [13]. The cancer-associated somatic mutations in TP53 are
primarily missense substitutions (72.28%) nonrandomly distributed along the molecule, [14].
Over 90% of p53 mutations occur in the central DNA-binding-domain (Figure 1) into exons 4
– 9. These single aminoacid changes affect the transcriptional activity of the gene to various
degrees; sometimes missense mutants may even acquire new functions [15, 16]. The TP53
mutational pattern has proved to be a clinically relevant “molecular sensor” of genotoxic
exposure to environmental carcinogens and endogenous mutagens [17].

Among single-base substitutions, about 25% are C:G>T:A substitutions at CpG sites. CpG
dinucleotides mutate at a rate 10 times higher than other nucleotides, generating transitions
[18]. About 3%–5% of cytosines in the human genome are methylated at position 5’ by a
postreplicative mechanism that is restricted to CpG dinucleotides and is catalyzed by DNA
methyltransferases. The 5’ methylcytosine (5mC) is less stable than cytosine and undergoes
spontaneous deamination into thymine at a rate five times higher than the unmethylated base.
This process is enhanced by oxygen and nitrogen radicals, leading to a higher load of CpG
transitions in cancers arising from inflammatory precursors such as Barrett’s mucosa or
ulcerative colitis [19, 20]. Among the 22 CpG of the DNA-binding domain (DBD), three hotspot
codons (175, 248, and 273) represent 60% of CpG mutations and another five residues (196, 213,

Tumors of the Central Nervous System – Primary and Secondary128

245, 282, and 306) account for 26% of these mutations. The lack of mutations at other CpG sites
may reflect the fact that substitutions at these residues do not generate a dysfunctional protein.
Although the same CpG hotspot mutations occur in many cancer types, other types of
mutations tend to show differences among different cancers. Some of these differences have
been linked to the effect of specific mutagens. This idea is endorsed by geographic differences
which can be related to different environmental exposures [21].

All these mutational information about TP53 are compiled in the International Agency for
Research on Cancer (IARC) TP53 Database [14], which provides structured data and analysis
tools to study TP53 mutations for specific cancers or investigate the functional and clinical
impact of some mutations. The existence of this database, dedicated to annotate TP53
mutations, polymorphism and respective implications in clinical and pathological behavior of
human cancers, demonstrates the importance and the necessity of more knowledge to
complete understand its implication on cancer [22].

Several studies have investigated the predictive value of TP53 mutation status for tumor
response to treatment and patient outcome in various cancers. However, different clinical and
methodological settings have been used and the results have often been heterogeneous and
contradictory [22]. The number and complexity of pathways in which TP53 participates, the
different mutational profiles of each cancer and the diverse environment conditions are
variables that can contribute to these heterogeneous results.

Figure 1. TP53 gene: Structure, chromosome localization and protein domains distribution. TP53 is mapped on hu‐
man chromosome site 17p13.1. It is a long gene, with 19, 149 base pair comprising 11 exons that codify a protein with
393 amino acids long, in which the transactivation, proline-rich, DNA binding and the oligomerization domains are
distributed. There are nuclear export/localization signals inside and between some domains (NES/NLS).
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The majority of mutations led to protein accumulation in the nucleus of the cells, which can
be detected by immunohistochemistry (IHC) assays. Although some studies have shown an
association between p53 positive immunostaining and poor outcomes, several studies have
produced conflicting results and expectations on the use of p53 as a useful clinical biomarker
failed [23]. Therefore, it seems IHC is a poor surrogate for gene mutation detection, as many
mutations do not lead to protein accumulation, and because accumulation of wild-type p53
may also occur in the absence of gene mutation, producing a high rate of false negative and
positive results. Hence, the use of IHC leads to an unacceptable number of misclassified cases
and to a greater inter-study variability [1, 22].

By contrast, the screening for TP53 mutations by gene sequencing, precisely identifying the
mutation, have produced more consistent results, at least for some types of cancers such as
breast, head and neck squamous cell carcinoma (HNSCC), and leukemia, in which the presence
of a TP53 mutation is associated with poor outcomes. In other types of cancer such as brain
and pancreas, mutations were also found to be associated with both poor and good prognosis,
depending on the study and cancer. These results show that the type of tissue and treatment
may be important determinants of the prognostic and predictive value of TP53 mutations [1,
22]. Figure 2 illustrates the use of different techniques in the evaluation of mutational status
of TP53 and expression of p53 protein in gliomas. Fluorescence in Situ Hybridization (FISH),
sequencing and IHC techniques.

2. TP53 genetic alterations in CNS tumors

CNS tumors have historically been classified on the basis of morphological and, more recently,
immunohistochemical features with less emphasis on their underlying molecular pathogene‐
sis. The past two decades, however, have seen striking advances in basic brain tumor biology,
especially with regard to malignant gliomas and medulloblastomas, the most common CNS
cancers of adults and children, respectively [24, 25]. Molecular signatures of tumors may play
roles as diagnostic, prognostic, and predictive markers and influence the clinical decision
making process. A dynamic classification of tumors is critical for the continuous integration
of newly established molecular tools. This topic focuses on various genetics and epigenetics
TP53 changes in the CNS tumors which have been integrated into daily practice and gained
significance for molecular diagnostic testing. Detailed discussion of neuronal and mixed
neuronal-glial tumors, tumors of the pineal region, tumors of cranial and paraspinal nerves,
mesenchymal tumors, lymphomas and haematopoietic neoplasms and other tumor entities is
beyond the scope of this chapter, especially because there is only limited molecular information
used in clinical management available for this types of tumors.

2.1. Gliomas

Gliomas are the most frequent primary brain tumors and include a variety of different
histological types and malignancy grades. Although the cellular origin of gliomas is still
unknown, experimental data in mice suggest an origin from neoplastically transformed neural
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Figure 2. Different approaches used in the analysis of TP53 gene in gliomas. (A) and (B) FISH experiments using TP53
locus specific probe (red) and 17 centromeric probe (green) in metaphase chromosomes. A normal pair of chromo‐
some 17 is showed in (A), while a heterozygous deletion of TP53 can be observed in (B). (C) Immunopositive p53 sam‐
ple, demonstrated by immunohistochemical staining. (D) Electropherogram of an patient with the wild type sequence
(CGC) in the codon 72 while (E) illustrates a base exchange mutation in this position (CCC) predicting de aminoacid
substitution arginine → proline.
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roles as diagnostic, prognostic, and predictive markers and influence the clinical decision
making process. A dynamic classification of tumors is critical for the continuous integration
of newly established molecular tools. This topic focuses on various genetics and epigenetics
TP53 changes in the CNS tumors which have been integrated into daily practice and gained
significance for molecular diagnostic testing. Detailed discussion of neuronal and mixed
neuronal-glial tumors, tumors of the pineal region, tumors of cranial and paraspinal nerves,
mesenchymal tumors, lymphomas and haematopoietic neoplasms and other tumor entities is
beyond the scope of this chapter, especially because there is only limited molecular information
used in clinical management available for this types of tumors.

2.1. Gliomas

Gliomas are the most frequent primary brain tumors and include a variety of different
histological types and malignancy grades. Although the cellular origin of gliomas is still
unknown, experimental data in mice suggest an origin from neoplastically transformed neural
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Figure 2. Different approaches used in the analysis of TP53 gene in gliomas. (A) and (B) FISH experiments using TP53
locus specific probe (red) and 17 centromeric probe (green) in metaphase chromosomes. A normal pair of chromo‐
some 17 is showed in (A), while a heterozygous deletion of TP53 can be observed in (B). (C) Immunopositive p53 sam‐
ple, demonstrated by immunohistochemical staining. (D) Electropherogram of an patient with the wild type sequence
(CGC) in the codon 72 while (E) illustrates a base exchange mutation in this position (CCC) predicting de aminoacid
substitution arginine → proline.
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stem or progenitor cells. However, histological classification of gliomas essentially relies on
morphological similarities of the tumor cells with non-neoplastic glial cells and the presence
of particular architectural features; thereby, most gliomas can be classified as astrocytic,
oligodendroglial, mixed oligoastrocytic or ependymal tumors according to the criteria of the
WHO classification of CNS tumors [4]. Clinical experiences derived from the prospective
randomized clinical trials have shown that the histomorphological criteria alone might not be
sufficient to predict the clinical outcome. Moreover, lately integrated genomic studies and
exome sequencing have revealed the existence of multiple distinct molecular subtypes within
histologically similar looking tumors [26]. For instance, even gliomas with identical histopa‐
thological features differ considerably regarding clinical course or response to therapy.

Knowledge of the genetic alterations in the various types and malignancy grades of gliomas
has drastically increased over the past years. The evolution of classical tumor molecular and
cytogenetic techniques, as well as the development of newer array-based assays of compara‐
tive genomic hybridization and RNA expression, allowed subclasses of gliomas to be identified
based on molecular or gene expression patterns, showing substantial genetic and gene-
expression heterogeneity within and between histologic grades of different histologic types of
gliomas [27]. These approaches have identified point mutations and copy number changes
(deletions, amplifications, gains) in several regions; deletions and loss of heterozygosity in
tumors might point to genes involved in tumor suppression, whereas amplifications and gains
might point to genes involved in initiation or progression processes (e.g. oncogenes) [28].

Numerous molecular abnormalities have been associated to the underlying biology of gliomas.
The p53 pathway is nearly invariably altered in sporadic gliomas: loss of p53, through either
point mutations that prevent DNA binding or deletion in chromosome 17p, is a frequent and
early event in the pathological progression of secondary glioblastoma (GBM) [29, 30]. The
importance of p53 in gliomagenesis is also underscored by the increased incidence of gliomas
in LFS, a familial cancer-predisposition syndrome associated with germline p53 mutations [31].
This genetic linkage has been reinforced by a glioma-prone condition in mice engineered with
a commonly observed Li-Fraumeni p53 mutation [32] as well as in p19ARF-null mice, albeit at
a low frequency [33]. In human gliomas, p53 mutations are primarily missense mutations and
target the evolutionarily conserved domains in exons 5, 7, and 8, thus affecting residues that
are crucial to DNA binding [30].

The finding that a second promoter drives an alternatively spliced transcript at the CDKN2A
locus prompted the discovery of an additional tumor suppressor gene that is inactivated at
this locus [34]. The second protein encoded by CDKN2A, p14 ARF, was subsequently shown to
be an important accessory to p53 activation under conditions of oncogenic stress due to its
neutralization of the p53 ubiquitin ligase, MDM2 [35, 36], an oncogene originally discovered
amplified as double minute chromosomes in a spontaneously transformed murine cell line,
and then later found to be a key negative regulator of p53 during normal development and in
tumorigenesis [37-39]. Concordantly, the chromosomal region containing MDM2, 12q14-15, is
amplified in ∼10% of primary GBM, the majority of which contain intact p53 [40]. The
discovery of the MDM2-related gene, MDM4 (chromosome 1q32), which inhibits p53 tran‐
scription and enhances the ubiquitin ligase activity of MDM2, prompted the finding that the
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p53 pathway is also inactivated by the amplification of MDM4 in 4% of GBM with neither TP53
mutation nor MDM2 amplification [41, 42]. Additionally, the recently discovered tumor
suppressor gene CHD5 (chromodomain helicase DNA-binding domain 5), which maps to
chromosome 1p36 and is therefore frequently hemizygously deleted in those human gliomas
with loss of 1p, has been shown to maintain p53 levels by facilitating expression of p19 Arf

(mouse p14ARF ortholog), and thus presents an additional mechanism for inactivation of this
critical pathway [43].

2.1.1. Astrocytic tumors

The incidence of TP53 mutations in pilocytic astrocytomas is controversial, with some authors
reporting only infrequent mutations [44-47], while more common mutations are rare [48].
Hayes et al. [48], were the first to find a higher rate of TP53 mutations in an analysis of 20
pilocytic astrocytomas in children, based on a comprehensive denaturing gradient gel
electrophoresis mutation detection assay of the entire coding region, including all splice site
junctions of TP53, showed mutations considered as causative in 7 of the 20 (35%) pilocytic
astrocytomas. Few Cytogenetic studies have been carried out, showing allelic losses on both
17p and 17q including the TP53 and NF1 loci in pilocytic astrocytomas [49]. These results
suggest that TP53 mutations may well play a role in the development of these tumors.

TP53 mutations are a genetic hallmark of low-grade diffuse astrocytomas, for > 60% of these
tumors carrying mutations in this gene [47, 50], mainly in gemistocytic astrocytomas with TP53
mutations in up to 80% of the cases [51, 52]. In most cases, TP53 mutation is accompanied by
loss of heterozygosity (LOH) on 17p resulting in the complete absence of the wild-type TP53
gene. Those diffuse astrocytomas with no TP53 mutations may have altered the p53-dependent
growth control by alternative mechanisms, for example, promotor methylation of the p14 ARF

gene at 9p21. Nakamura et al. [53] found hypermethylation of p14ARF in one third of low-grade
diffuse astrocytomas samples. These results suggest that aberrant p14ARF expression due to
homozygous deletion or promoter hypermethylation is associated with the evolution of both
primary and secondary GBMs, and that p14ARF promoter methylation is an early event in subset
of astrocytomas that undergo malignant progression to secondary GBM.

Studies assessing the presence of TP53 mutations as predictor of clinical outcome in diffuse
astrocytomas have been made and the results are controversial. However most of them
associated the presence of TP53 mutations to a poor prognosis [51, 54, 55]. Peraud et al. [54]
analyzed retrospectively timing, frequency, and prognostic impact of TP53 mutations and p53
protein accumulation in 159 patients consecutively treated at a single neurosurgical clinic.
TP53 mutations were frequently found and univariate analysis found that gemistocytic
subtype and TP53 mutation were associated with worse prognosis, with only the gemistocytic
subtype remaining an unfavourable prognostic factor on multivariate analysis. In non-
gemistocytic astrocytomas, a mutation in TP53 hot spot codon 175 indicated a worse prognosis
in terms of time to progression and malignancy.

Xanthoastrocytoma pleomorphic (PXAs) are rare astrocytic malignancies classified as grade II
lesions by the WHO. Because of the relative rarity of this lesion, the molecular background is
still unclear. Among the abnormalities frequently observed in astrocytic tumors, PXA shares
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stem or progenitor cells. However, histological classification of gliomas essentially relies on
morphological similarities of the tumor cells with non-neoplastic glial cells and the presence
of particular architectural features; thereby, most gliomas can be classified as astrocytic,
oligodendroglial, mixed oligoastrocytic or ependymal tumors according to the criteria of the
WHO classification of CNS tumors [4]. Clinical experiences derived from the prospective
randomized clinical trials have shown that the histomorphological criteria alone might not be
sufficient to predict the clinical outcome. Moreover, lately integrated genomic studies and
exome sequencing have revealed the existence of multiple distinct molecular subtypes within
histologically similar looking tumors [26]. For instance, even gliomas with identical histopa‐
thological features differ considerably regarding clinical course or response to therapy.

Knowledge of the genetic alterations in the various types and malignancy grades of gliomas
has drastically increased over the past years. The evolution of classical tumor molecular and
cytogenetic techniques, as well as the development of newer array-based assays of compara‐
tive genomic hybridization and RNA expression, allowed subclasses of gliomas to be identified
based on molecular or gene expression patterns, showing substantial genetic and gene-
expression heterogeneity within and between histologic grades of different histologic types of
gliomas [27]. These approaches have identified point mutations and copy number changes
(deletions, amplifications, gains) in several regions; deletions and loss of heterozygosity in
tumors might point to genes involved in tumor suppression, whereas amplifications and gains
might point to genes involved in initiation or progression processes (e.g. oncogenes) [28].

Numerous molecular abnormalities have been associated to the underlying biology of gliomas.
The p53 pathway is nearly invariably altered in sporadic gliomas: loss of p53, through either
point mutations that prevent DNA binding or deletion in chromosome 17p, is a frequent and
early event in the pathological progression of secondary glioblastoma (GBM) [29, 30]. The
importance of p53 in gliomagenesis is also underscored by the increased incidence of gliomas
in LFS, a familial cancer-predisposition syndrome associated with germline p53 mutations [31].
This genetic linkage has been reinforced by a glioma-prone condition in mice engineered with
a commonly observed Li-Fraumeni p53 mutation [32] as well as in p19ARF-null mice, albeit at
a low frequency [33]. In human gliomas, p53 mutations are primarily missense mutations and
target the evolutionarily conserved domains in exons 5, 7, and 8, thus affecting residues that
are crucial to DNA binding [30].

The finding that a second promoter drives an alternatively spliced transcript at the CDKN2A
locus prompted the discovery of an additional tumor suppressor gene that is inactivated at
this locus [34]. The second protein encoded by CDKN2A, p14 ARF, was subsequently shown to
be an important accessory to p53 activation under conditions of oncogenic stress due to its
neutralization of the p53 ubiquitin ligase, MDM2 [35, 36], an oncogene originally discovered
amplified as double minute chromosomes in a spontaneously transformed murine cell line,
and then later found to be a key negative regulator of p53 during normal development and in
tumorigenesis [37-39]. Concordantly, the chromosomal region containing MDM2, 12q14-15, is
amplified in ∼10% of primary GBM, the majority of which contain intact p53 [40]. The
discovery of the MDM2-related gene, MDM4 (chromosome 1q32), which inhibits p53 tran‐
scription and enhances the ubiquitin ligase activity of MDM2, prompted the finding that the
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p53 pathway is also inactivated by the amplification of MDM4 in 4% of GBM with neither TP53
mutation nor MDM2 amplification [41, 42]. Additionally, the recently discovered tumor
suppressor gene CHD5 (chromodomain helicase DNA-binding domain 5), which maps to
chromosome 1p36 and is therefore frequently hemizygously deleted in those human gliomas
with loss of 1p, has been shown to maintain p53 levels by facilitating expression of p19 Arf

(mouse p14ARF ortholog), and thus presents an additional mechanism for inactivation of this
critical pathway [43].

2.1.1. Astrocytic tumors

The incidence of TP53 mutations in pilocytic astrocytomas is controversial, with some authors
reporting only infrequent mutations [44-47], while more common mutations are rare [48].
Hayes et al. [48], were the first to find a higher rate of TP53 mutations in an analysis of 20
pilocytic astrocytomas in children, based on a comprehensive denaturing gradient gel
electrophoresis mutation detection assay of the entire coding region, including all splice site
junctions of TP53, showed mutations considered as causative in 7 of the 20 (35%) pilocytic
astrocytomas. Few Cytogenetic studies have been carried out, showing allelic losses on both
17p and 17q including the TP53 and NF1 loci in pilocytic astrocytomas [49]. These results
suggest that TP53 mutations may well play a role in the development of these tumors.

TP53 mutations are a genetic hallmark of low-grade diffuse astrocytomas, for > 60% of these
tumors carrying mutations in this gene [47, 50], mainly in gemistocytic astrocytomas with TP53
mutations in up to 80% of the cases [51, 52]. In most cases, TP53 mutation is accompanied by
loss of heterozygosity (LOH) on 17p resulting in the complete absence of the wild-type TP53
gene. Those diffuse astrocytomas with no TP53 mutations may have altered the p53-dependent
growth control by alternative mechanisms, for example, promotor methylation of the p14 ARF

gene at 9p21. Nakamura et al. [53] found hypermethylation of p14ARF in one third of low-grade
diffuse astrocytomas samples. These results suggest that aberrant p14ARF expression due to
homozygous deletion or promoter hypermethylation is associated with the evolution of both
primary and secondary GBMs, and that p14ARF promoter methylation is an early event in subset
of astrocytomas that undergo malignant progression to secondary GBM.

Studies assessing the presence of TP53 mutations as predictor of clinical outcome in diffuse
astrocytomas have been made and the results are controversial. However most of them
associated the presence of TP53 mutations to a poor prognosis [51, 54, 55]. Peraud et al. [54]
analyzed retrospectively timing, frequency, and prognostic impact of TP53 mutations and p53
protein accumulation in 159 patients consecutively treated at a single neurosurgical clinic.
TP53 mutations were frequently found and univariate analysis found that gemistocytic
subtype and TP53 mutation were associated with worse prognosis, with only the gemistocytic
subtype remaining an unfavourable prognostic factor on multivariate analysis. In non-
gemistocytic astrocytomas, a mutation in TP53 hot spot codon 175 indicated a worse prognosis
in terms of time to progression and malignancy.

Xanthoastrocytoma pleomorphic (PXAs) are rare astrocytic malignancies classified as grade II
lesions by the WHO. Because of the relative rarity of this lesion, the molecular background is
still unclear. Among the abnormalities frequently observed in astrocytic tumors, PXA shares
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only TP53 mutations, and, although TP53 mutations in anaplastic PXA have previously been
reported, the significance of this alteration for tumor malignant progression is not clear [56,
57].The high frequency of TP53 mutations in low-grade astrocytomas raises the question of
whether these alterations play an important role in the tumorigenesis of PXA. Paulus and
coworkers [58] reported the highest frequency of TP53 mutations, around 25%. However, in
contrast, Giannini et al. [59] identified mutation in only 1 of 47 samples, all of which were
nonrecurrent lesions and all lacked anaplastic transformation, while Bettegowda et al. [60]
sequenced the exomes of 12 PXAs and identified mutation in only 2 cases.

Anaplastic astrocytomas, from a clinical, morphologic and genetic point of view, represents
an intermediate stage on the route of progression to GBM. They exhibit high TP53 mutation
rate (40-70%) similar to diffuse astrocytomas and high frequency of LOH at 17p [61, 62]. In a
study of almost 200 astrocytomas of grades II-IV, 72% of anaplastic astrocytomas were found
to have a disruption in the p53 pathway [63].

An important clue to pathways involved in gliomagenesis may lie in the two GBM subtypes
that have been clinically identified [50]. Primary GBM is typically present in older patients as
aggressive, highly invasive tumor, usually without any evidence of prior clinical disease.
Secondary GBM have a very different clinical history, being usually observed in younger
patients who initially presented low-grade astrocytoma that transformed in GBM within 5–10
years of the initial diagnosis, regardless of prior therapy. The cataloging of genetic lesions in
these GBM subtypes has identified differences in their genetic profiles, predominantly in the
penetrance of specific genetic mutations. As a result, it has been proposed that primary and
secondary GBMs represent two distinct clinical entities, each developing along distinct genetic
pathways [50].

TP53 mutations are a genetic hallmark of secondary GBM, because these tumors have a high
incidence of mutations in this gene (>65%), suggesting that p53 pathway plays a crucial role
in their development tumors [62, 64-66]. TP53 mutations are the first detectable genetic
alteration in > 60% of precursor low-grade diffuse astrocytomas or in anaplastic astrocytomas
in a similar frequency, and secondary GMBs derived thereof [64, 67]. TP53 mutations also is
present in primary GMBs, but with significantly lesser frequency (25-30% of cases) [47, 67].
Giant cell glioblastoma, a histological variant of GBM, carry TP53 mutations in high frequency
(75 – 90%) [68, 69], while gliosarcoma, another GBM variant characterized by a biphasic tissue
pattern, has a lower TP53 mutation rate (23–24%) [70, 71], and identical TP53 mutations in both
gliomatous and sarcomatous components [70].

In secondary GBMs, 57% of mutations have been reported to be located in the two hotspot
codons 248 and 273; however, in primary GBMs, mutations were more equally distributed
through all exons, with only 17% occurring in codons 248 and 273 [67]. Furthermore, G:C >
A:T transitions at CpG sites were significantly more frequent in secondary than in primary
GBMs [67]. The less specific pattern of TP53 mutations in primary GBMs suggests a different
molecular mechanism underlying the acquisition of TP53 mutations in these subtypes.

Amplification of MDM2 is present in < 10% of GBMs, and this event appears to be associated
to primary GBMs with no TP53 mutations [72]. Loss of p14 ARF expression has been observed
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frequently in GBMs (76%), and correlated with homozygous deletion or promoter methylation
of the p14 ARF gene [53]. Comparing the overall frequency of p14 ARF alterations between
primary and secondary GBMs, no significant difference was observed, while p14 ARF promoter
methylation was more frequent in secondary than primary GBMs [53]. The analysis of multiple
biopsies from the same patients revealed p14 ARF methylation already in one-third of low-grade
astrocytomas [53].

But, have all these data any prognostic value for GBMs? Although there is some discordance
among different studies, promising data have already been gained. Hence, some studies
showed no association between TP53 status and outcome of GBM patients [73, 74] or between
p53 score analyzed by IHC and patient survival [75]. Schmidt et al. [76] analyzed 97 GBM cases
and found that the presence of TP53 mutations was a favorable prognostic factor. In the same
way, Ohgaki et al. [67] showed that the presence of TP53 mutations was a favorable prognostic
factor, and at the population level, univariate analysis revealed that the presence of these
mutations was predictive of longer survival; however, age-adjusted multivariate analysis
revealed no difference in survival between patients with and without TP53 alterations.

El Hallani et al. [77] showed that the Pro/Pro genotype (a functional single nucleotide poly‐
morphism at codon 72 of TP53 gene results in the presence of either proline (Pro) or arginine
(Arg) in the amino acid sequence) is significantly over-represented in young patients with
GBM (<45 years) (7 of 43 cases, 16.3%) compared to older patients (>45 years) (14 of 217, 6.5%)
(P=0.05), whereas no difference of frequencies for Arg/Arg versus Arg/Pro between the two
groups were observed. These data suggest a recessive effect of the Pro allele on the oncogenesis
of GBM in young patients. This result is in line with previous reports showing consistent
associations between the codon 72 polymorphism with age of onset in oral cancer, head and
neck carcinomas, hereditary nonpolyposis colorectal cancer, and prostate cancer [78, 79]. The
polymorphism described by El Hallani et al. [77] at TP53 codon 72 is associated with age at
onset of glioblastoma. In a study in 2009, Zawlik et al. (66) revealed that TP53 codon 72 Pro
allele was significantly associated with shorter survival among patients with GBMs carrying
a TP53 mutation (Arg/Pro or Pro/Pro), and among those treated with surgery plus radiother‐
apy (Arg/Pro).

Considering the association between mutations and treatments, recent studies have shown
that the status of the TP53 gene interferes with the effectiveness of treatment by DNA alkylating
agent temozolomide (TMZ), the most effective chemotherapeutic for GBM. Blough et al. [80]
related that GBM cell lines that did not express a functional p53 were significantly more
sensitive to TMZ than cell lines with functionally intact wild-type p53 expression, while altered
p53 expression or function had only minor effects on TMZ sensitivity in brain tumor initiating
cells and tended to decrease sensitivity to TMZ.

2.1.2. Oligodendroglial and oligoastrocytic tumors

In contrast to diffuse astrocytomas, loss of 17p and TP53 mutations are rare in oligodendroglial
tumors (~10%) and mutually exclusive to 1p/19q deletion, a hallmark alteration in oligoden‐
drogliomas (~ 70%), while oligoastrocytomas frequently carry either TP53 mutations (~40%)
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only TP53 mutations, and, although TP53 mutations in anaplastic PXA have previously been
reported, the significance of this alteration for tumor malignant progression is not clear [56,
57].The high frequency of TP53 mutations in low-grade astrocytomas raises the question of
whether these alterations play an important role in the tumorigenesis of PXA. Paulus and
coworkers [58] reported the highest frequency of TP53 mutations, around 25%. However, in
contrast, Giannini et al. [59] identified mutation in only 1 of 47 samples, all of which were
nonrecurrent lesions and all lacked anaplastic transformation, while Bettegowda et al. [60]
sequenced the exomes of 12 PXAs and identified mutation in only 2 cases.

Anaplastic astrocytomas, from a clinical, morphologic and genetic point of view, represents
an intermediate stage on the route of progression to GBM. They exhibit high TP53 mutation
rate (40-70%) similar to diffuse astrocytomas and high frequency of LOH at 17p [61, 62]. In a
study of almost 200 astrocytomas of grades II-IV, 72% of anaplastic astrocytomas were found
to have a disruption in the p53 pathway [63].

An important clue to pathways involved in gliomagenesis may lie in the two GBM subtypes
that have been clinically identified [50]. Primary GBM is typically present in older patients as
aggressive, highly invasive tumor, usually without any evidence of prior clinical disease.
Secondary GBM have a very different clinical history, being usually observed in younger
patients who initially presented low-grade astrocytoma that transformed in GBM within 5–10
years of the initial diagnosis, regardless of prior therapy. The cataloging of genetic lesions in
these GBM subtypes has identified differences in their genetic profiles, predominantly in the
penetrance of specific genetic mutations. As a result, it has been proposed that primary and
secondary GBMs represent two distinct clinical entities, each developing along distinct genetic
pathways [50].

TP53 mutations are a genetic hallmark of secondary GBM, because these tumors have a high
incidence of mutations in this gene (>65%), suggesting that p53 pathway plays a crucial role
in their development tumors [62, 64-66]. TP53 mutations are the first detectable genetic
alteration in > 60% of precursor low-grade diffuse astrocytomas or in anaplastic astrocytomas
in a similar frequency, and secondary GMBs derived thereof [64, 67]. TP53 mutations also is
present in primary GMBs, but with significantly lesser frequency (25-30% of cases) [47, 67].
Giant cell glioblastoma, a histological variant of GBM, carry TP53 mutations in high frequency
(75 – 90%) [68, 69], while gliosarcoma, another GBM variant characterized by a biphasic tissue
pattern, has a lower TP53 mutation rate (23–24%) [70, 71], and identical TP53 mutations in both
gliomatous and sarcomatous components [70].

In secondary GBMs, 57% of mutations have been reported to be located in the two hotspot
codons 248 and 273; however, in primary GBMs, mutations were more equally distributed
through all exons, with only 17% occurring in codons 248 and 273 [67]. Furthermore, G:C >
A:T transitions at CpG sites were significantly more frequent in secondary than in primary
GBMs [67]. The less specific pattern of TP53 mutations in primary GBMs suggests a different
molecular mechanism underlying the acquisition of TP53 mutations in these subtypes.

Amplification of MDM2 is present in < 10% of GBMs, and this event appears to be associated
to primary GBMs with no TP53 mutations [72]. Loss of p14 ARF expression has been observed
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methylation was more frequent in secondary than primary GBMs [53]. The analysis of multiple
biopsies from the same patients revealed p14 ARF methylation already in one-third of low-grade
astrocytomas [53].

But, have all these data any prognostic value for GBMs? Although there is some discordance
among different studies, promising data have already been gained. Hence, some studies
showed no association between TP53 status and outcome of GBM patients [73, 74] or between
p53 score analyzed by IHC and patient survival [75]. Schmidt et al. [76] analyzed 97 GBM cases
and found that the presence of TP53 mutations was a favorable prognostic factor. In the same
way, Ohgaki et al. [67] showed that the presence of TP53 mutations was a favorable prognostic
factor, and at the population level, univariate analysis revealed that the presence of these
mutations was predictive of longer survival; however, age-adjusted multivariate analysis
revealed no difference in survival between patients with and without TP53 alterations.

El Hallani et al. [77] showed that the Pro/Pro genotype (a functional single nucleotide poly‐
morphism at codon 72 of TP53 gene results in the presence of either proline (Pro) or arginine
(Arg) in the amino acid sequence) is significantly over-represented in young patients with
GBM (<45 years) (7 of 43 cases, 16.3%) compared to older patients (>45 years) (14 of 217, 6.5%)
(P=0.05), whereas no difference of frequencies for Arg/Arg versus Arg/Pro between the two
groups were observed. These data suggest a recessive effect of the Pro allele on the oncogenesis
of GBM in young patients. This result is in line with previous reports showing consistent
associations between the codon 72 polymorphism with age of onset in oral cancer, head and
neck carcinomas, hereditary nonpolyposis colorectal cancer, and prostate cancer [78, 79]. The
polymorphism described by El Hallani et al. [77] at TP53 codon 72 is associated with age at
onset of glioblastoma. In a study in 2009, Zawlik et al. (66) revealed that TP53 codon 72 Pro
allele was significantly associated with shorter survival among patients with GBMs carrying
a TP53 mutation (Arg/Pro or Pro/Pro), and among those treated with surgery plus radiother‐
apy (Arg/Pro).

Considering the association between mutations and treatments, recent studies have shown
that the status of the TP53 gene interferes with the effectiveness of treatment by DNA alkylating
agent temozolomide (TMZ), the most effective chemotherapeutic for GBM. Blough et al. [80]
related that GBM cell lines that did not express a functional p53 were significantly more
sensitive to TMZ than cell lines with functionally intact wild-type p53 expression, while altered
p53 expression or function had only minor effects on TMZ sensitivity in brain tumor initiating
cells and tended to decrease sensitivity to TMZ.

2.1.2. Oligodendroglial and oligoastrocytic tumors

In contrast to diffuse astrocytomas, loss of 17p and TP53 mutations are rare in oligodendroglial
tumors (~10%) and mutually exclusive to 1p/19q deletion, a hallmark alteration in oligoden‐
drogliomas (~ 70%), while oligoastrocytomas frequently carry either TP53 mutations (~40%)
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or loss of 1p/19q (~45%), indicating that oligoastrocytomas are genetically monoclonal, and
carry genetic alterations similar to either diffuse astrocytomas or oligodendrogliomas.
Furthermore, G:C > A:T transitions at CpG sites are the most frequent TP53 mutations in these
tumors [81-83]. According to Muller et al. [84] oligoastrocytomas in the temporal lobe showed
LOH on 1p and 19q less frequently (33%) than TP53 mutations (45%). In contrast, oligoastro‐
cytomas arising outside the temporal lobe demonstrated LOH on 1p and 19q in nearly 75% of
the cases while TP53 mutations were found in less than 20% [85].

Watanabe et al. [86] reported that genetic alterations in the p53 pathway are more frequent in
anaplastic oligodendroglioma (50%) than in oligodendroglioma WHO grade II (21%), and
showed that simultaneous disruption of the RB1/CDK4/p16 INK4a /p15 INK4b and the TP53/p14
ARF /MDM2 pathways occurs in 45% (9/20) of anaplastic oligodendrogliomas, suggesting that
these phenomena contribute to their malignant phenotype. Anaplastic oligoastrocytoma
typically exhibits the type and distribution of molecular lesions observed in oligoastrocytoma:
loss of 1p/19q or TP53 mutations [84].

A number of genetic alterations have been correlated with poorer response to chemotherapy
or worse overall survival in anaplastic oligodendrogliomas. Ino et al. [87] suggested that a
variety of relatively infrequent genetic alterations (EGFR gene amplification, 10q loss, CDKN2A
homozygous deletion, PTEN mutation, and TP53 mutation) were associated with worse
prognosis. Interestingly, TP53 mutation was associated with an improved likelihood of
chemotherapeutic response but with a poor overall prognosis, since responses were not
durable in the setting of TP53 mutation.

Kim et al. [83] evaluated 413 tumors confirmed as low-grade diffuse gliomas WHO grade II
(206 diffuse astrocytomas, 73 oligoastrocytomas, and 134 oligodendrogliomas) and observed
that the median survival of patients with TP53 mutation combined with IDH1/2 mutation was
significantly shorter than the observed in patients with 1p/19q loss combined with IDH1/2
mutation (51.8 months vs. 58.7 months, respectively; P=0.0037). A Multivariate analysis with
adjustment for age and treatment confirmed these results (P=0.0087) and also revealed that
TP53 mutation is a significant prognostic marker for shorter survival (P=0.0005) and 1p/19q
loss for longer survival (P=0.0002).

2.1.3. Ependymal tumors

TP53 mutations were rarely reported in ependymal tumors by molecular analysis [88, 89].
However, p53 protein is identified in about 60% of ependymal tumors [90]. Shuangshoti et
al. [91] suggested that the discrepancy may be due to expression of wild type p53 gene in tumor
cells, alternative mechanisms of p53 gene inactivation or simply a cross-reaction of the antigen-
antibody complex.

A number of studies have documented a correlation between p53 expression and tumor grade
in ependymomas [90, 92, 93]. Sharma et al. [94] analyzed p53 protein expression in 119
ependymomas tumors (17 cases were of grade I, 54 of grade II and 48 of grade III) and observed
its expression in only two cases of grade I tumors (11.5% and 6.4%). Five cases of grade II
tumors showed p53 protein expression and this percentage of nuclear positivity was very low
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(< 1.0%), while eighteen of 48 grade III tumors (37.5%) showed expression of p53 and mean
positivity was 5.5%. Manasa et al. [95] reported 66% p53 positivity, performing p53 immuno‐
histochemical analysis in 54 samples of different grades and subtypes of ependymomas and
observed that p53 indices were higher in grade II and grade III tumors (26.27 % and 26.08%
respectively) as compared to subependymomas (grade I) (7.25%). However, p53 index of
myxopapillary ependymoma (grade I) (26%) was similar to grade II and grade III tumors. But
these values did not show statistical significance (P=0.2). Papillary ependymoma (grade II)
showed p53 expression in 24% cells.

Some authors have advocated that p53 immunolabeling are important prognostic markers in
ependymomas. Zamecnik et al. [96] found that p53 immunopositivity is the strongest indicator
of aggressive tumor behavior and poor prognosis. Gaspar et al., [88] studied the p53 pathway
in primary intracranial childhood ependymomas and p53-mediated response to DNA-damage
in two newly described ependymoma xenograft models. Their findings do not suggest a role
of p53 genetic/epigenetic alterations in the tumorigenesis or progression of childhood epen‐
dymomas; however, radioresistance of these tumors might be due to alterations in p53-
mediated growth arrest. Despite the lack of TP53 mutations, immunocytochemical
accumulation of p53 occurs, particularly in tumors with poor outcome. Moreover, the data
concerning immunoexpression of the p53 protein indicate its usefulness in identification of
more aggressive clones in ependymomas and its superior predictive value [94].

2.2. Embryonal tumors

2.2.1. Medulloblastoma

The genetic and genomic understanding of medulloblastoma (MB) has evolved dramatically
in the past few years, but the role of p53 in MB pathogenesis has only initiated to be elucidated.
Patients with LFS, caused by a germline mutation in p53, develop MB at a higher incidence
than the general population [97, 98]. Similarly, p53 deficiency in mice in combination with
mutations in other genes, including poly (ADP-ribose) polymerase (PARP), the cell cycle
regulatory protein retinoblastoma (Rb), or the Sonic hedgehog (Shh) receptor Patched1 (Ptch1),
greatly increases tumor incidence [99, 100], indicating that loss of p53 can promote MB
tumorigenesis. However, in contrast with the high incidence of p53 mutations in most human
tumors, the TP53 gene is altered in <10% of sporadic human MB. Chromosome 17p, where
TP53 is located, is lost in 40% to 50% of sporadic MB tumors. However, it has been found that
losses of 17p and p53 status are unrelated in MB [101, 102].

New support for a role for p53 in MB tumorigenesis came from a better understanding of
heterogeneity underlying MB tumors. Recently, several groups were able to demonstrate that
although morphologically similar, MBs could be divided into several subgroups on the basis
of expression profiling [103, 104]. A consensus meeting resulted in the current molecular
subclassification of MB into four subgroups: wingless (WNT), sonic hedgehog (SHH), group
3, and group 4 [105]. Hopefully, in the near future, this subclassification will be used to select
targeted therapies and improve understanding of the behavior of this disease.
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al. [91] suggested that the discrepancy may be due to expression of wild type p53 gene in tumor
cells, alternative mechanisms of p53 gene inactivation or simply a cross-reaction of the antigen-
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A number of studies have documented a correlation between p53 expression and tumor grade
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dymomas; however, radioresistance of these tumors might be due to alterations in p53-
mediated growth arrest. Despite the lack of TP53 mutations, immunocytochemical
accumulation of p53 occurs, particularly in tumors with poor outcome. Moreover, the data
concerning immunoexpression of the p53 protein indicate its usefulness in identification of
more aggressive clones in ependymomas and its superior predictive value [94].
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The genetic and genomic understanding of medulloblastoma (MB) has evolved dramatically
in the past few years, but the role of p53 in MB pathogenesis has only initiated to be elucidated.
Patients with LFS, caused by a germline mutation in p53, develop MB at a higher incidence
than the general population [97, 98]. Similarly, p53 deficiency in mice in combination with
mutations in other genes, including poly (ADP-ribose) polymerase (PARP), the cell cycle
regulatory protein retinoblastoma (Rb), or the Sonic hedgehog (Shh) receptor Patched1 (Ptch1),
greatly increases tumor incidence [99, 100], indicating that loss of p53 can promote MB
tumorigenesis. However, in contrast with the high incidence of p53 mutations in most human
tumors, the TP53 gene is altered in <10% of sporadic human MB. Chromosome 17p, where
TP53 is located, is lost in 40% to 50% of sporadic MB tumors. However, it has been found that
losses of 17p and p53 status are unrelated in MB [101, 102].

New support for a role for p53 in MB tumorigenesis came from a better understanding of
heterogeneity underlying MB tumors. Recently, several groups were able to demonstrate that
although morphologically similar, MBs could be divided into several subgroups on the basis
of expression profiling [103, 104]. A consensus meeting resulted in the current molecular
subclassification of MB into four subgroups: wingless (WNT), sonic hedgehog (SHH), group
3, and group 4 [105]. Hopefully, in the near future, this subclassification will be used to select
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As observed for other CNS, reports detailing the prognostic impact of TP53 mutations in MB
offer conflicting conclusions. Pfaff et al. [106] reported that TP53 mutations occur at low
frequency in MBs but are overrepresented in the prognostically favorable subgroup featuring
alterations in the Wnt pathway. In addition, because no correlation between TP53 mutation
status and patient outcome was observed in more than 300 patients, these authors concluded
that TP53 mutation is not a universal prognostic marker for MB. These results were supported
by Lindsey et al. [107] in an independent and representative series of all major established
clinical and molecular subtypes of MBs. Nevertheless, Gessi et al. [108] reported that TP53
expression is associated with rapid disease progression and poor prognosis in patients with
metastatic MB, with a statistically significant inverse correlation between TP53 expression and
patient survival.

A large whole-genome and exome sequencing efforts recently published by different groups
revealed an additional, albeit small number, of TP53 mutations in MB [109, 110]. These
independent groups found TP53 mutations enriched in the SHH group and associated with
poor survival. Zhukova et al. [111] evaluated the association of TP53 mutations, molecular
groups, and survival in MBs patients and confirmed that TP53 mutations are enriched among
SHH MBs, in which they portend poor outcome and account for a large proportion of treatment
failures in these patients.

Carvalho et al. [112] were the first to investigate the role of the TP53 Arg72Pro SNP as a potential
risk factor and/or prognostic marker of MB by performing a case–control analysis using a
polymerase chain reaction-restriction fragment length polymorphism approach. The date
suggested that, although there is no association between the TP53 Arg72Pro SNP and MB risk,
the Pro/Pro genotype is associated with shorter overall survival of patients submitted to
adjuvant therapy.

Some researchers justify the p53 inactivation in MB tumors lacking TP53 gene mutations
through alternative mechanisms. Mendrysa et al. [113] supported MDM2 as an important
contributor to the inhibition of p53 in SHH-driven MB tumorigenesis. In cerebellar develop‐
ment, MDM2 is required to inhibit p53-mediated apoptosis in granular neuronal precursors,
the presumed cell of origin for MB tumors of the Shh subgroup, and MDM2 deficiency potently
restricts cerebellar tumorigenesis in Ptch1+/− mice, a model of human Shh-induced MB.

2.2.2. CNS primitive neuroectodermal tumors

The presence of TP53 mutations have been identified in CNS primitive neuroectodermal
tumors (PNETs), mainly in adult patients [114]. However, TP53 mutations in PNET have also
been occasionally reported in children [115, 116], but the overall incidence of somatic TP53
mutation in pediatric CNS-PNET seems to be very low [115]. Gessi et al. [117] analyzed the
clinicopathologic and molecular features of 12 cases of PNETs in adult patients. The p53
staining showed strong nuclear positivity (>20% of stained nuclei) in 9 cases, evidencing the
presence of TP53 mutations in these tumors. The use of single strand conformation polymor‐
phism (SSCP) followed by sequencing of the TP53 gene showed point mutations of this gene
in 4 of these 9 cases, identifying 5 mutations in exons 4, 5, 7, and 8.

Tumors of the Central Nervous System – Primary and Secondary138

Although the presence of TP53 mutations seems to mainly occur in adult s-PNETs, nuclear
accumulation of p53 has been described to be frequent not only in adults but also in pediatric
CNS-PNETs [118]. This observation led to the hypothesis that the p53 pathway is pivotal in
CNS-PNET biology and can also be activated by mechanisms other than mutation.

Immunohistochemical staining for the p53 gene product is a good predictor of poor outcome
in PNETs. Robert et al. [119] observed stained intensely for the p53 protein in 10 patients (n=40)
with PNETs and 11 had weakly staining nuclei, while 19 specimens had no staining. The
patients with specimens that stained intensely had a statistically significant decreased disease
free survival (P=0. 03). Intense p53 immunostaining may predict a poor prognosis in PNETs
of childhood [120], however, the significance of p53 in recurrent CNS PNETs is unknown.

2.2.3. Atypical teratoid/ Rhabdoid tumor

The role of p53 in atypical teratoid/ rhabdoid tumor (AT/RT) is also poorly understood. Cell
lines established from malignant rhabdoid tumor (MRT) show overexpression of p53, without
associated TP53 gene mutations [120]. On the other hand, missense mutations in TP53 were
reported in 3/6 cases of non-CNS MRT [121]. Knockdown of SMARCB1 in cell lines and animal
models results in activation of p53 [122, 123]. Intriguingly, combined inactivation of Smarcb1
and TP53, but not Rb or p16ink4a, leads to accelerated development of MRT in mouse models
[122, 124]. These data have led to the hypothesis that two successive hits involving SMARCB1
and TP53 may contribute to malignant transformation and tumor development. Venneti et
al. [125] studied the expression of p53 and determined TP53 mutational status in 36 AT/RT and
16 non-CNS MRT patients. They also studied the relationship of p53 expression with its
regulators p14ARF/MDM2 in AT/RT and non-CNS MRT. p14 ARF expression was seen in many
cases, which correlated positively with p53 and inversely with Mdm2 immunostaining in AT/
RT, while TP53 mutational analysis in 19/25 AT/RT and 8 in 11 non-CNS MRT cases showed
point mutations in only 3 AT/RT cases, suggesting that p53 expression was driven mainly by
p14 ARF.

2.3. Choroid plexus tumors

Choroid plexus tumors (CPT) are rare tumors, often occurring during childhood. Previous
studies have shown high frequencies of germline TP53 mutations in patients with CPT (44–
100%) irrespective of family history [126, 127]. According to the latest clinical criteria for LFS,
it is suggested that patients with CPT should be considered for TP53 testing [128, 129]. In
addition, somatic mutations of the TP53 gene and subsequent accumulation of p53 protein
have been described in up to 50 % of choroid plexus carcinomas (CPC) [130, 131].

The prognostic role of p53 in choroid plexus carcinomas has been recently demonstrated.
Tabori et al. [131] studied 54 patients with CPTs, including CPC (n=36) and choroid plexus
papilloma (CPP) (n=18), and demonstrated that patients with CPC who have low tumor total
structural variation and absence of TP53 dysfunction had a favorable prognosis and could be
successfully treated without radiation therapy. Krzyzankova et al., [132], investigated the role
of p53 in the growth-inhibitory potential of a variety of anticancer agents in the immortalized
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As observed for other CNS, reports detailing the prognostic impact of TP53 mutations in MB
offer conflicting conclusions. Pfaff et al. [106] reported that TP53 mutations occur at low
frequency in MBs but are overrepresented in the prognostically favorable subgroup featuring
alterations in the Wnt pathway. In addition, because no correlation between TP53 mutation
status and patient outcome was observed in more than 300 patients, these authors concluded
that TP53 mutation is not a universal prognostic marker for MB. These results were supported
by Lindsey et al. [107] in an independent and representative series of all major established
clinical and molecular subtypes of MBs. Nevertheless, Gessi et al. [108] reported that TP53
expression is associated with rapid disease progression and poor prognosis in patients with
metastatic MB, with a statistically significant inverse correlation between TP53 expression and
patient survival.

A large whole-genome and exome sequencing efforts recently published by different groups
revealed an additional, albeit small number, of TP53 mutations in MB [109, 110]. These
independent groups found TP53 mutations enriched in the SHH group and associated with
poor survival. Zhukova et al. [111] evaluated the association of TP53 mutations, molecular
groups, and survival in MBs patients and confirmed that TP53 mutations are enriched among
SHH MBs, in which they portend poor outcome and account for a large proportion of treatment
failures in these patients.

Carvalho et al. [112] were the first to investigate the role of the TP53 Arg72Pro SNP as a potential
risk factor and/or prognostic marker of MB by performing a case–control analysis using a
polymerase chain reaction-restriction fragment length polymorphism approach. The date
suggested that, although there is no association between the TP53 Arg72Pro SNP and MB risk,
the Pro/Pro genotype is associated with shorter overall survival of patients submitted to
adjuvant therapy.

Some researchers justify the p53 inactivation in MB tumors lacking TP53 gene mutations
through alternative mechanisms. Mendrysa et al. [113] supported MDM2 as an important
contributor to the inhibition of p53 in SHH-driven MB tumorigenesis. In cerebellar develop‐
ment, MDM2 is required to inhibit p53-mediated apoptosis in granular neuronal precursors,
the presumed cell of origin for MB tumors of the Shh subgroup, and MDM2 deficiency potently
restricts cerebellar tumorigenesis in Ptch1+/− mice, a model of human Shh-induced MB.

2.2.2. CNS primitive neuroectodermal tumors

The presence of TP53 mutations have been identified in CNS primitive neuroectodermal
tumors (PNETs), mainly in adult patients [114]. However, TP53 mutations in PNET have also
been occasionally reported in children [115, 116], but the overall incidence of somatic TP53
mutation in pediatric CNS-PNET seems to be very low [115]. Gessi et al. [117] analyzed the
clinicopathologic and molecular features of 12 cases of PNETs in adult patients. The p53
staining showed strong nuclear positivity (>20% of stained nuclei) in 9 cases, evidencing the
presence of TP53 mutations in these tumors. The use of single strand conformation polymor‐
phism (SSCP) followed by sequencing of the TP53 gene showed point mutations of this gene
in 4 of these 9 cases, identifying 5 mutations in exons 4, 5, 7, and 8.
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with PNETs and 11 had weakly staining nuclei, while 19 specimens had no staining. The
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models results in activation of p53 [122, 123]. Intriguingly, combined inactivation of Smarcb1
and TP53, but not Rb or p16ink4a, leads to accelerated development of MRT in mouse models
[122, 124]. These data have led to the hypothesis that two successive hits involving SMARCB1
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point mutations in only 3 AT/RT cases, suggesting that p53 expression was driven mainly by
p14 ARF.
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Choroid plexus tumors (CPT) are rare tumors, often occurring during childhood. Previous
studies have shown high frequencies of germline TP53 mutations in patients with CPT (44–
100%) irrespective of family history [126, 127]. According to the latest clinical criteria for LFS,
it is suggested that patients with CPT should be considered for TP53 testing [128, 129]. In
addition, somatic mutations of the TP53 gene and subsequent accumulation of p53 protein
have been described in up to 50 % of choroid plexus carcinomas (CPC) [130, 131].

The prognostic role of p53 in choroid plexus carcinomas has been recently demonstrated.
Tabori et al. [131] studied 54 patients with CPTs, including CPC (n=36) and choroid plexus
papilloma (CPP) (n=18), and demonstrated that patients with CPC who have low tumor total
structural variation and absence of TP53 dysfunction had a favorable prognosis and could be
successfully treated without radiation therapy. Krzyzankova et al., [132], investigated the role
of p53 in the growth-inhibitory potential of a variety of anticancer agents in the immortalized
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rodent choroid plexus epithelial cell line Z310 and observed that growth-inhibitory activity of
vincristine, doxorubicin, carboplatin, etoposide, and TMZ was significantly impaired by
silencing of TP53, showing the potential predictive role of p53 in choroid plexus carcinomas.

2.4. Meningiomas

Few studies have examined the TP53 gene directly for mutations in meningiomas, [133-135],
and these studies typically have not observed mutations in this gene, although rare mutants
have been described, mainly associated with malignant histology [134, 136]. One group
working on specimens from Korean patients has documented a rate of nearly 40% of p53 over-
expressing meningiomas as having mutations, and observed that the mutation rate was
associated with both histological grade and recurrence [137].

In contrast the low frequency of TP53 point mutations, expression of p53 was found in 10% to
90% of meningiomas [138], but their role in pathogenesis is still uncertain. Studies suggested
the involvement of the p53 pathway in meningioma development: the correlation of p53
protein expression with histological tumor grade and meningioma recurrence [139]; methyl‐
ation of the p14 ARF gene in 8.6% of benign, 20% of atypical and in 50% of anaplastic meningi‐
omas and loss of detectable Mdm2 protein in high grade meningiomas [140]; defective p53
response to gamma ray stress in meningioma cells [141]. In addition, the NF2 protein product
was reported to increase p53 stability through downregulation of Mdm2 levels in mouse
fibroblast [142]. It follows that loss of NF2 may increase the likelihood of p53 suppression, thus
decreasing tumor suppression activity and providing a possible mechanism for the involve‐
ment of the p53 pathway in meningiomas.

Many studies have examined benign and atypical/malignant meningiomas for over-expres‐
sion of the p53 protein with diverse results: p53 over-expression has been reported in 0–10%
of benign, 50–72.7% of atypical and 77–88.9% of anaplastic or malignant meningiomas [143].
Despite the differing rates, all of the studies are consistent, with atypical/malignant tumors
showing higher rates of over-expression than benign meningiomas. However, studies on the
biological significance of p53 over-expression are highly contradictory. While over-expression
of p53 has been associated with recurrence in some studies [139, 144], no association has been
found in others [133, 145]; and still other studies have suggested that expression of high levels
of p53 may be protective against recurrence [146].

Terzi et al. [147] analyzed the immunohistochemical expression of Ki-67, p53, p21, p16, and
PTEN proteins in 130 meningiomas (64 benign, 39 atypical, and 27 malignant meningiomas)
using tissue microarray and demonstrated that Histological grade, p53, Ki-67 labeling indices,
and overexpression of p16 were strongly associated with decreased event-free survival in
univariate analysis and Ki-67 and p53 labeling indices are useful additional tools in discrimi‐
nating atypical from benign or anaplastic meningiomas.
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3. Epigenetic mechanisms in CNS tumors

Epigenetics is defined as mitotically heritable changes in gene expression that are not due to
changes in the primary DNA sequence. The coordinated interaction of these changes regulates
gene expression activity and several types of epigenetic marks work in concert to drive
appropriate gene expression, like DNA methylation at CpG dinucleotides, covalent
modifications of histone proteins, non-coding RNAs, and other complementary mechanisms
controlling higher order chromatin organization within the cell nucleus. Epigenetic alterations
have been recognized as important mechanisms in neoplastic transformation, malignant
progression of cancer, and although epigenetic changes are somatically inheritable, they are
reversible and hence may represent actionable targets for novel therapies [148, 149]

Epigenetic changes are often observed at the earliest stages of neoplasia within the altered
tissue stem and progenitor cells. These observations have led to the epigenetic progenitor
model [149]. This model explains that transformation to a malignant state occurs in three steps.
First, there is an expansion of an epigenetically permissive population due to an essential early
epigenetic disruption of stem/progenitor cells. Second, an initiating genetic alteration in an
oncogene or tumor suppressor gene occurs. Finally, genetic and epigenetic plasticity resulting
in an enhanced ability to stably evolve the phenotype is observed. An important difference to
the clonal genetic model is that the epigenetic ‘hits’ occur early, and are necessary to create an
appropriate expansion of a polyclonal population, that is the cellular substrate for subsequent
genetic alterations and transformation [150].

To better understand the multiple cellular pathways involved in their development, estab‐
lishment markers of resistance to traditional therapies, and contribution to the development
of targeted therapies, a comprehensive appreciation of the integrated genomics and epige‐
nomics of CNS tumors is needed [151].

3.1. DNA methylation of gene TP53

Hypermethylation of promoters usually occurs at CpG islands. Methylation of TP53 was
reported as a mechanism for its inactivation in neoplasias, such as acute lymphoblastic
leukemia, multiple myeloma, malignant glioma cells, and brain metastases of solid tumors
[152]. Since the promoter region of TP53 does not contain a classic CpG island, methylation of
one or two sites may produce a proportionately greater effect in downregulation of transcrip‐
tion compared to a tumor suppressor gene with a classic CpG island in the promoter [153].
The TP53 promoter region has been sequenced and basal promoter activity localized to an 85
bp region (nucleotide 760–844) that is indispensable for full promoter activity and the TP53
promoter has putative binding sites for transcriptional factors [154]. Schroeder and Mass [155]
have shown that methylation in the promoter region of the p53 gene reduces reporter gene
activity. They found down-regulation of p53 in cultured cells transfected with a plasmid
incorporating a TP53 promoter containing methylated CpG dinucleotides. Furthermore, this
region has been shown to be methylated in several cancers [156].
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rodent choroid plexus epithelial cell line Z310 and observed that growth-inhibitory activity of
vincristine, doxorubicin, carboplatin, etoposide, and TMZ was significantly impaired by
silencing of TP53, showing the potential predictive role of p53 in choroid plexus carcinomas.

2.4. Meningiomas

Few studies have examined the TP53 gene directly for mutations in meningiomas, [133-135],
and these studies typically have not observed mutations in this gene, although rare mutants
have been described, mainly associated with malignant histology [134, 136]. One group
working on specimens from Korean patients has documented a rate of nearly 40% of p53 over-
expressing meningiomas as having mutations, and observed that the mutation rate was
associated with both histological grade and recurrence [137].

In contrast the low frequency of TP53 point mutations, expression of p53 was found in 10% to
90% of meningiomas [138], but their role in pathogenesis is still uncertain. Studies suggested
the involvement of the p53 pathway in meningioma development: the correlation of p53
protein expression with histological tumor grade and meningioma recurrence [139]; methyl‐
ation of the p14 ARF gene in 8.6% of benign, 20% of atypical and in 50% of anaplastic meningi‐
omas and loss of detectable Mdm2 protein in high grade meningiomas [140]; defective p53
response to gamma ray stress in meningioma cells [141]. In addition, the NF2 protein product
was reported to increase p53 stability through downregulation of Mdm2 levels in mouse
fibroblast [142]. It follows that loss of NF2 may increase the likelihood of p53 suppression, thus
decreasing tumor suppression activity and providing a possible mechanism for the involve‐
ment of the p53 pathway in meningiomas.

Many studies have examined benign and atypical/malignant meningiomas for over-expres‐
sion of the p53 protein with diverse results: p53 over-expression has been reported in 0–10%
of benign, 50–72.7% of atypical and 77–88.9% of anaplastic or malignant meningiomas [143].
Despite the differing rates, all of the studies are consistent, with atypical/malignant tumors
showing higher rates of over-expression than benign meningiomas. However, studies on the
biological significance of p53 over-expression are highly contradictory. While over-expression
of p53 has been associated with recurrence in some studies [139, 144], no association has been
found in others [133, 145]; and still other studies have suggested that expression of high levels
of p53 may be protective against recurrence [146].
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and overexpression of p16 were strongly associated with decreased event-free survival in
univariate analysis and Ki-67 and p53 labeling indices are useful additional tools in discrimi‐
nating atypical from benign or anaplastic meningiomas.
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3. Epigenetic mechanisms in CNS tumors

Epigenetics is defined as mitotically heritable changes in gene expression that are not due to
changes in the primary DNA sequence. The coordinated interaction of these changes regulates
gene expression activity and several types of epigenetic marks work in concert to drive
appropriate gene expression, like DNA methylation at CpG dinucleotides, covalent
modifications of histone proteins, non-coding RNAs, and other complementary mechanisms
controlling higher order chromatin organization within the cell nucleus. Epigenetic alterations
have been recognized as important mechanisms in neoplastic transformation, malignant
progression of cancer, and although epigenetic changes are somatically inheritable, they are
reversible and hence may represent actionable targets for novel therapies [148, 149]

Epigenetic changes are often observed at the earliest stages of neoplasia within the altered
tissue stem and progenitor cells. These observations have led to the epigenetic progenitor
model [149]. This model explains that transformation to a malignant state occurs in three steps.
First, there is an expansion of an epigenetically permissive population due to an essential early
epigenetic disruption of stem/progenitor cells. Second, an initiating genetic alteration in an
oncogene or tumor suppressor gene occurs. Finally, genetic and epigenetic plasticity resulting
in an enhanced ability to stably evolve the phenotype is observed. An important difference to
the clonal genetic model is that the epigenetic ‘hits’ occur early, and are necessary to create an
appropriate expansion of a polyclonal population, that is the cellular substrate for subsequent
genetic alterations and transformation [150].

To better understand the multiple cellular pathways involved in their development, estab‐
lishment markers of resistance to traditional therapies, and contribution to the development
of targeted therapies, a comprehensive appreciation of the integrated genomics and epige‐
nomics of CNS tumors is needed [151].

3.1. DNA methylation of gene TP53

Hypermethylation of promoters usually occurs at CpG islands. Methylation of TP53 was
reported as a mechanism for its inactivation in neoplasias, such as acute lymphoblastic
leukemia, multiple myeloma, malignant glioma cells, and brain metastases of solid tumors
[152]. Since the promoter region of TP53 does not contain a classic CpG island, methylation of
one or two sites may produce a proportionately greater effect in downregulation of transcrip‐
tion compared to a tumor suppressor gene with a classic CpG island in the promoter [153].
The TP53 promoter region has been sequenced and basal promoter activity localized to an 85
bp region (nucleotide 760–844) that is indispensable for full promoter activity and the TP53
promoter has putative binding sites for transcriptional factors [154]. Schroeder and Mass [155]
have shown that methylation in the promoter region of the p53 gene reduces reporter gene
activity. They found down-regulation of p53 in cultured cells transfected with a plasmid
incorporating a TP53 promoter containing methylated CpG dinucleotides. Furthermore, this
region has been shown to be methylated in several cancers [156].
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Analyses of methylation of TP53 promoter region are controversial. While some researchers
reported low frequencies of TP53 methylation in neuroblastic tumors (0/44), astrocytomas
(2/24, 8%), GBM (1/43, 2%) [157], oligodendroglial tumors (0/41) and ependymomas (0/7) [158],
other authors observed a higher frequency [159, 160]. The reason for this discrepancy remains
to be clarified.

Amatya et al. [159] assessed whether promoter methylation was present in cells of six malignant
gliomas and whether there is an association with reduced expression of TP53 mRNA and
protein. They also assessed the frequencies of disruption of the p53/p14 ARF pathway in 49 low-
grade astrocytomas (40 fibrillary astrocytomas and 9 gemistocytic astrocytomas), 42 oligoden‐
drogliomas and 18 oligoastrocytomas. The Methylation-specific PCR (MS-PCR) revealed
methylation of the promoter region of the TP53 gene in three (U87MG, LNT-229, T98G) out of
six malignant glioma cell lines. Real time RT-PCR revealed that two malignant glioma cell lines
(U87MG and T98G) led to up-regulated expression of TP53 mRNA and protein after treatment
with 5-aza-2’-deoxycytidine (5-aza-dC, an epigenetic modifier that results in DNA demethy‐
lation), suggesting that promoter methylation is associated with reduced expression in some
malignant glioma cells. TP53 promoter methylation in primary tissue of low-grade gliomas
was observed in 29/48 (60%) low-grade astrocytomas, 11/18 (61%) oligoastrocytomas, and
31/42 (74%) oligodendrogliomas, while promoter methylation of the p14 ARF was detected by
MS-PCR in 5/49 (10%) low-grade astrocytomas, 7/18 (39%) oligoastrocytomas, and 15/41 (37%)
oligodendrogliomas. Briefly, alterations of at least one of TP53 promoter methylation, p14 ARF

promoter methylation, and TP53 mutations were found in 43/49 (88%) of low-grade astrocy‐
tomas, 15/18 (83%) of oligoastrocytomas, and 35/42 (83%) oligodendrogliomas, suggesting that
disruption of the p53/p14 ARF pathway is frequent in all histological types of low-grade glioma.

Almeida et al. [160] evaluated the promoter hypermethylation profile of the TP53 gene in 90
extra-axial brain tumors (48 meningiomas, 23 schwannomas and 19 metastases) using MS-PCR
and sequencing. The group showed that the methylation of the TP53 gene is an important
event associated with extra-axial brain tumors, since 37.5% of meningiomas, 30% of schwan‐
nomas and 52.6% of metastases were hypermethylated. When tumor grade was compared,
35.3% of benign tumors and 48% of malignant tumors were methylated, and these results
suggested that TP53 methylation can be involved in the progression of these tumors.

3.2. The new insights of MicroRNAs/TP53 in cancer

MicroRNAs (miRNA) are a large class of small, non-coding RNAs, 21 – 28 nucleotides long,
produced naturally in cells after being cut into segments from larger strands of RNA by the
enzyme Dicer. They function by binding to complementary sites on the 3’-untranslated region
(3’-UTR) of genes and promoting the recruitment of protein complexes responsible for
impairing translation and/or decreasing the stability of mRNA [161, 162]. A specific miRNA
may simultaneously regulate multiple targets, thereby enabling complex changes in protein
expression profiles. Furthermore, a single target can be regulated by multiple miRNAs, and
upstream regulation of a given miRNA can involve multiple regulators at different steps of
miRNA biogenesis. Thus, miRNAs take part in complex regulatory networks that may
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influence almost every cellular process [163]. Currently, 1, 048 human microRNAs are known
to modulate approximately 3 % of all genes and up to 30 % of protein-coding genes. Vital for
protein expression, microRNAs are integrally associated with both normal and abnormal
biological processes [164].

miRNAs play important roles in the regulation of normal gene expression at developmental
timing, cell proliferation and apoptosis [165]. As these processes are altered in cancer cells,
there are in literature several studies that were undertaken to provide evidence for an
involvement of miRNAs in cancer formation. miRNA-encoding genes as well as mRNA-
encoding genes have been meanwhile classified as oncogenic or tumor suppressive genes
according to their function in cellular transformation and expression in tumors [166, 167].
Furthermore, tumor cells seem to undergo a general loss of miRNA expression, and forced
reduction of global miRNA expression promotes transformation [168]. Interestingly, miRNAs
cluster within fragiles sites and other genomic regions frequently altered in cancers [169].
Because of their role in tumor formation, miRNAs may be very useful for the classification,
diagnosis, prognosis, and therapy of malignancies [166, 167].

Profiling miRNA provides an attractive, novel, and non-invasive biomarker for tumor
diagnosis and prognosis. Molecular biology techniques, such as Northern blot, RNase
protection assay, and primer extension assay can measure expression of a miRNA. The small
size of miRNAs initially hampered polymerase chain reaction-based methods. However, PCR-
based techniques have become very popular since the development of adaptor-mediated
quantitative real-time PCR (qRT-PCR) due to their high sensitivity [170]. Microarray techni‐
ques are widely used to comprehensively assay the entire miRNome (the global miRNA
expression profile) in tissues or in cell lines [171]. In addition to microarray and qRT-PCR,
miRNomes are obtained by in situ hybridization [172] and serial analysis of gene expression
adapted for small RNAs [173]. Overall, these technical improvements are expected to greatly
widen the repertoire of miRNAs in a variety of biological systems.

p53 is a transcription factor, so transactivates or represses many protein-encoding genes and
this underlies much of its tumor suppressor function. Recently, it has been reported that p53
directly transactivates specifics miRNAs [174]. miRNA have also been shown to target p53
and/or components of p53 regulatory pathways affecting its activities directly and/or indirectly
[175, 176].

Several reports shed light on the involvement of miRNAs in the p53 pathway. He et al. [177]
profiled miRNA gene expression in wild-type (wt) and p53-deficient cells and found that the
miR34s (miR-34 gene family, including miR-34a, b and c) was among the most upregulated in
wt p53 cells. In addition, Luan et al. [178] analyzed the expression levels of miR-34a in human
glioma cell lines (U251, A172 and SHG-44) using real time quantitative PCR and compared
with that observed in normal brain and determined its role in cell proliferation, cycle distri‐
bution, apoptosis and capabilities of in vitro migration and invasion of p53-mutant glioma
cells. The results showed that miR-34a is remarkably reduced in p53-mutant glioma cell line
U251, that had a mutation of codon 273 (CGT/CAT; Arg/His) in exon 8 than other p53-wild
glioma cell lines A172, SHG-44 and normal brains.
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adapted for small RNAs [173]. Overall, these technical improvements are expected to greatly
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this underlies much of its tumor suppressor function. Recently, it has been reported that p53
directly transactivates specifics miRNAs [174]. miRNA have also been shown to target p53
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[175, 176].
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miR34s (miR-34 gene family, including miR-34a, b and c) was among the most upregulated in
wt p53 cells. In addition, Luan et al. [178] analyzed the expression levels of miR-34a in human
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bution, apoptosis and capabilities of in vitro migration and invasion of p53-mutant glioma
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glioma cell lines A172, SHG-44 and normal brains.
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miR34s are induced after genotoxic stress in a p53-dependent manner in vitro and in vivo.
miR-34b and-34c are clustered at chromosome 11, whereas miR-34a is located in a separate
genomic locus. p53 directly activates both pri-miRNAs. The miR-34s seem to be critical
downstream effectors of p53, as ectopic expression of the miR-34s recapitulate the phenotype
of p53 activation. The miR-34s promotes repression of several direct targets, such as Bcl-2,
Cdk4, hepatocyte growth factor receptor (MET), and other, resulting in cell cycle arrest,
apoptosis, and senescence [179] (Figure 3). Several other laboratories corroborated the finding
that miR-34s are critical components of the p53 network [180-182]. Taken together, these results
support a pivotal downstream role of miRNAs in the regulation of the p53 pathway.

Figure 3. Representation of p53 and the miR-34 family interactions. The p53 protein stimulates the transcription of
miR34s, which inhibits oncoproteins and leads to cell senescence, apoptosis and cell cycle arrest.

As cell cycle arrest, senescence, and apoptosis are tumor suppressive mechanisms, the
inactivation of members of the miR-34 family, which induce these cellular responses, may be
a selective advantage for cancer cells. Besides decreased expression of MiR-34 due to inacti‐
vating mutations of p53, the miR-34 encoding genes themselves may be targets for mutational
or epigenetic inactivation in cancer. For example, loss of miR34a expression was observed in
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neuroblastoma, which may be due to the relatively common deletion of a region on chromo‐
some 1p36, which encompasses miR-34a [183]. However, the mechanisms leading to decreased
expression of miR-34s require further exploration.

Other miRNAs may be important in the p53 network. miR-30c, -103, -26a, -107, and-182 were
induced clearly, although less robustly, upon DNA damage in a p53-dependent manner [181].
In another approach, the searching for p53-binding elements in DNA sequences near miRNAs
identified miR-129 as a good candidate for regulation by p53 [184]. miR-125b, a brain-enriched
microRNA, was identified as a bona fide negative regulator of p53 in both zebrafish and humans
[185]. Recently, Hu et al. [186] showed that miR-504 directly represses p53 expression and
function in human cell lines.

Since recent studies have indicated that p53 enters into miRNA world [187], some researchers
provided important insights into the central roles of miRNAs in a well-known tumor sup‐
pressor network, the p53 pathway, which may provide a route to therapeutic miRNA inter‐
vention in CNS tumors. Shyamal et al. [188] were the first to demonstrate that miR-34a directly
targets the MAGE-A family of oncogenes, disengaging p53 from MAGE-A–mediated repres‐
sion. The group demonstrated that miR-34a directly targets the 3 ′ UTR of MAGE-A genes and
decreases MAGE-A protein levels in medulloblastoma cell lines. This decreasing in MAGE-
A results in a concomitant increasing in p53 and its associated transcriptional targets, p21/
WAF1/CIP1 and, importantly, miR-34a. This establishes a positive feedback loop where
miR-34a is not only induced by p53 but increases p53 mRNA and protein levels through the
modulation of MAGE-A genes and a consequence of this mechanism is that sensitizes medul‐
loblastoma cells to chemotherapeutic agents via delayed G2/M progression and increased
apoptosis.

Recently, Suh et al. [189] identified two miRNAs (miR-25 and-32) as p53-repressed miRNAs in
glioblastoma multiforme cells through p53-dependent negative regulation of their transcrip‐
tional regulators, E2F1 and MYC. The study provided compelling evidence that expression of
these miRNAs causes tumor suppression through mechanisms that lead to accumulation of
p53 protein, by directly targeting Mdm2 and TSC1, leading to inhibition of cellular prolifera‐
tion through cell cycle arrest. Thus, there is a recurrent autoregulatory circuit involving
expression of p53, E2F1, and MYC to regulate the expression of miR-25 and-32, which are
miRNAs that, in turn, control p53 accumulation. Significantly, overexpression of transfected
miR-25 and-32 in cells of GBM inhibited growth of these cells in mouse brain in vivo. The results
define miR-25 and-32 as positive regulators of p53, underscoring their role in tumorigenesis
in glioblastoma.

4. The cancer stem cell model

Until a few years ago, the brain was thought to lack a stem cell population, but actually, it is
now known that there are two regions of the adult human brain that contain neural stem cells
(NSCs) (a group of self-renewing cells in the nervous system that can generate both neurons
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and glia): the dentate gyrus of the hippocampus and the subventricular zone. NSCs can form
neurons, astrocytes and oligodendrocytes in vitro, although their normal physiological role in
the adult human brain is disputed [190].

With the accumulation of knowledge concerning the stem cell and the mechanisms regulating
their behaviour, it was noted that many of the characteristics of stem cells were also present
in cancer. These findings reinforce the “cancer stem cell model”, which states that the cellular
heterogeneity within the tumor is ascribed entirely to the differentiating tumor cells that derive
from the cancer stem cells (CSCs), that can be defined as cells that possesses the capacity to
self-renew and to originate the heterogeneous lineages of cancer cells that comprise the tumor.
The term ‘‘tumor-initiating cell’’ also has been used to describe a cell with the potential to
initiate a tumor. This term are essentially functionally equivalent to CSCs if it is used to refer
to the subclones of cells within an established tumor that gives rise to a new tumor when
transplanted [190-192].

CSCs were first observed by John Dick’s group in acute myeloid leukemia and posteriorly
other researchers reported CSCs in solid tumors, including those formed by breast, colon,
prostate, pancreatic, lung, liver and brain [193-196], Subsequently there has been a large
amount of work to identify the cancer stem cell population, and to study its role in progression
of disease and resistance to treatment, allowing many experimental therapies targeting cancer
stem cells can be developed and tested in preclinical models [190, 195, 196].

CSCs have been isolated from a wide range of CNS neoplasms, including adult and pediatric,
anaplastic oligodendrogliomas and malignant medulloblastomas [197]. For gliomas, several
researchers isolated brain tumor stem cells (BTSC) from primary tumors based in the ability
to form neurospheres NSCs do and other criteria: ability to be serially transplanted; unique
ability to engraft; ability to recapitulate the tumor of origin morphologically and immuno‐
phenotypically in xenografts [198].

4.1. P53 role in neuronal and brain tumor stem cell

In the ependymal cell lining of the lateral ventricle wall as well as most cells of the subven‐
tricular zone, including astrocytes and progenitors, abundance of nuclear p53 is evident and
in agreement with the down-regulation of p53 in differentiating cells observed during
embryogenesis. The nuclear p53 immunoreactivity is absent or found at low levels in the
majority of the mature brain, including differentiating cells in the rostral migratory stream,
suggesting that p53 is preferentially expressed in neural precursors [113]. Several studies show
the important role(s) of p53 in the regulation of mammary [199], hematopoietic [200], embry‐
onic and neuronal stem cells [201] by regulating self-renewal, symmetric division, quiescence,
survival, and proliferation.

Meletis et al. [202] demonstrated that TP53 is expressed in the neural stem cell lineage in the
adult brain and negatively regulates proliferation and survival, and thereby self-renewal, of
neural stem cells. Analyses of the neural stem cell transcriptome identified the dysregulation
of several cell cycle regulators in the absence of p53, most notably a pronounced downregu‐
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lation of p21 expression. These data reinforce the p53 role as a suppressor of tissue and cancer
stem cell self-renewal.

Armesilla-Diaz et al. [203] demonstrated that p53 controls the chromosomal stability, prolif‐
eration and differentiation patterns of embryonic mouse olfactory bulb stem cells. The group
reported that the absence of this protein increases the number of neurosphere-forming cells
and the proliferation of these stem cells, and observed that differentiation of p53 knockout-
derived neurospheres was biased toward neuronal precursors. Moreover, the relevance of p53
in maintaining chromosomal stability in response to genotoxic insult was demonstrated, and
additionally, the results showed that neurosphere stem cells are highly resistant to long-term
epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) deprivation in a p53-
independent fashion, and they preserve their differentiation potential.

While the role of p53 in apoptosis of neuronal cells was well elucidated [202, 204, 205], its
function in astrocytes, oligodendrocytes and their precursors is poorly understood. Oligoden‐
drocyte precursors cultured in vitro can undergo p53-dependent differentiation although the
cells appear to have a low basal level of p53 expression [206]. Both oligodendrocytes and
astrocytes can undergo apoptosis following infection with an adenovirus expressing p53 [207].

CSCs exhibit genetic or chromosomal alterations in addition to aberrant differentiation
properties, unlike the normal stem cells [208]. It is important to highlight the fundamental
differences between normal stem cells and CSCs. The first are known for the vigilance with
which their proliferation is controlled and for the care with which their genomic integrity is
maintained, while CSCs lack such ability [209]. The cell-of-origin of CSCs remains elusive,
however evidences indicate that CSCs may originate from malignant transformation of normal
stem cells, because of the perennial nature and high proliferative potential characteristics of
stem cells. Some studies have shown that oncogene activation or tumor suppressor gene
inactivation increased the frequency of tumor formation in primitive nestin-expressing cells
but not in the more differentiated glial fibrillary acidic protein (GFAP)-expressing astrocytes
[210, 211] while other researches indicate that differentiated astrocytes and NSCs may be
equally permissive to transformation when genomic alterations are introduced [212].

The role of p53 in BTSC has not been well established, however based on current understanding
of its function in neural precursors available in the literature, several hypotheses may be
develop. First, loss of p53 may increase the self-renewal and proliferation of neural stem and/
or lineage-restricted progenitors, thereby expanding the pool of cells available for additional
mutations in specifics oncogenes. Another hypothesis is that, depending on cellular context,
p53 can both inhibit or promote cell differentiation, as well as influence cell fate decisions, so
the differentiation program of neural precursors can be changed by p53 mutation. Lastly,
accumulated evidences support a role for p53 in the suppression of cell migration, although
much focus on p53 is directed at its growth inhibitory properties [213]. The neurogenic niche
has been shown to be important for the maintenance of stem cells in an undifferentiated state,
and the premature exit of NSCs from the neurogenic niche may alter their capacity for tissue
invasion or differentiation program in the absence of p53 [214].

Alterations in TP53 gene – Implications in Tumorigenesis Process and Prognosis in Central Nervous System Cancer
http://dx.doi.org/10.5772/58334

147



and glia): the dentate gyrus of the hippocampus and the subventricular zone. NSCs can form
neurons, astrocytes and oligodendrocytes in vitro, although their normal physiological role in
the adult human brain is disputed [190].

With the accumulation of knowledge concerning the stem cell and the mechanisms regulating
their behaviour, it was noted that many of the characteristics of stem cells were also present
in cancer. These findings reinforce the “cancer stem cell model”, which states that the cellular
heterogeneity within the tumor is ascribed entirely to the differentiating tumor cells that derive
from the cancer stem cells (CSCs), that can be defined as cells that possesses the capacity to
self-renew and to originate the heterogeneous lineages of cancer cells that comprise the tumor.
The term ‘‘tumor-initiating cell’’ also has been used to describe a cell with the potential to
initiate a tumor. This term are essentially functionally equivalent to CSCs if it is used to refer
to the subclones of cells within an established tumor that gives rise to a new tumor when
transplanted [190-192].

CSCs were first observed by John Dick’s group in acute myeloid leukemia and posteriorly
other researchers reported CSCs in solid tumors, including those formed by breast, colon,
prostate, pancreatic, lung, liver and brain [193-196], Subsequently there has been a large
amount of work to identify the cancer stem cell population, and to study its role in progression
of disease and resistance to treatment, allowing many experimental therapies targeting cancer
stem cells can be developed and tested in preclinical models [190, 195, 196].

CSCs have been isolated from a wide range of CNS neoplasms, including adult and pediatric,
anaplastic oligodendrogliomas and malignant medulloblastomas [197]. For gliomas, several
researchers isolated brain tumor stem cells (BTSC) from primary tumors based in the ability
to form neurospheres NSCs do and other criteria: ability to be serially transplanted; unique
ability to engraft; ability to recapitulate the tumor of origin morphologically and immuno‐
phenotypically in xenografts [198].

4.1. P53 role in neuronal and brain tumor stem cell

In the ependymal cell lining of the lateral ventricle wall as well as most cells of the subven‐
tricular zone, including astrocytes and progenitors, abundance of nuclear p53 is evident and
in agreement with the down-regulation of p53 in differentiating cells observed during
embryogenesis. The nuclear p53 immunoreactivity is absent or found at low levels in the
majority of the mature brain, including differentiating cells in the rostral migratory stream,
suggesting that p53 is preferentially expressed in neural precursors [113]. Several studies show
the important role(s) of p53 in the regulation of mammary [199], hematopoietic [200], embry‐
onic and neuronal stem cells [201] by regulating self-renewal, symmetric division, quiescence,
survival, and proliferation.

Meletis et al. [202] demonstrated that TP53 is expressed in the neural stem cell lineage in the
adult brain and negatively regulates proliferation and survival, and thereby self-renewal, of
neural stem cells. Analyses of the neural stem cell transcriptome identified the dysregulation
of several cell cycle regulators in the absence of p53, most notably a pronounced downregu‐

Tumors of the Central Nervous System – Primary and Secondary146

lation of p21 expression. These data reinforce the p53 role as a suppressor of tissue and cancer
stem cell self-renewal.

Armesilla-Diaz et al. [203] demonstrated that p53 controls the chromosomal stability, prolif‐
eration and differentiation patterns of embryonic mouse olfactory bulb stem cells. The group
reported that the absence of this protein increases the number of neurosphere-forming cells
and the proliferation of these stem cells, and observed that differentiation of p53 knockout-
derived neurospheres was biased toward neuronal precursors. Moreover, the relevance of p53
in maintaining chromosomal stability in response to genotoxic insult was demonstrated, and
additionally, the results showed that neurosphere stem cells are highly resistant to long-term
epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) deprivation in a p53-
independent fashion, and they preserve their differentiation potential.

While the role of p53 in apoptosis of neuronal cells was well elucidated [202, 204, 205], its
function in astrocytes, oligodendrocytes and their precursors is poorly understood. Oligoden‐
drocyte precursors cultured in vitro can undergo p53-dependent differentiation although the
cells appear to have a low basal level of p53 expression [206]. Both oligodendrocytes and
astrocytes can undergo apoptosis following infection with an adenovirus expressing p53 [207].

CSCs exhibit genetic or chromosomal alterations in addition to aberrant differentiation
properties, unlike the normal stem cells [208]. It is important to highlight the fundamental
differences between normal stem cells and CSCs. The first are known for the vigilance with
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however evidences indicate that CSCs may originate from malignant transformation of normal
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stem cells. Some studies have shown that oncogene activation or tumor suppressor gene
inactivation increased the frequency of tumor formation in primitive nestin-expressing cells
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[210, 211] while other researches indicate that differentiated astrocytes and NSCs may be
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of its function in neural precursors available in the literature, several hypotheses may be
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or lineage-restricted progenitors, thereby expanding the pool of cells available for additional
mutations in specifics oncogenes. Another hypothesis is that, depending on cellular context,
p53 can both inhibit or promote cell differentiation, as well as influence cell fate decisions, so
the differentiation program of neural precursors can be changed by p53 mutation. Lastly,
accumulated evidences support a role for p53 in the suppression of cell migration, although
much focus on p53 is directed at its growth inhibitory properties [213]. The neurogenic niche
has been shown to be important for the maintenance of stem cells in an undifferentiated state,
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The number of studies concerning the cellular, molecular, and environmental factors that
regulate p53 function in NSCs has increased drastically and brought a better understanding
of these factors, and together with the advances in molecular biology techniques, provided
much valuable information about the role of p53 in BTSCs. This scenario stimulates future
studies exploring the significance of p53 alterations for prognosis and prediction of treatment
response that would help development of individual treatment strategies as well as help
clarifying the clinical importance of cancer stem cell biology.

5. p53-based gene therapy: GBMs as an example

Malignant tumors within the brain remain a therapeutic challenge, but current strategies tested
in animal models as well as in the clinics have shown promising results. The rapid progress
in knowledge of the p53 pathway have led to many different approaches to p53 based cancer
therapy as mentioned previously and the field has excited great interest both academically and
commercially [215]. The long awaited molecular treatment of GBM and other CNS tumors and
utilization of knowledge surrounding p53 may then be foreseeable goals in the future. It will
also be important and likely therapeutically be effective to combine gene therapy with other
therapeutic modalities, including the standards-of-care [216].

Standard treatment of care for GBM, for example, consists of surgical resection, followed
by  radiotherapy  and  chemotherapy  [217,  218].  Despite  significant  advances  in  current
treatment  approaches,  including  the  gamma knife  (radiation)  and  TMZ (chemotherapy)
[217,  219],  GBM  continues  to  present  a  poor  prognosis,  with  median  survival  still  re‐
mains less than 15 months. It is important to remember that GBMs are the most common
and least  curable among CNS tumors [220].  Moreover,  for  this  type of  tumor,  complete
resection is practically impossible due to its diffuse nature and the proximity of the tumor
to vital  brain structures.  Moreover,  it  often recurs in an area close to the original  resec‐
tion cavity [221]. The intrinsic resistance of glioblastoma cells to radiotherapy and chemo‐
therapy confers another therapeutic challenge of this disease [222].  On the other hand it
has been reported that invading GBM cells, which give rise to recurrences, are resistant to
cytotoxic therapies due to the constitutive activation of antiapoptotic signaling pathways
[221].  Novel therapeutic approaches and adjuvants to be employed in combination with
standard  therapeutic  strategies  are  sorely  needed  for  GBM  patients,  because  although
isolated traditional therapies allow an increase in the quality of life and survival of these
patients, they are not curative and long-term survival is very rare [221, 223, 224].

Gene therapy for CNS tumors is evolving every year, especially for GBM, with the ultimate
goal being specific delivery of therapeutic genes or oncolytic viruses to eliminate the tumor.
Besides results in cell death, also enhanced immune responses to tumor antigens and disrup‐
tion of the tumor microenvironment [216]. A variety of gene therapy strategies has been
examined in GBM preclinical models and clinical trials and includes the use of selective
replication-competent oncolytic viruses, non-replicating viral vectors or normal adult stem/
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progenitor cells for the delivery of immunostimulatory genes, cytotoxic genes and genes
modulating the tumor microenvironment [216].

The fact that p53 pathway is activated in tumor cells, but not in normal cells, provides a
potentially important therapeutic selectivity, indifferent of which signal in the tumor cells
activates p53 following its restoration [225]. In this context, the evidences that tumor cells, but
not normal cells, have a cellular environment that activates the p53 pathway would create a
setting of an advantageous therapeutic index, whose main objective is the development of
interventions that selectively kill tumor cells instead normal cells [225].

Different approaches to achieve this goal are already in various stages of development and a
diversity of small druglike molecules targeting the p53 system have been developed and
several are now in clinical trials. Of critical importance has been the development of: agents
which can increase active p53 in tumor cells by interfering with the p53–MDM2 interaction are
therefore considered to have therapeutic utility in sensitizing tumor cells for chemo-or
radiotherapy, such as the Nutlins [226, 227]; molecules that activate p53 via direct interaction
with p53 itself, as PRIMA-1, of which there is evidence of induction of expression of mediators
of p53-dependent apoptosis such as Puma, Noxa, and Bax in cells with mutant p53 [228, 229];
small molecules activating p53 family members in a p53 mutant or deficient background;
molecules activating p53 by inhibiting class III histone deacetylases, nuclear export, transcrip‐
tional and nucleolar distuption. These screens in combination with RNAi based approaches
are of utmost importance for the discovery of new targets for therapy in the p53 pathway [215].

Transfection of wild-type p53 in order to normalize function in mutant p53-containing tumors
has been a long-pursued goal of gene therapy. Mercer et al. [230] initially demonstrated that
plasmid-mediated transfection of the p53 gene is capable of suppressing cell growth in gliomas
by inhibition of G0/G1 progression into S phase. Kock et al. [231] and Gomez-Manzano et al.
[232] were among the first to demonstrate that delivering the p53 gene using an adenovirus
vector (Ad-p53) resulted in high levels of apoptosis in glioma cell lines, by elevation of the
levels of the p21 (cell cycle-related) and Bax (apoptosis-related) proteins. Frederick et al.[233]
undertook a phase I trial of Ad-p53 in the treatment of patients with recurrent malignant
gliomas with the purpose of determine the clinical toxicity of Ad-p53 and obtain molecular
information regarding the expression and distribution of the p53 protein after intratumoral
treatment of human gliomas with Ad-p53. Thus, their results conclude that Intratumoral
injection of Ad-p53 allowed the exogenous transfer of the p53 gene and expression of func‐
tional p53 protein, with minimaltoxicity observed.

To the generation of an effective systemic anti-tumor immune response, it is necessary the
development of strategies that promote the GBM tumor cell death, which is essential not only
to kill tumor cells and reduce tumor burden, but also to induce the release of inflammatory
molecules from dying tumor cells [234]. Drug combinations have been developed to selectively
kill cancer cells that lack p53 function while protecting normal cells. The potential to explore
the defective checkpoint status of cells with inactive TP53 genes has also been largely recog‐
nized and in part stimulated the search of drugs that can inhibit PLK1, AURKB, and other
proteins that regulate the G 2 /M checkpoint [235]. Shchors et al. [236] used a preclinical model
of GBM in combination with a switchable p53 allele to model the therapeutic effect of p53
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Besides results in cell death, also enhanced immune responses to tumor antigens and disrup‐
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modulating the tumor microenvironment [216].
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activates p53 following its restoration [225]. In this context, the evidences that tumor cells, but
not normal cells, have a cellular environment that activates the p53 pathway would create a
setting of an advantageous therapeutic index, whose main objective is the development of
interventions that selectively kill tumor cells instead normal cells [225].

Different approaches to achieve this goal are already in various stages of development and a
diversity of small druglike molecules targeting the p53 system have been developed and
several are now in clinical trials. Of critical importance has been the development of: agents
which can increase active p53 in tumor cells by interfering with the p53–MDM2 interaction are
therefore considered to have therapeutic utility in sensitizing tumor cells for chemo-or
radiotherapy, such as the Nutlins [226, 227]; molecules that activate p53 via direct interaction
with p53 itself, as PRIMA-1, of which there is evidence of induction of expression of mediators
of p53-dependent apoptosis such as Puma, Noxa, and Bax in cells with mutant p53 [228, 229];
small molecules activating p53 family members in a p53 mutant or deficient background;
molecules activating p53 by inhibiting class III histone deacetylases, nuclear export, transcrip‐
tional and nucleolar distuption. These screens in combination with RNAi based approaches
are of utmost importance for the discovery of new targets for therapy in the p53 pathway [215].
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has been a long-pursued goal of gene therapy. Mercer et al. [230] initially demonstrated that
plasmid-mediated transfection of the p53 gene is capable of suppressing cell growth in gliomas
by inhibition of G0/G1 progression into S phase. Kock et al. [231] and Gomez-Manzano et al.
[232] were among the first to demonstrate that delivering the p53 gene using an adenovirus
vector (Ad-p53) resulted in high levels of apoptosis in glioma cell lines, by elevation of the
levels of the p21 (cell cycle-related) and Bax (apoptosis-related) proteins. Frederick et al.[233]
undertook a phase I trial of Ad-p53 in the treatment of patients with recurrent malignant
gliomas with the purpose of determine the clinical toxicity of Ad-p53 and obtain molecular
information regarding the expression and distribution of the p53 protein after intratumoral
treatment of human gliomas with Ad-p53. Thus, their results conclude that Intratumoral
injection of Ad-p53 allowed the exogenous transfer of the p53 gene and expression of func‐
tional p53 protein, with minimaltoxicity observed.

To the generation of an effective systemic anti-tumor immune response, it is necessary the
development of strategies that promote the GBM tumor cell death, which is essential not only
to kill tumor cells and reduce tumor burden, but also to induce the release of inflammatory
molecules from dying tumor cells [234]. Drug combinations have been developed to selectively
kill cancer cells that lack p53 function while protecting normal cells. The potential to explore
the defective checkpoint status of cells with inactive TP53 genes has also been largely recog‐
nized and in part stimulated the search of drugs that can inhibit PLK1, AURKB, and other
proteins that regulate the G 2 /M checkpoint [235]. Shchors et al. [236] used a preclinical model
of GBM in combination with a switchable p53 allele to model the therapeutic effect of p53
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pathway restoration. It was observed that the therapeutic efficacy of p53 pathway restoration
was greatly influenced by both the initial mechanism of p53 pathway-inactivating mutation
and the temporal manner in which the selective pressure elicited by p53 pathway restoration
was applied. Their results suggested that intermittent dosing regimens of drugs that restore
wild-type tumor-suppressor function onto mutant, inactive p53 proteins will prove to be more
efficacious than traditional chronic dosing by similarly reducing adaptive resistance.

This topic focused on GBM because of its poor prognosis and the target for most clinical trials.
However, it is important to recognize that there are many other brain tumors which are also
targets for gene therapy. Recently, Kunkele et al. [227] observed that targeting the p53-MDM2
complex using nutlin-3 significantly reduced cell viability and induced either apoptosis or cell
cycle arrest and expression of the p53 target gene p21 in 4 of 6 human medulloblastomas cell
lines. However, UW-228 and DAOY cells harboring TP53 mutations were almost unaffected
by nutlin-3, showing that the mutational status of the gene interfere in the efficacy of the
treatment. MDM2 knockdown in medulloblastoma cells by siRNA mimicked nutlin-3 treat‐
ment, whereas expression of dominant negative p53 abrogated nutlin-3 effects. Oral nutlin-3
treatment of mice with established medulloblastoma xenografts inhibited tumor growth and
significantly increased survival. Hence, the authors suggested that inhibition of the MDM2-
p53 interaction with nutlin-3 is a promising therapeutic option for medulloblastomas with
functional p53 that should be further evaluated in clinical trials.

6. Conclusion

After a detailed review of the literature about the role of the TP53 gene in the genesis and
development of CNS tumors we can conclude that both genetic and epigenetic alterations that
inactivate this gene are directly related to these phenomena in specific histopathological
tumors. In addition, several studies have investigated the predictive value of TP53 mutation
status and have shown that specific types of genetic mutations can alter the function and
expression of p53, influencing tumor response to treatment and patient outcome, revealing
thus to be a useful prognostic tool. Genetic alterations in the p53 pathway are early events in
the molecular pathogenesis of diffuse astrocytoma and the highest frequencies of allelic loss
and/or mutation of TP53 gene are mostly seen in gliomas, and are a genetic hallmark of: low-
grade diffuse astrocytomas (> 60%), mainly in gemistocytic astrocytomas that carry TP53
mutations in up to 80% of the cases; anaplastic astrocytomas (40-70%); secondary glioblastoma
(>65%); oligoastrocytomas (~40%). Genetic TP53 mutations are rarely found or seen less
frequently in other CNS tumors, however, some studies have shown that some changes have
found important prognostic value. Recently, our group investigated the presence of numerical
aberrations of chromosome 17 and TP53 in 5 subjects with brain metastasis from breast cancer
using dual-color fluorescence in situ hybridization experiments. Deletion of TP53 was the most
frequent alteration observed, suggesting that if this alteration is present in the primary tumors,
breast tumors with loss of TP53 copies have a poorer prognosis and a higher chance for
metastasis [237].
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Epigenetic events in TP53 gene has been increasingly recognized as an alternative mechanism
for inactivation of function of a tumor suppressor gene. Although less frequently, TP53
epigenetic abnormalities has been found in CNS tumors and several reports shed light on the
involvement of mainly DNA methylation and miRNAs in the p53 pathway, suggesting that
this process can be involved in the genesis and progression of these tumors. Clearly, additional
studies can provide important insights into the central roles of miRNAs in the p53 pathway,
as well as TP53 promoter methylation, which may provide a route to therapeutic intervention
in CNS tumors.

Due the difficulty to the use of traditional therapeutic modalities such as chemotherapy and
radiotherapy in the CNS tumors, especially in high grade tumors, such as glioblastomas, , it
is expected that in a near future molecular treatment that could be obtain more effective control
of disease progression will be used, resulting in an improved clinical course of these patients.
Over the years, with the increasing advances of molecular biology techniques, much informa‐
tion has been obtained on the role of p53 in carcinogenesis. Because of the critical role p53 plays
in a variety of cancers, a diversity of approaches have been undertaken to target p53 and its
altered signaling pathways. Different drugs targeting the p53 system in order to activate the
p53 pathway have been developed and several are now in clinical trials, and have shown
promising results.

Nomenclature

AT/RT Atypical Teratoid/ Rhabdoid Tumor

bFGF Basic fibroblast growth factor

BCL2 B-cell CLL/Lymphoma 2

BTSC Brain tumor stem cells

CSC Cancer stem cells

CDK4 Cyclin-dependent kinase 4

CDKN2A Cyclin-dependent kinase inhibitor 2A

CNS Central nervous systems

CHD5 Chromodomain helicase DNA binding protein 5

CPC Choroid plexus carcinomas

CPP Choroid plexus papilloma

CPT Choroid plexus tumors

EGF Epidermal growth factor

FISH Fluorescence in Situ Hybridization

GFAP Glial fibrillary acidic protein

GBM Glioblastoma
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aberrations of chromosome 17 and TP53 in 5 subjects with brain metastasis from breast cancer
using dual-color fluorescence in situ hybridization experiments. Deletion of TP53 was the most
frequent alteration observed, suggesting that if this alteration is present in the primary tumors,
breast tumors with loss of TP53 copies have a poorer prognosis and a higher chance for
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IDH1 Isocitrate dehydrogenase 1 (NADP+)

IDH2 Iisocitrate dehydrogenase 2 (NADP+)

IHC Immunohistochemistry

IARC International Agency for Research on Cancer

LFS Li-Fraumeni syndromes
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1. Introduction

Malignant gliomas remain associated with poor prognosis and the cause of significant
morbidity. In 2010, there was excitement that recent spectacular advancements in our basic
understanding of their molecular pathogenesis, angiogenesis and new gene transfer technol‐
ogies will turn the tide in our favor. The negative results of several costly phase III clinical
trials are sobering; unfortunately, they take us back to the drawing board in terms of how we
can improve our methods and why brain cancer has this incredible ability to resist therapy.
This chapter is organized as follows. We start by an overview of the classification and signif‐
icance of malignant gliomas. We proceed to reviewing the molecular pathogenesis of angio‐
genesis and the development of new treatment modalities against anti-angiogenesis targets,
some of which were tested in Phase III clinical trials. Before considering immunotherapy
strategies and targets for malignant gliomas, we review basic concepts in immunology and
discuss the unique immunological features of the central nervous system (CNS). Finally, we
discuss gene therapy vectors, strategies, and clinical trials in malignant gliomas. We conclude
by an analysis of our current limitations, possible tumor mechanisms for resisting treatments,
and what we can do to improve the outcome.

© 2014 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 reproduction in any medium, provided the original work is properly cited.
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some of which were tested in Phase III clinical trials. Before considering immunotherapy
strategies and targets for malignant gliomas, we review basic concepts in immunology and
discuss the unique immunological features of the central nervous system (CNS). Finally, we
discuss gene therapy vectors, strategies, and clinical trials in malignant gliomas. We conclude
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2. Overview and significance

2.1. Classification of gliomas

CNS neoplasms are diverse and demonstrate a great deal of variability in terms of clinical
presentation, aggressiveness, and response to therapy, with distinctions in histology and
cellular and molecular composition being primarily responsible for these variations (Brat and
Mapstone 2003; Omuro and DeAngelis 2013). Gliomas are the most frequent primary brain
tumors in adults and, of this group, anaplastic astrocytomas and glioblastoma (GBM) are the
two highest-grade astrocytic neoplasms (Brat and Mapstone 2003; Ricard, Idbaih et al. 2012).
The World Health Organization (WHO) system classifies astrocytomas into four grades. These
histological grades are defined by increasing degrees of undifferentiation, anaplasia, and
aggressiveness (Louis, Ohgaki et al. 2007; Omuro and DeAngelis 2013). Grade I and II tumors,
the lower grade tumors, are well-differentiated with limited cell density. The characteristic
features of grade III astrocytomas (anaplastic) are increased vessel and cell density, cellular
atypias, and high mitotic activity. Grade IV astrocytoma (GBM) is characterized by vascular
proliferation or necrosis (Westphal and Lamszus 2011; Omuro and DeAngelis 2013). Glioblas‐
toma and other malignant gliomas are highly infiltrative tumors. Of note, there is also a WHO
grading system for oligodendrogliomas and oligoastrocytomas, but they will not be discussed
in this chapter (Omuro and DeAngelis 2013).

2.2. Significance of malignant gliomas

The annual incidence of malignant glioma is 5.26 per 100 thousand and this group accounts
for approximately 80% of the total number of new cases of malignant primary brain tumors
diagnosed in the United States each year (Omuro and DeAngelis 2013). The overall incidence
of gliomas is highest among Caucasians, as compared to other ethnic groups, and is higher
among males as compared to females (7.2 versus 5.0 per 100,000 persons-years) (Peak and
Levin 2010). Malignant gliomas can occur in any age group; however, the incidence increases
in the fifth decade of life and peaks at about 65 years of age (Brat and Mapstone 2003). GBM
is the most aggressive glioma. Stupp and colleagues reported that 27.2 and 9.8 percent of GBM
patients treated by concomitant and adjuvant Temozolamide and radiotherapy remained alive
at 2 years and 5 years, respectively (Stupp, Mason et al. 2005; Stupp, Hegi et al. 2009). For
patients diagnosed with anaplastic astrocytoma, the median survival time is higher at
approximately 2 to 5 years (Wen and Kesari 2008).

3. Angiogenesis

3.1. History

The theory that tumor growth is dependent on angiogenesis and that anti-angiogenic therapy
may be a potential cancer treatment was first proposed by Dr. Folkman in the 1970s (Folkman
1972). Since that time, understanding the mechanism of action of angiogenesis and developing
targeted therapies have been a high priority.
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3.2. Summary of angiogenesis

Angiogenesis is the process by which the vascular system is formed through growth of new
capillaries from pre-existing vessels (Plate, Scholz et al. 2012). Angiogenesis plays a critical role
in key physiologic and formative processes such as embryogenesis, regeneration, and wound
healing. Angiogenesis is also involved in various pathologic processes including age-related
macular degeneration, rheumatoid arthritis, and tumor growth and development (Wang, Fei
et al. 2004).

The process of angiogenesis can be briefly summarized as follows. First, there is vasodilation,
in response to nitric oxide, and increased permeability of the existing vessels. This is followed
by degradation of the existing vessel's basement membrane. Next, endothelial precursor cells
migrate to the area and begin to proliferate and mature into capillaries via a balance of both
growth and inhibition. The final steps involve recruitment of vascular smooth muscle cells and
pericytes that form a new network of mature vessels (Shinkaruk, Bayle et al. 2003).

3.3. Molecular signals of angiogenesis

Although there are numerous factors and signals that contribute to angiogenesis, the chemical
signal that seems to play the most critical role in the process is Vascular Endothelial Growth
Factor (VEGF). VEGF is a pro-angiogenic growth factor, which is secreted by many cells,
including mesenchymal, stromal, and especially tumor cells. VEGF induces the migration of
the endothelial precursor cells to sites of angiogenesis and is responsible for their proliferation
and differentiation. The VEGF gene is located on chromosome 6p12 and the gene family is
composed of five members, namely VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental-
derived growth factor (PlGF). Of these, VEGF-A, B, and PIGF are involved in the development
of the vascular system and VEGF-C and D are involved in the development of the lymphatic
system (Ahluwalia and Gladson 2010). VEGF primarily signals through its receptor VEGFR2
which is a tyrosine kinase receptor that is expressed by many cells, including endothelial cells,
endothelial cell precursors, and tumor cells (Jain, di Tomaso et al. 2007). Other chemical signals
that play an important role in angiogenesis are fibroblast growth factor, hepatocyte growth
factor (HGF), tumor necrosis factor-alpha (TNF-α), transforming growth factor-beta (TGF-β),
angiopoietins, and platelet derived growth factor (PDGF). Their various roles include involve‐
ment in extracellular matrix degradation, endothelial proliferation and migration, and neo-
vessel stabilization and maturation (Martin and Jiang 2010; Ucuzian, Gassman et al. 2010).

3.4. Angiogenesis in tumors

Seven different cellular mechanisms appear to contribute to tumor angiogenesis: (1) classical
sprouting angiogenesis, (2) vascular co-option, (3) myeloid cell-driven angiogenesis, (4) vessel
intussusception, (5) vasculogenic mimicry, (6) bone marrow derived vasculogenesis, and (7)
cancer stem-like cell derived vasculogenesis (Carmeliet and Jain 2011; Plate, Scholz et al.
2012). Of the above-listed mechanisms, the first three seem to have a clear role in glioma
vascularization, as supported by pre-clinical tumor models (Plate, Scholz et al. 2012).

1. Classical sprouting angiogenesis. This is believed to be the primary modulator of neovascu‐
larization of the brain during development and in pathological conditions (Plate, Breier

Anti-Angiogenesis, Gene Therapy, and Immunotherapy in Malignant Gliomas
http://dx.doi.org/10.5772/58320

179



2. Overview and significance

2.1. Classification of gliomas

CNS neoplasms are diverse and demonstrate a great deal of variability in terms of clinical
presentation, aggressiveness, and response to therapy, with distinctions in histology and
cellular and molecular composition being primarily responsible for these variations (Brat and
Mapstone 2003; Omuro and DeAngelis 2013). Gliomas are the most frequent primary brain
tumors in adults and, of this group, anaplastic astrocytomas and glioblastoma (GBM) are the
two highest-grade astrocytic neoplasms (Brat and Mapstone 2003; Ricard, Idbaih et al. 2012).
The World Health Organization (WHO) system classifies astrocytomas into four grades. These
histological grades are defined by increasing degrees of undifferentiation, anaplasia, and
aggressiveness (Louis, Ohgaki et al. 2007; Omuro and DeAngelis 2013). Grade I and II tumors,
the lower grade tumors, are well-differentiated with limited cell density. The characteristic
features of grade III astrocytomas (anaplastic) are increased vessel and cell density, cellular
atypias, and high mitotic activity. Grade IV astrocytoma (GBM) is characterized by vascular
proliferation or necrosis (Westphal and Lamszus 2011; Omuro and DeAngelis 2013). Glioblas‐
toma and other malignant gliomas are highly infiltrative tumors. Of note, there is also a WHO
grading system for oligodendrogliomas and oligoastrocytomas, but they will not be discussed
in this chapter (Omuro and DeAngelis 2013).

2.2. Significance of malignant gliomas

The annual incidence of malignant glioma is 5.26 per 100 thousand and this group accounts
for approximately 80% of the total number of new cases of malignant primary brain tumors
diagnosed in the United States each year (Omuro and DeAngelis 2013). The overall incidence
of gliomas is highest among Caucasians, as compared to other ethnic groups, and is higher
among males as compared to females (7.2 versus 5.0 per 100,000 persons-years) (Peak and
Levin 2010). Malignant gliomas can occur in any age group; however, the incidence increases
in the fifth decade of life and peaks at about 65 years of age (Brat and Mapstone 2003). GBM
is the most aggressive glioma. Stupp and colleagues reported that 27.2 and 9.8 percent of GBM
patients treated by concomitant and adjuvant Temozolamide and radiotherapy remained alive
at 2 years and 5 years, respectively (Stupp, Mason et al. 2005; Stupp, Hegi et al. 2009). For
patients diagnosed with anaplastic astrocytoma, the median survival time is higher at
approximately 2 to 5 years (Wen and Kesari 2008).

3. Angiogenesis

3.1. History

The theory that tumor growth is dependent on angiogenesis and that anti-angiogenic therapy
may be a potential cancer treatment was first proposed by Dr. Folkman in the 1970s (Folkman
1972). Since that time, understanding the mechanism of action of angiogenesis and developing
targeted therapies have been a high priority.

Tumors of the Central Nervous System – Primary and Secondary178

3.2. Summary of angiogenesis

Angiogenesis is the process by which the vascular system is formed through growth of new
capillaries from pre-existing vessels (Plate, Scholz et al. 2012). Angiogenesis plays a critical role
in key physiologic and formative processes such as embryogenesis, regeneration, and wound
healing. Angiogenesis is also involved in various pathologic processes including age-related
macular degeneration, rheumatoid arthritis, and tumor growth and development (Wang, Fei
et al. 2004).

The process of angiogenesis can be briefly summarized as follows. First, there is vasodilation,
in response to nitric oxide, and increased permeability of the existing vessels. This is followed
by degradation of the existing vessel's basement membrane. Next, endothelial precursor cells
migrate to the area and begin to proliferate and mature into capillaries via a balance of both
growth and inhibition. The final steps involve recruitment of vascular smooth muscle cells and
pericytes that form a new network of mature vessels (Shinkaruk, Bayle et al. 2003).

3.3. Molecular signals of angiogenesis

Although there are numerous factors and signals that contribute to angiogenesis, the chemical
signal that seems to play the most critical role in the process is Vascular Endothelial Growth
Factor (VEGF). VEGF is a pro-angiogenic growth factor, which is secreted by many cells,
including mesenchymal, stromal, and especially tumor cells. VEGF induces the migration of
the endothelial precursor cells to sites of angiogenesis and is responsible for their proliferation
and differentiation. The VEGF gene is located on chromosome 6p12 and the gene family is
composed of five members, namely VEGF-A, VEGF-B, VEGF-C, VEGF-D, and placental-
derived growth factor (PlGF). Of these, VEGF-A, B, and PIGF are involved in the development
of the vascular system and VEGF-C and D are involved in the development of the lymphatic
system (Ahluwalia and Gladson 2010). VEGF primarily signals through its receptor VEGFR2
which is a tyrosine kinase receptor that is expressed by many cells, including endothelial cells,
endothelial cell precursors, and tumor cells (Jain, di Tomaso et al. 2007). Other chemical signals
that play an important role in angiogenesis are fibroblast growth factor, hepatocyte growth
factor (HGF), tumor necrosis factor-alpha (TNF-α), transforming growth factor-beta (TGF-β),
angiopoietins, and platelet derived growth factor (PDGF). Their various roles include involve‐
ment in extracellular matrix degradation, endothelial proliferation and migration, and neo-
vessel stabilization and maturation (Martin and Jiang 2010; Ucuzian, Gassman et al. 2010).

3.4. Angiogenesis in tumors

Seven different cellular mechanisms appear to contribute to tumor angiogenesis: (1) classical
sprouting angiogenesis, (2) vascular co-option, (3) myeloid cell-driven angiogenesis, (4) vessel
intussusception, (5) vasculogenic mimicry, (6) bone marrow derived vasculogenesis, and (7)
cancer stem-like cell derived vasculogenesis (Carmeliet and Jain 2011; Plate, Scholz et al.
2012). Of the above-listed mechanisms, the first three seem to have a clear role in glioma
vascularization, as supported by pre-clinical tumor models (Plate, Scholz et al. 2012).

1. Classical sprouting angiogenesis. This is believed to be the primary modulator of neovascu‐
larization of the brain during development and in pathological conditions (Plate, Breier

Anti-Angiogenesis, Gene Therapy, and Immunotherapy in Malignant Gliomas
http://dx.doi.org/10.5772/58320

179



et al. 1994; Risau 1997; Kurz, Korn et al. 2001; Plate, Scholz et al. 2012). In this model, a
vascular sprout is led by tip cells toward an angiogenic stimulus that is produced by tumor
cells. This sprout then elongates via dividing stalk cells. The newly formed vessel
undergoes remodeling to create a vascular lumen that allows blood flow (Plate, Scholz et
al. 2012). There is evidence to support that both tip and stalk cell phenotypes co-exist in
the glioblastoma vasculature (Plate, Breier et al. 1994; Broholm and Laursen 2004;
Dieterich, Mellberg et al. 2012; Plate, Scholz et al. 2012)

2. Vascular co-option. This is the process by which tumor cells infiltrate into normal tissue and
adopt pre-existing vasculature (Holash, Wiegand et al. 1999; Plate, Scholz et al. 2012). This
pathway seems to be enhanced through activity of pro-angiogenic molecules, like VEGF
and Angiopoeitin-2 (Holash, Wiegand et al. 1999).

3. Myeloid cell-driven angiogenesis. Tumor-associated macrophages contribute to angiogene‐
sis by secreting pro-angiogenic factors such as fibroblast growth factor 2 (FGF2), VEGF,
and matrix metalloproteinases (MMPs) (Plate, Scholz et al. 2012). Tumor-associated
macrophages may also assist two vascular sprouts to form a direct connection through a
process referred to as anastomosis (Plate, Scholz et al. 2012).

The role of the remaining four mechanisms in glioma angiogenesis is not yet fully understood.
Briefly, vessel intussusception is the process by which a new vessel is formed by internal division
of the pre-existing capillary plexus without sprouting through a series of steps that include
vascular invagination, intra-luminar pillar formation and remodeling, and splitting (Djonov,
Schmid et al. 2000; Plate, Scholz et al. 2012). Vasculogenic mimicry refers to the process by which
cancer cells form de novo vasculature as a result of their high plasticity (Plate, Scholz et al.
2012; Seftor, Hess et al. 2012). Bone marrow-derived vasculogenesis refers to the process by which
circulating endothelial precursor cells are recruited to the tumor and are incorporated into the
vessel wall (Plate, Scholz et al. 2012; Huang, Peng et al. 2013). Cancer stem-like derived vasculo‐
genesis is the process by which tumor-derived cells trans-differentiate into endothelial cells
(Ricci-Vitiani, Pallini et al. 2010; Plate, Scholz et al. 2012). It is not the goal of this chapter to
study these mechanisms in detail, but instead to provide an overview of angiogenesis in glioma
and discuss key molecules involved and possible therapeutic options that target them.

4. Targets for anti-angiogenics

4.1. VEGF receptor blockers

4.1.1. Bevacizumab

Bevacizumab (Avastin) is a recombinant humanized monoclonal antibody that targets VEGF.
It was the first anti-angiogenesis agent to be approved by the United States Food and Drug
Administration (FDA) in 2004. Bevacizumab was initially approved for use in metastatic
colorectal cancer, but its clinical use has been extended to other cancer types (Van Meter and
Kim 2010). Bevacizumab has six VEGF binding residues that neutralize the ability of VEGF to
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bind to its target receptors on endothelial cells. This neutralization has been shown to have
efficacy not only in in vitro studies, but also in in vivo ones.

Recently, two phase III clinical trials investigating Bevacizumab as a first-line treatment for
newly diagnosed GBM tumors were completed. Unfortunately, both trials were consistent in
showing no statistically-significant prolongation of overall survival time (OS) but there was a
slight improvement in progression-free survival time (PFS). The two trials had a similar design,
namely double-blinded prospective trials where newly diagnosed GBM patients were
randomized to either standard of care with Bevacizumab or with placebo; the standard of care
consisted of radiation therapy with adjuvant and concomitant Temozolomide. A total of 637
and 921 adult participants were randomized in the Radiation Therapy Oncology Group
(RTOG) and AVAglio trials, respectively. The median OS was 16.1 vs. 15.7 months, in the
RTOG trial (p = 0.11). The median PFS was longer in patients who received Bevacizumab, 7.3
vs. 10.7 months (p = 0.004) and 6.2 vs. 10.6 months (p<0.0001) in the RTOG and Avaglio trials,
respectively. In addition, the results also showed a higher incidence of adverse reactions in the
Bevacizumab arm, including neutropenia, hypertension, and deep vein thromboembolism and
pulmonary emboli (Gilbert, Dignam et al. 2013). The AVAglio trial noted delayed time to
definitive deterioration in terms of health-related quality of life (p<0.0001) and Karnofsky
Performance Scale, and increased time to corticosteroid initiation (HR 0.71, 95% CI 0.57-0.88;
median 12.3 vs. 3.7 months) (Henriksson, Bottomley et al. 2013). These results are discouraging
and do not justify the use of Bevacizumab in a GBM patient who has had a reasonable surgical
resection.

The data support the idea that Bevacizumab may be reserved until the time of recurrence as
several prospective phase II clinical trials have shown prolongation of the 6-month PFS rates
ranging from 25 to 42.6 percent and median OS times from 6.5 to 9.2 months. However, a
significant limitation of these trials is that the comparison was made to historical controls
(Friedman, Prados et al. 2009; Kreisl, Kim et al. 2009; Raizer, Grimm et al. 2010).

4.1.2. VEGF-trap

VEGF-Trap (drug name Aflibercept) is a recombinant fusion protein that acts as a decoy
receptor for VEGF, thereby blocking its interaction with its normal receptors and interrupting
the VEGF signaling pathway (Holash, Davis et al. 2002). VEGF-Trap was developed by
incorporating domains of both VEGF receptor 1 and VEGF receptor 2 fused to the constant
region of human immunoglobulin G1. VEGF Trap has a high affinity for all isoforms of VEGF-
A, as well as for PlGF, another pro-angiogenic agent that primarily acts on VEGF receptor 1
(Holash, Davis et al. 2002; Gomez-Manzano, Holash et al. 2008; de Groot, Lamborn et al. 2011).
Preclinical studies demonstrated efficacy of VEGF-trap in glioma animal models (Haapa-
Paananen, Chen et al. 2013). de Groot et al. conducted a Phase II study of Aflibercept in
recurrent malignant glioma; unfortunately, their results revealed that Aflibercept had minimal
activity as a single-agent against recurrent GBM (de Groot, Lamborn et al. 2011).
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4.1.3. Sunitinib

Sunitinib is a small-molecule inhibitor of VEGF receptors 1 and 2, PDGFR alpha and beta, stem-
cell factor receptor (SCFR), fms-like tyrosine kinase 3 (FLT-3), colony-stimulating factor-1
receptor (CSF-1R), and the RET oncogene tyrosine kinase (RET) (Chow and Eckhardt 2007;
Kreisl, Smith et al. 2013). It has FDA approval for use in metastatic renal-cell carcinoma,
gastorintestical stromal tumors refractory to imatinib mesylate, and advanced pancreatic
neuroendocrine neoplasms (Kreisl, Smith et al. 2013). Recently, a phase II clinical trial was
completed investigating the role of continuous daily Sunitinib in recurrent GBM in both
Bevacizumab exposed and Bevacizumab naïve patients (Kreisl, Smith et al. 2013). Unfortu‐
nately, the results did not demonstrate an improvement in PFS in either population. Recent
evidence by Costa et al suggests that silencing of micro-RNA 21 (miR-21), a small, non-coding
RNA that regulates gene expression, may enhance the anti-tumoral effect of Sunitinib (Costa,
Cardoso et al. 2013).

4.1.4. Nintedanib

Nintedanib (BIBF 1120) is a small, orally available triple angio-kinase inhibitor that targets
VEGF receptors 1-3, FGFRs 1-3, and PDGFR alpha and beta. It is still in phase III development,
but preclinical models demonstrated effective growth inhibition of both endothelial and
perivascular cells when the above listed pathways were simultaneously interrupted (Hilberg,
Roth et al. 2008; Muhic, Poulsen et al. 2013). Phase I/II clinical trial results have demonstrated
tumor stabilization rates of 46-76%, when tested in various tumor types (Mross, Stefanic et al.
2010; Okamoto, Kaneda et al. 2010; Richeldi, Costabel et al. 2011; Muhic, Poulsen et al. 2013)
Muhic et al. conducted an uncontrolled phase II trial assessing the efficacy of single-agent
Nintedanib in patients with recurrent GBM who had previously failed 1-2 lines of therapy;
unfortunately, this study was stopped prematurely secondary to futility (Muhic, Poulsen et
al. 2013).

4.1.5. Vandetanib

Vandetanib is a multi-targeted tyrosine kinase inhibitor of VEGF receptor 2, epidermal growth
factor receptor (EGFR) 2, and the rearranged-during-transfection oncogene that results in the
simultaneous blocking of several pathways, including angiogenesis (Kreisl, McNeill et al.
2012). Preclinical rat and mice glioma xenografts have shown anti-tumor effects of Vandetanib
(Sandstrom, Johansson et al. 2004; Rich, Sathornsumetee et al. 2005; Kreisl, McNeill et al.
2012). Kreisl et al. conducted a phase I/II trial of Vandetanib in patients with recurrent
malignant glioma and found that it did not have activity as a single agent in this population
(Kreisl, McNeill et al. 2012).

4.2. Integrins

Integrins are cell surface receptors that play key roles in mediating the migration of endothelial
cells. They are receptors for many different extracellular matrix (ECM) ligands and they play
an important role in angiogenesis via the processes of integrin-mediated adhesion, migration,
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proliferation, survival, and differentiation of cells that form the vasculature (Hynes, Bader et
al. 1999; Tchaicha, Mobley et al. 2010). The αv integrin subfamily has five members- αvβ1,
αvβ3, αvβ5, αvβ6, and αvβ8- and the αvβ8 member, in particular, has been shown in mouse
models to be a central regulator of angiogenesis in the developing brain (McCarty, Monahan-
Earley et al. 2002; Zhu, Motejlek et al. 2002; Tchaicha, Reyes et al. 2011).

Cilengitide, a selective inhibitor of αvβ3 and αvβ5 integrins, demonstrated preclinical activity
against angiogenesis in GBMs and it is also being investigated clinically (MacDonald, Taga et
al. 2001; Onishi, Kurozumi et al. 2013). A phase II study of Cilengitide conducted by Reardon
et al. was associated with a median survival of 9.9 months and a PFS rate of 15% in recurrent
glioma patients. Unfortunately, the CENTRIC phase III trial revealed that Cilengitide failed to
prolong PFS or OS in patients with newly diagnosed GBM and a methylated MGMT promoter
(Onishi, Kurozumi et al. 2013).

4.3. Notch signaling

4.3.1. Ligands

Notch signaling in host endothelial cells is important for angiogenesis. Recent evidence has
shown that delta-like ligand 4 (DLL4), a member of the Notch ligand family, is expressed in
tumor cells and can activate Notch signaling in host endothelial cells and can therefore affect
the vascular function of tumors. In fact, DLL4 expression appears to be regulated by VEGF
and the tumor’s hypoxic microenvironment (Patel, Li et al. 2005; Li, Gong et al. 2012). Increased
levels of VEGF lead to an up-regulation of DLL4 expression which results in endothelial cells
expressing Notch receptors to down-regulate VEGF-induced vessel sprouting and branching
and ultimately resulting in productive and efficient angiogenesis (Li, Gong et al. 2012).
Furthermore, it has also been demonstrated that blockade of DLL4 can result in non-productive
angiogenesis by causing tumor growth inhibition and a decrease in tissue perfusion (Scehnet,
Jiang et al. 2007; Li, Gong et al. 2012). Li et al. recently conducted a study to investigate the role
of DLL4 in malignant gliomas, specifically in terms of vascular quantity and quality and
showed that DLL4 expression was significantly up-regulated in malignant human gliomas as
compared to normal brain tissue. Additionally, they also demonstrated that DLL4-positive
malignant glioma tissues have increased proliferation of vascular endothelial cells and pericyte
recruitment, as compared to DLL4-negative malignant glioma tissue, and that DLL4-positive
tissues had a higher vessel maturation index (VMI). These results provide evidence that DLL4
inhibition may alter glioma vessel maturity and, in turn, may improve the effects of anti-
angiogenic agents (Li, Gong et al. 2012).

4.3.2. Gamma secretase

Gamma secretase is a pre-senilin dependent protease that acts as a regulator of angiogenesis
through a series of complex steps that are beyond the scope of this chapter. However, part of
its role in angiogenesis is related to Notch signaling (Jain, di Tomaso et al. 2007; Boulton, Cai
et al. 2008). RO4929097 is a potent and selective gamma secretase inhibitor of Notch signaling
that is being investigated as an anti-tumor agent. Phase I studies have demonstrated safety
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4.1.3. Sunitinib

Sunitinib is a small-molecule inhibitor of VEGF receptors 1 and 2, PDGFR alpha and beta, stem-
cell factor receptor (SCFR), fms-like tyrosine kinase 3 (FLT-3), colony-stimulating factor-1
receptor (CSF-1R), and the RET oncogene tyrosine kinase (RET) (Chow and Eckhardt 2007;
Kreisl, Smith et al. 2013). It has FDA approval for use in metastatic renal-cell carcinoma,
gastorintestical stromal tumors refractory to imatinib mesylate, and advanced pancreatic
neuroendocrine neoplasms (Kreisl, Smith et al. 2013). Recently, a phase II clinical trial was
completed investigating the role of continuous daily Sunitinib in recurrent GBM in both
Bevacizumab exposed and Bevacizumab naïve patients (Kreisl, Smith et al. 2013). Unfortu‐
nately, the results did not demonstrate an improvement in PFS in either population. Recent
evidence by Costa et al suggests that silencing of micro-RNA 21 (miR-21), a small, non-coding
RNA that regulates gene expression, may enhance the anti-tumoral effect of Sunitinib (Costa,
Cardoso et al. 2013).

4.1.4. Nintedanib

Nintedanib (BIBF 1120) is a small, orally available triple angio-kinase inhibitor that targets
VEGF receptors 1-3, FGFRs 1-3, and PDGFR alpha and beta. It is still in phase III development,
but preclinical models demonstrated effective growth inhibition of both endothelial and
perivascular cells when the above listed pathways were simultaneously interrupted (Hilberg,
Roth et al. 2008; Muhic, Poulsen et al. 2013). Phase I/II clinical trial results have demonstrated
tumor stabilization rates of 46-76%, when tested in various tumor types (Mross, Stefanic et al.
2010; Okamoto, Kaneda et al. 2010; Richeldi, Costabel et al. 2011; Muhic, Poulsen et al. 2013)
Muhic et al. conducted an uncontrolled phase II trial assessing the efficacy of single-agent
Nintedanib in patients with recurrent GBM who had previously failed 1-2 lines of therapy;
unfortunately, this study was stopped prematurely secondary to futility (Muhic, Poulsen et
al. 2013).

4.1.5. Vandetanib

Vandetanib is a multi-targeted tyrosine kinase inhibitor of VEGF receptor 2, epidermal growth
factor receptor (EGFR) 2, and the rearranged-during-transfection oncogene that results in the
simultaneous blocking of several pathways, including angiogenesis (Kreisl, McNeill et al.
2012). Preclinical rat and mice glioma xenografts have shown anti-tumor effects of Vandetanib
(Sandstrom, Johansson et al. 2004; Rich, Sathornsumetee et al. 2005; Kreisl, McNeill et al.
2012). Kreisl et al. conducted a phase I/II trial of Vandetanib in patients with recurrent
malignant glioma and found that it did not have activity as a single agent in this population
(Kreisl, McNeill et al. 2012).

4.2. Integrins

Integrins are cell surface receptors that play key roles in mediating the migration of endothelial
cells. They are receptors for many different extracellular matrix (ECM) ligands and they play
an important role in angiogenesis via the processes of integrin-mediated adhesion, migration,
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proliferation, survival, and differentiation of cells that form the vasculature (Hynes, Bader et
al. 1999; Tchaicha, Mobley et al. 2010). The αv integrin subfamily has five members- αvβ1,
αvβ3, αvβ5, αvβ6, and αvβ8- and the αvβ8 member, in particular, has been shown in mouse
models to be a central regulator of angiogenesis in the developing brain (McCarty, Monahan-
Earley et al. 2002; Zhu, Motejlek et al. 2002; Tchaicha, Reyes et al. 2011).

Cilengitide, a selective inhibitor of αvβ3 and αvβ5 integrins, demonstrated preclinical activity
against angiogenesis in GBMs and it is also being investigated clinically (MacDonald, Taga et
al. 2001; Onishi, Kurozumi et al. 2013). A phase II study of Cilengitide conducted by Reardon
et al. was associated with a median survival of 9.9 months and a PFS rate of 15% in recurrent
glioma patients. Unfortunately, the CENTRIC phase III trial revealed that Cilengitide failed to
prolong PFS or OS in patients with newly diagnosed GBM and a methylated MGMT promoter
(Onishi, Kurozumi et al. 2013).

4.3. Notch signaling

4.3.1. Ligands

Notch signaling in host endothelial cells is important for angiogenesis. Recent evidence has
shown that delta-like ligand 4 (DLL4), a member of the Notch ligand family, is expressed in
tumor cells and can activate Notch signaling in host endothelial cells and can therefore affect
the vascular function of tumors. In fact, DLL4 expression appears to be regulated by VEGF
and the tumor’s hypoxic microenvironment (Patel, Li et al. 2005; Li, Gong et al. 2012). Increased
levels of VEGF lead to an up-regulation of DLL4 expression which results in endothelial cells
expressing Notch receptors to down-regulate VEGF-induced vessel sprouting and branching
and ultimately resulting in productive and efficient angiogenesis (Li, Gong et al. 2012).
Furthermore, it has also been demonstrated that blockade of DLL4 can result in non-productive
angiogenesis by causing tumor growth inhibition and a decrease in tissue perfusion (Scehnet,
Jiang et al. 2007; Li, Gong et al. 2012). Li et al. recently conducted a study to investigate the role
of DLL4 in malignant gliomas, specifically in terms of vascular quantity and quality and
showed that DLL4 expression was significantly up-regulated in malignant human gliomas as
compared to normal brain tissue. Additionally, they also demonstrated that DLL4-positive
malignant glioma tissues have increased proliferation of vascular endothelial cells and pericyte
recruitment, as compared to DLL4-negative malignant glioma tissue, and that DLL4-positive
tissues had a higher vessel maturation index (VMI). These results provide evidence that DLL4
inhibition may alter glioma vessel maturity and, in turn, may improve the effects of anti-
angiogenic agents (Li, Gong et al. 2012).

4.3.2. Gamma secretase

Gamma secretase is a pre-senilin dependent protease that acts as a regulator of angiogenesis
through a series of complex steps that are beyond the scope of this chapter. However, part of
its role in angiogenesis is related to Notch signaling (Jain, di Tomaso et al. 2007; Boulton, Cai
et al. 2008). RO4929097 is a potent and selective gamma secretase inhibitor of Notch signaling
that is being investigated as an anti-tumor agent. Phase I studies have demonstrated safety
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and phase II studies are underway to assess its role in recurrent GBM when given alone and
in combination with Bevacizumab (Tolcher, Messersmith et al. 2012).

4.4. Transforming growth factor beta (TGF-β)

TGF-β is a multifunctional protein that is involved in the regulation of proliferation, differen‐
tiation, and survival of many cells, including glioma cells and endothelial cells (Bertolino,
Deckers et al. 2005). TGF-β1 and TGF-β2, members of the TGF-β family, stimulate expression
of VEGF, the plasminogen activator inhibitor, and some metalloproteinases that are involved
in vascular remodeling, angiogenesis, and degradation of the extracellular matrix. Animal
models demonstrate that inhibitors of TGF-β signaling reduce viability and invasion of gliomas
(Kaminska, Kocyk et al. 2013). Fresolimumab, a human monoclonal antibody that inactivates
all forms of TGF-β, is being investigated as a potential therapeutic for glioma (Trachtman,
Fervenza et al. 2011).

4.5. Topoisomerase I inhibitors

Topoisomerase I is critical for efficient DNA replication and cell division. Topoisomerase I
activity is increased in malignant gliomas and inhibitors of topoisomerase I activity, such as
Camptothecin, Irinotecan, and the indolocarbazoles, have been tested as potential glioma
therapies (Pommier 2006; Feun and Savaraj 2008; Vredenburgh, Desjardins et al. 2009;
Lampropoulou, Manioudaki et al. 2011). Recently, Lampropoulou et al. have shown that
inhibition of topoisomerase I activity by the pyrrolo[2,3-α]carbazole derivatives may be linked
to a decrease in the number of viable glioma and endothelial cells in vitro and may also be
related to inhibition of angiogenesis in vivo (Lampropoulou, Manioudaki et al. 2011).

4.6. Oncoproteins

B-cell specific Moloney murine leukemia virus integration site 1 (Bmi-1) is an oncoprotein that
plays a role in the development and progression of cancers including breast, lung, prostate,
and interestingly, brain (Jagani, Wiederschain et al. 2010). Bmi-1 is a member of the Polycomb
gene family of proteins that function as epigenetic silencers of genes that control self-renewal,
differentiation, and proliferation; dysregulation of Bmi-1 has been associated with cancer cell
proliferation, invasion, and repression of apoptosis or senescence (Jiang, Song et al. 2013). In
particular, Bmi-1 promotes growth and survival of glioma tumor cells (Li, Gong et al. 2010;
Jiang, Song et al. 2013); furthermore, Bmi-1 promotes angiogenesis of gliomas by activating
the NF-κB signaling pathway in vitro as well as in vivo (Jiang, Song et al. 2013). Thus, targeting
Bmi-1 is a promising aim in gliomas.

4.7. Other potential therapeutics in development

4.7.1. Carboxyamidotriazole orotate (CTO)

CTO is a triazole orotate formulation of carboxyamidotriazole (CAI), which is an inhibitor of
receptor-operated calcium channel-mediated calcium influx. CTO has anti-proliferative, anti-
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invasive, as well as anti-angiogenic properties in several human cancer cell lines including
glioblastoma (Ge, Rempel et al. 2000; Fiorio Pla, Grange et al. 2008; Karmali, Maxuitenko et al.
2011). In initial clinical development, CAI was shown to have poor bioavailability, limited
efficacy, and high toxicity. CTO, however, appears to have much better bioavailability and less
toxicity (Grover, Kelly et al. 2007; Karmali, Maxuitenko et al. 2011).

4.7.2. TRC105

TRC105 is a novel, first-in-class antibody against endoglin (CD 105), an endothelial cell
receptor that is essential to angiogenesis and acts primarily through its effects on TGF-β and
BMP-9 signaling. A phase I trial conducted by Rosen et al. demonstrated that this drug is well-
tolerated at clinically relevant doses and multiple phase II trials are ongoing to evaluate its
potential role in other malignancies, including malignant glioma (Rosen, Hurwitz et al. 2012).

4.7.3. Thalidomide and lenalidomide

Thalidomide and its analogue Lenalidomide have both been shown to have anti-angiogenic
and anti-tumor effects in preclinical models (D'Amato, Loughnan et al. 1994; Short, Traish et
al. 2001). The anti-angiogenic effects are thought to be related to a hepatic metabolite that
inhibits endothelial growth, although the exact mechanism is unclear (Short, Traish et al.
2001). Additionally, an early clinical trial conducted by Baumann et al. showed that the
combination of Thalidomide with Temozolomide appeared to be more effective than Thali‐
domide alone in the treatment of GBM (Baumann, Bjeljac et al. 2004). Additional studies are
underway to examine the role of Thalidomide in combination with other anti-glioma agents.

4.7.4. Tandutinib

Tandutinib (MLN0518) is an active inhibitor of type III receptor kinases with activity against
PDGF receptors alpha and beta, FLT3, and c-KIT. Its anti-angiogenic effects appear to be
mediated by interruption of PDGF/PDGFR. It is currently being investigated in combination
therapy with other agents against malignant glioma (Boult, Terkelsen et al. 2013).

5. Immunotherapy for malignant gliomas

Our immune system can be viewed as an intricate balance of opposing functions that lead to
either immunity or tolerance. Perturbations that disrupt this stable equilibrium could lead to
autoimmune disease or tolerance to malignant cells. In general, the immune system has the
ability to recognize and to react to foreign antigens, which leads to their removal as well as to
the destruction of cells that express them. Before attempting immunotherapy for cancer, one
needs to understand the crucial balancing acts of the immune response that eventually lead to
a desired outcome; in addition, the central nervous system has unique features that require
special considerations.
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and phase II studies are underway to assess its role in recurrent GBM when given alone and
in combination with Bevacizumab (Tolcher, Messersmith et al. 2012).

4.4. Transforming growth factor beta (TGF-β)

TGF-β is a multifunctional protein that is involved in the regulation of proliferation, differen‐
tiation, and survival of many cells, including glioma cells and endothelial cells (Bertolino,
Deckers et al. 2005). TGF-β1 and TGF-β2, members of the TGF-β family, stimulate expression
of VEGF, the plasminogen activator inhibitor, and some metalloproteinases that are involved
in vascular remodeling, angiogenesis, and degradation of the extracellular matrix. Animal
models demonstrate that inhibitors of TGF-β signaling reduce viability and invasion of gliomas
(Kaminska, Kocyk et al. 2013). Fresolimumab, a human monoclonal antibody that inactivates
all forms of TGF-β, is being investigated as a potential therapeutic for glioma (Trachtman,
Fervenza et al. 2011).

4.5. Topoisomerase I inhibitors

Topoisomerase I is critical for efficient DNA replication and cell division. Topoisomerase I
activity is increased in malignant gliomas and inhibitors of topoisomerase I activity, such as
Camptothecin, Irinotecan, and the indolocarbazoles, have been tested as potential glioma
therapies (Pommier 2006; Feun and Savaraj 2008; Vredenburgh, Desjardins et al. 2009;
Lampropoulou, Manioudaki et al. 2011). Recently, Lampropoulou et al. have shown that
inhibition of topoisomerase I activity by the pyrrolo[2,3-α]carbazole derivatives may be linked
to a decrease in the number of viable glioma and endothelial cells in vitro and may also be
related to inhibition of angiogenesis in vivo (Lampropoulou, Manioudaki et al. 2011).

4.6. Oncoproteins

B-cell specific Moloney murine leukemia virus integration site 1 (Bmi-1) is an oncoprotein that
plays a role in the development and progression of cancers including breast, lung, prostate,
and interestingly, brain (Jagani, Wiederschain et al. 2010). Bmi-1 is a member of the Polycomb
gene family of proteins that function as epigenetic silencers of genes that control self-renewal,
differentiation, and proliferation; dysregulation of Bmi-1 has been associated with cancer cell
proliferation, invasion, and repression of apoptosis or senescence (Jiang, Song et al. 2013). In
particular, Bmi-1 promotes growth and survival of glioma tumor cells (Li, Gong et al. 2010;
Jiang, Song et al. 2013); furthermore, Bmi-1 promotes angiogenesis of gliomas by activating
the NF-κB signaling pathway in vitro as well as in vivo (Jiang, Song et al. 2013). Thus, targeting
Bmi-1 is a promising aim in gliomas.

4.7. Other potential therapeutics in development

4.7.1. Carboxyamidotriazole orotate (CTO)

CTO is a triazole orotate formulation of carboxyamidotriazole (CAI), which is an inhibitor of
receptor-operated calcium channel-mediated calcium influx. CTO has anti-proliferative, anti-
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invasive, as well as anti-angiogenic properties in several human cancer cell lines including
glioblastoma (Ge, Rempel et al. 2000; Fiorio Pla, Grange et al. 2008; Karmali, Maxuitenko et al.
2011). In initial clinical development, CAI was shown to have poor bioavailability, limited
efficacy, and high toxicity. CTO, however, appears to have much better bioavailability and less
toxicity (Grover, Kelly et al. 2007; Karmali, Maxuitenko et al. 2011).

4.7.2. TRC105

TRC105 is a novel, first-in-class antibody against endoglin (CD 105), an endothelial cell
receptor that is essential to angiogenesis and acts primarily through its effects on TGF-β and
BMP-9 signaling. A phase I trial conducted by Rosen et al. demonstrated that this drug is well-
tolerated at clinically relevant doses and multiple phase II trials are ongoing to evaluate its
potential role in other malignancies, including malignant glioma (Rosen, Hurwitz et al. 2012).

4.7.3. Thalidomide and lenalidomide

Thalidomide and its analogue Lenalidomide have both been shown to have anti-angiogenic
and anti-tumor effects in preclinical models (D'Amato, Loughnan et al. 1994; Short, Traish et
al. 2001). The anti-angiogenic effects are thought to be related to a hepatic metabolite that
inhibits endothelial growth, although the exact mechanism is unclear (Short, Traish et al.
2001). Additionally, an early clinical trial conducted by Baumann et al. showed that the
combination of Thalidomide with Temozolomide appeared to be more effective than Thali‐
domide alone in the treatment of GBM (Baumann, Bjeljac et al. 2004). Additional studies are
underway to examine the role of Thalidomide in combination with other anti-glioma agents.

4.7.4. Tandutinib

Tandutinib (MLN0518) is an active inhibitor of type III receptor kinases with activity against
PDGF receptors alpha and beta, FLT3, and c-KIT. Its anti-angiogenic effects appear to be
mediated by interruption of PDGF/PDGFR. It is currently being investigated in combination
therapy with other agents against malignant glioma (Boult, Terkelsen et al. 2013).

5. Immunotherapy for malignant gliomas

Our immune system can be viewed as an intricate balance of opposing functions that lead to
either immunity or tolerance. Perturbations that disrupt this stable equilibrium could lead to
autoimmune disease or tolerance to malignant cells. In general, the immune system has the
ability to recognize and to react to foreign antigens, which leads to their removal as well as to
the destruction of cells that express them. Before attempting immunotherapy for cancer, one
needs to understand the crucial balancing acts of the immune response that eventually lead to
a desired outcome; in addition, the central nervous system has unique features that require
special considerations.
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In this section, our goals are to introduce the readers to the basics of peripheral immunology
focusing on how foreign antigens activate the immune response leading to immunity vs.
tolerance. Nevertheless, a detailed discussion of immunity is not within our scope; in some
disciplines, we will just be scratching the surface. We will detail antigen processing and
presentation, T cell priming, with attention to the synapse between T cells and the antigen-
presenting cell (APC) and clonal expansion. Because of our interest in brain tumors, we will
compare the systemic immune response to that of the CNS, discussing the historical thoughts
of the immune privileges of the CNS and more recent evidence of processing of CNS antigens
via the glymphatic pathway. The stage will be set for a discussion of immunotherapy for brain
tumors, including priming in the periphery, priming in the CNS, and passive transfer of
immunity. The last section lists the clinical trials that employ immunotherapy for brain tumors
and their proposed modes of action.

5.1. Peripheral immunology

As part of the adaptive immune system, antigens enter the body through epithelium and are
immediately met in the infected tissue by APCs, most commonly dendritic cells (DCs), which
then process the antigens into protein fragments (Hugues 2010; Joffre, Segura et al. 2012; Abbas,
Lichtman et al. 2014). DCs are a type of APC that can induce priming of naïve CD4+ and CD8+
T cells into helper and cytotoxic T cells through a series of steps that include antigen processing,
antigen presentation, and interactions with co-stimulatory molecules, in addition to the
secretion of various cytokines (Hivroz, Chemin et al. 2012). If not processed locally by an APC,
the antigens drain into lymph nodes via lymphatic vessels where an APC will be waiting
(Abbas, Lichtman et al. 2014). These antigens are processed internally through degradation in
the cytosol, processing in the endoplasmic reticulum, and transportation to the cell surface by
the Golgi apparatus (Joffre, Segura et al. 2012). APCs then travel to the lymph nodes, where
naïve T cells can recognize displayed protein fragments of antigens (Abbas, Lichtman et al.
2014). DCs serve as the most specialized of the APCs and assist in differentiating naïve T cells
into both effector and memory cells. Once activated, effector cells then travel via the blood
stream to the site of infection where they can recognize antigens being presented by other types
of cells and initiate cytotoxic responses (Abbas, Lichtman et al. 2014).

All nucleated cells in the body display a major histocompatibility complex (MHC) I molecule
for presenting processed pathogens or infected cells to T lymphocytes once detected (Joffre,
Segura et al. 2012). Only CD8+ T cells bear receptors for MHC I; CD4+ T cells bear receptors
for MHC II, typically expressed by dendritic cells, macrophages, and B cells (Abbas, Lichtman
et al. 2014). Nucleated cells produce peptide antigens from viruses living in the cell, phago‐
cytosed and endocytosed organisms, and proteins derived from mutated self-genes (Joffre,
Segura et al. 2012; Abbas, Lichtman et al. 2014). Traditionally, exogenous antigens are pre‐
sented via MHC II-bearing cells and endogenous antigens by MHC I cells, but cross-presen‐
tation permits MHC I cells to present exogenous antigens (Jarry, Jeannin et al. 2013).
Additionally, DCs can ingest virally-infected host cells and present the processed antigens via
MHC I to CD8+ naïve T cells through cross-priming (Abbas, Lichtman et al. 2014). Similarly,
infected DCs can prime CD8+ T cells via MHC I by directly presenting the processed antigen
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(Joffre, Segura et al. 2012). This cross-priming process has been implicated in immune re‐
sponses not only to infection, but also to cancer and autoimmune disease (Jarry, Jeannin et al.
2013)

5.1.2. T cell priming and activation

T cell priming by DCs induces activation, cytokine secretion, and clonal proliferation (Mempel,
Henrickson et al. 2004). For T-cell activation, both the MHC-bound antigen and the MHC itself
must be recognized by the T-cell receptor (TCR) and the co-receptor, respectively (Abbas,
Lichtman et al. 2014). This process of priming naïve T cells into effector and helper cells occurs
in lymphoid organs (Joffre, Segura et al. 2012). DCs prime the T cells during three stages: 1.
Contact for exchange of information between the T cell and the dendrite in the lymphocyte
pool, 2. The formation of a stable bond followed by secretion of interleukin-2 and interferon-
γ, and 3. Rapid movement and clonal expansion (Mempel, Henrickson et al. 2004).

The synapse between the T cell and the APC requires the interaction of not only the TCR and
MHC, but also adhesion molecules and co-receptors to receive signals from the APC (see
section 5.1.3 below). Early on during this process various cytokines are released. Certain
cytokines lead to clonal expansion of antigen-specific lymphocytes, some of which become
differentiated into effector T cells that can remove infected cells. Others differentiate into
memory T cells that serve to remain inactive until re-exposed to the same antigen (Abbas,
Lichtman et al. 2014). During future encounters, DC-bearing antigens will migrate to the
paracortical region in the lymph node to search for a T cell that recognizes its antigen,
ultimately activating clonal expansion (Bousso, 2003).

5.1.2.1. T lymphocyte — Antigen presenting cell contact

To begin the process of priming T cells, the DC must physically contact the naïve T cell. This
process tends to occur in lymphoid tissue, specifically in the draining lymph nodes, spleen,
and Peyer’s patches, after infiltration of antigen-APC complexes from peripheral tissue
through lymph vessels (Mempel, Henrickson et al. 2004; Hugues 2010). Mempel et al. showed
that naïve T cells re-circulate continually between the blood and lymph nodes searching for
antigen. In the absence of antigen, the T cells move randomly in the three dimensions in a stop-
and-go manner leading to approximately 500-5000 T cells contacting one DC per hour
(Mempel, Henrickson et al. 2004; Miller, Hejazi et al. 2004; Hugues 2010). In the absence of
antigen, DCs enter the lymph node via the sub-capsular cortex and travel to the paracortex
where T cells are localized. Then, the dendrites on DCs scan the T cells which results in transient
interactions of up to a few minutes (Hugues 2010). In the presence of antigen, the data supports
a three-phase model. First, within a few hours of lymph node entry, contact between naïve T
cell-DC with peptide increases in duration, now lasting up to five minutes. Within ten hours
of antigen entry into the lymph node, mobility slows dramatically as T cells and DCs form
more stable bonds, which will persist from two to twenty four hours. This step also promotes
the up-regulation of activation markers. After thirty hours, the bonds separate and this is
followed by increased mobility of T cells, corresponding with T cell proliferation (Miller, Wei
et al. 2002; Mempel, Henrickson et al. 2004; Hugues 2010).
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In this section, our goals are to introduce the readers to the basics of peripheral immunology
focusing on how foreign antigens activate the immune response leading to immunity vs.
tolerance. Nevertheless, a detailed discussion of immunity is not within our scope; in some
disciplines, we will just be scratching the surface. We will detail antigen processing and
presentation, T cell priming, with attention to the synapse between T cells and the antigen-
presenting cell (APC) and clonal expansion. Because of our interest in brain tumors, we will
compare the systemic immune response to that of the CNS, discussing the historical thoughts
of the immune privileges of the CNS and more recent evidence of processing of CNS antigens
via the glymphatic pathway. The stage will be set for a discussion of immunotherapy for brain
tumors, including priming in the periphery, priming in the CNS, and passive transfer of
immunity. The last section lists the clinical trials that employ immunotherapy for brain tumors
and their proposed modes of action.

5.1. Peripheral immunology

As part of the adaptive immune system, antigens enter the body through epithelium and are
immediately met in the infected tissue by APCs, most commonly dendritic cells (DCs), which
then process the antigens into protein fragments (Hugues 2010; Joffre, Segura et al. 2012; Abbas,
Lichtman et al. 2014). DCs are a type of APC that can induce priming of naïve CD4+ and CD8+
T cells into helper and cytotoxic T cells through a series of steps that include antigen processing,
antigen presentation, and interactions with co-stimulatory molecules, in addition to the
secretion of various cytokines (Hivroz, Chemin et al. 2012). If not processed locally by an APC,
the antigens drain into lymph nodes via lymphatic vessels where an APC will be waiting
(Abbas, Lichtman et al. 2014). These antigens are processed internally through degradation in
the cytosol, processing in the endoplasmic reticulum, and transportation to the cell surface by
the Golgi apparatus (Joffre, Segura et al. 2012). APCs then travel to the lymph nodes, where
naïve T cells can recognize displayed protein fragments of antigens (Abbas, Lichtman et al.
2014). DCs serve as the most specialized of the APCs and assist in differentiating naïve T cells
into both effector and memory cells. Once activated, effector cells then travel via the blood
stream to the site of infection where they can recognize antigens being presented by other types
of cells and initiate cytotoxic responses (Abbas, Lichtman et al. 2014).

All nucleated cells in the body display a major histocompatibility complex (MHC) I molecule
for presenting processed pathogens or infected cells to T lymphocytes once detected (Joffre,
Segura et al. 2012). Only CD8+ T cells bear receptors for MHC I; CD4+ T cells bear receptors
for MHC II, typically expressed by dendritic cells, macrophages, and B cells (Abbas, Lichtman
et al. 2014). Nucleated cells produce peptide antigens from viruses living in the cell, phago‐
cytosed and endocytosed organisms, and proteins derived from mutated self-genes (Joffre,
Segura et al. 2012; Abbas, Lichtman et al. 2014). Traditionally, exogenous antigens are pre‐
sented via MHC II-bearing cells and endogenous antigens by MHC I cells, but cross-presen‐
tation permits MHC I cells to present exogenous antigens (Jarry, Jeannin et al. 2013).
Additionally, DCs can ingest virally-infected host cells and present the processed antigens via
MHC I to CD8+ naïve T cells through cross-priming (Abbas, Lichtman et al. 2014). Similarly,
infected DCs can prime CD8+ T cells via MHC I by directly presenting the processed antigen

Tumors of the Central Nervous System – Primary and Secondary186

(Joffre, Segura et al. 2012). This cross-priming process has been implicated in immune re‐
sponses not only to infection, but also to cancer and autoimmune disease (Jarry, Jeannin et al.
2013)

5.1.2. T cell priming and activation

T cell priming by DCs induces activation, cytokine secretion, and clonal proliferation (Mempel,
Henrickson et al. 2004). For T-cell activation, both the MHC-bound antigen and the MHC itself
must be recognized by the T-cell receptor (TCR) and the co-receptor, respectively (Abbas,
Lichtman et al. 2014). This process of priming naïve T cells into effector and helper cells occurs
in lymphoid organs (Joffre, Segura et al. 2012). DCs prime the T cells during three stages: 1.
Contact for exchange of information between the T cell and the dendrite in the lymphocyte
pool, 2. The formation of a stable bond followed by secretion of interleukin-2 and interferon-
γ, and 3. Rapid movement and clonal expansion (Mempel, Henrickson et al. 2004).

The synapse between the T cell and the APC requires the interaction of not only the TCR and
MHC, but also adhesion molecules and co-receptors to receive signals from the APC (see
section 5.1.3 below). Early on during this process various cytokines are released. Certain
cytokines lead to clonal expansion of antigen-specific lymphocytes, some of which become
differentiated into effector T cells that can remove infected cells. Others differentiate into
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5.1.2.2. Naïve T lymphocyte — Antigen presenting cell synapse

Naïve T cells are constantly searching for presented antigen on the MHC-antigen complex of
mature DCs, from which the T cell and its receptor will require co-stimulation (Mempel,
Henrickson et al. 2004). T cell activation relies on the successful synapse of the T cell receptor
(TCR) with the peptide-MHC complex on the APC. Additionally, several signaling complexes
must connect between the TCR and the adaptor protein linker for activation of T cells and
subsequent filamentous actin (F-actin)-dependent TCR cluster formation (Dustin and Depoil
2011). The role of co-stimulatory and co-inhibitory proteins is to modulate the TCR signal to
increase or decrease activation of the T cell or to direct the response of that cell down a
particular differentiation pathway (Dustin and Depoil 2011).

Antigen recognition and adhesion involves simultaneous recognition of many molecules. In
the receptor layer, antigen recognition occurs by the TCR to the peptide with its co-receptor
CD4 or CD8 binding MHC II or MHC I, respectively. This is the first step in the signal cascade.
For signal transduction and co-stimulation, several transmembrane signaling molecules,
including CD3 and ζ chain, form part of the TCR complex and bind the MHC/antigen complex.
Additionally, CD28 (and CTLA-4) on the T cell binds B7-1 (CD80)/B7-2 (CD86) on the APC
(Dustin and Depoil 2011). The B7 proteins are created by APC in response to an antigen to
ensure that T cells are not activated by self-antigens. This key bond is essential for signaling
and thus activation of naïve T cells. Concurrently, the CD40 Ligand on the T cell and CD40 on
the APC unite and promote increased production of B7 and secretion of cytokines in the APC
in order to further encourage T cell activation (Abbas, Lichtman et al. 2014). For adhesion, the
T-cell integrin LFA-1 (Leukocyte function-associated antigen 1) binds ICAM-1 (Intercellular
adhesion molecule) on the APC (Dustin and Depoil 2011; Abbas, Lichtman et al. 2014).

The co-stimulatory signals play a key role in determining immunity or tolerance. Due to the
required co-receptors and signal transduction, many mechanisms are set in place to prevent
T cells from activating against self-protein. Through early central tolerance mechanisms
designed to prevent autoimmune disease, immature T cells that react to self-proteins undergo
apoptosis early in development (Luptrawan, Liu et al. 2008). This activation-induced cell death
is assisted through the interaction of Fas, which is expressed everywhere and in high concen‐
tration in the thymus, with Fas Ligand on T lymphocytes and NK cells (Maher, Toomey et al.
2002); a similar process results in clonally expanded T cells after they are no longer needed.
Similarly, if a T cell encounters an antigen on an APC without the appropriate co-stimulation,
it is susceptible to developing tolerance to that antigen such that on future encounters it will
ignore it, even if given the appropriate co-stimulation (Luptrawan, Liu et al. 2008; Abbas,
Lichtman et al. 2014). On cross-presentation by dendritic cells with MHC I and CD8+ T cells,
clonal deletion, functional inactivation (anergy) or programming into a suppressive (regula‐
tory) T cell phenotype can result (Joffre, Segura et al. 2012).

5.1.2.3. Clonal expansion

To amplify activation, T cells and APCs secrete various cytokines. Initially, T cells secrete
interleukin-2 (IL-2), which facilitates the binding of IL-2 by augmenting the presence of IL-2
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receptors. IL-2, by acting on the T cell that secreted it, supports the production of T cells specific
to the antigen. IL-2 is also needed to maintain regulatory T cells (Abbas, Lichtman et al. 2014).

Clonal expansion transpires in 1-2 days, leading to the creation of antigen-specific CD4+ and
CD8+ cells. CD8+ cells develop into effector cells that ultimately migrate to the site of infection
to interact with the specific antigen to which they were primed. CD4+ cells further develop
into T helper I (Th1) and T helper 2 (Th2) lymphocytes. Antigen-exposed macrophages and
DCs release IL-12 and natural killer cells secrete interferon-γ, thereby promoting the differ‐
entiation of Th 1 cells (Abbas, Lichtman et al. 2014). Th1 cells secrete IL-2, interferon-γ, and
lymphotoxin-a which leads to type 1 immunity with enhanced macrophage activation and
phagocytosis (Spellberg and Edwards 2001). Interferon-γ also increases the expression of MHC
I and II molecules to amplify antigen presentation (Spellberg and Edwards 2001). Th2 cells,
stimulated by IL-4, also release IL-4, IL-5, IL-9, IL-10, and IL-13 promoting production of
antibodies and type 2 immunity, which minimizes phagocytosis and decreases inflammation
(Spellberg and Edwards 2001). In times of overwhelming systemic response or immunosup‐
pression, a type 2 response can supersede the appropriate type 1 response (Spellberg and
Edwards 2001).

All the aforementioned steps have to be executed flawlessly to achieve immunity against a
tumor or a tumor antigen. The body is set up to have low affinity to self-antigens, as would be
expressed on tumor cells (Luptrawan, Liu et al. 2008). Along those lines, dendritic cells, which
have been discovered in tumors, play a large role in presentation of tumor antigens; however,
that does not necessarily predict the nature of the immune response. In particular, any flaw in
dendritic cells, from cross presentation to IL-12 production, will lead to tolerance and impaired
CD8+ T cell response to tumors (Joffre, Segura et al. 2012).

5.2. Central nervous system immunology

The CNS was once thought to be immunologically-privileged because of its unique immuno‐
logical features, including 1) lack of immunological surveillance due to low expression of MHC
molecules, 2) lack of distinct lymphatic drainage, and 3) protection by the blood brain barrier
(BBB), which limits the movement of naïve T cells into the CNS (Chavarria and Cardenas
2013). Nonetheless, the CNS has more recently been discovered to have a finely tuned immune
surveillance managed by APC, believed to be microglia, DC, perivascular macrophages and
meningeal dendritic cells (Fathallah-Shaykh, Gao et al. 1998; Yang, Han et al. 2010; D'Agostino,
Gottfried-Blackmore et al. 2012; Ousman and Kubes 2012; Romo-Gonzalez, Chavarria et al.
2012; Chavarria and Cardenas 2013). Furthermore, more recent evidence, as can be found in
gliomas and multiple sclerosis, suggests that the CNS microglia coordinate with peripheral T
cells and APC (Yang, Han et al. 2010). Such evidence describes more active inspection of the
BBB in specific regions of the brain most notably the meninges, ventricles, circumventricular
organs, and choroid plexus (D'Agostino, Gottfried-Blackmore et al. 2012).
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2013). Nonetheless, the CNS has more recently been discovered to have a finely tuned immune
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5.2.1. Centrally-acting peripheral immune cells

In addition to resident microglia, the primary immune cell in the CNS, peripheral immune
cells including peripherally activated T lymphocytes, macrophages, and DC circulate in small
numbers within the CNS. They are predominantly in specialized CNS compartments located
outside the parenchyma with ability to gain access to the parenchyma through various
mechanisms that include the choroid plexus, perivascular or Virchow-Robin spaces, menin‐
geal vessel branch points into the subarachnoid space, and through post-capillary venules
(Ousman and Kubes 2012). As in the periphery, these cells are capable of mounting an activated
immune response if they encounter an antigen (Ousman and Kubes 2012; Jarry, Jeannin et al.
2013). Additionally, perivascular macrophages sample CSF and can phagocytose suspected
antigens (Ousman and Kubes 2012). There is also separate evidence of drainage of CNS
antigens to deep cervical lymph nodes, based on intracranial injection of labeled antigen
(D'Agostino, Gottfried-Blackmore et al. 2012; Ousman and Kubes 2012). Despite controversy
over poor immune surveillance due to low expression of MHC II, it is thought that pre-
activated T cells can release IFN- γ and TNF-α to simulate MHC II molecule expression (Romo-
Gonzalez, Chavarria et al. 2012). Also of debate is the function of central antigen presentation
by central DCs. It is known that the integrity of the BBB is compromised during times of
infection, trauma, aging, and autoimmunity due to weakening of the vascular endothelium as
a result of cytokine release by astrocytes and microglia (D'Agostino, Gottfried-Blackmore et
al. 2012; Romo-Gonzalez, Chavarria et al. 2012).

5.2.2. Microglia

Microglia play a large role in both innate and adaptive immune responses, in addition to
regulatory roles in the CNS (Yang, Han et al. 2010). They comprise 5-12% of all CNS cells and
are uniformly distributed throughout the CNS parenchyma (D'Agostino, Gottfried-Blackmore
et al. 2012). Similar to the peripheral immune APCs, microglia express MHC I and II molecules
and CD 80/86 and CD40 co-stimulatory molecules that once activated, proliferate and phago‐
cytose in response to both CD4+ and CD8+ T cells (Fathallah-Shaykh, Gao et al. 1998; Yang,
Han et al. 2010; Ousman and Kubes 2012). In the latent state, microglia survey the microen‐
vironment via pinocytosis. Once they sense infection, neuronal injury, or neurodegenerative
disease, they up-regulate the expression of MHC and co-stimulatory molecules and release
cytokines including IL-1, IL-6, and TNF-alpha as well as neurotrophic and cytotoxic factors,
and chemokines for lymphocyte recruitment (Yang, Han et al. 2010; Jarry, Jeannin et al. 2013).
These pro-inflammatory cytokines then make the BBB more soluble for entry of peripheral
immune cells and potentially naïve T lymphocytes (Yang, Han et al. 2010). Microglia’s
phagocytic and cytotoxic features are also up-regulated with the triggering of an immune
response (Yang, Han et al. 2010). As in the peripheral immune response, microglia CD80/CD86
and CD40 bind the T cell’s CD28 and CD40L, respectively (Yang, Han et al. 2010). IFN- γ release
sustains this response and promotes phagocytosis and direct tumor-cell cytotoxicity (Fathal‐
lah-Shaykh, Gao et al. 1998; Yang, Han et al. 2010; D'Agostino, Gottfried-Blackmore et al. 2012).

Similar to peripheral tolerance, if there is insufficient co-stimulatory response, the interaction
of Fas ligand (FASL) on microglia and Fas receptor on the T cell leads to activation-induced T
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cell apoptosis. Microglia also express FAS molecules themselves, which induce apoptosis upon
binding FASL (Yang, Han et al. 2010). Nitric oxide released by microglia in response to
activation can also potentiate effector cell death (Yang, Han et al. 2010). Furthermore, microglia
display B7-H1 molecules which also support immunosuppression by stimulating T cell
apoptosis (Yang, Han et al. 2010). Additionally, glycoprotein CD200 down regulates activated
microglia (via CD200 ligand on microglia) and perivascular macrophages in the CNS, acting
as an anti-inflammatory and serving to keep microglia in a quiescent state (Ousman and Kubes
2012; Chavarria and Cardenas 2013).

5.2.3. The glymphatic pathway

The CNS lacks lymphoid tissue. For appropriate immune surveillance, both antigens and APC
must be able to travel to lymphoid tissue, ideally via lymphatic channels, for T cell priming
(Romo-Gonzalez, Chavarria et al. 2012). For small and hydrophobic molecules as well as
transporter substrates, exit through the BBB is easy. Other substances are cleared from CSF
through arachnoid granulations or peripheral lymphatics on cranial nerves. Clearance of large
particles and matter deep within the parenchyma is more difficult and is ascribed to a high
rate of flow of interstitial fluid (Iliff and Nedergaard 2013). This flow of fluid transports
antigens from the brain parenchyma for presentation in cervical lymph nodes (Romo-
Gonzalez, Chavarria et al. 2012). Through what has been termed the glio-vascular or glym‐
phatic pathway, interstitial solutes are cleared from the brain to the peripheral lymphatic
system via perivascular water channels from the para-arterial CSF influx pathway through the
interstitium and along the para-venous clearance route (Iliff and Nedergaard 2013). Once
filtered from the CNS, antigens are captured by APCs in the cervical lymph nodes and activate
lymphocytes that then migrate to the CNS in search for remaining antigens (Romo-Gonzalez,
Chavarria et al. 2012). As noted above, several hypotheses for lymph-like drainage of antigens
exist including efferent flow via CSF and interstitial fluid past the optic, trigeminal, and
acoustic nerves to the cervical lymph nodes, reabsorption through arachnoid villi into the
venous sinuses, and through perivascular APC including macrophages and DC (Romo-
Gonzalez, Chavarria et al. 2012).

A more recent study by Jarry et al. showed that adult microglia can cross-present antigen to
naïve CD8+ T cells for priming if there is appropriate microglial activation (Jarry, Jeannin et
al. 2013). Their study involved injecting naïve T cells into the brain, as the natural presence of
naïve T cells in the brain is limited, with restriction of entry to activated T cells instead. Their
study suggests that if naïve T lymphocytes are given the ability for entry into the brain,
typically during stressful inflammatory illnesses, coupled with the appropriate microglial
response, cross-priming of naïve T cells is possible (Jarry, Jeannin et al. 2013).

5.2.4. Glioma-associated microglia

Glioma-associated microglia/macrophages cannot mount a successful anti-tumor T cell
response (Yang, Han et al. 2010). Microglia, along with some T lymphocytes, infiltrate gliomas
in a pattern that was initially thought to be an immune response against tumor cells but has
been more recently realized to actually encourage tumor growth by promoting immunosup‐
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pression (Yang, Han et al. 2010). Pathological examination typically reveals a large numbers
of microglia dispersed within the tumor and not just in necrotic tissue (Yang, Han et al. 2010).
The data of Okada et al. suggest that the glioma-infiltrating cells may compose up to 30% of
the glioma tumor, correlating in volume with degree of malignancy (Okada, Kohanbash et al.
2009). The lack of phagocytosis by the microglia is thought be related to decreased expression
of MHC II and co-stimulatory molecules CD80/86 and CD40, thus prohibiting appropriate T
cell activation (Okada, Kohanbash et al. 2009; Yang, Han et al. 2010). Glioma cells appear to
attract microglia by secreting chemoattractants and growth factors including Macrophage
Chemoattractive Protein-1 (MCP-1), which binds to the microglial MCP-1 receptor, as well as
colony stimulating factor-1, Granulocyte-CSF, and hepatocyte growth factor/scatter factor
(Yang, Han et al. 2010). Microglial secretion of epidermal growth factor (EGF), VEGF and
MCP-1 promote tumor propagation and angiogenesis (Okada, Kohanbash et al. 2009; Yang,
Han et al. 2010). Additionally, the release by microglia of MMPs assists in tumor dispersal
(Yang, Han et al. 2010). Interestingly, tumors depleted of microglia actually become less
invasive (Okada, Kohanbash et al. 2009).

In addition to altering the response of microglial cells, gliomas take an active role in down-
regulating the immune response. Recent data has shown that reduced phagocytic activity by
glioma-associated microglia stems from defective antigen presentation for T cell activation due
to decreased MHC II expression as well as suppression of pro-inflammatory cytokine (TNF-
α) release, especially in high-grade gliomas (Yang, Han et al. 2010). Instead, glioma cells favor
TGF- β, IL-10, and PGE2 secretion, which inhibits both cytotoxic function of T cells and IFN-
γ-induced MHC II expression in microglial cells (Luptrawan, Liu et al. 2008; Okada, Kohan‐
bash et al. 2009; Yang, Han et al. 2010). PGE2 specifically inhibits T cell activation, suppresses
natural killers cell activity, and favors a Th2 response by increasing cytokines Il-4, Il-10, and
Il-6 while suppressing the Th1 cytokines Il-2, IFN-gamma, and TNF-α (Luptrawan, Liu et al.
2008). Additionally, glioma cells do not express adequate co-stimulatory molecules required
for appropriate T cell activation, potentiating anergy through tolerance (Luptrawan, Liu et al.
2008). A homologue to the B7 family (B71/2 (CD80/86)), B7-H1 expression on the surface of
glioma cells inhibits CD4+ and CD8+ T cell activation. IFN- γ not only enhances antigen
processing but also promotes increased B7-H1 expression, ultimately reducing T lymphocyte
effectiveness in the presence of gliomas (Okada, Kohanbash et al. 2009). Additionally, some
gliomas display Fas-L leading to apoptosis of Fas-labeled T cells contacting the tumor cells
(Okada, Kohanbash et al. 2009).

6. Immunotherapy strategies and targets

Immunotherapy for malignant gliomas is based on various strategies aimed at the induction
of anti-tumor immunity. Nevertheless, though curing a mouse from a brain tumor using
immunotherapy is rather easy, this goal has proven to be more challenging in humans
especially when coupled with the globally impaired immune response and increased tumor
tolerance in patients with GBM (Luptrawan, Liu et al. 2008). Because of the aforementioned
data, the goal of immunotherapy for gliomas should be not only to activate the cytotoxic T cell
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response, but also to counteract the active immunological depressive effects by the tumor itself.
We will not list an exhaustive search of all immunotherapeutic strategies but will instead
discuss an outline of the approaches than can be used. A thorough discussion can be found in
Okada et al. (Okada, Kohanbash et al. 2009). Here, we will emphasize the different categories
and discuss limitations of immunotherapy.

6.1. Priming in the periphery

Initiating an immune response against tumors is typically difficult due to poor antigen
presentation and the active immunosuppressive effects by tumor cells (Luptrawan, Liu et al.
2008). Peripheral vaccination has been performed using purified antigen and irradiated
genetically modified tumor cells. Through vaccination with a tumor antigen, one hopes to
induce an immune response peripherally, which translates to CNS immunity as activated T
cells cross the BBB. This goal may be achieved by processing the antigen via APCs at the
subcutaneous injection site, migration to lymph nodes, and priming naïve T cells. Neverthe‐
less, choosing an appropriate antigen is crucial so as to avoid an autoimmune response causing
encephalitis (Okada, Kohanbash et al. 2009).

Peptide-based vaccines (see Table 1) for glioma epitopes are synthetically derived for specific
antigens and run less risk of autoimmune encephalitis. This process has the potential to be
individually tailored based on assessment of the patient’s peripheral blood for positive
response to the various antigens (Okada, Kohanbash et al. 2009). Many antigen epitopes exist
and will be briefly covered. Il-13Rα2 appears as a membrane protein in more than 80% of
gliomas but not in normal brain tissue, making it a target for immunotherapy (Debinski, Gibo
et al. 1999). The tyrosine kinase receptor EphA2, which is involved in cell-cell contact in normal
cells, contributes to malignant nature of tumor cells (Kinch, Moore et al. 2003). T-cell epitopes
of Survivin, an apoptosis inhibitor protein present in several human cancers, have shown
promise via vaccination for patients with pancreatic cancer and melanoma (Otto, Andersen et
al. 2005; Wobser, Keikavoussi et al. 2006). These proteins are found in 100% of astrocytomas
but not in normal brain tissue (Uematsu, Ohsawa et al. 2005; Okada, Kohanbash et al. 2009).
Wilm’s Tumor 1 gene, a transcription factor oncogene, is also present in many tumor types,
including the majority of GBM but not in normal glial cells (Sugiyama 2002). The transcrip‐
tional cofactor family SOX, Sry-Related High-Mobility Group Box, is present in normal tissue
development and is upregulated in various tumors, including gliomas. Vaccinations with SOX
have been shown to be therapeutic in mice with gliomas (Ueda, Kinoshita et al. 2008; Okada,
Kohanbash et al. 2009). HER-2/neu, in the EGFR family, promotes tumor growth by inhibiting
apoptosis and stimulating migration, adhesion, and angiogenesis in many tumor-types, most
notably breast, ovarian, colorectal, pancreatic, renal-cell, and GBM (Meric-Bernstam and Hung
2006; Okada, Kohanbash et al. 2009). Additional epitopes have been identified involving EGFR
variant III, found in 30-50% of GBMs, Squamous Cell Carcinoma Antigen Recognized by T
Cells 1 (SART-1), a gene-coding tumor antigen in many cancer types, including glioma but not
in normal tissue, and Cytomegalovirus, which infects a large number of gliomas and may
contribute to glioma pathogenesis (Cobbs, Harkins et al. 2002; Saikali, Avril et al. 2007; Okada,
Kohanbash et al. 2009).
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Immunotherapy for malignant gliomas is based on various strategies aimed at the induction
of anti-tumor immunity. Nevertheless, though curing a mouse from a brain tumor using
immunotherapy is rather easy, this goal has proven to be more challenging in humans
especially when coupled with the globally impaired immune response and increased tumor
tolerance in patients with GBM (Luptrawan, Liu et al. 2008). Because of the aforementioned
data, the goal of immunotherapy for gliomas should be not only to activate the cytotoxic T cell
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response, but also to counteract the active immunological depressive effects by the tumor itself.
We will not list an exhaustive search of all immunotherapeutic strategies but will instead
discuss an outline of the approaches than can be used. A thorough discussion can be found in
Okada et al. (Okada, Kohanbash et al. 2009). Here, we will emphasize the different categories
and discuss limitations of immunotherapy.

6.1. Priming in the periphery

Initiating an immune response against tumors is typically difficult due to poor antigen
presentation and the active immunosuppressive effects by tumor cells (Luptrawan, Liu et al.
2008). Peripheral vaccination has been performed using purified antigen and irradiated
genetically modified tumor cells. Through vaccination with a tumor antigen, one hopes to
induce an immune response peripherally, which translates to CNS immunity as activated T
cells cross the BBB. This goal may be achieved by processing the antigen via APCs at the
subcutaneous injection site, migration to lymph nodes, and priming naïve T cells. Neverthe‐
less, choosing an appropriate antigen is crucial so as to avoid an autoimmune response causing
encephalitis (Okada, Kohanbash et al. 2009).

Peptide-based vaccines (see Table 1) for glioma epitopes are synthetically derived for specific
antigens and run less risk of autoimmune encephalitis. This process has the potential to be
individually tailored based on assessment of the patient’s peripheral blood for positive
response to the various antigens (Okada, Kohanbash et al. 2009). Many antigen epitopes exist
and will be briefly covered. Il-13Rα2 appears as a membrane protein in more than 80% of
gliomas but not in normal brain tissue, making it a target for immunotherapy (Debinski, Gibo
et al. 1999). The tyrosine kinase receptor EphA2, which is involved in cell-cell contact in normal
cells, contributes to malignant nature of tumor cells (Kinch, Moore et al. 2003). T-cell epitopes
of Survivin, an apoptosis inhibitor protein present in several human cancers, have shown
promise via vaccination for patients with pancreatic cancer and melanoma (Otto, Andersen et
al. 2005; Wobser, Keikavoussi et al. 2006). These proteins are found in 100% of astrocytomas
but not in normal brain tissue (Uematsu, Ohsawa et al. 2005; Okada, Kohanbash et al. 2009).
Wilm’s Tumor 1 gene, a transcription factor oncogene, is also present in many tumor types,
including the majority of GBM but not in normal glial cells (Sugiyama 2002). The transcrip‐
tional cofactor family SOX, Sry-Related High-Mobility Group Box, is present in normal tissue
development and is upregulated in various tumors, including gliomas. Vaccinations with SOX
have been shown to be therapeutic in mice with gliomas (Ueda, Kinoshita et al. 2008; Okada,
Kohanbash et al. 2009). HER-2/neu, in the EGFR family, promotes tumor growth by inhibiting
apoptosis and stimulating migration, adhesion, and angiogenesis in many tumor-types, most
notably breast, ovarian, colorectal, pancreatic, renal-cell, and GBM (Meric-Bernstam and Hung
2006; Okada, Kohanbash et al. 2009). Additional epitopes have been identified involving EGFR
variant III, found in 30-50% of GBMs, Squamous Cell Carcinoma Antigen Recognized by T
Cells 1 (SART-1), a gene-coding tumor antigen in many cancer types, including glioma but not
in normal tissue, and Cytomegalovirus, which infects a large number of gliomas and may
contribute to glioma pathogenesis (Cobbs, Harkins et al. 2002; Saikali, Avril et al. 2007; Okada,
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In addition to using purified antigen as above, whole glioma cells may be used for vaccination
(See Table 2). In this process, tumor cells, either autologous or allogeneic, are grown in vitro,
irradiated, and injected back into the patient (Wikstrand and Bigner 1980; Zhang, Eguchi et al.
2007). The benefit of whole cell vaccinations is the availability of multiple associated antigens
and, specifically, the ones expressed by the individual patient’s glioma (Okada, Kohanbash et
al. 2009).

As a means of bypassing local antigen presentation at the site of the tumor, DC vaccination
has also been a source for many clinical trials with various techniques of uniting the DC with
the antigen (See Table 3). Some have used DCs pulsed with autologous glioma cell peptides
and have shown promise when the DC vaccines were given both into the tumor and subcu‐
taneously (Yamanaka, Homma et al. 2005; Okada, Kohanbash et al. 2009; D'Agostino, Gott‐
fried-Blackmore et al. 2012). Through loading autologous DCs, one can use either tumor
lysates, apoptotic tumor cells or tumor-based cDNA (D'Agostino, Gottfried-Blackmore et al.
2012). DC-glioma cell fusion, to create a multinucleated cell such that the DC can present tumor
antigen, has also shown potential (D'Agostino, Gottfried-Blackmore et al. 2012). The results of
DC vaccinations are encouraging; in one study, repeat surgical resection showed infiltration
into the tumor of appropriate CD8+ T cells (Luptrawan, Liu et al. 2008). Furthermore, DC
vaccination was well tolerated by 12 GBM patients; the median OS was 23.4 months as
compared to 18.3 months in controls. In addition to best method of preparing the vaccine,
several questions remain unanswered including the best DC subtypes to use, ideal conditions
and co-stimulation, prime route of administration, and the correct vaccination dosing and
frequency (Okada, Kohanbash et al. 2009). Additional obstacles include the initial immune
state of the host prior to vaccination; for example, patients with increased tumor burden have
elevated levels of TGF- β and Il-10, which inhibit entry into a cytotoxic response (Luptrawan,
Liu et al. 2008).

6.2. Priming in the brain

Fathallah-Shaykh et al. showed that priming in the brain elicits an anti-tumor response leading
to destruction of the brain tumor as well as to anti-tumor systemic immunity in animals
(Fathallah-Shaykh, Gao et al. 1998). The basic mechanisms for eliciting such an immune
response in the CNS are detailed above. One possible method consists of injecting DCs directly
into the tumor; the goal is to enhance local antigen processing followed by glymphatic drainage
and priming in cervical lymph nodes (Luptrawan, Liu et al. 2008). Early preliminary results
in humans are encouraging. In a study of 10 patients with glioma, half received subcutaneous
vaccination of pulsed DC with autologous tumor lysate and the other half received both
subcutaneous vaccine and intra-tumoral injection of immature autologous DC. On follow-up
imaging, the patients who received both therapies showed diminution of contrast-enhancing
tumor (Yamanaka, Yajima et al. 2003; Luptrawan, Liu et al. 2008). A phase I/II trial including
24 patients with Grade III or IV glioma at first recurrence evaluated the safety and benefits of
DC immunotherapy given either via subcutaneous injection near a cervical lymph node or
both subcutaneously and intra-tumorally via an Ommaya reservoir. The study revealed that
patients with both intratumoral and intradermal administrations had a longer survival times
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than patients with intradermal administration only (Yamanaka, Homma et al. 2005; Luptra‐
wan, Liu et al. 2008). Another method, which has shown promise in animal models was used
by Choi et al and involves the injection of chimeric antigen receptors-transduced T cells
targeting EGFR variant III into mice gliomas. The results show a dose-dependent increase in
survival, while at the same time sparing cytotoxicity to normal brain tissue (Choi, Suryadevara
et al. 2013).

6.3. Passive transfer of immunity

In passive immunotherapy, the patient is given effector cells or molecules. Such therapies
include monoclonal antibodies, radio-nucleotides that are conjugated to monoclonal antibod‐
ies, coupled toxins, and T cells.

6.3.1. Transfer of monoclonal antibodies

The use of monoclonal antibodies (see Table 4) for CNS targets necessitates overcoming
important barriers (Okada, Kohanbash et al. 2009); for instance, the size of monoclonal
antibodies, around 150kDa, impairs their diffusion into the CNS. However, evidence suggests
that the BBB both in normal patients and those with malignancy tolerates the entry of mono‐
clonal antibodies (Chen and Mitchell 2012). Additionally, antibodies bound to the tumor
boundary layer create a concentration gradient that makes it difficult for additional antibodies
to permeate against a concentration gradient, essentially not being able to reach the core of the
tumor. This option may be more valid for use in conjunction with surgical resection and
convection enhanced delivery (CED) where the agent of choice is given at high pressure and
in bulk through an intracranial catheter into the brain tumor and parenchyma (Okada,
Kohanbash et al. 2009). As opposed to using diffusion, this method uses bulk flow and has
been implemented in several clinical trials. While bypassing the BBB and limiting systemic
toxicities, a limitation of this method is that it can be slow and thus difficult to deliver high
volumes of molecules (Bobo, Laske et al. 1994; Ferguson and Lesniak 2007; Okada, Kohanbash
et al. 2009).

Several targets for monoclonal antibodies have been investigated in clinical trials. Epidermal
growth factor receptor (EGFR) antibodies target the EGFR on glioma cells, over-expressed on
40-50% of tumors (Rivera, Vega-Villegas et al. 2008; Okada, Kohanbash et al. 2009). EGFR is a
transmembrane receptor responsible for initiating gene transcription and thus increased tumor
growth and spread(Baselga 2001). A variant of EGFR, EGFR variant III, is often found in GBM
(Batra, Castelino-Prabhu et al. 1995). The monoclonal antibody Cetuximab inhibits this EGFR
pathway, including glioma cells expression variant EGFR (Fukai, Nishio et al. 2008). Nimotu‐
zumab works similarly (Ramos, Figueredo et al. 2006).

Radio-immunotherapy (RIT) via radionucleotides conjugated to monoclonal antibodies is
another technique for targeting specific tumor antigens (see Table 5). This technique delivers
localized, cytotoxic radiation to tumor cells resulting in cell death. This method is used
concurrently with surgical resection into the surgical cavity. Specifically, antitenascin has been
most studied for RIT due to high prevalence of the glycoprotein tenascin on the surface of high-

Anti-Angiogenesis, Gene Therapy, and Immunotherapy in Malignant Gliomas
http://dx.doi.org/10.5772/58320

195



In addition to using purified antigen as above, whole glioma cells may be used for vaccination
(See Table 2). In this process, tumor cells, either autologous or allogeneic, are grown in vitro,
irradiated, and injected back into the patient (Wikstrand and Bigner 1980; Zhang, Eguchi et al.
2007). The benefit of whole cell vaccinations is the availability of multiple associated antigens
and, specifically, the ones expressed by the individual patient’s glioma (Okada, Kohanbash et
al. 2009).

As a means of bypassing local antigen presentation at the site of the tumor, DC vaccination
has also been a source for many clinical trials with various techniques of uniting the DC with
the antigen (See Table 3). Some have used DCs pulsed with autologous glioma cell peptides
and have shown promise when the DC vaccines were given both into the tumor and subcu‐
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fried-Blackmore et al. 2012). Through loading autologous DCs, one can use either tumor
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2012). DC-glioma cell fusion, to create a multinucleated cell such that the DC can present tumor
antigen, has also shown potential (D'Agostino, Gottfried-Blackmore et al. 2012). The results of
DC vaccinations are encouraging; in one study, repeat surgical resection showed infiltration
into the tumor of appropriate CD8+ T cells (Luptrawan, Liu et al. 2008). Furthermore, DC
vaccination was well tolerated by 12 GBM patients; the median OS was 23.4 months as
compared to 18.3 months in controls. In addition to best method of preparing the vaccine,
several questions remain unanswered including the best DC subtypes to use, ideal conditions
and co-stimulation, prime route of administration, and the correct vaccination dosing and
frequency (Okada, Kohanbash et al. 2009). Additional obstacles include the initial immune
state of the host prior to vaccination; for example, patients with increased tumor burden have
elevated levels of TGF- β and Il-10, which inhibit entry into a cytotoxic response (Luptrawan,
Liu et al. 2008).

6.2. Priming in the brain

Fathallah-Shaykh et al. showed that priming in the brain elicits an anti-tumor response leading
to destruction of the brain tumor as well as to anti-tumor systemic immunity in animals
(Fathallah-Shaykh, Gao et al. 1998). The basic mechanisms for eliciting such an immune
response in the CNS are detailed above. One possible method consists of injecting DCs directly
into the tumor; the goal is to enhance local antigen processing followed by glymphatic drainage
and priming in cervical lymph nodes (Luptrawan, Liu et al. 2008). Early preliminary results
in humans are encouraging. In a study of 10 patients with glioma, half received subcutaneous
vaccination of pulsed DC with autologous tumor lysate and the other half received both
subcutaneous vaccine and intra-tumoral injection of immature autologous DC. On follow-up
imaging, the patients who received both therapies showed diminution of contrast-enhancing
tumor (Yamanaka, Yajima et al. 2003; Luptrawan, Liu et al. 2008). A phase I/II trial including
24 patients with Grade III or IV glioma at first recurrence evaluated the safety and benefits of
DC immunotherapy given either via subcutaneous injection near a cervical lymph node or
both subcutaneously and intra-tumorally via an Ommaya reservoir. The study revealed that
patients with both intratumoral and intradermal administrations had a longer survival times
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than patients with intradermal administration only (Yamanaka, Homma et al. 2005; Luptra‐
wan, Liu et al. 2008). Another method, which has shown promise in animal models was used
by Choi et al and involves the injection of chimeric antigen receptors-transduced T cells
targeting EGFR variant III into mice gliomas. The results show a dose-dependent increase in
survival, while at the same time sparing cytotoxicity to normal brain tissue (Choi, Suryadevara
et al. 2013).

6.3. Passive transfer of immunity

In passive immunotherapy, the patient is given effector cells or molecules. Such therapies
include monoclonal antibodies, radio-nucleotides that are conjugated to monoclonal antibod‐
ies, coupled toxins, and T cells.

6.3.1. Transfer of monoclonal antibodies

The use of monoclonal antibodies (see Table 4) for CNS targets necessitates overcoming
important barriers (Okada, Kohanbash et al. 2009); for instance, the size of monoclonal
antibodies, around 150kDa, impairs their diffusion into the CNS. However, evidence suggests
that the BBB both in normal patients and those with malignancy tolerates the entry of mono‐
clonal antibodies (Chen and Mitchell 2012). Additionally, antibodies bound to the tumor
boundary layer create a concentration gradient that makes it difficult for additional antibodies
to permeate against a concentration gradient, essentially not being able to reach the core of the
tumor. This option may be more valid for use in conjunction with surgical resection and
convection enhanced delivery (CED) where the agent of choice is given at high pressure and
in bulk through an intracranial catheter into the brain tumor and parenchyma (Okada,
Kohanbash et al. 2009). As opposed to using diffusion, this method uses bulk flow and has
been implemented in several clinical trials. While bypassing the BBB and limiting systemic
toxicities, a limitation of this method is that it can be slow and thus difficult to deliver high
volumes of molecules (Bobo, Laske et al. 1994; Ferguson and Lesniak 2007; Okada, Kohanbash
et al. 2009).

Several targets for monoclonal antibodies have been investigated in clinical trials. Epidermal
growth factor receptor (EGFR) antibodies target the EGFR on glioma cells, over-expressed on
40-50% of tumors (Rivera, Vega-Villegas et al. 2008; Okada, Kohanbash et al. 2009). EGFR is a
transmembrane receptor responsible for initiating gene transcription and thus increased tumor
growth and spread(Baselga 2001). A variant of EGFR, EGFR variant III, is often found in GBM
(Batra, Castelino-Prabhu et al. 1995). The monoclonal antibody Cetuximab inhibits this EGFR
pathway, including glioma cells expression variant EGFR (Fukai, Nishio et al. 2008). Nimotu‐
zumab works similarly (Ramos, Figueredo et al. 2006).

Radio-immunotherapy (RIT) via radionucleotides conjugated to monoclonal antibodies is
another technique for targeting specific tumor antigens (see Table 5). This technique delivers
localized, cytotoxic radiation to tumor cells resulting in cell death. This method is used
concurrently with surgical resection into the surgical cavity. Specifically, antitenascin has been
most studied for RIT due to high prevalence of the glycoprotein tenascin on the surface of high-
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grade gliomas, including 90% of GBMs (Zalutsky 2004). Duke University has developed the
specific antibody 81C6, which has shown promise when given into the tumor cavity concur‐
rently with resection (Zalutsky, Moseley et al. 1989; Okada, Kohanbash et al. 2009). Several
other clinical trials have used similar approaches with RIT and glycoprotein tenascin. Other
targets include the DNA/Histone H1 complex, the extra domain B of fibronectin, and the alpha
chain of the IL-2 receptor (Okada, Kohanbash et al. 2009).

6.3.2. Transfer of ligands (cytokines)

Via coupled targeted toxins, cytokines fused with toxins can be delivered to tumor cells (see
Table 6). Specifically, IL-4R and IL-13Rα2 expression is increased in high-grade gliomas
making them ideal targets for chimeric fused proteins. For these chimeras, pseudomonas
exotoxin is fused to IL-4 and IL-13, creating IL4-PE and IL13-PE, respectively (Debinski, Obiri
et al. 1995; Joshi, Leland et al. 2001). These proteins are then delivered via CED (Okada,
Kohanbash et al. 2009). By combining toxins with cytokines, one can target tumor receptors
and induce cytotoxicity. Additional chimeras have been made using diphtheria toxin, which
bonds to transferring, and TGFα, which binds to Pseudomonas exotoxin.

6.3.3. Transfer of cells

For the adoptive transfer of tumor-reactive autologous cytotoxic T lymphocytes (see Table 7),
various techniques are used to create an antigen-specific receptor on a CD8+ T cell that can
prompt T cell activation (Okada, Kohanbash et al. 2009). This process has previously been used
in conjunction with IL-2 infusion for the treatment of melanoma. Antigen-specific cytotoxic T
cells from peripheral blood or from tumor nodules are isolated from the patient. The T cells
will then undergo clonal expansion in vitro with specificity for tumor antigen, possibly with
the aid of IL-2. These cells are then returned to the patient where they would in theory perform
cytotoxic responses upon recognition of tumor-associated antigen in the brain parenchyma
(Okada, Kohanbash et al. 2009). In terms of usage in gliomas, the first steps would be creating
a library of highly avid cytotoxic T cell clones from which to build highly selective TCR gene
pairs to create transgenic cytotoxic T cells. Adoptive therapy is not limited to CD8+ T cells and
has been also tried using NK cells and CD4+ T cells, both of which can be similarly removed,
expanded, and injected back into the patient. Blancher et al treated 13 GBM by recombinant
IL-2, with and without lymphokine activated killer cells, given directly via a catheter into the
tumor resection bed. Unfortunately, the treatment had no effects on tumor progression. The
adverse reactions included cerebral edema, confusion, and fever (Blancher, Roubinet et al.
1993).

Some obstacles with the adoptive process include creating T cells with TCR of appropriate
avidity (Okada, Kohanbash et al. 2009). Further difficulties arise with T cell reproduction; many
of these specialized T cell populations are thought to be terminally differentiated and thus
unable to propagate long-term existence (Wherry, Teichgraber et al. 2003). Additionally, these
transgenic T cells must also overcome the immunosuppressive features of GBM and, in fact,
do so better than natural T cells due to the ability to manipulate them and strengthen them
with specific chemokines and integrin receptors (Okada, Kohanbash et al. 2009).
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6.4. Limitations of immunotherapy

The limitations of immunotherapy for malignant gliomas include: 1) physical obstacles of drug
administration due to the BBB, 2) direct and indirect down-regulation of the immune response
by gliomas, 3) the high mutation rate of the tumor, which will select for tumor cells that do not
express the target of the immune response. In fact, cancer genomes are unstable as evidenced
by microsatellite instability of the tumor cells, which aides in tumor evolution and progression
(van de Kelft and Verlooy 1994; Yip, Miao et al. 2009; Milinkovic, Bankovic et al. 2012).
Additional limitations include difficulty in monitoring the tumor response to treatment
because inducing an inflammatory response may create MRI changes that mimic tumor
growth. Immunotherapy is also complicated by the common use of steroids, which suppress
the immune system.

In our opinion, the most significant limitation of immunotherapy is the limited understanding
of the dynamics of the interactions of cytotoxic T lymphocytes with the tumor microenviron‐
ment. Clinical trials using immunotherapy have failed to show a clinically significant thera‐
peutic response despite demonstrating the presence of circulating tumor-specific CTL
(Lasalvia-Prisco, Garcia-Giralt et al. 2008; Leffers, Lambeck et al. 2009). The key obstacle that
we need to overcome is not the induction of a systemic anti-tumor immune response, but
making that immune response effective within the tumor microenvironment

7. Immunotherapy clinical trials for brain tumors

• A Pilot Study of Glioma Associated Antigen Vaccines in Conjunction With Poly-ICLC in Pediatric Gliomas

• A Study of Rindopepimut/GM-CSF in Patients With Relapsed EGFRvIII-Positive Glioblastoma

• Biological Therapy Following Surgery and Radiation Therapy in Treating Patients With Primary or Recurrent

Astrocytoma or Oligodendroglioma

• Effects of Vaccinations With HLA-A2-Restricted Glioma Antigen-Peptides in Combination With Poly-ICLC for Adults

With High-Risk WHO Grade II Astrocytomas and Oligo-Astrocytomas

• GP96 Heat Shock Protein-Peptide Complex Vaccine in Treating Patients With Recurrent or Progressive Glioma

• HLA-A2-Restricted Glioma Antigen-Peptides Vaccinations With Poly-ICLC for Recurrent WHO Grade II Gliomas

• HSPPC-96 Vaccine With Temozolomide in Patients With Newly Diagnosed GBM

• Immunotherapy for Recurrent Ependymomas in Children Treatment for Recurrent Ependymomas Using HLA-A2

Restricted Tumor Antigen Peptides in Combination With Imiquimod

• Peptide Vaccine for Glioblastoma Against Cytomegalovirus Antigens

• Peptide-based Glioma Vaccine IMA950 in Patients With Glioblastoma

• Phase I Study of Safety and Immunogenicity of ADU-623

• Phase I/II Trial of IMA950 Multi-peptide Vaccine Plus Poly-ICLC in Glioblastoma

• Phase II Study of Rindopepimut (CDX-110) in Patients With Glioblastoma Multiforme
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grade gliomas, including 90% of GBMs (Zalutsky 2004). Duke University has developed the
specific antibody 81C6, which has shown promise when given into the tumor cavity concur‐
rently with resection (Zalutsky, Moseley et al. 1989; Okada, Kohanbash et al. 2009). Several
other clinical trials have used similar approaches with RIT and glycoprotein tenascin. Other
targets include the DNA/Histone H1 complex, the extra domain B of fibronectin, and the alpha
chain of the IL-2 receptor (Okada, Kohanbash et al. 2009).

6.3.2. Transfer of ligands (cytokines)

Via coupled targeted toxins, cytokines fused with toxins can be delivered to tumor cells (see
Table 6). Specifically, IL-4R and IL-13Rα2 expression is increased in high-grade gliomas
making them ideal targets for chimeric fused proteins. For these chimeras, pseudomonas
exotoxin is fused to IL-4 and IL-13, creating IL4-PE and IL13-PE, respectively (Debinski, Obiri
et al. 1995; Joshi, Leland et al. 2001). These proteins are then delivered via CED (Okada,
Kohanbash et al. 2009). By combining toxins with cytokines, one can target tumor receptors
and induce cytotoxicity. Additional chimeras have been made using diphtheria toxin, which
bonds to transferring, and TGFα, which binds to Pseudomonas exotoxin.

6.3.3. Transfer of cells

For the adoptive transfer of tumor-reactive autologous cytotoxic T lymphocytes (see Table 7),
various techniques are used to create an antigen-specific receptor on a CD8+ T cell that can
prompt T cell activation (Okada, Kohanbash et al. 2009). This process has previously been used
in conjunction with IL-2 infusion for the treatment of melanoma. Antigen-specific cytotoxic T
cells from peripheral blood or from tumor nodules are isolated from the patient. The T cells
will then undergo clonal expansion in vitro with specificity for tumor antigen, possibly with
the aid of IL-2. These cells are then returned to the patient where they would in theory perform
cytotoxic responses upon recognition of tumor-associated antigen in the brain parenchyma
(Okada, Kohanbash et al. 2009). In terms of usage in gliomas, the first steps would be creating
a library of highly avid cytotoxic T cell clones from which to build highly selective TCR gene
pairs to create transgenic cytotoxic T cells. Adoptive therapy is not limited to CD8+ T cells and
has been also tried using NK cells and CD4+ T cells, both of which can be similarly removed,
expanded, and injected back into the patient. Blancher et al treated 13 GBM by recombinant
IL-2, with and without lymphokine activated killer cells, given directly via a catheter into the
tumor resection bed. Unfortunately, the treatment had no effects on tumor progression. The
adverse reactions included cerebral edema, confusion, and fever (Blancher, Roubinet et al.
1993).

Some obstacles with the adoptive process include creating T cells with TCR of appropriate
avidity (Okada, Kohanbash et al. 2009). Further difficulties arise with T cell reproduction; many
of these specialized T cell populations are thought to be terminally differentiated and thus
unable to propagate long-term existence (Wherry, Teichgraber et al. 2003). Additionally, these
transgenic T cells must also overcome the immunosuppressive features of GBM and, in fact,
do so better than natural T cells due to the ability to manipulate them and strengthen them
with specific chemokines and integrin receptors (Okada, Kohanbash et al. 2009).
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6.4. Limitations of immunotherapy

The limitations of immunotherapy for malignant gliomas include: 1) physical obstacles of drug
administration due to the BBB, 2) direct and indirect down-regulation of the immune response
by gliomas, 3) the high mutation rate of the tumor, which will select for tumor cells that do not
express the target of the immune response. In fact, cancer genomes are unstable as evidenced
by microsatellite instability of the tumor cells, which aides in tumor evolution and progression
(van de Kelft and Verlooy 1994; Yip, Miao et al. 2009; Milinkovic, Bankovic et al. 2012).
Additional limitations include difficulty in monitoring the tumor response to treatment
because inducing an inflammatory response may create MRI changes that mimic tumor
growth. Immunotherapy is also complicated by the common use of steroids, which suppress
the immune system.

In our opinion, the most significant limitation of immunotherapy is the limited understanding
of the dynamics of the interactions of cytotoxic T lymphocytes with the tumor microenviron‐
ment. Clinical trials using immunotherapy have failed to show a clinically significant thera‐
peutic response despite demonstrating the presence of circulating tumor-specific CTL
(Lasalvia-Prisco, Garcia-Giralt et al. 2008; Leffers, Lambeck et al. 2009). The key obstacle that
we need to overcome is not the induction of a systemic anti-tumor immune response, but
making that immune response effective within the tumor microenvironment

7. Immunotherapy clinical trials for brain tumors

• A Pilot Study of Glioma Associated Antigen Vaccines in Conjunction With Poly-ICLC in Pediatric Gliomas

• A Study of Rindopepimut/GM-CSF in Patients With Relapsed EGFRvIII-Positive Glioblastoma

• Biological Therapy Following Surgery and Radiation Therapy in Treating Patients With Primary or Recurrent

Astrocytoma or Oligodendroglioma

• Effects of Vaccinations With HLA-A2-Restricted Glioma Antigen-Peptides in Combination With Poly-ICLC for Adults

With High-Risk WHO Grade II Astrocytomas and Oligo-Astrocytomas

• GP96 Heat Shock Protein-Peptide Complex Vaccine in Treating Patients With Recurrent or Progressive Glioma

• HLA-A2-Restricted Glioma Antigen-Peptides Vaccinations With Poly-ICLC for Recurrent WHO Grade II Gliomas

• HSPPC-96 Vaccine With Temozolomide in Patients With Newly Diagnosed GBM

• Immunotherapy for Recurrent Ependymomas in Children Treatment for Recurrent Ependymomas Using HLA-A2

Restricted Tumor Antigen Peptides in Combination With Imiquimod

• Peptide Vaccine for Glioblastoma Against Cytomegalovirus Antigens

• Peptide-based Glioma Vaccine IMA950 in Patients With Glioblastoma

• Phase I Study of Safety and Immunogenicity of ADU-623

• Phase I/II Trial of IMA950 Multi-peptide Vaccine Plus Poly-ICLC in Glioblastoma

• Phase II Study of Rindopepimut (CDX-110) in Patients With Glioblastoma Multiforme
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• Phase III Study of Rindopepimut/GM-CSF in Patients With Newly Diagnosed Glioblastoma (uses EGFR)

• Poliovirus Vaccine for Recurrent Glioblastoma Multiforme (GBM)

• Vaccine Therapy and Sargramostim in Treating Patients With Malignant Glioma

• Vaccine Therapy and Sargramostim in Treating Patients With Sarcoma or Brain Tumor

• Vaccine Therapy in Treating Patients With Newly Diagnosed Glioblastoma Multiforme

• Vaccine Therapy, Temozolomide, and Radiation Therapy in Treating Patients With Newly Diagnosed Glioblastoma

Multiforme

Table 1. Tumor Antigen Vaccine

www.clinicaltrials.gov

The above table lists several current clinical trials using tumor-derived antigens for developing
peripheral vaccination against CNS tumors. See section 4.1 above.

• Chemotherapy and Vaccine Therapy Followed by Bone Marrow or Peripheral Stem Cell Transplantation and

Interleukin-2 in Treating Patients With Recurrent or Refractory Brain Cancer

• Derivation of Tumor Specific Hybridomas

• Imiquimod/Brain Tumor Initiating Cell (BTIC) Vaccine in Brain Stem Glioma

• Phase I/II Study To Test The Safety and Efficacy of TVI-Brain-1 As A Treatment For Recurrent Grade IV Glioma

• Pilot Immunotherapy Trial for Recurrent Malignant Gliomas

• Study to Evaluate the Effects of Imiquimod and Tumor Lysate Vaccine Immunotherapy in Adults With High Risk or

Recurrent/Post-Chemotherapy WHO Grade II Gliomas

• Study To Test the Safety and Efficacy of TVI-Brain-1 As A Treatment for Recurrent Grade IV Glioma

• Vaccination With Lethally Irradiated Glioma Cells Mixed With GM-K562 Cells in Patients Undergoing Craniotomy For

Recurrent Tumor

Table 2. Tumor Lysate or Cell Vaccine

The above table lists several current clinical trials using whole tumor cells to develop periph‐
eral vaccines against multiple antigens found on CNS tumors. See section 4.1 above.

• A Study of ICT-107 Immunotherapy in Glioblastoma Multiforme (GBM)

• Biological Therapy in Treating Patients With Glioblastoma Multiforme

• Daclizumab in Treating Patients With Newly Diagnosed Glioblastoma Multiforme Undergoing Targeted

Immunotherapy and Temozolomide-Caused Lymphopenia

• Dendritic Cell Cancer Vaccine for High-grade Glioma

• Dendritic Cell Vaccine For Malignant Glioma and Glioblastoma Multiforme in Adult and Pediatric Subjects
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• Dendritic Cell Vaccine for Patients With Brain Tumors

• Dendritic Cell Vaccine Therapy With In Situ Maturation in Pediatric Brain Tumors

• Dendritic Cell Vaccine With Imiquimod for Patients With Malignant Glioma

• Efficacy & Safety of Autologous Dendritic Cell Vaccination in Glioblastoma Multiforme After Complete Surgical

Resection

• Immunotherapy for Patients With Brain Stem Glioma and Glioblastoma

• Phase II Feasibility Study of Dendritic Cell Vaccination for Newly Diagnosed Glioblastoma Multiforme

• Proteome-based Personalized Immunotherapy of Glioblastoma

• Safe Study of Dendritic Cell (DC) Based Therapy Targeting Tumor Stem Cells in Glioblastoma

• Study of a Drug [DCVax®-L] to Treat Newly Diagnosed GBM Brain Cancer

• Study of DC Vaccination Against Glioblastoma

• Surgical Resection With Gliadel Wafer Followed by Dendritic Cells Vaccination for Malignant Glioma Patients

• Tumor Lysate Pulsed Dendritic Cell Immunotherapy for Patients With Brain Tumors

• Vaccination With Dendritic Cells Loaded With Brain Tumor Stem Cells for Progressive Malignant Brain Tumor

• Vaccination-Dendritic Cells With Peptides for Recurrent Malignant Gliomas

• Vaccine for Patients With Newly Diagnosed or Recurrent Low-Grade Glioma

• Vaccine Immunotherapy for Recurrent Medulloblastoma and Primitive Neuroectodermal Tumor

• Vaccine Therapy and Temozolomide in Treating Patients With Newly Diagnosed Glioblastoma

• Vaccine Therapy in Treating Patients Undergoing Surgery for Recurrent Glioblastoma Multiforme

• Vaccine Therapy in Treating Patients With Malignant Glioma

• Vaccine Therapy in Treating Patients With Newly Diagnosed Glioblastoma Multiforme

• Vaccine Therapy in Treating Young Patients Who Are Undergoing Surgery for Malignant Glioma

• Vaccine Therapy With or Without Sirolimus in Treating Patients With NY-ESO-1 Expressing Solid Tumors

Table 3. Dendritic Cell Vaccine

The above table lists several current clinical trials using dendritic cells combined with tumor

antigen as a method of delivering peripheral vaccination against CNS tumors. See section 4.1

above.

• A Phase 2 Evaluation of TRC105 in Combination with Bevacizumab for the Treatment of Recurrent or Progressive

Glioblastoma That Has Progressed on Bevacizumab

• Chemotherapy, Radiation Therapy, and Vaccine Therapy With Basiliximab in Treating Patients With Glioblastoma

Multiforme That Has Been Removed by Surgery

• Use of Racotumomab in Patients With Pediatric Tumors Expressing N-glycolylated Gangliosides (anti-idiotype

antibody)
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• Phase III Study of Rindopepimut/GM-CSF in Patients With Newly Diagnosed Glioblastoma (uses EGFR)

• Poliovirus Vaccine for Recurrent Glioblastoma Multiforme (GBM)

• Vaccine Therapy and Sargramostim in Treating Patients With Malignant Glioma

• Vaccine Therapy and Sargramostim in Treating Patients With Sarcoma or Brain Tumor

• Vaccine Therapy in Treating Patients With Newly Diagnosed Glioblastoma Multiforme

• Vaccine Therapy, Temozolomide, and Radiation Therapy in Treating Patients With Newly Diagnosed Glioblastoma

Multiforme

Table 1. Tumor Antigen Vaccine

www.clinicaltrials.gov

The above table lists several current clinical trials using tumor-derived antigens for developing
peripheral vaccination against CNS tumors. See section 4.1 above.

• Chemotherapy and Vaccine Therapy Followed by Bone Marrow or Peripheral Stem Cell Transplantation and

Interleukin-2 in Treating Patients With Recurrent or Refractory Brain Cancer

• Derivation of Tumor Specific Hybridomas

• Imiquimod/Brain Tumor Initiating Cell (BTIC) Vaccine in Brain Stem Glioma

• Phase I/II Study To Test The Safety and Efficacy of TVI-Brain-1 As A Treatment For Recurrent Grade IV Glioma

• Pilot Immunotherapy Trial for Recurrent Malignant Gliomas

• Study to Evaluate the Effects of Imiquimod and Tumor Lysate Vaccine Immunotherapy in Adults With High Risk or

Recurrent/Post-Chemotherapy WHO Grade II Gliomas

• Study To Test the Safety and Efficacy of TVI-Brain-1 As A Treatment for Recurrent Grade IV Glioma

• Vaccination With Lethally Irradiated Glioma Cells Mixed With GM-K562 Cells in Patients Undergoing Craniotomy For

Recurrent Tumor

Table 2. Tumor Lysate or Cell Vaccine

The above table lists several current clinical trials using whole tumor cells to develop periph‐
eral vaccines against multiple antigens found on CNS tumors. See section 4.1 above.

• A Study of ICT-107 Immunotherapy in Glioblastoma Multiforme (GBM)

• Biological Therapy in Treating Patients With Glioblastoma Multiforme

• Daclizumab in Treating Patients With Newly Diagnosed Glioblastoma Multiforme Undergoing Targeted

Immunotherapy and Temozolomide-Caused Lymphopenia

• Dendritic Cell Cancer Vaccine for High-grade Glioma

• Dendritic Cell Vaccine For Malignant Glioma and Glioblastoma Multiforme in Adult and Pediatric Subjects
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• Dendritic Cell Vaccine for Patients With Brain Tumors

• Dendritic Cell Vaccine Therapy With In Situ Maturation in Pediatric Brain Tumors

• Dendritic Cell Vaccine With Imiquimod for Patients With Malignant Glioma

• Efficacy & Safety of Autologous Dendritic Cell Vaccination in Glioblastoma Multiforme After Complete Surgical

Resection

• Immunotherapy for Patients With Brain Stem Glioma and Glioblastoma

• Phase II Feasibility Study of Dendritic Cell Vaccination for Newly Diagnosed Glioblastoma Multiforme

• Proteome-based Personalized Immunotherapy of Glioblastoma

• Safe Study of Dendritic Cell (DC) Based Therapy Targeting Tumor Stem Cells in Glioblastoma

• Study of a Drug [DCVax®-L] to Treat Newly Diagnosed GBM Brain Cancer

• Study of DC Vaccination Against Glioblastoma

• Surgical Resection With Gliadel Wafer Followed by Dendritic Cells Vaccination for Malignant Glioma Patients

• Tumor Lysate Pulsed Dendritic Cell Immunotherapy for Patients With Brain Tumors

• Vaccination With Dendritic Cells Loaded With Brain Tumor Stem Cells for Progressive Malignant Brain Tumor

• Vaccination-Dendritic Cells With Peptides for Recurrent Malignant Gliomas

• Vaccine for Patients With Newly Diagnosed or Recurrent Low-Grade Glioma

• Vaccine Immunotherapy for Recurrent Medulloblastoma and Primitive Neuroectodermal Tumor

• Vaccine Therapy and Temozolomide in Treating Patients With Newly Diagnosed Glioblastoma

• Vaccine Therapy in Treating Patients Undergoing Surgery for Recurrent Glioblastoma Multiforme

• Vaccine Therapy in Treating Patients With Malignant Glioma

• Vaccine Therapy in Treating Patients With Newly Diagnosed Glioblastoma Multiforme

• Vaccine Therapy in Treating Young Patients Who Are Undergoing Surgery for Malignant Glioma

• Vaccine Therapy With or Without Sirolimus in Treating Patients With NY-ESO-1 Expressing Solid Tumors

Table 3. Dendritic Cell Vaccine

The above table lists several current clinical trials using dendritic cells combined with tumor

antigen as a method of delivering peripheral vaccination against CNS tumors. See section 4.1

above.

• A Phase 2 Evaluation of TRC105 in Combination with Bevacizumab for the Treatment of Recurrent or Progressive

Glioblastoma That Has Progressed on Bevacizumab

• Chemotherapy, Radiation Therapy, and Vaccine Therapy With Basiliximab in Treating Patients With Glioblastoma

Multiforme That Has Been Removed by Surgery

• Use of Racotumomab in Patients With Pediatric Tumors Expressing N-glycolylated Gangliosides (anti-idiotype

antibody)
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• Vaccine Therapy With Bevacizumab Versus Bevacizumab Alone in Treating Patients With Recurrent Glioblastoma

Multiforme That Can Be Removed by Surgery

Table 4. Vaccine with monoclonal antibody

The above table lists several current clinical trials using passive immunotherapy by means of
delivering monoclonal antibodies directed at tumor cells. See section 4.3.1 above.

• Convection-Enhanced Delivery of 124I-8H9 for Patients With Non-Progressive Diffuse Pontine Gliomas Previously

Treated With External Beam Radiation Therapy

• Intrathecal Radioimmunotherapy, Radiation Therapy, and Chemotherapy After Surgery in Treating Patients with

Medullolblastoma

• Radiolabeled Monoclonal Antibody Therapy in Treating Patients with Primary or Metastatic Brain Tumors

• Radiosurgery Plus Bevacizumab in Glioblastoma

Table 5. Radioimmunotherapy with monoclonal antibody

The above table lists current clinical trials using cytotoxic radiation coupled to monoclonal
antibodies to kill tumor cells. See section 4.3.1 above.

• IL-4 (38-37)-PE38KDEL Immunotoxin in Treating Patients With Recurrent Malignant Astrocytoma

• Imaging Study of the Distribution of IL13-PE38QQR Infused Before and After Surgery in Adult Patients With

Recurrent Malignant Glioma

• NBI-3001 Followed by Surgery in Treating Patients with Recurrent Glioblastoma Multiforme

• TP-38 Toxin in Treating Young Patients with Recurrent or Progressive Supratentorial High-Grade Glioma

Table 6. Transfer of Ligands

The above table lists current clinical trials using molecules fused with toxins as a means of
killing tumor cells.

• A Phase I Study to Investigate Tolerability and Efficacy of ALECSAT Administered to Glioblastoma Multiforme

Patients

• Autologous Natural Killer T Cells Infusion for the Treatment of Cancer

• Cellular Adoptive Immunotherapy in Treating Patients With Glioblastoma Multiforme

• Cellular Adoptive Immunotherapy Using Genetically Modified T-Lymphocytes in Treating Patients With Recurrent or

Refractory High-Grade Malignant Glioma

• Cellular Immunotherapy Study for Brain Cancer

• CMV-specific Cytotoxic T Lymphocytes Expressing CAR Targeting HER2 in Patients with GBM (HERT-GBM)
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• Evaluation of Recovery From Drug-Induced Lymphopenia Using Cytomegalovirus-specific T-cell Adoptive Transfer

• Phase I Study of Cellular Immunotherapy for Recurrent/Refractory Malignant Glioma Using Intratumoral Infusions of

GRm13Z40-2, An Allogeneic CD8+ Cytolitic T-Cell Line Genetically Modified to Express the IL 13-Zetakine and HyTK

and to be Resistant to Glucocorticoids, in Combination With Interleukin-2

• Safety and Effectiveness Study of Autologous Natural Killer and Natural Killer T Cells on Cancer

• White Blood Cells With Anti-EGFR-III for Malignant Gliomas

Table 7. Adoptive Immunotherapy

The above table lists several current clinical trials using adoptive immunotherapy as a way of
applying passive immunotherapy to return autologous tumor-antigen-specific T cells back to
the patient as a means of targeting CNS tumors. See section 4.3.3 above.

8. Gene therapy

Gene therapy as it relates to malignant gliomas is based on tumor-specific introduction of
genetic material for the purpose of treatment. It involves direct injection of a gene transfer
vector or vector producing cells (VPC) into the tumor itself or into the cavity left after resection.
Although preclinical studies have been quite promising, unfortunately therapeutic response
to gene therapy clinical trials remains low (Tobias, Ahmed et al. 2013). Three classes of genetic
therapy treatment have taken center stage over the last several decades: prodrug/suicide genes,
oncolytic viruses, and gene immunotherapy. Although each is its own distinct entity, they all
facilitate delivery of genetic material through the use of one or more vectors as described
below.

8.1. Vectors

8.1.1. Retroviral vectors

Retroviruses and retroviral vector producing cells (RVPCs) may be used to deliver specific
genes to glioma cells; they are perhaps the most widely-studied class of vectors for treatment
of GBM. This class of virus is advantageous in that its transduction is limited to rapidly
dividing cells, meaning that normal brain cells remain unaltered. However, the transduction
rate is low secondary to rapid inactivation of free retroviral vectors by complement as well as
a lack of movement of virus to sites distant to the injection. It should be noted that transduction
of circulating cells by vectors may occur, thus putting the patient at risk of cancer initiation
via insertional mutagenesis (Barzon, Zanusso et al. 2006).

8.1.2. Adenoviral vectors

Adenoviruses belong to a family of 90-100 nm non-enveloped viruses made up of a nucleo‐
capsid and double-stranded linear DNA. They account for roughly one tenth of all upper

Anti-Angiogenesis, Gene Therapy, and Immunotherapy in Malignant Gliomas
http://dx.doi.org/10.5772/58320

201



• Vaccine Therapy With Bevacizumab Versus Bevacizumab Alone in Treating Patients With Recurrent Glioblastoma

Multiforme That Can Be Removed by Surgery

Table 4. Vaccine with monoclonal antibody

The above table lists several current clinical trials using passive immunotherapy by means of
delivering monoclonal antibodies directed at tumor cells. See section 4.3.1 above.

• Convection-Enhanced Delivery of 124I-8H9 for Patients With Non-Progressive Diffuse Pontine Gliomas Previously

Treated With External Beam Radiation Therapy

• Intrathecal Radioimmunotherapy, Radiation Therapy, and Chemotherapy After Surgery in Treating Patients with

Medullolblastoma

• Radiolabeled Monoclonal Antibody Therapy in Treating Patients with Primary or Metastatic Brain Tumors

• Radiosurgery Plus Bevacizumab in Glioblastoma

Table 5. Radioimmunotherapy with monoclonal antibody

The above table lists current clinical trials using cytotoxic radiation coupled to monoclonal
antibodies to kill tumor cells. See section 4.3.1 above.

• IL-4 (38-37)-PE38KDEL Immunotoxin in Treating Patients With Recurrent Malignant Astrocytoma

• Imaging Study of the Distribution of IL13-PE38QQR Infused Before and After Surgery in Adult Patients With

Recurrent Malignant Glioma

• NBI-3001 Followed by Surgery in Treating Patients with Recurrent Glioblastoma Multiforme

• TP-38 Toxin in Treating Young Patients with Recurrent or Progressive Supratentorial High-Grade Glioma

Table 6. Transfer of Ligands

The above table lists current clinical trials using molecules fused with toxins as a means of
killing tumor cells.

• A Phase I Study to Investigate Tolerability and Efficacy of ALECSAT Administered to Glioblastoma Multiforme

Patients

• Autologous Natural Killer T Cells Infusion for the Treatment of Cancer

• Cellular Adoptive Immunotherapy in Treating Patients With Glioblastoma Multiforme

• Cellular Adoptive Immunotherapy Using Genetically Modified T-Lymphocytes in Treating Patients With Recurrent or

Refractory High-Grade Malignant Glioma

• Cellular Immunotherapy Study for Brain Cancer

• CMV-specific Cytotoxic T Lymphocytes Expressing CAR Targeting HER2 in Patients with GBM (HERT-GBM)
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• Evaluation of Recovery From Drug-Induced Lymphopenia Using Cytomegalovirus-specific T-cell Adoptive Transfer

• Phase I Study of Cellular Immunotherapy for Recurrent/Refractory Malignant Glioma Using Intratumoral Infusions of

GRm13Z40-2, An Allogeneic CD8+ Cytolitic T-Cell Line Genetically Modified to Express the IL 13-Zetakine and HyTK

and to be Resistant to Glucocorticoids, in Combination With Interleukin-2

• Safety and Effectiveness Study of Autologous Natural Killer and Natural Killer T Cells on Cancer

• White Blood Cells With Anti-EGFR-III for Malignant Gliomas

Table 7. Adoptive Immunotherapy

The above table lists several current clinical trials using adoptive immunotherapy as a way of
applying passive immunotherapy to return autologous tumor-antigen-specific T cells back to
the patient as a means of targeting CNS tumors. See section 4.3.3 above.

8. Gene therapy

Gene therapy as it relates to malignant gliomas is based on tumor-specific introduction of
genetic material for the purpose of treatment. It involves direct injection of a gene transfer
vector or vector producing cells (VPC) into the tumor itself or into the cavity left after resection.
Although preclinical studies have been quite promising, unfortunately therapeutic response
to gene therapy clinical trials remains low (Tobias, Ahmed et al. 2013). Three classes of genetic
therapy treatment have taken center stage over the last several decades: prodrug/suicide genes,
oncolytic viruses, and gene immunotherapy. Although each is its own distinct entity, they all
facilitate delivery of genetic material through the use of one or more vectors as described
below.

8.1. Vectors

8.1.1. Retroviral vectors

Retroviruses and retroviral vector producing cells (RVPCs) may be used to deliver specific
genes to glioma cells; they are perhaps the most widely-studied class of vectors for treatment
of GBM. This class of virus is advantageous in that its transduction is limited to rapidly
dividing cells, meaning that normal brain cells remain unaltered. However, the transduction
rate is low secondary to rapid inactivation of free retroviral vectors by complement as well as
a lack of movement of virus to sites distant to the injection. It should be noted that transduction
of circulating cells by vectors may occur, thus putting the patient at risk of cancer initiation
via insertional mutagenesis (Barzon, Zanusso et al. 2006).

8.1.2. Adenoviral vectors

Adenoviruses belong to a family of 90-100 nm non-enveloped viruses made up of a nucleo‐
capsid and double-stranded linear DNA. They account for roughly one tenth of all upper
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respiratory tract infections in children, infecting the host via introduction of their genome into
the nucleus of the host organism’s cells where the viral DNA remains free. This is in opposition
to the retroviral mechanism involving incorporation of genetic material into the host cell’s
genomic structure.

Adenovirus enters the host cell by way of 2 distinct sets of interactions. Firstly, the knob domain
of the virus’s fiber protein binds to the cell receptor (either CD46 or coxsackievirus adenovirus
receptor). This is followed by the interaction of a specialized motif in the penton base protein
with an integrin molecule, which prompts internalization of the virus via an endosome.
Thereafter the capsid components dissociate and the virion is released into the cytoplasm. Viral
DNA enters the nucleus via the nuclear pore, later associating with histones. Following nuclear
invasion, the viral genome is reproduced along with the host cell’s DNA. However, the
progeny of the original host cell will not carry the newly-introduced viral DNA. This neces‐
sitates numerous rounds of viral introduction in the treatment of cancer (Doloff and Waxman
2013).

8.1.3. Reoviral vectors

The genome of Reoviridae is segmented, double-stranded RNA, and the virus has the ability
to make use of a non-functional protein kinase R (PKR) pathway in glioma cells to allow for
viral replication. This is advantageous as the virus does not require genetic engineering. Other
advantages include small size (70-80nm) and an absence of known consequent encephalitis in
humans (Clarke, Debiasi et al. 2005).

8.1.4. Nonviral vectors

There are several nonviral vectors either currently in use or being considered for use in gene
therapy such as synthetic vectors, nanoparticles, and stem cells/progenitor cells. From this
group, perhaps the most studied is the liposome (included in the category of nanoparticles).
Cationic Liposomes are easy to produce, have relatively low immunogenicity and toxicity, and
typically exhibit long-term stability (Tobias, Ahmed et al. 2013).

8.2. Gene therapy strategies

8.2.1. Prodrug activating genes/suicide genes

Prodrug/suicide genes represent an ingenious wing of gene therapy. The basis of this anti-
tumor modality is introduction of genes, either into the host genome or the intranuclear milieu,
which imparts susceptibility to a subsequent therapeutic agent. The vectors themselves are
genetically modified to produce an enzyme which converts a prodrug, given systemically, into
toxic metabolites which act specifically on the malignancy.

Perhaps the earliest/most-studied example of prodrug/suicide gene utility when addressing
gliomas is that of Herpes Simplex Type 1 Thymidine Kinase (HSV-tk). After incorporation of
this gene into tumor cells (often residual cells status-post resection) and the endothelium of
their vasculature, the host is treated with an antiviral such as gancyclovir (GCV). HSV-TK
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phosphorylates the prodrug of GCV into its active compound, whose mechanism of action
involves DNA cross-linking, which leads to cell death. Following treatment with GCV, there
may also be an observed “bystander effect” which involves the killing of non-transduced
adjacent cells or even distant cells via immune response (T Cells, NK Cells) and toxic metab‐
olites received via gap junctions (Ram, Culver et al. 1997; Floeth, Shand et al. 2001; Matuskova,
Hlubinova et al. 2010). In a xenograft glioma model, a significant therapeutic effect was found
when only approximately 10% of tumor cells were transduced with HSV-tk (Chen, Chang et
al. 1995; Sandmair, Loimas et al. 2000). Introduction of HSV-tk/GCV may also increase
response to standard measures such as radio- and chemotherapy (Rainov, Fels et al. 2001;
Chiocca, Broaddus et al. 2004). This method has also been hypothesized to stimulate an
immune response and provide an anti-angiogenic effect (Culver, Ram et al. 1992; Ayala, Satoh
et al. 2006; Chiocca, Aguilar et al. 2011). Although there have been numerous enzyme-prodrug
clinical trials ranging from Phase I to Phase III, endpoints such as median survival have not
been overly impressive (Iwami, Natsume et al. 2010; Kroeger, Muhammad et al. 2010).

8.2.2. Retrovirally-mediated therapy

Intratumor injection of RVPCs has shown a high percentage of tumor regression in some
studies (Ram, Culver et al. 1997; Pulkkanen and Yla-Herttuala 2005). Rainov et al. conducted
a Phase III, multicenter, open-label, randomized trial of newly diagnosed GBM comparing
standard therapy vs. standard therapy with adjuvant gene therapy of the tumor bed by HSV-
tk. Although this mode of treatment was shown to be safe, there was no significant difference
in 12-month survival rates or progression-free median survival (Rainov 2000). A recent Phase
I head-to-head trial of intra-operative HSV-tk introduction via retrovirus vs. adenovirus
showed promising results for adenoviral vectors in a small number of patients (Sandmair,
Loimas et al. 2000).

8.2.3. Adenovirally-mediated therapy

It should also be noted that unlike retroviral vectors, adenovirus can transduce both dividing
and non-dividing cells. The majority of adenoviruses used for this purpose are E1-deleted
adenoviral vectors, which may be injected at a higher titer than RVPCs; however high doses
may indeed lead to serious side effects, including confusion, seizures, fever, leukocytosis, and
hyponatremia that appear to be secondary to immune response to the vector (Trask, Trask et
al. 2000). This same immune response lowers the yield of viral delivery but also aids in tumor
reduction (Trask, Trask et al. 2000; Lang, Bruner et al. 2003). Notably, the adenoviral vector
may be found transiently in blood but has not been found as a replication-competent entity.

Preliminary clinical data suggest that adenoviral mediated gene transfer of suicide genes
(AdvHSV-tk) may have clinical utility (Germano, Fable et al. 2003; Immonen, Vapalahti et al.
2004). A Phase IIB randomized controlled trial of patients with malignant gliomas reported a
significant increase in OS from 37.7 weeks in the control arm (n=19) to 62.4 weeks in the
adenoviral treated arm (AdvHSV-tk, n=17) (Immonen, Vapalahti et al. 2004). A recent Phase
1B trial showed treatment with adenovirus-HSV-tk followed by Valacyclovir, when paired
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genomic structure.
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phosphorylates the prodrug of GCV into its active compound, whose mechanism of action
involves DNA cross-linking, which leads to cell death. Following treatment with GCV, there
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with resection, chemotherapy and radiotherapy, was safe and without dose-limiting toxicity
(Chiocca, Aguilar et al. 2011).

Despite the aforementioned promising results from a small number of patients, the Phase III
international open-label, randomized ASPECT clinical trial, which studied the intra-operative
administration of adenoviral-HSV-tk followed by GCV (n=124) as compared to resection and
standard of care alone (n=126), was not positive. Unfortunately, the data revealed no difference
between the groups in terms of OS; furthermore, more patients in the experimental group had
one or more treatment-related adverse events than those in the control group (88 [71%] vs 51
[43%]) (Westphal, Yla-Herttuala et al. 2013).

8.2.4. Nanopartical/Neural stem cell-mediated therapy

Synthetic vectors, including nanoparticles have been applied to deliver DNA plasmids, RNA
and siRNA (Jin and Ye 2007; Germano and Binello 2009; Jin, Bae et al. 2011). Liposomes are
perhaps the most-researched of all nanoparticles (Tobias, Ahmed et al. 2013). Given through
convection-enhanced delivery via stereotactically-placed catheters a liposome-DNA complex
has been used to deliver HSV-tk in a small number of patients. The treatment was well-
tolerated without major side effects (Jacobs, Voges et al. 2001; Voges, Reszka et al. 2003).

Pleuripotent neural stem cells procured from the subgranular zone of the hippocampus and
the areas surrounding the lateral ventricles have the ability to migrate to areas of parenchymal
damage (Luskin 1993). Neural stem cell clones may migrate to areas of tumor infiltration and
thus were examined as vehicles for delivery of suicide genes, cytokines, or tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL); there is evidence of potential efficacy in
animal models but no clinical utility data yet (Aboody, Brown et al. 2000; Marsh, Goldfarb et
al. 2013).

8.2.5. Tumor suppressor gene replacement

A well-documented characteristic of GBM is its inherent inactivation of the p53 tumor
suppressor gene. Animal trials have shown that re-introduction of the wild-type p53 gene is
pro-apoptotic leading to increased sensitivity to current modalities of treatment such as
chemo- and radiotherapy. A Phase 1 trial of adenoviral gene transfer of intra-tumoral wild-
type p53 in recurrent malignant glioma proved to be safe, but the transfected cells were not
found in a radius large enough to be therapeutically effective (Lang, Bruner et al. 2003).

8.3. Oncolytic gene therapy

The realm of oncolytic virus therapy involves the use of replication-competent viruses with
the ability to selectively replicate and kill cancer cells, with or without gene transfer. This is in
opposition to prodrug/suicide gene therapy which makes use of replication-incompetent
modalities. In order to combat the inefficiency of suicide gene therapy, oncolytic treatment
employs tumor-specific, conditionally replicating viral vectors (Tobias, Ahmed et al. 2013).
The mechanism of action involves viral replication which eventually leads to lysis of the host
tumor cell and subsequent release of additional copies of competent virus which may lead to
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further tumor reduction. This method is tumor-specific as it makes use of either attenuated
viruses containing inactivated genes which replicate in tumor cells only, or viruses with
replication-essential genes in tumor-specific promoters (Chiocca 2002). This method employs
herpes simplex virus (HSV), Adenovirus, Reovirus, Poliovirus, Newcastle Disease Virus
(NDV), and Measles virus.

8.3.1. Oncolytic HSV-1

Herpes Simplex is an enveloped, doubled-stranded DNA virus which exhibits inherent action
upon the human nervous system; it can replicate in both active and quiescent cells. Conse‐
quently, safety was an original concern with this viral vector. Approximately 8 different HSV-1
genes have been altered or deleted to promote tumor specificity and lower collateral CNS
damage (Tobias, Ahmed et al. 2013). There are two strains of replication-competent HSV-1
which have been significantly studied: G207 and HSV1716. G207 is the more widely-examined
of the two and possesses a mechanism of action involving alteration of the gene which
produces ribonucleotide reductase. In a recent phase 1B clinical trial, patients received
injections of this virus both before and after tumor resection. Although viral replication was
observed, treatment efficacy was sparse (Markert, Liechty et al. 2009). Additional studies have
likewise shown adequate safety but minimal efficacy (Todo, Martuza et al. 2001).

G207 overcomes host defenses mediated by protein kinase R (PKR), which normally shuts
down translation in infected cells through phosphorylation of eIF-2 alpha (Barzon, Zanusso et
al. 2006). In a Phase I study by Markert et al., conditionally replicating G207 virus (given by
stereotactic intratumor injection) was not found to lead to the development of herpes ence‐
phalitis (Markert, Medlock et al. 2000). Additionally, replication-competent HSV1716 admin‐
istration in a Phase 1 dose-escalation study by Rampling et al. did not lead to encephalitis.
Furthermore, no viral shedding was noted and no viral genome was found in tumor biopsies
performed months after treatment (Rampling, Cruickshank et al. 2000).

8.3.2. Oncolytic adenoviruses

Adenoviruses carrying mutations in E1A or E1B can also act on GBM via oncolysis. Their
mechanism of action involves tumor-specific binding and inactivation of apoptotic proteins
like pRB family and p53. Of note, adenovirus is inherently non-neurotropic, which may lend
itself to superior safety versus HSV. One adenovirus, ONYX-015, has been found to preferen‐
tially replicate in p53 deficient cells secondary to its deletion for p53-inactivating protein
E1B-55K. In one clinical trial it was injected into the surgical cavity after resection and found
to have no serious adverse effects; however; almost all patients involved in the trial had
progression of their GBM (Chiocca, Abbed et al. 2004). It should also be noted that Geoerger
et al found human xenografts to be responsive to ONYX-015 without correlation to their p53
status (Geoerger, Grill et al. 2003).
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The realm of oncolytic virus therapy involves the use of replication-competent viruses with
the ability to selectively replicate and kill cancer cells, with or without gene transfer. This is in
opposition to prodrug/suicide gene therapy which makes use of replication-incompetent
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The mechanism of action involves viral replication which eventually leads to lysis of the host
tumor cell and subsequent release of additional copies of competent virus which may lead to

Tumors of the Central Nervous System – Primary and Secondary204

further tumor reduction. This method is tumor-specific as it makes use of either attenuated
viruses containing inactivated genes which replicate in tumor cells only, or viruses with
replication-essential genes in tumor-specific promoters (Chiocca 2002). This method employs
herpes simplex virus (HSV), Adenovirus, Reovirus, Poliovirus, Newcastle Disease Virus
(NDV), and Measles virus.

8.3.1. Oncolytic HSV-1

Herpes Simplex is an enveloped, doubled-stranded DNA virus which exhibits inherent action
upon the human nervous system; it can replicate in both active and quiescent cells. Conse‐
quently, safety was an original concern with this viral vector. Approximately 8 different HSV-1
genes have been altered or deleted to promote tumor specificity and lower collateral CNS
damage (Tobias, Ahmed et al. 2013). There are two strains of replication-competent HSV-1
which have been significantly studied: G207 and HSV1716. G207 is the more widely-examined
of the two and possesses a mechanism of action involving alteration of the gene which
produces ribonucleotide reductase. In a recent phase 1B clinical trial, patients received
injections of this virus both before and after tumor resection. Although viral replication was
observed, treatment efficacy was sparse (Markert, Liechty et al. 2009). Additional studies have
likewise shown adequate safety but minimal efficacy (Todo, Martuza et al. 2001).

G207 overcomes host defenses mediated by protein kinase R (PKR), which normally shuts
down translation in infected cells through phosphorylation of eIF-2 alpha (Barzon, Zanusso et
al. 2006). In a Phase I study by Markert et al., conditionally replicating G207 virus (given by
stereotactic intratumor injection) was not found to lead to the development of herpes ence‐
phalitis (Markert, Medlock et al. 2000). Additionally, replication-competent HSV1716 admin‐
istration in a Phase 1 dose-escalation study by Rampling et al. did not lead to encephalitis.
Furthermore, no viral shedding was noted and no viral genome was found in tumor biopsies
performed months after treatment (Rampling, Cruickshank et al. 2000).

8.3.2. Oncolytic adenoviruses

Adenoviruses carrying mutations in E1A or E1B can also act on GBM via oncolysis. Their
mechanism of action involves tumor-specific binding and inactivation of apoptotic proteins
like pRB family and p53. Of note, adenovirus is inherently non-neurotropic, which may lend
itself to superior safety versus HSV. One adenovirus, ONYX-015, has been found to preferen‐
tially replicate in p53 deficient cells secondary to its deletion for p53-inactivating protein
E1B-55K. In one clinical trial it was injected into the surgical cavity after resection and found
to have no serious adverse effects; however; almost all patients involved in the trial had
progression of their GBM (Chiocca, Abbed et al. 2004). It should also be noted that Geoerger
et al found human xenografts to be responsive to ONYX-015 without correlation to their p53
status (Geoerger, Grill et al. 2003).
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8.3.3. Oncolytic NDV

NDV is an avian paramyxovirus, which does not harm humans except for rare pulmonary
infection in poultry farmers; certain strains harm neoplastic cells via a currently unknown
mechanism (Reichard, Lorence et al. 1992). Interestingly, NDV also has pleiotropic immune-
modulatory properties (Schirrmacher, Haas et al. 1999). It should be noted that treatment with
NDV necessitates starting at a low dose as there have been examples of treatment-related death
with NDV PV701 and solid cancers (Pecora, Rizvi et al. 2002). MTH-68/H, a live attenuated
oncolytic viral strain of NDV, has shown promising results is a small number of GBM patients
(Csatary, Gosztonyi et al. 2004).

8.3.2. Oncolytic reoviruses

Reovirus is a double-stranded RNA-containing virus that replicates in GBM cells because of a
hyperactive ras signaling; it distinctively does not replicate in normal brain cells. A phase I
clinical trial of intrattumoral administration of genetically unmodified virus was well tolerated
by patients with recurrent malignant gliomas (Forsyth, Roldan et al. 2008). Further studies
involving reovirus are currently underway.

8.4. Gene immunotherapy

Treatment of gliomas with immune therapy is based on harnessing of the patient’s T-Cell
mediated response to tumor cells. Typically, gene-immune therapy falls into the category of
priming in the brain by the transfer of cytokine genes, like IL-2, IL-4, IL-12, and interferons
gamma and beta (Freeman, Abboud et al. 1993; Borden, Lindner et al. 2000; Candolfi, Xiong
et al. 2010; Denbo, Williams et al. 2011; Ryu, Park et al. 2011; Markert, Cody et al. 2012). A
phase I clinical trial of the injection of cationic liposomes carrying the human IFN-Beta gene
into the postsurgical cavity showed low toxicity (Wakabayashi, Natsume et al. 2008). A phase
1 trial of adenovirus-mediated gene transfer of INF-Beta was also well tolerated (Chiocca,
Smith et al. 2008). Furthermore, a small pilot study of liposomal-mediated IFN-Beta gene
transfer into the postsurgical cavity showed promising results (Yoshida, Mizuno et al. 2004).

Another important strategy combines cytokine gene transfer (human IL-2) paired with HSV-
TK/GCV treatment (Palu, Cavaggioni et al. 1999; Colombo, Barzon et al. 2005). The results are
promising in a small number of patients (Colombo, Barzon et al. 2005); in particular, biopsy
following treatment showed tumor necrosis at site of administration as well as significant
immune response in the form of activated cytotoxic T cells, macrophages and T-Helper/inducer
lymphocytes (Barzon, Zanusso et al. 2006).

9. Conclusion

The aforementioned negative results of several key phase III clinical trials in GBM demonstrate
that current proof of efficacy in preclinical models is a necessary but not sufficient condition
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for clinical utility. The consistency in obtaining negative results in GBM is remarkable. How
can we improve and what do we do to turn the tide in our favor?

It is becoming evident that the phenotypes of GBM are not created by few solitary molecules
but rather by dynamic networks with positive and negative loops that react and respond to a
therapeutic intervention. The good news is that these networks are finite dimensional.
Furthermore, because of the instability of cancer genomes, random mutations are introduced
in the population of rapidly dividing glioma cells; hence, a particular therapy could merely
delay growth by selecting a resistant subpopulation. We suggest that we should elevate the
threshold by mandating stringent criteria before proceeding to very costly phase III clinical
trials, as follows.

1. Phase II clinical trials must include a control arm with appropriate stratification instead
of historical controls.

2. Preclinical models must include proof of feasibility in at least 8-10 different cell lines/
animal models.

3. We ought to invest in developing a better understanding of the structure of the oncogenic
molecular networks in GBM and demand laboratory data depicting the reactions of these
networks to a new therapeutic strategy.

4. We need to develop mathematical models, results, and simulations of these molecular
networks and acquire the ability to test therapeutic strategies in silico.

We believe that investing in the aforementioned endeavors will increase the likelihood that a
chosen therapy will have proven clinical utility against GBM. Maintaining the status quo, by
forging ahead with large phase III clinical trials costing about $50-100 million each, is not
attractive.
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1. Introduction

Glioblastoma represents the most common primary brain tumor in adults. Despite improve‐
ments of multimodal therapy, the prognosis of this disease remains unfavorable. Thus, great
efforts have been made to identify therapeutic agents directed against those specific molecular
targets whose presence was shown to be associated with worse clinical outcomes. The
epidermal growth factor receptor (HER1/EGFR) has been identified as one such target, and
different compounds were developed to inhibit HER1/EGFR and/or its mutant form, EGFRvIII.
However, clinical trials did not confirm the initial enthusiasm conveyed by promising results
from experimental studies. Therefore, a therapeutic approach directed at inhibiting solely
HER1/EGFR does not seem to translate into a clinical benefit. In this chapter we discuss the
current therapeutic situation in the setting of glioblastoma while putting the spotlight on
erlotinib, a HER1/EGFR-targeted small molecule tyrosine kinase inhibitor.

The epidermal growth factor receptor belongs to the HER family of receptors and consists of
an extracellular ligand-binding site, a transmembraneous part and an intracellular tyrosine
kinase (TK) domain (Wells, 1999). Docking of its ligands, e.g., epidermal growth factor (EGF)
or transforming growth factor-α (TGF-α), to the ligand-binding site activates the intrinsic TK.
Subsequently, autophosphorylation of specific tyrosine residues within the cytoplasmic
catalytic kinase domain of the receptor and initiation of cytoplasmic signaling cascades such
as the ras-raf-mitogen-activated protein kinase (MAPK) pathway or the phosphatidylinositol
3-kinase (PI3-K)/Akt pathway occur (Arteaga, 2003; Scagliotti et al., 2004). As a consequence,
diverse cellular functions such as proliferation or differentiation are regulated (Wells, 1999).

HER1/EGFR overexpression or ligand-independent activation was found in various epithelial
malignancies (Earp et al., 2003). The causative relationship between dysregulation of the
HER1/EGFR and neoplastic disorder is explained by the affection of downstream signal
transduction which results in impaired apoptosis and/or stimulation of proliferation, tumori‐

© 2014 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 reproduction in any medium, provided the original work is properly cited.
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genesis, angiogenesis and invasion (Halatsch et al., 2006). Dysregulated HER1/EGFR signaling
may be caused by different mechanisms such as gene amplification resulting in HER1/EGFR
overexpression as shown for 40-50% of glioblastoma (Salomon et al., 1995). Mutational changes
of the intrinsic receptor structure constitute another mechanism that may lead to pathologically
altered HER1/EGFR signaling. The so-called EGFRvIII accounts for approximately 60% of all
HER1/EGFR mutants and is characterized by a constitutive activation (Frederick et al., 2000;
Karpel-Massler et al., 2010). The expression of EGFRvIII was shown to confer cellular trans‐
formation and enhanced tumorigenicity (Nishikawa et al., 1994).

Despite recent improvements, the clinical efficacy of existing therapeutic modalities remains
disappointing. Hence, in light of accumulating evidence for HER1/EGFR-mediated promotion
of tumor growth and malignant transformation, substantial interest in the realization of HER1/
EGFR-targeted therapeutic strategies developed. Small molecule tyrosine kinase inhibitors
such as erlotinib (Tarceva®, Genentech Inc., San Francisco, CA, U.S.A.), a combined inhibitor
of both, HER1/EGFR and EGFRvIII, are the clinically most advanced HER1/EGFR-targeted
agents (Karpel-Massler et al., 2009). After promising results derived from experimental studies
using erlotinib in a single agent approach were not confirmed by clinical trials, hopes now are
set on the identification of other targeted agents enhancing the antineoplastic activity of
erlotinib in a multi-targeted approach.

2. Current standard of care for patients with glioblastoma

Glioblastoma is the most frequently encountered astrocytic brain tumor in adults and accounts
for more than 50% of all gliomas (Reardon, D.A. & Wen, 2006). The tumor rapidly infiltrates
normal surrounding brain tissue. Patients with glioblastoma typically encounter tumor
progression or recurrence, and median survival is only 14.6 months (Stupp et al., 2005).
Neurologically safe, maximal surgical tumor resection is generally considered the first
therapeutic measure for the treatment of newly diagnosed glioblastoma. However, localization
of the tumor in or near eloquent brain areas will impose considerable restrictions on the
radicality of the surgical procedure in order to avoid severe postoperative neurological deficits.
Radiotherapy in combination with concomitant and adjuvant chemotherapy with temozolo‐
mide (Temodar®/Temodal®, Schering Corporation, Kenilworth, NJ, U.S.A.) is a viable postop‐
erative treatment option. Whole brain irradiation (50-60 Gy) was shown by several randomized
studies to increase survival by 14-36 weeks (Walker et al., 1980). While the chemotherapeutics
that were initially used for the adjuvant treatment of glioblastoma were only of minor benefit,
a randomized controlled trial in patients with newly diagnosed glioblastoma showed that
administration of temozolomide concomitantly with and subsequently to radiation therapy
significantly increased two-year survival from 10.4% to 26.5% and median survival from 12.1
to 14.6 months when compared to adjuvant radiation therapy alone (Stupp et al., 2005). With
this study, a new therapeutic standard was established. Nevertheless, a progression-free
survival and overall survival of only 6.9 and 14.6 months, respectively, strongly emphasize
that further improvement of glioblastoma therapy is urgently needed.
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Currently, a standard of care for the treatment of recurrent glioblastoma does not exist. In
general, repeated gross tumor resection should be attempted. However, this strategy might
not always be appropriate, especially when considering the fact that progressive tumor
invasion may significantly increase the risk of provoking neurological deficits. Chemothera‐
peutics that were especially used before the temozolomide era upon tumor relapse include
nitrosoureas such as carmustine (BCNU) or lomustine (CCNU) and alkylating agents such as
procarbazine. However, the antineoplastic activity of these agents in clinical trials was shown
to be rather modest (Rodriguez et al., 1989; Newton et al., 1990; Brandes et al., 2004). Irinotecan
(Camptosar®, Pfizer Pharmaceuticals, New York, NY, U.S.A.), an inhibitor of topoisomerase I
(Raymond et al., 2003; Reardon, DA et al., 2005), or bevacizumab (Avastin®, Genentech Inc.,
San Francisco, CA, U.S.A.), a humanized monoclonal antibody targeted to vascular endothelial
growth factor (VEGF), represent two compounds that have been introduced more recently for
the treatment of recurrent glioblastoma and that showed anti-glioblastoma activity (Stark-
Vance, 2005).

3. Why interfering with HER1/EGFR or EGFRvIII-mediated signaling?

Given the poor therapeutic efficacy of current treatment measures for glioblastoma, the need
for different therapeutic strategies is evident. HER1/EGFR is the most frequently amplified
gene in glioblastoma, and its overexpression was found in more than half of these tumors
which renders HER1/EGFR an outstanding therapeutic target (Salomon et al., 1995). Experi‐
mental studies show that HER1/EGFR stimulates tumor growth, invasion and migration
(Lund-Johansen et al., 1990). In addition, data from clinical studies suggest that HER1/EGFR
amplification is related to decreased overall survival and worse prognosis in patients with
glioblastoma (Lund-Johansen et al., 1990; Shinojima et al., 2003).

EGFRvIII represents the most common mutant form of HER1/EGFR and is characterized by
constitutive TK activity independent of ligand-binding (Batra et al., 1995; Frederick et al.,
2000). Analysis of the expression of HER1/EGFR and EGFRvIII in bioptic glioblastoma
specimens suggests concurrent overexpression of both EGFRvIII and HER1/EGFR in most of
the tumors (Biernat et al., 2004). Moreover, in an experimental study using a murine model of
human glioma xenografts, EGFRvIII expression was found to be related to increased prolifer‐
ation, inhibition of apoptosis, and tumor formation (Nishikawa et al., 1994; Nagane et al.,
1996). Other studies showed similar results and identified activation of the MAPK/ERK1/2 and
PI3-K/Akt pathways as driving forces of cellular proliferation and tumor progression
(Moscatello et al., 1998; Klingler-Hoffmann et al., 2001; Klingler-Hoffmann et al., 2003). In
addition, in a murine orthotopic xenograft model of glioblastoma, administration of a mono‐
clonal antibody targeting EGFRvIII (mAb 806) was shown to cause a significant decrease of
tumor growth, increase of apoptosis and prolongation of survival (Mishima et al., 2001).

The tumor-specific properties of EGFRvIII have also lead to the development of EGFRvIII-
targeted vaccines in order to provoke an immunologic response against EGFRvIII-bearing
glioblastoma cells. Potential antitumor efficacy of EGFRvIII-targeted vaccines had been shown
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Neurologically safe, maximal surgical tumor resection is generally considered the first
therapeutic measure for the treatment of newly diagnosed glioblastoma. However, localization
of the tumor in or near eloquent brain areas will impose considerable restrictions on the
radicality of the surgical procedure in order to avoid severe postoperative neurological deficits.
Radiotherapy in combination with concomitant and adjuvant chemotherapy with temozolo‐
mide (Temodar®/Temodal®, Schering Corporation, Kenilworth, NJ, U.S.A.) is a viable postop‐
erative treatment option. Whole brain irradiation (50-60 Gy) was shown by several randomized
studies to increase survival by 14-36 weeks (Walker et al., 1980). While the chemotherapeutics
that were initially used for the adjuvant treatment of glioblastoma were only of minor benefit,
a randomized controlled trial in patients with newly diagnosed glioblastoma showed that
administration of temozolomide concomitantly with and subsequently to radiation therapy
significantly increased two-year survival from 10.4% to 26.5% and median survival from 12.1
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survival and overall survival of only 6.9 and 14.6 months, respectively, strongly emphasize
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gene in glioblastoma, and its overexpression was found in more than half of these tumors
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human glioma xenografts, EGFRvIII expression was found to be related to increased prolifer‐
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The tumor-specific properties of EGFRvIII have also lead to the development of EGFRvIII-
targeted vaccines in order to provoke an immunologic response against EGFRvIII-bearing
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by experimental studies. Immunization of mice with transfected allogenic 300.19/EGFRvIII
cells was reported to induce a major histocompatibility complex class I-restricted response
against EGFRvIII-bearing syngeneic B16-F10 melanoma or 560 astrocytoma cells that were
implanted intracranially (Ashley et al., 1997). In addition, vaccinated animals were shown to
have a significantly longer median survival upon intracranial tumor challenge when compared
to controls. Similar findings were reported for mice that were vaccinated with PEP-3-KLH
(rindopepimut, CDX-110, Celldex Therapeutics, Needham, MA, U.S.A.), a conjugate of a
peptide comprising the tumor-specific mutated segment of EGFRvIII (PEP-3) and keyhole
limpet hemocyanin (KLH) (Heimberger et al., 2003). In this study, C3H mice received vacci‐
nation with 100 µg of PEP-3-KLH 8, 6 and 2 weeks prior to intracerebral administration of
K1735 murine melanoma cells that were transfected with a murine homologue of the human
EGFRvIII, and additional vaccination 4 days after intracranial implantation of the tumor cells.
A more than 173% longer survival time was shown for mice vaccinated with PEP-3-KLH when
compared to mice receiving only KLH. Moreover, mice with already established intracranial
tumors that were treated with a single dose of the PEP-3-KLH vaccine 4 days after adminis‐
tration of the transfected K1735 cells had a 26% increase of median survival. Based on these
promising preclinical data, several clinical trials were conducted. In two phase II trials,
vaccination with PEP-3-KLH was examined in patients with EGFRvIII-expressing newly
diagnosed glioblastoma. In the ACTIVATE trial, 18 patients underwent gross-total tumor
resection prior to radiotherapy and concurrent chemotherapy with temozolomide followed
by vaccination with PEP-3-KLH bi-weekly for 3 doses and continued monthly until progres‐
sion (Sampson et al., 2010). The data were compared to a matched historical control group
(n=17). The median progression-free survival and overall survival were 14.2 months and 26
months, respectively, versus 6.3 months and 15 months, respectively, in the control group.
Notably, the patients who developed an EGFRvIII-specific antibody response had an overall
survival of 47.7 months (n=6) compared to an overall survival of 22.2 months in patients lacking
a specific antibody response (n=8). In the ACT II trial, 22 patients who met the same inclusion
criteria as for the ACTIVATE trial received the same therapeutic regimen except for an
additional treatment with temozolomide either at a dose of 200 mg/m2 for 5 days of a 28-day
cycle or at a dose of 100 mg/m2 for 21 days of a 28-day cycle in conjunction with the vaccination
therapy (Heimberger et al., 2009). Combination therapy of PEP-3-KLH and temozolomide was
well tolerated, and a favorable median overall survival of 20.5 months was reported. An
additional phase II study (ACT III) was conducted by Celldex Therapeutics. Sixty-five patients
with newly diagnosed EGFRvIII-positive glioblastoma were enrolled in this single-arm
multicenter study which was initially planned as a phase IIb/III randomized two-arm trial but
had to be transformed into a single-arm design due to withdrawal of consent to participate in
this study by 14 of the 16 patients that were randomized to the control group. In this study, a
median overall survival of 21.8 months was reported which encouraged Celldex to launch two
more studies: ACT IV, a randomized controlled phase III study in patients with newly
diagnosed EGFRvIII-positive glioblastoma and ReACT, a phase II study in patients with
EGFRvIII-positive recurrent glioblastoma. The final results of these studies are pending.
However, what needs to be taken into account is the fact that only a part of the glioblastomas
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express EGFRvIII. For this subset of patients, however, vaccination with PEP-3-KLH might
confer a significant clinical benefit.

4. Erlotinib for the treatment of glioblastoma

HER1/EGFR TK inhibitors such as erlotinib compete with adenosine triposphate and reversi‐
bly bind to the intracellular catalytic TK domain of HER1/EGFR or EGFRvIII thus inhibiting
autophosphorylation of the receptor as well as further downstream signaling (Halatsch et al.,
2006). In preclinical studies, erlotinib was shown to exert a variety of relevant antineoplastic
effects in the setting of glioblastoma. Lal et al. showed that exposure of transformed D54-MG
glioblastoma cells (D54-EGFRvIII) to 20 µM of erlotinib resulted in significant downregulation
of certain genes encoding pro-invasive proteins and in significant inhibition of the invasiveness
of D54-EGFRvIII cells (Lal et al., 2002). In a different study, erlotinib was shown to significantly
reduce cellular viability of six human glioblastoma-derived tumor-initiating cell lines when
given at a concentration of 5 µM (Griffero et al., 2003). This effect was shown to be in con‐
cordance with decreased EGF-induced phosphorylation of HER1/EGFR and subsequent
inhibition of the MAPK signaling pathway by reduced phosphorylation of ERK1/2. Moreover,
Halatsch et al. showed that the extent of erlotinib-mediated inhibition of anchorage-independ‐
ent growth of glioblastoma-derived cell lines correlates inversely with the cellular capability
to induce HER1/EGFR mRNA, emphasizing the important role of HER1/EGFR in the patho‐
genesis of glioblastoma (Halatsch et al., 2004).

Based on the positive findings reported by preclinical studies, much hope was set on the clinical
application of erlotinib in glioblastoma patients. To date, several published studies have
examined the effects of erlotinib on patients with recurrent or newly diagnosed glioblastoma.
In phase I trials, erlotinib exhibited a reasonable safety profile and was generally well tolerated
(Krishnan et al., 2006; Prados et al., 2006). In addition, EIAEDs were shown to accelerate drug
metabolism of erlotinib which requires dose modification of erlotinib or a change in the
antiepileptic drug regimen (Stupp et al., 2006). In terms of clinical efficacy, Raizer et al.
examined the effects of erlotinib applied at a dose of 150 mg/d on 42 patients with recurrent
glioblastoma and 43 patients with non-progressive glioblastoma following radiotherapy in a
phase II trial (Raizer et al., 2010). For the patients with recurrent glioblastoma, median overall
survival was reported as 6 months and median progression-free survival as only 2 months.
Median overall survival and the 12-month overall survival were reported as 14 months and
57%, respectively, for the patients with non-progressive glioblastoma after radiotherapy. Thus,
this study did not show a significant improvement of the clinical outcome attributable to the
treatment with erlotinib in patients with recurrent glioblastoma or non-progressive glioblas‐
toma after radiotherapy. However, Yung et al. showed that median overall survival and 6-
month progression-free survival of 48 patients with recurrent glioblastoma who were treated
with erlotinib reached or exceeded historical values for patients receiving chemotherapy for
recurrent glioblastoma (Yung et al., 2010). Notably, this study was discontinued due to an
insufficient number of responses after a planned interim analysis, and a control group was not
included. Van den Bent et al. showed in a randomized controlled phase II trial that only 11.4%
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peptide comprising the tumor-specific mutated segment of EGFRvIII (PEP-3) and keyhole
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K1735 murine melanoma cells that were transfected with a murine homologue of the human
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additional phase II study (ACT III) was conducted by Celldex Therapeutics. Sixty-five patients
with newly diagnosed EGFRvIII-positive glioblastoma were enrolled in this single-arm
multicenter study which was initially planned as a phase IIb/III randomized two-arm trial but
had to be transformed into a single-arm design due to withdrawal of consent to participate in
this study by 14 of the 16 patients that were randomized to the control group. In this study, a
median overall survival of 21.8 months was reported which encouraged Celldex to launch two
more studies: ACT IV, a randomized controlled phase III study in patients with newly
diagnosed EGFRvIII-positive glioblastoma and ReACT, a phase II study in patients with
EGFRvIII-positive recurrent glioblastoma. The final results of these studies are pending.
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Based on the positive findings reported by preclinical studies, much hope was set on the clinical
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In phase I trials, erlotinib exhibited a reasonable safety profile and was generally well tolerated
(Krishnan et al., 2006; Prados et al., 2006). In addition, EIAEDs were shown to accelerate drug
metabolism of erlotinib which requires dose modification of erlotinib or a change in the
antiepileptic drug regimen (Stupp et al., 2006). In terms of clinical efficacy, Raizer et al.
examined the effects of erlotinib applied at a dose of 150 mg/d on 42 patients with recurrent
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survival was reported as 6 months and median progression-free survival as only 2 months.
Median overall survival and the 12-month overall survival were reported as 14 months and
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of 54 patients with recurrent glioblastoma who were treated with erlotinib remained free of
progression after 6 months compared to 24.1% of patients in the control group who received
either temozolomide or BCNU (van den Bent et al., 2009). Moreover, median overall survival
was shown to be similar across the treatment groups (7.7 months for the erlotinib group versus
7.3 months for the temozolomide/BCNU group).

Thus, taking erlotinib to clinical application in a monotherapeutic approach has so far fallen
short of expectations. As a logical consequence, the question rose if erlotinib might provide a
therapeutic benefit when combined with conventional radiochemotherapy. As outlined in
detail in the following, the addition of erlotinib to a combined regimen of temozolomide and
radiotherapy did not meet enthusiastic expectations and even raised the suspicion of inducing
serious toxic side effects. In a phase I/II trial, Brown et al. studied the clinical efficacy of a
combined treatment with erlotinib, temozolomide and radiotherapy in 89 patients with newly
diagnosed glioblastoma (Brown et al., 2008). Erlotinib was administered at a dose of 150
mg/d starting 1 week prior to fractionated radiotherapy (60 Gy) and chemotherapy with
temozolomide at a dose of 75 mg/m2/d. After radiotherapy, treatment with erlotinib was
continued and accompanied by up to six cycles of temozolomide at a dose of 200 mg/m2/d for
5 days every 4 weeks. Median overall survival was reported as 15.7 months, and comparison
to the “radiotherapy plus temozolomide arm” from the European Organisation for Research
and Treatment of Cancer 26981/22981-National Cancer Institute of Canada trial revealed no
significant difference (Mirimanoff et al., 2006). In contrast, Prados et al. showed in another
phase II trial which included 65 patients with newly diagnosed glioblastoma or gliosarcoma
receiving treatment with erlotinib and fractionated radiotherapy with concomitant and
adjuvant temozolomide a marked improvement of median progression-free and overall
survival (8.2 months and 19.3 months, respectively) when compared to a combined historical
control (Prados et al., 2009). Rather disturbing results were reported from a phase II study
published by Peereboom et al. (Peereboom et al., 2010). Twenty-seven patients with newly
diagnosed glioblastoma were treated with a maximum dose of 150 mg/d erlotinib and
radiotherapy (60 Gy in 30 fractions) with concurrent (75 mg/m2/d for 42 days) and subsequent
(12 four-week cycles comprising each 5 days of 150-200 mg/m2/d) temozolomide. This trial was
terminated preterm because of unacceptable toxicity and lack of efficacy. Median progression-
free and overall survival were 2.8 months and 8.6 months, respectively. Twenty-two patients
(67%) had progressive disease, and 4 patients (15%) had an adverse event. Three deaths
occurred that were reported to be treatment-related. One patient died of pneumocystis carinii
pneumonia despite treatment with pentamidine. Similarly, Brown et al. reported two cases of
fatal pneumocystis carinii pneumonia (Brown et al., 2008). Again high expectations were
disappointed.

5. Future perspectives

None of the therapeutic strategies evaluated so far involving erlotinib either alone or in
combination with conventional adjuvant therapies represent a major success for the treatment
of glioblastoma. Therefore, changing the general strategy towards a combined approach with
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HER1/EGFR TK inhibitors and other targeted agents might provide a more pronounced
clinical benefit for patients suffering from this disease.

In experimental studies, favorable effects were observed for the inhibition of downstream key
regulators such as mammalian target of rapamycin (mTOR) and PI3-K in addition to the
treatment with HER1/EGFR TK inhibitors. For example, phosphatase and tensin homolog
deleted on chromosome 10 (PTEN)-deficient U87MG and SF295 glioblastoma cells that were
subjected to a combined treatment with erlotinib and rapamycin, an mTOR inhibitor, showed
significantly increased antiproliferative effects when compared to cells receiving erlotinib
alone (reduction of proliferation by 38% versus 14%, respectively, in PTEN-deficient SF295
cells) (Wang et al., 2006). Another experimental study showed similar findings (Fan et al.,
2007). In this study, additional inhibition of PI3-K using a dual mTOR/PI3-K inhibitor (PI-103)
resulted in even more pronounced antiproliferative efficacy in PTEN-mutant glioma cells
when combined with erlotinib in comparison to erlotinib combined with either mTOR or PI3-
K inhibition. In a clinical pilot study including 22 patients with recurrent glioblastoma, Doherty
et al. showed that patients treated with erlotinib or gefitinib in combination with sirolimus
(rapamycine, Rapamune®, Wyeth Pharmaceuticals Inc., Ayerst, PA, U.S.A.) had a 6-month
progression-free survival of 25% (Doherty et al., 2006). In addition, 32 patients with recurrent
glioblastoma were treated with 150 mg/d (450 mg/d when on EIAEDs) of erlotinib and 5
mg/d (10 mg/d when on EIAEDs) of sirolimus in a phase II clinical trial (Reardon, DA et al.,
2010). In this study, however, antitumor activity was negligible with no complete or partial
responses and a median progression-free survival and a median overall survival of 6.9 weeks
and 33.8 weeks, respectively.

Carboplatin was shown to have some antineoplastic activity in patients with recurrent
glioblastoma and anaplastic astrocytoma (Prados et al., 1996). De Groot et al. examined the
therapeutic efficacy of a combined regimen of the cytotoxic agent carboplatin and erlotinib in
recurrent glioblastoma (de Groot et al., 2008). In this phase II study, 43 patients were treated
with erlotinib at a dose of 150 mg/d that was escalated up to 200 mg/d as tolerated in combi‐
nation with carboplatin administered once every 4 weeks at doses modified according to renal
function. While this regimen was well tolerated, antineoplastic activity was modest. Median
progression-free survival and overall survival were 9 weeks and 30 weeks, respectively, and
only one partial response was achieved.

Tumor angiogenesis has been shown to be a crucial process for the growth and metastasis of
solid tumors (Heath & Bicknell, 2009). The combined treatment with bevacizumab and HER1/
EGFR-targeted agents has been evaluated by two recent phase II studies in the setting of
recurrent high-grade glioma. Forty-three patients with recurrent glioblastoma were treated
with 10 mg/kg bevacizumab, 125 or 340 mg/m2 irinotecan (dose depending on EIAED come‐
dication), and cetuximab, a monoclonal antibody targeted at HER1/EGFR (loading dose of 400
mg/m2 followed by weekly administration of 250 mg/m2) (Hasselbalch et al., 2010). Two
complete responses (5%) and 9 partial responses (21%) were observed. Stable disease was
achieved in 17 patients (40%). Median overall survival and progression-free survival were 30
weeks and 16 weeks, respectively. In the second phase II trial, twenty-five patients with
recurrent primary glioblastoma were treated with 10 mg/kg bevacizumab every 2 weeks and
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of 54 patients with recurrent glioblastoma who were treated with erlotinib remained free of
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detail in the following, the addition of erlotinib to a combined regimen of temozolomide and
radiotherapy did not meet enthusiastic expectations and even raised the suspicion of inducing
serious toxic side effects. In a phase I/II trial, Brown et al. studied the clinical efficacy of a
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HER1/EGFR TK inhibitors and other targeted agents might provide a more pronounced
clinical benefit for patients suffering from this disease.
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treatment with HER1/EGFR TK inhibitors. For example, phosphatase and tensin homolog
deleted on chromosome 10 (PTEN)-deficient U87MG and SF295 glioblastoma cells that were
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with erlotinib at a dose of 150 mg/d that was escalated up to 200 mg/d as tolerated in combi‐
nation with carboplatin administered once every 4 weeks at doses modified according to renal
function. While this regimen was well tolerated, antineoplastic activity was modest. Median
progression-free survival and overall survival were 9 weeks and 30 weeks, respectively, and
only one partial response was achieved.

Tumor angiogenesis has been shown to be a crucial process for the growth and metastasis of
solid tumors (Heath & Bicknell, 2009). The combined treatment with bevacizumab and HER1/
EGFR-targeted agents has been evaluated by two recent phase II studies in the setting of
recurrent high-grade glioma. Forty-three patients with recurrent glioblastoma were treated
with 10 mg/kg bevacizumab, 125 or 340 mg/m2 irinotecan (dose depending on EIAED come‐
dication), and cetuximab, a monoclonal antibody targeted at HER1/EGFR (loading dose of 400
mg/m2 followed by weekly administration of 250 mg/m2) (Hasselbalch et al., 2010). Two
complete responses (5%) and 9 partial responses (21%) were observed. Stable disease was
achieved in 17 patients (40%). Median overall survival and progression-free survival were 30
weeks and 16 weeks, respectively. In the second phase II trial, twenty-five patients with
recurrent primary glioblastoma were treated with 10 mg/kg bevacizumab every 2 weeks and
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concomitantly with 200 or 500 mg/d erlotinib (dose depending on EIAED comedication)
(Sathornsumetee et al., 2010). Median overall survival and 6-month progression-free survival
were reported as 42 weeks and 28%, respectively. Moreover, radiographic response was
observed for 48% of the glioblastoma patients. Unfortunately, appropriate control groups were
not included in this study. However, comparison to historical data of patients treated with
bevacizumab only showed a similar progression-free survival and radiographic response.
Thus, additional inhibition of HER1/EGFR does not appear to greatly increase the clinical
efficacy when combined with bevacizumab in recurrent glioblastoma.

Overall, while promising results were reported by some early phase clinical trials evaluating
the therapeutic efficacy of a combined treatment with HER1/EGFR TK inhibitors and other
agents, further studies with a randomized controlled design and a larger patient population
will be needed to make a final judgment.

Considering the fact that a multitude of different converging and diverging signaling path‐
ways are involved in the maintenance and progression of glioblastoma, the failure of targeting
of a single molecular determinant such as HER1/EGFR does not come as a surprise. Moreover,
limiting the focus on therapeutic strategies targeted at already known oncogenic signaling
pathways might impede further progress. Therefore, the search for novel targets is crucial in
order to allow for a more efficient treatment of glioblastoma. A bioinformatic approach might
help to identify molecules that are potentially relevant as tumor-driving forces. Halatsch et
al. identified a panel of genes overexpressed in glioblastoma cells with an erlotinib-resistant
phenotype by RNA microarray analysis of which some have been confirmed as promising co-
targets in vitro (Halatsch et al., 2009; Karpel-Massler et al., 2013). Hopefully, in the future, broad
molecular tumor screening will lead to the identification of individual molecular signatures
amenable to successful multitargeting. Since these molecular signatures are likely to change
during therapy, repeated therapeutic adjustments will be necessary based on updated
molecular characteristics of the tumor (Cloughesy & Mischel, 2011). This kind of dynamic
personalized therapy of glioblastoma will likely involve HER1/EGFR-targeted therapeutics
such as erlotinib at one point.
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1. Introduction

4-Demethyl-4-cholesteryloxycarbonylpenclomedine (DM-CHOC-PEN), 1, is a polychlorinat‐
ed pyridine cholesteryl carbonate, (Fig. 1) that is a derivative of 4-demethylpenclomedine (DM-
PEN, 2) [1-4]. The latter is a non-neurotoxic metabolite of penclomedine (PEN, 3, NSC 338720,
2-trichloromethyl-3,5-dichloro-4,6-dimethoxypyridine), that was identified during the NCI
sponsored Phase I clinical trials with 3 [4-8]. 3 was found to be active vs. advanced cancers but
possessed unacceptable neurotoxicity and discontinued from further study [5-10].

N

OR
Cl

CCl3CH3O

Cl

Where –1. DM-CHOC-PEN: R=CO2-cholesteryl, 2. DM-PEN: R=H, 3. PEN: R=OCH3

Figure 1. Penclomedine (PEN) and Analogs
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distribution, and reproduction in any medium, provided the original work is properly cited.
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1 was synthesized at DEKK-TEC as part of a series of polychlorinated pyridine carbonates and
carbamates that are lipophilic, non-neurotoxic alkylators of human xenograft brain and breast
tumors implanted intracranially (IC) in mice [1-3].

Anticancer activity for 1 has been well documented in vivo vs. IC implanted human xenograft
glioblastoma (U-251 and D-54) and breast cancer (MX-1) mouse models at doses lower or
equivalent to its LD10 [1-3]. Over 25 carbonate and carbamate analogs of 2 have been synthe‐
sized and evaluated in vivo and 1 was the most active of the analogs vs. the above IC implanted
human xenograft cancer models [1-3].

X-ray crystallography studies with 1 describe a perfectly linear configuration (Fig. 2) that
includes a neutral heterocyclic ring linked through a stable carbonate group to a lipophilic
cholesteryl moiety [2]. These basic characteristics plus the neutralizing effects (electrophilic)
of the polyhalogenated substitutions on the pyridine ring probably contribute to 1’s ability to
form micelle particles that penetrate the blood brain barrier, and accumulate in CNS tumor
tissues [1, 11].

Figure 2. Structural characteristics of 1

A mechanism of action has been proposed for 1 that involves cross-linking across the trichlor‐
omethyl group with tumor DNA in the major groove via N7-guanine cross linking in a G-X-C
sequence [1]. This mechanism of action would allow 1 to be administered in combination with
many of the clinically significant DNA major groove-alkylating drugs, that include methylat‐
ing agents [e.g. dacarbazine and temozolomide (TemodarR)] and chloroethylating agents [e.g.
bis(chloroethyl)-nitrosourea (BCNU) and clomesone] – all of which form carbonium ion-
mediated adducts via O6-guanine in contrast to binding with N7-guanine, as does 1 [12].

The pharmacokinetics, metabolic fate and toxicology of 1 in three animal species (mice, rats
and dogs) are reviewed here.

Cognitive/behavioral studies have been conducted in rats and dogs and are reviewed in depth.
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2. Materials and methods

2.1. Drug formulation and chemicals

1 and 2 were synthesized by DEKK-TEC, Inc., using GLP/GMP guidelines, as previously
described [1]. 1 is very stable in the solid state under ambient temperature and was adminis‐
tered in various vehicle media for the animal studies. For the rat studies, 1 was formulated as
a buffered emulsion of soybean oil (20%), egg yolk lecithin (10%), glycerin (3%), histidine
(3.1%) and water emulsion (containing 2-7 mg/mL of 1) [IND 86,876]. For the mouse and dog
IV studies, 1 was formulated as a 0.3% Klucel+0.3-3.3% Tween® 80, saline suspension and for
the oral mouse study an emulsion of 1 in a 8% Tween-80®/Neobee®-1053 (Squibb) solution was
used.

2.2. High pressure liquid chromatography (HPLC) analysis of 1 and a metabolite, 2

HPLC analysis was performed using an Agilent Technologies (New Castle, DE) 1200 model
HPLC fitted with a diode array UV detector set at a wavelength of 244 nm (λmax for 1). A
Rheodyne Model 7725 injection port (Cotati, CA, USA) with a 20µL sample loop was used to
inject the samples. Chromatograms were recorded with an Agilent Technologies integrator.
Samples were chromatographed using an Alltech 150 x 4.6 mµ column that contains Luna C8
(2) 100A packing (diameter of particles=5 mµ).

The mobile phase for 1 consisted of 80% THF: 20% water and for 2, was 45% THF: 47% water,
which was degassed, filtered through a 0.45 µm Rainin filter (Woburn, MA, USA) and
delivered at a flow rate of 1.0 mL/min.

Plasma and erythrocyte samples were stored at-74oC until analyzed. Standard solutions were
prepared by dissolving 6 mg of 1 or 2 in 20 mL THF. Internal standards were 20 mg of
cholesteryl benzoate (ChB, Sigma Aldrich Co) or phenol (P, Sigma Aldrich Co) each in 20 mL
THF. All solutions were stable for at least 2 months at 5o C. Standard assays for 1 and 2 consisted
of 0.25 mL of plasma, 25 µL of 1 or 2 and internal standard (ChB or P – 2 µL) and 2 mL
dichloromethane. The samples were vortexed for 10 min and frozen to separate the layers. The
bottom organic layer was removed with a 25 gauge needle and glass syringe, filtered through
a 0.45 mm Acrodisc syringe filter and evaporated to dryness under vacuum, reconstituted with
100 µL of THF and analyzed as below.

Control dog and rat whole blood and plasma samples were spiked with 1 in the concentration
range 5-1000 ng/mL, plus 20 µL of the above ChB. Similar controls were prepared for 2
(ng/mL) and its int. std. – P. Peak-area ratios of 1/ChB or (2/P) vs. the concentration of 1 or 2
(ng/mL) were subjected to linear regression analysis. Retention times for 1 and ChB were 6.41
and 4.63 min., respectively and for 2 and P were 6.6 and 18.5 min., respectively.

Verification of the HPLC assays included calibration curves derived from the assay of five (5)
erythrocyte and eleven (11) plasma standards in duplicate prepared each with 1 and 2 (0.5 ng/
mL-600 µg/mL). Plasma and erythrocyte samples were obtained from healthy rats and dogs
and spiked with 1 or 2 and their respective internal standards. Drug concentrations in all
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samples were calculated using the results of linear regression analysis. Reproducibility was
higher than 85%. Limit of quantitation for 1 and 2 was 0.2 ng/mL.

2.3. P-glycoprotein (P-gp) transport studies

Cell lines-three (3) human cancer cell lines-A549: lung; MCF7: breast; and HeLa: ovarian were
obtained from ATCC, Manassas, MD, and maintained in culture in a temperature controlled
(36 oC), 5% carbon dioxide, and humidity controlled incubator system. All culture transfers
were in a laminar flow hood under sterile conditions. Tissue culture medium used was RPMI
1640 containing 10% FBS and penicillin/streptomycin/fungizone (1%) – all purchased from
InVitrogen.

Material preparation-Rho was prepared in distilled water as a stock solution (1 mg/mL), stored
frozen at-22o C. Rho (0.2µg/mL) was added to the culture medium in the presence or absence
of Vpml and/or 1. Vpml (2-23 µg/10 mL) was prepared in PBS solution and 1 (0.5-73 µg/10 mL)
in PBS+5% DMSO.

A typical assay-contained: 1-7.3 µg/mL, Vpml-2.5 µg/mL and Rho-0.2 µg/mL. Cells per test
system were 0.8-1.2 x 106/mL. Incubations occurred in the above incubator conditions for the
times and schedules discussed below. Experiments were conducted in triplicate and at times
as specified in the Results. Reaction incubations were 15-60 minutes in length as discussed in
the Results section.

Post incubation-After treatment, cells were rapidly trypsinized (~2 min), washed with cold
PBS and kept on ice until analyzed. Assay conducted with a Becton-Dickinson FACS-ARIA II
flow cytometer with CELLQUEST software. The Rho fluorescence was measured at laser
excitation 488 nm with emission at 530 nm and is expressed in arbitrary units compared to
control cells (untreated). Measurements were conducted on 10,000 cells per assay.

2.4. Animals

Adult Sprague-Dawley mice [Crl: CD1(ICR) BR] (males 20-25 g and female 18-25 g) and rats
[Crl: CD1(ICR) BR] (males 300-350 g and female 225-250 g) were obtained from Harlan
Industries (Indianapolis, IN), housed in groups of three-five per cage in light-controlled (12 h/
day) and temperature-controlled (24oC) animal isolators with filtered vents and exhausts. They
were fed a diet of Purina Laboratory Chow (Purina Feed) and received tap water ad libitum.
The rats were fasted and 3-4 mL of blood was drawn via the jugular vein. The order of bleeding
was alternated (one animal from each dose group, then repeating) to reduce handling and time
biases.

Adult male and female beagle dogs (6.5-7.5 mo. of age, 6.5-9.49 kg) were raised and maintained
at MPI Research (Mattawan, MI). They were fed a diet of Purina Dog Chow (Purina Feed),
received tap water ad libitum and exercised per IACUC protocol. Mouse, rat and dog were
euthanized with phenobarbital/ketamine anesthesia and/or carbon dioxide inhalation. The
chest cavities were exposed to insure death. Institutional animal care and use committees
(IACUC) reviewed and approved all the studies.
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All mice, rat and dog studies were conducted at MPI Research (Mattawan, MI) under GLP
regulations as described in the Guide for the Care and Use of Laboratory Animals, Office for
Laboratory Animal Welfare, NIH, Bethesda, MD.

For mouse toxicity studies, 1 was administered IV bolus via the tail vein or per oral gavage;
for the dog studies, 1 was administered as an IV bolus via the femoral vein and for rats,
administration was during a 3 h IV infusion via indwelling femoral vein catheters. The
observation period for all studies was 14-days – followed with euthanasia. For the rat and dog
studies, complete necropsies with complete blood pharmacokinetic parameters, hematology,
coagulation profiles, clinical chemistry and urine analyses were performed. For the mouse
studies physical/gross necropsy examinations were conducted.

For the acute behavioral studies, rats received drugs and controls to identify/verify gross
behavioral patterns employing a Morris modified water maze (4’ x 3’ x 1.5’) with a single layer
of white polyethylene peanuts that floated (in 6’’ of water) and covered a single mounting
stage [13, 14]. Adult female rats (Hsd:SD, 175-225 g.) were grouped 3-6 animals per drug arm.
The test agents were dissolved in or suspended in 5% aqueous TweenR 80-hydroxypropyl
cellulose in 5% saline and administered intraperitoneally (IP). Controls received the vehicle
only. Swimming trials began – 1, 2, 3 and 20 hours post-dosing. For each time period post-
dosing, the rats were challenged on six (6)-back-to-back swim trial events to find the platform.
The daily swimming times and ranges were compared to vehicle controls vs. chemotherapeu‐
tics alone in rats. The data (latency to find the platform) was analyzed by variance (ANOVA).
Body weights and water temperature-prior to each dosing and during each FOB assessment
were monitored.

2.5. Pharmacokinetic studies

Groups of rats (5/sex) were administered 100, 200, or 300 mg/kg of 1 as a 3 h timed infusion
and samples of blood collected (in EDTA tubes) at various time points IPEOI:-15,+10,+45 min,
1.5, 3, 6, 8, 12, 24 h and 14-days. Each animal possessed an indwelling femoral catheter for ease
of the study. The catheters were flushed after each blood draw. The plasma and erythrocytes
were separated and stored separately at -74oC until analyzed.

Adult beagle dogs (8 M) were administered 1 as a slow bolus injection once through a femoral
vein in doses of 10, 20, and 30 mg/kg. A 20-gauge venous catheter was inserted into a saphenous
vein for bleeding and samples were withdrawn at 0, 5, 15, and 30 min. and 1, 1.5, 2, 4, 8, 12 and
24 h into EDTA containing tubes. Plasma was separated and stored at-70o C until assayed.
Animals were anesthetized with ketamine.

2.6. Animal pharmacokinetic data analysis

Model parameters were estimated using Micropharm software and nonlinear least squares
regression was performed using Simplex and Gauss Newton algorithms []. An open two-
compartment model provided the best fit. Clearance, volume of distribution and half-lives
were derived from estimates of the model parameters.

Comparative Preclinical Pharmacology and Toxicology for…
http://dx.doi.org/10.5772/58353

243



samples were calculated using the results of linear regression analysis. Reproducibility was
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excitation 488 nm with emission at 530 nm and is expressed in arbitrary units compared to
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day) and temperature-controlled (24oC) animal isolators with filtered vents and exhausts. They
were fed a diet of Purina Laboratory Chow (Purina Feed) and received tap water ad libitum.
The rats were fasted and 3-4 mL of blood was drawn via the jugular vein. The order of bleeding
was alternated (one animal from each dose group, then repeating) to reduce handling and time
biases.

Adult male and female beagle dogs (6.5-7.5 mo. of age, 6.5-9.49 kg) were raised and maintained
at MPI Research (Mattawan, MI). They were fed a diet of Purina Dog Chow (Purina Feed),
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and samples of blood collected (in EDTA tubes) at various time points IPEOI:-15,+10,+45 min,
1.5, 3, 6, 8, 12, 24 h and 14-days. Each animal possessed an indwelling femoral catheter for ease
of the study. The catheters were flushed after each blood draw. The plasma and erythrocytes
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Adult beagle dogs (8 M) were administered 1 as a slow bolus injection once through a femoral
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2.7. Data analysis

Data analysis was performed on all plasma and in vitro studies and analyzed via non-linear
regression using a non-weighed quasi-Newtonian/simplex fitting algorithm (Statistical
software available from Stat soft, Tulsa, OK).

3. Results

3.1. Stability studies

Bulk drug product, 1, as crystals, has been observed to remain stable for > four (4) years under
ambient conditions [1]. The final clinical product (2 mg/mL) was stored at refrigerator
temperatures (4-8o C) for 1.5 years without deterioration [15].

To further document product stability a 50:50 mixture of 1 (as the clinical product) with 10%
IntralipidR (Fresenius Pharmaceuticals) was infused at room temperature over 8 h into a sterile
container. Aliquots were withdrawn at 0, 0.5, 1, 2, 3, 4 h and analyzed by HPLC as described
above. Decomposition of 1 during an 8-hour infusion at room temperature was 6% (mean for
4-runs). The breakdown product, 2, could not be identified during this extended simulated
infusion study [11].

3.2. Toxicity

Acute oral and IV toxicity study results for 1 in mice, rats and dogs are presented in Table 1
which presents median lethal dose values observed. The oral study with mice failed to produce
toxicity at maximal administered doses of 0.8-2 g/kg. Volume restrictions prevented higher
escalations. The drug (oral) was not active in the xenograft models, thus additional oral
administration route studies were terminated. Two separate single IV mouse-dosing studies
calculated a LD10/50 of 136/385 mg/kg (for both sexes; with 95% confidence limits) – Table 1.
Specific lethal/sublethal values and details are discussed in Table 1.

Clinical signs generally reflecting the deteriorating state of both mice and rats post dosing were
observed in both sexes for 1 in a dose-dependent manner and included body surface staining,
decreased activity, lethargy, loss of appetite, decreased defecation, tremors, and/or whole-
body edema. The lethal experiences were sedation followed by respiratory arrest. No seizures
or loss of coordination was observed for the survivors.

3.3. Acute single dose intravenous studies in mice

Adult male and female mice, 10 animals per sex per dose level, were intravenously dosed with
50, 100, 200, 400 and 600 mg/kg. No animals died at 0 or 100 mg/kg, 1 animal died at both 50
and 200 mg/kg doses, 7 of 10 animals died at 400 mg/kg and 8 of 10 animals died at 600
mg/kg (Table 1). Various clinical signs reflecting treatment-related effects were noted in both
sexes, oftentimes in a generally dose-dependent manner. These clinical signs included
decreased activity, rapid/difficult/slow/shallow breathing, limbs splayed, tremors and skin
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cold to touch. No seizures or loss of coordination was noted. The deaths at 400 and 600 were
of a very immediate nature, occurring within minutes or less post-dose, with no clinical signs
exhibited prior to death. While transient incidences of rapid breathing were also noted in a
couple of control animals, a definitive relationship to the vehicle was unclear. No definitively
clear treatment-related body effects were noted in those mice surviving the 14-day observation
period when compared with controls. No macroscopic findings were noted in any animal at
necropsy.

Neither aplastic bone marrow nor splenic depletion of lymphocytes was noted.

Species No/ Sex
Doses

(mg/kg)
Method LD10/50 (mg/kg) Time* (Days) Comments

Mice
36 M 50-600 IV 132/385 2-14 days Deaths were erratic

36 F Bolus (LD10/50)

Mice
30 M 800-2000 Oral – 0.8 – 2.0 g/d x 21 days

30 F Gavage 5d – no deaths No deaths

Rat

73 M IV 100 1-Rat died @ 100 mg/kg;

cholesterol – elevated, but

acceptable73 F 50-300 Infusion (LD10) 15 days

Dog
8 M IV

8 F 10-30 Bolus >30.0 10 days No deaths

Dog
4 M IV

4 F 10-30 Bolus >30.0 10 days No deaths

*The time of the last death.

Table 1. Medial dose summary for 1

Based on the conditions and findings of this study, the intravenous LD10 for 1 was calculated
to be 136 mg/kg (95% confidence limits could not be calculated) in mice (combined sexes),
while the intravenous LD50 was calculated to be 385 mg/kg (95% confidence limits).

3.4. Sub-chronic oral mouse toxicity (Table 1)

A study was conducted in groups of 10 male/10 female mice per dose. The study evaluated 1
administered daily for five days at doses of 0, 800, 1000, 1200, 1500 and 2000 mg/kg per gavage
to mice. Only one death occurred at 800 mg/kg on day 2 after dosing. All animals demonstrated
some degree of lethargy and unkempt appearance. Similar body appearances were noted with
the controls. No seizures were noted.
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2.7. Data analysis
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50, 100, 200, 400 and 600 mg/kg. No animals died at 0 or 100 mg/kg, 1 animal died at both 50
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Based on the conditions and findings of this study, the intravenous LD10 for 1 was calculated
to be 136 mg/kg (95% confidence limits could not be calculated) in mice (combined sexes),
while the intravenous LD50 was calculated to be 385 mg/kg (95% confidence limits).

3.4. Sub-chronic oral mouse toxicity (Table 1)

A study was conducted in groups of 10 male/10 female mice per dose. The study evaluated 1
administered daily for five days at doses of 0, 800, 1000, 1200, 1500 and 2000 mg/kg per gavage
to mice. Only one death occurred at 800 mg/kg on day 2 after dosing. All animals demonstrated
some degree of lethargy and unkempt appearance. Similar body appearances were noted with
the controls. No seizures were noted.
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3.5. Acute single dose intravenous studies in rats (Table 1)

A rat study was conducted with the objectives to evaluate and characterize acute toxicity,
maximum tolerated dose (MTD), and evaluate pharmacology (including pharmacokinetic
parameters) of 1 when intravenously (IV) administered over 3-hours, as an emulsion to rats.
The same formulation that is being administered to patients via IV infusion in clinical trials
was used for the rats (see Materials). A detailed clinical examination of each animal was
performed daily and included evaluations of the skin, fur, eyes, ears, nose, oral cavity, thorax,
abdomen, external genitalia, limbs and feet, respiratory and circulatory effects, autonomic
effects such as salivation, nervous system effects, including tremors, convulsions, reactivity to
handling, and psychological behavior.

Initially, a dose range finding (DRF) study was conducted that consisted of four (4) treatment
groups – each group included 3-M/3-F that were single dosed IV infusions and monitored –
no deaths were observed. The IV doses of 1 administered were – 50, 100, 150 and 200 mg/kg/
dose.

The main study phase consisted of a control group (10-M/10-F) that each received the vehicle
only and three groups (10-M/10-F) that each received a single IV infusion of 1 at dose levels of
100, 200 or 300 mg/kg. One male (1) rat in the 100 mg/kg group became moribund and was
euthanized. No animals died in the 200 or 300 mg/kg dosed groups. No external related body
effects were noted in the rats surviving the 14-day observation period. Both liver and spleens
were target organs noted to be enlarged and evaluated in detail as discussed below.

The rats were divided into 2-groups that were euthanized either on Day-2 or Day-15. Complete
macroscopic/microscopic examinations and complete clinical chemistry, hematology, coagu‐
lation studies and urinalysis were completed on all animals.

There were no meaningful hematological effects noted. On Day-2, erythrocytes, hemoglobin,
and hematocrit tended to be higher in the 300 mg/kg/dosed group. These changes were most
likely a result of fluid imbalances relative to reduced water intake. Monocytes were increased
in both sexes at 200 and 300 mg/kg/dose and lymphocytes were decreased in males at 300 mg/
kg/dose. Neutrophils were elevated in all groups on Days-2 and 15 and were attributed to
stress and/or route of administration. All other changes were resolved by Day-15 and all values
returned to normal pre-drug limits.

There were no test article-related effects on coagulation parameters or on urine analysis values.

The most significant findings were 1’s related effects on the clinical chemistry analytes in the
lipid profile studies (Table 2). Both alterations in the cholesterol and triglyceride profiles were
significantly affected post dosing with 1. Cholesterol and 2 are formed following the metabo‐
lism of 1 by the liver and/or peripherally (Scheme 1). The total cholesterol levels significantly
increased in all groups vs. the control vehicle group. Increased levels of LDL-cholesterol were
the pre-dominant variant observed on Day-2. However, by Day-15 the total cholesterol levels
had returned to within normal limits and the total cholesterol was predominantly accounted
for as a HDL-variant.
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Parameter Day Vehicle 100 mg/kg 200 mg/kg 300 mg/kg

(mg/dL) (M/F) (M/F) (M/F) (M/F)

Cholesterol 2 50/ 49.4 106.4a /77.8 206.4b/157.4 b 188b/165.6 b

(Total) 15 36.8/63.6 45.5/63.6 49.6a/48.8 51.8 a/61.4

HDL-variant 2 27.4/34.4 33.6/36.8 25.2/30.8 25.6/28.8

15 26.6/51.8 32.3/51.2 35.6 a /40 37.8 b/49.6

LDL-variant 2 134/5.4 66.0/31.3 210.2/142.6 183.6/156

15 6.6/4.4 7.5/5.6 7.2/4.4 6.8/4.4

Triglycerides 2 38.8/29 54.8/40 109.8 a/45.8 81/110.6

15 36.6/43.8 37.3/34.4 33.8/28.4 46.2/30.8

No of animals in each group – 5; aSignificantly different from control (p<0.05); bSignificantly different from control
(p<0.01).

Table 2. Summary of lipid profiles in rats dosed with 1 as an IV infusion (Day 1)

The triglycerides also increased in the 200 and 300 mg/kg groups on Day-2 post-dosing, which
resolved by Day 15. The females demonstrated the most significant elevations in both trigly‐
cerides and LDL-cholesterol. On Day 15 the profiles for both total cholesterol and triglycerides
had returned to WNL. Table 2 reviews cholesterol and triglyceride trends.

Alanine aminotransferase (ALT) in males, and γ-glutamyl transferase (GGT), and alkaline
phosphatase in females were minimally to mildly elevated at the 300 mg/kg/dose on Day 2.
All of the findings noted on Day-2 had resolved by Day-15.

Various clinical signs reflecting treatment-related effects were noted, mostly lethargy that
cleared. No behavioral alterations were noted.

Macroscopic/microscopic examinations revealed increased sizes of the livers and spleens. On
Day-2, the 200 and 300 mg/kg groups possessed vacuolated macrophages in the liver (Kupffer
cells) and spleen. By Day-15 the macrophages contained smaller oil aggregates and clusters
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3.5. Acute single dose intravenous studies in rats (Table 1)
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There were no meaningful hematological effects noted. On Day-2, erythrocytes, hemoglobin,
and hematocrit tended to be higher in the 300 mg/kg/dosed group. These changes were most
likely a result of fluid imbalances relative to reduced water intake. Monocytes were increased
in both sexes at 200 and 300 mg/kg/dose and lymphocytes were decreased in males at 300 mg/
kg/dose. Neutrophils were elevated in all groups on Days-2 and 15 and were attributed to
stress and/or route of administration. All other changes were resolved by Day-15 and all values
returned to normal pre-drug limits.

There were no test article-related effects on coagulation parameters or on urine analysis values.

The most significant findings were 1’s related effects on the clinical chemistry analytes in the
lipid profile studies (Table 2). Both alterations in the cholesterol and triglyceride profiles were
significantly affected post dosing with 1. Cholesterol and 2 are formed following the metabo‐
lism of 1 by the liver and/or peripherally (Scheme 1). The total cholesterol levels significantly
increased in all groups vs. the control vehicle group. Increased levels of LDL-cholesterol were
the pre-dominant variant observed on Day-2. However, by Day-15 the total cholesterol levels
had returned to within normal limits and the total cholesterol was predominantly accounted
for as a HDL-variant.
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The triglycerides also increased in the 200 and 300 mg/kg groups on Day-2 post-dosing, which
resolved by Day 15. The females demonstrated the most significant elevations in both trigly‐
cerides and LDL-cholesterol. On Day 15 the profiles for both total cholesterol and triglycerides
had returned to WNL. Table 2 reviews cholesterol and triglyceride trends.

Alanine aminotransferase (ALT) in males, and γ-glutamyl transferase (GGT), and alkaline
phosphatase in females were minimally to mildly elevated at the 300 mg/kg/dose on Day 2.
All of the findings noted on Day-2 had resolved by Day-15.

Various clinical signs reflecting treatment-related effects were noted, mostly lethargy that
cleared. No behavioral alterations were noted.

Macroscopic/microscopic examinations revealed increased sizes of the livers and spleens. On
Day-2, the 200 and 300 mg/kg groups possessed vacuolated macrophages in the liver (Kupffer
cells) and spleen. By Day-15 the macrophages contained smaller oil aggregates and clusters

OO

ON
Cl

CCl3

H3CO
Cl

OHO

O

OH

N
Cl

CCl3

H3CO
Cl

+

OHHO

O

OH

N
Cl

CCl3

H3CO
Cl

+

HO
+

Scheme 1. Metabolism of 1

Comparative Preclinical Pharmacology and Toxicology for…
http://dx.doi.org/10.5772/58353

247



within hepatic sinusoids. The findings in both the spleen and the liver showed trends toward
resolution by Day-15 with both biliary hyperplasia in the liver and splenic focal necrosis
resolving; vacuoles were smaller and cell cytoplasm had a more eosinophilic tint seen in both
livers and spleens, albeit the vacuoles still expanded the cytoplasm of the cells. The latter
changes are artifacts resulting from the extraction of drug/lipids/cholesterol from hepatic/
splenic macrophages during fixation/preparation of tissues for microscopic examination. The
changes seen on Day-2 in the spleens and the livers trended towards resolution by Day-15.
Controls (vehicle alone) did not demonstrate the above changes.

Transitory changes in the hepatic profile are considered 2o to stasis of 1 in hepatic sinusoids
with biliary congestion that results in cysts and shunting of blood to the spleen resulting in
splenic cysts and fatty deposits.

Although the above findings resolved by Day-15, they must be considered adverse – based on
the degree of elevation in triglycerides (3-fold) and LDL-cholesterol (30-fold in females) seen
in some groups. The control group received the vehicle alone – soybean oil and egg yolk lecithin
– both rich in triglycerides and did not demonstrate abnormal lipid profiles or the liver/spleen
changes.

Based on the conditions and findings of this study, the intravenous LD10 of 1 in rats was
calculated to be 100 mg/kg (95% confidence limits could not be calculated) – Table 1.

3.6. Acute dog IV toxicity (Tables 1, 3)

A single IV dose study was performed in adult Beagle dogs, which consisted of 1 administered
once as an IV bolus. Sixteen (16) adult beagle dogs (8 male and 8 female) divided into three
groups received a single intravenous injection of 1. The experimental design and results are
presented in Table 3.

No treatment related effects on survival, hematology, urinalysis, or macroscopic and micro‐
scopic evaluations were noted during the study. Numerous clinical signs reflecting treatment-
related effects were noted in both sexes of all groups, including the control group, and
exhibited no dose-dependent pattern, clearly suggesting that the effects were attributable to
the 0.3% Klucel+1.92% Tween 80 vehicle rather than 1. Pertinent clinical signs noted included
decreased activity, emesis, impaired righting reflex, limb function impaired, breathing slow/
shallow, red skin discoloration (entire body, ears, or face), swelling (face and/or nose/muzzle),
skin cold to touch, eyes swollen, slow gum capillary refill time, feces-mucoid/soft/discolored/
watery, lacrimation, salivation, sclera injected, vocalization, tremors, and urination decreased.
The effects were of immediate onset (within one hour post dose), with most of the signs clearing
by Day 2 of the study. However, decreased activity persisted for Days 2, 3, or 4 in some of the
animals and through the remainder of the study. No clear treatment-related body weight
effects were noted during the study when comparing treated groups vs. controls. Slight body
weight losses were noted in some animals which were non-dose related. The latter observa‐
tions were in all probability attributable to the vehicle.
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Route/Schedule Dose (mg/kg) Number and Sex Observations

IV once

0 2M 2 F No deaths

10 2 M 2 F No deaths

20 2 M 2 F No deaths

30 2 M 2 F No deaths

Table 3. Acute IV toxicity in the dog

There were marked elevations of alanine aminotransferase (ALT), and sorbitol dehydrogenase
(SDH) in males in both controls and all treated animals on Day 2. Increased aspartate amino‐
transferase (AST) was observed in one (1) male with remarkably increased values for AST,
ALT and SDH. The other male in this group exhibited only mildly increased values on Day 2
for these parameters. Similar trends were noted in females. ALT and SDH were highest on
Day 2 for all dose levels, including controls. This acute and transient effect on liver enzymes
exhibited no dose-dependent pattern and attributable to the vehicle. The latter finding was not
observed to this extent in the rat study which used a different vehicle. The above was verified
in a second group of 4M/4F.

The dog hematological studies confirmed that the 10-30 mg/kg doses do not produce myelo‐
suppression, thrombocytopenia or anemia.

Treatment-related neurotoxicity was not observed following the single IV bolus administra‐
tion of 1 to dogs. A second opinion review was obtained (RT), who conducted silver stains and
confirmed MPI’s observation that there were no microscopic pathological CNS changes
present in the brains of dogs treated with 1 (FDA IND – 68,876) [14].

3.7. Summary Median Lethal Dose (Single Dose)

Table 1 summarizes the toxic effects of single IV dose administrations of 1 in mice, rats and
dogs. Three intravenous studies were conducted under FDA GLP guidelines. The summary
of the median lethal single dose (LD50) values were calculated by combining the data from the
acute single dose studies according to species and are available only for mice and dogs.

3.8. Acute rat behavioral studies

Rats in groups (5-females) received 1, 2, or 3 in a dose range finding (DRF) screen to identify
and verify gross behavioral patterns (Table 4). Documentation of drug cognitive/learning
abilities were conducted in a Morris modified water maze with adult female rats (Hsd:SD,
175-225 g.) which were grouped 3-6 animals per drug arm (Table 5).

Impaired learning behavior has not been observed for 1 or 2 in contrast to observed data for 3
during the first 1-3 h and at 20 h periods post-dosing (Table 5). A vehicle and a 5-FU control
were included for comparison. The observations noted for 3 and 5-FU support the literature
reports that both drugs impair memory in patients receiving the drug [16-18]. The described
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Table 1 summarizes the toxic effects of single IV dose administrations of 1 in mice, rats and
dogs. Three intravenous studies were conducted under FDA GLP guidelines. The summary
of the median lethal single dose (LD50) values were calculated by combining the data from the
acute single dose studies according to species and are available only for mice and dogs.

3.8. Acute rat behavioral studies

Rats in groups (5-females) received 1, 2, or 3 in a dose range finding (DRF) screen to identify
and verify gross behavioral patterns (Table 4). Documentation of drug cognitive/learning
abilities were conducted in a Morris modified water maze with adult female rats (Hsd:SD,
175-225 g.) which were grouped 3-6 animals per drug arm (Table 5).

Impaired learning behavior has not been observed for 1 or 2 in contrast to observed data for 3
during the first 1-3 h and at 20 h periods post-dosing (Table 5). A vehicle and a 5-FU control
were included for comparison. The observations noted for 3 and 5-FU support the literature
reports that both drugs impair memory in patients receiving the drug [16-18]. The described
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assay is a simple, reproducible quantitative assessment of impaired visuospatial cerebellar-
learning/memory and performance functions via swimming and navigating a water maze. The
treated and control rats were timed to navigate to find a hidden platform – Figures 3 and 4.

Figure 3. A rat on the water maze platform.

A control memory impairment agent, MK-801, is included to demonstrate complete impale‐
ment. In contrast, 1 and 2 had little or no influence on learning/memory, while 3 produced
long lasting impairment.

Drug Dose (mg/kg) IP 1 - 4 Hours 5th Hour 7th Hour

Vehicle (Controls) 0.5 mL Alert; normal behavior Alert; normal behavior
Alert; normal

behavior

Mk-801 (control) 0.05 once Lethargic Lethargic Lethargic

5-FU (Chemo Control) 78 Lethargy, eyes closed More alert Normal behavior

3 400-800 once
Eyes closed; spastic;

lethargy
Less lethargy; spastic Normal behavior

2 350-600 once
No acute toxicity; no

spasms
Normal behavior Normal behavior

1 100 & 300 once
No acute toxicity; no

spasms
Normal behavior Normal behavior

Table 4. Rats - gross behavior patterns (5 female rats per group, 160-168 g)
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3.9. Brain/tumor penetration

Adult male mice (athymic NCr-nu/nu – NCI-Frederick Production Area, NCI) were sedated
and intracerebrally (IC) implanted with U251 glioma cells (106) from tissue culture. The mice
were divided into 5-control and 5-treated with 1. The latter group was administered 1 (135 mg/
kg/day) IP daily for two consecutive days (q1d x 2) beginning 4-days post inoculation of cells.
Four hours after the second treatment the animals were sacrificed and the brains removed
intact (cerebellum included), flash frozen in liquid nitrogen and stored at -77 oC until assayed.

The intact frozen brains (~1.3 g) were coronal sliced into three sections in a mouse brain blocker
(Kopf). The encapsulated gliomas were easily identified and separated readily from normal
brain tissue with a scalpel and using microscopic ‘touch finger printing’ – separation verified.
The tumor tissues were weighed, pooled and homogenized in 10 mL saline at 5OC. This process
was repeated for the normal brain tissue. The cold homogenates were separately extracted
with 10 mL dichloromethane, the organic layer separated and evaporated to dryness.

The residues were dissolved in dichloromethane and underwent preparative TLC on silica gel
plates (Sigma-Aldrich, Milwaukee, WI) with a mobile phase – hexane/dichloromethane:10/30.
The respective spots for 1 and 2 were extracted with dichloromethane, concentrated and
analyzed by HPLC (for procedure, see-Methods). 1 and 2 were present in the gliomas extracts
-62 and 11 ng/g, resp. (avg.) were present in the gliomas, but none in the normal brain tissue.

Figure 4. A rat swimming through the peanuts.
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Five (5) control mice bearing IC implanted U251 cells (non-treated) were used as the dissection
and extraction controls. No chemicals were identified in the above extraction assays or in the
brains from the control tumor/normal mice.

3.10. Normal brain penetration

Adult male rats [Crl: CD1(ICR) BR] (325-350 g wt) in groups of 5 animals were dosed intra‐
peritoneally with 50 mg/kg of DM-CHOC-PEN in 0.3% Klucel/Tween80/saline daily x 2 days.
On the 3nd day the rats were sacrificed and the intact brains removed (~1.9 g) and each
homogenized in 10 mL saline at 5OC. To the cold homogenates, 20 mL dichloromethane was
added and shaken for 30 minutes. The organic layer was removed and evaporated to dryness
under vacuum at room temperature. The residues were dissolved in 1 mL of tetrahydrofuran

TREATMENTS

LEARNING - IMPROVEMENT

(MEAN) *[ DIFFERENCE

BETWEEN 1st AND 6th TEST –

SAME TIME PERIOD]

MEMORY – IMPROVEMENT/IMPAIRMENT

[Differences Between 1 – 20 hrs]

Agent

Dose

(mg/kg/

dose

#Rats Schedule

1 Hr 2 Hr 3 Hr 20 Hr

1Hr→ 2Hr→ 3Hr→
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Control Saline 24 _ 3.2 1.3 2.1 2.0 3.0 0.7 1.6 3.5 35.1

MK-801 0.05 3 QD X 1 0** 0** 0** 0** 0 0 0 0 0

5-FU 78 6 QD X 1 1.7 1.3 1.7 8.2 1.0 0.6 1.3 0.7 -13.5

3 400 6 QD X 1 0.8 1.3 0.6 1.2 1.4 1.7 0.6 1.0 -1.2

2 135 6 QD X 1 6.7 1.5 1.7 2.4 4.0 1.0 1.0 3.5 42.1

1 100 6 QD X 1 3.2 1.3 1.8 3.8 3.2 0.6 1.5 2.4 23.6

*Rats were tested – six (6) separate trials – 1, 2, 3 and 20 hrs post dosing. The rats are timed to swim to the stage. The
fold improvements are recorded in the table. For hours 1, 2, 3, and 20 post dosing, two values are given for each drug.
The first number (X) for each hour is the difference (in seconds) between the initial and final attempts (first – sixth run).
A negative number indicates complete lack of learning throughout six runs – taking a longer amount of time on the sixth
try than the first. The next value (indicated with *) is X fold performance improvement. This is calculated by initial/ final
time. <1 indicates complete lack of improvement (taking longer on the last try than the first). Doses used were the
therapeutic values as determined from the tumor models.

**MK-801-is a NMDA (N-methyl-D-aspartate) inhibitor that produced a solemn effect that prevented the rats from
swimming and learning. After 3-days the rats were equivalent vs. control. 5-FU has been associated with memory loss in
patients treated with chemotherapy (17).
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and 100 µL chromatographed on silica gel plates with hexane:dichloromethane (1:1) as solvent.
DM-CHOC-PEN was identified at Rf 0.74 with an additional spot – Rf 0.51. All spots were cut
out, extracted with THF and analyzed by HPLC. DM-CHOC-PEN and a polar metabolite were
identified by HPLC (see below).

DM-CHOC-PEN was calculated to be present-100 ng/g (avg.) of whole brain. The more polar
peak (Rf 0.51) was not DM-PEN and present at 20 ng/g of whole brain. 1H-NMR of the latter
fraction identified a pair of peaks at δ 5.68 & δ 5.75-consistent with loss of a methylene chlorine
and binding to an NH-group, possible adduct. The material possessed a cholesteryl carbonate
moiety. Normal brain tissue was used as a control.

3.11. Pharmacokinetic studies in rats and dogs (Table 5)

Plasma concentration-time profiles for 1 in adult rats post a 3-hour single dose IV infusion of
100, 200 and 300 mg/kg are presented in Fig. 5. Mean pharmacokinetic parameters for rats
summarized in Table 6, Figs. 5 and 6 were – T1/2α 15+/-7 h, T1/2β 19.1+/-1.3 h and CL 22.2+/-6.5
L/h for 1, which could be detected 24 h post infusion. As mentioned previously and outlined
in Scheme 1, 1 is metabolized to 2 and cholesterol, which are compared in Fig. 6 for the 100
mg/kg dose. The levels of 2 and cholesterol paralleled each other, as expected.

Figure 5. Mean plasma levels for 1 IPEOI – 4-rats per group.
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Figure 6. Mean plasma and rbc levels for 1, 2 and cholesterol, IPEOI for 1 after IV infusion (200 mg/kg) – 4-rats per
group.

The shifts noted in the bioavailability for 1 vs. 2 are suggestive of an enzyme overload – a
Michaelis Menten effect (Fig. 6). For rats, the AUC and Cmax values vs. doses of 1 administered
were linear – Figs. 7 & 8. Dog pharmacokinetics for 1 are compared to the rat values in Table.
For dogs, plasma clearance was constant between 10 and 30 mg/kg. The plasma clearance is
328.8 L/h vs. 346.8 L/h; demonstrating the PK linearity of 1. Differences seen between rats and
dogs are due to the fact that rats received 1 during a 3-hr IV infusion and dogs via an IV bolus
injection – thus not comparable.

Dose Specie (N) T1/2 α (h) T1/2β (h) AUC (mg*h/L) Cl (L/h)

10 mg/kg Dog (4)
1.23 (Mean) 21.6 (Mean) 0.42 (Mean) 328.8 (Mean)

0.53 (SD) 16.00 (SD) 0.17 (SD) 221.2 (SD)

30 mg/kg Dog (4)
0.63 (Mean) 18.7 (Mean) 1.12 (Mean) 346,8 (Mean)

0.09 (SD) 10.7 (SD) 0.09 (SD) 54.5 (SD)

100 mg/kg Rat (5)
0.51 (Mean) 2.48 (Mean) 1.05 (Mean) 30.4 (Mean9.99

0.05 (SD) 0.8 (SD) 0.53 (SD) (SD)

200 mg/kg Rat (5)
0.25 (Mean) 6.94 (Mean) 3.46 (Mean) 16.9 (Mean)

0.1 (SD) 2.1 (SD) 0.46 (SD) 4.04 (SD)

300 mg/kg Rat (5)
0.12 (Mean) 4.0 (Mean) 5.17 (Mean) 19.40 (Mean)

0.06 (SD) 1.2 (SD) 1.74 (SD) 9.13 (SD)

(Males & females combined)

Table 6. Comparative PK parameters of 1 in rats and dogs
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3.12. P-glycoprotein (P-gp) transport (Table 6)

The results of incubating Rho in the presence or absence of Vpml and/or 1 are summarized in
Table 7.

Six reaction conditions (1-6) are reviewed, where:
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3.12. P-glycoprotein (P-gp) transport (Table 6)

The results of incubating Rho in the presence or absence of Vpml and/or 1 are summarized in
Table 7.

Six reaction conditions (1-6) are reviewed, where:
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1 – is the result from incubating cell lines with Rho for 15 minutes.

2 – is the result from incubating cell lines with Vpml for 1 hour and then adding Rho during
the last 15 minutes of incubation.

3 – is the result from incubating the cell lines with Vpml for 15 minutes, adding 1 after an
incubation time of 30 minutes and then adding Rho during the last 15 minutes – total incubation
time, 60 minutes.

4 – is the result from treating the cell lines simultaneously with Vpml and 1 for 45 minutes and
then adding Rho and continuing the incubations for an additional 15 minutes – total incubation
time – 60 minutes.

5 – is the result from incubating the cell lines with 1 for 15 minutes and then adding Vpml for
additional 45 minute incubation. Rho is added during the last 15 minutes of the incubation.

Finally, 6 is the result of incubating each of the cell lines for 1 hour with 1 alone and then adding
Rho during the last 15 minutes of incubation.

The results summarized in Table 7 for the 3 sensitive cell lines are coherent: The rate of
incorporation of Rho is lower when cells are treated by the mixture of Vpml and DM-CHOC-
PEN or Vpml alone but not when the cells are treated with DM-CHOC-PEN alone (mean
fluorescence intensity of 6 roughly the same for control cells). This is interpreted as meaning
that DM-CHOC-PEN has no effect on the function of P-gp transport.

Cell Line
Mean Fluorescence Intensity for Total Cells (Mean) (x 103)*

Rho Vpml + Rho Vpml → DM + Rho Vpml + DM +Rho DM + Vpml + Rho DM + Rho

1 2 3 4 5 6

HeLa 19.3** 15.0 15.6 18.2 16.0 17.6

A549 23.2 20.8 16.4 13.2 17.9 21.8

MCF-7 10.5 6.5 5.9 6.2 7.4 8.9

*Cell concentration per each assay. Average of triplicate assays.

Table 7. P-glycoprotein transport of 1

4. Discussion

The rationale for the pre-clinical development of 1, a polychlorinated pyridine cholesteryl
carbonate, was based on observed antitumor activity vs.  IC implanted human xenografts
growing in mice, in comparison with standard therapy [1,2]. 1 was synthesized during an
attempt to design and develop polychlorinated pyridine carbonates that could penetrate
the  BBB,  with  cytotoxic  activity  vs.  intracranially  growing  brain  tumors  and  without
neurotoxicity [1,2].
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We report here the results of acute toxicity and pharmacology studies with single intravenous
injections of 1 in groups of rodents and dogs. The end-point of all the studies was to identify
drug toxicity and an acceptable starting dose for a Phase I clinical trial in humans with
advanced cancer.

The IV LD10 single-dose value for mice (sexes combined) was calculated as 139 mg/m2. The
mouse study generally displayed a typical dose-response effect (with the exception of one
death at 50 mg/kg), with 1 being slightly more toxic in males than in females at the two highest
doses.

A sub-chronic oral mouse toxicity study was conducted at MPI Research, Mattawan, MI, under
GLP conditions in male/female mice. The study evaluated 1 in an emulsion administered per
oral gavage daily for five days at doses of 0, 800, 1000, 1200, 1500 and 2000 mg/kg per gavage
to mice. Only one death occurred at 800 mg/kg on day 2 after dosing. All animals demonstrated
some degree of lethargy and unkempt appearance, but no seizures. Similar body appearances
were noted with the controls.

Adult rats were treated once with single IV infusions of 1 in doses of 50, 100, 150, 200, and 300
mg/kg. One (1) death occurred at the 100 mg/mL dose level. No deaths occurred in the treated
vehicle group. There were no meaningful effects on hematology parameters. On Day-2
erythrocytes, hemoglobin, and hematocrit tended to be higher at the 300 mg/kg/dose. These
changes were most likely a result of fluid imbalance. Monocytes were increased in both sexes
at 200 and 300 mg/kg/dose and lymphocytes were slightly decreased in males at 300 mg/kg/
dose level. Neutrophils were elevated relative to expected ranges in all groups on Days-2 and
15 and were attributed to stress and/or route of administration. All other changes were
resolved by Day 15 and all values returned to normal pre-drug limits. There were no test article-
related effects on either coagulation or on urinalysis parameters.

The most significant abnormal findings were the statistically increased plasma values for
cholesterol and triglycerides in the 200 and 300 mg/kg treated groups. LDL-cholesterol was
significantly elevated in females – increased from 5.4 to 142 and 156 mg/dL for the 200 and 300
mg/kg groups, resp. This elevation is significant and considered a SLT (CTEP.v4). The
triglycerides were increased by 4-fold in the 300 mg/kg group females, however, they return
to normal values by Day-15. Hepatic and splenic deposits of fats were also noted on gross and
microscopic examinations which cleared by Day-15.

Cholesterol is released during metabolism of 1 (Table 2 & Scheme 1). The early formation of
LDL-cholesterol is not a surprise since the formation of the LDL-variant is the initial natural
method to ‘initially encase cholesterol molecules’. The cholesterol is cleared through the liver
as the HDL-variant. Triglycerides were elevated secondary to increased cholesterol and the
lipid character of the emulsion vehicle, which also rapidly reversed [3].

Although the above cholesterol and triglyceride findings resolved by Day-15, they must be
considered adverse – triglycerides (3-fold) and LDL-cholesterol (30-fold in females). The
control group received the vehicle alone – soybean oil and egg yolk lecithin – both rich in
triglycerides and did not demonstrate abnormal lipid profiles.
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Alanine aminotransferase (ALT) in males, and γ-glutamyl transferase (GGT), and alkaline
phosphatase in females were minimally to mildly elevated in the 300 mg/kg group on Day-2.
All of these findings on Day-2 resolved by Day-15. Transient elevations in transaminases were
considered to be 2o to hepatic clearance of the drug. Neither gross nor microscopic evidence
of toxicity (other than hepatic cysts) was noted at autopsies, including CNS. Table 7 compares
calculated starting therapeutic doses for humans [19].

A single IV dose administration study was performed in adult beagle dogs employing single
doses (10 – 30 mg/kg) of 1. No treatment related fatalities occurred. Numerous clinical signs
reflecting treatment-related effects were noted in both sexes of all groups. Pertinent clinical
signs noted included decreased activity, autonomic hyperactivity – vomiting, decreased
urination, salivation, and lacrimation. The effects were of immediate onset (within one hour
post dose), with most of the signs clearing by Day-2 of the study. However, decreased activity
persisted for Days 2, 3, and 4 in some of the animals and through the remainder of the study.
Slight body weight losses noted in some animals were not dose-dependent and it could have
been attributable to the clinical signs (and associated stress) caused by the vehicle. There were
marked elevations of aspartate aminotransferase (AST), alanine aminotransferase (ALT), and
sorbitol dehydrogenase (SDH) noted in controls and all treated groups and apparently
attributable to the vehicle – a Klugel/Tween mixture that will not be used in the clinical studies.
All liver functions reversed by Day-15. This acute and transient effect on liver enzymes
exhibited no dose-dependent pattern and was also apparently attributable to the vehicle. The
latter finding was not observed in the rat study.

No hematological deficiencies were noted in any group. Drug-related neurotoxicity was not
observed. This was confirmed by second opinion (RT), who conducted silver stains and
confirmed MPI’s observation that there were no microscopic pathological CNS changes
present in the brains of dogs treated with 1 [19].

Based on the conditions and findings of this study, a single bolus intravenous injection of 1 to
groups of beagle dogs at dose levels of 10, 20 and 30 mg/kg produced no effects that were
directly related to the test article; instead they were probably attributable to the 0.3% Klucel
+1.92% Tween® 80 vehicle used.

Pharmacokinetic studies were conducted in two species – rats and dogs. Parameters were
obtained from Gauss Newton algorithm modeling [3]. The values are compared in Table 6. No
statistical differences between male and female rats were noticed. The differences in half life
can be explained in reference to administration routes – dog-IV bolus vs. rat – IV infusion over
3 hrs. Similarly, the clearance is higher in the bolus studies as expected with a surge of drug
being filtered.

In the learning/cognitive screening study, rats treated with 3 took a longer period of time to
find the pedestal vs. 1, 2 and the controls. Despite normal gross appearance of the rats after 7
hr (Table 4), the 3 treated animals demonstrated impaired learning (Table 5). There were no
signs of learning impairment noted in the rats treated with 1 or 2, as was seen for 3. 2 is a
polychlorinated 4-hydroxypyridine (Fig. 1) and exists as a zwitterion that is too polar to cross
the BBB. This behavior has been observed for other 4-hydroxypyridines [20]. The water
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swimming maze assesses impaired visual spatial processing, as well as memory. The obser‐
vations for 5-FU (drug control) confirmed literature reports of learning/memory impairment
post dosing in humans [16].

The drug penetrated human glioblastoma tumor tissue growing IC in mice, with none
detectable in the normal tissue. This only reinforced our interest in using the drug to treat
patients with cancers involving the CNS.

1 does not have effects on the P-gp transport system. In the current study, Rho was selected
as an indicator of 1’s interaction/inhibition with the P-gp protein transport system in three (3)
human cancer cell lines-A549: lung; MCF7: breast; and HeLa: ovarian. Verapamil (Vpml) is a
known inhibitor of the P-gp pathway and was included as a positive control, providing
additional support that 1 is not a substrate for the P-gp transmitter system and not rejected via
the high energy ATP-binding cassette (ABC) transport systems [11].

Both 1 and 2 bind to erythrocytes and could penetrate the blood brain barrier (BBB) and IC
growing cancers attached to rbcs via breaks in the BBB (penetration routes of metastatic
cancers) or sites of neo-angiogenic networks. However, as previously published, 2 alone is not
active vs. IC implanted human breast and glioma tumors implanted in a mouse model; the
presence of 2 in the IC implanted tumors (see Results-Brain/tumor penetration) must be due to
IC steroid esterase hydrolysis of 1 [21].

Thus, preclinical studies, conducted under GLP guidelines are presented as support for 1 to
enter Phase I clinical trials as treatment for advanced cancer with CNS involvement. Table 8
reviews calculated starting doses and data satisfied the FDA’s requirements for an IND (IND
68,876), which has completed a Phase I clinical trial – DTI-021 [19]. The phase I clinical trial is
nearing completion with acceptable toxicities and responses noted in patients with advanced
cancer involving the CNS system [15].

Drug Species Acute IV LD10 Comparable Human IV Dosage*

DM-CHOC-PEN Mouse 136 mg/kg/d 39 mg/m2/d (10% of LD10)

DM-CHOC-PEN Rat 100 mg/kg/d 60 mg/m2 (10% of LD10)

DM-CHOC-PEN Dog >30 mg/kg/d
>100 mg/m2/d**

(1/6th HNSTD)

* Standard conversion **Based on the highest dose – 30 mg/kg used in the dog studies

The initial level of dosing in the Phase I clinical trial has been established as 39 mg/m2 (IND 86,876) (19).

Table 8. Estimated comparable human intravenous dosages
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known inhibitor of the P-gp pathway and was included as a positive control, providing
additional support that 1 is not a substrate for the P-gp transmitter system and not rejected via
the high energy ATP-binding cassette (ABC) transport systems [11].

Both 1 and 2 bind to erythrocytes and could penetrate the blood brain barrier (BBB) and IC
growing cancers attached to rbcs via breaks in the BBB (penetration routes of metastatic
cancers) or sites of neo-angiogenic networks. However, as previously published, 2 alone is not
active vs. IC implanted human breast and glioma tumors implanted in a mouse model; the
presence of 2 in the IC implanted tumors (see Results-Brain/tumor penetration) must be due to
IC steroid esterase hydrolysis of 1 [21].

Thus, preclinical studies, conducted under GLP guidelines are presented as support for 1 to
enter Phase I clinical trials as treatment for advanced cancer with CNS involvement. Table 8
reviews calculated starting doses and data satisfied the FDA’s requirements for an IND (IND
68,876), which has completed a Phase I clinical trial – DTI-021 [19]. The phase I clinical trial is
nearing completion with acceptable toxicities and responses noted in patients with advanced
cancer involving the CNS system [15].
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DM-CHOC-PEN Mouse 136 mg/kg/d 39 mg/m2/d (10% of LD10)
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The initial level of dosing in the Phase I clinical trial has been established as 39 mg/m2 (IND 86,876) (19).
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