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Modern Management of
High Grade Glioma, Part Il

Isaac Yang, MD

Seunggu J. Han, MD
Guest Editors

Malignant glioblastoma is the most common pri-
mary brain tumor and has a poor prognosis. On
average, overall survival is about one year and
remains one of the most difficult challenges
for the patients, families, treating clinicians, and
scientific investigators in neuroscience, neurosur-
gery, radiation oncology, and neuro-oncology.

Despite the advances in research, knowledge,
refinement of microsurgical neurosurgery, imaging,
chemotherapy, and radiation, malignant glioma
continues to pose a difficult challenge for those
afflicted with this disease and those caregivers,
family, and clinicians taking care of these patients.
Recently, malignant glioma has gained an increase
in public awareness as former Senator Ted Kennedy
and late baseball great Gary Carter were stricken
with this horrible disease. This year, over 13,000
Americans will also succumb to this affliction.

With this as the background, clinicians, investiga-
tors, and patients are courageously utilizing infor-
mation, resources, and technology to improve the
treatment and quality of life for patients with ma-
lignant glioma. The number of investigators and
clinicians fighting brain cancer is increasing as evi-
denced by their growing numbers at the annual

meetings for the Society of Neuro-Oncology and
the AANS/CNS Section on Tumors. The work being
done in clinical trials and research laboratories with
novel therapies and the refinement of current strat-
egies is moving us in the right direction.

This second half of a two-part issue of Neuro-
surgery Clinics of North America aims to provide
a critical review of the modern management of
malignant glioblastoma with contributions from
leading researchers and world class clinicians in
the field of neuro-oncology. We highlight the re-
cent advances and evolving achievements in this
rapidly developing field. There is a focus on in-
creasingly targeted methods of immunotherapy
and clinical trials, radiosensitizers, and small mole-
cule chemotherapy for gliomas. Our issue also
touches on improvements in surgical therapies
with ALA, language mapping, and maximizing the
quality of life in our glioma patients. Novel markers
such as IDH1 and CD133 are also covered. Finally,
on the cutting edge of nanotechnology, there is
a focus on highlighting the potential implications
of this technology for use in treating malignant
glioma. These contributions are from some of the
most cutting edge experts who are among the

Neurosurg Clin N Am 23 (2012) xiii—xiv
doi:10.1016/j.nec.2012.05.004

1042-3680/12/$ — see front matter © 2012 Elsevier Inc. All rights reserved.
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foremost brain tumor scientists investigating novel
methods and improving our modern therapy
against malignant glioblastoma.

As we improve our research, therapies, and un-
derstanding of malignant gliomas, we become bet-
ter investigators and doctors trying to help our
patients who are courageously fighting this formi-
dable disease. Although we have made recent
strides in our investigations, understanding, and
clinical trials for this disease, there is still much
research required and many advancements are
yet to be made.

It is our sincere hope that our critical survey
of the modern therapy for malignant glioma will
spread knowledge in the field of neuro-oncology
and inspire future research endeavors that will
make a difference in the lives of our patients.

Isaac Yang, MD

UCLA Department of Neurosurgery

UCLA Jonsson Comprehensive Cancer Center
University of California, Los Angeles

David Geffen School of Medicine at UCLA
695 Charles East Young Drive South

UCLA Gonda 3357

Los Angeles, CA 90095-1761, USA

Seunggu J. Han, MD

Department of Neurological Surgery
University of California, San Francisco
505 Parnassus Avenue, M779

San Francisco, CA 94117, USA

E-mail addresses:
lYang@mednet.ucla.edu (I. Yang)
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Immunotherapy for Glioma
Promises and Challenges

Seunggu J. Han, mp?, Corinna Zygourakis, MD?,
Michael Lim, Mp®, Andrew T. Parsa, MD, PhD**

KEYWORDS

® Glioma e Glioblastoma multiforme e Brain tumors ® Central nervous system e Immunotherapy
e Cytokines ® B cells ® T cells

KEY POINTS

High-grade gliomas (glioblastoma multiforme) are the most common primary intracranial
neoplasms and are associated with a poor prognosis, despite the current standard of care treat-
ment (surgical resection, followed by radiation and temozolomide chemotherapy).

There is active research investigating novel immunotherapies in the treatment of high-grade
gliomas.

Gliomas suppress immune function in the brain by limiting effective communication with immune
cells, secreting immune-inhibitory cytokines and molecules, and expressing molecules that induce
apoptosis of immune cells.

To combat tumor-associated immunosuppression, there are 3 categories of immunotherapeutic
approaches: cytokine immunotherapy, passive immunotherapy (including serotherapy and adop-
tive immunotherapy), and active immunotherapy.

Although immunotherapeutic approaches have met with mixed success so far, immunotherapy
continues to be actively pursued because of its potential to harness the potency, specificity, and

memory of the immune system to attack infiltrating high-grade gliomas.

INTRODUCTION

The most common primary brain neoplasm, glio-
blastoma multiforme (GBM), is associated with
a dismal prognosis. With the standard of care treat-
ment regimen of aggressive surgical resection, radi-
ation, and chemotherapy, the median survival
remains only 14 months.! However, advances in
conventional treatments (ie, radiation and chemo-
therapy) have brought only modest improvements
in patient survival. As a result, new treatment modal-
ities, such as immunotherapy, are being pursued.?
This article describes the current strategies and
results of immunotherapy for high-grade gliomas.

The central nervous system (CNS) has historically
been considered an immune-privileged organ in
which immune activity is significantly decreased.®
Several unique anatomic and physiologic character-
istics limit immune surveillance and response in the
brain.* First, the CNS lacks a lymphatic system.
Second, the brain is shielded from the peripheral
circulatory system by the blood-brain barrier
(BBB), and is therefore isolated from most peripheral
immune cells, soluble factors, and plasma proteins.
Third, the brain has high levels of immunoregulatory
cells and factors that decrease immune function.
Fourth, CNS cells express low baseline levels of
major histocompatibility complex (MHC) molecules
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responsible for antigen presentation to immune
effector cells.’

Despite these factors, effective immune responses
are performed in the CNS. Both the complement
system® and the antigen-antibody system, including
functional B cells,”® are active in the CNS. In
response to insults, CNS antigen-presenting cells
(APCs), microglia, are activated, upregulate MHC
and costimulatory molecules, and stimulate CD4-
specific and CD8-specific T cell responses.®'! A
small number of lymphocytes are found in normal,
healthy brain,' and both naive lymphocytes' and
activated T cells can cross the BBB.'2'415
Many different types of lymphocytes also infiltrate
the CNS in the presence of disease, such as
gliomas.®'® However, the magnitude and potency
of these immune response in the CNS remain to be
elucidated.®

TUMOR-ASSOCIATED IMMUNOSUPPRESSION

In addition to the classic hallmarks of cancer,
gliomas display an additional unique feature: the
ability to evade and suppress the immune system
in various ways.?® First, by limiting effective
signaling between glioma and immune cells (by
either expressing low levels or defective human
leukocyte antigen [HLA]), glioma cells evade
immune detection. A recent study by Facoetti and
colleagues?’ found that approximately 50% of 47
glioma samples displayed loss of the HLA type |
antigen, and a high proportion of these showed
selective loss of HLA-A2 antigen as well. Loss of
HLA type | antigen was more common among
higher-grade tumors, suggesting a role of deficient
antigen presentation in glioma progression.

Inhibition of antigen presentation by microglia
and macrophages in the tumor microenvironment
also contributes to the tumors’ ability to escape
immune detection. In vitro, the presence of glioma
cells induces monocytes to reduce their phago-
cytic activity.?? In addition, microglia within glioma
tissue are deficient in proper antigen presentation
for cytotoxic and helper T cell activation,® with, for
example, significantly less MHC-Il induction by mi-
croglia and macrophages from gliomas compared
with normal brain tissue.?* Stimulation of microglia
in the presence of tumor cells also reduces the
secretion of proinflammatory cytokines, such as
tumor necrosis factor (TNF)-a, but increases the
secretion of the inhibitory cytokine interleukin
(IL)-10.2%

The lymphocytic population is also altered in the
presence of gliomas. CD4+ helper T cells have
depressed function in both the peripheral blood
and tumor microenvironment,?®27 display weak
proliferative responses, and produce lowered

amounts of the Ty1 cytokine IL-2.22 Most CD8+
T cells are not activated.?® In patients with malig-
nant gliomas, a subpopulation of T lymphocytes
termed T regulatory cells (T.g; €9, CD4+CD25+
cells) that suppresses activity of effector T cells
is increased.?'?430-32 By downregulating the
production of key cytokines, such as IL-2%% and
interferon (IFN)-y343% from target lymphocytes,
these Tregs Potently inhibit T cell activation, prolif-
eration, and differentiation.®3 In vivo experiments
have shown significantly improved survival after
depleting T.egs in @ murine model of glioma
(GL261) by injecting an anti-T,.g antibody (anti-
CD25+ monoclonal antibody [mAb]).36:37

Gliomas secrete various immune-inhibitory cyto-
kines, such as IL-10,38 and other immunomodulating
molecules that play an important role in glioma-
associated immunosuppression. Malignant glioma
cells produce large amounts of prostaglandin
E2,3940 wwhich, in turn, inhibits IL-2 activation of
lymphocytes.*!#? They also express high levels of
TGF-p2,**3 which is also known as glioblastoma
cell-derived T cell suppressor factor (G-TsF)
because of its potent inhibition of cytotoxic T
cells.*8 |nhibition of signaling through the TGF-p2
pathway by antisense RNA in the C6 rat glioma
model significantly prolonged survival*’ and, at
times, eradicated the tumor.*® These experiments
strongly support the key role that TGF-p2 plays in
the immunosuppression that seems essential for
the survival of glioblastoma cells.

In addition to secreting immunosuppressive
factors, glioma cells also express molecules that
induce apoptosis of immune effectors, such as
Fas ligand (FasL), galectin-1, and B7-H1, further
contributing to their immunosuppressive proper-
ties.*%% FasL and its receptor Fas are important
mediators of apoptosis in the immune system,
particularly of CD8+ cytotoxic lymphocytes. High
expression of FasL by human glioma cells is asso-
ciated with low levels of T cell infiltration,%' sug-
gesting that FasL expression by tumor cells may
contribute to T cell depletion in tumors by
increased T cell apoptosis. However, the clinical
significance of FasL expression levels remains to
be determined. Like Fas/FasL, galectin-1 induces
apoptosis in a variety of immune cell types through
an alternate signaling pathway.%? Overexpression
of galectin-1 by gliomas®® likely also contributes
to increased apoptosis of T cells by gliomas,
serving as another method of evasion from the
antitumor activity of T lymphocytes. B7-H1 is
a potent immunosuppressive surface molecule
that induces T cell apoptosis via the PD-1 signaling
pathway and is overexpressed in a subset of
gliomas with particularly strong immunoresistant
phenotypes.®® Not only the glioma cells but also



microglia in the presence of gliomas have
increased levels of 2 of these proapoptotic factors,
FasL and B7-H1.54-56

In addition, iatrogenic factors may cause systemic
immunosuppression in patients with gliomas. Corti-
costeroids prescribed for tumor-associated edema
may inhibit cytokine production and sequestration
of CD4+ T cells.%” However, recent evidence
suggests that, at therapeutic doses, corticosteroids
do not interfere with immunotherapy.®® In addition,
chemotherapeutic agents, such as temozolomide,
can cause lymphopenia, particularly of the CD4+
population,>® which may weaken the effect of immu-
notherapeutic modalities that depend onthe CD4+ T
cell response. Other chemotherapeutic agents, such
as rapamycin, inhibit production of the proliferative
cytokine IL-257 and may therefore exacerbate the
immunosuppressive state in patients with high-
grade gliomas.

IMMUNOTHERAPY

The major challenge in the management of malig-
nant gliomas has been the inevitable recurrence of
the tumor despite aggressive therapy. This problem
highlights the infiltrative nature of high-grade
gliomas, which have often already spread with
evidence of diffuse microscopic disease beyond
the tumor mass at the time of clinical presentation.
The development of a successful mode of therapy
requires systemic efficacy throughout the brain,
with the ability to target tumor cells left behind after
surgical resection and conventional adjuvant thera-
pies. Such systemic therapy must also be highly
specific for infiltrating tumor cells. Immunotherapy
represents a promising modality, with the potential
to harness the potency, specificity, and memory of
the immune system to attack infiltrating glioma cells.

The main strategies in anti-glioma immunotherapy
include cytokine therapy, passive immunotherapy,
and active immunotherapy. Cytokine therapy is
based on the concept that administration of immuno-
modulatory cytokines activates the immune system.
Passive immunotherapy includes serotherapy, in
which monoclonal antibodies are given to aid in
immune recognition of tumor and to deliver toxins
to tumor cells, and adoptive therapy, which involves
tumor-specific immune cells that are expanded
ex vivo and reintroduced to the patient. Active immu-
notherapy involves generating or augmenting the
patient’s own immune response to tumor antigens,
typically by administrating tumor antigens or profes-
sional APCs.

Cytokine Therapy

Cytokines are potent immunomodulators, and
immunotherapy with cytokines has been applied
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in oncology against a variety of tumors with variable
success. To deliver cytokines to the CNS, different
strategies have been explored, including injection/
infusion of recombinant cytokines, vectors contain-
ing cytokine-encoding genes, cells that secrete
cytokines, or cytokines linked to toxins.

The first clinical trial using cytokine immuno-
therapy showed promising results using intratu-
moral |IFN-o in addition to surgery and
radiotherapy,®° but the study was limited by design
flaws.2° In contrast, Farkkila and colleagues®’
found that their IFN-y neoadjuvant and adjuvant
to radiotherapy regimen was well tolerated but
did not offer a statistically significant survival
benefit. Follow-up studies using systemic or intra-
thecal administration of IFN-a, IFN-y, and/or IL-2
continued to find no significant improvement in
survival, and patients in the treatment arm encoun-
tered considerable toxicities.®?-%4 Current research
is addressing improved targeting of cytokine
delivery to reduce systemic toxicity and increase
the effective cytokine concentrations within the
tumor.

Viral vectors for local delivery of cytokines to
glioma cells met with only limited success.®5-¢7
However, strategies using intratumoral implanta-
tion of various cell types genetically modified to
produce cytokines produced more encouraging
results. Injection of IL-2-secreting allogeneic fibro-
blasts into GL261 tumors in mice significantly de-
layed tumor development when injected before
the tumor cells and prolonged survival in mice
with established tumors.87° Injection of neural
stem/progenitor cells (which are attractive carrier
cells because they can self-replicate, have
prolonged survival, and migrate long distances)
transfected to produce IL-2,7" IL-4,72 IL-12,7®
and 1L-23,74 improved survival in animals with es-
tablished gliomas.

Alternate vehicles for intratumoral cytokine
delivery include liposomes and biopolymer micro-
spheres. Injection of liposomes containing a plasmid
with the IFN-B gene into GL261 gliomas in mice
induced a robust activation of natural killer cells,”®
IFN-B expression by tumor cells, significant infiltra-
tion of cytotoxic T cells, a 16-fold reduction in
mean tumor volume, and a complete response in
40% of animals.”® Biopolymer microspheres con-
taining IL-2 were also effective in generating
a specific response when injected into mice and rat
gliomas.”""®

Cytokines have also been used to deliver toxins,
such as Pseudomonas exotoxin, to attack glioma
cells. Cytotoxic effects of Pseudomonas exotoxin
conjugated to IL-4 (whose receptor is highly ex-
pressed on glioma but not normal brain cells®%-8)
against glioma cells have been shown in vitro.8'-82
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In the clinical trial of intratumoral injection of IL-4-
Pseudomonas exotoxin for patients with high-
grade glioma, 6 out of 9 patients showed evidence
of tumor necrosis, with no significant toxicity found
in any patient.2% Clinical trials are currently
underway to evaluate this modality’s efficacy and
maximum tolerated dose.?485

Intratumoral injections of Pseudomonas exotoxin
conjugated to IL-13R (which is similarly overex-
pressed in malignant gliomas®-28) is well tolerated
in patients with recurrent malignant glioma.8%°"
Recent efforts have focused on optimizing the spec-
ificity and strength of the interaction between IL-13
and IL-13R of glioma cells,® as well as developing
new modes to deliver the IL-toxin.®® Pseudomonas
exotoxin conjugated to TGF-o has also shown
improvement in survival of mice bearing tumor xeno-
grafts, with greater improvements seen in mice that
express the epidermal growth factor receptor
(EGFR).2+% In a phase | clinical trial, 2 patients
received intratumoral infusions of TGF-a conjugated
to the Pseudomonas exotoxin and showed radio-
graphic response with relative safety.%®

Overall, immunotherapy with cytokines has
shown safety, with variable efficacy. Thus, given
the relative nonspecificity of cytokine therapy, it
may prove most useful as an adjunct to other types
of therapies. The potential use of cytokines as an
adjunct to chemotherapy, termed chemoimmuno-
therapy, is an active area of development.”®”

Passive Immunotherapy

Serotherapy
Passive immunotherapy includes serotherapy and
adoptive immunotherapy. Serotherapy uses
monoclonal antibodies to effect an antitumor
response or to achieve specific delivery of toxins,
chemotherapy, or radiotherapy to tumor cells. An
important determinant of its success is the identifi-
cation of glioma-specific antigens (ie, specific anti-
gens that are expressed on glioma cell surfaces but
not on normal brain parenchyma). Targeted glioma
antigens have included tenascin, EGFR and its
mutated form EGFRuvIIl, chondroitin sulfate, vas-
cular endothelial growth factor (VEGF) receptor,
neural cell adhesion molecule (NCAM),%8 and hepa-
tocyte growth factor/scatter factor.%®

An extracellular matrix protein strongly expressed
in gliomas but not normal brain, tenascin, is readily
identified immunohistochemically by mAb 81C6.'%°
Systemic administration of '¥'I-conjugated 81C6
mAb to mice with human glioblastoma xenografts
prolonged survival,'?'-192 with evidence of radioiso-
tope localization to the tumor.'®® Clinical trials of
31]-conjugated 81C6 mAb given intrathecally have
shown safety at low radiation doses, with

neurotoxicity and hematologic toxicity at higher
doses.%4-106 Several phase | and |l trials studying
131|-conjugated 81C6 mAb injected into the surgical
resection cavity in humans with glioblastoma have
shown improved survival,'04107-112

Similar to tenascin, EGFR is specifically overex-
pressed by glioma cells, and signaling through
EGFRis thought to play a key role in survival, prolif-
eration, and progression of gliomas. In a clinical trial
by Kalofonos and colleagues, ' patients with high-
grade gliomas were treated with 3'I-conjugated
mAb to EGFR injected intravenously or infused
into the internal carotid artery, with 6 out of 10
patients showing clinical response lasting 6 months
to 3 years and no major toxicity. In another trial,
a single intravenous injection of murine anti-EGFR
mAb, EMD55900 (mAb 425), was given to 30
patients with malignant gliomas, showing binding
of EMD55900 to the tumor in 73% of patients.' ™4
In a phase I/ll study in which patients were given
repeated infusions of EMD55900, toxicity was
minimal, but no significant therapeutic benefit
was found, because 46% of patients had pro-
gressed at 3 months.'™® Another trial using
EMD55900 was stopped because of high levels of
toxicity of inflammatory reactions.®

Several other phase |, II, and lll trials have been
conducted using EMD55900 conjugated to
125j0dine, 7120 showing that the conjugated
mAb localizes to the glioma and is well tolerated.
Two phase Il trials in which patients received ra-
diolabeled mAb following standard resection and
radiation therapy showed a median survival of
15.6 months''® and 13.5 months respectively.'?°
Phase lll trials are currently ongoing.''” Another
trial, which used a humanized anti-EGFR antibody,
h-R3, designed to inhibit the kinase activity of the
EGFR receptor, showed no high-grade toxicity
and an overall 38% response rate, with stable
disease in 41% patients at a median follow-up of
29 months. '

EGFRUVIIl is a constitutively active mutant form of
EGFR and, as a tumor antigen that likely has alarge
role in tumorigenicity, is an attractive target for
serotherapy.'?® Systemic injections of the anti-
EGFRvIll mAb 806 into mice with U87 glioma
xenografts significantly reduced tumor volume
and increased survival.'?®

These EGFR and EGFRUvlll antibodies can
provide specific targeted delivery of chemothera-
peutics or toxins to glioma cells as well. Mamot
and colleagues'® used fragments of mAbs
binding EGFR and EGFRUvIII conjugated to immu-
noliposomes containing the cytotoxic drugs doxo-
rubicin, vinorelbine, and methotrexate and
observed successful intracellar delivery of these
drugs to glioblastoma cells in vitro. They then



showed efficacy in slowing tumor growth of EGFR-
targeted immunoliposomes containing cetuximab
in mouse xenograft models.'?® Antibodies have
also been conjugated to several different toxins,
with varying results.’?® The specificity of delivery
of therapeutic agents by monoclonal antibodies
to tumor-specific antigens holds great potential
for limiting therapeutic toxicity in immunotherapy
against gliomas.

Adoptive immunotherapy
Adoptive immunotherapy augments the antitumor
response with the reintroduction of immune effector
cells that have been isolated from the patient and
expanded ex vivo under controlled conditions.
Most adoptive immunotherapeutic strategies have
used harvested lymphocytes stimulated with IL-2
to produce lymphokine-activated killer cells (LAKSs).
Others have used tumor-infiltrating lymphocytes;
neural stem cells (discussed earlier), tumor-
draining lymph node T cells; and non-MHC-
restricted, cytotoxic T cell leukemic cell lines.
Jacobs and colleagues'?” reported the first clin-
ical trial studying immunotherapy with LAKs. LAKs
and IL-2 were infused directly into the tumor bed of
patients with malignant glioma, with minimal
toxicity,'2® and mean progression-free survival in
this small cohort was 25 weeks.'?® Other trials
using this technique found a small benefit in patient
survival, but showed dose-limiting neural toxicity
related to IL-2-induced cerebral edema.'3%-132 A
recent study by Dillman and colleagues '3 reported
a median survival of 17.5 months in patients with
GBM who had LAKSs placed in the resection cavity,
compared with 13.6 months in controls. In mouse
models, LAKs coated with bispecific anti-CD3
and anti-glioma antibodies increase the LAK
activity of peripheral blood lymphocytes against
the xenograft gliomas.* The tumor-bed infusion
ofthese coated LAKs in clinical trials showed prom-
ising results, with either partial or complete radio-
graphic glioma regression in 8 of 10 patients.3®
None of the 10 patients suffered tumor recurrence
during follow-up of 10 to 18 months, and 9 of the
10 control patients given untreated LAK cells devel-
oped recurrent tumor within 1 year.'3%
Tumor-infiltrating lymphocytes (TILs) found
within glioma tissue contain a higher proportion
of cytotoxic CD8+ T cells compared with periph-
eral blood. Because they are readily expanded in
culture, presumably recognize 1 or more tumor
antigens, and are much more cytotoxic to glioma
cells than LAKs,'3® TILs are promising candidates
for adoptive immunotherapy. In the GL261 murine
glioma model, TILs were incubated with enzymat-
ically digested GL261 cells and IL-2 and then
infused intraperitoneally into mice harboring
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gliomas in the liver or brain.'®” The infusion
reduced the number of liver metastases but did
not lengthen the survival of animals with GL261
tumors in the brain, leading the investigators to
conclude that the inefficacy of TIL therapy in the
brain reflects the unique challenges of the immu-
nosuppressive tumor microenvironment and that
more efficient delivery systems need to be devel-
oped.’® However, subsequent studies have
reported success with TILs in treatment of intra-
cranial gliomas in vitro.'38139 Several clinical pilot
studies have described the feasibility of reinfusion
of IL-2 and autologous TILs expanded in vitro to
patients systemically and locally with little
toxicity, %141 put evidence for the efficacy of
such a technique is currently lacking. Despite the
drawbacks of TILs (including altered cellular
signaling, decreased proliferation, defective cyto-
kine secretion, decreased cytotoxic capacity,
and a predisposition toward apoptosis?®:142-145),
the superior specificity of TILs compared with
LAKSs and early clinical success with TIL strategies
warrant further investigation.

The use of tumor-draining lymph node T cells and
non-MHC-restricted, cytotoxic T cell leukemic cell
lines has also been explored. In a phase | trial, 12
patients with astrocytoma, anaplastic glioma, or
GBM were initially given injections of T lympho-
cytes from tumor site—draining lymph nodes after
activation and expansion ex vivo.'4 Partial regres-
sion was observed in 4 patients, and no long-term
toxicity was seen during the 2-year follow-up
period.'#® In another study, transfer of TALL-104
cells (non-MHC-restricted cytotoxic T cells derived
from a patient with acute T-lymphoblastic leu-
kemia) into tumor sites of U87 xenografts in mice
significantly reduced tumor growth' and pro-
longed survival'#8 by both direct tumoricidal action
and recruitment of endogenous antitumor activ-
ity."#® Geoerger and colleagues’®® subsequently
showed evidence of significant cytotoxic activity
of TALL-104 cells against several human glioblas-
toma cell lines in rat models, and stressed the
importance of local, as opposed to systemic,
administration of TALL-104 cells. Preclinical stud-
ies have characterized the cytotoxic activity, traf-
ficking patterns, viability of TALL-104 cells under
different conditions, and specific activity against
brain tumor cells, concluding that TALL-104 cells
are appropriate for human clinical trials.®".152
TALL-104 implantation therapy shows Kkilling of
glioma cells, but not of normal brain cells, through
a mechanism mediated by specific cytokine
release, and their activity is not altered by the pres-
ence of radiotherapy or corticosteroids.®"

In summary, like cytokine therapy, adoptive
immunotherapy (using LAKs, TILs, or the other
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cell types discussed earlier) is not fully effective by
itself, but may become an important adjuvant to
standard treatments and other immunotherapies
for primary gliomas.

Active Inmunotherapy

Active immunotherapy involves priming or aug-
menting patients’ immunity in vivo by vaccinating
against tumor antigen. Tumor vaccines for malig-
nant glioma have been the focus of great interest
in recent years. However, successful development
of glioma vaccines requires proper presentation of
tumor antigens and induction of an effective,
durable, antigen-specific T cell immune response.
Early efforts in active immunotherapy used
vaccines containing autologous tumor cells as
a source of glioma tumor antigens, given with
various cytokines for immune stimulation.?53-156
Despite evidence for the safety and feasibility of
such techniques, many challenges in glioma
vaccine development remain because of the
innately poor antigen-presenting capacity of
glioma tumor cells, with low levels of expressed
costimulatory molecules.

To augment antigen presentation, professional
APCs have been used in glioma vaccines. Recent
interest has turned to dendritic cells (DCs), which
have an abundant expression of costimulatory
molecules and a great capacity for activating T
lymphocytes. DCs that are exposed to tumor anti-
gens are then used to initiate an antitumor
response in the patient’s endogenous T cells,'5”
inducing T cell proliferation and generating cyto-
toxic responses in vitro. 158159

In clinical trials, autologous DCs are obtained
from peripheral blood mononuclear cells or bone
marrow, primed to maturation, exposed to tumor
antigen in a variety of ways (including whole tumor
cells, isolated peptides, tumor lysates,'6%161 or
tumor RNA'®"), and then reintroduced to the
patient. An early phase | trial used peptide-
pulsed DCs isolated from peripheral blood and
showed the generation of robust T cell infiltration
into the tumor.’®? Initial efforts by Kikuchi and
colleagues'®® used DCs fused to glioma cells
and injected intradermally into patients with malig-
nant gliomas. There were no adverse reactions,
but a partial response in only 2 out of 8 patients
was observed.'®® In a subsequent study by the
same investigators, IL-12 was added to the formu-
lation, and a more robust 50% radiographic tumor
reduction was seen in 4 of 15 patients, with similar
safety profiles.'®* A complete regression of glioma
was achieved in the murine GL261 model when
a regimen of intrasplenic vaccination with DC/
tumor fused cells, local cranial radiotherapy, and

anti-CD134 mAb 7 was given.’®® Liau and
colleagues'®® proposed that the most promising
patient subgroup for DC vaccine therapy may be
patients with small, quiescent tumors with low
expression of tumor TGF-B. The phase Il random-
ized trial using tumor lysate—pulsed DC vaccine for
high-grade gliomas is ongoing.

The use of unselected tumor extracts to prime
DCs in such nonspecific ways risks inducing auto-
immunity against antigens of normal brain.'®” In
efforts to avoid this potential hazard, focus has
turned to more specific approaches using tumor-
specific antigens, such as EGFRVIII, as targets
for glioma vaccines. Preliminary studies using
EGFRUVIII peptide-pulsed DCs showed generation
of cytotoxic activity against the U87 human glioma
cell line.'® A phase | trial using an EGFRuvIII
peptide-based vaccine showed that the therapy
was well tolerated, with treated patients with
GBM having a progression-free survival of 6.8
months and a median overall survival of 18.7
months from vaccination.'®® The phase I/l
randomized trial of the EGFRVIII peptide vaccine
with radiation and temozolomide is ongoing.

Another peptide-based vaccine currently under
study is based on heat shock protein gp96 and
its associated peptides isolated from patient’s
autologous tumor acquired at the time of
surgery.'”%172 Preliminary results of the ongoing
phase I/1l trial have shown the vaccine to be well
tolerated, with evidence of induction of tumor-
specific responses.

Infectious agents have also been used to induce
an antigen-specific immune response to gliomas.
These vaccines contain viral or bacterial vectors
that carry tumor antigen genes, and are based
on the premise that an immune response to the
highly immunogenic infectious agent should
augment the response to the tumor antigen as
well. Such an approach using Listeria monocyto-
genes has shown efficacy against extracranial
but not intracranial tumors in animal models, sug-
gesting the potential for efficacy in gliomas with
improved delivery systems to the CNS.'73:174

MULTIMODALITY IMMUNOTHERAPY

To enhance the effects of immunotherapy in
combating high-grade gliomas, combinations of
the approaches discussed earlier (cytokine
therapy, passive and active immunotherapy)
have been attempted. Cytokine and active immu-
notherapy strategies have been combined by
introducing tumor cells or fibroblasts transfected
to produce cytokines, such as IL-2, IL-4, IL-12,
IL-18, IFN-a, and GM-CSF, alone or in combina-
tion with DCs.'®175-178 Several studies suggest



the promise of this strategy. Intratumoral adminis-
tration of IL-2-producing tumor cells along with
recombinant IL-12 significantly prolonged survival
in mice with gliomas.’® Tumor cells producing
GM-CSF and/or B7-2, a costimulatory molecule,
also increased survival in mice when injected
locally into GBM.8 In rat models, when comple-
mentary DNA (cDNA) of IFN-y,"®" TNF-¢,5” and
IL-4"8 was delivered retrovirally to glioma cells
in situ, a strong immune response was generated
and the established tumors were eliminated.

SUMMARY

The continued poor prognosis of patients with high-
grade gliomas with current treatment protocols
warrants new therapeutic approaches. Advanced-
stage clinical trials of several promising immuno-
therapies are currently underway, and their results
will determine the clinical value of these modalities.
However, the challenges to immunotherapy remain
numerous. Although immunotherapy and chemo-
therapy can potentially serve as coadjuvants, the
current practice of administering temozolomide
during and 6 months after radiation therapy inter-
feres with the clinical testing of immunotherapies,
which may be compromised both by concurrent
chemotherapy and by the immunosuppression
that accrues with time.

Another impediment to developing effective
immunotherapy is the immunosuppressive charac-
teristics that are the hallmark of malignant gliomas.
Effective therapeutic strategies require overcoming
these mechanisms by augmenting tumor antigen
presentation, perhaps in a setting isolated from the
tumor microenvironment. The heterogeneity of
potential glioma antigens warrants research and
investigation of multiple tumor-specific antigen
targets. The optimal immunotherapy will likely use
several of the strategies reviewed earlier and
become a standard component of a combined multi-
modal approach to malignant gliomas.
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KEY POINTS

e 5-aminolevulinic acid (5-ALA)-induced fluorescence is a user-friendly, technologically efficient, and
clinically safe surgical adjunct for the identification of malignant glial tumor tissue.

e A multi-institutional clinical trial comparing fluorescence-guided versus white light tumor resection
reported significant improvement in completeness of resection and 6-month progression-free
survival; the trial was underpowered to show improvement in overall survival.

e The degree of 5-ALA-induced fluorescence correlates with histopathologic grade of tumor, degree

of tumor cell infiltration, and proliferation indices.

e Quantitative methodologies for assessment of tissue fluorescence have significantly improved the
ability to detect tumor tissue and intraoperative diagnostic performance, as assessed by receiver

operating characteristic curve analysis.

e These developments extend the applicability of this technology to additional tumor histologies and
provide the rationale for further instrumentation development.

Over the past 2 decades, increasing evidence has
accumulated correlating more complete surgical
resection of malignant glioma with improved
survival. Numerous surgical technologies have
been developed to facilitate optimal resection,

many of which function to guide the surgeon
during resection. This article focuses on the use
of 5-aminolevulinic acid (5-ALA)-induced fluores-
cence and its present role in the surgical resection
of high-grade gliomas.
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5-ALA s a precursor in the hemoglobin synthesis
pathway, and exogenous, oral administration of
this molecule several hours before surgery leads
to the preferential accumulation of the molecule
protoporphyrin IX (PpIX) within tumor cells. Under
blue-violet light conditions, the fluorophore PplIX
emits light in the red region of the visible spectrum,
enabling identification of tumor tissue that might
otherwise be difficult to distinguish from normal
brain. Several commercial operating microscope
systems have been adapted to use this phenom-
enon, providing the illumination and optical appa-
ratus for reliable and efficient fluorescence
guidance during surgery.

The greatest impediment to wider clinical appli-
cation of this technology has been the limited
access to 5-ALA for use in intracranial tumor re-
section. Approved for intracranial use in Europe,
Canada, and Japan, 5-ALA in the United States
has not yet received such approval by the US
Food and Drug Administration (FDA). Clinical inves-
tigation in the United States at the time of this
writing requires an Investigational New Drug (IND)
exemption, and all clinical studies in the United
States have been performed under this exemption.

EARLY WORK

One of the earliest reports of the use of 5-ALA-
induced fluorescence for tumor resection was
that published by Stummer in 2000." In this study,
52 patients with subsequently confirmed glioblas-
toma multiforme (GBM) underwent fluorescence-
guided resection in which all fluorescent tissue
considered safe to resect was removed. Absence
of contrast-enhancing tumor on postoperative
magnetic resonance imaging (MRI) was docu-
mented in 33 patients (63%), with 18 of the 19
patients with residual enhancement having had
residual fluorescence intraoperatively, the location
of which was considered to preclude safe re-
section. Intraoperatively, 2 types of fluorescence
were noted: solid fluorescence, which corre-
sponded with coalescent tumor on histology, and
vague fluorescence, representing infiltrative tumor.
Independent factors significantly associated with
survival in multivariate analysis were patient age,
residual intraoperative fluorescence, and residual
contrast enhancement on postoperative MRI.
There was no perioperative mortality, 1 case of
new, permanent morbidity (severe hemiparesis),
and 3 patients with transient worsening of preexist-
ing symptoms. No serious adverse events related
to the ingestion of 5-ALA were observed.! This
positive and encouraging experience showed the
safety and feasibility of using 5-ALA-induced fluo-
rescence as a surgical guide.

THE GERMAN MULTI-INSTITUTIONAL TRIAL

The publication in 2006 of a randomized multi-
institutional study comparing 5-ALA-induced
fluorescence-guided surgery with conventional
white light surgery for malignant glioma? represented
the first randomized surgical study for malignant
glioma and was a landmark in fluorescence-guided
surgical resection. Seventeen centers enrolled 322
patients in this study, the primary end points of which
were residual contrast-enhancing tumor on early
postoperative MRI and 6-month progression-free
survival assessed by MRI. The study was terminated
at interim analysis, with 270 patients randomized
between the 5-ALA (139 patients) and white-light
(131 patients) groups.?

Complete resection of contrast-enhancing tumor
on MRI was achieved in 90 (65%) of 5-ALA patients
and in 47 (36%) of white-light patients, a difference
significant to P<.0001. Six-month progression-free
survival was observed in 41% versus 21.1% of
patients in the respective treatment groups, a differ-
ence that again was highly significant (P<.0003).
There was no difference in severe adverse events
at 7 days. The study was not powered to show
a difference in overall survival, although restratifica-
tion based on early postoperative MRI showed that
patients without residual contrast-enhancing tumor
of postoperative MRI had a survival advantage.
Subgroup analysis also showed a longer time to re-
intervention for older patients (age >55 years: 10.2
months [5-ALA group] versus 7.1 months [white-
light group]).2

The large number of well-documented patients
undergoing GBM resection in the German ALA
Glioma Study Group afforded an opportunity to
look at the effect of completeness of resection on
postoperative MRI with overall survival in patients
stratified with respect to the recursive partitioning
analysis (RPA) of the Radiation Therapy Oncology
Group (RTOG).® Historically, the confounding vari-
able of patient selection bias has rendered difficult
the interpretation of any intervention effect in malig-
nant glioma, and this partitioning strategy recog-
nizes the important prognostic variables of age,
Karnofsky Performance Scale (KPS), neurologic
condition, and mental status.

The 243 patients with newly diagnosed GBM in
the multicenter German study, independent of their
assignment to 5-ALA or white-light groups, were
looked at with respect to their RTOG-RPA class.
Median overall survival times for classes Ill, IV,
and V were 17.8, 14.7, and 10.7 months, respec-
tively; 2-year survival in these classes were 26%,
12%, and 7%. Stratification for completeness of
resection within RPA class revealed clear differ-
ences: for class IV, survival with complete resection



was 17.7 months versus 12.9 months with in-
complete resection, and for class V, survival of
13.7 months versus 10.4 months. Two-year survival
within class IV was 21.0% versus 4.4%, and within
classV, 11.1% versus 2.6%. The number of patients
within class Il was too small to detect significant
differences. Overall, the predictive capability of the
RTOG-RPA classes was confirmed by the ALA
Glioma Study Group, and differences in survival
seen in class IV and class V support a relationship
between maximum cytoreduction and survival.*

In the 2006 report of the ALA Glioma Study Group,
only marginal differences were found between the
5-ALA and white-light groups. In a 2011 study, the
investigators looked more closely at the issue of
neurologic morbidity using the final intent-to-treat
patient populations of their study (176 patients in
the 5-ALA group and 173 in the white-light group).
This analysis again confirmed the earlier findings of
more complete tumor resection and improved
progression-free survival. Using the National Insti-
tutes of Health Stroke Scale (NIH-SS) as a measure
of neurologic status, the analysis also showed

Clinical Trials for Surgical Resection

a higher incidence of deterioration in the NIH-SS
by 1 or more points at the 48-hour postoperative
time point in the 5-ALA group (26.2% vs 14.5%;
P = .02). This measure was no longer statistically
significant at 7 days, and at 3 months, the percent-
ages with neurologic deterioration of 1 point or
greater were 19.6% versus 18.6%, respectively.
KPS scores showed no statistically significant dif-
ferences between the 2 groups (deterioration in
the KPS score at 6 weeks postoperatively seen in
32.9% for the ALA group vs 28.8% for the white-
light group, P = 1.0, and deterioration at 6 months
seen in 35.7% and 49.1%, respectively, P = .12).
Patients at risk of neurologic deterioration were
those with preexisting neurologic deficits unre-
sponsive to steroids, consistent with these deficits
more likely related to tumor infiltration than
surrounding edema.®

Further analysis in this same study attempted to
assess the trade-off between a higher incidence of
temporary and generally mild neurologic deterio-
ration with 5-ALA-guided resection and improved
likelihood of complete resection. In long-term

Fig. 1. (A) White-light operating microscope image at partial resection of this left parietal GBM tumor in a
79-year-old man. (B) Blue-violet light image of the same operative field. (C) Image guidance monitor image
showing location of the focal point of the operating microscope at corresponding time during the procedure.
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follow-up, a higher incidence of repeat surgery
was found in the white-light group (39% vs 30%,
P = .0311). Stratification by completeness of re-
section showed quicker time to progression and
neurologic deterioration in those patients with
incomplete resection (P = .0036).°

DARTMOUTH STUDIES

The aim of an initial investigative study at our insti-
tution using 5-ALA-induced fluorescence guidance
in 11 patients with newly diagnosed GBM was
to study the correlation between intraoperative
visual fluorescence and preoperative MRI features
as well as between fluorescence and histopa-
thology (Figs. 1 and 2). Using a study design in
which multiple locations of fluorescence assess-
ment were spatially coregistered with preoperative
MRI using image guidance, highly significant
differences were found between fluorescent and

nonfluorescent tissue in 2 measures of MRI con-
trast enhancement (gadolinium-enhanced signal
intensity, P = .018; and normalized contrast ratio,
P<.001).%

Biopsy specimens were obtained at each of 124
spatially coregistered sites in these 11 patients, 86
of which (69.4%) reported intraoperative fluores-
cence. Eighty-two of these 86 specimens (95.3%)
were positive for tumor cells; 3 specimens (3.5%)
showed either necrosis or abnormal, prominent vas-
culature, and 1 specimen (1.2%) showed no ab-
normality. Of the 38 nonfluorescent specimens, 28
(73.7%) were positive for tumor cells, 8 (21.1%)
showed either necrosis or abnormal, prominent
vasculature or reactive gliosis, and 2 (5.3%) showed
no abnormalities. The sensitivity of visual fluores-
cence to identify tumor in this study was 0.75 (95%
confidence interval [Cl], 0.65-0.82); the specificity,
0.71 (0.42-0.90); the positive predictive value, 0.95
(0.88-0.98); and the negative predictive value, 0.26

Fig. 2. (A) White-light operating microscope image at partial resection of this right temporal GBM tumor in a
68-year-old man. (B) Blue-violet light image of the same operative field. (C) Image guidance monitor image
showing location of the focal point of the operating microscope at corresponding time during the procedure.



(0.14-0.43). As an indicator of abnormal tissue
consistent with tumor, fluorescence had a positive
predictive value of 0.99 (95% ClI, 0.93-1.00). A low
negative predictive value reflected the nonfluores-
cent property of fully necrotic tissue.®

Biopsy specimens in this study were also
graded by World Health Organization (WHO) cri-
teria for glial tumors (0-1V), independent of the
overall WHO grade, which was IV for all patients.
A Spearman rank correlation analysis was per-
formed between this histologic grade and the level
of visual fluorescence (0-3), yielding a correlation
coefficient of 0.51 (P<.001). A similar analysis
was performed between the degree of tumor infil-
tration in each biopsy specimen and the level of
visual fluorescence, and again a highly significant
correlation coefficient of 0.49 was found (P<.001).
When a measure of the extent of necrosis was ana-
lyzed with respect to visual fluorescence, no statis-
tical correlation was found (correlation coefficient
-0.02; P =.79).5

Quantitative ex vivo tissue measurements of
PpIX and Ki-67 immunohistochemistry to assess
tissue proliferation were the focus of another study

Clinical Trials for Surgical Resection

involving 23 patients undergoing fluorescence-
guided resection of either low-grade or high-
grade glial tumor (Fig. 3). Biopsy specimens from
sites showing visual fluorescence had signifi-
cantly higher levels of PplX and tissue proliferation.
Quantitative PpIX concentration (Cppix) levels cor-
related strongly with proliferation index (r = 0.70,
P<.0001). Increasing levels of Cppx indicated
regions of increasing malignancy. Approximately
40% of biopsies that were positive for tumor histo-
logically but nonfluorescent intraoperatively had
Crpix levels greater than 0.1 ng/mL; only 2 speci-
mens with levels greater than this threshold were
negative for tumor. Showing a quantitative relation-
ship between Cppix and increasing malignancy in
both low-grade and high-grade gliomas, this study
suggests an opportunity for greater use of this fluo-
rescence technology through improved PplX fluo-
rescence detection.”

Toward this aim, a handheld fiber-optic probe for
in vivo quantitative fluorescence measurement has
been developed and used clinically. Connected to
a spectrometer, this probe interrogates tissue with
emission of a blue-violet light (405-nm wavelength)
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Fig. 3. (A) White-light operating microscope image at late stage of resection of a left temporal lobe GBM in
a 73-year-old man. (B) Blue-violet light image corresponding to (A). (C) Handheld quantitative fluorescence probe
acquiring data. (D) Raw and modeled data from probe acquisition, showing a quantitative level of the fluoro-

phore PplIX that indicates tumor.
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and with white light (450-nm to 720-nm wave-
length), the latter enabling the accounting for tissue
light absorption and scattering, and correction of
the fluorescence spectrum. Spectral decom-
position then allows determination of PpIX concen-
tration. This device was used in a series of 14
patients harboring a variety of tumors including
low-grade and high-grade gliomas as well as meta-
static tumors and meningiomas, operated on using
5-ALA-induced fluorescence guidance.®

A statistically significant increase in Cppx (P<.05)
was seen across all tumor types. Other spectro-
scopic variables (Ag1s, Asso, Peas and P74g) did not
show similar ability to discriminate between tumor
and nontumor tissue. Assessment of the diagnostic
performance of this probe was then performed
using a receiver operating characteristic (ROC)
curve analysis and area under the curve (AUC) as
a measure of performance. Comparing visual fluo-
rescence (as used in all of the previously described
clinical studies) with quantitative fluorescence by
this metric, the AUC for high-grade gliomas im-
proved from 0.78 + 0.06 to 0.96 + 0.03. Perhaps
more important, for the implications with respect
to potential application, the AUC for low-grade
gliomas (which historically have not shown signifi-
cant visible fluorescence) improved from 0.54 +
0.04 to 0.75 + 0.12, a level of performance below
that of quantitative fluorescence in high-grade
gliomas but comparable with that of visible fluores-
cence in those same high-grade tumors. For all of
the tumors in this study, quantitative PpIX con-
centrations had a sensitivity of 84%, a specificity
of 92%, a positive predictive value of 95%, and
a negative predictive value of 77% (classification
efficiency of 87% vs 66% for visible fluorescence).
Of course, these values are dependent on the
cutoff, or threshold, values chosen, which in this in-
stance were those points on the ROC curve closest
to the upper left corner; different threshold values
may be chosen, should one wish to weight sensi-
tivity and specificity differently.®

PROPOSED RTOG TRIAL

In an effort both to begin larger deployment of this
technology in the United States as well as to acquire
data required for FDA approval of 5-ALA for intra-
cranial tumor resection, a phase Ill randomized,
placebo-controlled, multicenter trial clinical trial
using 5-ALA fluorescence guidance for resection
of newly diagnosed GBM is anticipated to begin
later this year. Coordinated by Emory University,
this study is currently planned to determine whether
fluorescence-guided resection improves extent of
resection and whether improved extent of resection
is associated with improved overall survival.

SUMMARY

Fluorescence guidance in resection of malignant
glioma has been shown to improve extent of re-
section and 6-month progression-free survival in
a prospective, multi-institutional clinical trial in
Europe, and preliminary experience in the United
States has confirmed the high correlation of this
fluorescence with imaging and histologic features
of malignant tumor. In this early experience, deploy-
ment of more sophisticated methods capable of
increasing the diagnostic capability of this tech-
nique as well as extending the application of the
technology to other tumor types have confirmed
the potential of fluorescence guidance. Although
the as yet unapproved FDA status of 5-ALA has
slowed widespread dissemination of this tech-
nology, an increasing number of centers are using
the drug under IND approvals; a large multicenter
trial oriented toward providing data necessary for
FDA approval is about to commence.
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KEY POINTS

e Signal transducers and activators of transcription 3 (STAT3) is a transcription factor involved in cell

differentiation, proliferation, and survival.

e |n a variety of tumors, including glioblastoma multiforme (GBM), constitutive activation of STAT3 has
been implicated as a critical mediator of tumorigenesis and progression.
e Constitutive activation of STAT3 in the GBM microenvironment drives angiogenesis, tumor cell

proliferation, invasion, and immunosuppression.

e Targeting STAT3 affords an opportunity to intervene on multiple pro-oncogenic pathways at a single

molecular hub.

e Clinical implementation of STAT3 blockade in GBM awaits the identification of safe and effective
strategies for inhibiting STAT3 and the development of technologies that improve delivery of these

agents to the CNS.

INTRODUCTION

Signal transducers and activators of transcription
(STATs) are a family of transcription factors that
are activated by membrane-bound receptors and
subsequently translocate to the nucleus to pro-
mote expression of a variety of genes associated
with cell survival, differentiation, and proliferation.’
The STAT family includes 7 proteins (STATs 1, 2, 3,
4, 5a, 5b, and 6) with an array of functions but
a common molecular structure that reflects a highly
conserved mechanism of activation and signaling.?
Given their established role in regulating cell
survival and proliferation, it is not surprising that
STATs have emerged as critical mediators of onco-
genesis. In particular, STAT3 has been targeted for
antineoplastic therapy because of its role as molec-
ular conversion point for several pro-oncogenic
processes, including disrupted growth regulation,

apoptosis, angiogenesis, invasion, and modulation
of the host immune system.® Furthermore, STAT3
is constitutively active in a wide variety of cancers
and has generally been associated with poor
prognosis, although this remains controversial.*
Nevertheless, the preponderance of available data
support a pro-oncogenic role for STAT3 and
STATS3 blockade alone is sufficient to inhibit malig-
nant transformation in some model systems.®”
Glioblastoma multiforme (GBM) is the most
common and aggressive primary brain tumor.
The current standard of care for GBM involves
a tripartite treatment approach of cytoreductive
surgery, targeted irradiation, and temozolomide.®
Despite maximally aggressive therapy, the median
survival for patients with GBM is only 14.6 months,
with a 3-year survival rate of approximately 10%.8
Hallmarks of GBM pathogenesis include the inva-
sion of healthy brain tissue,® neovascularization,'©
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local hypoxia and necrosis,'" and local and sys-

temic immunosuppression.'>'® Several diverse
cell populations have been implicated in GBM
pathogenesis. For example, cancer stem cells
have been identified as a distinct cell population
in GBM and are thought to be largely resistant to
standard therapies.’'® In addition, endothelial
cells of tumor-associated vasculature have been
reported to harbor the same mutations as bulk
tumor cells'® and may be derived from cancer
stem cells."”"'® Coordinated interactions among
these diverse cell types dictate GBM behavior
and susceptibility to therapeutics. In the case of
cancer stem cells, evidence suggests that GBM
stem cells in culture may be susceptible to radia-
tion'® but acquire radioresistance within the peri-
vascular niche.?°

The complexity of the tumor microenvironment
presents a formidable challenge to the develop-
ment of effective therapies. STAT3 has emerged
as an appealing target for GBM therapy because
it has been implicated in several pro-oncogenic
processes. In addition, constitutive activation of
STAT3 has been reported in GBM and may be
associated with a poor prognosis.2! Accordingly,
targeting STAT3 affords a potential therapeutic
focal point, allowing a single therapy to target
multiple pro-oncogenic processes. Preclinical
studies suggest that STAT3 blockade has anti-
tumor activity in vitro®® and in vivo.?®> However,
more recent evidence indicates that the role of
STAT3 may be more nuanced than initially appre-
ciated, alternately having protumor or antitumor
effects depending on the genetic profile of the
tumor.® Here the authors review the potential role
of STATS as a therapeutic target in GBM.

STAT3 SIGNALING PATHWAY

STATS3 is a member of the STAT family of cyto-
plasmic transcription factors, which transmit sig-
nals from the cell surface to the nucleus in
response to extracellular cytokines, growth factors,
hormones, and oncoproteins.?42% STAT3 contains
an N-terminal domain, a coiled-coil domain,
a DNA-binding domain, a linker domain, an Src
Homology 2 (SH2) domain, and a transactivation
domain.?® The function of each of these domains
is summarized in Table 1.

STATS3 exists as an inactive monomer and is acti-
vated by the phosphorylation of tyrosine 705 (Y7°9)
by Janus tyrosine kinases (JAK), membrane-
associated tyrosine kinases, and nonreceptor tyro-
sine kinases.?®3! Another major activator of STAT3
is interleukin-6 (IL-6). When IL-6 binds to the IL-6
receptor (IL-6r), the functional subunit (gp130) facil-
itates the formation of a STAT3 homodimer via

Table 1

STAT3 domains

Domain Function

N-terminal Stabilization of STAT3 dimers
and STAT3-DNA interactions

Coiled-coil Interaction with other proteins

DNA binding Interaction with DNA strand

SH2 Dimerization

Transactivation Interaction with transcriptional
machinery

phosphorylation of the cytoplasmic tails. The acti-
vated complex is then able to activate downstream
JAK signaling proteins. The gp130 subunit of the
IL6/IL6r complex also provides docking sites for
STAT3 monomers using the SH2 domain.32-34
Subsequently, STAT3 is phosphorylated by the
JAK family of kinases leading to dimerization via
phosphotyrosine interactions within the SH-2
domains. Following dimerization, STAT3 translo-
cates to the nucleus where it binds to specific
DNA promoters and regulates transcription.®®
STATS3 activation and signaling is reviewed in Fig. 1.

Increased activation of STAT3 results from the
disruption of proteins that regulate STAT3 ex-
pression and activation. The critical regulators of
STAT3 activity include 1L-4,%¢ 1L-6,3"~%° epidermal
growth factor receptor (EGFR),*'#2 fibroblast
growth factor,*® leptin,** MicroRNA-21,%5 PPARY,*6
PIAS3,4748 PTPRD,*® and SOCS3.#” Furthermore,
STAT3 activity is increased under conditions of
hypoxia, infection, stress, and UV radiation.5%"
Once bound to DNA, STAT3 influences the expres-
sion of genes involved in cell cycle regulation,
apoptosis, migration, angiogenesis, and invasion
via the activation of B-cell lymphoma 2 (Bcl-2),
B-cell ymphoma-extra large (Bcl-xL), c-Myc, cyclin
D1, Mcl-1, matrix metallopeptidase 9 (MMP9), and
survivin,52:53

ROLE OF STAT3 IN ONCOGENESIS
Immune Evasion

GBMs have long been documented to suppress
the immune system in patients, locally in the tumor
microenvironment and systemically.>* GBMs have
evaded the immune system via several mecha-
nisms. Patients with GBM have been shown to
exhibit T-cell anergy, lymphopenia, impaired anti-
body production, impaired lymphocyte protein
synthesis, and impaired lymphocyte responsive-
ness.%5®1 Thus, GBMs evade the immune system
at the levels of antigen recognition and immune
activation.
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Fig. 1. Pathways involved in the activation of STAT3. STAT3 is activated when Tyrosine 705 is phosphorylated by
various intracellular kinases, including JAK, Src, mTOR, and ERK. The activity of these kinases can be increased by
various hormones, cytokines, and environmental factors acting at the extracellular surface.

STATS3 has been implicated as a key negative re-
gulator of antitumor immune responses within the
GBM microenvironment.®? STAT3 activity in tumors
has been shown to coordinate tumor immune
evasion via multiple mechanisms. For example,
STAT3 activity restricts immune surveillance by sup-
pressing the release of proinflammatory cytokines
and chemokines. Furthermore, constitutive activa-
tion of STAT3 in tumors cells has been shown to
increase the secretion of soluble immunosuppres-
sive factors,®® such as IL-10, which negatively
affects the Th1 immune response,®* and vascular
endothelial growth factor (VEGF), which feeds
back to further activate STAT3 in immature dendritic
cells. STAT3 expression in immature dendritic cells
subsequently leads to the inhibition of dendritic
maturation and activation®® by suppressing the
expression of major histocompatibility complex
(MHC) class Il, costimulatory molecules, and IL-
12.8% Because mature dendritic cells are the primary
antigen presenting cells, STAT3-mediated inhibition
of dendritic cell maturation effectively disrupts both
the innate and adaptive immune responses. Con-
versely, inducible ablation of STAT3 in hematopoi-
etic cells enhances dendritic cell maturation.®®

In addition to inhibiting dendritic cell maturation,
STAT3 seems to modulate multiple elements of
innate and adaptive immunity. STAT3 is constitu-
tively activated in natural killer cells, neutrophils,

and macrophages present in the tumor stroma,
and STATS ablation results in enhanced antitumor
activity in these cell types and in T lymphocytes.®®
Thus, it seems that constitutive STAT3 activation
in the tumor drives a feed-forward mechanism of
constitutive STAT3 activation in tumor-interacting
immune cells, which drives widespread immune
suppression.®”

STATS3 expression also plays a role in the prolif-
eration and function of regulatory T (Treg) cells,®®
a population of CD4+ T cells that accumulates
inside tumors®® and has suppressive activity
toward effector T cells and other immune cell
types.®® Treg cell activation and expansion has
been repeatedly shown to require direct contact
with dendritic cells residing in tumors.”®"4 Subse-
quently, Treg cells secrete transforming growth
factor B (TGFB), leading to the suppression of
CD8+ T-cell activation.”7®

STAT3 activity has been associated with the
expansion of a lineage of T-helper cells character-
ized by the expression of IL-17 (Th17 cells).”®
Several studies indicate that STAT3 is critical for
Th17 expansion.””8% Although the role of Th17
cells inimmune evasion has not been clearly estab-
lished, emerging evidence suggests that skewing
of the T-helper cell response toward Th17 differen-
tiation mutes the antitumor Th1 response and facil-
itates tumor progression.®"
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Angiogenesis

Angiogenesis has been shown to play a critical role
in GBM progression.®2 The formation of new blood
vessels in GBM is mediated by the elevated expres-
sion of VEGF.83 Accordingly, VEGF has emerged as
a prominent antiangiogenesis target; bevacizumab,
an antibody against VEGF, has been approved by
the Food and Drug Administration as monotherapy
for recurrent GBM.848® Factors modulating VEGF-
mediated angiogenesis, however, remain poorly
understood; although patients typically exhibit
radiographic regression on bevacizumab, an overall
survival benefit has not been clearly demon-
strated.®® Although the development of resistance
plays a role in progression on bevacizumab,®”
some investigators suggest that anti-VEGF therapy
induces a more invasive tumor phenotype sec-
ondary to local hypoxia.®®

STAT3 has been implicated as a downstream
effector in the VEGF angiogenesis signaling
pathway. Yahata and colleagues®® demonstrated
that exposing human endothelial cells to VEGF
in vitro results in nuclear translocation of phos-
phorylated-STAT3 (p-STAT3) and that blocking
STATS activity leads to a reduction in endothelial
cell migration and tube formation. STAT3 has
also been shown to localize to glioma endothelial
cells.®° Furthermore, hypoxia induces STAT3 acti-
vation and nuclear translocation and enhances
endothelial tube formation and tumor cell migra-
tion in GBM cell lines.®! STAT3 also acts recipro-
cally to upregulate VEGF expression.®° Although
the connection between STAT3 and VEGF has
been most extensively studied in GBM cell lines,
in vivo studies in other tumors have demonstrated
a correlation between STAT3 activity, VEGF
expression, and tumor progression.®?> Based on
these data, blocking STAT3 in GBM may have
potent effects as an antiangiogenesis therapy.
Additional research is needed to determine if
STAT3 blockade elicits similar escape mecha-
nisms and induces the invasive phenotype
observed with VEGF inhibitors.

Differentiation

GBMs are characterized by a high degree of
molecular,®® histologic, and phenotypic diversity,
suggesting that the inciting events in GBM patho-
genesis likely occur early in the process of glial
differentiation.%#% Neural stem cells give rise
to all components of the nervous system.
Although GBM cells share few characteristics
with differentiated glia, some of the defining char-
acteristics of neural stem cells, such as migra-
tion®® and milieu-dependent differentiation,®” are
hallmarks of gliomagenesis.

Evidence suggests that STAT3 may play
a crucial role in normal and pathologic glial differ-
entiation through interactions with the ciliary neu-
rotrophic factor (CNTF).%8°° Binding of CNTF to
its receptor leads to the activation of JAK tyrosine
kinases and subsequent phosphorylation of
STAT3 and STAT1 via their SH2 domains.”® Inhi-
bition of STATS signaling in neural precursor cells
has been shown to prevent the activation of the
glial fibrillary acidic protein (GFAP) promoter and
block glial differentiation.®® STAT3-mediated glial
differentiation may be disrupted in at least a subset
of gliomas because of the epigenetic silencing
of bone morphogenic protein receptor-1B.101:102
Although much remains to be learned about the
role of STAT3 activation in glial differentiation
and gliomagenesis, available evidence indicates
that GBMs may be able to capitalize on the
protumorigenic effects of constitutive STAT3 acti-
vation without compromising their undifferentiated
phenotype. Therefore, it may be reasonable to
speculate that STAT3 activation can be therapeu-
tically blocked with relative impunity regarding glial
differentiation. Conversely, some studies indicate
that STAT3 blockade may induce differentiation
of GBM stem cells.'®® Future studies are needed
to clearly elucidate the relationship between
STATS activation, glial differentiation, and GBM
pathogenesis.

Survival and Proliferation

STATS plays a central role in cell survival and cell
cycle progression via its interactions with the
gp130 subunit of the IL-6 receptor.’® There
seems to be 2 distinct pathways for IL-6-medi-
ated survival and proliferation. Tyrosine 759 of
gp130 has been shown to be critical for facilitating
the S to G2 cell cycle progression but not for
preventing apoptosis. Tyrosines in the YXXQ
motif, however, induce antiapoptotic signaling
via Bcl-2.'% These data indicate that STAT3
may be especially important for preventing
apoptosis and involved to a lesser degree in cell
cycle progression in the IL-6-dependent survival
and proliferation pathways.

STATS is also involved in several other antiapop-
totic and mitogenic pathways. The oncogene
v-Src has been shown to activate STAT3, repre-
senting a critical step in v-Src’s modulation of cy-
clin D1, cyclin D2, cyclin E, and c-Myc
expression. %6197 STAT3 has also been shown to
inhibit apoptosis via upregulation of Bcl-xL,%8
Mcl-1,19° and survivin.'™© In addition, STAT3 dis-
rupts p53 function by binding to the p53 promoter
and subsequently inducing downregulation of
p53 expression.”’” In vitro studies of STAT3



inhibitors have shown that STAT3 blockade leads
to cell cycle arrest and the induction of apoptosis
in a dose-dependent manner.'? Furthermore,
studies of STAT3 inhibitors in GBM xenograft
models have demonstrated a significant impact
on tumor growth.''311% Taken together, these
studies indicate that STAT3 inhibitors may have
in vivo antitumor activity independent of an anti-
tumor immune response.

Invasion

GBMs are highly invasive, frequently infiltrating
normal brain and precluding complete surgical
resection. Although several factors are involved
in GBM cell migration, STAT3 has recently em-
erged as a potential target for inhibiting invasion
because STAT3 inhibitors have been shown to
decrease the migratory behavior of GBM cells
in vitro.'% This result was observed regardless of
PTEN expression. Although the precise mecha-
nism is unknown, STAT3 has been observed to
induce the expression of the proinvasive factors
matrix metalloproteinase-2 (MMP-2) and fascin-
1.3738 STAT3 may also play a role in HIF- and
VEGF-mediated cell migration in response to
hypoxia.8&116 Studies in other tumor types suggest
that blocking STAT3 and HIF together may
increase the susceptibility to antineoplastic thera-
pies working through separate mechanisms.'!”
Because local tumor hypoxia has been shown to
induce a more invasive phenotype,®® STAT3 has
been suggested as a potential biomarker of VEGF
activity''® and may represent a valuable target for
augmenting anti-VEGF therapy.

Antitumor Activity of STAT3

Although most studies have highlighted STAT3's
role in oncogenesis, some evidence suggests that
the role of STAT3 may be context dependent.'®
STAT3 has been shown to inhibit proliferation in
leukemia cells,'?° prostate cells,'?' and melanoma
cells.'?2 Furthermore, STAT3 may actually promote
differentiation in some contexts.’%12% |n GBM, an
interest in STAT3's antitumor activity first emerged
from evidence suggesting that STAT3 can regulate
gliogenesis by promoting the differentiation of
cortical precursor cells into astrocytes.®® STAT3's
antitumor properties were further explored by Igle-
sia and colleagues®; they noted that experimental
ablation of STAT3 in PTEN mutations unexpectedly
led to increased astrocyte proliferation, invasive-
ness, and tumorigenesis. This finding indicates
that STAT3 may have a role in suppressing malig-
nant transformation of astrocytes in the context of
PTEN pathway disruption, and future STAT3-
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targeted therapies should take into consideration
the genetic background of the tumor.

APPROACHES TO STAT3 INHIBITION

STAT3 overexpression is typically driven by an
impairment of inhibitory molecules. Although sev-
eral drugs have been shown to be active in vitro,
significant challenges in the form of administration,
toxicity, cell permeability, and nonselective activity
have limited the translation of STAT3 inhibitors to
clinical practice.

Preventing STAT3 Activation

One approach to preventing the activation of
STATS3 is disrupting upstream tyrosine kinases.
These include but are not limited to JAKs, growth
factor receptors, and cytokines receptors. A
fundamental challenge to this strategy is the multi-
tude of signaling pathways that converge to acti-
vate STAT3. Efforts at disrupting the activation of
STAT3 have targeted several kinases, including
EGFR (head and neck squamous cell carcinoma),
receptor tyrosine kinases (RTK; pancreatic cancer
and non-small cell lung cancer), JAK (myelofi-
brosis and acute lymphoblastic leukemia), and
SRC (head and neck squamous cell carcinoma).
A summary of therapeutics targeting upstream
kinases is presented in Table 2.

Monoclonal antibodies against EGFR have been
used to block the interaction between VEGF and
its receptor (cetuximab, panitumumab). Com-
pounds have also been developed to target the
tyrosine kinase activity of the EGFR (gefitinib, erlo-
tinib, lapatinib). Although these drugs have shown
efficacy in other tumors, GBM has demonstrated
resistance to EGFR therapy, thought to arise
from mutations of the extracellular domain of
EGFR (preventing the efficacy of monoclonal anti-
body therapy), increases in cytoplasmic tyrosine
kinase activity, or increased activity of parallel
signaling pathways.'24

Sorafenib, a tyrosine kinase inhibitor, has been
shown to decrease GBM growth both in vitro and

Table 2

Therapeutics targeting STAT3 activation

Target Drug

EGFR Cetuximab, panitumumab

RTK Gefitinib, erlotinib, lapatinib,
sorafenib

JAK AG490, LS-104, ICN1824,
CEP-701, JSI-124

SRC Dasatinib, AZD0530, bosutinib
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in vivo.'?® Attempts at disrupting signaling through
JAK proteins have been shown to be effective
in vitro, with AG490 disrupting the IL-6 activation
of STAT3 in U251 cell lines.'?® JSI-124 has also
been shown to arrest cells in the G2/M phase
and induce apoptosis in the U251 glioma cell
line."®” Finally, Liu and colleagues'®® reported
that the introduction of adenovirus-vector carrying
basic fibroblast growth factor siRNA decreased
the activation of extracellular signal-regulated
kinases 1/2 and JAK2 and decreased IL-6 secre-
tion, leading to reduced STAT3 phosphorylation
and decreased expression of the downstream
molecules cyclin D1 and Bcl-xL.

Preventing Homodimerization of STAT3

Table 3
Roles of STAT3 in oncogenesis and primary
downstream mediators

Oncogenic Process Mediators
Immune evasion 1 IL-10, VEGF
1 Treg expansion
T TGFB

1 Th17 differentiation

| MHC expression

| Dendritic cell
maturation, IL-12

| Costimulatory
molecules

1 VEGF
1 Vascular tube
formation

Angiogenesis

After STATS3 is phosphorylated, it forms a func-
tional homodimer via interactions between the
SH2 domains. This complex allows for transloca-
tion of the homodimer complex to the nucleus,
where STAT3 modulates gene expression. Efforts
aimed at preventing STAT3 dimerization have
been directed against the SH2 domain.53129-131
Using a pY-containing peptide, the first efforts at
blocking the Y7 residue found that this strategy
was able to inhibit the binding of STAT3 to DNA
in vitro,130:131

The SH2 domain of STAT3 also interacts with
upstream signaling proteins, including EGFR and
the IL-6/IL6r complex. Attempts to disrupt the inter-
action between EGFR and SH2 have focused on
preventing the phosphorylation of 2 tyrosine resi-
dues in the EGFR (Y198 and Y'9%), which are
required for recruiting STAT3 to the activated
EGF-EGFR complex.’™® A phosphodecapeptide,
which was synthesized based on the amino acids
surround the Y1968 motif, has also been shown to
inhibit the binding of STAT3 to DNA. Efforts tar-
geted at disrupting the interaction between the
gp130 subunit of the IL-6/IL-6r complex and
STAT3 have also shown inhibition of STAT3 binding
to DNA in vitro.32 Therapies preventing the homodi-
merization of STAT3 in high-grade glioma are
limited to in vitro studies. Kim and colleagues ' re-
ported that aspirin inhibited IL-6/STAT3 signaling in
A172 cells. Tocilizumab, a humanized anti-IL-6r
antibody decreased proliferation in U87MG
cells.®* Furthermore, STAT3 inhibition may effec-
tively target tumor stem cells, which are frequently
resistant to standard therapies; it has been shown
to be a critical regulator of growth, proliferation,
and maintenance of the GBM stem cell pheno-
type.'® Villalva and colleagues'® reported a small
molecule inhibitor of STAT3, Stattic, was able to
both block STAT3 activity in GBM stem cell lines
as well as sensitize cells to temozolomide in vitro.

Invasion T MMP-2, MMP-9

1 Fascin-1

1 Bcl-2

1 Bcl-xL

1 Mcl-1

1 Survivin

1 Cyclin D1, cyclin D2,
cyclin E,

1 C-myc

1 GFAP

Proliferation/survival

Differentiation

SUMMARY

STATS3 plays multiple roles in GBM tumorigenesis
and has emerged as a promising therapeutic target.
The putative roles of STAT3 in oncogenesis are
summarized in Table 3. Blocking STAT3 activity in
preclinical studies has been shown to inhibit angio-
genesis, promote antitumor immune responses, and
inhibit the invasion of normal brain tissue. Although
several approaches have been developed to block
STAT3 activity in vivo, no strategy has yet emerged
as a viable candidate for clinical translation. In addi-
tion, emerging evidence suggests that the role of
STAT3 in tumorigenesis may be more nuanced
than initially appreciated, alternately exhibiting pro-
neoplastic or antineoplastic activity depending on
the genetic background of the tumor. Future
research is needed to more clearly delineate the
roles of STAT3 in GBM and develop effective strat-
egies for targeting tumor-induced STAT3 activation.
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KEY POINTS

e CD133 is a reliable and widely studied tumor marker for glioblastoma multiforme (GBM) cells with
cancer stem cell (CSC)-associated phenotypes.

o Tumorigenic capacity is not limited in the CD133* subpopulation, and several models bridging the
relationship between CD133* and CD133~ tumorigenic cells in GBMS have been proposed.

o Many of the studies examining CD133* GBM cells as putative CSCs are complicated by the complex
regulation of CD133, lack of a uniform protocol, and ability of in vivo and in vitro studies to replicate
the true physiologic role of CD133 in patients.

o Associations between the presence of CD133" cells within resected tumors and clinical outcomes,
including poorer prognosis and resistance to adjuvant therapies, have been demonstrated, and
CD133* cells remain a promising target for future GBM therapies.

INTRODUCTION

Glioblastoma multiforme (GBM) is the most com-
mon primary malignant brain tumor found in adults.
Despite standard treatment comprising surgical
resection followed by concomitant radiotherapy
and adjuvant temozolomide chemotherapy, the
prognosis for GBM is poor, with a median survival of
14.6 months.! The major challenge for current treat-
ment paradigms stems from the characteristically

diffuse patterns of tumor infiltration throughout
healthy brain parenchyma.? Most therapeutic efforts
and glioma research to date have focused on the
tumor in its entirety; however, recent findings have
highlighted the incredible heterogeneity of GBM
cells, denoted by the term muitiforme, in terms of
not only their immunogenic, histologic, and genetic
profile but also their proliferative and tumorigenic
potential. Thus, the characterization and identifica-
tion of the different GBM cell types, particularly
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those involved with driving tumor growth, are critical
not only in the understanding of GBM formation and
pathogenesis but also in the advancement of more
effective cancer therapies.

Cancer Stem Cells

The cancer stem cell (CSC) model has provided
a new paradigm in understanding what predomi-
nant cellular mechanisms drive tumor growth.
Similar to the organization of growth processes
within normal tissue such as bone marrow or in-
testinal epithelium, the CSC concept postulates
the presence of a functional and cellular hierarchy
within the heterogeneous tumor body.® Within this
hierarchical model, the vast majority of the tumor
bulk comprises rapidly dividing, partially or termi-
nally differentiated cells with limited replicative po-
tential, while neoplastic growth is driven by a small
population of cancer cells with stemlike proper-
ties.® Similar to the properties of normal stem cells,
CSCs represent a population of neoplastic cells
that have the capacity to initiate and maintain
tumors and are characterized by self-renewal, re-
sistance to chemical insults and radiation, and
ability to produce new tumors even after periods
of dormancy.®

To be defined as CSCs, the cells must have
the following characteristics: (1) self-renewal and
proliferation, (2) multilineage differentiation into
mature fates resembling tissue of origin, and (3)
capacity to form new tumors resembling the orig-
inal tumor. To date, studies have used similar
procedures to identify and characterize the stem-
ness of putative CSCs. A differentially expressed
marker or set of markers is used to isolate a small
subset of tumor cells within the tumor bulk.® The
capacity to form nonadherent tumorspheres by
limiting dilution in culture conditions permissive
for stem cell proliferation is assessed to demon-
strate properties of clonal expansion and self-
renewal and is used to identify and expand
potential CSCs. In vivo demonstration of CSC
behavior is confirmed by the ability of putative
CSCs transplanted into immunodeficient mice to
form tumors resembling the original tumor.*

DISCOVERY OF CD133

CD133 was first identified by Yin and colleagues®
in 1997 through generating a monoclonal anti-
body-recognizing AC133, a glycosylated CD133
epitope. AC133 expression was restricted to the
CD34* subset of hematopoietic stem cells derived
from human fetal liver, adult blood, and bone
marrow, suggesting that AC133 is a novel marker
for human hematopoietic stem cells and progen-
itor cells. Unlike CD34, the AC133 antigen is not

found in other blood cells, endothelial cells (ECs),
or fibroblasts and may be an important marker of
more primitive progenitor cells.>® In xenograft
models, AC133* cells obtained from primary fetal
sheep recipients demonstrated sustained prolifer-
ative and self-renewal potential when transplanted
into secondary recipients.® Of note, a second gly-
cosylated CD133 epitope, AC141, distinct from
AC133, has also been characterized, and both
AC141 and AC133 are commonly used to identify
and purify CD133* cells.”®

The gene for human CD133, located on chromo-
some 4p15.33, encodes a 120-kD protein with
865 amino acids and shares 60% homology with
mouse prominin, which is localized to neuroepithe-
lial stem cells.®1° Structurally, CD133 comprises
5 transmembrane domains, an extracellular N-
terminus, a cytoplasmic C-terminus, 2 large extra-
cellular loops containing 8 putative N-glycosylation
sites, and 2 smaller cytoplasmic loops.™® Although
the precise function of CD133 is unclear, the local-
ization of AC133 antigen expression on epithelial
microvilli suggests a possible role in the organiza-
tion of plasma membrane topography and the
maintenance of apical-basal cell polarity.®'! Asso-
ciations between CD133 and plasma membrane
cholesterol have alluded to a role in the regulation
of lipid composition within the cell membrane.®”
Loss of CD133 has been associated with degener-
ation of photoreceptors associated with improper
retinal disk formation, suggesting a possible role
in the regulation of phototransduction and neu-
ral retinal development.'?'3 In addition, CD133*
progenitor cells obtained from human fetal aorta
have also been shown to stimulate Wnt pathway—
dependent angiogenesis during wound healing of
ischemic diabetic ulcers.'15

CD133 AS A STEM CELL MARKER

Following the initial characterization in CD34*
hematopoietic stem cells, CD133 has been used
to purify several progenitor and stemlike cell popu-
lations within both healthy and neoplastic tis-
sues. CD133" neural progenitor cells have been
identified in human fetal and postmortem brain
tissue.'®'° Neural stemlike cells have been iso-
lated from human fetal brain tissue through flow
cytometry. These CD133*, CD34~, CD45 cells
demonstrated characteristic stem cell activity,
including clonal expansion, serial neurosphere
culture initiation, and differentiation.’”'® On in-
tracranial transplantation into neonatal nonobese
diabetic, severe combined immunodeficient (NOD-
SCID) mice, the sorted cells successfully en-
grafted, migrated, proliferated, and differentiated
along neuronal and glial fates.®'”



Human epithelial-derived CD133* cells?® and
fetal liver-derived CD133*, CD34*, CD3~ hemato-
poietic cells?! have been shown to differentiate into
neurons and astrocytes on transplantation into
intracranial mouse and in culture with differentia-
tion-promoting media. Vascular endothelial growth
factor receptor 2—positive circulating human en-
dothelial progenitor cells coexpress CD133, and
plating of these nonadherent cells in vascular
endothelial growth factor (VEGF) and fibroblast
growth factor 2 led to rapid differentiation, loss of
CD133 expression, and formation of adherent
colonies.?? Similar downregulation of CD133 on
differentiation was observed in the colon carci-
noma-derived epithelial cell line Caco-2.2%

Some studies have demonstrated the ability of
these progenitor cells to reconstitute the original
tissue.®2425 CD133* human prostate basal cells
showed increased proliferation in vitro and, on
transplantation, formed fully differentiated pros-
tate epithelium—-expressing prostatic secretions.?*
CD133 expression either independently or in
conjunction with other stem and progenitor cell
markers has also been used to identify CSC
subpopulations within a wide range of human
cancers, including osteosarcomas,?®2” laryngeal
carcinomas,?®?® melanomas,?62°%2 preast can-
cers,?%32 hepatocellular carcinomas,?%4 prostate
tumors, 263536 retinoblastomas,’® leukemias,3"~3°
and non-small cell lung cancer.?® In addition,
CD133 expression has been used to purify CSC
populations in a number of brain tumors, including
medulloblastomas®?® and ependymomas.?%4!

Gliomas

Initial evidence suggesting the presence of brain
tumor cells with stemlike potential came from the
isolation of a clonogenic subpopulation of cells
from resected gliomas through neurosphere as-
says.*>%3 These neurospheres possessed the
capacity for self-renewal and demonstrated intra-
clonal neuronal and glial cell lineage heterogeneity.
Among the several markers associated with CSCs,
CD133 is one of the most widely studied in brain
tumors.' Singh and colleagues** first identified
a subpopulation of brain tumor cells within medul-
loblastomas and gliomas coexpressing CD133 and
nestin, a marker for undifferentiated neural stem
cells. Unlike the CD133~ population, CD133* cells,
representing 0.3% to 25.1% of the tumor bulk,
were capable of neurosphere formation in serum-
free media following addition of the stem cell
growth factors bFGF and EGF. These tumor-
spheres had greater proliferative capacity relative
to neural stem cell controls and formed secondary
tumorspheres with immunoreactivity for nestin and
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CD133. Tumorspheres resembled a more primitive
state and were devoid of glial fibrillary acidic
protein (GFAP) and B-tubulin Ill, markers of differ-
entiated neural cells and glial cells, respectively.
However, CD133" cells were capable of multiline-
age differentiation into oligodendrocytes, astro-
cytes, and neurons and expressed differentiated
markers mirroring that of the parent tumor.®
Although many xenograft assays require up to
108 tumor cells for successful engraftment,*>—47
as few as 100 purified CD133* tumor cells have
been reported to be sufficient for intracranial tumor
formation when transplanted into NOD-SCID mice.
In contrast, injection of 105 CD133~ cells failed to
form tumors.*® Engrafted CD133* GBM cells pro-
duced tumors with classic GBM features that
were phenotypically identical to the patient’s orig-
inal tumor and could be serially transplanted.*® In
addition, engrafted tumors were widely infiltrating
and comprised differential expression of CD133
and GFAP, suggesting that CD133* cells were
capable of self-renewal and differentiation in
vivo.4®

Subsequently, 2 groups identified tumorsphere-
forming subpopulations within tumor specimens
obtained from patients with primary and sec-
ondary GBMs.*®*® Spheres arising from less
than 1% of all GBM cells coexpressed nestin
and CD133. Unlike the progeny of normal neural
stem cell (NSC)-derived neurospheres, differentia-
tion of GBM tumorspheres led to progeny that
closely mirrored the parental tumor phenotype,
comprising 80% B-tubulin llI* cells and 25% oligo-
dendrocytes. In addition, tumorspheres demon-
strated greater proliferative potential and the
ability to retain stemlike features following differ-
entiation, suggesting a role in the maintenance of
the stem cell pool and production of differentiated
cells within the tumor bulk.“® Unlike the non-
sphere-forming population, the sphere-forming
GBM cells were able to form tumors following
transplantation in nude mice, and the new tu-
mors expressed both neural and glial markers.*®
Expression of CD133 is restricted to a subpopula-
tion of tumor cells positive for the neural stem
and progenitor cell marker nestin, which sug-
gests that this subpopulation may represent
a less-differentiated subset of tumor cells.5°
Consistent with CSC model, which proposes
that CSCs represent a rare fraction of tumor cells,
the extent of CD133 expression within gliomas
is typically low or barely detectable, as dem-
onstrated by quantitative analysis using flow
cytometry.”*>51-%4 However, some immunohis-
tochemical reports have suggested that the
CD133" glioma fraction comprises up to 25% of
the tumor bulk.®°
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Recently, transcriptome profiling of purified
CD133* and CD133~ GBM cells identified a
CD133 gene expression profile comprising 214
differentially expressed genes.®® Computational
comparison with established stem cell and cancer
cell profiles demonstrated a close association of
the CD133 gene expression signature with that of
human embryonic stem cells. The CD133 gene
signature distinctly differentiated between NSC-
like GBM cells cultured in stem cell medium and
GBM cells cultured in serum. Enrichment of the
CD133 gene signature was closely associated
with increasing glioma grade, with greatest resem-
blance in grade IV GBMs. The CD133 gene signa-
ture was associated with a more aggressive GBM
subtype and significantly shorter median patient
survival. In addition, the GBMs enriched for the
CD133 gene signature were associated with a
greatly increased number of genetic mutations.
Overall, the CD133 gene signature, obtained from
sorted CD133* populations, is characteristic of
a stemlike cell population of tumor cells as well as
more clinically aggressive and hypermutated sub-
types of GBM cells.®®

There exists a functional hierarchy within the
heterogeneous GBM cell population consisting of
a small CD133* fraction of GBM cells that formed
tumorspheres in stem cell media, generated serial
tumorspheres on dissociation, was enriched for
several stem cell markers (nestin, Musashi 1, and
SOX2), and gave rise to progeny-expressing neu-
ronal, oligodendrocytic, and astrocytic markers
on culturing under prodifferentiation conditions.%®
Consistent with in vitro features of stem cells,
CD133* GBM cells demonstrated a heightened
capacity for proliferation, self-renewal, and multili-
neage differentiation.®® Transplantation led to the
formation of highly invasive and angiogenic tumors
that histologically and morphologically resembled
the original patient GBM.**% Altogether, these
findings suggest that the CD133* GBM subpopu-
lation contains putative stemlike cells that can
initiate and maintain tumors that phenotypically
resemble the original GBM and are capable of
driving tumor growth even when challenged with
serial transplantations.®

CD133~ CELLS IN GLIOMAS

Although there has been mounting evidence for
a selected population of cells with stemlike prop-
erties, the role of CD133 as a definitive marker
for tumor-initiating cells is contentious. Studies
have demonstrated that CD133* cells are absent
from select GBM specimens and glioma cell
lines that are capable of tumor formation in
vivo.”5257:58 Following initial studies characterizing

the stemness of CD133* glioma cells and the lack
of tumorigenicity in CD133™ cells, several investi-
gators demonstrated that CD133~ glioma cells
were also capable of in vivo tumor initiation and
maintenance.?*%7 Beier and colleagues®’ demon-
strated that both CD133* and CD133~ populations
obtained from primary GBM cell cultures formed
tumorspheres in stem cell-permissive media.
Although the CD133~ sphere-forming population
represented a smaller fraction than the CD133*
sphere-forming cells, both subpopulations dem-
onstrated stemlike features in vitro, including
sustained proliferative ability and formation of
tumorspheres containing cells expressing differ-
entiated markers from all 3 neural lineages.®”
Transplantation of both CD133* and CD133~
GBM cells formed GBM-resembling tumors within
mice. Transplantation of CD133~ cells derived
from CD133* cell lines failed to produce tumors,>”
suggesting a functional heterogeneity between
tumorigenic CD133~ cells and CD133*-derived
CD133 cells.

Studies using marker-independent sorting
methods have further demonstrated the presence
of putative CD133~ GBM CSCs. Using fluores-
cence-activated cell sorting (FACS) based on
specific tumor cell autofluorescence, Clément
and colleagues®' isolated a subpopulation of
glioma cells (FL1%) with high nuclear:cytoplasmic
ratios capable of multipassage tumorsphere
formation. FL1* cells demonstrated marked
capacity for self-renewal, differentiation associ-
ated with a loss of FL1 properties, and tumorige-
nicity when as few as 10 FL1* cells were
transplanted into mice. FL1* cells displayed
a heightened expression of several stemness-
related genes, including POU5F1/0CT4, SOX2,
NOTCH1, and NANOG. However, CD133 expres-
sion was not correlated with tumorigenicity, and
differences in CD133 expression between FL1+
cells and the remaining tumor block were not
statistically significant. The side population (SP),
sorted based on the ability to extrude Hoechst
33342 dye, represented a rare stemlike fraction
of highly tumorigenic glioma cells that, unlike
non-SP cells, can give rise to both SP and non-
SP cells.’®% While studies examining the SP
and CD133 expression have been scarce, a
single murine glioma cell line (GL261) study found
that sphere-forming and highly tumorigenic
CD133™* glioma cells demonstrating stemlike fea-
tures did not reside within the SP.'6€0 Although
this may suggest the presence of a tumorigenic
CD133~ SP cells, recent data from Broadley
and colleagues®' demonstrated that cells within
the GBM SP could not self-renew and form
tumors.



Son and colleagues®® used stage-specific em-
bryonic antigen 1 (SSEA-1), a marker for embryonic
stem cells, to purify a subpopulation of patient-
derived GBMs with high tumorigenic potential.
Although CD133 expression was present in only
half of the 24 GBM samples, SSEA-1 immunoreac-
tivity was present in all but one. Relative to the
SSEA-1~ population, SSEA-1* cells expressed
higher levels of established stem cell makers,
including SOX2, Bmi2, L1CAM, Olig2, and Ezh2.
Independent of CD133 expression, SSEA-1 al-
lowed enrichment of a tumorsphere-forming popu-
lation with increased clonogenic potential and the
ability to differentiate down neuronal lineages.
In addition, SSEA-1* cells could generate both
SSEA-1~ and SSEA-17 cells, suggesting a hierar-
chal organization underlying a heterogeneous pop-
ulation.® Unlike SSEA-1~ cells, transplantation of
as few as 10* SSEA-17 cells successfully formed
tumors in mice that retained their tumorigenic
capacity following serial transplantations.5® Simi-
larly, other investigators have successfully identi-
fied putative GBM CSCs expressing alternative
markers, including integrin a6%2 and A2B5,%3 that
displayed heightened tumorigenicity and distinct
stemlike phenotypes that either lacked or were
independent of CD133 immunoreactivity.'®%* In
addition, alternative methods and parameters
have been used to identify putative CSCs within
gliomas.48’59'64‘66

Limitations

The variable protocols used in the purification of
CD133" cells and the assessment of stemness
make comparing study results difficult.” Tumor
samples have been obtained from a variety of
sources (eg, fresh resections from patients,®
glioma cell lines®®) and cultured in variable condi-
tions, including serum-free media'®4* and in the
presence of fetal calf serum.'®%8 Because serum
has been shown to induce differentiation, cul-
ture media should be taken into account when as-
sessing results from studies examining CD133
expression, 16:67:69

Furthermore, many of the CD133 studies use
AC133 monoclonal antibodies, which recognize
glycosylated CD133 epitopes. Accurate detection
of CD133 may be limited because of the unknown
specificity of AC133 binding to differential glyco-
sylation patterns of the 8 potential glycosylation
sites on CD133.5'® Furthermore, studies have
characterized several different tissue-dependent
isoform tissue produced by alternative splicing of
the CD133 transcript within human®” and murine
models.®7° It is possible that AC133 monoclonal
antibodies, unable to uniformly recognize different
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isoforms, would provide an underestimate of
true CD133 protein expression levels within gli-
omas.®”" Recently, Osmond and colleagues’"
reported that GBM cells found to be AC133~ con-
tained a truncated and possibly functional CD133
variant that was localized within the cytoplasm. It
is unclear whether the isoform type, the extent of
protein expression, or the specific glycosylation
status is the more biologically relevant marker of
CD133 expression.® Tissue distribution of CD133
messenger RNA is much more prevalent than
expression of AC133,'° as the downregulation of
the AC133 epitope is independent of intracellular
levels of CD133 messenger RNA.%2372 Thus, the
presence of AC133 epitopes is not necessarily
equivalent to CD133 expression.

Although transplantation of sorted cells into
immunodeficient mice remains the gold standard
of assessing tumorigenicity, it has several limita-
tions. The process of sorting and transplanting
tumor cells into mice subjects the cells to several
procedural insults and places them in a foreign
environment vastly different from the original
tumor niche.® Inherent differences between the
patient and mice microenvironment due to various
species barriers (eg, differences in cytokines and
growth factors important in tumor growth) may
drastically alter proliferation potential.® In addition,
the xenographic immune response in mice re-
ceiving transplants is significantly more robust
than the native immune response within the
patient.”® Fundamentally, the issue is the applica-
bility of tumor xenograft assays in immunocom-
promised mice in studying the clinical behavior of
human cancers.

LINKING CD133~ AND CD133*
SUBPOPULATIONS

Despite the limitations, there is still strong support
for the role of both CD133* and CD133 cells
in driving GBM tumorigenesis and maintenance.
Progress in understanding the multifaceted mech-
anisms regulating CD133* expression has led to
several models proposed to bridge the functional
relationship between these 2 cell types.

The Multiple CSC Model

Recent data have suggested that CD133* and
CD133~ tumorigenic glioma cells may represent
distinct CSC populations associated with different
GBM subtypes.®®74 Following the initial character-
ization of CD133™ glioma cells with stemlike prop-
erties,” Lottaz and colleagues’* compared gene
expression profiles in various GBM CSC lines
and identified a 24-gene signature that faithfully
distinguished 2 distinct subgroups of GBM CSC
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cells. Compared with a previously established
gene signature differentiating different GBM sub-
types,’*”® type | CSCs showed a proneural
transcriptional profile, whereas type Il CSCs dis-
played a mesenchymal profile. Type | CSCs
resembled fetal NSCs and were strongly CD133
positive, whereas type Il CSC lines resembled
adult NSCs and were mainly CD133 negative. In
accord with previous studies reporting different
growth capacities and extent of stemlike pheno-
types between the 2 CSC types,5”®® CD133*
type | CSCs formed tumorspheres in culture,
whereas type Il cells displayed semiadherent
growth. Key molecular differences among the 2
types included differences in TGF-/BMP pathway
activation and expression of extracellular matrix
and adhesion molecules.®®74 Compared with their
presumed cells of origin, both CSC types demon-
strated heightened metabolic and proliferative
activity as well as greatly impaired differentiation
capacity. As suggested in previous studies of
genetically engineered medulloblastoma and
glioma models,”®8" tumorigenic CSCs are derived
through distinct mechanisms from cells that have
either preserved or gained (eg, trough dedifferenti-
ation) features reminiscent of fetal NSCs and adult
NSCs.®74 The findings, corroborated by an earlier
array-based classification system by Gunther and
colleagues,®® suggest that CD133* and CD133~
CSCs represents at least 2 different GBM sub-
types with distinct molecular and phenotypic
characteristics.

The Hierarchical Model

Other studies have demonstrated the ability of
CD133" glioma cells to give rise to both CD133*
and CD133~ progeny. Intracranial transplanted
glioma spheroids obtained from human GBM
biopsies in nude rats gave rise to invasive CD133-
negative tumors with minor signs of angiogen-
esis.5*®2 Successive serial transplantation of these
initial tumors gave rise to tumors with increasing
CD133 immunoreactivity, which was closely corre-
lated with an increased angiogenic phenotype and
decreased survival in the host rats. Transplantation
of CD133~ cells, purified via FACS of the serially
transplanted tumors, into nude rat brains gave
rise to tumors with both CD133* and CD133~ cells.
Tumors derived from CD133~ GBM cells contained
up to 5% CD133* cells, suggesting that a subset of
CD133~ cells can not only initiate and support
tumor growth but also recapitulate the initial tumor
heterogeneity.>*

Similarly, Chen and colleagues’® demonstrated
that both CD133* and CD133~ GBM cell fractions
are capable of neurosphere formation and also

demonstrate varying degrees of tumorigenicity
in vivo. Accounting for all clonogenic GBM cells
within neurosphere cultures, the investigators
proposed 3 categories of GBM CSCs organized
within a lineage hierarchy representing different
stages of differentiation. CD133~ type | cells give
rise to a mixture of CD133* and CD133" cells,
CD133" type Il cells also give rise to a mixture of
CD133* and CD133" cells, but CD133" type Il
cells only give rise to a population of self-renewing
CD133 cells. All 3 cell types expressed the NSC
marker nestin, were capable of multilineage differ-
entiation, and formed tumors following serial trans-
plantation in mice. Much of the histologic and
molecular differences between the 3 types place
types | and Ill at 2 extremes, whereas type Il
cells possessed intermediate features. Although
CD133~ type lll cells were restricted to only
producing CD133~ tumors, type | cells could
produce type |, Il, and Il cells. Tumors derived
from type Il cells grew the slowest and gave rise
to well-circumscribed tumors, whereas type | cells
were more elongated and generated more aggres-
sive and invasive tumors with diffuse borders.
Consistent with the observed histologic character-
istics, type | and Il clones expressed significantly
higher levels of the radial glial marker, FABP7,
among several other NSC markers in comparison
with type lll clones. FABP expression has been es-
tablished as a GBM marker for increased invasion
and shorter survival”®8384 and is associated with
maintaining the stem cell features during neural
development.”®®5 In contrast, type lll grafts dis-
played higher levels of intermediate progenitor
markers such as TBR2, DLX1, DLX2, and
CUTL2.7® Within this model, type | and 1ll CD133~
cells represent the most primitive and differenti-
ated states along a spectrum. Taken together,
CD133~ progenitor cells are capable of forming
both CD133* and CD133" cells, supporting the
presence of a lineal hierarchy of self-renewing cells
that support GBM growth.

Enrichment of neurosphere-forming GBM cells
have identified 2 lineally related but distinct popu-
lations of CD133~ cells (type | and Ill) with unique
gene signatures and in vivo phenotypes represent-
ing differing stages of differentiation. These differ-
ences within the CD133~ population, comprising
both type | and type Il CD133 ™ cells, may account
for the discordant results of previous studies
examining the ability of CD133~ cells to demon-
strate in vitro or in vivo stem cell properties.”®

The Dynamic Model

In addition, the cancer stem-like phenotype as-
sociated with CD133 expression may actually



represent a dynamic and plastic trait that re-
sponds to the changing signals and stresses.
Oxygen has been the well-characterized signaling
molecule involved with mediating various signaling
pathways and regulating gene expression,86:87
and availability of oxygen within the tumor micro-
environment has been thought to influence the
proliferative phase underlying neoplastic growth.®®
Although oxygen tensions within the normal brain
range from 5% to 10% and likely lower within the
tumor bulk, in vitro studies typically culture glioma
cells under normoxic conditions of 20% O,.86:89:90
Platet and colleagues®' demonstrated that cul-
turing of GBM resection specimens at 3% O,,
representing a more physiologically relevant con-
centration, was associated with a significant in-
crease in CD133 expression in comparison with
GBM cells cultured at atmospheric concentrations
of 20% O,. McCord and colleagues® demon-
strated similar results with more mild reductions
of oxygen concentration and that disaggregated
GBM spheres derived from surgical resection
samples had a 2-fold increase in percentage of
CD133" cells when recultured and allowed to
form neurospheres in 7% O, compared with nor-
moxic 20% O, conditions. CD133" cells cultured
in 7% O, had a higher frequency of colony forma-
tion, shorter doubling time, and enhanced ability to
differentiate along glial and neuronal lines, sug-
gesting that hypoxic conditions not only increase
the CD133* cell composition but also modify
and enhance the associated tumorigenic and
stemlike phenotype. CD133" neurospheres cul-
tured in hypoxic conditions demonstrated in-
creased expression of other stem cell markers,
including nestin, Oct4, and SOX2. Levels of HIF-
20, were increased in CD133* cells cultured in
7% 0O,, and consequent small interfering RNA
silencing of HIF-2a led to decreased Oct4 and
S0X2.86 Consistent with the induction of the stem-
like phenotype, growth in 7% O, induced alter-
ations in global gene expression patterns with
the upregulation of critical stem cell-associated
genes including those involved with the notch
and frizzled-2 signaling pathway, angiogenesis,
and transforming growth factor B.26 When
CD133* cells were moved from 7% to 20% O,
rates of colony formation and expression of
HIF-2a and stem cell markers reversed to lev-
els originally observed in normoxic conditions.
Oxygen-induced stemlike features, partially medi-
ated by HIF-2a, are reversible and mediated by
epigenetic changes and are not the result of the
hypoxic selection of a CD133* subpopulation of
tumorigenic cells.®®

In their studies with the established human
glioma cell line U251MG, Griguer and colleagues®?
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further proposed that mechanisms underlying
hypoxia-induced CD133 upregulation and func-
tional changes partly involved loss of mitochon-
drial function. In accord with previous studies,
U251MG glioma cells, containing undetectable
levels of CD133 above background in 21% O,
culture conditions, became strongly CD133 posi-
tive when changed to 1% O.. Following exposure,
20% of U251MG cells were CD133* within 24
hours and up to 60% were CD133* within 72
hours. On return to 21% O,, levels of CD133
expression decreased to original normoxic levels.
In addition, treatment of U251MG glioma cells
with rotenone, an electron transport chain blocker,
resulted in a significant and dose-dependent
increase in CD133* expression, reminiscent of
exposure to hypoxic conditions. Depletion of mito-
chondrial DNA similarly led to constitutive and
substantial increases in CD133 expression that
persisted through multiple cell passages. Relative
to controls, mitochondrial DNA-depleted glioma
cells demonstrated a more aggressive phenotype
of increased anchorage-independent growth and
invasiveness. These cells readily initiated and
expanded as tumorspheres in serum-free media
that expressed the stem cell markers nestin and
CD133 and had multilineage differentiation poten-
tial. In addition, rescue of mitochondrial function
by transfer of parental mitochondrial DNA re-
versed the elevated CD133 expression levels. In
their proposed model of glioma progression, Gri-
guer and colleagues® suggest that tumor growth
is driven by a dynamic and adaptive biological
response to oxygen and metabolic demands in
reaction to a changing tumor microenvironment.
Stringent nutrient and oxygen barriers selectively
signal a switch within glioma cells in hypoxic
regions to gain phenotypic changes associated
with increased survival and migration.

Overall, the data support a critical role of
reduced oxygen tension and disruption of mito-
chondrial function in mediating an in vitro response
within glioma cells characterized by upregulated
CD133 expression.'686:91-95  Thege hypoxia-
induced changes are associated with global alter-
ations in the expression of stem cell-associated
genes and promote CSC phenotypes, including
increased clonogenicity, proliferation, invasive-
ness, capacity for multilineage differentiation, and
tumorigenicity in xenograft models. While it is
unclear if the extent of fluidity is present in vivo,
the sensitivity of glioma cells toward changes in
oxygen levels and the reversibility of hypoxia-
induced characteristics suggest a dynamic regula-
tory component of CD133 expression and stemlike
features. In addition, the low frequency of CD133*
glioma cells reported in literature may be linked to
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normoxic culture oxygen concentrations that do
not reflect physiologic levels.

Recent studies have begun to provide further
insight into the complex mechanisms regulating
the expression of CD133 and its associated
phenotype in gliomas. Differential methylation
patterns have been identified as transcriptional
regulators of CD133 in several cancers.®®"
CD133 promoter methylation, not present within
normal brain tissue, represents an abnormal
epigenetic regulator of differential CD133 expres-
sion in glioma cells.®” Yi and colleagues®” reported
a high frequency of CD133 promoter hypermethy-
lation in both GBM and colon cancer cells lines
and primary tumor samples; however, such meth-
ylation patterns were absent in CD133* cells. Up-
regulation of CD133 expression was strongly
associated with genetic and drug-induced inhibi-
tion of DNA methyltransferase activity. This mode
of regulation is unique to CD133, as hypermethyla-
tion profiles of other genes do not vary between
CD133* and CD133~ populations.®” In addition,
Jaksch and colleagues® demonstrated that the
extent of AC133 immunoreactivity is cycle depen-
dent in embryonic stem cells, colon cancer, and
melanomas. Specifically, AC133 immunoreactivity
was highest in the actively dividing cell subpopula-
tion with 4N DNA content and lowest in cells in the
Gp and Gy phases with 2N DNA content. MELK
protein expression, which has been demonstrated
to be cell cycle dependent,®®°° mirrored AC133
immunoreactivity with respect to cell cycle status.
Prolonged culturing of purified CD133~ and puri-
fied CD133* cells produced similarly heteroge-
neous cell populations comprising both CD133*
and CD133~ cells. The ability of cells at either
extremes of CD133 immunoreactivity to produce
CD133-heterogeneous populations suggests that
CD133 immunoreactivity may not be unique to
a discrete and stable population.®® Overall,
although it does appear that CD133 expression
may be used to enrich a glioma population with in-
creased tumorigenicity, it is possible that CD133
expression and the associated phenotype are fluid
traits responding to dynamic extracellular and
intracellular processes.

CONTRIBUTION TO ANGIOGENESIS

The extensive tumor vascularity, high endothelial
proliferation rates, and elevated VEGF production
within GBMs have provided promise for antiangio-
genic therapies.’® Indeed, in clinical trials using
the anti-VEGF antibody, Avastin, roughly half of
the patients responded to treatment.01.102
However, the effect was transient, and antiangio-
genic resistance developed in most patients.02103

Bao and colleagues®® reported the formation of
highly vascular and hemorrhagic tumors following
mice xenograft of purified CD133* GBM cells rela-
tive to CD133" cells. CD133* cells demonstrated
amarked elevation of VEGF expression in compar-
ison with CD133~ cells in both normoxic and
hypoxic conditions. CD133* promoted EC migra-
tion and formation of vasculature in vitro, and these
proangiogenic effects were blocked by treatment
with anti-VEGF antibodies (bevacizumab). In addi-
tion, bevacizumab reduced the growth and vascu-
larity of tumors derived from mice transplantation.

Recently, CD133* GBM cells have demon-
strated to contribute to tumor neoangiogenesis
through direct transdifferentiation down endothe-
lial lineages to give rise to tumor-derived ECs
(TDEGs)."%4-1%6 Wang and colleagues'°® identified
a subpopulation within the CD133* fraction of
GBM cells that coexpressed vascular endothelial
cadherin (CD144) that were capable of giving rise
to ECs. These TDECs harbored the same muta-
tions found within the parent tumor, namely, gains
in chromosome 7 and epidermal growth factor
receptor.'® He and colleagues'®* further demon-
strated that CD133* GBM CSCs are capable of
forming TDECs and were localized within niches
that were in close proximity to blood vessels.
Blood vessels surrounding CD133* tumor cell
niches expressed tumor-specific markers, further
suggesting that these ECs are of neoplastic origin
and arise from the differentiation of GBM stem
cells.104

These TDEC comprised up to 90% of ECs in the
tumors and appeared to contribute to glioma
angiogenesis.'%%1%¢  Although CD133%/CD144~
cells were capable of sphere formation and differ-
entiation along neuronal lineages, cocultures of
tumor cells and purified CD133*/CD144~ cells
generate ECs through intermediate CD133*/
CD144* progenitor cells. When cultured in EC
media, CD133%/CD144" cells lose CD144 expres-
sion and display features associated with an
epithelial phenotype (eg, CD105 and CD31 expres-
sion, and Dil-AcLDL uptake). Endothelium derived
from CD133*%/CD144* GBM cells formed ves-
sels with glomeruloid features morphologically
reminiscent of abnormal tumor vasculature. Unlike
CD1337/CD144* cells, transplantation of CD133*/
CD144% and CD133%/CD144~ populations gave
rise to highly invasive and aggressive tumors,
with CD133*/CD144*-derived tumors displaying
significantly increased levels of angiogenesis. In
addition, CD133*%/CD144~ fractions were capable
of maintaining its multilineage potential follow-
ing serial transplantations. Elevated levels of
HIF-1a in tumors exposed to hypoxic conditions
lead to increased angiogenesis through VEGF



production.’93107:108 Simjlarly, hypoxia seems to
induce the transdifferentiation of select glioma cells
into ECs through elevation of HIF-1a levels
in vitro.'®® However, unlike normal ECs, most
TDECs lacked VEGF-R1, VEGF-R2, and VEGF-R3
expression.'%® Accordingly, treatment with anti-
VEGF did not inhibit in vivo TDEC tube formation
and did not produce improved survival in murine
GBM models.’® TDEC transdifferentiation is
VEGF independent and may explain GBM resis-
tance to anti-VEGF therapies.’®® Furthermore,
selective targeting of TDEC in mouse xenografts
led to marked tumor regression, indicating that
TDECs play a critical role in maintaining tumor
viability. 06

Although tumor angiogenesis is typically thought
to be driven by bone marrow—derived circulating
endothelial precursors,'%®%° tumor cells appear
to be closely involved with tumor angiogenesis
and TDECs have been identified in other cancers,
including myeloma, lymphoma, and chronic
myelocytic leukemia.'%®11%-112 Taken together,
the data suggest that CD133* GBM cells not only
are capable of giving rise to the tumor bulk but
also can contribute to tumor angiogenesis partly
through transdifferentiation through a CD133*/
CD144* intermediate to generate ECs of neo-
plastic origin that can form functional vessels.

The Stem Cell Niche

Normal stem cells have been demonstrated to
exist within a stem cell niche comprising differen-
tiated cell types that help regulate and maintain
the stem cell trait."'>"1® Coculture studies have
demonstrated a role of ECs within the stem cell
niche in modulating and maintaining NSCs.""”
ECs secrete pigment epithelium—derived factor,
which modulates capacity for self-renewal in adult
neural stem cells within the subventricular zone.™®
Similarly, other diffusible factors released by ECs
within the stem cell niche, including brain-derived
neurotrophic factor and leukemia inhibitory factor,
have been characterized to regulate NSC prolifer-
ation and differentiation.’'®12° |n addition, recent
studies have suggested that a parallel interaction
exists between glioma stem cells and tumor ECs
within the vascular niches critical in maintaining
CSCs.™3

CD133* brain tumor cells demonstrated a high
affinity for ECs and formed close interactions along
vascular tubes formed by primary human ECs
(PHECS) in culture. When CD133* tumorspheres
were cocultured with PHECs, the tumorspheres
demonstrated heightened capacity for prolifera-
tion and self-renewal.’™® ECs similarly enhanced
the CSC phenotype in vivo, as transplantation of
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tumor cells into mice in the presence of PHECs
was associated with increased expansion of
CD133* cells and quicker tumor initiation and
growth. Increased number of blood vessels in
tumor xenografts, and consequently an increase
in the release of endothelial derived factors, led
to a significant expansion of self-renewing tumori-
genic cells while treatment with antiangiogenic
drugs blocked tumor growth and depleted the
self-renewing CD133*/nestin* tumor popula-
tion."3 A recent study of 87 resected grade lI-IV
glioma samples identified CSC niches character-
ized by CD133* blood vessels surrounding and
infiltrating CD133* glioma cell clusters.®! Preva-
lence of CD133* niches, ranging from 11.57% to
24.81%, was correlated with increasing tumor
grade and extent of CD133" blood vessels. In
accordance with previous reports of glioma
CSC-derived EC cells, CD133* cells were local-
ized around CD31* blood vessels that contained
cells that coexpressed CD31 and CD133. In
contrast to NSC maintained in predominantly
quiescent states by NSC niches, a fraction of
CD133* cells within the neoplastic perivascular
niche were proliferating cell nuclear antigen posi-
tive and actively proliferating.’®' Thus, ECs and
the vascular niche are critical for not only nutrient
supply but also providing a tumor microenviron-
ment that supports and promotes the proliferation
of CSCs.™"3

Recently endothelium-derived nitric oxide (NO)
was demonstrated to regulate stemlike features
of glioma cells within the perivascular niche in
platelet-derived growth factor-induced mouse
glioma models.'?2 Charles and Holland'?? demon-
strated a close correlation between endothelial NO
synthase (eNOS) expression, which was limited to
ECs, and Notch1 expression in adjacent nestin™
glioma stem cells within the perivascular niche.
NO activation of the Notch signaling pathway
heightened the stemlike features of glioma cells
in vitro and enhanced tumorigenicity and tumor
growth in tumor xenografts. In addition, mice lack-
ing eNOS exhibited impaired notch pathway acti-
vation and tumor growth and improved survival.
These results complement the established role of
NO in mediating glioma angiogenesis and highlight
the critical importance of the tumor perivascular
niche in maintaining and supporting resident tu-
mor stem cells.'?? Thus, the capacity for CD133+
CSCs to transdifferentiate and directly contribute
to tumor vasculature, to modulate regulated
angiogenesis, and to respond to endothelium-
derived signals, among other mechanisms, repre-
sents an intricate and bidirectional cross talk
between glioma CSCs and their microenvironment
niche.
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THERAPEUTIC POTENTIAL

The glycosylated CD133 epitope has been identi-
fied as a reliable tumor marker for the purification
of a subpopulation of GBM cells demonstrating
CSC phenotypes. Isolated tumorsphere-forming
CD133* GBM cells demonstrated heightened
in vitro proliferation, self-renewal, and invasive
capacity. When cultured in prodifferentiation con-
ditions, CD133* GBM cells were capable of differ-
entiating along neuronal, oligodendrocytic, and
astrocytic lineages. Orthotopic transplantation of
CD133" cells led to the formation of heteroge-
neous tumors that were phenocopies of the original
patient tumor. Thus, CD133* cells are highly
tumorigenic and demonstrate extensive capacity
for self-renewal even when challenged with serial
transplantation. Given these characteristic stem-
like properties of the CD133* population, the
CSC model has been extended to GBMs. The
application of the CSC model may account for
the highly heterogeneous, invasive, and therapy-
resistant nature of GBMs®” and has directed inves-
tigators to identify specific cellular elements for
targeted therapies.

Later CSC studies using CD133-independent
means to isolate putative CSCs in GBMs have
demonstrated that these in vitro and in vivo CSC
features are not present in all CD133* GBM cells
nor are they unique to the CD133™" subpopulation.
The identification and characterization of tumori-
genic CD133~ cells has led to not only a greater
appreciation of the multifaceted regulation of
CD133 in GBMs but also a more comprehensive
understanding of the role of CD133 in GBM tumor-
igenesis. These findings have suggested several
models that are not necessarily mutually exclusive:
(1) CD133* and CD133~ GBM cells comprise
unique and separate CSC populations responsible
for driving the growth of different GBM subtypes,
(2) CD133~ GBM cells are functionally heteroge-
neous and may comprise more primitive cells
capable of giving rise to tumorigenic CD133*
cells, and (3) the CD133* stemlike phenotype is
transient and fluid, and CD133expression de-
pends on temporally and spatially dynamic intra-
cellular and extracellular cues.

Most of the studies analyzing CD133 expres-
sion are faced with technical challenges from
accounting for the complex genetic and epigenetic
regulation of CD133 to the ability of the in vitro and
in vivo assays to reflect the true physiologic role of
CD133 in patients’ tumors. However, a growing
number of studies have linked clinical outcomes
with the presence of CD133™ cells within resected
tumors.50:55.123.124 Analysis of 95 resected gliomas
found that increased CD133 expression and

presence of CD133* clusters were significant
prognostic predictors of worse overall survival
and progression-free survival independent of
glioma grade, patient age, or extent of resection.5°
In addition, greater extent of CD133 expression is
correlated with increasing glioma grade and is typi-
cally found in advanced-stage gliomas.'?® The
greater reliability of CD133 expression relative to
histologic analysis in predicting patient outcomes
has suggested that the gain of CD133 expression
may be a key step in the progression to secondary
GBM."?* Furthermore, CD133* cells have been
found to play a critical role in mediating GBM resis-
tance to radiation and chemotherapy. Standard
cancer treatments, which mainly target rapidly
dividing cells of the tumor bulk, are not effective
in eradicating CSCs, which are slowly dividing
and often quiescent cells. GBM CSCs preferentially
activate DNA checkpoint proteins to ensure proper
repair of DNA damage resulting from treatment.2®
CD133* glioma cells persist in greater fractions
after treatment with ionizing radiation through pref-
erentially activating Chk1 and Chk2 checkpoint
kinases, and this radioresistance is lost following
Chk1 and Chk2 inhibition.'®® Chemoresistance of
CD133* glioma cells is mediated through several
mechanisms, including the upregulation of adeno-
sine triphosphate-binding cassette transporters
to facilitate drug efflux,®” elevated expression of
multidrug-resistant associated proteins 1 and
3,28 and the enrichment of the “side population”
that is resistant to cytotoxic drugs.®® In addition,
CD133" glioma cells upregulate the DNA repair
protein, O-methylguanine-DNA methyltransferase,
as well as other antiapoptotic genes, including Bcl-
2, Bcl-X, and FLIP."2® Adjacent ECs within the
perivascular niche, along with the activation of a
number of developmental pathways, have been
suggested to contribute to CD133* GBM resis-
tance to radiotherapy and chemotherapy.26130
While CD133's status as a stable, obvious CSC
is still not established and its biological functions
are unclear, CD133 remains a promising marker
for targeted and personalized therapeutic inter-
vention. Although several putative models exist,
CD133 consistently identifies cells with not only
stemlike properties intimately involved with tumor
growth and angiogenesis but also profound clin-
ical consequences in dictating patient outcomes
and resistance to chemotherapy and radiotherapy.
Thus, targeting the CD133* subpopulation repre-
sents a promising adjuvant in conjunction with
standard therapies. Several exciting and novel
approaches have been proposed, including treat-
ment with prodifferentiation agents, drugs that
target aberrant CSC signaling pathways, disrup-
tion of the perivascular niche, and the use of



CSC-targeted immunotherapies. Research into
therapies targeting CSCs is still in nascent stages
and must consider several challenges: (1) several
different and heterogeneous glioma CSCs may
exist, (2) the CSC phenotype is regulated by
several complex extracellular and intracellular
mechanisms, and (3) treatment of glioma CSCs
may also affect healthy neural stem cells that share
similar markers and phenotypes.?® Indeed, the
optimal treatment strategies likely include a combi-
natorial approach and rely on continued explora-
tion of the complex regulation of GBM CSCs and
their underlying biology.
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KEY POINTS

Small molecule inhibitors (SMIs) are highly selective compounds that are generally water soluble
with high oral bioavailability. These agents are designed to produce targeted inhibition at the active
site of proteins involved with critical pathways in tumor biology.

Several SMIs, including sunitinib (renal cell carcinoma) and imatinib (chronic myelogenous
leukemia), have shown significant therapeutic benéfit in clinical trials and are now considered stan-
dard of care.

Several clinical trials of SMls have been performed in patients with glioblastoma, including drugs
targeting epidermal-derived growth factor receptor, platelet-derived growth factor receptor, and
vascular endothelial growth factor receptor. To date, there has been no reported clinical benefit
associated with the use of currently available agents.

Increasing insight into the heterogeneous nature of glioblastoma may allow future tailoring of tar-

geted agents for individual patients.

CHEMOTHERAPY: OPPORTUNITIES FOR
OPTIMIZATION IN HIGH-GRADE GLIOMA

Modern chemotherapy can be traced to the
discovery of the antitumoral properties of nitrogen
mustard, a DNA alkylating agent used in chemical
warfare.! The first trial of nitrogen mustard
derivatives, used to treat Hodgkin lymphoma in the
1940s, followed observations of lymphosuppressive
and myelosuppressive effects in soldiers exposed
to mustard gas. Most historical approaches to treat-
ing cancers have incorporated agents that derive
a degree of disease specificity by inducing DNA
damage in rapidly dividing cells. Chemotherapeutics
have traditionally been derived from broadly toxic
substances that trigger cascades of programmed
cell death in actively dividing tumor cells. However,
the sequelae of this strategy are the many nonspecific

effects in normal cells with high rates of turnover,
such as those in the bone marrow, digestive tract,
and hair follicles. Examples of 2 cytotoxic drugs that
remain standard of care in primary and recurrent
glioblastoma multiforme (GBM) are carmustine
(BCNU, Gliadel) and temozolomide (TMZ; Temodar,
Temodal).>* These 2 drugs alkylate many cellular
functional groups, including sites on guanine and
cytosine nucleotides, thereby triggering the DNA
damage—-detecting checkpoint mechanisms of
mitosis that subsequently promote cellular apoptotic
cascades.

DNA-damaging approaches are limited in many
aggressive tumors, because of mutations resulting
in prosurvival traits including defective apoptotic
signaling cascades, upregulation of rates of DNA
repair, and increased rates of mutation leading to
drug resistance. GBM is known to be inherently
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resistant to nearly every standard DNA-damaging
chemotherapeutic agent. The lack of significant
progress with traditional cytotoxic agents has
provided the impetus for a new strategy of
targeting specific alterations in signaling pathways
responsible for the development and maintenance
of GBM. Recent genome-wide analyses of
human GBM tumor samples have amassed data
regarding the commonly altered, mutated, or
amplified genes implicated in GBM development,®
many of which involve receptor tyrosine kinase
(RTK) signaling pathways. Several these overac-
tive signaling pathways, which include upstream
receptors as well as downstream targets of activa-
tion, are the specific focus of many small molecule
inhibitor (SMI) drugs.

WHAT IS AN SMI?

A small molecule drug is a nonpolymeric organic
compound, generally fewer than 800 to 1000 Da.
SMis are designed to specifically inhibit the activity
of a cellular constituent for therapeutic benefit. In
practice, SMIs should be soluble in aqueous
solution, lipophilic enough to cross the cellular
membrane, and bind specifically to a target of
interest to effect some change in cellular function.
A particular advantage of these compounds is their
potential for high selectivity for an active region of
a given target, thus minimizing potential side
effects. Major additional benefits inherent to small
molecule compounds include the potential for
oral bioavailability and, in the specific case of brain
tumors, potentially superior passage across the
blood-brain barrier relative to larger compounds
(such as antibodies). These properties, combined
with an ability to screen both new and modified
compounds in high-throughput fashion, have led
to the role of SMIs as a large proportion of drugs
under current clinical study for cancer.

Most SMs find efficacy via inhibition of function;
as aresult, most of these drugs are targeted toward
reducing flux through overactive oncogenic path-
ways. Many of the SMIs in current clinical use
have been identified either serendipitously or
through in vitro screens focusing on a desired bio-
logic activity. Several SMis, designed to inhibit
specific kinases that are upregulated in many
cancers, have recently changed standard clinical
practice for several solid tumors. Examples include
lapatinib (Tykerb) for metastatic breast cancer,® su-
nitinib (Sutent) for metastatic renal cell carcinoma
(RCC),” and sorafenib (Nexavar), which has proved
efficacious in both advanced hepatocellular carci-
noma® and advanced RCC.® Perhaps the best-
known example of a targeted agent is the tyrosine
kinase inhibitor imatinib mesylate (Gleevec). This

small molecule was designed to inhibit a mutated
RTK fusion protein, Bcr-Abl, the constitutive
activation of which has long been known to cause
chronic myelogenous leukemia (CML). In what is
considered to be the proof-of-principle success
story for SMIs in cancer, patients with chronic-
phase CML treated with imatinib generally experi-
ence dramatic remission with few side effects.®

The remainder of this article focuses on specific
SMis designed to target signaling pathways previ-
ously associated with malignant glioma (reviewed
in Fig. 1) and reviews preliminary results of clinical
trials using these drugs.

EPIDERMAL-DERIVED GROWTH FACTOR
RECEPTOR

Perhaps the best example of increased RTK
signaling in GBM is that of the epidermal-derived
growth factor receptor (EGFR), which increases
activation of the downstream RAS and PI3K
intracellular signaling cascades. Early studies sug-
gested that around 40% of GBM show EGFR
amplification and protein overexpression leading
to increased pathway flux."" Furthermore, approx-
imately 40% of GBM with EGFR amplification also
harbor activating EGFR mutations.'® These find-
ings have been recently supported through
integrated genome analysis from The Cancer
Genome Atlas (TCGA) Research Network study,
which found that 41 of 91 (45%) sequenced tumors
harbored EGFR alterations.®

Several SMis designed to inhibit EGFR and its
mutant variants have been or are currently under
investigation in GBM, including erlotinib (Tarceva),
gefitinib (Iressa), lapatinib, and AEE788, as well as
a host of monoclonal antibodies outside the scope
of this article. Although the drugs seem to be well
tolerated, most early single-agent trials of EGFR
inhibitors have failed to show significant thera-
peutic benefit in GBM. In one phase Il study, 13%
of patients remained progression free for 6 months
in response to gefitinib monotherapy.’ However,
results from trials in lung cancer, in which improved
clinical and radiographic responses to gefitinib
have correlated with documented mutations in
the EGFR kinase regions, '® have not been similarly
recapitulated in patients with GBM.'® Preliminary
data from trials focusing on erlotinib''® were
slightly more encouraging than the results from
gefitinib trials,'*'® suggesting potentially greater
activity of this compound against the constitutively
active EGFRuvIII mutant receptor?® frequently found
in GBM,2"-22 put limited overall efficacy was seen.
Despite disappointing early trials comparing
single-agent administration of erlotinib versus
temozolomide or BCNU to treat GBMbeing,?®24
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Fig. 1. Molecular targets of interest for SMis in glioblastoma. EGFR, epidermal-derived growth factor receptor;
PDGFR, platelet-derived growth factor receptor, VEGFR, vascular endothelial growth factor receptor.

further study to understand the potential cytostatic
effects of EGFR inhibitors on GBM is warranted. To
this end, EGFR inhibitors have been incorporated
into multidrug trials including standard therapies
(radiation therapy [RT] and TMZ) to determine any
synergistic effect. One recent phase I/Il trial
showed no benefit of adding erlotinib to standard
RT/TMZ protocols,?® whereas another phase |l trial
combining erlotinib with TMZ before and after RT
showed increased median survival (19.1 months)
relative to historical controls (14.1 months).?® It is
likely that the variety of alterations observed in the
RTK signaling axis of GBM means that some
patients will find benefit from EGFR inhibition,
whereas many will not, and also that combination
therapies might be designed to address the most
common alterations. Further studies using erlotinib
as a component of first-line therapy may continue
to elucidate this concept.

PLATELET-DERIVED GROWTH FACTOR
RECEPTOR

Platelet-derived growth factor receptor (PDGFR) is
another RTK signaling molecule with documented

upregulation of expression in a subset of GBM.?”
Inhibitors of PDGFR include the drugs imatinib, da-
satinib (Sprycel), tandutinib, and pazopanib (Vo-
trient). Imatinib, an inhibitor of PDGFR as well as
other selected RTKs (including KIT and ABL), is indi-
cated for the treatment of CML and gastrointestinal
stromal cell tumors. As mentioned earlier, response
to imatinib in these previously untreatable tumors is
often dramatic. However, imatinib has generally
failed to show similar efficacy as a single-agent ther-
apeutic drug in GBM?8-30 despite studies that de-
tected intact imatinib within the GBM tissue.®' A
recent European Organization for Research and
Treatment of Cancer (EORTC) study using imatinib
monotherapy in 112 patients with recurrent gliomas
showed evidence of radiological response in the
form of a reduction of postcontrast T1 gadolinium
enhancement but did not show a concomitant
improvement in clinical outcomes. It was concluded
that, in the range of 600 to 1000 mg/d, imatinib
shows a good safety profile but lacks antitumor
activity in most patients with recurrent glioma.®?
Two phase Il studies of recurrent GBM, using
a combination of hydroxyurea (HU) plus imatinib,
suggested that this combination strategy was well
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tolerated by patients and showed evidence of
response in excess of expectations.®334 The posi-
tive results in these phase Il trials led to completion
of a randomized phase lll trial comparing combina-
tion imatinib plus HU therapy with HU alone in
progressive patients with TMZ-resistant tumors.
However, no difference in progression-free survival
(PFS) was seen between the 2 arms, with median
PFS in both groups being only 6 weeks. Six-month
PFS (PFS-6) was also similar at 5% and 7%
respectively.3®

VASCULAR ENDOTHELIAL GROWTH FACTOR
RECEPTOR

Angiogenesis, a phenomenon encompassing the
creation of new blood vessels from existing vascula-
ture, is a pathologic characteristic of GBM. This
process is, in part, driven by the expression of the
regulatory protein vascular endothelial growth factor
(VEGF) and its receptor (VEGFR). The apparent need
for angiogenesis in tumors, compared with the stable
vascular networks present in other tissues, has impli-
cated VEGFR signaling as an attractive target for in-
hibiting tumor growth, which is particularly relevant
for GBM, atumor in which increased vascular density
and VEGF levels are associated with poor prog-
nosis.®® Given recent clinical success with bevacizu-
mab (Avastin), a humanized monoclonal antibody
against VEGF, there has been increasing focus on
exploring SMis targeting VEGF/VEGFR in GBM.

SMis developed to inhibit VEGFR include the
drugs vatalanib and cediranib (tentative trade
name Recentin), both of which have shown
promise in early clinical trials. Vatalanib inhibits
both the VEGFR and platelet-derived growth
factor receptor (PDGFR), and has shown
moderate effect when used alone or in combina-
tion with TMZ or lomustine to treat recurrent
GBM in phase I/Il multicenter trials.37-38

A recent study designed to target both EGFR
and VEGFR using a combination of erlotinib and
bevacizumab (a monoclonal antibody) was well
tolerated in patients, but showed no benefit in
increasing PFS compared with that of historical
regimens containing bevacizumab.3%:49

A phase Il trial of cedirinib, which inhibits many
forms of VEGFR, recently showed evidence of
activity with a PFS-6 of 27.6%, normalization of
vasculature, and reduction of edema in patients
with GBM.*! Because serial sampling of GBM tissue
is generally not possible, this study used multiple
MRI-based methods to measure functional tissue
response to cedirinib over time. These methods
included measurements of vessel size, permeability,
gadolinium enhancement, and diffusion-weighted
imaging (DWI) characteristics. The results showed

rapid reduction in vessel size, blood volume, and
permeability to gadolinium contrast agents, with
a corresponding reduction in vasogenic edema.
The noninvasive nature of MRI allowed repeated
measurement and temporal characterization of the
vascular changes, showing them to begin as early
as 24 hours after treatment, and to begin to reverse
at day 28,although effects such as the reduction in
vascular permeability persisted for up to 4 months.
Measurement of circulating biomarkers also
provided insight into the efficacy of cedirinib in this
trial: following VEGFR inhibition, the concentration
of circulating VEGF ligand increased. In addition,
the use of MRI and biomarker measurement
provided valuable insight into the duration of effects
of the small molecule inhibition of VEGFR with cedir-
inib, suggesting that careful timing of combinatorial
therapies (including cytotoxic drugs) might be
critical to their success.

INHIBITION OF INTRACELLULAR SIGNALING
CASCADES

Overall, the TCGA study found that 88% of all
GBM harbored 1 or more mutations increasing
the activity of the RTK signaling axis and flux
through downstream RAS and PI3K pathways.'®
In addition to EGFR activity, increased signaling
of the ERBB2, ¢c-MET, and PDGFR RTKs can all
result in activation of RAS and PI3K; whereas
signaling through VEGF activates both pathways
via PKC-B. However, increased activity of RTKs
are not the only drivers of RAS and PI3K signaling.
RAS and PI3K are themselves upregulated in
many GBM, whereas their endogenous inhibitors
NF1 and PTEN (phosphatidylinositol phosphate
3’-phosphatase) are often mutated or lost.'342
Loss of PTEN inhibition has been shown to remove
sensitivity to EGFR inhibition by erlotinib and gefi-
tinib*® and is a powerful negative prognostic
factor.** Subsequent signaling molecules in the 2
pathways have been identified and are also de-
regulated and mutated, resulting in increased flux
through the pathways. The characterization of
these downstream alterations gives rise to
approaches other than simply targeting more or
different cell surface RTKs.

RAS/RAF

RAS signaling ultimately activates the transcription
factor extracellular signal-regulated kinase (ERK)
by way of the intermediate proteins RAF and
MEK. Tipifarnib (Zarnestra) is a farnesyl trans-
ferase-inhibiting drug shown to reduce signaling
through the RAS pathway. Although early phase |
trials determined that tipifarnib is well tolerated by



patients with GBM, early phase Il trials failed to
show a benefit of tipifarnib when added to TMZ
and RT. The RAF protein is among those inhibited
by the drug sorafenib, currently being studied in
GBM. In addition to its effects on RAF, sorafenib
also shows inhibitory effects on VEGFR and
PDGFR.*5 However, despite potentially compli-
mentary antitumor effects, trials combining sorafe-
nib with TMZ and RT have thus far failed to show
benefit, although the drug combination was well
tolerated in patients.*® Similarly, studies of recur-
rent GBM treated concurrently with sorafenib and
TMZ have been unsuccessful in improving
outcomes.*” There are several additional active
trials of sorafenib that may provide important infor-
mation about the effect of combining sorafenib with
other agents including erlotinib, the RAS inhibitor ti-
pifarnib, and the mTOR inhibitor temsirolimus (Tor-
isel). A study proposing treatment of recurrent GBM
with sorafenib plus the mTOR inhibitor evirolimus
(Afinitor, Zortress) has recently been approved,
but is not yet recruiting patients.

PI3K

It has been suggested that aberrant activation of
the PI3K pathway is universal in human cancer.
PI3K pathways regulate several malignant pheno-
types including resistance to apoptosis, cell
growth, proliferation, and invasion, and PI3K acti-
vation is associated with poor prognosis in
GBM.*84® PI3K signaling activates AKT and
subsequently mTOR via phosphorylation of
phosphatidylinositol-4,5-bisphosphate (PIP2) to
produce phosphatidylinositol-3,4,5-trisphosphate
(PIP3). Perifosine is an AKT inhibitor that has
shown promise in preclinical studies and is
currently being tested in phase Il trials.®® mTOR
can also be activated downstream of RAS and is
therefore an example of a confluence of the RAS
and PI3K pathways. The mTOR-inhibiting drugs si-
rolimus (Rapamycin, Rapamune) and temsirolimus
have been studied in human GBM, though
dramatic growth inhibition has not been
seen.%'3 Two single-agent phase |l trials of tem-
sirolimus showed altered radiological response
after monotherapy, but failed to show a prolonga-
tion of survival.5?%% These trials suggest that
mTOR inhibition alone is likely to be insufficient
for effective GBM therapy, although these agents
continue to have potential as components of multi-
modal approaches.

B-PROTEIN KINASE C

The B-protein kinase C (PKC-B) signaling molecule
is implicated in promoting activity of both the RAS
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and PI3K pathways after activation through
VEGFR. Expression of this receptor, and its subse-
quent activation of PKC-, leads to downstream
promotion of the prosurvival and progrowth path-
ways described earlier. The drug enzastaurin,
which inhibits PKC-B activity,54 has been shown
to affect total flux through the PI3K and RAS path-
ways and was determined in preclinical studies to
be a good candidate drug for trials in GBM. A
recent phase |l trial showed a strong radiological
response in 26% of patients treated with enzas-
taurin for recurrent glioma.®®°® This success was
used as rationale to begin a phase Il clinical trial
comparing enzastaurin with the alkylating drug lo-
mustine (CCNU, CeeNU) for the treatment of
recurrent GBM. Although this study was termi-
nated early because of the lack of an increase in
median overall survival (OS) or median PFS
compared with lomustine, the enzastaurin was
better tolerated, suggesting the potential for inclu-
sion of enzastaurin into combination thera-
pies.5’ % To this end, a study combining
enzastaurin with RT and TMZ for the treatment of
primary GBM is ongoing (clinicaltrials.gov), and
enzastaurin is also being combined with the anti-
angiogenic antibody bevacizumab and the alkylat-
ing agent carboplatin (Paraplatin) in a study for the
treatment of recurrent GBM.

OTHER AGENTS

Several SMIs have been developed to target intra-
cellular proteins that are not implicated in the RTK-
RAS-PI3K signaling axis. These SMis include
inhibitors of topoisomerase | and Il, histone deace-
tylase, integrins, and the proteasome.
Topoisomerase inhibitors include the drugs
etoposide, topotecan, irinotecan, edotecarin,
rubitecan, pyrazoloacridine, karenitecin, and gi-
matecan, many of which have shown efficacy in
various types of cancer. Topoisomerase-
inhibiting drugs block function of the cellular
enzymes topoisomerase | and Il, which bind to
DNA and result in breakage and ligation of the
phosphodiester backbone during the S phase of
the cell cycle, allowing unwinding (and, thus, un-
packaging) of supercoiled DNA. It is thought that
topoisomerase-inhibiting drugs block the ligation
step, and thereby produce single-stranded and
double-stranded DNA breaks that compromise
integrity and result in checkpoint arrest and
cellular apoptosis. Several single-agent studies
of irinotecan have shown discouraging results in
patients with recurrent malignant gliomas.5'%°
Despite this, the unique cytotoxic action of these
drugs has made them an attractive potential
component of multimodal therapy, especially in
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patients who have recurrent disease or those
whose methylguanine methyltransferase (MGMT)
status suggests that they will be resistant to TMZ
therapy. Trials combining topoisomerase inhibi-
tors with other therapies have shown some benefit
to the addition of these drugs, and the combina-
tion of irinotecan and bevacizumab has been
shown to have some effect in treating recurrent
GBM in a phase Il study.®57 Another study using
etoposide in place of irinotecan showed similar
results,®® supporting the case for combinatorial
approaches to using topoisomerase inhibitors in
GBM.

Histone deacetylase enzymes (HDAC) remove
acetyl groups from histones, allowing for the un-
packaging of supercoiled DNA, which is normally
stored condensed and wound around the histone
proteins. This process is important in DNA replica-
tion as well as DNA repair; inhibition of HDAC
results in cell cycle arrest and apoptosis in cancer
cells. Pretreatment of patients with cancer with
HDAC inhibitors has been shown to sensitize
GBM cells to RT and DNA-damaging chemothera-
peutics.?®7" In phase |l trials of recurrent GBM,
vorinostat induced inhibition of HDAC and showed
modest single-agent activity. As a result of this
finding, and considering the method of action of
HDAC, various clinical trials of vorinostat
combined with RT, TMZ, erlotinib, bevacizumab,
or irinotecan are underway.

Integrins are a class of cell adhesion proteins
that are important regulators of motility and angio-
genesis in glioma cells.” The recent development
of cilgenitide, an inhibitor of the a,bs and a,bs in-
tegrins has shown some promise in recently
completed trials in recurrent’® as well as newly
diagnosed GBM.”* However, it has been sug-
gested that the improvements seen in these 2 trials
were possible artifacts of the progressively
improved care common to all add-on TMZ thera-
pies, rather than a result of cilengitide itself.”®
Accrual of patients for an international phase Il
trial to test the effects of addition of cilengitide to
the standard therapy for TMZ and RT in newly
diagnosed GBM has just been completed. This
CENTRIC study should answer many of the ques-
tions regarding the benefit of adding cilengitide to
standard therapy when treating GBM.™*

The ubiquitin-proteasome complex is a critical
regulatory element in the scheduled degradation
of cell cycle proteins involved in balancing prolifer-
ation and apoptosis.”® Inhibition of the protea-
some disrupts the cyclic degradation of these
regulatory proteins, and can induce cell growth
arrest leading to the induction of apoptosis. The
proteasome-inhibiting drug bortezomib (Velcade)
showed growth arrest in glioma cells in vitro, and

is currently being tested in several phase Il trials
in combination with TMZ or other targeted agents.
However, one such phase |l trial showed no signif-
icant benefit from the combination of the HDAC
inhibitor vorinostat (Zolinza) with bortezomib.””

FUTURE DIRECTIONS

An ever-increasing armamentarium of SMI drugs
has resulted from increasing understanding of
the altered signaling inherent to many cancers,
and many of these agents are dramatically
changing care in previously untreatable diseases
such as CML and gastrointestinal stromal tumors.
Given the dismal prognosis of high-grade glioma,
there has been considerable hope that newer
drugs would improve outcomes in this aggressive
cancer. However, as outlined earlier, few of these
new targeted agents have shown significant or
prolonged survival benefits in initial studies of
patients with GBM.

There are several potential explanations for
current failures with the use of SMis for GBM.
Because of the diverse genetic bases of these
tumors, a variety of mutations involving oncogene
and tumor suppressor pathways may drive tumor
progression in individual patients and likely require
multiple agents (targeting both antigrowth and
proapoptotic functionality) for clinically relevant
antitumor effects. Given coactivation and down-
stream overlap of multiple oncogenic RTK within
GBM, it is likely that inhibition of any RTK can be
compensated by increased activation of another.
For example, PDGFR and c-MET receptors are
engaged after EGFR inhibition and maintain down-
stream pathway activation.”® Taken together,
these findings suggest that multiple targeted
agents used in combination might be required to
effectively attenuate RTK signal transmission in
GBM.™®

In addition, although increasing OS is the most
pertinent goal of any treatment strategy for cancer,
this is only 1 of several relevant clinical endpoints
to evaluate drug efficacy. Given that many SMls
are cytostatic in nature, it is likely that their effects
on tumor cells could be overlooked when using
traditional metrics of prolonged survival and radio-
logical response. To this end, the development of
biomarkers and molecular imaging tools to report
on drug concentration and activity at the site of
interest are important goals that would provide
valuable information aiding the design of future
studies.

In addition, large-scale studies to better charac-
terize the genetic changes associated with GBM
will be critically important for integrating the under-
standing of common molecular alterations and



subsequently tailoring specific therapy. In an
example of such an approach, recent data from
TCGA Research Network has reclassified GBM
into 4 distinct subtypes based on abnormalities
in commonly altered signaling pathways.®° The
differentiators include upregulation of EGFR and
PDGFR-, loss of NF1, and activation of IDH1.
This identification of GBM subtypes seems to
predict those patients who will respond best to
aggressive conventional therapies, versus those
who respond only poorly or not at all. This example
of a clinically relevant stratification approach,
based on commonly altered pathways in GBM,
provides researchers with a strong foundation on
which to design pathway-targeted combination
regimens. This information also serves to identify
the patient subtypes most likely to derive benefit
from aggressive traditional therapies, versus those
who will not and should therefore be encouraged
to enroll in trials of experimental therapeutics as
first-line agents.

Regarding overall approach, integration of the
known effects of targeted agents to provide redun-
dancy in signaling inhibition should be a major
focus of future trial design. It may be shown that
slowing overactive oncogenic cascades through
small molecule inhibition may not provide enough
antitumor benefit to improve overall outcomes,
emphasizing that this approach may be best
applied in conjunction with current cytotoxic treat-
ments such as the current standard therapies TMZ
and RT. In other cases, certain SMI drugs such as
the topoisomerase inhibitors can induce cytotox-
icity through novel mechanisms and could feasibly
provide alternative treatment options for recurrent
patients or those with inherent resistance to TMZ
caused by MGMT status.

REFERENCES

1. Papac RJ. Origins of cancer therapy. Yale J Biol
Med 2001;74(6):391-8.

2. Westphal M, Hilt DC, Bortey E, et al. A phase 3 trial
of local chemotherapy with biodegradable carmus-
tine (BCNU) wafers (Gliadel wafers) in patients
with primary malignant glioma. Neuro Oncol 2003;
5(2):79-88.

3. Brem H, Piantadosi S, Burger PC, et al. Placebo-
controlled trial of safety and efficacy of intraopera-
tive controlled delivery by biodegradable polymers
of chemotherapy for recurrent gliomas. The
Polymer-brain  Tumor Treatment Group. Lancet
1995;345(8956):1008-12.

4. Stupp R, Mason WP, van den Bent MJ, et al. Radio-
therapy plus concomitant and adjuvant temozolo-
mide for glioblastoma. N Engl J Med 2005;352(10):
987-96.

19.

Small Molecule Inhibitors in Glioma

. Parsons DW, Jones S, Zhang X, et al. An integrated

genomic analysis of human glioblastoma multiforme.
Science 2008;321(5897):1807-12.

. Geyer CE, Forster J, Lindquist D, et al. Lapatinib

plus capecitabine for HER2-positive advanced
breast cancer. N Engl J Med 2006;355(26):2733-43.

. Motzer RJ, Michaelson MD, Rosenberg J, et al. Su-

nitinib efficacy against advanced renal cell carci-
noma. J Urol 2007;178(5):1883-7.

. Llovet UM, Ricci S, Mazzaferro V, et al. Sorafenib

in advanced hepatocellular carcinoma. N Engl J
Med 2008;359(4):378-90.

. Escudier B, Eisen T, Stadler WM, et al. Sorafenib for

treatment of renal cell carcinoma: final efficacy and
safety results of the phase Il treatment approaches
in renal cancer global evaluation trial. J Clin Oncol
2009;27(20):3312-8.

. Kantarjian H, Sawyers C, Hochhaus A, et al. Hema-

tologic and cytogenetic responses to imatinib mesy-
late in chronic myelogenous leukemia. N Engl J Med
2002;346(9):645-52.

. Wong AJ, Bigner SH, Bigner DD, et al. Increased

expression of the epidermal growth factor receptor
gene in malignant gliomas is invariably associated
with gene amplification. Proc Natl Acad Sci U S A
1987;84(19):6899-903.

. Frederick L, Wang XY, Eley G, et al. Diversity and

frequency of epidermal growth factor receptor muta-
tions in human glioblastomas. Cancer Res 2000;
60(5):1383-7.

. The Cancer Genome Atlas Research Network.

Comprehensive genomic characterization defines
human glioblastoma genes and core pathways.
Nature 2008;455(7216):1061-8.

. Rich JN, Reardon DA, Peery T, et al. Phase Il trial of

gefitinib in recurrent glioblastoma. J Clin Oncol
2004;22(1):133-42.

. Lynch TJ, Bell DW, Sordella R, et al. Activating muta-

tions in the epidermal growth factor receptor under-
lying responsiveness of non-small-cell lung cancer
to gefitinib. N Engl J Med 2004;350(21):2129-39.

. Rich JN, Rasheed BK, Yan H. EGFR mutations and

sensitivity to gefitinib. N Engl J Med 2004;351(12):
12601 [author reply: 1260-1].

. Cloughesy T, Yung A, Vrendenberg J, et al. Phase I

study of erlotinib in recurrent GBM: Molecular
predictors of outcome. J Clin Oncol. 2005 ASCO
Annual Meeting Proceedings. 2005.

. Vogelbaum MA, DP, Stevens G, Barnett G, et al.

Phase |l trial of the EGFR tyrosine kinase inhibitor er-
lotinib for single agent therapy of recurrent glioblas-
toma multiforme: interim results. J Clin Oncol. 2004
ASCO Annual Meeting Proceedings (Post-Meeting
Edition). vol. 22, No 14S (July 15 Supplement),
2004:1558.

Franceschi E, Cavallo G, Lonardi S, et al. Gefitinib
in patients with progressive high-grade gliomas:

413



414

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Day & Waziri

a multicentre phase |l study by Gruppo ltaliano Co-
operativo di Neuro-Oncologia (GICNO). Br J Cancer
2007;96(7):1047-51.

lwata KK, Provoncha K, Gibson N. Inhibition of
mutant EGFRvIIl transformed cells by tyrosine
kinase inhibitor OSI-774 (Tarceva). Proc Am Soc
Clin Oncol 2002;21:[abstract: 79].

Moscatello DK, Holgado-Madruga M, Godwin AK,
et al. Frequent expression of a mutant epidermal
growth factor receptor in multiple human tumors.
Cancer Res 1995;55(23):5536-9.

Wikstrand CJ, Hale LP, Batra SK, et al. Monoclonal
antibodies against EGFRvIII are tumor specific and
react with breast and lung carcinomas and malig-
nant gliomas. Cancer Res 1995;55(14):3140-8.

van den Bent MJ, Brandes AA, Rampling R, et al.
Randomized phase Il trial of erlotinib versus temozo-
lomide or carmustine in recurrent glioblastoma:
EORTC Brain Tumor Group study 26034. J Clin
Oncol 2009;27(8):1268-74.

Van den Bent MJ, Brandes AA, Rampling R, et al.
Randomized phase Il trial of erlotinib versus temozo-
lomide (TMZ) or BCNU in recurrent glioblastoma
multiforme (GBM): EORTC 26034. Neuro Oncol
2007;9:[abstract: MA-27].

Brown PD, Krishnan S, Sarkaria JN, et al. Phase /Il
trial of erlotinib and temozolomide with radiation
therapy in the treatment of newly diagnosed glio-
blastoma multiforme: North Central Cancer Treat-
ment Group Study NO177. J Clin Oncol 2008;
26(34):5603-9.

Prados MD, Chang SM, Butowski N, et al. Phase |l
study of erlotinib plus temozolomide during and
after radiation therapy in patients with newly diag-
nosed glioblastoma multiforme or gliosarcoma.
J Clin Oncol 2009;27(4):579-84.

Jendrossek V, Belka C, Bamberg M. Novel chemo-
therapeutic agents for the treatment of glioblastoma
multiforme. Expert Opin Investig Drugs 2003;12(12):
1899-924.

Raymond E, Brandes AA, Dittrich C, et al. Phase |l
study of imatinib in patients with recurrent gliomas
of various histologies: a European Organisation for
Research and Treatment of Cancer Brain Tumor
Group Study. J Clin Oncol 2008;26(28):4659-65.
Wen PY, Yung WK, Lamborn KR, et al. Phase /Il
study of imatinib mesylate for recurrent malig-
nant gliomas: North American Brain Tumor Con-
sortium Study 99-08. Clin Cancer Res 2006;
12(16):4899-907.

Viola FS, Katz A, Arantes A, et al. Barrios phase I
trial of high dose imatinib in recurrent glioblastoma
multiforme (GBM) with platelet derived growth fac-
tor receptor (PDGFR) expression. J Clin Oncol
2007;25(Suppl 18). ASCO Annual Meeting Proceed-
ings Part | J Clin Oncol (Meeting Abstracts) 2007;
25(18 Suppl):2056.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Razis E, Selviaridis P, Labropoulos S, et al. Phase
Il study of neoadjuvant imatinib in glioblastoma:
evaluation of clinical and molecular effects of
the treatment. Clin Cancer Res 2009;15(19):
6258-66.

Raymond E, Brandes Alba A, Dittrich Ch, et al.
Phase Il study of imatinib in patients with recurrent
gliomas of various histologies: a European Or-
ganisation for Research and Treatment of Cancer
Brain Tumor Group study. J Clin Oncol 2008;26:
4659-65.

Dresemann G. Imatinib and hydroxyurea in pre-
treated  progressive glioblastoma  multiforme:
a patient series. Ann Oncol 2005;16(10):1702-8.
Reardon DA, Egorin MJ, Quinn JA, et al. Phase |l
study of imatinib mesylate plus hydroxyurea in
adults with recurrent glioblastoma multiforme. J
Clin Oncol 2005;23(36):9359-68.

Dresemann G, Weller M, Rosenthal MA, et al. Imati-
nib in combination with hydroxyurea versus hydroxy-
urea alone as oral therapy in patients with
progressive pretreated glioblastoma resistant to
standard dose temozolomide. J Neurooncol 2010;
96(3):393-402.

Oehring RD, Miletic M, Valter MM, et al. Vascular
endothelial growth factor (VEGF) in astrocytic
gliomas—a prognostic factor? J Neurooncol 1999;
45(2):117-25.

Conrad C, Friedman H, Reardon D, et al. A phase I/
Il trial of single-agent PTK 787/ZK 222584 (PTK/
ZK), a novel, oral angiogenesis inhibitor, in patients
with recurrent glioblastoma multiforme (GBM). Proc
Am Soc Clin Oncol 2004;22.

Reardon D, Friedman H, Yung WKA, et al. A phase
I/l trial of PTK787/ZK 222584 (PTK/ZK), a novel,
oral angiogenesis inhibitor, in combination with
either temozolomide or lomustine for patients with
recurrent glioblastoma multiforme (GBM). Proc Am
Soc Clin Oncol 2004;22.

Sathornsumetee S, Desjardins A, Vredenburgh JJ,
et al. Phase |l trial of bevacizumab and erlotinib in
patients with recurrent malignant glioma. Neuro On-
col 2010;12(12):1300-10.

Sathornsumetee S, Desjardins A, Vredenburgh JJ,
et al. Phase Il trial of bevacizumab plus erlotinib
for patients with recurrent malignant gliomas: final
results. J Clin Oncol 2010;28(Suppl 15):[Suppl;
abstract: 2055].

Batchelor TT, Sorensen AG, di Tomaso E, et al.
AZD2171, a pan-VEGF receptor tyrosine kinase
inhibitor, normalizes tumor vasculature and allevi-
ates edema in glioblastoma patients. Cancer Cell
2007;11(1):83-95.

Maehama T, Dixon JE. The tumor suppressor, PTEN/
MMACH1, dephosphorylates the lipid second mes-
senger, phosphatidylinositol  3,4,5-trisphosphate.
J Biol Chem 1998;273(22):13375-8.



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Mellinghoff IK, Wang MY, Vivanco |, et al. Molecular
determinants of the response of glioblastomas to
EGFR kinase inhibitors. N Engl J Med 2005;
353(19):2012-24.

Smith JS, Tachibana |, Passe SM, et al. PTEN
mutation, EGFR amplification, and outcome in
patients with anaplastic astrocytoma and glioblas-
toma multiforme. J Natl Cancer Inst 2001;93(16):
1246-56.

Wilhelm SM, Carter C, Tang L, et al. BAY 43-9006
exhibits broad spectrum oral antitumor activity
and targets the RAF/MEK/ERK pathway and re-
ceptor tyrosine kinases involved in tumor progres-
sion and angiogenesis. Cancer Res 2004;64(19):
7099-109.

Hainsworth JD, Ervin T, Friedman E, et al. Concur-
rent radiotherapy and temozolomide followed by
temozolomide and sorafenib in the first-line treat-
ment of patients with glioblastoma multiforme.
Cancer 2010;116(15):3663-9.

Reardon DA, Vredenburgh JJ, Desjardins A, et al.
Effect of CYP3A-inducing anti-epileptics on sorafe-
nib exposure: results of a phase Il study of sorafenib
plus daily temozolomide in adults with recurrent glio-
blastoma. J Neurooncol 2011;101(1):57-66.

Kleber S, Sancho-Martinez |, Wiestler B, et al. Yes
and PI3K bind CD95 to signal invasion of glioblas-
toma. Cancer Cell 2008;13(3):235-48.

Chakravarti A, Zhai G, Suzuki Y, et al. The prog-
nostic significance of phosphatidylinositol 3-
kinase pathway activation in human gliomas.
J Clin Oncol 2004;22(10):1926-33.

Momota H, Nerio E, Holland EC. Perifosine inhibits
multiple signaling pathways in glial progenitors
and cooperates with temozolomide to arrest cell
proliferation in gliomas in vivo. Cancer Res 2005;
65(16):7429-35.

Cloughesy TF, Yoshimoto K, Nghiemphu P, et al.
Antitumor activity of rapamycin in a phase | trial
for patients with recurrent PTEN-deficient glioblas-
toma. PLoS Med 2008;5(1):e8.

Galanis E, Buckner JC, Maurer MJ, et al. Phase I
trial of temsirolimus (CCI-779) in recurrent glioblas-
toma multiforme: a North Central Cancer Treatment
Group Study. J Clin Oncol 2005;23(23):5294-304.
Chang SM, Wen P, Cloughesy T, et al. Phase Il study
of CCI-779 in patients with recurrent glioblastoma
multiforme. Invest New Drugs 2005;23(4):357-61.
Carducci MA, Musib L, Kies MS, et al. Phase |
dose escalation and pharmacokinetic study of en-
zastaurin, an oral protein kinase C beta inhibitor,
in patients with advanced cancer. J Clin Oncol
2006;24(25):4092-9.

Fine HA, Kim L, Royce C. Results from phase Il
trial of enzastaurin (LY317615) in patients with
recurrent high grade gliomas. J Clin Oncol 2005;
23(Suppl 115):[abstract: 1504].

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Small Molecule Inhibitors in Glioma

Fine HA, Kim L, Royce C, et al. A phase Il trial of
LY317615 in patients with recurrent high grade
gliomas. J Clin Oncol 2004;22:[abstract: 1511].
Fine HA, PV, Chamberlain MC, et al. Enzastaurin
(ENZ) versus lomustine (CCNU) in the treatment of
recurrent, intracranial glioblastoma multiforme
(GBM): a phase Il study. J Clin Oncol 2005;26:
[abstract: 2005].

Puduvalli VK, Wick W, Chamberlain MC, et al. En-
zastaurin versus lomustine in the treatment of recur-
rent, intracranial glioblastoma: a phase Il study.
Neuro Oncol 2008;10:[abstract: MA-35].

Thornton D, Graff J. Enzastaurin: an introduction to
a new, targeted agent for the treatment of glioblas-
toma multiforme. Neuro Oncol 2006;8:[abstract:
P142].

Wick W, Puduvalli VK, Chamberlain MC, et al. Phase
Il study of enzastaurin compared with lomustine in
the treatment of recurrent intracranial glioblastoma.
J Clin Oncol 2010;28(7):1168-74.

Friedman HS, Petros WP, Friedman AH, et al. Irinote-
can therapy in adults with recurrent or progressive
malignant glioma. J Clin Oncol 1999;17(5):1516-25.
Chamberlain MC. Salvage chemotherapy with CPT-
11 for recurrent glioblastoma multiforme. J Neuroon-
col 2002;56(2):183-8.

Prados MD, Lamborn K, Yung WK, et al. A phase 2
trial of irinotecan (CPT-11) in patients with recurrent
malignant glioma: a North American Brain Tumor
Consortium study. Neuro Oncol 2006;8(2):189-93.
Buckner JC, Reid JM, Wright K, et al. Irinotecan in
the treatment of glioma patients: current and future
studies of the North Central Cancer Treatment
Group. Cancer 2003;97(Suppl 9):2352-8.

Batchelor TT, Gilbert MR, Supko JG, et al. Phase 2
study of weekly irinotecan in adults with recurrent
malignant glioma: final report of NABTT 97-11. Neu-
ro Oncol 2004;6(1):21-7.

Vredenburgh JJ, Desjardins A, Herndon JE, et al.
Phase Il trial of bevacizumab and irinotecan in recur-
rent malignant glioma. Clin Cancer Res 2007;13(4):
1253-9.

Vredenburgh JJ, Desjardins A, Herndon JE, et al.
Bevacizumab plus irinotecan in recurrent glio-
blastoma multiforme. J Clin Oncol 2007;25(30):
4722-9.

Reardon DA, Desjardins A, Vredenburgh JJ. Bevaci-
zumab plus etoposide among recurrent malignant
glioma patients: phase Il study final results. J Clin
Oncol 2009;27(Suppl 15):[abstract: 2046].

Conley BA, Wright JJ, Kummar S. Targeting epige-
netic abnormalities with histone deacetylase inhibi-
tors. Cancer 2006;107(4):832-40.

Chinnaiyan P, Vallabhaneni G, Armstrong E, et al.
Modulation of radiation response by histone deace-
tylase inhibition. Int J Radiat Oncol Biol Phys 2005;
62(1):223-9.

415



416

71.

72.

73.

74.

75.

Day & Waziri

Sawa H, Murakami H, Kumagai M, et al. Histone de-
acetylase inhibitor, FK228, induces apoptosis and
suppresses cell proliferation of human glioblastoma
cells in vitro and in vivo. Acta Neuropathol 2004;
107(6):523-31.

MacDonald TJ, Taga T, Shimada H, et al. Preferential
susceptibility of brain tumors to the antiangiogenic
effects of an alpha(v) integrin antagonist. Neurosur-
gery 2001;48(1):151-7.

Nabors LB, Mikkelsen T, Rosenfeld SS, et al.
Phase | and correlative biology study of cilengitide
in patients with recurrent malignant glioma. J Clin
Oncol 2007;25(13):1651-7.

Stupp R, Hegi ME, Neyns B, et al. Phase I/lla study of
cilengitide and temozolomide with concomitant radio-
therapy followed by cilengitide and temozolomide
maintenance therapy in patients with newly diagnosed
glioblastoma. J Clin Oncol 2010;28(16):2712-8.
Chamberlain MC. What role should cilengitide have
in the treatment of glioblastoma? J Clin Oncol 2010;
28(33):e695.

76.

77.

78.

79.

80.

Mani A, Gelmann EP. The ubiquitin-proteasome
pathway and its role in cancer. J Clin Oncol 2005;
23(21):4776-89.

Friday BB, Anderson SK, Buckner J, et al. Phase I
trial of vorinostat in combination with bortezomib in
recurrent glioblastoma multiforme: a north central
cancer treatment group study. Neuro Oncol 2010;
12(4):iv69-78.

Stommel JM, Kimmelman AC, Ying H, et al. Coacti-
vation of receptor tyrosine kinases affects the
response of tumor cells to targeted therapies.
Science 2007;318(5848):287-90.

Huang TT, Sarkaria SM, Cloughesy TF, et al. Tar-
geted therapy for malignant glioma patients: lessons
learned and the road ahead. Neurotherapeutics
2009;6(3):500-12.

Verhaak RG, Hoadley KA, Purdom E, et al. Inte-
grated genomic analysis identifies clinically rele-
vant subtypes of glioblastoma characterized by
abnormalities in PDGFRA, IDH1, EGFR, and
NF1. Cancer Cell 2010;17(1):98-110.



Molecular Characteristics and
Pathways of Avastin for the
Treatment of Glioblastoma

Multiforme

Marko Spasic, BA?, Frances Chow, BA?, Claire Tu, BS?,

Daniel T. Nagasawa, MD?, Isaac Yang, MD3P*

KEYWORDS

® Avastin ® Bevacizumab ¢ VEGF ¢ Chemotherapy ® Glioblastoma

KEY POINTS

e The overall benefit of bevacizumab remains controversial.

e Although bevacizumab has been shown to extend progression-free survival, it has not been shown
to improve overall survival and may facilitate glioma transformation to a more invasive phenotype.

e The mechanism of bevacizumab is still not sufficiently understood and future studies may need to
use novel methods of evaluating and visualizing tumor progression to determine the effectiveness of

bevacizumab.

INTRODUCTION

Glioblastoma multiforme (GBM) is one of the most
common and aggressive primary brain tumors.
Despite surgical resection, radiotherapy, and che-
motherapy, prognosis for GBM remains poor. The
median progression-free survival (PFS) and overall
survival (OS) for patients with GBM who undergo
surgical resection followed by radiation therapy
and temozolomide chemotherapy are 6.9 and
14.7 months, respectively.’

GBM is a highly invasive and one of the most
angiogenic and vascularized cancer. Altered
pathways in GBM include the loss of function of
tumor suppressor genes and the activation of

oncogenes.? GBM is believed to be characterized
by tumor progression through the induction of
angiogenesis to form new blood vessels via endo-
thelial cell migration and proliferation.®> GBM is
capable of exhibiting endothelial proliferation and
rapid formation of tortuous vessels to supply its
increasing metabolic needs; as a result, its poor-
quality blood vessels are highly permeable and
disorganized. Angiogenesis may play a pivotal
role beginning in the earliest phase of tumor devel-
opment and perhaps represents a critical event in
the progression of malignant gliomas.* Hence,
angiogenesis has been targeted in the treatment
of recurrent GBM.
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Recurrent Glioblastoma

Nearly all GBM recur after initial therapy, and only
20% to 25% of patients survive beyond 1 year after
the diagnosis of recurrent disease.>® Median
survival for patients with recurrent GBM ranges
from 3 to 9 months.” Several potential treatments
are being evaluated in ongoing clinical trials for
recurrent GBM. bevacizumab (Avastin), a hu-
manized anti-vascular endothelial growth factor
(VEGF) antibody, has shown promising results in
phase Il clinical trials for recurrent GBM; as a result,
in May 2009, the Food and Drug Administration
(FDA) approved the use of bevacizumab for the
treatment of patients with recurrent GBM, which
made bevacizumab the third FDA-approved
chemotherapy for GBM along with implantable
Gliadel wafers and temozolomide.®

Bevacizumab

Since its inception, bevacizumab has led
a successful yet controversial path. Initially indi-
cated for metastatic colorectal cancer in 2004,
bevacizumab was shown in a randomized, double-
blind, stage Il clinical trial to significantly extend
both PFS and duration of survival.® Median PFS in
a colorectal cancer control group receiving IFL
(irinotecan, fluorouracil, and leucovorin) treatment
was 6.2 months, compared with 10.6 months in
a group receiving IFL with bevacizumab. Median
duration of survival increased from 15.6 months
in the IFL control group to 20.3 months in the
group receiving IFL and bevacizumab.® Because
of its versatility and success in treating colorectal
cancer, bevacizumab was considered as the first
anti-angiogenic therapy approved in the United
States. Bevacizumab later gained approval for
use in several other solid tumors, including lung
cancer, breast cancer, renal cell cancer, and in
2009, was granted accelerated approval for
GBM.®-12

However, in 2010, the FDA rescinded its
approval of bevacizumab for metastatic breast
cancer based on the lack of evidence for improved
OS in phase lll clinical trials when compared with
standard anti-mitotic chemotherapies, such as do-
cetaxel, 5-fluorouracil, epirubicin, and cyclophos-
phamide.'®'* An additional point of concern was
the severity of the side effects, including wound
dehiscence, gastrointestinal perforation, hemor-
rhage, and high-grade thrombosis.'®'® However,
the other indications remain and bevacizumab
continues to be evaluated as a promising treatment
in clinical trial for patients with recurrent GBM.'7-18
Based on these results, only in GBM is bevacizu-
mab approved as a single agent.

Although bevacizumab prolongs GBM PFS,
decreases tumor vascularization, and reduces
permeability of vessels, it does not prolong the
OS. Bevacizumab alone gives a median PFS of 4
months and 6-month PFS (PFS6) of 29%.%2 A
meta-analysis of 548 patients showed that bevaci-
zumab given in combination with other drugs gives
a higher PFS6 rate of 45%, a 6-month OS rate of
76%, and an OS of 9.3 months." Another study
comparing bevacizumab with combination bevaci-
zumab and irinotecan therapy showed that PFS6 is
higher when bevacizumab is taken with irinotecan
(PFS6 of 50.2% for combination vs 35.1% for bev-
acizumab alone). Despite the clear benefit of irinote-
can plus bevacizumab on PFS, OS for bevacizumab
plus irinotecan is 8.9 months, although bevacizu-
mab alone only marginally extends OS to 9.7
months.2° This lack of a clear benefit in OS for one
therapy over another adds to the uncertainty of
the benefit of anti-angiogenic therapies.

Subsequently, the FDA’s approval of bevacizu-
mab for the treatment of recurrent GBM was accel-
erated with PFS being relied on as a metric for drug
efficacy rather than OS. However, the validity of
PFS as an accurate measurement of treatment
outcome has been questioned. Although statistical
analysis shows that PFS and OS are strongly asso-
ciated, it has been argued that PFSis not areplace-
ment for OS and cannot be predictive of tumor
growth after treatment.?’

Furthermore, several studies suggest that 1
adverse consequence of this pharmacologic treat-
ment includes hijacking of healthy nontumorous
vasculature. Vessels from normal tissue are re-
cruited via tumor infiltration to supply the lesion
in a process known as co-option.?? In short, the
mechanism of bevacizumab is still not sufficiently
understood?324 and must be further elucidated
to evaluate its far-reaching effects.

MOLECULAR MECHANISM OF BEVACIZUMAB

In theory, the mechanism of bevacizumab is exqui-
sitely simple. As an antibody for angiogenic factors,
bevacizumab cuts off a tumor’s life supply by inhib-
iting the factors required to promote and sustain
vessel growth. Angiogenesis has been extensively
studied for decades. Tumors should theoretically
stop growing if vascularization is absent or insuffi-
cient.?5 However, this mechanism has proven to be
more difficult in clinical practice than expected,?%2”
and nonangiogenic pathways that may be affected
by bevacizumab are also under scrutiny.
Angiogenesis, or sprouting of new vessels from
parent vessels, first involves vascular endothelial
breakdown and then proliferation of existing vascu-
lature. Extensive investigation has revealed several



VEGF-dependent and VEGF-independent path-
ways that regulate angiogenesis.?® VEGF is re-
cognized as one of the most potent stimuli for
angiogenesis, making it a key pathway of deregula-
tion in GBM development and proliferation.

VEGF

VEGF, also known as VPF (vascular permeability
factor), comprises a family of 5 proteins (VEGF-A,
VEGF-B, VEGF-C, VEGF-D, and placental-derived
growth factor) that regulate vasculogenesis during
growth, lymphatic development, wound healing,
menstruation, and pregnancy.?® Hypoxia com-
monly induces VEGF release, and in particular,
VEGF-A is released by GBM as a mitogen that
accumulates in nearby blood vessels.3C After
release from hypoxic malignant cells, VEGF binds
to both pericytes and vascular endothelial cells.

Pericytes typically wrap around the outside
surface of vascular endothelial cells to maintain
stability of the blood-brain barrier. In mice without
pericytes, extravasation occurs as intravenously
administered tracers are found to seep out of
vessels and into brain tissue. In fact, the proper
functioning of the blood-brain barrier depends on
the extent of pericyte coverage of vessels.®' In
the presence of VEGF, pericytes detach from the
vessel wall, resulting in a weakened vessel base-
ment membrane®2-34 and contributing to the com-
promised blood-brain barrier that is often observed
in proximity to gliomas.3®

In addition to binding to pericytes, VEGF-A
binds to the surface of vascular endothelial cells
through either vascular endothelial growth factor
receptor (VEGFR) -1 (also known as Flt-1) or
VEGFR-2 (also known as KDR or Flk-1).%¢ The
binding of VEGF-A to VEGFR-2 produces tyrosine
kinase activity that is 10 times more potent than
the activity of VEGF-B to VEGFR-1 binding.?8
Not coincidentally, bevacizumab targets VEGF-A
and neutralizes its many downstream effects. For
endothelial cell proliferation, the VEGFR-2 signal
transduces through phospholipase C to C-Raf-
MAP kinase.®” For endothelial cell survival and
migration, the VEGFR-2 signal transduces through
a tyrosine kinase PI3 K-Akt cascade to activate
focal adhesion kinase.®® One of the first cellular
changes observed with VEGF binding is a 4-fold
increase in intracellular calcium, which may be
used as a marker for VEGF pathway activation.3°

One of several VEGF downstream pathways
leads to the phosphorylation of occludin and zonula
occludens-1,%° key proteins of tight junction func-
tion and organization.*' Phosphorylation ultimately
causes the gap junctions between endothelial cells
to loosen, resulting in fenestrations, vessel dilation,
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and additional increase in vascular permeability.
Permeability allows proteins to extravasate and
extracellular matrix to be laid down as the founda-
tion for new vessels. Endothelial cells recruit to
the new extracellular matrix, and the cell at the tip
of the growing endothelial cell group (known as
the tip cell) is responsible for sensing environmental
cues to direct vessel growth. HIF-1a (hypoxia-
inducible factor) sensitizes these endothelial cells
to angiogenic factors.*? VEGF-A induces vascular
hyper-permeability and sprouting of new vessels
from preexisting vasculature. Therefore, the hyper-
plastic vascularization that is characteristic of GBM
may be because of the high levels of VEGF.

Dvorak and colleagues**% argue that move-
ment of fluid between endothelial cell tight junc-
tions and compromised endothelial cells is not
sufficient to account for all of the extravasation
that occurs in the presence of VEGF. Instead,
they report that an intracellular system, the
vesicular-vacuolar organelle (VVO), is responsible
for VEGF-induced microvascular permeability.
More organized than caveolae, VVOs are a system
of vesicles or vacuoles that transport fluid and
molecules across endothelial cells. Moreover,
VWO function upregulates in the presence of
VEGF (Fig. 1).

Upregulation of VEGF in Glioblastoma

In GBM, VEGF-A is upregulated due to hypoxia and
necrosis induced by rapid tumor growth.*®4” The
gene sequence for VEGF shares common elements
with erythropoietin, which is also transcribed in an
oxygen-level-dependent manner.*® The stress of
unmet perfusion demands (resulting in decreased
oxygen, reduced nutrients, and insufficient blood
flow) induces the release of VEGF. Cells must
always be near nutritional support, otherwise
necrosis occurs. Hypoxia stabilizes HIF-1o. and
HIF-20, which promote metabolic changes to
sustain continued tumor growth. Specifically, HIF-
1o and -2a have the following effects: (1) block the
proteolysis of VEGF by ubiquitin, therefore allowing
VEGF to accumulate®®; (2) upregulate GLUT-1
receptors to increase uptake of glucose from
blood?”; (3) upregulate carbonic anhydrase IX
(CAIX) to stabilize pH in hypoxic conditions, making
the environment tolerable for continued prolifera-
tion*%%; and (4) sensitize endothelial cells to angio-
genic signals.*?> One group suggests that different
degrees of hypoxia induce different sets of rescue
proteins: mild hypoxia induces the production of
HIF-1a and VEGF, whereas severe hypoxia induces
the production of CAIX.4®%° Ultimately, this results
in growth of additional vessels to supply the malig-
nancy with the nutrients needed to support
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Fig. 1. Mechanisms of VEGF-induced vascular permeability. (From Weis SM, Cheresh DA. Pathophysiological
consequences of VEGF-induced vascular permeability. Nature 2005;437:497-504; with permission.)

continued growth. All of these adaptive responses
make GBM particularly resistant to various treat-
ment modalities.

VEGF AND BEVACIZUMAB

By neutralizing VEGF-A, bevacizumab induces
tumor hypoxia and also blocks the mechanism by
which new vessels are induced. Although circu-
lating VEGF levels increase after the administration
of VEGF antibodies, the compensatory upregulation
is not enough to induce substantial angiogenesis. In
rats bearing human GBM xenografts, it is observed
that the tumor is subjected to hypoxia, resulting in
reduced growth, decreased mitochondria, and
diminished edema caused by the decreased
permeability of vessels.?’

Tumors treated with bevacizumab do not exhibit
the normal histologic characteristics of GBM.
Bevacizumab successfully stops proliferation of
vessel endothelium and pseudopalisading ne-
crosis. Fewer mitochondria are present within
cells, and microareas of cell death, as suggested
by the presence of cell lysis, are seen in the core
of the tumor. However, the edges of the tumor
uniquely comprises loosely connected cells?” that
may suggest increased invasiveness, a potentially
harmful consequence of bevacizumab treatment.

Bevacizumab inhibits the VEGF-induced perme-
ability of vessels. Treatment with bevacizumab
shows a marked decrease in edema as early as
1 day after treatment according to a phase Il trial,®
therefore replacing the need for corticosteroids
given to block transendothelial fluid flow by

regulating endothelial tight junctions.>' Reduction
in edema occurs in 50% of patients, equating to
a 59% reduction in corticosteroid doses.® As
a result, minimized corticosteroid administration
allows for a decrease in complications, mortality,
and morbidity associated with its chronic use. In
a phase Il study, bevacizumab significantly de-
creased abnormal fluid attenuated inversion re-
covery (FLAIR) signal by more than 5% in 77% of
patients; 79% of patients had more than 5%
volume reduction on T1-weighted magnetic reso-
nance imaging (MRI) with contrast enhance-
ment.?? Another study reported that 93.2% of
patients showed radiographic response (including
complete response, partial response, and minimal
response) and 34.1% showed either complete or
partial response.>® T2-weighted MRI taken after
bevacizumab treatment shows substantial reduc-
tion in contrast enhancement. Similar results are
seen in FLAIR signals with bevacizumab treat-
ment.52 However, this apparent improvement ac-
cording to MRI does not necessarily correspond
to reduction in activity of the tumor®4-56 and may
simply be because of the reduction in the vascular
permeability of gadolinium, which gives an exag-
gerated impression of tumor reduction.®” Accord-
ing to a study comparing changes before and after
bevacizumab treatment in T2-weighted MRI and
contrast-enhancing volume, there was no signifi-
cant correlation between tumor volume and PFS
or OS (Table 1).5¢

However, there is a significant linear correlation
between proliferation rate and PFS.%® In addition,
infilirative GBM after bevacizumab treatment is



Table 1
Prediction of patient survival using traditional
magnetic resonance estimates of tumor
volume in n = 26 patients
Tumor Region
of Interest PFS (P-Value)  OS (P-Value)
Pretreatment 0.2909 0.7226
T2 volume
Posttreatment  0.8385 0.6421
T2 volume
Change in 0.1624 0.5882
T2 volume
Pretreatment 0.3142 0.7963
CE volume
Posttreatment  0.6914 0.5547
CE volume
Change in 0.0760 0.4392
CE volume

Abbreviation: CE, contrast enhancement.

From Ellingson BM, et al. Cell invasion, motility, and
proliferation level estimate (CIMPLE) maps derived from
serial diffusion MR images in recurrent glioblastoma
treated with bevacizumab. J Neurooncol 2011;105:91-101;
with permission.

often nonenhancing, making radiographic evalua-
tion difficult and misleading. Overall, pseudores-
ponse confounds interpretation of imaging after
bevacizumab use and may skew the apparent effec-
tiveness of bevacizumab on tumor size and disease
progression.>? As the glioma response to bevacizu-
mab is difficult to assess with traditional computed
tomography and MRI,%® different imaging methods
may be necessary to properly evaluate the benefits
of this therapeutic approach.

As the concentration of VEGF correlates with
vessel density,335960 anti-VEGF therapy reduces
concentrations of active VEGF and leads to a
subsequent decrease in vessel density. Staining
of endothelial cells after bevacizumab administra-
tion shows that large-sized vessels are reduced
by 58%, whereas medium-sized vessels are re-
duced by 17%. However, there is no change in
small-sized vessels,?” indicating that limits exist in
vessel remodeling and destruction. This also
suggests the role of other angiogenic pathways in
maintaining blood flow to the tumor. In addition,
bevacizumab works very rapidly; as visualized by
CD34 immunohistochemistry, tumor vessels drop
to less than 50% of control density by 1 day after
administration, and less than 30% of control vessel
density by day 7.5

Because of the reduction in vessel density, bev-
acizumab induces a hypoxic state intumors, result-
ing in the accumulation of lactate, alanine, choline,
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myo-inositol, creatine, taurine, mobile lipids,®? and
HIF-10.276% Although HIF-1o. is involved with
critical tumorigenic, survival, and angiogenic path-
ways in GBM, bevacizumab prevents vasculariza-
tion associated with HIF-1a. As such, tumor
upregulation of HIF-1a is not sufficient to induce
substantial angiogenesis, yet the tumor finds other
pathways for proliferation and invasion.

Although bevacizumab reduces vascularization
of tumors, it also results in glioma transformation
from an expansive to an invasive phenotype.64%
One group was able to induce invasiveness from
a xenograft glioma animal model of previously
noninvasive tumor by treating with bevacizumab.
The borders of bevacizumab-treated tumors are
extremely invasive, spreading far beyond landmark
vessels, in comparison with untreated controls.®® In
addition, distant recurrences were common in
patients treated with bevacizumab, even if they
had reduced radiographic enhancement.® It is
possible that the physiologic stress of hypoxia and
reduction in vascularization after anti-VEGF treat-
ment leads to the highly invasive properties of the
xenografts. Several other groups®?#6-63 observed
that when angiogenesis is inhibited, the tumor
activates an alternate pathway that uses preexist-
ing vessels. This bevacizumab-induced vessel co-
option occurs with highly invasive tumors, resulting
in a significant increase in satellite tumor area when
compared with controls.?? However, primary tumor
size does not change with anti-VEGF antibody, and
growth rate slows.?? Therefore, despite slowed
primary tumor progression, bevacizumab treatment
may activate a separate highly invasive quality in
satellite tumors that infiltrate healthy tissue to take
over preexisting blood vessels.??> Co-option pro-
vides a VEGF-independent method of vasculariza-
tion of tumors and therefore serves as a method of
escape from anti-VEGF treatment.

Analysis of gene expression after bevacizumab
therapy demonstrates an upregulation of the Wnt
pathway indicating a potential mechanism for the
differentiation and infiltrative nature of these
gliomas after treatment.®” Similarly, bevacizumab
induces more than half of the genes related to the
PI3 K/Akt pathway to increase,?” resulting in
pathway activation and reduction in apoptosis. In
combination, these factors seem to promote tumor
proliferation and invasion, despite anti-angiogenic
treatment effects.

THE EFFECT OF BEVACIZUMAB ON OTHER
TREATMENTS
Anti-VEGF Effect on Surgery

During tumor resection, the high vascularization
and abnormal state of vessels from VEGF-induced
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angiogenesis increases the risk of bleeding. There-
fore, debates exist on the optimal method of
approach in the surgical removal of highly vas-
cularized gliomas. Some claim that first finding the
edge of the tumor, then progressively moving
inwards toward the center (in an “outside-in” en
bloc fashion) to remove the mass is more effective
than beginning in the center of the tumor and
moving outward (“inside-out”). The outside-in
method avoids damaging the highly vascular infil-
tration often found in the center of the growth,
thereby minimizing the risk of bleeding from the
delicate hyperplastic blood vessels that are charac-
teristic of GBM pathogenesis.®® The use of anti-
angiogenic factors before surgery may be beneficial
in normalizing vasculature or promoting the stabili-
zation and return of vasculature to normal healthy
states, thereby minimizing the presence of poor-
quality vessels and reducing the risk of bleeding.
However, a side effect of bevacizumab is altered
wound healing, which may complicate surgical
recovery.

Anti-VEGF Effect on Radiotherapy and
Chemotherapy

Because oxygen sensitizes tissue to radiotherapy,
hypoxic tumors such as gliomas have characteris-
tically been less responsive to radiotherapy. Anti-
VEGF therapy halts the rapid growth of weak and
poorly constructed vessels, sensitizing gliomas
to radiation.®® However, anti-VEGF-induced nor-
malization also attenuates hyperpermeability,
therefore decreasing total chemotherapeutic deli-
very of drugs to the tumor. Vessels seal up and
restore the blood-brain barrier, effectively re-
ducing drug movement out of vessels and into
tumor tissue. A small window of time exists before
further loss of vessels through anti-VEGF treat-
ment will lead again to hypoxia, making delivery
of chemotherapy to tumors more difficult.” It is
believed that hypoxia may select for more aggres-
sive and infiltrative malignant cell types,”” resulting
in recurrence with more invasive and aggressive
tumors after bevacizumab therapy.

Dickson and colleagues®' described phenotypic
normalization of GBM vessels after bevacizumab
therapy in mice xenografts. Bevacizumab-treated
mice had vasculature similar to that of normal
skin, whereas control mice had chaotic, dilated,
irregular, and unorganized vessels. More impor-
tantly, improvement in chemotherapy delivery
and efficacy transiently follows bevacizumab
treatment. Topotecan penetration into tumor tis-
sue is greater when given 1 day after bevacizumab
(51%) than when given after saline control (43%).
Topotecan is even more penetrant when given 3

days after bevacizumab (57%) than when given 3
days after saline control (34%). After 7 days;
however, drug penetration power is lost (bevacizu-
mab 39% vs saline control 40%) due to either
loss in single-dose activity of bevacizumab or
treatment-induced normalization of vessels.

Evasive Resistance

Although phase Il clinical trials of bevacizumab may
seem promising, anti-angiogenic therapies often
demonstrate brief intervals of efficacy and are fol-
lowed by the development of increased tumor
growth. This loss of response may be caused by
evasion.”? There are 2 subtypes of bevacizumab
evasion: infiltrative bevacizumab evasive gliomas
(IBEGs) and nodular enhancing bevacizumab eva-
sive gliomas (NEBEGs).

IBEGs maintain hypoxia but show reduced
vascularity, suggesting that the glioma may have
relied on invasion to reduce vascular dependence.
Through transcription upregulation, IBEGs may be
able to overcome the effects of bevacizumab
treatment by promoting tumor cell invasion from
devascularized areas into those in closer proximity
to blood vessels, which results in a subset of
bevacizumab-resistant GBM that exhibit an infil-
trative radiographic appearance.

NEBEGs result in upregulation of VEGF-A and
VEGF-C, but down-regulation of VEGF-B. VEGF-C
binds to VEGFR-2 to stimulate angiogenesis.”>"*
The upregulation of VEGF-A and VEGF-C allows
NEBEGs to exceed capacity and cross the
bevacizumab-mediated VEGF blockade. Subse-
quently, NEBEGs are capable of reacquiring an
increased vascularity and decreased hypoxia
status comparable to pretreatment levels. It is
therefore possible that VEGF-targeted treatments
such as bevacizumab may cause hyperinvasive
IBEG or hyperangiogenic NEBEG resulting in
bevacizumab evasion.

Other Angiogenic Pathways May Contribute
to Unresponsiveness or Adverse Reactions
to Bevacizumab

Because GBM is not always responsive to bevaci-
zumab treatment, other angiogenic pathways
may be upregulating when VEGF is neutralized.
Although VEGF has been shown to be responsible
for direct initiation of angiogenesis, other growth
factors such as angiopoietin 1 (Ang1), angiopoietin
2 (Ang2), and Delta are responsible for vessel
remodeling and maturation.3®¢ VEGF-independent
angiogenesis is regulated by the Angiopoietin-Tie
and Delta-Notch pathways. These alternate path-
ways may be upregulated or adjusted when using
anti-VEGF antibodies, resulting in unanticipated



side effects or unresponsiveness to bevacizumab
treatment.

Although VEGF increases vessel quantity,
Ang1 increases vessel size.®%77:7® Ang2 is a growth
factor released from host vessels during co-option
that binds to the tyrosine kinase receptor Tie to
destabilize endothelial cell layers. Ang2 is regu-
lated in part by VEGF; in the presence of high
VEGF-A, Ang2 will destabilize endothelial cells,
with additional subsequent increases in VEGF
promoting angiogenesis. However, in the presence
of little or no VEGF-A, Ang2 will simply destabilize
vessels through apoptosis of endothelial cells.?®7®
This leads to hypoxia and apoptosis of tumor cells,
which then induces the release of VEGF to form
new vessels.

Aligand for the Delta-Notch pathway, DIl4 (Delta-
like ligand 4), is upregulated in endothelial cells of
GBM®&%-83 because of the induction by VEGF.848°
Dll4 stabilizes vessels, thereby inhibiting sprouting
and angiogenesis,®® while also improving the
quality of existing vessels and promoting tumor
growth.84 DIl4 is a negative regulator of angiogen-
esis even though it is a positive regulator of tumor
progression.®! DIl4 provides a pathway for GBM
to grow, despite anti-VEGF therapy.

In addition to VEGFR-2, tumor endothelial cell
specimens are often found by immunohistochem-
istry to have elevated levels of platelet-derived
growth factor receptors (PDGFR) «. and PDGFRB.8”
The platelet-derived growth factor (PDGF) pathway
is yet to be fully elucidated, but sources report that
although PDGFRa. is present in all astrocytic malig-
nancies, PDGFRS is found in tumor vasculature
and is involved in angiogenesis. PDGF can stimu-
late and induce the proliferation of tumors.888° |n
addition, VEGF and PDGF contain some structural
similarities and sequence homology—both are
transcribed as monomers, contain cysteine knots,
and dimerize to facilitate activity®® In addition,
PDGF is believed to complement angiogenesis
via PDGFRpB-mediated synthesis and release of
VEGF.®! One study showed that tumors are able
to escape from radiation and anti-VEGF therapy
by upregulating PDGF in endothelial cells.®? This
may help explain some of the resistance to bevaci-
zumab therapy.

36,75-77

Side Effects

Several clinical studies have shown a higher toxicity
profile in patients with GBM compared with other
cancer populations. Patients with recurrent GBM
who received single-agent bevacizumab showed
several adverse effects including complications
in wound healing, intracranial hemorrhage, and
venous thromboembolic events.'516

Avastin and Glioblastoma Multiforme

Wound healing

Studies show an increased rate of wound-healing
complications in patients treated preoperatively
with bevacizumab compared with those without
VEGF-targeted chemotherapy.®® Typically, sur-
gical wounds result in increased expression of
VEGF and VEGFR-2 for approximately 24 weeks
postoperatively®* to promote angiogenesis essen-
tial for normal wound healing. Thus, when bevaci-
zumab reduces angiogenesis by inhibiting VEGF-A
from activating VEGFR-1 and VEGFR-2, patients
become predisposed to wound-healing complica-
tions as reported by Clark and colleagues®>® in
their study of craniotomy wound-healing. Bevaci-
zumab’s relatively long half-life of approximately
20 days®® represents a fairly sustained interval
until complete elimination from the body. Thus,
the timing of VEGF-targeted therapy for both
preoperative and postoperative therapy is critical.
Sugrue and colleagues® reported that 78% of
postoperative complications occur when therapy
starts within 60 days of surgery. However, postop-
erative complications still remain low. In fact, the
4% to 6% of wound healing complication rate at
the craniotomy site was one of the reasons for
the accelerated FDA approval of bevacizumab
for GBM.'7:98

Intracranial hemorrhage

Fatal intracranial hemorrhage is one of the most
serious complications of anti-angiogenic treat-
ment of GBM. Clinical trial results show that
bevacizumab-administered patients have a risk
of severe (grade 3) intracranial hemorrhage of
2% to 5%.'799100 Bevacizumab’s inhibition of
VEGF causes changes in vascular endothelium,
which may play a pivotal role in the mechanism
of this complication.’®" Thus, an increased risk of
intracranial hemorrhage may be caused by the
inability to regenerate the endothelium.

Venous thromboembolic events

Bevacizumab causes abnormal endothelial cell
apoptosis, which may result in venous thrombo-
embolic events by exposing subendothelial mole-
cules. A possible mechanism for thrombosis could
be the loss of VEGF-dependent production of the
platelet inhibitors, such as prostaglandin I-2 and
nitric oxide.%? Risk of venous thrombosis is histor-
ically increased with the use of angiogenic inhibi-
tors, such as thalidomide and lenalidomide. As
another angiogenic inhibitor, bevacizumab has
also been suggested by Nalluri and colleagues'®®
to be capable of increasing the risk for venous
thromboembolic events in an already susceptible
population, with relatively high rates in patients
with GBM ranging from 7% to 32%.8:°
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SUMMARY

The overall benefit of bevacizumab remains con-
troversial. Although it inhibits angiogenesis and
sensitizes gliomas to radiotherapy and chemo-
therapy, these treatment advantages and the
extended PFS come at a significant price—tumor
expansion may be substituted for tumor invasion
into adjacent healthy tissue, and OS is not signifi-
cantly extended. Future studies may need to
assess novel methods of evaluating and visualizing
tumor progression to determine the effectiveness
of bevacizumab. Phase lll clinical trials are cur-
rently investigating bevacizumab’s potential as
a therapeutic option for primary GBM.

REFERENCES

1.

Stupp R, Mason WP, van den Bent MJ, et al. Radio-
therapy plus concomitant and adjuvant temozolo-
mide for glioblastoma. N Engl J Med 2005;
352(10):987-96.

. Shibuya M. Brain angiogenesis in developmental

and pathological processes: therapeutic aspects
of vascular endothelial growth factor. FEBS J
2009;276(17):4636-43.

. Brem S, Cotran R, Folkman J. Tumor angiogenesis:

a quantitative method for histologic grading. J Natl
Cancer Inst 1972;48(2):347-56.

. Bello L, Giussani C, Carrabba G, et al. Angiogen-

esis and invasion in gliomas. Cancer Treat Res
2004;117:263-84.

. Ballman KV, Buckner JC, Brown PD, et al. The rela-

tionship between six-month progression-free sur-
vival and 12-month overall survival end points for
phase Il trials in patients with glioblastoma multi-
forme. Neuro Oncol 2007;9(1):29-38.

. Lamborn KR, Yung WK, Chang SM, et al. Progres-

sion-free survival: an important end point in evalu-
ating therapy for recurrent high-grade gliomas.
Neuro Oncol 2008;10(2):162-70.

. Vredenburgh JJ, Desjardins A, Herndon JE 2nd,

et al. Phase |l trial of bevacizumab and irinotecan
in recurrent malignant glioma. Clin Cancer Res
2007;13(4):1253-9.

. Kreisl TN, Kim L, Moore K, et al. Phase Il trial of

single-agent bevacizumab followed by bevacizu-
mab plus irinotecan at tumor progression in recur-
rent glioblastoma. J Clin Oncol 2009;27(5):740-5.

. Hurwitz H, Fehrenbacher L, Novotny W, et al. Bev-

acizumab plus irinotecan, fluorouracil, and leuco-
vorin for metastatic colorectal cancer. N Engl J
Med 2004;350(23):2335-42.

. Giantonio BJ, Catalano PJ, Meropol NJ, et al. Bevaci-

zumab in combination with oxaliplatin, fluorouracil,
and leucovorin (FOLFOX4) for previously treated
metastatic colorectal cancer: results from the Eastern

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Cooperative Oncology Group Study E3200. J Clin On-
col 2007;25(12):1539-44.

Sandler A, Gray R, Perry MC, et al. Paclitaxel-car-
boplatin alone or with bevacizumab for non-small-
cell lung cancer. N Engl J Med 2006;355(24):
2542-50.

Miller K, Wang M, Gralow J, et al. Paclitaxel plus
bevacizumab versus paclitaxel alone for metastatic
breast cancer. N Engl J Med 2007;357(26):
2666-76.

Miles DW, Chan A, Dirix LY, et al. Phase Il study of
bevacizumab plus docetaxel compared with
placebo plus docetaxel for the first-line treatment
of human epidermal growth factor receptor 2-nega-
tive metastatic breast cancer. J Clin Oncol 2010;
28(20):3239-47.

O’Shaughnessy JA, Brufsky AM. RiBBON 1 and
RIBBON 2: phase Il trials of bevacizumab with
standard chemotherapy for metastatic breast
cancer. Clin Breast Cancer 2008;8(4):370-3.
Reardon DA, Desjardins A, Rich JN, et al. The
emerging role of anti-angiogenic therapy for malignant
glioma. Curr Treat Options Oncol 2008;9(1):1-22.
Desjardins A, Reardon DA, Herndon JE 2nd, et al.
Bevacizumab plus irinotecan in recurrent WHO
grade 3 malignant gliomas. Clin Cancer Res
2008;14(21):7068-73.

Friedman HS, Prados MD, Wen PY, et al. Bevacizu-
mab alone and in combination with irinotecan in
recurrent glioblastoma. J Clin Oncol 2009;27(28):
4733-40.

Vredenburgh JJ, Desjardins A, JE Herndon JE 2nd,
et al. Bevacizumab plus irinotecan in recurrent glio-
blastoma multiforme. J Clin Oncol 2007;25(30):
4722-9.

Wong ET, Gautam S, Malchow C, et al. Bevacizu-
mab for recurrent glioblastoma multiforme:
a meta-analysis. J Natl Compr Canc Netw 2011;
9(4):403-7.

Cloughesy T, Prados MD, Wen PY, et al. A phase |,
randomized, non-comparative clinical trial of the
effect of bevacizumab (BV) alone or in combination
with irinotecan (CPT) on a 6-month progression free
survival (PFSB) in recurrent, treatment-refractory
glioblastoma (GBM). ASCO Annual Meeting 2010.
J Clin Oncol 2008;26.

Wilkerson J, Fojo T. Progression-free survival is
simply a measure of a drug’s effect while adminis-
tered and is not a surrogate for overall survival.
Cancer J 2009;15(5):379-85.

Rubenstein JL, Kim J, Ozawa T, et al. Anti-VEGF
antibody treatment of glioblastoma prolongs
survival but results in increased vascular cooption.
Neoplasia 2000;2(4):306-14.

Grothey A, Galanis E. Targeting angiogenesis:
progress with anti-VEGF treatment with large mole-
cules. Nat Rev Clin Oncol 2009;6(9):507-18.



24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Rapisarda A, Hollingshead M, Uranchimeg B, et al.
Increased antitumor activity of bevacizumab in
combination with hypoxia inducible factor-1 inhibi-
tion. Mol Cancer Ther 2009;8(7):1867-77.
Folkman J. Tumor angiogenesis: therapeutic impli-
cations. N Engl J Med 1971;285(21):1182-6.

Ellis LM, Hicklin DJ. Pathways mediating resistance
to vascular endothelial growth factor-targeted
therapy. Clin Cancer Res 2008;14(20):6371-5.
Keunen O, Johansson M, Oudin A, et al. Anti-VEGF
treatment reduces blood supply and increases
tumor cell invasion in glioblastoma. Proc Natl
Acad Sci U S A 2011;108(9):3749-54.

Shibuya M. Vascular endothelial growth factor-
dependent and -independent regulation of angio-
genesis. BMB Rep 2008;41(4):278-86.

Brown LF, Yeo KT, Berse B, et al. Expression of
vascular permeability factor (vascular endothelial
growth factor) by epidermal keratinocytes during
wound healing. J Exp Med 1992;176(5):1375-9.
Dvorak HF, Sioussat TM, Brown LF, et al. Distribu-
tion of vascular permeability factor (vascular endo-
thelial growth factor) in tumors: concentration in
tumor blood vessels. J Exp Med 1991;174(5):
1275-8.

Armulik A, Genove G, Mae M, et al. Pericytes
regulate the blood-brain barrier. Nature 2010;
468(7323):557-61.

Inai T, Mancuso M, Hashizume H, et al. Inhibition of
vascular endothelial growth factor (VEGF)
signaling in cancer causes loss of endothelial
fenestrations, regression of tumor vessels, and
appearance of basement membrane ghosts. Am
J Pathol 2004;165(1):35-52.

Abramsson A, Berlin O, Papayan H, et al. Analysis
of mural cell recruitment to tumor vessels. Circula-
tion 2002;105(1):112-7.

Morikawa S, Baluk P, Kaidoh T, et al. Abnormalities
in pericytes on blood vessels and endothelial
sprouts in tumors. Am J Pathol 2002;160(3):985-
1000.

Rosso L, Brock CS, Gallo JM, et al. A new model
for prediction of drug distribution in tumor and
normal tissues: pharmacokinetics of temozolo-
mide in glioma patients. Cancer Res 2009;69(1):
120-7.

Yancopoulos GD, Davis S, Gale NW, et al
Vascular-specific growth factors and blood vessel
formation. Nature 2000;407(6801):242-8.

Pajusola K, Aprelikova O, Armstrong E, et al. Two
human FLT4 receptor tyrosine kinase isoforms
with distinct carboxy terminal tails are produced
by alternative processing of primary transcripts.
Oncogene 1993;8(11):2931-7.

Hicklin DJ, Ellis LM. Role of the vascular endothelial
growth factor pathway in tumor growth and angio-
genesis. J Clin Oncol 2005;23(5):1011-27.

39

40.

4.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Avastin and Glioblastoma Multiforme

. Brock TA, Dvorak HF, Senger DR. Tumor-secreted

vascular permeability factor increases cytosolic
Ca2+ and von Willebrand factor release in human
endothelial cells. Am J Pathol 1991;138(1):213-21.
Antonetti DA, Barber AJ, Hollinger LA, et al.
Vascular endothelial growth factor induces rapid
phosphorylation of tight junction proteins occludin
and zonula occluden 1. A potential mechanism
for vascular permeability in diabetic retinopathy
and tumors. J Biol Chem 1999;274(33):23463-7.
Papadopoulos MC, Saadoun S, Davies DC, et al.
Emerging molecular mechanisms of brain tumour
oedema. Br J Neurosurg 2001;15(2):101-8.
Carmeliet P, Jain RK. Molecular mechanisms and
clinical applications of angiogenesis. Nature 2011;
473(7347):298-307.

Dvorak HF, Brown LF, Detmar M, et al. Vascular
permeability factor/vascular endothelial growth
factor, microvascular hyperpermeability, and
angiogenesis. Am J Pathol 1995;146(5):1029-39.
Kohn S, Nagy JA, Dvorak HF, et al. Pathways of
macromolecular tracer transport across venules
and small veins. Structural basis for the hyperper-
meability of tumor blood vessels. Lab Invest
1992;67(5):596-607.

Qu H, Nagy JA, Senger DR, et al. Ultrastructural
localization of vascular permeability factor/vascular
endothelial growth factor (VPF/VEGF) to the
abluminal plasma membrane and vesiculovacuolar
organelles of tumor microvascular endothelium.
J Histochem Cytochem 1995;43(4):381-9.

Kunkel P, Ulbricht U, Bohlen P, et al. Inhibition of
glioma angiogenesis and growth in vivo by systemic
treatment with a monoclonal antibody against
vascular endothelial growth factor receptor-2.
Cancer Res 2001;61(18):6624-8.

Plate KH, Breier G, Weich HA, et al. Vascular endo-
thelial growth factor is a potential tumour angiogen-
esis factor in human gliomas in vivo. Nature 1992;
359(6398):845-8.

Goldberg MA, Schneider TJ. Similarities between
the oxygen-sensing mechanisms regulating the
expression of vascular endothelial growth factor
and erythropoietin. J Biol Chem 1994;269(6):
4355-9.

Korkolopoulou P, Perdiki M, Thymara |, et al.
Expression of hypoxia-related tissue factors in as-
trocytic gliomas. A multivariate survival study with
emphasis upon carbonic anhydrase IX. Hum Path-
ol 2007;38(4):629-38.

Giatromanolaki A, Koukourakis MI, Sivridis E, et al.
Expression of hypoxia-inducible carbonic anhy-
drase-9 relates to angiogenic pathways and inde-
pendently to poor outcome in non-small cell lung
cancer. Cancer Res 2001;61(21):7992-8.
Underwood JL, Murphy CG, Chen J, et al. Gluco-
corticoids regulate transendothelial fluid flow

425



426

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Spasic et al

resistance and formation of intercellular junctions.
Am J Physiol 1999;277(2 Pt 1):C330-42.

Ellingson BM, Cloughesy TF, Lai A, et al. Quantita-
tive volumetric analysis of conventional MRI
response in recurrent glioblastoma treated with
bevacizumab. Neuro Oncol 2011;13(4):401-9.
Chamberlain MC. Bevacizumab for recurrent malig-
nant gliomas: efficacy, toxicity, and patterns of
recurrence. Neurology 2009;72(8):772-3 [author
reply: 773-4].

Pope WB, Lai A, Nghiemphu P, et al. MRI in
patients with high-grade gliomas treated with bev-
acizumab and chemotherapy. Neurology 2006;
66(8):1258-60.

Ananthnarayan S, Bahng J, Roring J, et al. Time
course of imaging changes of GBM during
extended bevacizumab treatment. J Neurooncol
2008;88(3):339-47.

Ellingson BM, Cloughesy TF, Lai A, et al. Cell inva-
sion, motility, and proliferation level estimate (CIM-
PLE) maps derived from serial diffusion MR
images in recurrent glioblastoma treated with beva-
cizumab. J Neurooncol 2011;105:91-101.
Macdonald DR, Cascino TL, Schold SC Jr, et al.
Response criteria for phase |l studies of supraten-
torial malignant glioma. J Clin Oncol 1990;8(7):
1277-80.

Vos MJ, Uitdehaag BM, Barkhof F, et al. Interob-
server variability in the radiological assessment of
response to chemotherapy in glioma. Neurology
2003;60(5):826-30.

Zhou YH, Tan F, Hess KR, et al. The expression of
PAX6, PTEN, vascular endothelial growth factor,
and epidermal growth factor receptor in gliomas:
relationship to tumor grade and survival. Clin
Cancer Res 20083;9(9):3369-75.

Chaudhry IH, O’'Donovan DG, Brenchley PE, et al.
Vascular endothelial growth factor expression
correlates with tumour grade and vascularity in
gliomas. Histopathology 2001;39(4):409-15.
Dickson PV, Hamner JB, Sims TL, et al. Bevacizu-
mab-induced transient remodeling of the vascula-
ture in neuroblastoma xenografts results in
improved delivery and efficacy of systemically
administered chemotherapy. Clin Cancer Res
2007;13(13):3942-50.

Howe FA, Barton SJ, Cudlip SA, et al. Metabolic
profiles of human brain tumors using quantitative
in vivo 1H magnetic resonance spectroscopy.
Magn Reson Med 2003;49(2):223-32.

Holash J, Maisonpierre PC, Compton D, et al.
Vessel cooption, regression, and growth in tumors
mediated by angiopoietins and VEGF. Science
1999;284(5422):1994-8.

Leenders WP, Kusters B, Verrijp K, et al. Antiangio-
genic therapy of cerebral melanoma metastases
results in sustained tumor progression via vessel

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

co-option. Clin Cancer Res 2004;10(18 Pt 1):
6222-30.

Claes A, Gambarota G, Hamans B, et al. Magnetic
resonance imaging-based detection of glial brain
tumors in mice after antiangiogenic treatment. Int J
Cancer 2008;122(9):1981-6.

de Groot JF, Fuller G, Kumar AJ, et al. Tumor inva-
sion after treatment of glioblastoma with bevacizu-
mab: radiographic and pathologic correlation in
humans and mice. Neuro Oncol 2010;12(3):233-42.
Sakariassen PO, Prestegarden L, Wang J, et al.
Angiogenesis-independent tumor growth mediated
by stem-like cancer cells. Proc Natl Acad SciU S A
2006;103(44):16466-71.

Hentschel SJ, Lang FF. Current surgical man-
agement of glioblastoma. Cancer J 2003;9(2):
113-25.

Jain RK. Normalization of tumor vasculature: an
emerging concept in antiangiogenic therapy.
Science 2005;307(5706):58-62.

Stark-Vance V. Bevacizumab and CPT-11 in the
treatment of relapsed malignant glioma. In: World
Federation of Neuro-Oncology Meeting. 2005 May
5-8; Edinburgh, United Kingdom; 2005. p. 91.
Hockel M, Schlenger K, Aral B, et al. Association
between tumor hypoxia and malignant progression
in advanced cancer of the uterine cervix. Cancer
Res 1996;56(19):4509-15.

Rose SD, Aghi MK. Mechanisms of evasion to anti-
angiogenic therapy in glioblastoma. Clin Neuro-
surg 2010;57:123-8.

Tille JC, Wang X, Lipson KE, et al. Vascular endo-
thelial growth factor (VEGF) receptor-2 signaling
mediates VEGF-C(deltaNdeltaC)- and VEGF-A-
induced angiogenesis in vitro. Exp Cell Res 2003;
285(2):286-98.

Kadambi A, Mouta Carreira C, Yun CO, et al.
Vascular endothelial growth factor (VEGF)-C differ-
entially affects tumor vascular function and leuko-
cyte recruitment: role of VEGF-receptor 2 and host
VEGF-A. Cancer Res 2001;61(6):2404-8.

Detmar M, Brown LF, Schon MP, et al. Increased
microvascular density and enhanced leukocyte
rolling and adhesion in the skin of VEGF transgenic
mice. J Invest Dermatol 1998;111(1):1-6.

Larcher F, Murillas R, Bolontrade M, et al. VEGF/
VPF overexpression in skin of transgenic mice
induces angiogenesis, vascular hyperpermeability
and accelerated tumor development. Oncogene
1998;17(3):303-11.

Thurston G, Suri C, Smith K, et al. Leakage-resis-
tant blood vessels in mice transgenically overex-
pressing angiopoietin-1. Science 1999;286(5449):
2511-4.

Suri C, McClain J, Thurston G, et al. Increased vascu-
larization in mice overexpressing angiopoietin-1.
Science 1998;282(5388):468-71.



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Scharpfenecker M, Fiedler U, Reiss V, et al. The
Tie-2 ligand angiopoietin-2 destabilizes quiescent
endothelium through an internal autocrine loop
mechanism. J Cell Sci 2005;118(Pt 4):771-80.
Gale NW, Dominguez MG, Noguera |, et al. Hap-
loinsufficiency of delta-like 4 ligand results in
embryonic lethality due to major defects in arterial
and vascular development. Proc Natl Acad Sci U
S A 2004;101(45):15949-54.

Li JL, Sainson RC, Shi W, et al. Delta-like 4 Notch
ligand regulates tumor angiogenesis, improves
tumor vascular function, and promotes tumor
growth in vivo. Cancer Res 2007;67(23):11244-53.
Mailhos C, Modlich U, Lewis J, et al. Delta4, an
endothelial specific notch ligand expressed at sites
of physiological and tumor angiogenesis. Differen-
tiation 2001;69(2-3):135-44.

Patel NS, Li JL, Generali D, et al. Up-regulation of
delta-like 4 ligand in human tumor vasculature
and the role of basal expression in endothelial
cell function. Cancer Res 2005;65(19):8690-7.
Noguera-Troise |, Daly C, Papadopoulos NJ, et al.
Blockade of DIl4 inhibits tumour growth by
promoting non-productive angiogenesis. Nature
2006;444(7122):1032-7.

Liu ZJ, Shirakawa T, Li Y, et al. Regulation of Notch1
and Dll4 by vascular endothelial growth factor in
arterial endothelial cells: implications for modu-
lating arteriogenesis and angiogenesis. Mol Cell
Biol 2003;23(1):14-25.

Real C, Remedio L, Caiado F, et al. Bone
marrow-derived endothelial progenitors express-
ing Delta-like 4 (Dll4) regu-late tumor angiogen-
esis. PLoS One 2011;6(4):e18323.

Batchelor TT, Sorensen AG, di Tomaso E, et al.
AZD2171, a pan-VEGF receptor tyrosine kinase
inhibitor, normalizes tumor vasculature and allevi-
ates edema in glioblastoma patients. Cancer Cell
2007;11(1):83-95.

Uhrbom L, Hesselager G, Nister M, et al. Induction
of brain tumors in mice using a recombinant
platelet-derived growth factor B-chain retrovirus.
Cancer Res 1998;58(23):5275-9.

Dai C, Celestino JC, Okada Y, et al. PDGF autocrine
stimulation dedifferentiates cultured astrocytes and
induces oligodendrogliomas and oligoastrocyto-
mas from neural progenitors and astrocytes in vivo.
Genes Dev 2001;15(15):1913-25.

Muller YA, Li B, Christinger HW, et al. Vascular
endothelial growth factor: crystal structure and
functional mapping of the kinase domain receptor
binding site. Proc Natl Acad Sci U S A 1997,
94(14):7192-7.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Avastin and Glioblastoma Multiforme

Homsi J, Daud Al. Spectrum of activity and mech-
anism of action of VEGF/PDGF inhibitors. Cancer
Control 2007;14(3):285-94.

Timke C, Zieher H, Roth A, et al. Combination of
vascular endothelial growth factor receptor/
platelet-derived growth factor receptor inhibition
markedly improves radiation tumor therapy. Clin
Cancer Res 2008;14(7):2210-9.

Clark AJ, Butowski NA, Chang SM, et al. Impact of
bevacizumab chemotherapy on craniotomy wound
healing. J Neurosurg 2011;114(6):1609-16.

Kumar I, Staton CA, Cross SS, et al. Angiogenesis,
vascular endothelial growth factor and its receptors
in human surgical wounds. Br J Surg 2009;96(12):
1484-91.

Bose D, Meric-Bernstam F, Hofstetter W, et al.
Vascular endothelial growth factor targeted therapy
in the perioperative setting: implications for patient
care. Lancet Oncol 2010;11(4):373-82.

Lu JF, Bruno R, Eppler S, et al. Clinical pharmaco-
kinetics of bevacizumab in patients with solid
tumors. Cancer Chemother Pharmacol 2008;
62(5):779-86.

Sugrue M, Bauman A, Jones F, et al. Clinical exam-
ination is an inaccurate predictor of intraabdominal
pressure. World J Surg 2002;26(12):1428-31.
Gutin PH, lwamoto FM, Beal K, et al. Safety and
efficacy of bevacizumab with hypofractionated
stereotactic irradiation for recurrent malignant
gliomas. Int J Radiat Oncol Biol Phys 2009;75(1):
156-63.

Lai A, Tran A, Nghiemphu PL, et al. Phase Il study
of bevacizumab plus temozolomide during and
after radiation therapy for patients with newly diag-
nosed glioblastoma multiforme. J Clin Oncol 2011;
29(2):142-8.

Raizer JJ, Grimm S, Chamberlain MC, et al.
A phase 2 trial of single-agent bevacizumab given
in an every-3-week schedule for patients with
recurrent high-grade gliomas. Cancer 2010;
116(22):5297-305.

Khasraw M, Holodny A, Goldlust SA, et al. Intracra-
nial hemorrhage in patients with cancer treated
with bevacizumab: the Memorial Sloan-Kettering
experience. Ann Oncol 2012;23(2):458-63.

Yang R, Thomas GR, Bunting S, et al. Effects of
vascular endothelial growth factor on hemodynamics
and cardiac performance. J Cardiovasc Pharmacol
1996;27(6):838-44.

Nalluri SR, Chu D, Keresztes R, et al. Risk of
venous thromboembolism with the angiogenesis
inhibitor bevacizumab in cancer patients: a meta-
analysis. JAMA 2008;300(19):2277-85.

427



Potential Usefulness of
Radiosensitizers in

Glioblastoma

Yasuaki Harasaki, MD, Allen Waziri, MD*

KEYWORDS

® Radiosensitizers ® Glioblastoma ® Cancer ® Chemotherapy

KEY POINTS

e Concurrent use of radiation with a range of sensitizing agents, including various chemotherapeutic
drugs, can augment treatment efficacy through several well-defined biologic pathways.

e Mechanisms of radiosensitization include spatial cooperation, cytotoxic enhancement, biologic
cooperation, temporal modulation, and protection of normal tissues.

e Temozolamide is the only chemotherapeutic agent that has been shown to provide a survival
advantage when included with standard radiation therapy as an initial adjuvant approach for glio-
blastoma, an effect that has been associated with radiosensitization.

e Several agents, including angiogenesis inhibitors, are currently being studied for potential use in ra-

diosensitization.

INTRODUCTION

In spite of recent success in the treatment of various
forms of systemic cancer, glioblastoma multiforme
(GBM) remains resistant to most current therapies.
Various tumor characteristics have contributed to
this resistance, including diffuse infiltration at the
time of diagnosis, significant cellular heterogeneity
(both intratumor and intertumor), and the role of
tumor stem/progenitor cells in reestablishment of
resistant disease following cytotoxic treatments.
Current standard treatment of GBM consists of the
regimen established by the European Organization
for Research and Treatment of Cancer (EORTC)
and the National Cancer Institute of Canada Clinical
Trials Group (NCIC) in a landmark phase Il trial pub-
lished in 2005. Following maximal surgical resection,
patients are treated with 60 Gy involved-field radia-
tion therapy (IFRT), in which the involved field is
defined as the radiographically evident tumor along
with a margin of 2 to 3 cm. Treatment is administered
in 30 fractions of 2 Gy each over 6 weeks with

concurrent daily doses of the alkylating chemother-
apeutic agent temozolomide (TMZ) at 75 mg/mZ.
This standardized chemoradiation therapy is fol-
lowed by TMZ alone at 200 mg/m? for 5 days every
4 weeks for a total of 6 months.’

The development of this combined adjuvant
approach stemmed from several decades of
clinical effort to improve outcomes for patients
with GBM. Early studies in the 1970s had shown
median survival for patients with malignant glioma,
treated with surgical resection alone, to be less
than 4 months.23 A growing experience with post-
operative radiation therapy to the brain was initi-
ated in the late 1960s and early 1970s. The
survival benefit of whole brain radiation (WBR) to
greater than 50 Gy was shown through a large trial
performed at the Montreal Neurology Institute in
1966 and confirmed by studies from the Brain
Tumor Study Group within the National Institutes
of Health in the 1970s.# Higher dosing strategies
were explored by Salazar and colleagues in the
1970s, who concluded that doses of 70 to 80 Gy
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were well tolerated by patients but did not eradicate
tumor and did not significantly improve survival
compared with the 60-Gy dose. Based on histo-
logic changes seen in autopsy specimens of the
patients receiving 70 to 80 Gy, they cautioned
that higher doses than this would likely involve
significant risk for extensive tissue necrosis.®

By the mid-1970s, there was increasing interest in
application of IFRT to high-grade glioma, based on
increasing understanding from clinical experience
that most tumors are localized and that focal treat-
ment allows minimization of the complications of
radiation.® It was also during this time that early
reports of successful stereotactic radiosurgery sug-
gested that precise localization of radiation was both
technically possible and could be of clinical benefit.
The rationale for IFRT was validated by Hochberg
and Pruitt,” who reviewed autopsy and imaging
data for patients with GBM. They concluded that
microscopic disease was limited to a 2-cm margin
of the primary tumor in 29 out of 35 patients exam-
ined, and that 90% of recurrences also occurred in
this margin. Further, multifocal disease occurred in
only 4% of untreated patients, and was always iden-
tified on imaging.” Ramsey and Brand® in 1973
randomized 34 patients to WBR versus limited-
field radiation, and showed that there was a survival
benefit to higher dose (60 Gy) IFRT versus lower
dose (40 Gy) WBR. These results have been vali-
dated in numerous subsequent studies and, in
conjunction with technical improvements such as
the introduction of multileaf collimators and associ-
ated planning algorithms for linear accelerators,
have become the standard of care.*

There has similarly been a long history of correl-
ative adjuvant therapy in GBM through the addi-
tion of chemotherapeutic agents. Temozolomide,
a second-generation DNA alkylating agent, has
been the only chemotherapeutic agent to show
a clear survival benefit in combination with radio-
therapy (RT). The recent EORTC/NCIC study,
which established the current standard of treat-
ment, compared surgical resection plus RT versus
surgical resection plus RT plus temozolomide.
Median survival for patients aged 18 to 70 years
was 12.1 months for surgery and RT alone to
14.6 months for surgery and RT combined with
temozolomide. In a 5-year follow-up to this initial
study, the benefit of the addition of temozolomide
durable throughout the period of follow-up.2 A
recent review of all patients with GBM in the United
States in the SEER (Surveillance, Epidemiology
and End Results) database comparing 2 years
before the institution of the EORTC/NCIC regimen
as standard care (2002-2004) with 2 years after
(2005-2007) shows a gain in median survival
from 11.5 to 12.5 months in the same age group,®

confirming that the additive effects of TMZ are mild
in terms of clinical efficacy.

New therapeutic approaches are needed to
provide a significant survival advantage for patients
with GBM. The potential usefulness of radiosensi-
tizing agents has been an intriguing possibility for
these purposes and is the topic of this article.

RADIOSENSITIZATION: A CONCEPTUAL BASIS

Radiosensitizers are agents that are broadly
defined as those that enhance the efficacy of radi-
ation. In response to the increasing combination of
radiation and chemotherapeutic agents available
for the treatment of cancer in the late 1970s, Steel
and Peckham® described 4 exploitable mecha-
nisms of radiosensitization derived from the inter-
action of various therapeutic modalities. Their
system was recently updated by Bentzen and
colleagues'” to provide further clinical relevance
and take into account the effects of newer chemo-
therapeutic agents that are not directly cytotoxic.
This more recent system of classification consists
of 5 mechanisms of radiosensitization, which are
summarized in this article.

Spatial Cooperation

The purpose of radiation therapy is locoregional
control of disease, whereas chemotherapeutic
agents target systemic disease that may or may not
be clinically apparent. This approach allows for inten-
sification of treatment via radiation in tissues with the
greatest disease burden. Because this effect is
spatial, it does not require concurrent administration
of the 2 modes of therapy, and sequential treatment
is generally preferred to minimize toxicity. This
strategy has been effectively used in the context of
various types of metastatic disease.

Cytotoxic Enhancement

The primary mechanism through which cytotoxicity
is induced by ionizing radiation is the formation of
free radicals within target tissues, which subse-
quently lead to DNA damage. Cytotoxic enhance-
ment refers to the ability of a chemotherapeutic
agent, given concurrently with radiation, to
enhance DNA damage in the irradiated tissue by
facilitating damage or by inhibiting repair. This
approach may include inhibition of DNA replication,
inhibition of mitosis, or induction of redox stress.

Biologic Cooperation

Although cytotoxic enhancement includes tar-
geted effects of radiation and a chemotherapeutic
agent on a common cell population, biologic
cooperation refers to the presence of synergistic



effects exerted by the chemotherapeutic agent
through either different effector mechanisms
and/or the activity of different cell populations.
Commonly cited examples of agents showing
biologic cooperation are antiangiogenic agents
(eg, bevacizumab [BEV]) and bioreductive agents.

Temporal Modulation

Temporal modulation is the enhancement of the so-
called 4 R effects of radiation dose fractionation
through concurrent administration of a chemother-
apeutic agent. The Rs consist of (1) preferential
repair of DNA in normal tissues, reducing the
toxicity of radiation if administered in a single frac-
tion; (2) reoxygenation of previously hypoxic, and
therefore radioresistant, central portions of tumor
following the killing of the well-vascularized periph-
eral portions of tumor; (3) treatment by successive
fractions of tumor repopulation following cytotoxic
insult; and (4) redistribution of surviving tumor cells
through the cell cycle to the more radiosensitive G2
and M phases. Agents targeting DNA repair
mechanisms may be involved in both temporal
modulation and cytotoxic enhancement.

Protection of Normal Tissue

This mechanism refers to minimization of acute or
late radiation toxicity through the administration of
a systemic agent. An example is a free radical
scavenger with preferential cytoprotective effects
in normal tissues.

Through the aforementioned mechanisms,
a variety of agents have been proposed to have ra-
diosensitizing properties in clinical use for malig-
nant glioma (outlined in Table 1). The remainder
of this article provides a brief overview of several
of these agents, focusing on proposed mechanism
of action as well as initial clinical experience with
their use.

INHIBITION OF DNA REPLICATION
Temozolomide

Temozolomide (TMZ) is currently the only radiosen-
sitizing agent used for GBM with class | evidence of
benefit. TMZ was developed in the 1980s under the
sponsorship of the Cancer Research Campaign in
the United Kingdom (now Cancer Research UK)
and entered clinical use in the late 1990s, with
accelerated US Food and Drug Administration
(FDA) approval for use in anaplastic astrocytoma
granted in 1999.2° It is a second-generation alkylat-
ing agent that is provided as a prodrug. Following
administration through the enteral route, it
undergoes hydrolysis in physiologic pH to its active
form methyltraizeno-imidazoleoarboxamid (MTIC).

Radiosensitizers in Glioblastoma

The main mechanism of action of MTIC, as with
other alkylating agents, is to transfer a methyl group
to the middle guanine in a GGG sequence to
convert it to O6-methylguanine. Chakravarti and
colleagues®® showed that, in combination with
radiation, TMZ exhibits cytotoxic enhancement by
increasing the number of double-strand breaks
and subsequently causes a greater number of the
treated cells to undergo apoptosis. Hirose and
colleagues'? showed that there is also a temporal
modulation effect, increasing radiosensitivity in
the tumor by causing G2/M cycle arrest.

Based on the EORTC/NCIC data, Hegi and
colleagues®' showed that patient response to
TMZ, as with other alkylating agents, was depen-
dent on O6-methylguanine-DNA methyltransfer-
ase (MGMT) activity. MGMT is a DNA repair
protein that reverses the O6-guanine methylation
and therefore directly counteracts the action of al-
kylating agents. Hegi and colleagues®' showed
prolonged survival in patients in whom MGMT
had been epigenetically silenced via hypermethy-
lation of the MGMT promoter. Because MGMT is
consumed in the process of performing this
function, some approaches to depleting MGMT
have been attempted. These approaches have
included manipulation of dosing schedules of
TMZ,%2 locally increased TMZ delivery to the tumor
resection bed in biodegradable polymer wafers,33
and administration of competing MGMT substrate
06-benzylguanine before TMZ administration.3435
A difficulty with these approaches has been the
rapid de novo synthesis of MGMT and restoration
of function within hours of depletion.®®

Nitrogen Mustards

Carmustine or bis-chloroethylnitrosourea (BCNU)
is a nitrogen mustard that, like temozolomide, is
an alkylating agent and therefore similarly suscep-
tible to reversal of its effect by MGMT. A recent
retrospective study suggests that BCNU in biode-
gradable polymer wafers placed at the resection
site before the current EORTC/NCIC protocol
confers survival benefit compared with BCNU
and radiation alone.’®

Topoisomerase | Inhibitors

Camptothecin was first isolated from the decid-
uous tree Camptotheca acuminata in the
screening program for cytotoxic plant-based
substances at the Cancer Chemotherapy National
Service Center (CCNSC) under the National
Cancer |Institute. Its discovery and antitumor
activity were first described in 1966. However, it
was not until 1985 that its mechanism of action
via inhibition of topoisomerase | was elucidated.*
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Table 1
Agents that have been proposed to have radiosensitizing properties in clinical use for malignant
glioma
Class Agent Mechanism

Inhibition of DNA replication

Alkylating agents

Temozolomide

Covalent transfer of alkyl group to
guanine, increased apoptosis, and
G2/M cell cycle arrest'

Carmustine

Covalent transfer of alkyl group to
guanine, increased apoptosis'3

Topoisomerase | inhibitors

Camptothecin

Stabilization of topoisomerase I-DNA
complex, inhibition of DNA

religation'®1>

Topotecan Stabilization of topoisomerase I-DNA
complex, inhibition of DNA
religation’®

Irinotecan Stabilization of topoisomerase I-DNA

complex, inhibition of DNA
religation'®

Topoisomerase Il inhibitors

Doxorubicin

Stabilization of topoisomerase II-DNA
complex, inhibition of DNA
religation'®

Inhibition of mitosis

Microtubule stabilizers

Paclitaxel

Disruption of microtubule organization
during mitosis

Microtubule destabilizers

Vinca alkaloids

Disruption of microtubule organization
during mitosis

Verubulin

Disruption of microtubule organization
during mitosis

Augmentation of redox stress

Nitroimidazoles

Metronidazole

Depletion of free radical scavengers

Misonidazole

Depletion of free radical scavengers

Novel agents

Tirapazamine

Depletion of free radical scavengers

Motexafin gadolinium

Depletion of free radical scavengers

Inhibition of angiogenesis

Thalidomide derivatives

Lenalidomide

Inhibition of migration of endothelial
cells'®

Novel VEGF Inhibitors

Bevacizumab

Monoclonal antibody against VEGF-A'’

Aflibercept VEGFR mimic, competes with VEGFR-1
and VEGFR-2'8
Receptor tyrosine kinase inhibitors Cediranib Inhibits PDGFR, c-kit, all subtypes of
VEGFR'%:20
Vandetanib Inhibits EGFR, RET kinases, VEGFR-1,
VEGFR-22"22
Sorafenib Inhibits BRAF, PDGFR-B, c-Kit, RAS,

p38 o, VEGFR-1, VEGFR-223

Cabozantinib

Inhibits VEGFR-2 and MET?4

Dasatinib Inhibits BCR-Abl and Src family tyrosine
kinases®®
Adnectins CT-322 Inhibits VEGFR-2%°
Integrin inhibitors Cilengitide Inhibits signaling initiated by contact of

cell with extracellular matrix?’

Alternate signal pathway inhibition
Receptor tyrosine kinase inhibitors Erlotinib

Inhibition of EGFR?®

Abbreviations: EGFR, epidermal growth factor receptor; PDGFR, platelet-derived growth factor receptor; RET; receptor
tyrosine; VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor.



Topoisomerase | binds covalently to 1 strand of
the double-stranded DNA, cuts the other strand
to relax supercoils, then religates the strand before
disengaging the DNA. The primary action of camp-
tothecin and its derivatives are S-phase specific, by
reversibly binding the topoisomerase |-DNA
complex and stabilizing it, specifically inhibiting
the religation step. A collision of the camptothe-
cin—topo-I-DNA complex with the replication fork
during DNA replication leads to irreversible arrest
of the replication fork followed by RNA polymerase
during transcription. This collision is thought to
result in a DNA double-strand break that, if unre-
paired, leads to cell death.’ Clinical trials with
camptothecin in the 1970s were not pursued
beyond a small phase 2 study because of toxicity.
Since that time, 2 derivatives, topotecan and irino-
tecan, have been developed and are in clinical use.

As radiosensitizing agents, topoisomerase |
inhibitors exhibit cytotoxic enhancement by tar-
geting S-phase cells, which are radioresistant.
There are currently multiple studies in progress
examining the effectiveness of these agents as
adjuncts to the EORTC/NCIC protocol.

Topoisomerase Il Inhibitors

Doxorubicin, an anthracycline antibiotic, acts by
intercalating DNA. Its main mode of action is in
inhibition of the religation action of topoisomerase
I, leading to double-strand breaks. Topoisomer-
ase ll, in contrast with topoisomerase |, forms
double-strand breaks before religation, allowing
it to not only relax supercoils but also to perform
catenation-decatenation as well as knotting-
deknotting. Doxorubicin  not only exhibits
cytotoxicity during replication but also during tran-
scription.”® Although doxorubicin was known to
have activity against GBM cells in vitro, it had not
seen clinical use because of its poor penetration
of the blood brain barrier (BBB). Following recent
availability of pegylated liposomal doxorubicin
(PLD), there have been trials to assess its useful-
ness in GBM. A recent phase Il study of postradia-
tion administration of PLD within the EORTC/NCIC
protocol has shown no clear benefit.3”

MICROTUBULE STABILIZERS/DESTABILIZERS

Microtubule stabilizers and destabilizers cause
mitotic arrest in dividing cells. Both the microtu-
bule stabilizer paclitaxel and microtubule destabi-
lizing vinca alkaloids have previously been
susceptible to development of resistance through
upregulation of efflux pumps. Verubulin (MPC-
6827) is a recently introduced microtubule
destabilizer binding the same site on B-tubulin as
colchicine. In contrast with vinca alkaloids,
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verubulin is not susceptible to multidrug resistance
efflux pumps. A phase | dose escalation trial has
been completed,3® and phase Il trials of verubulin
in conjunction with standard therapy are under
way. Similarly, there has been renewed interest
in paclitaxel, a first-generation microtubule stabi-
lizing agent, which is being studied with new
delivery methods that are less susceptible to
cellular efflux. However, there are no current
studies examining paclitaxel with radiation.

AUGMENTATION OF REDOX STRESS
Trans-Sodium Crocetinate

Radiation causes DNA damage in target tissues
through the action of reactive oxygen species
(ROS) with unpaired, highly chemically reactive
electrons in their outer shells, such as superoxide,
hydrogen peroxide, hydroxyl radical, and singlet
oxygen. In the presence of molecular oxygen, this
leads to formation of DNA organic peroxides that
cannot be reversed, thereby fixing the damage. In
the absence of oxygen, it forms DNA free radicals
that can be reversed by the action of antioxidants,
typically through reaction with an -SH group.3°

Early attempts at radiosensitization of hypoxic
tissues with nitroimidazoles such as metronidazole
and misonidazole seemed promising in vitro but
failed to show any clinical effect,* and have largely
been abandoned with recent interest focused on
their use in imaging of hypoxia.

More recently, tirapazamine, a bioreductive pro-
drug shown to significantly enhance radiation
response in an animal model,*° was studied as
a radiosensitizing agent. In hypoxic tissues, it is
reduced to reactive radical forms by intracellular
reductases, leading to DNA single-strand and
double-strand breaks. In the presence of oxygen,
it is rapidly oxidized back to its inactive prodrug
form, limiting its effect to tissues with low oxygen
tension.*! A phase Il trial of tirapazamine given at
2 dose levels in conjunction with radiation showed
no benefit compared with historical controls.

Motaxefin Gadolinium

Motexafin gadolinium (MGd) is a redox-active
compound consisting of a porphyrinlike aromatic
macromolecule complexed with gadolinium (I1l).
In vivo in the presence of oxygen, it first accepts
an electron from compounds with sufficient reduc-
tion potentials to form a radical, then subsequently
transfers that electron to molecular oxygen to form
a superoxide in a process known as redox cycling.
The reducing agents are substances such as
nicotinamide adenine dinucleotide (NADH)/nicotin-
amide adenine dinucleotide phosphate hydrogen
(NADPH), glutathione, and ascorbic acid that act
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as antioxidant agents.*? By depleting these cellular
free radical scavenging mechanisms, MGd
confers radiosensitization through cytotoxic
enhancement. Recent literature suggests that
reduction of MGd by NADPH may be catalyzed
by thioredoxin reductase, which participates in
various cellular functions via its protein disulfide
reductase activity. In addition, MGd may have
a direct inhibitory effect on ribonucleotide reduc-
tase, whichis necessary for the reduction of all ribo-
nucleotides to deoxyribonucleotides.*®

Aphase | dose escalation study of MGd with radi-
ation in newly diagnosed GBM showed promising
results, with median survival of 16.1 months in the
treatment group versus 11.8 months in case-
matched historical controls receiving radiation
only.** A separate phase | dose escalation study
of MGd with radiation in newly diagnosed pediatric
pontine glioma has been completed,*® and a phase
Il study of MGd plus TMZ and radiation is ongoing.

INHIBITION OF ANGIOGENESIS

Microvascular proliferation has long been known
to be one of the histologic hallmarks of GBM, in
large part because of increased expression of
vascular endothelial growth factor (VEGF) in
response to the hypoxic and acidotic tumor micro-
environment. VEGF binds to a tyrosine kinase
receptor (VEGF receptor [VEGFR)]) that then initi-
ates various signaling cascades. Of the VEGF
subtypes, VEGF-A, in particular, is known to stim-
ulate both angiogenesis and vasculogenesis as
well as increase endothelial permeability and
breakdown of the BBB.#®

Inhibition of angiogenesis is thought to exert ra-
diosensitizing effects on 2 levels. Prevention of the
development of new capillaries between radiation
fractions is thought to prevent the repopulation
and tissue invasion response of the tumor to
a cytotoxic insult, an example of biologic cooper-
ation. Second, Jain and colleagues*® introduced
the concept of vascular normalization that may
occur in neoadjuvant administration of antiangio-
genic agents. The abundant vasculature in GBM
is known to have various structural abnormalities,
including poor organization, excessive tortuosity,
and lack of an intact BBB. Flow through this
abnormal vasculature has been noted in animal
models to be heterogeneous with areas of poor
or static flow. The increased VEGF levels consti-
tute one possible mechanism, and anti-VEGF
agents are thought to correct this abnormality
and restore structurally and functionally more
normal vasculature, providing cytotoxic enhance-
ment via the reduction of hypoxic radioresistant
regions within the tumor.4®

Thalidomide Derivatives

Thalidomide was among the first-generation
agents known to inhibit angiogenesis. Because of
toxicity, various derivatives with improved toler-
ance have been developed, among them lenalido-
mide. The mechanism of the antiangiogenic
effects of these agents is not clearly understood.
A phase Il study of thalidomide and topoisomerase
I inhibitor irinotecan (CPT) in both newly diagnosed
and recurrent GBM was performed before
the establishment of the EORTC/NCIC standard.
Six-month progression-free survival (PFS-6) was
40% and 19% in the newly diagnosed and recur-
rent groups, respectively.*” A phase |l trial of thalid-
omide administered during and following radiation
in pediatric GBM and brainstem gliomas in a small
cohort showed no clear benefit.® A phase Il study
of lenalidomide and radiation in newly diagnosed
GBM has been published.*® The corresponding
phase Il study has been completed and is awaiting
publication of results.

VEGF Inhibitors

An antiangiogenic agent currently of interest is
BEV, a humanized monoclonal antibody against
VEGF-A. Because of previous success in treating
colorectal cancer with the combination of BEV
and CPT, this combination has been used in
many phase Il studies of high-grade glioma. In
a recent prospective randomized trial comparing
BEV with BEV plus CPT in recurrent GBM, PFS-6
was 42.6% in the BEV group and 50.3% in the
BEV plus CPT group, compared with 15% for
salvage chemotherapy and CPT alone.' There
are currently multiple studies examining the use of
BEV in a neoadjuvant or concurrent dosing with
the radiation in the EORTC/NCIC protocol.

A second strategy for inhibition of VEGF has been
the use of a VEGF receptor (VEGFR) mimic that
reversibly competes with VEGFR for binding of
VEGF, effectively reducing the concentration of
available VEGF. Aflibercept (VEGF-Trap), a fusion
protein consisting of extracellular domains of both
VEGFR-1 and VEGFR-2 bound to the Fc region of
human immunoglobulin G. In contrast with the
VEGF-A-specific BEV, VEGF-Trap binds VEGF-A,
VEGF-B, and placental growth factor (PIGF), also
implicated in GBM angiogenesis, with high affinity.
A recently published phase Il trial showed no clear
benefit and moderate toxicity of aflibercept mono-
therapy in recurrent GBM.® There is an ongoing
study examining aflibercept with TMZ and radiation
in both newly diagnosed and recurrent BM.

Another approach targets VEGF signaling. Small
molecule receptor tyrosine kinase inhibitors (RTKI)
compete for adenosine triphosphate (ATP) binding



sites and subsequently prevent phosphorylation
of the tyrosine kinase. This approach, as with
VEGF-Trap, has the benefit of having multiple
targets of activity. Cediranib has pan-VEGFR
activity, as well as activity against platelet-derived
growth factor (PDGF) and c-kit.'®?° A phase Il trial
of cediranib monotherapy in recurrent GBM showed
promising results with a median PFS-6 of 25.8%
versus historical controls of 15%, and overall
survival of 227 days versus 175 days in controls.
Vandetanib has activity against VEGFR-1, VEGFR-
2, epidermal growth factor receptor (EGFR), and
receptor tyrosine (RET) kinases. Phase | trials in
recurrent GBM have shown good tolerance of van-
detanib in combination with radiation.?"?? Sorafenib
is active against VEGFR-2 and VEGFR-3, as well as
BRAF, PDGF receptor-p (PDGFR-B), c-Kit, RAS, and
p38-a. Arecent trial examining administration of sor-
afenib after radiation within the EORTC/NCIC
protocol showed no clear benefit, but there was
a large drop-out rate before the initiation of sorafenib
because of early disease progression.?® There are
also 2 newer tyrosine kinase inhibitors with few
previous data in GBM: cabozontinib targeting
VEGFR-2 and MET,?* and dasatinib, targeting
BCR-Abl and Src family tyrosine kinases.2® There
are ongoing trials examining all of these agents
administered concurrently with radiation within the
EORTC/NCIC protocol for newly diagnosed GBM.

A recently introduced class of target-binding
proteins, adnectins, are currently being studied in
GBM. These are proteins based on the 10th type
Il domain of fibronectin with its binding redirected
to various targets. CT-322, an adnectin active
against VEGFR-2, has been shown to be well toler-
ated in a phase | trial,?® and is currently undergoing
phase Il evaluation.

SIGNAL PATHWAY INHIBITION
Epidermal Growth Factor Signaling

EGFR amplification is a hallmark in the pathogen-
esis of primary GBMs. EGFR is a tyrosine kinase
receptor belonging to the human endothelial
growth factor receptor (HER) family and is known
to be involved in differentiation, proliferation, and
migration of cells in the central nervous system
during development.®° In primary GBM, it is ampli-
fied in approximately 40% and overexpressed in
greater than 60% of tumors.®" Inhibition of the
EGFR pathway may confer temporal modulation
by inhibiting repopulation of the tumor between
radiation fractions.

Tyrosine Kinase Inhibitors

One of the signaling pathways activated by EGFR
and other receptor tyrosine kinases is the PI3

Radiosensitizers in Glioblastoma

K/AKT/mTOR pathway, which is involved in cell
growth, survival, and proliferation.52 Agents tar-
geting various points along this pathway are
currently under investigation, and could potentially
act as radiosensitizers in the same ways as the
EGFR inhibitors. Simultaneously targeting multiple
levels of a single pathway may vyield synergistic
effects. Clinical trials of these agents administered
with radiation are pending.

FUTURE DIRECTIONS

In spite of improved understanding of the biology
of many tumors in recent decades, there has
been only modest improvement in prognosis for
GBM associated with treatment. The combination
of surgical resection, radiation, and temozolomide
has been shown to provide a survival benefit.
However, as understanding of the role of MGMT
in therapeutic response shows, the era of 1-size-
fits-all therapy is ending. As understanding of the
signaling pathways involved in tumorigenesis
continues to improve, a shift toward rationally
tailored treatment based on tumor biomarkers
can be expected to maximize the additive and
synergistic effects of chemotherapy with radiation.
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KEY POINTS

o GBM remains a difficult tumor to treat due to its infiltrative nature.
e Nanoparticles present a new way to target infiltrating cells.

Magnetic nanoparticles (MNPs) can be used as MRI contrast agents as well as therapeutic agents by
the use of thermotherapy.

In a nanoparticle formulation chemotherapeutics can be more efficacious than conventional chemo-
therapeutic agents due to their ability to target GBM cells and release drug.

Gene delivery through the use of nanoparticles may be a safe option to deliver therapeutic genes to
tumor cells.

Brachytherapy delivered by radioactive nanoparticles can provide long-term focused radiation
therapy to these lesions.

Gold nanoparticles can be used to treat tumors through phototherapy, where deep penetrating near-
infrared light can be used to inhibit tumor growth.

Nanoparticles can be delivered safely systemically or by bulk flow using convection-enhanced
delivery (CED) directly to the tumor.

Magnetic targeting can be used to enhance the delivery of MNPs by directing the delivered particles

to the area of interest.

INTRODUCTION

Glioblastoma (GBM) is the most common primary
malignancy of the brain as well as its most malig-
nant." The median survival after radiation and che-
motherapy ranges from 12 to 15 months, despite
advances in surgery, radiation, and chemotherapy.?
GBM tumors are nearly uniformly fatal due to local
recurrence.®=° Even for lesions amenable to gross

surgical resection, infiltrating cancer cells beyond
the boundaries of the enhancing lesion are respon-
sible for tumor recurrence as well as radiation and
chemotherapy resistance.®”

Cancer nanotechnology has recently emerged
as a field that may provide answers to some of
the difficulties encountered in treating GBM. Nano-
particles, defined as particles less than 100 nm in
hydrodynamic size, have been used in the
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treatment of various cancers.® The use of biocom-
patible nanomaterials has permitted the fabrication
of nanoparticles with capabilities that surpass
those of conventional agents. Chemotherapy-
loaded nanoparticles have resulted in sustained-
release formulations that can lower systemic
toxicity and produce greater antitumor effects.
Recently developed nanoparticles can cross the
blood-brain barrier (BBB) after systemic adminis-
tration or be distributed in the brain by CED to target
GBM cells therapeutically while harboring
elements that may enable imaging of the particle
and the target. The field has been moving at a rapid
pace, enabling nanoparticles to be used in recent
clinical trials.® Although not exhaustive, the list of
nanoparticles used inthe treatment of experimental
GBM includes polymeric particles, micelles,'®
nanoshells,’ quantum dots,'? and magnetic iron
oxide nanoparticles (IONPs).'® Nanotubes are
another formulation of nanoparticle, used to create
structures that can trap diagnostic or therapeutic
modalities within a cage. This article discusses
the use of different nanoparticle formulations in
strategies to image and treat GBM, including
delivery schemes.

MAGNETIC NANOPARTICLES
MRI Contrast Properties of MNPs

The base of the promise for theranostic nanopar-
ticles with both therapeutic and diagnostic ability
hinges on the idea that such nanoparticles will be
able to image where the lesion is and ftreat it.
MNPs have attracted particular interest in this
respect due to their unique paramagnetic proper-
ties that enable their detection by MRIL.'*15 These
MNPs have shown great potential as T, or T,
contrast agents in MRI,'®'” with superparamag-
netic iron oxide-based nanoparticles (SPIOs) as

A

the most commonly investigated type of MRI
contrast agents.’® Since 1990, ultrasmall SPIOs
(USPIOs), smaller than 50 nm, have been consid-
ered an MRI contrast agent,’ and most of the
MRI data regarding nanoparticles references these
particles. USPIOs can be visualized in To-weighted
MRI sequences (T, contrast agents) as a hypoin-
tense (dark) signal (negative contrast enhance-
ment) or with T4-weighted MRI sequences (T4
contrast agents) as a hyperintense (bright) signal
(positive contrast enhancement).29-22

USPIOs can provide contrast for a longer period
of time?® compared with gadolinium (Gd)-based
contrast agents that are rapidly eliminated by the
kidney.?#2% USPIOs are also taken up by tumor
cells as well as by reactive phagocytic cells (eg, mi-
croglia) found in brain tumors. The USPIOs can
reside within brain tumors much longer than Gd-
based agents, with a peak enhancement noted at
24 to 28 hours and persisting up to 72 hours after
administration.262” These agents may provide
a safe alternative for patients at risk for nephrogen-
ic systemic fibrosis, because preliminary studies
have shown no adverse renal effects.2”-28

MNPs for Targeted Brain Tumor Imaging

Targeting of tumor cells can increase the benefits
provided by nanoparticles as contrast agents.
IONPs are taken up by GBM cells both in vivo
and in vitro.2%% Surface functionalization further
enhances tumor uptake of these particles.®
Tumor-specific ligands conjugated to MNPs can
further enhance the uptake within targeted tumor
tissue (Fig. 1).%23% Antibodies, peptides (including
toxins), cytokines, and chemotherapeutic agents
have been reported as possible MNP ligands.3*
Amphiphilic triblock copolymer IONPs can be
conjugated with a purified antibody that selectively

Fig. 1. Theranostic MNPs and tumor targeting. (A) lllustration of an MNP with different functional groups on the
surface, which permit molecular targeting, imaging, enhanced plasma circulation times, and/or therapy. (B) lllus-
tration of MNPs functionalized with tumor cell-specific ligands binding cancer cells (large irregular cells) instead
of normal cells (pink). Internalization of MNPs is shown in cancer cells as well.
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binds to the epidermal growth factor receptor
(EGFR) deletion mutant, EGFR vlll, which is solely
expressed by a population of GBM tumors.3® Such
nanoparticles exhibit MR contrast enhancement of
GBM cells and can target these therapy-resistant
cancer cells in vitro and in vivo.

Chlorotoxin, derived from scorpion venom,
specifically binds to matrix metalloproteinase 2
(MMP-2), which is overexpressed on the surface
of GBM cells.3%3” MMP-2 degrades the extracel-
lular matrix during tumor invasion, and chlorotoxin
can be used to bind the MMP-2 and inhibit infiltra-
tion.382° Chlorotoxin conjugated to MNPs can act
as MRI contrast agents and the addition of a Cy5.5
molecule makes these suitable for use as an intra-
operative fluorescent dye as well.40-42

F3 is a small peptide that specifically binds to
nucleolin overexpressed on proliferating endothe-
lial cells of tumor cells and the associated vascula-
ture.*® F3-coated IONPs can provide significant
MRI contrast enhancement of intracranial rat-
implanted tumors, compared with noncoated F3
nanoparticles, when administered intravenously.*4

A molecular MRI contrast agent, consisting of
SPIO coated with dextran, was functionalized with
an anti-insulinlike growth factor binding protein 7
(anti-IGFBP7) single-domain antibody and was
found by both MRI and in vivo fluorescent imaging
to target the vasculature of GBM cells.*®

Gd has also been incorporated into some thera-
peutic nanoparticles to enable them to be tracked
using MRI. One group has designed nanoparticles
containing Gd, which are rapidly taken up by the
GL261 tumor cell line and show MRI contrast
when these cells are then cultured in a chick
embryo host.*® Gd nanoparticles functionalized
with diethylenetriaminepentaacetic acid (DTPA)
can also be used as a radiosensitizing agent.*’
Fullerene magnetic nanotubes have been made
such that Gd can be trapped within these struc-
tures to make them an effective contrast agent,
along with whatever therapeutic modality is also
associated with the fullerene cage.*®*° It is also
possible to internalize IONPs in these larger nano-
tube structures so that the magnetic properties of
iron oxide can be used, allowing clinicians to
localize these particles to a particular area. This,
together with surface targeting, can greatly
increase the amount of intake and resultant thera-
peutic effect of these particles.>°

MNPs for Optical Delineation of Brain Tumors

Although surgical intervention is not curative in
GBM, obtaining a maximal resection is important
for survival.5! The use of intraoperative MRI and
neuronavigation has increased extent of resection

and outcome.??7%* Recently, fluorescence-guided
surgery after oral administration of 5-aminolevulinic
acid (5-ALA) has resulted in more complete resec-
tion of malignant gliomas.5%%% Laboratory studies
have attempted to find ways to use optical aides
to increase the contrast between normal and tumor
tissue,®”®° and these methods have shown
improvement in the extent of tumor resection in clin-
ical use.806"

Fluorescent molecules have already been suc-
cessfully incorporated into several nanoparticles.
An IONP-Cy5.5 molecule has been used in many
preclinical studies,**412 giving it the dual benefits
of MRI detection and possibly enhanced surgical
contrast using the fluorescent properties of the
particle. This also could lead to theranostic parti-
cles that could be injected preoperatively to
outline malignant tissue that would need to be re-
sected at surgery.

MNPs for Stem Cell Tracking

The ability of MNPs to act as MRI contrast agents
can be used to track stem cell tropism to malignant
brain tumors in vivo. Intracranially administered
neural stem cells have tropism for GBM tumors,
making them attractive for tumor-targeting gene
therapy.®3%% Mesenchymal stem cells have also
been found to migrate to tumor cells.®® By labeling
these cells with IONPs, this migration can be visu-
alized on MRI.57-¢8 Magnetically labeled hemato-
poietic stem cells can also be tracked to gliomas
in this fashion.®®

MNPs for Thermotherapy of GBM

One of the more unique features of MNPs is the
ability to induce hyperthermia when exposed to
alternating magnetic fields. Temperature eleva-
tions in the range of 41°C to 46°C can cause cells
to undergo heat stress, resulting in protein denatur-
ation, protein folding, aggregation, and DNA cross-
linking.”® This process can induce apoptosis and
heat shock protein expression. At the tissue level,
moderate hyperthermia causes changes in pH,
perfusion, and oxygenation of the tumor microenvi-
ronment.”'~7* These effects, combined with che-
motherapy and radiation, can have a synergistic
effect.7478

Hyperthermia can be induced in MNPs through
the use of an appropriate alternating magnetic
field of the right amplitude and frequency to heat
up the nanoparticles. A predictable and sufficient
amount of heat known as the specific absorption
rate is produced. The MNPs use several different
mechanisms to convert the magnetic energy into
heat energy. Néel relaxation is caused by rapidly
occurring changes in the direction of magnetic

441



442

Nduom et al

moments relative to crystal lattice. Brownian relax-
ation results from the physical rotation of MNPs
within the medium in which they are placed. Both
internal (Néel) and external (brownian) sources of
friction lead to a phase lag between applied
magnetic field and the direction of magnetic mo-
ment, producing thermal losses (Fig. 2).

MNPs can be specifically engineered to maxi-
mize their suitability for hyperthermia by producing
greater saturation magnetization, optimal ani-
sotropy, and larger size within the constraints of
nanoparticle production.”®®!" MNPs suitable for
thermotherapy can be made from a combination
of various metals, including manganese (Mn), iron
(Fe), cobalt (Co), nickel (Ni), zinc (Zn), and magne-
sium (Mg) and their oxides.828° Ferrites of the
various metals are frequently used in these set-
tings, such as cobalt ferrites (CoFe-0O,4), manga-
nese ferrites (MnFeoO,), nickel ferrites (NiFe,Oy),
lithium ferrites (Lip.sFes504), mixed ferrites of
nickel-zinc—copper, and cobalt—nickel ferrites.85°"
There are also ferromagnetic nanoparticles that are
iron based and have greater magnetic properties
than IONPs.”® These cobalt ferrites-based nano-
particles produce greater hyperthermia effects at
much lower concentrations than IONPs. FeNPs
are comprised of an iron core surrounded by an
iron oxide layer to permit stability. Nevertheless,
owing to their lack of toxicity, excellent biocompat-
ibility, and their capacity to be metabolized,?-%*
iron oxide-based MNPs are actively being studied
for thermotherapy of brain tumors.

MNP-based hyperthermia has been evaluated
for feasibility in animal models and in human
patients with malignant brain tumors. Dextran-
coated or aminosilane-coated IONPs have been
used for thermotherapy in a rodent GBM model®®
and ina human clinical trial in patients with recurrent
GBM.?% |ntratumoral injection of aminosilane-

VN

Fig. 2. MNP response to alternating magnetic fields
and thermotherapy. Application of applied magnetic
fields (arrows) orients the MNPs on the right from
their random orientation on the left in the absence
of magnetic fields. Random orientation on the left
produces thermal losses, allowing for hyperthermia
generation by the MNPs.

coated IONPs (core size 12 nm) and application of
an alternating magnetic field (100 kHz) in several
sessions before and after adjuvant fractionated
radiation therapy was given. With a high concentra-
tion of IONPs (>100 mg/mL), this achieved effective
thermotherapy with a median peak temperature
within the tumor of 51.2°C. This phase |l clinical trial
successfully demonstrated safety and efficacy of
thermotherapy of malignant brain tumors with
MNPs in humans, with a significantincrease in over-
all survival compared with a reference population.
Further randomized studies will be required to vali-
date the promise of this treatment modality.

NANOPARTICALIZED CHEMOTHERAPEUTIC
AGENTS

Although few conventional chemotherapeutics
have been proved effective in GBM, chemothera-
peutics in a nanoparticle formulation offer possible
advantages. These often can be targeted, evade
the reticuloendothelial system for prolonged circu-
latory time, and potentially cross the BBB better
then standard chemotherapy agents. Polyethylene
glycol (PEG)-coated paclitaxel (taxol) nanoparticles
have been shown to offer superior bioavailability
compared with free paclitaxel with a survival ad-
vantage shown in a rodent glioma model.®”
Poly(d,l-lactide-co-glycolide) (PLGA) nanoparticles
are another form of biocompatible nanoparticles.
CED of these nanopatrticles, loaded with campto-
thecin, has been shown efficacious in a rodent
glioma model.®® Although the controlled release
offered by nanoparticles can reduce systemic
toxicity and allow drug to be slowly released only
when it has reached its target, there is also a need
to ensure that an adequate dose is delivered to
the lesion being treated. Nanoparticles have been
developed that are thermosensitive, releasing their
drug preferentially when the temperature has been
increased.®® When delivered with gold nanorods,
concurrent photothermal hyperthermia can release
the drug from the heat sensitive nanoparticle, thus
increasing efficacy.

GENE DELIVERY WITH NANOPARTICLES

The Cancer Genome Atlas has revealed the
multiple genetic aberrations in GBM tumors that
can serve as therapeutic targets provide targets. '
Cationic solid lipid nanoparticles can be conju-
gated to PEGylated therapeutic c-Met small in-
terfering RNA and reduce human GBM tumor
growth in a rodent model without significant
toxicity.'®" Another nanoparticle, containing the
integrin-binding motif RGD, together with the
PEG-polyethylenimine (PEI) nonviral gene carrying
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nanoparticle, was able to deliver a plasmid ex-
pressing the tumor necrosis factor-related apopo-
tosis-inducing ligand with increased efficiency
and increase survival in a rodent glioma model."%?

NANOPARTICLES FOR BRACHYTHERAPY

Brachytherapy, where localized radiotherapy is
delivered directly to a tumor, has been explored
as a strategy with nanoparticles. In an orthotopic
xenograft brain tumor model, a functionalized
fullerene nanoparticle ('”’Lu-DOTA-f-GdsN@Cgy),
with radiolabeled lutetium 177 (*”7Lu) and tetraaza-
cyclododecane tetraacetic acid (DOTA), provided
an anchor to deliver effective brachytherapy and
longitudinal imaging of the tumor.% Internal frac-
tionated radiation has also been achieved using
a lipid nanoparticle formulation of radionucliides,
such as '8Re-SSS in the 9L rat glioma cell line.”®

GOLD NANOPARTICLE PHOTOTHERAPY

Gold nanoparticles can be designed as nanoshells,
consisting of a spherical dielectric core nanoparticle
surrounded by thin sheet metal.”® The size of each
layer of the nanoshell can be tailored to enable it to
have a peak light absorption at 800 nm, in the near
infrared range. Light in this region of the electromag-
netic spectrum has minimal absorption by water and
biologic chromophores, allowing it to pass deep into
tissues without losing much of its energy. This region
of the electromagnetic spectrum is notable for
minimal absorption by water and biologic chromo-
phores. Thus, light of this wavelength may penetrate
deep into tissues with minimal disruption. This has
enabled researchers to produce these gold nano-
particles, which can be activated by light and kill
GBM cells in vitro.”” One group has used macro-
phages loaded with gold nanoshells to deliver these
particles to glioma spheroids to then be activated by
near infrared light, inhibiting growth.”®

MALIGNANT BRAIN TUMOR DELIVERY OF
NANOPARTICLES

Delivery of therapeutic agents to GBM tumors
remains a formidable challenge. Systemic delivery
is limited by the BBB, nonspecific uptake, nontar-
geted distribution, and systemic toxicity. The bene-
fits and drawbacks of the use of systemic delivery,
systemic delivery augmented by magnetic targeting,
and direct infusion in the brain known as CED are
examined.

Systemic Delivery

the lesion by nonspecific uptake in the liver, kidney,
spleen, and circulating macrophages.'®*% This
can be addressed by biocompatible surface coating
of nanoparticles, which can increase their circula-
tion time.°® The BBB further obstructs delivery by
preventing the entry of most particles from the circu-
lation into the interstitial space of the brain. It is well
known that the vasculature in GBM, however, is not
phenotypically normal, due to open endothelial
gaps and atypical angiogenesis, allowing more
efflux of intravascular material into the tumor
mass.'%~1%° The enhanced permeability and reten-
tion effect is used to describe the selective extrava-
sation of macromolecules into the tumor interstitium
through the hyperpermeable tumor vasculature.''®
By attaching tumor-specific targeting ligands,
delivery has been shown to be increased in a rodent
model, because the extravasated treatment is more
likely to be taken up by the lesion.**111

Integrins are overexpressed in GBM at the brain
tumor border, and one of the integrin-binding
motifs is RGD. Conjugating this peptide to PEG
and PEI creates a nanoparticle, which was tar-
geted to GBM and found to prolong survival in
rodents implanted with human intracranial GBM
xenografts.'®® Meng and colleagues used PEI
conjugated to DNA and myristic acid, a hydro-
phobic molecule, can enhance the ability of the
PEI/DNA complexed nanoparticles to cross the
BBB, thus showing a treatment effect in GBM
tumor models.™"?

PLGA nanoparticles have been shown to cross
the BBB. The use of surfactants, such as polox-
amer 188 (Pluronic F-68) or polysorbate 80 (Tween
80), can enhance the transport of the particles and
increase the delivery of drugs conjugated to them
and increase intracellular uptake.''3"115 A recent
study demonstrated that conjugating transferrin,
a protein known to be actively transported across
the BBB, enhances the delivery of these particles
to the brain, with an intact BBB as well as a disrup-
ted BBB with an intracranial lesion.’®

The a-helical amphipathic peptide p[KLAKLAK],
was originally designed as a synthetic antibacterial
peptide that disrupts the bacterial cell membrane
but is less toxic to eukaryotic cells. When conju-
gated to a mitochondrial peptide, CGKRK, IONP-
derived nanoworms (due to their elongated
shape), these particles localize to the mitochondria
of tumor cells and cure tumors in a rodent tumor
model. The nanoparticles could be seen to localize
to the tumor on MRI.™"

Magnetic Targeting

The reticuloendothelial system can significantly
reduce the amount of nanoparticle available to treat

The concept of magnetic targeting of malignant
brain tumors has also been demonstrated in
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preclinical rodent models''”-''® as a method to

enhance the systemic delivery of MNPs to malig-
nant brain tumors. By using a magnetic field tar-
geted to the region of interest, it has been shown
that delivery of MNPs can be increased over the
delivery to lesions when a magnetic field is not
used.® There are concerns in how efficacious
the translation of this technique will be to human
studies, because the depth of the lesions in the
human brain limit the ability to precisely target
a lesion with a magnetic field."'® Nevertheless,
this remains an area for increased study.

In an effort to enhance the delivery and deposi-
tion of MNPs into malignant brain tumors, many
studies have examined using strategies to open
the BBB. Focal ultrasound represents anoninvasive
technique, which can selectively disrupt the BBB
and increase the enhanced permeability and reten-
tion effect in a targeted region of the brain.120-122
Focal ultrasound and magnetic targeting have
been used synergistically to enhance the delivery
and the deposition of chemotherapy (epirubicin)-
loaded MNPs into tumor-bearing animals. Epirubi-
cin delivery and brain tumor accumulation was
significantly enhanced by the combined focal ultra-
sound/magnetic targeting approach of epirubicin-
MNPs. 128

Convection-Enhanced Delivery

CED, where bulk flow is used to distribute infusate
throughout the brain with a pressure gradient, is
a well-established technique for delivery of mole-
cules to the brain.'?* CED bypasses the BBB, al-
lowing targeted delivery of infusate to the
parenchyma of a region of interest through a cath-
eter. Apump is connected to each infusion catheter
to ensure a positive pressure gradient during
delivery for convection of molecules through the in-
terstitium of the brain. The pressure gradient
created by the pump greatly augments the delivery
that would be achieved by the use of simple diffu-
sion alone.?®

The size of nanoparticles makes them optimal to
be delivered with CED. Penetration of nanopar-
ticles through the extracellular matrix in the brain
is possible due to the larger effective pore size of
the extracellular matrix (50 nm).'?® CED of
dextran-coated maghemite MNPs have recently
been depicted by MRI in a normal rat brain
model,’?” showing that these particles could be
directly imaged and tracked. They also showed
that increased viscosity of the infusate increased
efficacy of delivery and reduced leak back.

Imaging the infusate in CED is critical for
ensuring adequate drug delivery to regions of
interest. Valuable feedback can be gained from

tracking infusate delivered into the brain to enable
clinicians to properly plan further treatments and
avoid pitfalls, such as placement of catheters
near sulci or ventricles.'?®12° Trials of conven-
tional chemotherapeutics have failed to show
significant benefit with CED, and lack of adequate
drug delivery is often cited as the reason for
this.’30 Although progress has been made using
surrogate tracers, such as Gd-DTPA,'3" directly
imaging the therapeutic particle would provide
even more accurate information.

The authors have studied the CED of theranostic
MNPS in mice (Fig. 3).° This particle consisted of
an IONP core, coated by polymer and conjugated
to an EGFR vllII antibody, specific for a subset of
GBM tumors. The ability of the nanoparticles to
localize to and image the lesion treated and its
treatment effect were assessed. CED enabled
a broad distribution of the nanoparticles in the
region of the tumor and the surrounding brain,
and repeat imaging showed that this effect
remained for days after the nanoparticle delivery.

FUTURE STUDIES

Although researchers have made great strides in
developing nanoparticles that address the difficul-
ties in treating GBM, many challenges remain. In
the use of MNPs for thermotherapy and magnetic
targeting, clinical equipment needs to be further
developed and improved'®? to make these cost
effective and freely available for further clinical
trials. Phase Il studies need to be undertaken to
prove their effectiveness. In addition, drug delivery
remains an issue with nanoparticles, and as further
targeting motifs are studied, delivery of these

Fig. 3. CED of MNPs in the rodent brain. MRI of
a rodent brain depicting the hypointense (white
arrow) area in the brain that represents distribution
of MNPs after CED with no leak back.
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particles will be enhanced, further expanding their
possible effectiveness.

SUMMARY

Nanotechnology has quickly become a promising
tool in the ongoing research to tackle the difficul-
ties in treating GBM. The authors expect transla-
tional research to continue to elucidate further
uses for this technology as these various particles
come into widespread clinical use.
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KEY POINTS

e Endogenous vaults are ribonucleoproteins expressed throughout various cell types and across
nuMerous species.

e The vault has been hypothesized to play a role in cellular transport implicated in innate immunity,
multidrug resistance, and intracellular signaling.

e Gangliogliomas, schwannomas, meningiomas, neurofibromas, astrocytomas, and gliomas have all
been reported to exhibit high levels of major vault protein (MVP), which constitutes approximately
70% of the overall mass of endogenous vaults.

e Invitro culture of dendritic cells with antibodies against MVP demonstrates decreased dendritic cell
functioning, particularly a reduction in their ability to induce antigen-specific T cell proliferation, indi-
cating that MVP may play a critical role in dendritic cell activation and cellular immunity.

e Bioengineered vault nanoparticles seem to be ideally suited for use as nanocapsules in the delivery
of various therapeutic agents and immunogenic proteins, representing a promising prospect for
CNS tumor immunotherapy.
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INTRODUCTION

Endogenous vaults are the largest ribonucleopro-
teins expressed in numerous higher organism
species and cell types. Their precise role and func-
tion, however, remain largely uncharacterized. The
4 major components of endogenous vaults are major
vault protein (MVP), vault poly (ADP) ribose poly-
merase (VPARP), telomerase-associated protein
(TEP1), and untranslated vault RNA (VRNA) mole-
cules. MVP, also described as human lung resis-
tance protein (LRP), has been investigated for its
expression in numerous cancers and its possible
role in chemoresistance. This article provides an
overview of endogenous vaults and the work on bio-
engineered vault nanoparticles in order to better
elucidate the potential role that these complexes
may play in a targeted therapy for the central nervous
system (CNS). It will focus, in particular, on primary
human brain cancers such as malignant gliomas.
Lastly, the authors hope to highlight the implications
that current research holds in potentially utilizing bi-
oengineered vault nanoparticles for future targeted
therapies against human glioblastoma.

VAULT NANOPARTICLES: AN OVERVIEW

Vaults were first characterized by Kedersha and
Rome in 1986."2 By using a negative stain for elec-
tron microscopy (EM) rather than the positive-
staining heavy metal salts that detect nucleic
acid and membrane components, Kedersha and
Rome were able to visualize the presence of
protein-rich nanoparticles with a structural
morphology similar to vaulted ceilings in cathe-
drals.’? Vaults have since been characterized as
barrel-like ribonucleoproteins with a mass of
approximatel¥ 12.9 MDa and dimensions of 420
x 420 x 750 A. This enormous size classifies vault
nanoparticles as among the largest ribonucleopro-
teins (RNPs) ever characterized.3~7

The macrostructure of endogenous vaults have
been investigated in order to elucidate key insights
into their cellular function. The 4 main components
of the vault nanoparticle are the structural 100 kDa
MVP, the enzymatic 193 kDa ADPVPARP, the RNA-
binding 240 kDa TEP1, and vRNA.2-° MVP and
VRNAs constitute approximately 70% and 5% of
the overall mass of endogenous vaults, respec-
tively.*'" In each cell, there may be between
10,000 and 10,000,000 of these endogenous
barrel-like complexes.'? '3 Vaults localize predom-
inately to the cytoplasm of the cell, but they occa-
sionally can be found in the nucleus, congregating
around nucleoli, on the outside of the nuclear enve-
lope, and at the nuclear pore complexes (NPCs),
potentially mediating exchange across the nuclear

membrane.’"® In the cellular cytoplasm, en-
dogenous vaults can be associated with cytoskel-
etal elements such as actin stress fibers or
microtubules.417:18

Kedersha and colleagues initially utilized quantita-
tive scanning transmission EM to describe bioengi-
neered vault nanoparticles as dimers, with each
half resembling a barrel-like structure that consists
of 8 rectangular petals that open into a flowerlike
structure (Fig. 1). Each petal was hypothesized to
consist of 6 molecules of MVP.* Cryo-EM and
single-particle reconstruction indicate that the vault
nanoparticle is a hollow, barrel-like structure with
an approximate volume of 5 x 107 A3.1® The protein
shell of the vault has an invaginated waist with 2 caps
protruding on either end of the vault.®'®22 Although
some evidence has confirmed Kedersha’s initial
hypothesis of an 8-fold dihedral symmetry, more
recent investigations suggest a potential 39-fold
dihedral axis or 42-fold rotational symmetry,20:23:24
In either instance, the bioengineered vault nanopar-
ticle seems to consist of a barrel-like structure with
78 to 96 MVP molecules arranged pole-to-pole,
and 39 to 48 copies of MVP forming each half-
vault.®2%2" For endogenous vaults, each vault has
been predicted to contain 1 or more copies of
TEP1 and approximately 4 copies of VPARP; addi-
tionally, the vRNA also appears to localize to the
ends of the vault caps, where it associates with
TEP1 ‘6,1 0,25

Fig. 1. A schematic rendering of the bioengineered
vault nanoparticle, which may encapsulate a thera-
peutic agent or immunogenic antigen.



One of the most interesting findings of endoge-
nous vault investigations has been their reported
upregulation in certain types of cancers. For
example, expression upregulation has been
reported in breast tumors,?®2” nonsmall cell
lung cancer (NSCLC),28-3° and other malignan-
cies.®'*° Several researchers have also reported
upregulation of MVP in several brain tumors. Gan-
gliogliomas, schwannomas, meningiomas, neuro-
fiboromas, astrocytomas, and gliomas have all
been reported to exhibit high levels of the MVP
protein.50-%4

Functionally, the endogenous vault barrel-like
structure has been hypothesized to have
a possible role in the cellular transport implicated
in innate immunity, multidrug resistance (MDR),
and intracellular signaling.®® Most recently, vaults
have been studied as possible vectors for thera-
peutic delivery. Here, the authors will identify and
discuss the endogenous vault components and
highlight their expression in the CNS and CNS
tumors. They will also discuss future implications
for targeted therapeutics and the potential role of
bioengineered vault nanoparticles for the induc-
tion of immune responses and their prospective
utilization as a novel method of immunotherapy.

MVP: THE MVP SUBUNIT

The human MVP gene localizes to chromosome
16p11.2.56%8 The MVP protein also structurally
forms the outer shell of the bioengineered vault
nanoparticle.’ Several interesting structural
domains have been described within MVP. First,
the C-terminus of MVP contains a coiled-coil
protein structure that is formed by a long «-helical
domain.>® This C-terminal appears to localize to
the vault end cap, and it is hypothesized that these
coiled-coil interactions allow MVP particles to
interact with one another, providing a likely mech-
anism for how vaultlike complexes were demon-
strated in vault-less Sf9 insect cells after ectopic
rat MVP was expressed in these cells.?!60 When
the coiled-coil domain is partially deleted in a yeast
2-hybrid system, this interaction does not appear
possible.>® Secondly, the N terminus of MVP
consists of 7 repeats of approximately 55 amino
acids. This terminus localizes to the vault's
equator, where it forms the sidewalls via noncova-
lent interactions between particle halves. In addi-
tion, part of the N terminus also protrudes
interiorly from this equator waistline.8-20:21-6
MVP, the major component of bioengineered
vault nanoparticles, has also been implicated in
innate immunity. While dendritic cell function is still
normal in mice that lack MVP,®? in vitro culture of
dendritic cells with antibodies against MVP

Vault Nanoparticles

demonstrate decreased dendritic cell functioning,
particularly a reduction in their ability to induce
antigen-specific T-cell proliferation.®® These find-
ings suggest that MVP may play a critical role in
innate immunity and dendritic cell activation,
providing a key component for the utilization of
vault nanoparticles for an immunotherapeutic
approach.

vPARP: THE vPARP SUBUNIT

The vPARP gene, located on chromosome 13q11,
encodes a protein with 1724 amino acids.>%* The
enzymatically active PARP domain was first
described after an experiment demonstrated that
VvPARP is able to catalyze the ADP ribosylation of
bothitself and MVP.® ADP ribosylation is most often
associated with a post-translational modification of
histones and other nuclear proteins that occur prin-
cipally in response to DNA damage by PARP1.
Enzymes with a PARP domain are able to transfer
ADP-ribose groups to aspartic and glutamic resi-
dues. These altered substrates interact differently
with DNA, creating a delay in DNA replication that
gives cells enough time to recruit repair enzymes
to the site of the DNA damage.®5%" At least 7
proteins with PARP activity have been described,
with PARP1 being the best characterized in this
family. These family members, however, are not
homologous outside of their catalytic domains.?8-%°

The archetypal PARP1 binds to single- or
double-strand DNA breaks in the nucleus and
appears to play a role in the base excision
pathway.?®7° Interestingly, vPARP shares a 28%
sequence homology with PARP1 but does not
appear to be activated in response to DNA
damage.® This is further suggested by experiments
with knockout mice in which a (-/-) vPARP genotype
demonstrated neither chromosomal instability nor
endogenous vault disturbances.”” However,
a significant increase in carcinogen-induced
tumors has been reported in vVPARP-deficient
mice and may indicate a potential pathway for
vPARP in chemically-induced neoplasia.”?

TEP1: THE TEP1 SUBUNIT

TEP1, the other endogenous vault associated
protein, was found to be identical to the previously
described mammalian telomerase-associated
component TEP1.'%7% The human TEP1 gene
maps to chromosome 14g11.2. The TEP1 protein
is comprised of 2629 amino acids and contains
a number of interesting domains: an amino-
terminal repeat domain, an RNA binding domain,
and an adenosine triphosphate (ATP)/guanosine
triphosphate binding domain.”®”4 The repeats at
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the N terminus do not have a known function, but
have been hypothesized to serve as binding sites
for vPARP.® The RNA binding domain appears to
be necessary for interaction with both vRNA and
telomerase RNA.7%~77

Endogenous vaults have been isolated from
TEP1 knockout mice that appear normal; however,
closer examination by 3-dimensional reconstruc-
tion demonstrates reduced density in the vault
cap, where TEP1 appears to localize. Furthermore,
the stable association between vRNA and the vault
complex is completely disrupted in these knock-
outs. Both the half-life of vVRNA and its expression
in these tissues decrease. Thus, it appears that
TEP1 seems to play a key role in vVRNA stability
and its binding to the vault complex.?®

UNTRANSLATED RNA

The human vRNA genes are a triple-repeat struc-
ture on chromosome 5q33.1.810:122578.79 The
vRNAs are transcribed by RNA polymerase 3,%°
but their expression in each cell seems to differ
by organ. Data from northern analysis suggests
that one of the lowest levels of VRNA expression
occurs in the brain.®

Concentrated at the ends of vault caps, vVRNAs
appear to interact with structural endogenous
vault proteins, but it does not appear that they
are required to maintain the structural integrity of
the bioengineered vault nanoparticle. vVRNA loss
by ribonuclease digestion fails to cause any
detectable conformational change of the bioengi-
neered vault nanoparticle complex. This suggests
that vRNAs do not play a critical structural role in
bioengineering of vault nanoparticles.*6-81

VAULTS AND THE CNS

While endogenous vaults are present in all cell
types, they appear to be differentially expressed
depending on the cell of origin. The highest levels
of MVP/LRP are found in macrophages, keratino-
cytes, kidney tubules, and epithelial cells of the
bronchus and digestive tract.'®5%:6482 Brain
tissue, however, appears to only have low levels
of MVP/LRP.59%253 |n rat brains, the highest
expression of MVP is found in microglia during
embryonic development, but in the adult animal,
MVP is evident in the amoeboid microglia and
choroid plexus. The motile character of these
structures may explain their association with
endogenous vaults, given the potential of
endogenous vaults to interact with cytoskeletal
elements.18:83

Upregulation of MVP/LRP, however, has been
reported in a wide range of brain tumors.50-5484

Conversely, medulloblastomas and neuroblastomas
have been reported to demonstrate low levels of
MVP.5" Increased levels of MVP/LRP have also
been found in tumor vessels, in dorsal root ganglion
tissue after nerve ligation, and in macrophages after
brain infarction or acute contusion injury.5%-5385 Berg-
er and colleagues, utilizing both mRNA and protein
assays, have reported high levels of MVP in astrocy-
tomas, meningiomas, and gliomas. With cytotoxicity
analysis of astrocytomas, this study also reported
that MVP expression was significantly correlated
with resistance to adriamycin, daunomycin, etopo-
side, and cisplatin.’’

To further characterize the expression of MVP in
primary tumors of the CNS, Sasaki and colleagues
performed immunohistochemistry on 69 archival
CNS tumors and demonstrated that 56 of the
samples (81.2%) expressed LRP. Specifically,
the protein was found in specimens of neurofi-
broma, schwannoma, meningioma, oligoastrocy-
toma, ependymoma, oligodendroglioma, and
astrocytoma. Interestingly, neither tumor grade
nor invasion appeared to be correlated with the
presence of MVP.84386

Focusing on primary and secondary glioblas-
tomas, Tews and colleagues reported consistent
upregulation of MVP. Moreover, 78% of World
Health Organization (WHQO) grade Il precursor
astrocytomas and all WHO grade Il tumors ex-
hibited MVP expression. Because none of these
tissues had been subjected to previous chemo-
therapy, increased MVP expression was likely
due to the inherent upregulated expression of
MVP in glioma cells, which differs from the low
levels of MVP in normal glial cells.>?

POTENTIAL USES FOR FUTURE THERAPIES

Due to the large internal volume and simple struc-
ture of bioengineered vault nanoparticles, they
seem to be ideally suited for use as nanocapsules
for delivery of therapeutic agents. Several success-
ful encapsulations have been described. In 2005,
Kickhoefer and colleagues were able to engineer
a vault nanoparticle complex that sequestered 2
proteins and remained viable in living cells.®' Gold-
smith and colleagues were able to demonstrate the
capability to load the vault nanoparticle interior,®”
while Ng and colleagues were also able to effec-
tively use the bioengineered vault cage to enclose
a semiconducting polymer.88

To analyze their potential therapeutic potential,
Esfandiary and colleagues investigated the bioen-
gineered vault nanoparticle structural changes in
response to various pH and temperature condi-
tions. This analysis found that bioengineered vault
nanoparticles remained the most stable below



40°C and that the flowerlike petal structures open
at an acidic pH. This opening could serve as
a potential mechanism to release therapeutic
contents from inside the bioengineered vault
nanoparticle.®® Investigating a different potential
mechanism of delivery, Lai and colleagues incor-
porated the membrane lytic domain of adenovirus
protein VI (pVIl) into vault interiors, where its activity
was maintained. After being ingested by murine
macrophages, these novel bioengineered vault
nanoparticle complexes aided in the delivery of
a soluble ribotoxin and a cDNA plasmid.®°
Recently, Kickhoefer and colleagues have con-
structed vault nanoparticles to specifically target
the epidermal growth factor receptor (EGFR) by
tagging the C terminus of MVP with wither
epidermal growth factor or a monoclonal antibody
to EGFR.®' Champion and colleagues recently en-
gineered vault nanoparticles to deliver the major
outer membrane protein of Chlamydia muridarum.
In mice, the application of these bioengineered
vault nanoparticles induced mucosal immunity
without inducing harmful inflammation. This novel
vaccine, utilizing bioengineered vault nanoparticles
delivered intranasally, represents a significant
advance in the ability to induce an effective cellular
immune response utilizing vault nanoparticles.®?

SUMMARY

Further studies are needed to elucidate the mech-
anisms of endogenous vault function and gene
expression. These advances may enable the
development of targeted therapies that may
prevent cancer cells from acquiring MVP-related
drug resistance. The use of bioengineered vault
nanoparticles as delivery vectors for therapeutic
agents and immunogenic proteins may be a prom-
ising utilization for vault nanopatrticles as a poten-
tial method of brain tumor therapy.
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KEY POINTS

e Current strategies for immunotherapy against high-grade glioma include adoptive immuno-
therapy, active immunotherapy, and immunomodulation.

e Early clinical trials suggest that immunotherapy is safe and beneficial in a subset of patients.

e Major biologic challenges that must be overcome forimmunotherapy to succeed include immune-
editing, decreased antigen presentation by glioma cells, and decreased immune cell activation.

e The difficulty in predicting the success of immunotherapy trials as well as comparing the results
across studies is the heterogeneous nature of immunotherapy trial design and reporting.

INTRODUCTION

High-grade gliomas (HGGs, World Health Organiza-
tion [WHO] grade Il and IV) make up most primary
brain tumor diagnoses, with an incidence currently
estimated at 14,000 new diagnoses per year.” These
tumors are associated with high morbidity and
mortality and a median survival of 2 to 5 years®®
for patients with anaplastic astrocytomas (WHO
grade lll) and 14.6 months* for patients with glioblas-
toma multiforme (GBM, WHO grade IV).

The current standard of care for patients with
HGGs is summarized in Table 1, and includes
maximal surgical resection followed by adjuvant
chemotherapy and radiation therapy. In patients
with anaplastic astrocytoma, a clear standard of
care is lacking. The current treatment strategy
typically includes maximal surgical resection in
combination with adjuvant radiation with or
without temozolomide (TMZ).*'© Advances in
imaging, neuronavigation, and fluoroscopic guid-
ance'! have improved safety, decreased deficits
associated with surgery, and allowed for more

complete tumor resection, with more accurate
surgical margins. Furthermore, medical treatment
is often required to treat tumor-associated signs
and symptoms, including seizures, edema, fatigue,
and cognitive dysfunction.'? These treatments carry
their own set of side effects, which must be
managed alongside side effects from radiation and
chemotherapy.

Despite advances in surgical and medical
management of HGGs, there is no current treat-
ment that specifically targets tumor cells and
spares normal brain parenchyma. Recently, immu-
notherapy has emerged as a promising treatment
strategy against intracranial tumors. Although the
brain has historically been considered immune-
privileged, more recent evidence suggests that
the immune system is capable of effecting vigorous
responses in the central nervous system (CNS). Mi-
croglia are considered the first line of defense in the
brain and possess the ability to phagocytose
foreign cellular material and synthesize proinflam-
matory cytokines and chemokines.'® Several
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Table 1
Summary of standard treatments for HGGs

Tumor Treatment Paradigm
Anaplastic Maximal surgical
astrocytoma resection with the

(WHO grade IlI) option of adjuvant
radiation, TMZ, or
combination

radiation and TMZ

GBM (WHO grade IV) Maximal surgical
resection with
adjuvant radiation
therapy and TMZ or
Gliadel (Eisai Inc, NC,
USA) (implanted
carmustine wafers)

Resection of recurrent
lesion, with adjuvant
Gliadel placement,
chemotherapy, or
experimental
treatments

Recurrent primary
brain tumor

groups have shown that lymphocytes and antigen-
presenting cells (APCs), including macrophages
and dendritic cells (DCs), are able to cross the
blood-brain barrier and migrate to tumor within
the brain parenchyma.'*'% However, despite the
ability of immune cells to traffic into intracranial
lesions, the cells are generally unable to eradicate
the primary tumor, in part because of the presence
of an immunosuppressive tumor milieu. The release
of immunosuppressive cytokines into the tu-
mor microenvironment,?>2! activation of immune
checkpoints,?>?3 and an enriched population of
CD4+CD25+FoxP3+ T regulatory (T,eq) cells®®
and Ty17 cells®*25 are implicated in preventing an
aggressive antitumor immune response.

Despite these challenges, immunotherapy has
the potential to be advantageous over other chemo-
therapeutic strategies because of the potential for
cellular level specificity and long-term surveillance.
The potential of immunotherapy against cancers
has recently been highlighted with the approval by
the US Food and Drug Administration (FDA) of
sipuleucel-T for treatment of castration-resistant
prostate cancer?® and ipilimumab for unresec-
table or metastatic melanoma.?” There is no FDA-
approved immunotherapy for HGGs, but the clinical
evidence, as described later, suggests thatimmuno-
therapy may be a useful strategy to combat HGGs.
This article reviews several strategies, including
adoptive immunotherapy, active immunotherapy,
and immunomodulation, that have been tested or
are currently being tested in clinical trials as of
August, 2011.

ADOPTIVE IMMUNOTHERAPY

Adoptive immunotherapy is a strategy in which
immune cells are taken from the patient and acti-
vated ex vivo against tumor-specific antigens.
The activated lymphocytes are then reintroduced
into the patient, either directly into the tumor cavity
or systemically.

Lymphokine-Activated Killer Cells

Lymphokine-activated killer (LAK) cells are periph-
eral lymphocytes that are cultured with interleukin
2 (IL-2) ex vivo. Once reintroduced, these cells
possess cytotoxic abilities, but require activation
against tumor cell antigens by host APCs. LAK
cells have been studied in clinical trials and have
been shown to be associated with varying levels
of toxicity and antitumor activity.?®-3® In a study
by Hayes and colleagues,?® LAK cells were deliv-
ered via Ommaya reservoir 5 times every 2 weeks
for 6 weeks, resulting in a median survival of 12.2
months compared with a median survival of 6.2
months in contemporary patients with recurrent
GBM who were treated with surgery and chemo-
therapy. A similar trial in recurrent GBM showed
amedian survival of 9 months and a 1-year survival
of 34%.34 The most recent clinical trial in primary
GBM, reported by Dillman and colleagues,®®
showed that introducing LAK cells into the tumor
cavity in which patients who had undergone stan-
dard of care (radiation and TMZ) was safe and re-
sulted in a median survival of 20.5 months with a
1-year survival rate of 75%. The use of corticoste-
roids was associated with lower total LAK count
and worse survival. These trials are summarized
in Table 2.

Cytotoxic T Cells

Other methods of adoptive immunotherapy for
HGGs include infusion of cytotoxic T lymphocytes
(CTL) that are isolated from a patient’s own
tissues, including peripheral blood mononuclear
cells (PBMC),36-38 tumor-infiltrating T lymphocytes
(TILs),"® draining lymph nodes, or PBMCs after
vaccination with irradiated autologous tumor cells
(ATCs).

Five studies were completed using CTLs iso-
lated from PBMCs and TILs. Results from these
5 phase I/pilot studies showed that this strategy
was safe and associated with only minor toxicities,
including isolated side effects of hemorrhage and
fever,3” and transient cerebral edema in patients
receiving TILs."® In each of these studies, the
CTLs that were activated ex vivo were injected
directly to the tumor cavity.
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Median survival after
therapy: 53 wk
45 9 2 PR
Median survival: 78 wk

124 28 1 CR, 2 PR (GBM)
Median survival: 53 wk
(GBM)
34 40 Median survival: 17.5 mo
35 33 Median survival: 20.5 mo

Abbreviations: CR, complete response; OS, overall survival;
PR, partial response; SD, stable disease.

Five other clinical trials studied the use of CTLs
from draining lymph nodes®® or PBMCs after injec-
tion of ATCs.%%3 In these trials, all CTLs were in-
jected intravenously. Similar to those studies that
injected CTLs intracerebrally, the results from these
studies showed acceptable safety with minimal
toxicity. Isolated toxicities included delayed-type
hypersensitivity (DTH) to the vaccine*® and fever
and myalgias lasting 24 hours.*?

The clinical benefits of these studies have been
generally promising. These trials are summarized
in Table 3. Despite each being only a phase | or
pilot study with primary outcomes of safety and
toxicity, all but one*° of these trials reported partial
responses or stable disease. Despite this finding,
Holladay and colleagues*® reported a time to

Table 2 Table 3
Immunotherapy trials using LAK cells Immunotherapy trials using CTLs
Number Number
of of
Reference Patients Trial Results Reference Patients Trial Results
29 6 No PR or SD 36 5 2 PR
No toxicity 1 patient'’s survival
28 9 1 CR, 2 PR reported at 104 wk
Median survival: 53 wk 125 4 3 PR
32 9 Neurologic side effects in 37 10 1CR, 4 PR
all patients Median survival: 5 mo
1PR 38 5 3SD
33 20 Median survival: 63 wk 40 15 No PR
(36-201) . . Time to recurrence >8 mo
Use of steroids did not (n=7)
|nf|uenc.e in vitro 39 10 3PR, 15D
generation of LAK or :
. Survival >1y (n = 4)
autologous stimulated e
lymphocytes 10 3 PR
a6 19 4 PR o 9 3 PR
Median survival after Survival >4y (n = 2)
therapy: 30 wk 43 19 1CR, 7PR
122 5 No survival benefit Median survival: 12 mo
123 9 1 CR, 2 PR, 4 stable disease ® 6 1CR, 2PR
Median survival: 18 mo
38 19 1CR 2 PR Abbreviations: CR, complete response; OS, overall survival;

PR, partial response; SD, stable disease.

recurrence of approximately 8 months, with 1
patient experiencing recurrence of GBM after
more than 40 weeks and 7 patients experiencing
recurrence after 8 or more months.

In the 10 trials using LAK cells or CTLs, 2 vari-
ables consistently reported as significant were
the total number of cells infused and the use of
corticosteroids during treatment. In these trials,
the number of CTLs injected ranged between 3
x 107 and 10 x 10'°, with between 1 and 13 injec-
tions. Because the total number of CTLs as well as
the method of delivery differed between studies,
Kronik and colleagues** sought to define the
optimum dose using a mathematical model that
incorporated data from in vitro and in vivo studies,
interactions with CTLs and major histocompati-
bility complex (MHC) receptors, and the effect of
transforming growth factor g (TGF-B) and inter-
feron y (IFN-v) on the antitumor immune response.
These investigators reported the optimum calcu-
lated dose of CTLs as 27 x 10° total CTLs. As
a result, they concluded that many immuno-
therapy trials may not have been successful
because the dose given to patients was often
inadequate (sometimes 20-fold smaller than that
predicted to be effective).

The use of corticosteroids to control peritumoral
edema was another factor that varied between
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studies using LAKs or CTLs. Because of their
immunosuppressive effect, corticosteroids were
not used in 4 studies, suggesting that patients in
these trials may have had a smaller tumor and po-
tentially better outcomes compared with those
patients who required steroid treatment.29:34:35.45
Evidence for better survival when using LAK cells
without the use of corticosteroids was reported
by Dillman and colleagues®® in their subset anal-
yses. Other results point to the contrary, that corti-
costeroids did not have an effect on the number or

functional activity of the infused effector
cells.31:33:46

ACTIVE IMMUNOTHERAPY

Active immunotherapy involves administration of
tumor antigens to prime the patient’s endogenous
immune system. Lysates of injected tumor anti-
gens can be derived from irradiated tumor cells,
nonspecific protein and mRNA lysates, and syn-
thetic peptides. The delivery of these antigens is
typically via vaccine, which often includes an im-
mune adjuvant or the tumor antigen complexed
to DCs, to increase the antitumor immune res-
ponse. This strategy is considered advantageous
because of the specificity afforded by directly in-
jecting immunogenic tumor antigens and the
long-term antitumor effect as a result of immuno-
logic memory.

ATCs

ATCs have been studied in active immunotherapy
strategies against HGG in 8 clinical trials and 2
case reports*’~%* for a total of 71 patients treated
(Table 4). Of these studies, there was large hetero-
geneity in the number of cells infused, number of
injections, and the use of immune adjuvants. The
number of cells injected ranged from 108 to 10"
total cells per patient and they were given in 1 to
13 vaccinations. Only 2 of the 8 studies used im-
mune adjuvants such as IL-2*® and granulocyte-
macrophage colony-stimulating factor (GM-CSF).%°
Although toxicities were minimal, 2 studies (n = 10
newly diagnosed GBM and n = 1 recurrent
GBM), showed that no survival benefit was associ-
ated with treatment.*”48

Despite a large number of trials (n = 8), the avail-
able data do not show robust efficacy data despite
most patients showing a strong immune response
as assessed by ex vivo assays. Several studies re-
ported a local skin reaction at the injection
site.*8:%0 Sobol and colleagues*’ reported an anti-
tumor immune response mediated in part by
CD8+ cytotoxic T cells, which were collected in
the peripheral blood. Several groups reported
significant increases of DTH reactions, numbers

Table 4
Immunotherapy trials using ATCs

Number
of
Reference Patients Trial Results

47 1

48 11

No survival benefit

Median survival: 46 wk

49 12 2CR,4PR
50 1 Survival: 10 mo
51 23 Median progression-free
survival: 40 wk
Median survival: 100 wk
52 3 Prolonged recurrence-free
survival
53 12 1CR, 1 PR, 2 minor
response, 1SD
Median survival: 10.7 mo
>4 5 3SD

Abbreviations: CR, complete response; OS, overall survival;
PR, partial response; SD, stable disease.

of tumor-reactive memory T cells, and numbers
of CD8(+) TILs in recurrent tumors. Despite the
presence of increased antitumor immune activity,
most studies were unable to show a survival
benefit in patients.

DCs

Glioma cells are poor APCs because of downregu-
lation of costimulatory molecules®® and the release
of immunoinhibitory cytokines.5¢%® DCs are
professional APCs that phagocytose foreign anti-
gens and present them in the context of MHC to
activate innate and adaptive immune cells. DC
therapy is based on the concept that GBM cells
are poor stimulants of the host’s immune system
and thus require DCs, acting as APCs, to inter-
nalize GBM antigens and present them to activate
antitumor immune cells.>® Nineteen studies have
been published using DCs, with a total of 323
patients studied.®%"® The cellular material com-
plexed with APCs included whole ATCs, tumor
lysate, tumor peptides, including the epidermal
growth factor vlll (EGFRvIII), or tumor mRNA.

DC vaccinations are typically prepared using
GM-CSF and IL-4 as adjuvants, although several
groups have reported stimulating DCs with other
cytokines.52:64:68.70.77.80 These vaccines are typi-
cally injected intradermally or intranodally. Nishio-
ka and colleagues®’ reported delivering DCs that
expressed IL-12 directly to the tumor cavity and
found that these cells were able to traffic to drain-
ing lymph nodes and activate cytotoxic, antitumor
immune cells. Phase | studies have reported that



DC vaccines are safe and associated with only
grade | and Il vaccine site responses.

Results of these studies are summarized in
Table 5. In brief, immunologic, radiologic, and clin-
ical benefits were seen in roughly 40% of patients.
A peripheral immune response, as measured by
ex vivo assays or DTH reactions, was present in
more than half of patients. Clinically, 13 studies re-
ported efficacy in terms of beneficial survival com-
pared with historical controls. Two studies did not
find a correlation between peripheral immune res-
ponse and survival.”"-"®

A subset of these clinical trials used vaccines
containing DCs that present the EGFRvIIl tumor
antigen. The EGFRVIII receptor is the most com-
mon variant of the EGF receptor and is present
on 27% to 67% of GBMs,%2:83 with its expression
indicating a negative prognosis.®* Furthermore,
its expression is limited to GBM cells and is not ex-
pressed in normal brain. The first clinical trial using
DCs loaded with EGFRUVIIl antigen against HGG
was the Vaccine for Intra-Cranial Tumors |
(VICTOR I, n = 16 patients). This phase | study
used mature DCs loaded with 500 pg of DCs that
were pulsed with PEPvIIl, a protein that spans
the EGFRUVIII fusion junction, and conjugated to
keyhole limpet hemocyanin (KLH). Vaccines were
given 2 weeks after the completion of radiation
therapy. After vaccination, all patients showed
ex Vvivo immune responses without any serious
clinical side effects. The results of this study
were promising, with 2 of the 3 patients with grade
Il glioma alive without evidence of tumor

Table 5
Immunotherapy trials using DCs
Number
of
Reference Patients Trial Results
52 8 6 SD
67 9 Median survival: 455 d
64 10 2 minor responses, 4 SD
66 10 Median survival: 133 wk
70 15 4 PR, 2SD
7 12 Median survival: 23.4 wk
73 13 1CR, 3PR
Survival >18 mo (n = 3)
74 34 Median survival: 642 d
Time to progression: 167 d
76 12 Time to progression: 6.8 mo

Median survival: 22.8 mo
Others:61:63.65.68,69,72,75,77,80,126,127

Abbreviations: CR, complete response; OS, overall survival;
PR, partial response; SD, stable disease.
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progression at 66.2 and 123.7 months after vacci-
nation. In vaccinated patients with GBM, the
median time to progression (TTP) was 46.9 weeks,
with the median survival reported as 110.8 weeks.5®

The follow-up phase Il trial, A Complementary
Trial of an Immunotherapy Vaccine Against Tumor-
Specific EGFRvIIl (ACTIVATE) used DCs loaded
with PEPVIII. Similar to the phase | trial, after vacci-
nation, ex vivo assays showed increased titers of
anti-EGFRvIIl and anti-KLH antibodies and an
increase in CD8+, IFN-y—expressing, EGFRvIII-
specific T cells. Clinically, the median TTP was
64.5 weeks and median survival reported as 126.1
weeks.

Although the ACTIVATE study was ongoing,
TMZ was initiated as standard of care, along with
surgery and radiation. The ACTIVATE |l trial was
then initiated (n = 21 patients) to determine the
efficacy of EGFRVvIII vaccine (CDX-110) in combi-
nation with TMZ. In this trial, the CDX-110 vaccine
was administered on day 21 of the 28-day TMZ
cycle, which resulted in similar anti-EGFRuvIII
immune activity as seen in the previous trials.

IMMUNOMODULATION

One of the primary challenges in successful anti-
tumor immune responses is the immunosuppres-
sive milieu of the tumor microenvironment. The
tumor microenvironment is a critical step in medi-
ating antitumor immunity by the host immune
system.

Cytokines

Of the multitude of immunosuppressive cytokines in
the tumor microenvironment, a small number of
cytokines have been targeted in clinical trials. TGF-
B promotes immunosuppression in HGG by inhibit-
ing T-cell activation and proliferation, blocking IL-2
production, suppressing activity of natural killer
cells, and promoting T,eq activity.2687 Early phase |
studies using trabedersen, a synthetic antisense
phosphorothioate oligodeoxynucleotide that is
complementary to the human TGFB2 gene, showed
that the drug was safe and associated with long-
lasting remissions in some patients.®® A phase llb
trial comparing trabedersen with standard chemo-
therapy in patients with recurrent HGG reported
a median survival of 13.1 months with an 80-uM
dose of trabedersen, 12.0 months with the 10-uM
dose, and 11.0 months with standard chemo-
therapy. Overall survival at 12 months was not signif-
icantly different, although there was a trend toward
increased survival in patients with grade Il glioma
receiving the 10-uM dose at 2 years.®®

IL-2 is a proinflammatory cytokine that activates
T cells and helps naive T cells differentiate along
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the Th1 pathway.®® Current trials using IL-2 are fo-
cused on local delivery because pharmacokinetic
data show that high levels of systemically adminis-
tered rIL-2 are needed to penetrate the CNS and
are associated with prohibitive toxicities.®! Early
studies using IL-2 in combination with other immu-
notherapies including IFN-a%2 or LAK cells®? re-
ported high rates of neurologic side effects. When
used in combination with IFN-a, patients experi-
enced somnolence, headache, and increased
peritumoral edema. When rIL-2 was used in com-
bination with LAK cells, all patients had increases
in cerebral edema. In another trial reported by
Colombo and colleagues,®® a total of 12 patients
underwent gene therapy and received an intratu-
moral injection of retroviral IL-2 vector-producing
cells (RVPCs). Results of this trial were promising
in terms of safety because only grade I/1l toxicities
were noted. Biopsy samples after administration
of the RVPCs showed an increase in Th1 cytokine
levels. Progression-free survival and overall
survival were reported as 47% and 58%, respec-
tively, at 6 months and 14% and 25% at 1 year.
IFNs are secreted by immune cells in response to
the presence of tumor cells and activate molecular
pathways involved in coordinating an antitumor res-
ponse against GBM. Three different IFNs have been
tested in clinical trials; IFN-o, IFN-B, and IFN-y.9495
Results of these studies are listed in Table 6.

Trials using IFN-o have produced mixed results
in terms of both safety and efficacy. The first phase
| study showed that treatment with IFN-o was safe
and efficacious.®® The follow-up phase Il study of
bis-chloroethyl-nitrosourea (BCNU) in combina-
tion with radiation and IFN-« resulted in a response
rate of 29% in 35 patients with recurrent glioma.
This phase Il study also reported substantial
constitutional side effects.®” The phase lIl study
of 214 patients with stable HGG involved random-
ization to BCNU or BCNU and IFN-a as a second
course of treatment after they received surgery,
radiation, and chemotherapy. Patients receiving
IFN-o experienced fever, chills, myalgias, and neu-
rocortical symptoms. Furthermore, there was no
significant difference in TTP or overall survival.%®

IFN-B has been tested in several trials, with mixed
results. The first study evaluated escalating doses of
IFN-B to 7 patients with recurrent glioma. The inves-
tigators reported that there was no radiographic
response to the treatment, although stable disease
was reported for 3 patients for a total of 8 to 26
weeks.? A phase | study in children with recurrent
tumors (including glioma) tested a dose escalation
of IFN-B, with the maximum tolerable dose reported
as 500 mlU/m?2. Partial responses were seen in 4
patients (n = 2 high-grade astrocytoma, n = 2 brain
stem glioma).’® Fetell and colleagues'®! reported
that a phase | study showed that infusion of

Table 6
Immunotherapy trials using immunomodulation
Number Modulated
Reference of Patients Cytokine Trial Results
88 24 TGF-B 3CR,7SD
Overall survival: 146.6 wk (anaplastic astrocytoma), 44 wk
(GBM)
89 89 TGF-B Median survival: 39.1 mo (10-um dose) vs 35.2 mo (80-um
dose)
93 12 IL-2 4 minor response, 4 SD
Progression-free survival at 6 mo (47%) and 12 mo (14%)
Overall survival at 6 mo (58%) and 12 mo (25%)
%6 15 IFN-o. Median survival: 44 mo
97 35 IFN-o. Median survival: 13.3 mo
98 275 IFN-o. No difference in TTP or overall survival
99 7 IFN-B 3D
100 21 IFN-B 4 PR
101 20 IFN-B 3SD
94 28 IFN-y Median overall survival no different from historical controls
95 14 IFN-y No difference in survival from patients who did not receive
IEN-y
70 15 IL-12 4 SD, 1 mixed response

Abbreviations: CR, complete response; OS, overall survival; PR, partial response; SD, stable disease; TTP, time to progression.




IFN-B directly into the tumor cavity using Ommaya
reservoir was well tolerated. Stable disease was re-
ported in 3 patients, with the best response
producing disease stability up to 539 days.

CHALLENGES
Challenges Presented by Tumor Biology

Three major challenges to immunotherapy pre-
sented by tumor biology include immune-editing,
decreased antigen presentation by glioma cells,
and decreased immune cell activation.

To eradicate a tumor, the immune system must
be able to recognize a tumor-specific antigen, acti-
vate other immune cells, and then mount a sub-
stantial antitumor response. One major challenge
presented to the immune system, and the use of
immunotherapy as a treatment strategy, is the con-
cept of immune-editing. Immune-editing consists of
3 phases: elimination, equilibrium, and escape.
Elimination refers to the antitumor function of both
the adaptive and innate immune system and is
driven by the production of IFN-y. Equilibrium is
the period in which immune cells become latent to
partially eradicated tumor. Escape is when the tu-
mor escapes from immunosurveillance and be-
comes resistant to antitumor immune function,
usually via genomic instability or downregulation
of key antigens.'°2 Immune-editing has been shown
to exist in the treatment of HGG, especially in trials
involving dendritic vaccines that target the EGFRvIII
antigen. In the EGFRUVIII vaccine trial reported by
Sampson and colleagues,’® 82% of patients with
recurrent tumor had lost expression of EGFRUVIII.

Another notable challenge is the presence of
an immunosuppressive tumor microenvironment,
causing decreased antigen recognition and de-
pressed immune cell activation. Glioma cells show
decreased HLA expression, % and in arecent study,
Facoetti and colleagues'® reported a loss of HLA-|
expression in 50% of patients, with 80% of these
patients showing a selective loss of HLA-A2.
Macrophages and microglia also have a decreased
potential for antigen presentation. In vitro data
suggest monocytes lose phagocytic activity after
exposure to glioma cells,' whereas in vivo data
suggest that MHC class Il activation is significantly
depressed in microglia and macrophages isolated
from glioma compared with normal brain.%®

The other notable aspect of tumor-associated
immunosuppression is depressed immune cell acti-
vation. CD4+ cells isolated from both tumor and
peripheral blood show depressed function,07:108
proliferative responses, and synthesis of IL-2 in
patients with glioma.'®® Although increased CD8+
infiltrating lymphocytes have been shown in some
studies to be associated with increased patient
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survival,''%""2 Hussain and Heimberger'® reported
that most tumor-infiltrating CD8+ cells are not
activated.

The expression of immunosuppressive mole-
cules and release of immunosuppressive cytokines
are also associated with decreased immune cell
activation. Increased expression of the surface
molecules FAS, galectin-1, and B7-H1, which are
all involved in regulating apoptosis, leading to sub-
sequent decreases in tumor-infiltrating lympho-
cytes, have all been described.'*'"® Similarly, the
release of cytokines such as IL-10,""” prostaglandin
E,,""®11° and TGF-B'2° are increased in the glioma
microenvironment, leading to decreased immune
cell activation.

Challenges Presented by Current Clinical Trials

Clinical trials for immunotherapy in HGG have
mostly been small phase | or pilot studies in small
cohorts of patients, leading to possible con-
founding prognostic variables. Although inclusion
criteria usually require a histologic diagnosis of
grade Ill/IV glioma, newer evidence suggests that
a molecular classification of glioma may better
subtype glioma tumors. This classification, reported
by Verhaak and colleagues,'?! consists of classic,
mesenchymal, proneural, and neural. Using amolec-
ular diagnosis versus a histologic diagnosis as in-
clusion criteria for future clinical trials may lead to
more uniform patient cohorts because differing res-
ponses to classic treatments are seen in patients
with a molecular diagnosis. The investigators report
a trend toward longer survival in the proneural sub-
type, despite poor responses to aggressive treat-
ment protocols. Similarly, the same group report
that the classic and mesenchymal subtypes showed
a similar survival benefit; however, these tumors
were susceptible to treatment.

Because of small patient cohorts typically seen in
immunotherapy trials for HGG, dose escalation
studies are rarely feasible, leading to a lack of a
maximum tolerated dose. This heterogeneity in
dose as well as the inability to reach a maximum
tolerated dose may lead to results that may not
reflect results seen at higher doses of vaccine.

SUMMARY

Despite several clinical trials evaluating immuno-
therapy as an adjuvant therapy for HGGs, robust
efficacy for this treatment paradigm is lacking.
Although nearly every clinical trial has reported
induction of a peripheral immune response ex vivo,
there was not a robust correlation between periph-
eral immune responses and patient survival.

One of the difficulties in predicting the success
of immunotherapy trials as well as comparing the

465



466

Ruzevick et al

results across studies is the heterogeneous nature
of immunotherapy trial design and reporting. Many
intrinsic and extrinsic factors may influence trial re-
sults, including the use of other adjuvant agents
that selectively deplete specific cell populations,
patient selection, clinical trial design, and a wide
variety of doses and methods of administration.

Despite these challenges, the cellular level spec-
ificity and surveillance against tumor cells are an
appealing benefit to extending the survival of pa-
tients with HGG. Moving forward, well-designed
clinical trials with standard doses and more homo-
genous patients will add stronger evidence for the
use of immunotherapy as a standard adjuvant
treatment of patients with HGG.
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KEY POINTS

e Isocitrate dehydrogenase-1 (IDH1) mutations are highly conserved to R132 within the enzyme’s
active site, suggesting that the mutation may have an oncogenic gain of function.

e IDH1 mutations are associated with other prognostically favorable alterations (TP53 mutations and
1p19q codeletions) and certain gene cluster profiles (proneural).

e IDH1 mutations are found across different molecular and histologic brain tumor subtypes, suggest-
ing they are early genetic alterations in tumorigenesis.

e Novel IDH1 sequencing and staining techniques have allowed this marker to play an increasingly
important role in the histologic determination of brain tumor specimens.

INTRODUCTION

The classification of human brain tumors by the
World Health Organization (WHO) scale based on
tumor histology remains the gold standard in the
diagnosis and prognosis of glioma." In addition to
the traditional microscopic characteristics that
subcategorize these tumor classes, mounting evi-
dence has come to support distinct genetic aberra-
tions associated with individual tumor sets within
this grading scheme. For example, mutations in
TP53 are commonly found in astrocytomas (50%—
90%) and oligoastrocytomas (40%-50%) but are
infrequent in oligodendrogliomas (5%-10%). On
the other hand, 1p19q deletions are frequent in
oligodendrogliomas (50%—-70%) and less common
to rare in oligoastrocytomas (30%-50%) and
astrocytomas (0%-15%).2~* Although both TP53
mutations and 1p19q codeletions have been asso-
ciated with improved prognosis, these mutations
are mutually exclusive in gliomas, providing molec-
ular evidence to support the histologic stratification
of these tumors.

Recently, a sentinel paper by Parsons and
colleagues® demonstrated the existence of a

novel glioma-associated mutation in isocitrate
dehydrogenase-1 (IDH1) in 12% of patients with
glioblastoma (GBM) via high-throughput gene
expression analysis of 20,661 protein coding
genes. IDH1 is 1 of 3 metabolic enzymes (along
with IDH2 and IDH3) that catalyze the oxidative
decarboxylation of isocitrate to a-ketoglutarate
(a-KG) while reducing NADP* to NADPH (NAD*
to NADH in the case of IDH3).6 Mutations in IDH1
were found to be associated with younger age,
secondary GBMs (grade IV tumors that arise
from biopsy-proven lower-grade predecessors),
and increased overall survival (OS). Subsequently,
a multitude of retrospective and prospective
studies have emerged investigating the frequency,
function, and prognostic utility of this mutation in
human glioma.” 3¢

IDH1: FUNCTION

IDH1, -2, and -3 are enzymes involved in the citric
acid cycle that catalyze the oxidative decarboxyl-
ation of isocitrate to a-ketoglutarate (a-KG) while
reducing NADP* to NADPH (NAD* to NADH in
the case of IDH3).3” Although IDH1 is found within
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the cytoplasm and peroxisomes, IDH2 and IDH3
are localized solely to the mitochondria.®® The
gene for IDH1 is located on 2g33.3 and is 1 of 5
IDH genes within the human genome.®® Two of
the 5 IDH genes produce homodimeric proteins
(IDH1 and IDH2), whereas the remaining 3 IDH
gene products constitute the subunits of the
heterotetrameric protein IDH3 (2 IDH3a, IDH3p,
and IDH3y).%° Human IDH1 contains 2 asymmetric
active sites formed by small and large domains of
each IDH1 molecule and transitions between an
inactive open, an inactive semiopen, and a catalyt-
ically active closed conformation.®4' A critical
structure in the enzymatic interaction with the
substrate isocitrate is the arginine 132 (R132)
found within the active site of IDH1 (arginine is
conserved in the functionally analogous R172 of
IDH2). This residue is unique among all others
involved in the binding of isocitrate in that it forms
3 hydrogen bonds with the a- and B-carboxyl
groups of the substrate, whereas other residues
form no more than 2.36 Moreover, it plays a critical
role in facilitating the hinge movement between the
open and closed conformations.*?>43 The R172
residue in IDH2 plays an identical role because it
is the evolutionarily conserved homolog of R132
in IDH1.

Mutations in IDH1 and IDH2 are generally mutu-
ally exclusive, and there has only been one report
of simultaneous IDH1 and IDH2 mutations to
date.®* Interestingly, apart from rare case reports,
the mutations of IDH1 and IDH2 occur exclusively
at these arginine residues (most commonly re-
placed by histidine, R132H in IDH1), which are
highly conserved across species and malignan-
cies that involve the mutation of isocitrate dehy-
drogenase.**#® The mutations are missense
substitutions, with no evidence of inactivating
nonsense deletions of base pairs. This slight

modification in the active site of the enzyme
disrupts the aforementioned hydrogen bonding of
the critical R132 and results in a shift in the enzy-
matic equilibrium to favor the closed configura-
tion and subsequently increased affinity for
nicotinamide adenine dinucleotide phosphate
(NADPH).#? In addition, with the change in the
active site conformation, there is a markedly
reduced affinity for isocitrate. As a result of these
changes, R132 mutations result in a greater than
80% reduction in activity compared with the wild-
type (wt) enzyme.®

IDH1 MUTATIONS IN HUMAN GLIOMA

Following the first report that IDH1 mutations were
found more frequently in secondary GBMs (sGBM)
compared with primary GBMs (pGBM), other
studies showed similar findings and elucidated
other associations between IDH1 mutation status
and WHO classification (Table 1). Indeed, IDH1
mutations are more frequently found in sGBMs,
with reported frequencies ranging from 50%
to 86% compared with pGBMs, which contain
the mutation only 4% to 21% of the
time_8,9,18,21,24,25,28,31,34,35,47—50 sGBMs were fre-
quently cited as being associated with younger
patients; prognostically favorable genetic alter-
ations, including 1p19q deletions and TP53 muta-
tions; and an improved clinical course.>18:24.26.35
The association between IDH1 mutations and
favorable overall prognosis was so striking that
some groups argued that sGBMs lacking these
characteristics may in fact be pGBMs that were
underdiagnosed as anaplastic tumors on initial
discovery; the molecular similarities with pGBMs
of these IDH1 mutation-negative sGBMs and the
fact that all said tumors were initially found as
anaplastic gliomas supported this assertion.?*

Table 1
Frequency of IDH1 mutations in various glial tumors based on results from direct sequencing

Cases Mutations Frequency
Tumor Type Studied Detected (%) (Range)
Diffuse astrocytoma®16.18.21.23,25,28,30,31,35,48,50-53,86 887 669 75 (59-100)
Oligodendroglioma®16.18.23,28,35,47,48,51,53,86 623 485 78 (67-93)
Oligoastrocytoma®16.18.23.28,35,47,48,51,53,86 371 291 78 (50-100)
Anaplastic astrocytoma8,9,‘l6,18,21,23,25,28,30,31,34,35,48,50,51,53,86 1084 674 62 (0_100)
Anaplastic oligodendroglioma® '6:18.23.28,35.48,50,51,86 721 482 67 (49-86)
Anaplastic oligoastrocytomas® '6:18.21.28,32,34,35,48,50.86 849 547 64 (63-100)
Secondary GBM&*-18:24.25,31,35,47,50,51 134 96 72 (50-86)
Primary GBM?-21:25.28,34,47-51,86 1837 121 7 (4-21)
Pediatric GBM?&27:3551 85 9 11 (0-16)




The reported rates of IDH1 mutation in low-
grade gliomas (LGG) are comparable with those
of sGBMs, ranging from 59% to 100% in diffuse
astrocytomas, 67% to 93% in oligodendroglio-
mas, and 50% to 100% in oligoastrocytomas.
WHO grade Ill tumors seem to share a similar
rate of IDH1 mutations (0%-100% in anaplastic
astrocytomas, 49%-86% in anaplastic oligoden-
drogliomas, and 63%-100% in anaplastic oligo-
astrocytomas); however, when calculated and
compared across numerous series, they seem
to have a lower overall frequency (see
Table 1)_8,16,18,21,23,25,26,28,30,31,35,47,48,51—53 The
ubiquitous nature of the mutation across histo-
logic grades and traditionally dichotomized tumor
groups (eg, oligodendroglial and astrocytic
tumors) separated it from previously described
genetic alterations and sparked great interest in
elucidating its role in tumorigenesis and its value
as a prognostic marker.

PUTATIVE ROLE OF IDH1 MUTATIONS IN
GLIOMAGENESIS

It was initially thought that the loss of IDH1 enzy-
matic ability and subsequent decreased produc-
tion of o-KG was a form of dominant negative
activity and the driving force behind this muta-
tion’s oncogenic properties. Indeed, a-KG has
critical ancillary roles aside from those of metabo-
lism, as it is required by prolyl hydroxylases (PHD),
enzymes that aid in the degradation of hypoxia
induced factor-1a (HIF-1a). HIF-1a in turn serves
as a key modulator of the transcription factor
HIF-1, which is responsible for expressing genes
implicated in tumor progression (eg, glucose
metabolism, angiogenesis, and invasion) in re-
sponse to low oxygen levels.?* It seemed plausible
that the loss of a-KG, resulting in the destabiliza-
tion of PHDs and the accumulation of HIF-1a,
could result in tumorigenesis as is seen in 2 other
metabolic enzymes that have been found to serve
as oncogenes: succinate dehydrogenase and
fumarate hydratase.5® Although initial work re-
ported elevated levels of HIF-1o in IDH1 mutant
tumors,® subsequent studies involving genome
array, immunohistochemical, and fluorodeoxyglu-
cose positron emission tomography analyses did
not find significantly elevated levels of HIF-1a in
IDH1 mutated gliomas.2331:56 Moreover, because
the tumors associated with the loss of succinate
dehydrogenase and fumarate hydratase are
vascular because of the activated angiogenesis
pathways, the lack of vascularity in IDH1-
mutated LGG (tumors most frequently carrying
the mutation) further argues against this as an
underlying mechanism in their gliomagenesis.®’

IDH Mutations in Human Glioma

Other biochemical arguments against the role of
reduced a-KG in gliomagenesis stem from the
reasoning that a significant percentage of IDH1
molecules would need to exist as heterodimers
in order for this mutation to exert dominant nega-
tive activity in vivo. A study by Jin and colleagues®®
demonstrated that although IDH1 R132 mutants
have equal binding affinity for IDH1 wt proteins,
IDH2 R172 mutants (which exhibit the same clin-
ical and molecular profiles as IDH1 mutants)
have little affinity for their IDH2-wt counterparts.
This finding is supported by other studies that
have shown that IDH1/2 containing glioma do
not have significantly reduced levels of a-KG.42:%°

Notwithstanding the controversial role of dimin-
ished oxidative decarboxylation of isocitrate to
a-KG, IDH1/2 mutants do gain a neomorphic ability
to convert a-KG to D-2-hydroxyglutarate (2-HG).
This ability is likely secondary to the newly devel-
oped high affinity for NADPH by the R132/R172
mutant enzyme, which changes the equilibrium of
the active site state to kinetically allow, and even
favor, the conversion of a-KG to 2-HG.#? Assays
of 2-HG have shown increases in its concentration
from 100- to 300-fold in glioma cells harboring
IDH1 mutations.*?®%6" Furthermore, the addition
of 2-HG alone into glioma cells has been shown
to decrease proliferation without inducing apo-
ptosis as was found in IDH1 R132 mutant cells®;
the addition of this metabolite also induced global
metabolic changes in IDH1-wt glioma on metabo-
lomic analysis, akin to those found in IDH1-
R132H expressing cells.®? The existence of a highly
conserved mutation site without complete inacti-
vation of the gene product, combined with data
showing that the knockdown of IDH1-wt does not
produce downstream changes shared by 2-HG-in-
jected or IDH1-R132 mutant glioma, gives further
credence to the idea that the isocitrate dehydroge-
nase gene serves as an oncogene with gain of
function through its mutation.6-57:62

The notion that 2-HG may serve as an onco-
genic metabolite in IDH1/2 mutated gliomas was
appealing given the existence of congenital condi-
tions, such as L-2HG aciduria whereby germ-line
mutations of IDH result in the accumulation of
the L-enantiomer of 2-HG, with some of these
patients developing malignant brain tumors.®%64
However, brain tumors are not found in the form of
2-HG aciduria that accumulates the D-enantiomer,
although some suggest that because it is the
more clinically severe form, these patients may
not live long enough to develop intracranial
neoplasms.?®6® There is some evidence that the
accumulation of 2-HG in cells may lead to epige-
netic alterations because high levels of 2-HG
have been shown to reduce the activity of histone
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demethylases and Translocated in liposarcoma,
Ewing’s sarcoma and TATA-binding protein-asso-
ciated factor 15 (TET) 5-methylcyosine hydroxy-
lases, which are 2 enzymes that have recently
been implicated in the epigenetic control of gene
transcription, although the exact mechanism is
unclear.®° Further studies are required to resolve
the role of 2-HG in gliomagenesis.

IDH1 MUTATIONS AND OTHER GLIOMA-
ASSOCIATED GENETIC CHARACTERISTICS

With mounting evidence that IDH1 mutations in
glioma are associated with favorable molecular
profiles and clinical outcomes, many studies
began reporting on its association with other
known significant genetic aberrations in human
brain tumors. Traditionally, O%-methylguanine-
DNA methyltransferase (MGMT) promoter methyl-
ation, TP53 mutation, and deletions of 1p19q have
been associated with improved outcomes in
patients with glial tumors.6’%° IDH1 mutations
were found to be strongly associated with 1p19q
codeletions in numerous studies,8-22-24,28,32,70
although a few others did not find any significant
relationship between the two.%'* Most of the pub-
lished work to date regarding the association
between these two genetic phenomena have indi-
cated a high incidence of co-occurrence, with
reported rates of 90% to 100% of IDH mutations
in gliomas that have 1p19q deletions.?>?® The
correlation between TP53 and IDH1 mutations is
not as robust®11:141528. however, the trend of
evidence does suggest a high rate of simultaneous
mutations in gliomas that have been studied to
date.’0.19.23,24,31,35,48 \|GMT promoter methyla-
tion was similarly found to be associated with
IDH1 mutation in numerous studies,0-15:28,29,31,32
although others did not find any significant
relationship.30:71:72

The overwhelming presence of IDH1 mutations
with 1p19q deletion and TP53 mutation, 2 events
that have been classically dichotomized with
distinct histologic and molecular groups, namely
oligodendroglial and astrocytic tumors, alluded
to an early genetic event that occurred before
the differentiation of neural progenitor cells into
these various tissue types. In the case of recurrent
gliomas whereby multiple biopsies were taken,
investigators were able to discern the presence
of these genetic events in temporal sequence. In
many cases, IDH1 mutations were found to be
simultaneously present with TP53 mutations or
1p19q deletions, whereas in others, IDH1 muta-
tions preceded them. In no case did TP53 muta-
tions or 1p19q deletions precede the mutation of
IDH1, indicating that this was indeed an early

event in the development of glioma.?%3%7° Wata-
nabe and colleagues?® analyzed a series of glioma
from patients with Li-Fraumeni syndrome, who on
account of their disease have germ-line TP53
mutations, and found that 71% of their patients
had an IDH1 mutation. Of note, 100% of these
mutations were R132C substitutions, a rarer form
of mutation (3.6%-4.6%) compared with R132H
(~90%),"2 suggesting that this mutation may be
the favored gliomagenic pathway in patients with
preexisting mutations of TP53.2° These findings
indicate that although there seems to be a predi-
lection for IDH1 mutations to be an early step in
the formation of glioma, it is not the exclusive
pathway in IDH1 mutation based gliomagenesis.

In addition to isolated changes in chromosome
copy and gene mutations, some studies have
investigated the relationship between IDH1 muta-
tions and glioma genetics on a genome level.
Recently, there has been mounting interest in
chromosome methylation profiles of individual
neoplasms. The cancer genome atlas project first
identified DNA methylation, primary sequence,
copy number, and gene expression changes char-
acteristic of GBM tumors in 2008.”® Noushmehr
and colleagues” analyzed more than 200 gliomas
for their glioma-CpG island methylator phenotype
(G-CIMP) to ascertain if there was any relationship
between IDH1 mutations and overall DNA methyl-
ation profiles. They found a tight association
between G-CIMP with IDH1-mutation-containing
tumors (18/23; 78%), whereas all 184 G-CIMP-
negative tumors were IDH1-wt. They analyzed an
additional 100 gliomas of all WHO grades and
independently confirmed the strong relationship
between IDH1-mutant tumors and G-CIMP
(35/48; 72.9%). Similarly, Christensen and col-
leagues'® clustered gliomas into separate groups
based on their methylation status and found that
only 2 distinct methylation classes had IDH1 or
IDH2 mutants and that more than 98% of the
tumors in these 2 classes possessed the mutation.
Moreover, these methylation profiles were stable
across the evolution of the tumor into more
malignant grades, suggesting that these changes
occurred early during gliomagenesis,”® giving
further credence to the idea that the mutation of
IDH1 may have a role in the epigenetic modulation
of gene expression.

Other cluster analyses based on overall gene
expression have found that a high percentage of
IDH1-mutants were associated with a proneural
gene expression profile, a genetic gestalt that
is commonly associated with younger age and
improved prognosis compared with other ex-
pression constitutions (mesenchymal, neural,
and classical).”*"® Finally, recent reports have



described the association between IDH1 mutation
and internexin-a, a proneural gene encoding a neu-
rofilament interacting protein that has previously
been shown to be tightly related to 1p19q codele-
tions and a predictor of favorable outcomes in
anaplastic oligoastrocytomas and anaplastic
oligodendrogliomas.””"® Further studies will likely
help add to the list of IDH1 mutation-associated
genetic changes that interact in the oncogenesis
of these unique tumors.

ROLE OF IDH1 MUTATION IN PROGNOSIS
AND RESPONSE TO TREATMENT IN HUMAN
GLIOMA

Since the publication of the first report on improved
survival in patients with GBM with IDH1 mutations
(45.6 vs 13.2 months in IDH1-mutations vs IDH1-
wt respectively) by Parsons and colleagues,®
numerous groups have been able to replicate
similar findings.?18:22,24,28,31,32,34,35 | addition to
improved OS, Sanson and colleagues®® were
able to demonstrate improved progression free
survival (PFS) as well in their set of patients with
GBM, with 55 months PFS in patients with IDH1
mutation versus 8.8 months PFS in those without
it. The analysis was extended to anaplastic (WHO
grade lll) tumors because many groups were
readily able to show an improved OS in grade IlI
tumors that harbored the IDH mutation compared
with those that did not in both univariate'® and
multivariate analyses.?228:32 |n a prospective anal-
ysis, Wick and colleagues®* found that grade IlI
astrocytomas that possessed the IDH1 mutation
were associated with greater PFS regardless of
the treatment arm and conferred a stronger risk
reduction than any other factor in multivariate
analysis, including histology.

The evidence for LGG and the prognostic value
of IDH1 mutations is slightly more controversial.
Two independent groups found that IDH1 muta-
tions in LGG were associated with significantly
improved 0S,""2® whereas others could not find
any significant association.®7° Weller and col-
leagues®® found improved PFS with IDH1 mutation
in univariate and multivariate analyses but no
significant improvement in OS in multivariate
analysis.

It is still unclear if IDH1 mutational status is
a prognostic indicator or a predictive measure of
response to treatment. Houillier and colleagues'”
stratified a cohort of LGG into 3 groups based on
prognostic factors based on the presence of
1p19q deletion, IDH1 mutation, or both together.
They found that each of these factors was an inde-
pendent predictor of improved clinical outcome in
response to treatment with the chemotherapeutic

IDH Mutations in Human Glioma

agent temozolomide and that the group of patients
with both mutations had the best treatment
response (objective response in 80% with both
mutations, 61% of IDH1-mutants without 1p19q
deletion, 17% without either mutation). In a similar
fashion, Hartman and colleagues' found that in
their cohort of patients that received adjuvant
therapies, IDH1 mutation status was the single
most important predictor of PFS and OS; this
was not seen in their cohort of patients that did
not receive adjuvant therapy. These findings
support the notion that IDH1 mutations may be
an important predictor to treatment response.
However, van de Bent and colleagues® reported
that improved prognosis was found regardless of
adjuvant therapy when investigating IDH1-mutant
glioma in response to procarbazine (Matulane), lo-
mustine (CCNU), and vincristine (Oncovin) chemo-
therapy. Future studies are necessary to better
determine the prognostic versus predictive role
of IDH1 status in human glioma.

DETECTION OF IDH1 MUTATIONS

There are 6 amino acid base pair substitutions at
R132 of IDH1 that have been identified to date
in human glioma: R132H (88.2%-92.7%), R132C
(8.6%-4.6%), R132L (0.4%-4.3%), R132 G
(0.6%-3.8%), R132S (0.8%-2.5%), and R132P
(0.4%).8912,16.2526.35 The dentity of the amino
acid does not seem to have any bearing on the
function of the mutant enzyme as long as the
arginine is replaced.® The R132C substitution has
been found in greater frequency in astrocy-
tomas'®'® and gliomas associated with Li-
Fraumeni syndrome, which were diffuse and
anaplastic astrocytomas.?® Recently Pusch and
colleagues** identified 3 cases of R100Q substitu-
tions within the IDH1 gene. In line with the preex-
isting dogma that it was the conformational
alteration of the IDH1 protein that allowed neomor-
phic enzymatic activity, R100 is within the active
site involved in binding isocitrate. Regardless of
the location of the amino acid substituted, each
of the identified IDH1 mutations seems to share
the same molecular and clinical properties.

Given the increasing importance of IDH1 muta-
tion status in glioma research, there has been
considerable effort to develop novel ways to
quickly and reliably detect this mutation in tissue
specimens. Traditionally, and in most of the litera-
ture to date, IDH1 status was detected through
traditional Sanger sequencing and polymerase
chain reaction (PCR). Although this has the clear
advantage of being able to detect non-R132H
mutations, it is time consuming and requires there
to be at least 20% mutant allele frequency within
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the tissue specimen for reliable detection.%’
Pyrosequencing is an alternative to traditional
sequencing that allows for rapid high-throughput
analysis of IDH1 mutations. This method has
been recently used to detect IDH1 mutations in
gliomas and demonstrated an advantage over
classic Sanger sequencing in that it can detect
mutated allele frequencies down to 5%.7":7°

Derived cleaved amplified polymorphic se-
quence analysis is another alternative to DNA
sequencing that uses mismatched primers for
specific mutations, which, following PCR amplifi-
cation, will create differing restriction endonu-
clease sites depending on the presence of the
mutation.8° The advantage of the technique is
that it uses supplies commonly found in most labo-
ratories, obviating expensive sequencing equip-
ment. However, unlike sequencing, the method is
limited in that it can only detect mutations being
queried. Other PCR-based techniques include
coamplification at lower temperature (COLD)
PCR with high-resolution melting (HRM) and real-
time PCR and post-PCR fluorescent melting curve
analysis (FMCA). Through COLD PCR combined
with HRM, Boisselier and colleagues®' were able
to detect mutant allele concentrations of 0.25%
in a span of only 3 hours. However, because the
technique requires the new mutation to have
a T, that is lower than IDH1-wt, it theoretically
may not be able to detect R132 G mutations.
Real-time PCR with post-PCR FMCA was shown
by Horbinski and colleagues®? to be more sensi-
tive than Sanger sequencing with detection rates
of as little as 10% mutant DNA and a processing
time of 80 minutes.

A monoclonal antibody to detect IDH1-R132H
mutations (MIDH1R132H) was developed with
a reported sensitivity and specificity of 94% and
100%, respectively.*”->® Other antibodies for
R132H followed, including IMab-18% and DIA-
H09,"® with one report indicating that DIA-HO9
was superior to IMab-1 in that it was generally
crisper with better signal-to-noise ratio.®* Propo-
nents of immunohistochemistry-based antibody
staining argue that the use of these antibodies to
identify IDH1 mutations may even be superior to
direct sequencing because there are reported
cases in which these antibodies detect mutations
missed by direct sequencing, likely because of
poor tissue preservation of samples.'>3° Their
ability to detect even single IDH-mutant-
containing tumor cells and distinguish them from
non-neoplastic brain tissue or tissue contami-
nants, such as reactive gliosis, radiation necrosis,
hemorrhage, and brain tumors with known
absence of IDH-mutations (in addition to the tech-
nical simplicity of this method), make it a favorable

alternative for clinical use.?38%8  However,

because the antibodies are mutation specific, it
can be expected that those designed to bind
R132H will fail to detect IDH1 mutants approxi-
mately 10% of the time. Moreover, lkota and
colleagues®® found that these antibodies may
sometimes give false positives by staining antimi-
tochondrial antibodies in the cytoplasm of certain
cells, so microscopic interpretation should be
done with caution to ensure that the antibody
stains both the nucleus and the cytoplasm.
Although there are other available antibodies to
detect the less frequent mutations (eg, R132S),%”
current immunohistochemistry techniques may
need to be complemented by other detection
techniques to increase their sensitivity to 100%.%°

IDH MUTATIONS IN OTHER BRAIN TUMORS

Multiple studies have reported the rate of IDH1
mutations in tumors other than glioma. In regard
to central nervous system (CNS) tumors, IDH1
mutations do seem to favor glial tumors because
the highest frequencies of mutations are found
in astrocytic and oligodendroglial tumors of
WHO grades I, lll, and IV, as mentioned previ-
ously. Juvenile pilocytic astrocytomas do not
seem to fall under the predilection of IDH1 muta-
tions because there have been no reports of this
gene mutation in this tumor type to date.'®21.3%
This finding suggests that despite their glial origin,
these tumors arise from a distinct mechanism
than other gliomas. Other CNS tumors that
conspicuously lack IDH1 mutations include
medulloblastomas,® 835 dysembryoplastic neu-
roepithelial ~ tumors,'®5153  schwannomas,'®
meningiomas,®'5%8¢  pleomorphic xanthoastro-
cytomas,®3551.71 subependymal giant cell astro-
cytomas,®3%°" and ependymomas.®18:25:35

IDH1 mutations have been found with moderate
frequency within gangliogliomas, and have been
shown to confer a poorer prognosis in these
patients. In a large-scale multi-institutional analysis
of 98 gangliogliomas, Horbinski and colleagues*®
found that 8.2% (8/98) of the gangliogliomas
harbored the R132H IDH1 mutation, and that these
patients were older (46.1 vs 25.5 years of age), had
greater risks of adverse outcomes (high-grade
transformation or death), and shorter recurrence-
free survival. On multivariate analysis, the presence
of the IDH1 mutation was found to be the most
powerful risk factor after age.

Pediatric gliomas have been reported to
possess IDH mutations less frequently than their
adult counterparts.”'® However, when analyzed
across numerous studies, they seem to have
a frequency comparable to primary GBM in adults



(see Table 1).827:3%51 Although they too are asso-
ciated with older age,®®° they seem to have
increased PFS and OS?” when compared with
patients possessing IDH-wt tumors. This finding
was highlighted in a study by Pollack and
colleagues?” whereby 100% of their IDH muta-
tions were in children aged older than 14 years
(7/20, 35%), whereas none of their patients aged
younger than 14 years were positive for the muta-
tion. Given the paucity of studies, further reports
will be needed before the exact frequency and
prognostic value of IDH1 mutations in the pediatric
population can be determined.

SUMMARY

The discovery of IDH1/2 mutations in gliomas was
arguably one of the most significant break-
throughs in our understanding of the oncogenesis
and classification of gliomas in the past decade.
The presence of the mutation in both astrocytic
and oligodendroglial tumor types suggests that it
is an early event in the pathogenesis of brain
tumors and has added novel insight in the way
we view gliomas and their origins. Its value as
a molecular prognosticator is becoming increas-
ingly evident as more and more studies are pub-
lished regarding its value in the clinical setting.
Its ability to serve as a marker for improved clinical
outcome over traditional measures, such as tumor
grade and histopathology, has caused some to
suggest it be added to the next addition of the
WHO tumor classification scheme.'® The use
of IDH1 status to predict clinical outcome, aid
diagnosis in histopathology, and illuminate the
mechanisms underlying oncogenesis have been
invaluable steps in glioma research to date. Future
research will need to continue exploring these
avenues to help further our understanding of this
novel mutation and aid the development of novel
therapies to target brain tumors that harbor it.
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KEY POINTS

o Glioblastoma multiforme has a proclivity for widespread invasion and destruction of healthy paren-
chyma, displaying a poor outcome despite aggressive conventional treatment.

e Immunotherapy offers the potential to selectively target tumor cells, thereby decreasing collateral
damage to normal brain.

e Passive immunotherapy includes administration of monoclonal antibodies and the adoptive transfer
of lymphocyte-activated kKiller cells or cytotoxic T lymphocytes.

e Although many clinical trials have demonstrated promising results, further prospective randomized
studies will be necessary to validate the effects of various passive immunotherapeutic approaches.

Malignant gliomas are the most common primary
intracranial tumor, with a proclivity for widespread
invasion and rampant destruction of healthy paren-
chyma. This infiltrative process affords high-grade
gliomas protection from traditional therapies and
subjects the adjacent normal tissue to potential
damage from nonspecific treatment modalities.’?
Immunotherapies involving antibodies or sensitized
effector cells can offer selective targeting of protein-
carbohydrate complexes ontumor cell surfaces that
distinguish neoplastic from noncancerous cells.'-
Consequently, the treatment of malignant gliomas

may be enhanced not only by increased specificity
for tumor tissue but also from decreased toxicity
to the host’s healthy cells.! This review focuses on
published findings from the use of passive immuno-
therapy for the treatment of high-grade gliomas,
particularly glioblastoma multiforme (GBM).

PASSIVE IMMUNOTHERAPY

Passive immunotherapy can be broadly catego-
rized into 2 treatment approaches: one that relies
on the administration of antibodies that may
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further be coupled to a toxic counterpart molecule
or one involving the adoptive transfer of an acti-
vated immune cell effector component to act
against a neoplasm in the host. For cellular the-
rapy, the most common types have included
the adoptive transfer of nonspecifically activated
lymphocyte-activated killer (LAK) cells or specifi-
cally sensitized cytotoxic T lymphocytes (CTLs).*®
In adoptive immunotherapy (AIT), patients’ native
immune cells are extracted and then activated
ex vivo to increase antitumor activity. These cells
are then reinfused back into the patients either
intravenously or directly placed into the tumor
resection cavity. Another technique of passive
immunotherapy involves monoclonal antibodies
(mAbs). Antibody-mediated immunotherapy uses
mAbs to induce lymphocyte recruitment and
complement system activation, thereby resulting
in tumor cytotoxicity. In addition, radiolabeled
antibodies may deliver localized radiation to the
target-specific neoplastic tissue, with subsequent
induction of cell death.

AIT: LAK CELLS

LAK cells are nonspecific effector cells that are
derived from peripheral blood mononuclear cells
(PBMC) and activated ex vivo with high-concentra-
tion interleukin 2 (IL-2) (T-cell growth factor) to
induce antitumor properties.®='° [L-2 is an endoge-
nously produced cytokine that aids in the host’s
natural immune system and is available in recombi-
nant form to facilitate LAK cell generation.®~'" The
LAK cell’s cytolytic properties against numerous
tumor types have been demonstrated in various
models, with the enhanced capability of destroying
natural killer (NK) cell-resistant malignant gliomas
and sparing of normal parenchyma.®18-26 Further-
more, it has been suggested that the use of IL-2/
LAK cell immunotherapy may possess preventative
properties against metastasis and recurrence of
disease because intraventricular administration
can induce a systemic response.? Yet, given the
high toxicity of intravenous IL-2, local administra-
tion of this cytokine has been adopted for an
increased therapeutic response and decreased
morbidity.8272° |n addition, LAK cells are unable
to migrate to tumor sites, necessitating local thera-
peutic administration at the surgical resection
cavity.%° However, LAK AIT has remained limited,
in part, by the need for leukapheresis to obtain
significantly therapeutic numbers of LAK cells,
a costly process that may inhibit its use for many
patients with GBM.

Nevertheless, 12 trialg®2526:29.31-38 jncluding
211 patients (170 GBM) have been reported using
LAK cell AIT for the treatment of recurrent high-

grade gliomas. Although historically disappointing,
more recent findings have demonstrated improve-
ment in median survival for patients with GBM
compared with control groups.?®

In most studies, patients were included at the
time of relapse and received 1 to 15 injections,
containing 108 to 10'° injected LAK cells. Adverse
effects included neurologic toxicity, cerebral ede-
ma, aseptic meningitis, and hypereosinophlia.”-3°
However, the local presence of eosinophils has
been positively correlated with long-term survival
and may be an indicator of treatment response.®

Efficacy was typically reported based on radio-
logical criteria, demonstrating 5 complete res-
ponses (CR), 13 partial responses (PR), and 6
stable diseases (SD) in a total of 118 patients.%®
Of the data exclusive to 88 GBM patients, the inves-
tigators reported 3 CR (3.4%), 8 PR (11.0%), and 6
SD (6.8%). However, these figures do not include
the beneficial results observed in the two most
recent studies that included 73 patients with
GBM.?531 |n the most promising of studies, Dillman
and colleagues?®® reported results of their phase |I
clinical trial demonstrating a 20.5-month median
survival and 75% 1-year survival rate in 40 patients
with GBM treated with intralesional autologous LAK
cells; this has been the only report thus far investi-
gating patients with newly diagnosed GBM treated
with LAK cells. In addition, patients who received
higher doses of CD3+/CD16+/CD56+ (T-NK) cells
were found to have an increased survival advan-
tage compared with those with lower T-NK cell
counts that presumably resulted from steroid use
during the month before leukapheresis. Given these
findings, the investigators conducted a 2-arm,
randomized phase |l trial using either intralesional
LAK cells or carmustine (Gliadel) wafers, follow-
ing standard treatment with surgical resection
and radio- and chemotherapy with temozolomide.
Results of this study are currently pending
publication.

Additionally, 3 other trials have also demon-
strated improved median survival for patients with
GBM compared with control groups. In a study
preceding this last one, Dilman and colleagues®"
reported findings of 31 patients with recurrent
GBM tumors, surviving a median time of 17.5
months from the date of the original diagnosis,
compared with 13.6 months for a control group.
Hayes and colleagues®® reported results of 19 total
patients with recurrent malignant gliomas, demon-
strating a median survival for 15 cases of GBM of
53 weeks after reoperation versus 25.5 weeks for
patients treated with conventional therapy alone.
In a subsequent report, Hayes and colleagues® pre-
sented results of 15 patients with recurrent GBM
(28 total cases of recurrent malignant gliomas)



improving median survival with similar findings as
reported in their previous study.

However, findings from various other clinical trials
using LAK cell immunotherapy have not indicated
successful in vivo antitumor efficacy. In a study with
10 patients with recurrent malignant primary brain
tumors (4 GBM), Sankhla and colleagues® reported
no improvement in overall survival compared with
patients receiving standard treatments, although
partial and transient clinical responses were seen in
2 patients with grade Il to Ill astrocytomas. Similarly,
Jeffes and colleagues®® failed to identify any signifi-
cant relationship between clinical improvement and
radiological response in 19 patients with recurrent
gliomas, 14 of which had GBM. Merchant and
colleagues. reported findings of 13 patients with
recurrent GBM resulting in a median survival of less
than 6 months and a 16% 60-day postoperative
mortality.?53® Barba and colleagues®” discussed
findings for 9 patients in which 5 experienced signifi-
cant toxicity and more than half were deceased
within 4 months, with a 33% 60-day postoperative
mortality. Similarly, Lillehei and colleagues?® evalu-
ated 11 patients with recurrent high-grade gliomas
(9 GBM) and reported a median survival of less
than 5 months following LAK cell therapy. Morbidity
related to vascular leak syndrome caused by high-
dose IL-2 was of considerable concern.

Given the findings that responders were noted
more so in patients with lower-grade glioma and
that there is now a precedent for treating patients
with GBM earlier, additional prospective random-
ized trials will be necessary to fully elucidate the
therapeutic potential of nonspecifically activated
LAK cells in the management of patients with GBM.

AIT: CTL

Unlike LAK cells, AIT using CTL is advantageous
because of its ability to migrate to target-specific
antigens following administration. Furthermore, a
T-cell subset has the capability to persist as
memory cells, allowing for an extended period of
antitumor response.*® CTLs are most commonly
generated by antigenic stimulation of PBMCs with
autologous inactivated tumor cells (ATC).394142
This strong ex vivo priming of T cells overcomes
the weak in vivo T-cell immune response to endog-
enous tumor-antigen stimulation.*® Furthermore,
CTLs can be expanded ex vivo to increase the
numbers of effector T cells for adoptive transfer,
compared with active immunotherapy relying on
in situ or endogenous immune cell expansion.**
Various other methods of CTL generation have
also been investigated, including the use of autolo-
gous HLA-displaying lymphocytes for allogeneic
CTL stimulation.*® In addition, CTL extraction from

Passive Immunotherapy for Gliomas

tumor-infiltrating lymphocytes (TIL) following IL-2
amplification, as well as lymphocyte collection
from lymph nodes/PBMCs following stimulation
with granulocyte-macrophage colony-stimulating
factor and irradiated ATCs, have all been examined
as sufficient means of collecting adequate quanti-
ties of T cells.*>%° However, the lymphocytes ob-
tained from these tumor-draining lymph nodes are
pre-effector cells. As such, in vitro activation of
the antitumor functions of these cells, in addition
to the expansion of cells sensitized in situ, is
required before their reinjection.®"

To date, 4 phase | trials examining CTLs gener-
ated from PBMCs3%4143 and 1 pilot study using
TILs*® (Fig. 1) have been reported in the literature,
investigating intracranial administration in a total of
30 patients with high-grade gliomas (19 GBM). A
combined approach using strategies from both
active and passive immunotherapy was examined
in 3 phase 16748 and 2 pilot studies*®° in which
CTLs of 62 patients (49 GBM) were extracted
from lymph nodes or PBMCs after intradermal
vaccination and reinjected either intravenously or
by intracarotid infusion. In contrast to passive
immunotherapy, active immunotherapeutic strate-
gies attempt to sensitize the immune system using
tumor-associated antigen vaccinations to activate
endogenous tumor-specific T cells. Of these 10
total CTL immunotherapy clinical trials, patients
received between 1 and 13 injections of CTL cells,
ranging from 3 x 107 to 10 x 10'° cells,” and there
were no grade llI/IV adverse events.

Clinical trials using CTL AIT for the treatment of
high-grade gliomas in a total of 92 patients (68
GBM) have resulted in 3 CR, 27 PR, and 16
SD.4%52 However, of the data exclusively with 52
patients with GBM, the investigators reported 11
PR (21.2%) and 4 SD (7.7%). Although Sloan and
colleagues®® did not distinguish between tumor
grades when reporting immunotherapeutic res-
ponses for their 19 patients (16 GBM), a favorable
total of 1 CR (56.3%), 7 PR (36.8%), and 9 SD
(47.4%) were documented for all of their patients.

Although a few studies demonstrated a survival
benefit, many of these small phase | or I/ll trials
were not clinically designed or supported to effec-
tively analyze survival outcomes against a control
group.” Sloan and colleagues®® reported an im-
proved median survival of 12 months after tumor
recurrence compared with 6 months for their
historical controls. In addition, they demonstrated
a correlation between increased survival with ra-
diological response and a positive delayed-type
hypersensitivity reaction. Likewise, Wood and col-
leagues*® described a positive association bet-
ween the concentration of CD8+ T cells in
vaccine injections and clinical response. In their
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Fig. 1. A protocol for AIT using tumor-infiltrating lymphocytes in a patient with melanoma. A similar protocol
may be used for patients with GBM, with adoptive transfer of CTLs directly into the tumor resection cavity.
ACT, adoptive cell transfer; ELISA, enzyme-linked immunosorbent assay; IFN, interferon. (From Gattinoni L, Powell
DJ Jr, Rosenberg SA, et al. Adoptive immunotherapy for cancer: building on success. Nat Rev Immunol
2006;6(5):383-93; This figure was reproduced with the kind permission of the Nature Publishing Group.)

study using autologous TIL, Quattrocchi and
colleagues*® suggested that the immunothera-
peutic benefits of AIT may be patient-dependent
because their case of complete response revealed
a unique population of CD8+CD56+ cells. Kita-
hara and colleagues*' found 1 of 4 patients with
GBM to display a PR. Kruse and colleagues*®
found that 3 of 3 patients with World Health Orga-
nization grade Ill recurrent glioma demonstrated
a long-term response, but no response was dis-
played by the 3 patients with GBM treated with in-
tratumoral alloreactive CTL. The 12 patients with
GBM treated by Holladay and colleagues*® showed
no responders; however, there was a significant
relationship between adoptive T-cell immuno-
therapy and delayed recurrence of gliomas. Plautz
and colleagues*” reported on the limited efficacy
of CTL immunotherapy; only 2 of 9 patients with

GBM demonstrated partial tumor regression. In
a subsequent study, they identified only 1 of 6
patients with GBM to display a PR.*° Similarly,
Wood and colleagues®® reported findings in 6
patients with recurrent GBM in which only 1 dis-
played partial transient decreased tumor growth.

Genetic Modulation of Adoptive T Cells

Ngo and colleagues suggested that the inability of
AIT to produce more consistently promising
results may be caused by functionally variable
strengths of transferred cells and the proclivity of
solid tumors to evade the human immune system
by various techniques (Fig. 2).5® Passive down-
regulation of major histocompatibility complex
(MHC) or costimulatory molecules conceal tumors
from T-cell targeting, whereas active expression of
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Fig. 2. Various mechanisms of (A) immune system evasion: (1) HLA down-regulation, (2) costimulation suppression,
(3) homing signal suppression, (4) activation of Treg and Th2 subsets, (5) production of immunosuppressive cyto-
kines, and (6) upregulation of inhibitory ligands; and (B) genetic modulations to counter the glioma microenviron-
ment: (1) transgenic TCRs or CARs, (2) intrinsic costimulatory signals, (3) upregulation of homing signals, (4)
production of transgenic cytokines, (5) dominant-negative receptors, and (6) depression of negative inhibition.
CARs, chimeric antigen receptors; TCR, T-cell receptors; Th2, T helper type 2; Treg, T regulatory. (From Ngo MC,
Rooney CM, Howard JM, et al. Ex vivo gene transfer for improved adoptive immunotherapy of cancer. Hum Mol
Genet 2011;20(R1):R93-9. This figure was reproduced with the kind permission of Oxford University Press.)

inhibitory ligands and secretions allow for tumor Genetically modified CTLs may possess im-
escape from immune surveillance.’* Furthermore, proved antitumor efficacy by their ability to counter
it may also be necessary to target brain tumor the glioma’s immunosuppressive microenviron-
stem cells that display unique antigens. ment.53 Specifically, augmentation with transgenic
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T-cell receptors (TCRs) or chimeric antigen recep-
tors (CARs) may facilitate increased quantities of
tumor-specific T cells with a decreased reliance
on tumor cell MHC expression. Morgan and col-
leagues®® genetically engineered autologous T cells
with a retroviral vector to display TCRs targeting the
melanoma antigen recognized by T-cells (MART-1)
melanoma antigen. Lymphocyte presence was de-
tected up to a year following infusion, and tumor
regression was documented in 4 of the 31 patients
treated. However, because TCRs are limited in their
function to MHC-matched tumors that have not yet
evolved downregulation of their human leukocyte
antigens (HLA), CARs may offer an alternative solu-
tion. These non-HLA-restricted synthetic receptors
allow for targeted specificity without the disadvan-
tage of dimerization with endogenous TCRs that
may lead to loss of function in transgenic TCRs.
CARs confer the added benefits of antigen recogni-
tion within a spectrum of posttranslational modifi-
cations,®® with an increased binding affinity and
a more stable immunologic synapse than those
created by TCRs.5” A phase /Il clinical trial investi-
gating the effects of cytomegalovirus-specific CTLs
expressing CARs targeting human epidermal
growth factor receptor 2 (HER-2) in patients with
GBM is currently underway, which may have the
potential of destroying HER-2—positive CD133+
glioma cells.®® However, concerns may arise from
the potential binding to low-avidity off-target anti-
gens®® and adverse effects from supraphysiologic
signaling activation induced by on-target cytokine
expression.®3 Consequently, various safety mecha-
nisms have been considered. For instance, suicide
genes, such as the herpes simplex viral thymidine
kinase gene or the inducible caspase 9 transgene
(iCaspase9), are being incorporated to provide for
their elimination should serious adverse reactions
occur.6081

Other genetic modifications to TCRs have also
been postulated. Receptors specific for tumor-
secreted chemokines may enhance T-cell homing
to optimal tumor-specific sites.?® Furthermore, T
cells may be modified for transgenic expression
of activating cytokines, such as IL-2 and IL-15.
This action frees lymphocyte reliance on endoge-
nous costimulatory factors for the activation and
maintenance of functionality. In preclinical models,
this technique applied in vivo has demonstrated
increased antigen-specific T-cell expansion and
enhanced antitumor activity.®?

Dominant-negative receptors®* and other ge-
netic modifications®® may also be used to enable
T cells to overcome immunosuppressive factors
present in the tumor microenvironment or immuno-
suppressive drug therapies. Transforming growth
factor B (TGFp) is one of the most potent inhibitory

cytokines and TGFB2 is notably upregulated in
patients with GBM.®%6 |n vitro studies and murine
models of TGFB-secreting Epstein-Barr virus—posi-
tive lymphoma have demonstrated T-cell resilience
following the transgenic expression of dominant-
negative TGFB type Il receptors.5” A similar ap-
proach to circumvent the immunosuppressive
effects of IL-10 is also being investigated.®®

Despite the inconclusive results reported in the
literature, adoptive transfer of CTL immunotherapy
may be a promising treatment of GBM, necessi-
tating further prospective trials to elucidate its
potential effects. Studies that combine active im-
munotherapy with passive immunotherapy are
also showing promise.®® Furthermore, genetic
modifications of CTLs may be a worthwhile ap-
proach to optimize the benefits of this technique
for enhanced patient outcomes.

ANTIBODY-MEDIATED IMMUNOTHERAPY

Another passive immunotherapy strategy involves
the use of monoclonal antibodies, which possess
the capability of targeted tumor-antigen specificity
with high binding affinity.”® mAbs may be used
either alone or coupled to radiation-emitting parti-
cles or toxins.” Yet, in order for mAbs immuno-
therapy to be effective, it has been suggested
that GBM cells should display an epitope with
a minimum of 10% surface markers per cell and
maintain a low turnover time. Furthermore, the
antigen should be glioma-associated to prevent
damage to healthy brain parenchyma.”’

Unlabeled Monoclonal Antibodies

The proposed mechanism of action for unlabeled
mAbs involves the combination of several pro-
cesses (Fig. 3). Although one of the major functions
of this immunotherapeutic technique allows for the
opsonization of glioma cells and induction of
antibody-dependent cellular cytotoxicity (ADCC),
mAb binding may also result in cross-linking or
blocking of membrane receptors, with subsequent
modulation of transmembrane molecular pathway
signaling. Such activity may promote further cas-
cades leading to decreased tumor growth and
cellular apoptosis.”>~7* These concepts were sup-
ported by Bleeker and colleagues; they demon-
strated anti-epidermal growth factor receptor
(EGFR) mAb-induced cell death resulting from
a combination of ADCC and a disruption of EGF
signaling.”®

In high-grade gliomas, EGFR is estimated to be
overexpressed or mutated in 40% to 50% of all
tumors.! EGFR activation is thought to induce
cellular proliferation, motility, and increased tumor
cell survival via downstream signaling related
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Fig. 3. Mechanisms of action for unlabeled monoclonal antibodies used in passive immunotherapy for the treat-
ment of GBM. Antigen binding can induce subsequent C1 complement binding, activate antibody-dependent
cellular cytotoxicity, or alter signaling pathways leading to reduced tumor growth or apoptosis. ADCC,
antibody-dependent cellular cytotoxicity. (From Cragg MS, French RR, Glennie MJ. Signaling antibodies in cancer
therapy. Cur Opin Immunol 1999;11(5):541-7; This figure was reproduced with the kind permission of Elsevier.)

to the PI3K/Akt, Ras/Raf/Mek/ERK, and PLC-
gamma/PKC pathways.”® Cetuximab is a mAb that
has been demonstrated to inhibit the conformational
changes necessary for EGFR to dimerize, thus pre-
venting aberrant ligand-independent activation and
signaling.”” Confirmation of cetuximab’s effects
have been suggested by preclinical studies report-
ing GBM growth inhibition and increased
apoptosis.”®7® In a phase /Il trial with 17 patients
with GBM, anti-EGFR mAb therapy demonstrated
a median follow-up of 13 months. The investigators
reported a 6-month progression-free survival (PFS)
of 81%, whereas 87% of the patients were still alive
at 1 year.” Neyns and colleagues® investigated the
effects of cetuximab in 55 patients (Fig. 4) with recur-
rent GBM (28 with EGFR amplification and 27
without), noting evidence of some radiographic
response (3 PR, 16 SD) but no overall improved
outcome in survival. In a phase Il trial combining ce-
tuximab, bevacizumab (vascular endothelial growth
factor [VEGF] inhibitor), and irinotecan (topoisomer-
ase-1 inhibitor) for the treatment of 32 patients with
recurrent GBM, available data for 27 patients
demonstrated 1 CR (3.7%), 8 PR (30.0%), and 5
minor responses (18.5%, defined as 25%-50%
regression and clinical improvement).’

Another promising antigen includes the EGFR
variant Il (EGFRuvIIl) protein.8"®* EGFRuVIIl is
restricted to only cancer cells and has been ex-
pressed in approximately 40% of all GBM cases.
Furthermore, this EGFR mutation confers

constitutively active signaling, resulting in
increased tumor proliferation, invasion, and
apoptotic resistance.8>8 In animal models of
brain tumors, the administration of anti-EGFRvIII
mAbs have resulted in decreased tumor volume
and increased survival.8587-%0 Similarly, intratu-
moral administration of Y10 (mAb to an EGFRVIII
murine homolog) for the treatment of EGFRuvIII-
expressing B16 melanoma increased the median
survival by 286%.%" Despite these promising
preclinical results, there have not yet been any
reports from clinical trials evaluating mAb for
EGFRuvIIl targeting of GBM." However, one phase
| trial of 7 patients with various tumor types,
including one anaplastic astrocytoma, showed
the effects of a chimeric form of mAb 806
(ch806, one of the most tumor-specific EGFRvIII
mADb), to demonstrate excellent target specificity,
no evidence of normal tissue uptake, no significant
toxicity, and stabilization of the patient’s glioma.®?
Furthermore, an EGFRuvlll-targeted dsFv-PE38K-
DEL single fragment chain Pseudomonas exotoxin
construct (MR1-1) is being used in a clinical trial for
the treatment of patients with GBM.&

Other immunotherapeutic targets include the
VEGF receptor. Literature suggests that glioma an-
giogenesis is the manifestation of definitive genetic
mutations resulting in characteristic microvascular
proliferation seen in GBM histopathology.%%4
VEGF plays a role in endothelial cell survival, pro-
liferation, invasion, and migration, which all
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Fig. 4. (A) T1-weighted and (B) T2-weighted axial postcontrast magnetic resonance imaging of a patient with
GBM at baseline and day 23 posttreatment with cetuximab. (From Neyns B, Sadones J, Joosens E, et al. Stratified
phase Il trial of cetuximab in patients with recurrent high-grade glioma. Ann Oncol 2009;20(9):1596-603. This
figure was reproduced with the kind permission of Oxford University Press.)

participate in angiogenesis and tumor progres-
sion.®® GBM have high levels of VEGF compared
with other malignancies; high expression correlates
with poor prognosis.®®®” Accordingly, several
studies have examined the therapeutic value of
antiangiogenic mAbs, particularly bevacizumab,
for GBM treatment.

In 2009, the Food and Drug Administration
(FDA) approved bevacizumab for recurrent GBM
based on its phase Il demonstration of high
treatment response rates and promising clinical
improvements.®® The first use of this therapy
was by Dr Stark-Vance who treated 21 patients
with recurrent GBM; this group documented



a 43% response rate (1 CR, 8 PR).%® Vredenburgh
and colleagues'®® reported the administration of
bevacizumab and irinotecan in 32 recurrent
malignant gliomas (23 GBM) resulting in radio-
graphic responses in 14 patients with GBM
(61% of 23), with a 20-week median PFS and
nearly doubled PFS at 6 months compared with
control groups. However, overall survival was
not significantly improved. These findings were
reaffirmed in a retrospective review of 55 patients
(33 GBM) that also included irinotecan.’®! How-
ever, Fine and colleagues,102 reported results
from a phase Il study of 79 patients with recurrent
GBM treated with bevacizumab alone, establish-
ing a 60% response rate, 30% PFS at 6 months,
and a reduction in toxicity. Given the decreased
adverse events and similar therapeutic effects of
bevacizumab alone compared with other studies
that have included the concurrent administra-
tion of irinotecan, the added benefits of this
topoisomerase-1 inhibitor have been a point of
investigation.

In a study of 167 patients with recurrent GBM
assigned to either bevacizumab alone or in combi-
nation with irinotecan, response rates, PFS at 6
months, and median overall survival were 28%
and 38%, 43% and 50%, and 9.2 months and
8.7 months, respectively.'® However, despite
these statistics, the median overall survival did
not demonstrate clinically substantial improve-
ments.'%4-1% |n a randomized trial by de Groot
and colleagues,®® they demonstrated an improve-
ment in both the response rate and PFS with the
addition of irinotecan, yet the median overall
survival for both groups did not differ from histor-
ical controls. In a study evaluating bevacizumab
alone, then in combination with irinotecan, Kreisl
and colleagues'” reported findings for 48 patients
with recurrent GBM. Median PFS was 16 weeks,
PFS at 6 months was 29%, and median overall
survival was 31 weeks. Similar findings were re-
ported in a recent study regarding outcomes in
225 patients with recurrent high-grade glioma
(176 GBM) treated with bevacizumab alone or in
combination with chemotherapy.’®® In summary,
many investigations have evaluated the potential
of chemotherapeutic agents in conjunction with
bevacizumab, with most demonstrating clinical
outcomes equivalent to those produced by anti-
VEGF monotherapy.100:103,109-112

Although many previous studies have failed to
identify an improvement in overall survival with
the incorporation of bevacizumab to their treat-
ment regimen, other trials have demonstrated
more success.?®100:108,107.110 \/redenburg and
colleagues®® later evaluated 75 patients with newly
diagnosed GBM in a phase |l trial for treatment
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with bevacizumab and irinotecan. Despite mo-
derate toxicity in which 19 patients (25%) had to
withdraw from the study early, results were prom-
ising. Compared with historical controls, this
investigation demonstrated an improvement in
median overall survival (21.2 months) and median
PFS (14.2 months). These findings were similar to
those of Lai and colleagues in which their phase
Il study of bevacizumab in patients with newly
diagnosed GBM demonstrated an improved
median overall survival of 19.6 months.®®''3 The
experience of the University of California, Los An-
geles group with bevacizumab has largely shown
benefit radiographically, thus indicating that it
may replace the need for high-dose steroids. In
addition, a recent study of 14 recurrent high-
grade gliomas (11 GBM) treated with bevacizumab
and irinotecan within the Chinese population
demonstrated an overall response detected within
9 patients with GBM (3 CR, 6PR), a median PFS of
6 months, a PFS at 6 months of 64%, and a median
overall survival of 17 months.'"4

Since its inception, overall radiographic response
and PFS following bevacizumab administration
have achieved improvements up to fourfold greater
than historical controls.'03:107.115-117  Haowever,
given the general lack of improvement to median
overall survival, the true benefits of this antiangio-
genic mAb remain controversial. Wong and
colleagues® conducted a 15-study meta-analysis
of 548 patients with recurrent GBM treated with
bevacizumab. Their efforts demonstrated a 45%
PFS at 6 months, 76% 6-month survival rate, and
a 9.3-month overall survival, with no clear evidence
of a dose-response benefit. Their 84% response
rate included 6% CR, 49% PR, and 29% with SD.
However, it has been suggested that radiological
responses, on which demonstration of antitumor
efficacy has been traditionally based, may repre-
sent the normalization of blood-brain-barrier
function and resultant decreased contrast en-
hancement rather than valid glioma stability or
regression. This concept has been supported by
the findings of Norden and colleagues in which
patients treated with bevacizumab demonstrated
a lack of contrast enhancement, yet still displayed
significant tumor dissemination.’®!1%* This notion
was the basis for which the European Medicines
Agency denied approval for bevacizumab for
recurrent GBM, stating that radiological response
rates may not be the most appropriate measure
of drug efficacy.""® Furthermore, it has been postu-
lated that the use of anti-VEGF treatment may
induce a more invasive lesion with normal vessel
cooption.?®%® Given the continued controversy
regarding the use of bevacizumab and its thera-
peutic benefits, further investigations will be
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necessary to establish the true value of this
approach, with several phase Il trials currently
underway."'® With the recent withdrawal of bevaci-
zumab for breast cancer and the fast-tracked FDA
approval of it for GBM, we may see withdrawal of
this approval soon until better data become avail-
able to demonstrate its effects.

Radiolabeled Monoclonal Antibodies

Radiolabeled monoclonal antibodies confer added
advantage over their unlabeled counterparts by
providing delivered therapeutics. Similar to radio-
therapy, treatment with radiolabeled mAbs uses
radiation to induce cell death, with the enhanced
benefit of an increased target specificity.

Emrich and colleagues'?® evaluated the use of
125_coupled mAbs against human A431 carci-
noma cells, which have been demonstrated to
display high concentrations of EGFR. In their phase
Il study of 180 patients of which 118 had a diag-
nosis of GBM, the overall median survival was
13.4 months for the patients with GBM, demon-
strating a significant improvement in outcome.
Furthermore, GBM patients less than 40 years old
with a Karnofsky Performance Score greater than
70 had a median survival of 25.4 months. Casaco
and colleagues'?! investigated the role of '®Re
(beta and gamma radionuclide) paired with nimotu-
zumab (anti-EGFR mAb) in 11 patients with recur-
rent malignant gliomas, 8 of which were GBM,;
there were 2 patients with CR (1 GBM), 1 with PR
(1 GBM), and 2 with SD (1 GBM). However, no im-
provement in overall survival was reported, and 2
of 4 patients experienced severe adverse events,
including hemorrhagic brain necrosis. Yet, in a
recent study representing the largest series evalu-
ating the use of radioimmunotherapy, Li and
colleagues'®? reported findings of their phase I
trial investigating '25-mAb 425 (anti-EGFR) for
the treatment of newly diagnosed GBM in 192
patients. They demonstrated no National Cancer
Institute common toxicities at grades 3/4 and an
overall median survival of 15.7 months. Subgroup
analysis determined that although those treated
with 125-mAb 425 alone had an overall median
survival of 14.5 months, those treated concur-
rently with temozolomide survived 20.2 months,
indicating there may be no interference in the
therapeutic effects of both agents when given
simultaneously.

Another target of interest involves the extra-
cellular matrix protein, tenascin-C, expressed in
more than 90% of all GBM cases and implicated
in glioma-associated angiogenesis.”"122 Its function
has been implicated in adhesion, migration, and
proliferation, with increased expression being

correlated with higher grades of tumor malig-
nancy. 4127 Riva and colleagues'2® reported find-
ings for the treatment of 105 patients (58 GBM) with
131|-labeled antitenascin mAbs (81C6). Their study
identified a statistically significant improvement in
survival (23 months) compared with controls,

whereas others have demonstrated similar
responses with increased stabilization of
disease.’®®'%0 |n another investigation of 21

patients with newly diagnosed malignant glioma
(16 GBM) treated with 81C6, median overall survival
was 91 weeks, with 87% of GBM patients alive at 1
year.’1%2 On later follow-up, the investigators
found an average time to progression of 18 months
and median overall survival of nearly 2 years."

In a study by Zalutsky and colleagues,’3® 18
patients with recurrent high-grade gliomas (14
GBM) were treated with maximal surgical resec-
tion followed by 2''At (alpha-particle emitter)
coupled with chimeric antitenascin mAbs. Alpha
particles enable high-intensity radiation over short
distances of 1 to 2 mm, thus targeting tumor cells
at the resected margin. The investigators reported
no grade 3/4 adverse reactions and a favorable
52-week median overall survival compared with
23 to 31 weeks observed for patients receiving
conventional therapies.

Despite these promising results, there are still
many obstacles that must be overcome before
the treatment of GBM using monoclonal anti-
bodies is optimized. One problem involves the
host’s immune system forming endogenous anti-
bodies against the transferred mAbs. Furthermore,
mAbs from passive immunotherapy may react
with antigen-positive normal tissue causing collat-
eral damage to healthy brain parenchyma.
However, approaches that use intratumoral infu-
sion of MAb may be capable of minimizing these
potential complications.””

SUMMARY

The use of passive immunotherapeutic approaches
for the treatment of GBM represents a promising
adjuvant to current management strategies. How-
ever, given inconsistent findings between various
studies, future prospective randomized trials will
be necessary to validate the added benefits that
the administration of LAK cells, CTLs, and mAbs
may confer to this patient population.

REFERENCES

1. Mitra S, Li G, Harsh GR. Passive antibody-mediated
immunotherapy for the treatment of malignant
gliomas. Neurosurg Clin North Am 2010;21(1):
67-76.



10.

11.

12.

13.

14.

15.

16.

. Furnari FB, Fenton T, Bachoo RM, et al. Malignant

astrocytic glioma: genetics, biology, and paths to
treatment. Genes Dev 2007;21(21):2683-710.

. Bolesta E, Kowalczyk A, Wierzbicki A, et al. DNA

vaccine expressing the mimotope of GD2 ganglio-
side induces protective GD2 cross-reactive anti-
body responses. Cancer Res 2005;65(8):3410-8.

. Herrlinger U, Weller M, Schabet M. New aspects of

immunotherapy of leptomeningeal metastasis.

J Neurooncol 1998;38(2-3):233-9.

. Tjoa BA, Murphy GP. Progress in active specific

immunotherapy of prostate cancer. Semin Surg
Oncol 2000;18(1):80-7.

. Quan WD Jr, Palackdharry CS. Common cancers—

immunotherapy and multidisciplinary therapy:
parts Il and IV. Dis Mon 1997;43(11):745-808.

. Vauleon E, Avril T, Collet B, et al. Overview of

cellular immunotherapy for patients with glioblas-
toma. Clin Dev Immunol 2010;2010:689171.

. Hayes RL, Arbit E, Odaimi M, et al. Adoptive

cellular immunotherapy for the treatment of
malignant gliomas. Crit Rev Oncol Hematol 2001;
39(1-2):31-42.

. Lotze MT, Grimm EA, Mazumder A, et al. Lysis of

fresh and cultured autologous tumor by human
lymphocytes cultured in T-cell growth factor.
Cancer Res 1981;41(11 Pt 1):4420-5.

Grimm EA, Mazumder A, Zhang HZ, et al. Lympho-
kine-activated killer cell phenomenon. Lysis of natural
killer-resistant fresh solid tumor cells by interleukin 2-
activated autologous human peripheral blood
lymphocytes. J Exp Med 1982;155(6):1823-41.
Wang A, Lu SD, Mark DF. Site-specific mutagen-
esis of the human interleukin-2 gene: structure-
function analysis of the cysteine residues. Science
1984;224(4656):1431-3.

Rosenberg SA, Lotze MT, Muul LM, et al. Observa-
tions on the systemic administration of autologous
lymphokine-activated killer cells and recombinant
interleukin-2 to patients with metastatic cancer.
N Engl J Med 1985;313(23):1485-92.

Rosenberg SA, Lotze MT, Muul LM, et al
A progress report on the treatment of 157 patients
with advanced cancer using lymphokine-activated
killer cells and interleukin-2 or high-dose inter-
leukin-2 alone. N Engl J Med 1987;316(15):889-97.
West WH, Tauer KW, Yannelli JR, et al. Constant-
infusion recombinant interleukin-2 in adoptive
immunotherapy of advanced cancer. N Engl J
Med 1987;316(15):898-905.

Oldham RK. Cancer biotherapy: the first year.
Cancer Biol Ther 1994;9(3):179-81.

Oldham RK, Blumenschein G, Schwartzberg L,
et al. Combination biotherapy utilizing interleukin-
2 and alpha interferon in patients with advanced
cancer: a National Biotherapy Study Group trial.
Mol Biother 1992;4(1):4-9.

17.

18.

19.

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

Passive Immunotherapy for Gliomas

Dillman RO, Church C, Oldham RK, et al. Inpatient
continuous-infusion interleukin-2 in 788 patients
with cancer. The National Biotherapy Study Group
experience. Cancer 1993;71(7):2358-70.
Rosenstein M, Yron |, Kaufmann Y, et al. Lympho-
kine-activated killer cells: lysis of fresh syngeneic
natural Killer-resistant murine tumor cells by
lymphocytes cultured in interleukin 2. Cancer Res
1984;44(5):1946-53.

Mule JJ, Shu S, Schwarz SL, et al. Adoptive immu-
notherapy of established pulmonary metastases
with LAK cells and recombinant interleukin-2.
Science 1984;225(4669):1487-9.

Mazumder A, Rosenberg SA. Successful immuno-
therapy of natural killer-resistant established pul-
monary melanoma metastases by the intravenous
adoptive transfer of syngeneic lymphocytes acti-
vated in vitro by interleukin 2. J Exp Med 1984;
159(2):495-507.

Ettinghausen SE, Lipford EH 3rd, Mule JJ, et al.
Recombinant interleukin 2 stimulates in vivo prolif-
eration of adoptively transferred lymphokine-
activated killer (LAK) cells. J Immunol 1985;
135(5):3623-35.

Lafreniere R, Rosenberg SA. Successful immuno-
therapy of murine experimental hepatic metas-
tases with lymphokine-activated killer cells and
recombinant interleukin 2. Cancer Res 1985;
45(8):3735-41.

Kaaijk P, Troost D, Dast PK, et al. Cytolytic effects of
autologous lymphokine-activated kKiller cells on orga-
notypic multicellular spheroids of gliomas in vitro.
Neuropathol Appl Neurobiol 1995;21(5):392-8.
George RE, Loudon WG, Moser RP, et al. In vitro
cytolysis of primitive neuroectodermal tumors of the
posterior fossa (medulloblastoma) by lymphokine-
activated killer cells. J Neurosurg 1988;69(3):403-9.
Dillman RO, Duma CM, Ellis RA, et al. Intralesional
lymphokine-activated killer cells as adjuvant
therapy for primary glioblastoma. J Immunother
2009;32(9):914-9.

Jacobs SK, Wilson DJ, Kornblith PL, et al. Inter-
leukin-2 or autologous lymphokine-activated killer
cell treatment of malignant glioma: phase | trial.
Cancer Res 1986;46(4 Pt 2):2101-4.

Papa MZ, Vetto JT, Ettinghausen SE, et al. Effect
of corticosteroid on the antitumor activity of
lymphokine-activated killer cells and interleukin 2
in mice. Cancer Res 1986;46(11):5618-23.

Mulvin DW, Kruse CA, Mitchell DH, et al. Lympho-
kine-activated killer cells with interleukin-2: dose
toxicity and localization in isolated perfused rat
lungs. Mol Biother 1990;2(1):38-43.

Lillehei KO, Mitchell DH, Johnson SD, et al. Long-
term follow-up of patients with recurrent malignant
gliomas treated with adjuvant adoptive immuno-
therapy. Neurosurgery 1991;28(1):16-23.

491



492

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Nagasawa et al

Hook GR, Greenwood MA, Barba D, et al
Morphology of interleukin-2-stimulated human
peripheral blood mononuclear effector cells killing
glioma-derived tumor cells in vitro. J Natl Cancer
Inst 1988;80(3):171-7.

Dillman RO, Duma CM, Schiltz PM, et al. Intra-
cavitary placement of autologous lymphokine-
activated killer (LAK) cells after resection of
recurrent glioblastoma. J Immunother 2004;27(5):
398-404.

Sankhla SK, Nadkarni JS, Bhagwati SN. Adoptive
immunotherapy using lymphokine-activated Kkiller
(LAK) cells and interleukin-2 for recurrent malig-
nant primary brain tumors. J Neurooncol 1996;
27(2):133-40.

Hayes RL, Koslow M, Hiesiger EM, et al. Improved
long term survival after intracavitary interleukin-2
and lymphokine-activated killer cells for adults
with recurrent malignant glioma. Cancer 1995;
76(5):840-52.

Boiardi A, Silvani A, Ruffini PA, et al. Loco-regional
immunotherapy with recombinant interleukin-2 and
adherent lymphokine-activated killer cells (A-LAK)
in recurrent glioblastoma patients. Cancer Immunol
Immunother 1994;39(3):193-7.

Blancher A, Roubinet F, Grancher AS, et al. Local
immunotherapy of recurrent glioblastoma multiforme
by intracerebral perfusion of interleukin-2 and LAK
cells. Eur Cytokine Netw 1993;4(5):331-41.

Jeffes EW 3rd, Beamer YB, Jacques S, et al.
Therapy of recurrent high grade gliomas with
surgery, and autologous mitogen activated IL-2
stimulated killer (MAK) lymphocytes: |. Enhance-
ment of MAK lytic activity and cytokine production
by PHA and clinical use of PHA. J Neurooncol
1993;15(2):141-55.

Barba D, Saris SC, Holder C, et al. Intratumoral
LAK cell and interleukin-2 therapy of human
gliomas. J Neurosurg 1989;70(2):175-82.
Merchant RE, Grant AJ, Merchant LH, et al. Adop-
tive immunotherapy for recurrent glioblastoma mul-
tiforme using lymphokine activated killer cells and
recombinant interleukin-2. Cancer 1988;62(4):
665-71.

Tsuboi K, Saijo K, Ishikawa E, et al. Effects of
local injection of ex vivo expanded autologous
tumor-specific T lymphocytes in cases with recur-
rent malignant gliomas. Clin Cancer Res 2003;
9(9):3294-302.

Plautz GE, Shu S. Adoptive immunotherapy of CNS
malignancies. Cancer Chemother Biol Response
Modif 2001;19:327-38.

Kitahara T, Watanabe O, Yamaura A, et al. Estab-
lishment of interleukin 2 dependent cytotoxic T
lymphocyte cell line specific for autologous brain
tumor and its intracranial administration for therapy
of the tumor. J Neurooncol 1987;4(4):329-36.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Tsurushima H, Liu SQ, Tuboi K, et al. Reduction of
end-stage malignant glioma by injection with autol-
ogous cytotoxic T lymphocytes. Jpn J Cancer Res
1999;90(5):536-45.

Kruse CA, Cepeda L, Owens B, et al. Treatment of
recurrent glioma with intracavitary alloreactive
cytotoxic T lymphocytes and interleukin-2. Cancer
Immunol Immunother 1997;45(2):77-87.

Cheever MA, Chen W. Therapy with cultured T
cells: principles revisited. Immunol Rev 1997;157:
177-94.

Quattrocchi KB, Miller CH, Cush S, et al. Pilot study
of local autologous tumor infiltrating lymphocytes
for the treatment of recurrent malignant gliomas.
J Neurooncol 1999;45(2):141-57.

Holladay FP, Heitz-Turner T, Bayer WL, et al. Autol-
ogous tumor cell vaccination combined with
adoptive cellular immunotherapy in patients with
grade Ill/IV astrocytoma. J Neurooncol 1996;27(2):
179-89.

Plautz GE, Barnett GH, Miller DW, et al. Systemic T
cell adoptive immunotherapy of malignant gliomas.
J Neurosurg 1998;89(1):42-51.

Plautz GE, Miller DW, Barnett GH, et al. T cell adop-
tive immunotherapy of newly diagnosed gliomas.
Clin Cancer Res 2000;6(6):2209-18.

Wood GW, Holladay FP, Turner T, et al. A pilot study
of autologous cancer cell vaccination and cellular
immunotherapy using anti-CD3 stimulated lympho-
cytes in patients with recurrent grade IlI/1V astrocy-
toma. J Neurooncol 2000;48(2):113-20.

Sloan AE, Dansey R, Zamorano L, et al. Adoptive
immunotherapy in patients with recurrent malignant
glioma: preliminary results of using autologous
whole-tumor vaccine plus granulocyte-macrophage
colony-stimulating factor and adoptive transfer of
anti-CD3-activated lymphocytes. Neurosurg Focus
2000;9(6):€9.

Arca MJ, Mule JJ, Chang AE. Genetic approaches
to adoptive cellular therapy of malignancy. Semin
Oncol 1996;23(1):108-17.

Lokhorst HM, Liebowitz D. Adoptive T-cell therapy.
Semin Hematol 1999;36(1 Suppl! 3):26-9.

Ngo MC, Rooney CM, Howard JM, et al. Ex vivo
gene transfer for improved adoptive immunotherapy
of cancer. Hum Mol Genet 2011;20(R1):R93-9.
Gomez GG, Kruse CA. Mechanisms of malignant
glioma immune resistance and sources of im-
munosuppression. Gene Ther Mol Biol 2006;
10(A):133-46.

Morgan RA, Dudley ME, Wunderlich JR, et al.
Cancer regression in patients after transfer of
genetically engineered lymphocytes. Science
2006;314(5796):126-9.

Sadelain M, Brentjens R, Riviere |. The promise and
potential pitfalls of chimeric antigen receptors. Curr
Opin Immunol 2009;21(2):215-23.



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Beckman RA, Weiner LM, Davis HM. Antibody
constructs in cancer therapy: protein engineering
strategies to improve exposure in solid tumors.
Cancer 2007;109(2):170-9.

Ahmed N, Salsman VS, Kew Y, et al. HER2-specific
T cells target primary glioblastoma stem cells and
induce regression of autologous experimental
tumors. Clin Cancer Res 2010;16(2):474-85.
Heslop HE. Safer CARS. Mol Ther 2010;18(4):
661-2.

Bonini C, Brenner MK, Heslop HE, et al. Genetic
modification of T cells. Biol Blood Marrow Trans-
plant 2011;17(Suppl 1):515-20.

Tey SK, Dotti G, Rooney CM, et al. Inducible cas-
pase 9 suicide gene to improve the safety of allo-
depleted T cells after haploidentical stem cell
transplantation. Biol Blood Marrow Transplant
2007;13(8):913-24.

Quintarelli C, Vera JF, Savoldo B, et al. Co-expres-
sion of cytokine and suicide genes to enhance the
activity and safety of tumor-specific cytotoxic T
lymphocytes. Blood 2007;110(8):2793-802.
Bollard CM, Rossig C, Calonge MJ, et al. Adapting
a transforming growth factor beta-related tumor
protection strategy to enhance antitumor immunity.
Blood 2002;99(9):3179-87.

Westwood JA, Kershaw MH. Genetic redirection of T
cells for cancer therapy. J Leukoc Biol 2010;87(5):
791-803.

Olofsson A, Miyazono K, Kanzaki T, et al. Trans-
forming growth factor-beta 1, -beta 2, and -beta 3
secreted by a human glioblastoma cell line. Identi-
fication of small and different forms of large latent
complexes. J Biol Chem 1992;267(27):19482-8.
Kuppner MC, Hamou MF, Sawamura Y, et al. Inhibi-
tion of lymphocyte function by glioblastoma-derived
transforming growth factor beta 2. J Neurosurg
1989;71(2):211-7.

Foster AE, Dotti G, Lu A, et al. Antitumor activity of
EBV-specific T lymphocytes transduced with
a dominant negative TGF-beta receptor. J Immun-
other 2008;31(5):500-5.

Weijtens ME, Willemsen RA, Valerio D, et al. Single
chain Ig/gamma gene-redirected human T lympho-
cytes produce cytokines, specifically lyse tumor
cells, and recycle lytic capacity. J Immunol 1996;
157(2):836-43.

Hickey MJ, Malone CC, Erickson KL, et al. Cellular
and vaccine therapeutic approaches for gliomas.
J Transl Med 2010;8:100.

Johnson LA, Sampson JH. Immunotherapy ap-
proaches for malignant glioma from 2007 to 2009.
Curr Neurol Neurosci Rep 2010;10(4):259-66.
Wikstrand CJ, Cokgor |, Sampson JH, et al. Mono-
clonal antibody therapy of human gliomas: current
status and future approaches. Cancer Metastasis
Rev 1999;18(4):451-64.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Passive Immunotherapy for Gliomas

Vitetta ES, Uhr JW. Monoclonal antibodies as
agonists: an expanded role for their use in cancer
therapy. Cancer Res 1994;54(20):5301-9.

Nadler LM, Stashenko P, Hardy R, et al. Serother-
apy of a patient with a monoclonal antibody
directed against a human lymphoma-associated
antigen. Cancer Res 1980;40(9):3147-54.

Cragg MS, French RR, Glennie MJ. Signaling anti-
bodies in cancer therapy. Curr Opin Immunol 1999;
11(5):541-7.

Bleeker WK, Lammerts van Bueren JJ, van Ojik HH,
et al. Dual mode of action of a human anti-epidermal
growth factor receptor monoclonal antibody for
cancer therapy. J Immunol 2004;173(7):4699-707.
Ohno M, Natsume A, Ichiro Iwami K, et al. Retrovir-
ally engineered T-cell-based immunotherapy tar-
geting type Ill variant epidermal growth factor
receptor, a glioma-associated antigen. Cancer Sci
2010;101(12):2518-24.

Ferguson KM. Active and inactive conformations of
the epidermal growth factor receptor. Biochem Soc
Trans 2004;32(Pt 5):742-5.

Eller JL, Longo SL, Hicklin DJ, et al. Activity of
anti-epidermal growth factor receptor monoclonal
antibody C225 against glioblastoma multiforme.
Neurosurgery 2002;51(4):1005-13 [discussion:
1013-4].

Eller JL, Longo SL, Kyle MM, et al. Anti-epidermal
growth factor receptor monoclonal antibody cetux-
imab augments radiation effects in glioblastoma
multiforme in vitro and in vivo. Neurosurgery
2005;56(1):155-62 [discussion: 162].

Neyns B, Sadones J, Joosens E, et al. Stratified
phase Il trial of cetuximab in patients with recurrent
high-grade glioma. Ann Oncol 2009;20(9): 1596-603.
Bigner SH, Burger PC, Wong AJ, et al. Gene ampli-
fication in malignant human gliomas: clinical and
histopathologic aspects. J Neuropathol Exp Neurol
1988;47(3):191-205.

Bigner SH, Humphrey PA, Wong AJ, et al. Charac-
terization of the epidermal growth factor receptor in
human glioma cell lines and xenografts. Cancer
Res 1990;50(24):8017-22.

Humphrey PA, Gangarosa LM, Wong AJ, et al.
Deletion-mutant epidermal growth factor receptor
in human gliomas: effects of type Il mutation on
receptor function. Biochem Biophys Res Commun
1991;178(3):1413-20.

Humphrey PA, Wong AJ, Vogelstein B, et al. Ampli-
fication and expression of the epidermal growth
factor receptor gene in human glioma xenografts.
Cancer Res 1988;48(8):2231-8.

Zalutsky MR, Boskovitz A, Kuan CT, et al. Radioim-
munotargeting of malignant glioma by monoclonal
antibody D2C7 reactive against both wild-type
and variant Il mutant epidermal growth factor
receptors. Nucl Med Biol 2012;39(1):23-34.

493



494

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Nagasawa et al

Lund-dohansen M, Bjerkvig R, Humphrey PA, et al.
Effect of epidermal growth factor on glioma cell
growth, migration, and invasion in vitro. Cancer
Res 1990;50(18):6039-44.

Sampson JH, Crotty LE, Lee S, et al. Unarmed,
tumor-specific monoclonal antibody effectively
treats brain tumors. Proc Natl Acad Sci U S A
2000;97(13):7503-8.

Yang W, Barth RF, Wu G, et al. Development of
a syngeneic rat brain tumor model expressing
EGFRvIIl and its use for molecular targeting
studies with monoclonal antibody L8A4. Clin
Cancer Res 2005;11(1):341-50.

Yang W, Barth RF, Wu G, et al. Molecular targeting
and treatment of EGFRvIII-positive gliomas using
boronated monoclonal antibody L8A4. Clin Cancer
Res 2006;12(12):3792-802.

Perera RM, Narita Y, Furnari FB, et al. Treatment of
human tumor xenografts with monoclonal antibody
806 in combination with a prototypical epidermal
growth factor receptor-specific antibody generates
enhanced antitumor activity. Clin Cancer Res 2005;
11(17):6390-9.

Mitchell DA, Fecci PE, Sampson JH. Immuno-
therapy of malignant brain tumors. Immunol Rev
2008;222:70-100.

Scott IU, Edwards AR, Beck RW, et al. A phase Il
randomized clinical trial of intravitreal bevacizu-
mab for diabetic macular edema. Ophthalmology
2007;114(10):1860-7.

Birlik B, Canda S, Ozer E. Tumour vascularity is of
prognostic significance in adult, but not paediatric
astrocytomas. Neuropathol Appl Neurobiol 2006;
32(5):5632-8.

Leon SP, Folkerth RD, Black PM. Microvessel
density is a prognostic indicator for patients with
astroglial brain tumors. Cancer 1996;77(2):
362-72.

Pope WB, Lai A, Nghiemphu P, et al. MRI in
patients with high-grade gliomas treated with bev-
acizumab and chemotherapy. Neurology 2006;
66(8):1258-60.

Vredenburgh JJ, Desjardins A, Reardon DA, et al.
The addition of bevacizumab to standard radiation
therapy and temozolomide followed by bevacizu-
mab, temozolomide, and irinotecan for newly diag-
nosed glioblastoma. Clin Cancer Res 2011;17(12):
4119-24.

Mendelsohn J, Baselga J. The EGF receptor family
as targets for cancer therapy. Oncogene 2000;
19(56):6550-65.

Wong ET, Gautam S, Malchow C, et al. Bevacizu-
mab for recurrent glioblastoma multiforme: a meta-
analysis. J Natl Compr Canc Netw 2011;9(4):403-7.
de Groot JF, Yung WK. Bevacizumab and irinote-
can in the treatment of recurrent malignant
gliomas. Cancer J 2008;14(5):279-85.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Vredenburgh JJ, Desjardins A, Herndon JE 2nd,
et al. Phase Il trial of bevacizumab and irinotecan
in recurrent malignant glioma. Clin Cancer Res
2007;13(4):1253-9.

Norden AD, Young GS, Setayesh K, et al. Bevaci-
zumab for recurrent malignant gliomas: efficacy,
toxicity, and patterns of recurrence. Neurology
2008;70(10):779-87.

Fine HA. Promising new therapies for malignant
gliomas. Cancer J 2007;13(56):349-54.

Friedman HS, Prados MD, Wen PY, et al. Bevacizu-
mab alone and in combination with irinotecan in
recurrent glioblastoma. J Clin Oncol 2009;27(28):
4733-40.

Salmaggi A, Gaviani P, Botturi A, et al. Bevacizu-
mab at recurrence in high-grade glioma. Neurol
Sci 2011;32(Suppl 2):5251-3.

Addeo R, Caraglia M, De Santi MS, et al. A new
schedule of fotemustine in temozolomide-pretreated
patients with relapsing glioblastoma. J Neurooncol
2011;102(3):417-24.

Scoccianti S, Detti B, Sardaro A, et al. Second-line
chemotherapy with fotemustine in temozolomide-
pretreated patients with relapsing glioblastoma:
a single institution experience. Anticancer Drugs
2008;19(6):613-20.

Kreisl TN, Kim L, Moore K, et al. Phase Il trial of
single-agent bevacizumab followed by bevacizu-
mab plus irinotecan at tumor progression in recur-
rent glioblastoma. J Clin Oncol 2009;27(5):740-5.
Hofer S, Elandt K, Greil R, et al. Clinical outcome
with bevacizumab in patients with recurrent high-
grade glioma treated outside clinical trials. Acta
Oncol 2011;50(5):630-5.

Reardon DA, Desjardins A, Peters KB, et al. Phase
Il study of carboplatin, irinotecan, and bevacizu-
mab for bevacizumab naive, recurrent glioblas-
toma. J Neurooncol 2012;107(1):155-64.
Vredenburgh JJ, Desjardins A, Herndon JE 2nd,
et al. Bevacizumab plus irinotecan in recurrent glio-
blastoma multiforme. J Clin Oncol 2007;25(30):
4722-9.

Reardon DA, Desjardins A, Vredenburgh JJ, et al.
Metronomic chemotherapy with daily, oral etopo-
side plus bevacizumab for recurrent malignant
glioma: a phase Il study. Br J Cancer 2009;
101(12):1986-94.

Hasselbalch B, Lassen U, Hansen S, et al. Cetuxi-
mab, bevacizumab, and irinotecan for patients with
primary glioblastoma and progression after radia-
tion therapy and temozolomide: a phase Il trial.
Neuro Oncol 2010;12(5):508-16.

Lai A, Tran A, Nghiemphu PL, et al. Phase Il study
of bevacizumab plus temozolomide during and
after radiation therapy for patients with newly diag-
nosed glioblastoma multiforme. J Clin Oncol 2011;
29(2):142-8.



114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Pu JK, Chan RT, Ng GK, et al. Using bevacizumab
in the fight against malignant glioma: first results in
Asian patients. Hong Kong Med J 2011;17(4):
274-9.

Lamborn KR, Chang SM, Prados MD. Prognostic
factors for survival of patients with glioblastoma:
recursive partitioning analysis. Neuro Oncol 2004;
6(3):227-35.

Wu W, Lamborn KR, Buckner JC, et al. Joint
NCCTG and NABTC prognostic factors analysis
for high-grade recurrent glioma. Neuro Oncol
2010;12(2):164-72.

Ballman KV, Buckner JC, Brown PD, et al. The rela-
tionship  between six-month  progression-free
survival and 12-month overall survival end points
for phase |l trials in patients with glioblastoma mul-
tiforme. Neuro Oncol 2007;9(1):29-38.

Franceschi E, Brandes AA. Clinical end points in
recurrent glioblastoma: are antiangiogenic agents
friend or foe? Expert Rev Anticancer Ther 2011;
11(5):657-60.

Thompson EM, Frenkel EP, Neuwelt EA. The para-
doxical effect of bevacizumab in the therapy of
malignant gliomas. Neurology 2011;76(1):87-93.
Emrich JG, Brady LW, Quang TS, et al. Radioiodi-
nated (I-125) monoclonal antibody 425 in the treat-
ment of high grade glioma patients: ten-year
synopsis of a novel treatment. Am J Clin Oncol
2002;25(6):541-6.

Casaco A, Lopez G, Garcia |, et al. Phase | single-
dose study of intracavitary-administered nimotuzumab
labeled with 188 Re in adult recurrent high-grade
glioma. Cancer Biol Ther 2008;7(3):333-9.

LiL, Quang TS, Gracely EJ, et al. A phase Il study
of anti-epidermal growth factor receptor radioim-
munotherapy in the treatment of glioblastoma multi-
forme. J Neurosurg 2010;113(2):192-8.

Zagzag D, Friedlander DR, Dosik J, et al. Tenascin-
C expression by angiogenic vessels in human
astrocytomas and by human brain endothelial cells
in vitro. Cancer Res 1996;56(1):182-9.

Behrem S, Zarkovic K, Eskinja N, et al. Distribution
pattern of tenascin-C in glioblastoma: correlation

125.

126.

127.

128.

129.

130.

131.

132.

133.

Passive Immunotherapy for Gliomas

with angiogenesis and tumor cell proliferation.
Pathol Oncol Res 2005;11(4):229-35.

Jallo Gl, Friedlander DR, Kelly PJ, et al. Tenascin-C
expression in the cyst wall and fluid of human brain
tumors correlates with angiogenesis. Neurosurgery
1997;41(5):1052-9.

Leins A, Riva P, Lindstedt R, et al. Expression of
tenascin-C in various human brain tumors and its
relevance for survival in patients with astrocytoma.
Cancer 2003;98(11):2430-9.

Sarkar S, Nuttall RK, Liu S, et al. Tenascin-C stimu-
lates glioma cell invasion through matrix metallo-
proteinase-12. Cancer Res 2006;66(24):11771-80.
Riva P, Franceschi G, Arista A, et al. Local applica-
tion of radiolabeled monoclonal antibodies in the
treatment of high grade malignant gliomas: a six-
year clinical experience. Cancer 1997;80(Suppl
12):2733-42.

Brown JM, Coates DM, Phillpotts RJ. Evaluation of
monoclonal antibodies for generic detection of fla-
viviruses by ELISA. J Virol Methods 1996;62(2):
143-51.

Bigner DD, Brown MT, Friedman AH, et al. lodine-
131-labeled antitenascin  monoclonal antibody
81C6 treatment of patients with recurrent malignant
gliomas: phase | trial results. J Clin Oncol 1998;
16(6):2202-12.

Reardon DA, Akabani G, Coleman RE, et al.
Salvage radioimmunotherapy with murine iodine-
131-labeled antitenascin  monoclonal antibody
81C6 for patients with recurrent primary and meta-
static malignant brain tumors: phase Il study
results. J Clin Oncol 2006;24(1):115-22.

Reardon DA, Nabors LB, Stupp R, et al. Cilengi-
tide: an integrin-targeting arginine-glycine-aspartic
acid peptide with promising activity for glioblas-
toma multiforme. Expert Opin Investig Drugs
2008;17(8):1225-35.

Zalutsky MR, Reardon DA, Akabani G, et al. Clinical
experience with alpha-particle emitting 211At: treat-
ment of recurrent brain tumor patients with 211
At-labeled chimeric antitenascin monoclonal anti-
body 81C6. J Nucl Med 2008;49(1):30-8.

495



Use of Language Mapping to
Aid in Resection of Gliomas in
Eloquent Brain Regions
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KEY POINTS

o Significant retrospective data exist to support the hypothesis that maximal safe resection benefits
patients with glioma in terms of survival, accuracy of diagnosis, and response to chemotherapy.

e There are multiple modalities for preoperatively localizing eloquent language cortex and fibers,
including anatomic landmarks, functional magnetic resonance imaging, and diffusion tensor

imaging tractography.

o Considerable interpatient variation exists in the location of critical language areas. Thus, intraoper-
ative cortical and subcortical electrostimulation mapping remains the gold standard.

e As our knowledge of human language function advances, our view of the brain will likely evolve from
the identification of isolated areas of the cortex to a better understanding of integrated functioning

circuits.

INTRODUCTION

It is thought that the cytoreduction of gliomas is
a worthy goal and that adjuvant therapies (ie, ra-
diation, chemotherapy, immunotherapy, and so
forth) would be more effective with a smaller cell
volume leading to delayed recurrence. However,
studies looking at resection in high-grade gliomas
have had mixed results.” Although there is a con-
sensus that obtaining a histologic diagnosis and
relieving compression and mass effect are worth-
while goals, the value of further microsurgical re-
section still remains controversial. This question
becomes even more salient when considering a
glioma located in eloquent areas, such as the
language cortex. The risk of a postoperative lan-
guage deficit in these surgeries has been reported
to be as high as 26%.2 Thus, the benefit of a gross
total or near gross total resection needs to outweigh

theserisks. Although there is some inconsistency in
the literature regarding the impact of the extent of
resection on outcomes, an increasing number of
reports of both low-grade and high-grade gliomas
suggest that extensive resection is beneficial.»®#
As such, it is imperative to use all available strate-
gies to obtain safe and extensive resections to
ensure that any benefits of further resection out-
weigh the risks. The authors briefly review the liter-
ature regarding the value of the extent of resection.
They proceed to the preoperative and intraopera-
tive tools available to the neurosurgeon to distin-
guish eloquent from noneloquent language cortex
and fibers, including the emerging roles of func-
tional magnetic resonance imaging (fMRI) diffusion
tensor imaging (DTI) tractography and direct cor-
tical/subcortical stimulation in the surgical man-
agement of tumors in eloquent areas. Finally, the
authors evaluate the postoperative course of these
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patients and the effect of language deficits on their
quality of life.

RATIONALE FOR EXTENSIVE RESECTION
High-Grade Gliomas

One of the earliest and most influential retrospec-
tive studies looking at the survival benefits of a gross
total microsurgical resection for patients with glio-
blastomas was performed by Lacroix and
colleagues® more than a decade ago. In this study,
the investigators combined the results of 416 pa-
tients with newly diagnosed and recurrent glioblas-
tomas and concluded that a 98% resection was
associated with significantly improved survival.
This finding has led to the all-or-none mentality
that has existed over the last decade. This study,
however, was designed to test whether complete
or near complete resections had a survival advan-
tage over biopsy and was not designed or powered
to discover the threshold value whereby debulking
had a survival advantage over biopsy. There were
insufficient numbers of subtotal resections to per-
form this analysis."

Since that time, there was an avalanche of case
series attempting to quantify the benefit, if any, of
subtotal resection. A recent review identified 28
studies between 1990 and 2007 that compared
the outcome of patients with subtotal versus gross
total resections.” Out of these studies, 16 demon-
strated evidence that gross total resection was
a significant predictor of overall survival or progres-
sion-free survival or both. Twelve studies, how-
ever, demonstrated no significant benefit based
on extent of resection (EOR). The most quantitative
study to date used compiled case series and
Kaplan-Meier survival curve analyses, which sug-
gested that a cutoff of 78% tumor resection pro-
vides a survival advantage.* However, all of these
studies were nonrandomized and suffer from the
same statistical confounder of selection bias.
Despite some studies attempting to control for
various tumor characteristics and baseline Karnof-
sky Performance Status (KPS), the fact remains
that larger, more invasive, and difficult tumors in
older patients with poor preoperative KPS scores
are more likely to be subtotally resected, whereas
younger patients with smaller tumors are more
likely to get gross total resections.®8

Low-Grade Gliomas

The evidence for extensive resection in low-grade
gliomas (LGGs) is more persuasive than that for
high-grade gliomas. LGGs differ significantly
from their higher-grade counterparts in many
important respects. A meta-analysis identified 10
studies investigating the benefit of resection in

LGGs. Seven of the 10 studies found EOR to be
a statistically significant predictor of survival. The
survival benefit from gross total resection was
approximately 30 months more than subtotal
resection, with the average life expectancy in-
creased from 61.1 to 90.5 months.*? In regard to
LGGs, although the question of when to observe
versus intervene is still controversial, there exists
consensus that once the tumor begins to show
progression, the extent of resection does correlate
with survival and all efforts should be made to
obtain extensive resection. Besides the potential
impact on survival, other compelling reasons exist
for surgical resection, including the treatment of
mass effect; potentially increasing the efficacy of
adjuvant therapy; and, perhaps most importantly,
increasing diagnostic accuracy.

Effect of Resection on Adjuvant Therapy

There is some indication in the literature that
patients with extensive resection respond better
to adjuvant therapy. There have been 2 prospec-
tive, randomized, phase 3 studies that have shown
the efficacy of chemotherapy in patients with glio-
blastomas: one using carmustine (BCNU) wafers
(Gliadel)'® and one using temozolamide'" in glio-
blastomas. In the case of BCNU wafers, the treat-
ment was only significantly better than control in
those patients who had a greater than 90% tumor
resection. The increase in life expectancy was
modest (14.8 vs 12. 6 months; P = .01) but signif-
icant. A similar trend was seen in the trial investi-
gating the effectiveness of concurrent radiation
and temozolomide following surgical resection. "
Although this trial was not designed to examine
the extent of resection and postoperative imag-
ing was not mandated, patients were stratified
into gross total resection (39%), partial resection
(44%), and biopsy (16%). The survival advantage
of radiation with concurrent temozolamide was
greater in the gross total resection group (+4.1
months) than the partial resection group (+1.8
months) and was nonsignificant in the biopsy-
only group (+1.5 months).

Diagnostic Accuracy

Finally, and perhaps most importantly, there is
indisputable evidence that resection provides sig-
nificantly superior diagnostic accuracy over ste-
reotactic biopsy alone. Accurate diagnosis can
be evasive when the histologic characteristics
are heterogeneous. The grade of a glioma is
defined by its most aggressive area, yet the tumor
may still contain areas with less malignant fea-
tures, which, if biopsied, may result in significant
sampling and diagnostic error. Stereotactic biopsy
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series report a diagnostic yield of around 90%;
however, a diagnosis made from such a biopsy
cannot be confirmed unless the biopsy is followed
by an extensive resection. In a series of 64 patients
who had undergone stereotactic biopsy followed
by a more extensive resection, Sawaya® found
that the final diagnosis from resection was signifi-
cantly different, leading to a change in therapy in
34 patients (53%). Further, as our ability to charac-
terize gliomas on a genetic and molecular level
increases, having more stored tumor may be vital
to perform subsequent analyses and further per-
sonalized therapy.

Preventing Symptomatic Mass Effect

In patients who present with symptomatic mass
effect, surgical resection is unequivocally indi-
cated, even if the tumor involves eloquent areas.
Prior studies have shown that gross total resec-
tions are associated with better patient neurologic
performance scores than those observed after
more limited resections.®'3 Further, it is unusual
for a large high-grade glioma with contrast en-
hancement to show a significant reduction in size
after either radiation or chemotherapy, which, in
some cases, requires the surgeon to perform a
second surgery for symptomatic debulking.

PREOPERATIVE IMAGING FOR LANGUAGE
MAPPING

Given the preponderance of evidence suggesting
the importance of extensive resection, it behooves
us to identify comprehensive strategies to safely
resect gliomas without impairing eloquent function
and quality of life. This point is particularly true
when resecting tumors near or within canonical
language areas. When planning surgery near peri-
sylvian cortices in the dominant hemisphere, the
localization of language cortices is of paramount
importance in preventing postoperative deficits.
The gold standard for locating essential language
cortices has been electrical stimulation mapping
(ESM). However, this technique is not without ob-
stacles. Unlike intraoperative mapping of motor
regions, patients must be awake and able to
respond. This requirement leads to longer opera-
tive times, a higher chance of intraoperative
seizures, and the potential for considerable patient
distress. Moreover, awake intraoperative mapping
is limited to those patients who have sufficient
language ability and behavioral control to partici-
pate. Understandably, there is considerable in-
terest in additional noninvasive modalities to
identify patients in whom intraoperative awake
mapping may be of low yield or not needed at all

as well as means to make intraoperative mapping
safer and more efficient.

Anatomic Considerations

It has long been recognized that the human brain
has a stereotypical pattern of gyri and sulci. As
early as 1980, Kido and colleagues'* described
the relationship between the posterior end of the
superior frontal sulcus and the precentral sulcus.
Similarly in 1997, Yousry and colleagues' de-
scribed the omega sign as a method to identify
the hand portion of the precentral gyrus.

It was initially hoped that this link between struc-
ture and function would provide surgeons with
much-needed guidance to distinguish an eloquent
from a noneloquent cortex. However, with ad-
vances in neuro-functional imaging, we are finding
more interpatient neuroanatomical variability even
among typical patients. For example, the afore-
mentioned omega sign can either represent a
primary motor or premotor cortex.'® Other groups
have also reported variability in the functional orga-
nization of the primary sensorimotor cortices. For
example, within the precentral gyrus, the stimula-
tion of individual cortical sites has been shown to
recruit both sensory and motor phenomenon; in
other cases, stimulation has been shown to recruit
motor movements in more than 1 motor group.’”~°

The language cortices are even more variable.
While performing cortical stimulation mapping
on patients with gliomas undergoing resection,
Quinones and colleagues®® found more than 4
cm of variability in the localization of speech arrest
when using classical anatomic landmarks. This
finding may be because the cortical representation
of speech is more complex than the motor cortex,
with multiple essential and nonessential speech
areas throughout the frontal, temporal, and pari-
etal lobes. Fortunately, although the location of
essential speech areas is variable among indi-
viduals, once it is found it is typically small and
discrete.?!

However, the difficulty still remains in predicting
where the essential language areas will be in any
individual patient. Although it is difficult to posi-
tively predict where vital areas will be, it is easier
to define where they will not be. Ojemann and
colleagues®® reported that the posterior inferior
frontal region is essential in 79% of patients,
whereas the anterior middle temporal gyrus is
essential in only 5% of patients. In perhaps the
most extensive study of intraoperative mapping,
Sanai and colleagues?®® tested 3281 cortical sites
in 250 patients. In the 151 patients in whom the
frontal lobe was tested, only 92 (60.9%) had
essential areas of language that were identified
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on ESM. Further subdividing the frontal lobe
squares revealed that even the most prevalent
areas only yielded speech arrest in less than
25% of the stimulations.

The presence of an intracranial neoplasm seems
to further compound this variability. Intracranial
lesions can affect functional localization in 3
ways. First, developmental and vascular lesions
may affect how the overlying cortex develops
and which functions it assumes. Two studies
have noted a greater preponderance of right-
sided language lateralization in patients with ce-
rebrovascular malformations.?4?% Further, in
patients with left temporal lobe epilepsy, earlier
age of onset has been associated with a greater
likelihood of right-sided or bilateral language
lateralization.?6:27

Second, intracranial pathologic conditions can
lead to functional reassignment. Developmental
lesions, destructive injuries, and malignancies
acquired in adulthood can all lead the brain to
compensate by reassigning neurologic functions
to other areas of the cortex.?® Lucas and colleagues
compared language maps in patients with acquired
pathologic conditions (gliomas, subarachnoid hem-
orrhage, and traumatic brain injury) with age-
matched controls and found significant migration
of language function to the nondamaged cortex in
the pathologic group. The best evidence for this
phenomenon is that, in stark contrast to ischemic
stroke, LGGs rarely present with acute neurologic
deficits. In fact, language mapping of patients with
LGGs demonstrate multiple patterns of reorganiza-
tion and compensation.?® Robles and colleagues®
reported on 2 patients in whom maps of eloquent
language cortices changed between surgeries
spaced by several years, allowing a multistage
surgical approach for the resection of LGGs in
eloquent cortices.

Third, the effect of intracranial disease on the
accuracy of the imaging modality is unclear,
possibly leading to disease-related imaging arti-
facts. It has long been suspected that fMRI cannot
be used to map eloquent cortices adjacent to arte-
riovenous malformations (AVMs) because AVMs
may alter the perfusion-dependent response that
fMRI relies on or because AVMs cause suscepti-
bility artifacts that can interfere with the detection
of the blood oxygen level-dependent fMRI re-
sponse. To investigate this claim, the authors’
group specifically tested the accuracy and reli-
ability of blood oxygen level-dependent fMRI
mapping in patients with vascular malformations
and found that fMRI is highly sensitive and specific
for determining language localization in patients
with vascular malformations, even directly adja-
cent to these lesions.®’ In the authors’ practice

at the University of California, Los Angeles, it was
found that relying on anatomic localization alone
fails to identify up to 25% of the cases in which
preoperative mapping (described later) suggested
that awake intraoperative ESM mapping was
necessary to achieve extensive resection.

fMRI

Recently, the use of fMRI has increased in preva-
lence. The use of the technology has expanded
from simple language lateralization to specific
language localization. fMRI works by detecting
localized changes in blood flow and metabolism
that is coupled to neuronal activity, such as during
word language exercises. In contrast to ESM in
which only essential cortices are identified, fMRI
detects changes in all cortices (essential or not)
that are activated during language tasks, resulting
in an overly sensitive but nonspecific language
map. A recent meta-analysis by Giussani and
colleagues®? identified 9 reports in the literature
of case series in which patients with surgical
lesions in the eloquent language cortex underwent
preoperative fMRI followed by intraoperative elec-
trocortical stimulation (ECS). Of the 9 studies
cited, 5 of them computed a sensitivity and spec-
ificity of fMRI in comparison with ECS as a gold
standard. The sensitivities ranged from 59% to
100% and the specificities ranged from 0% to
97%. The investigators stated that the varied
methods and results used in these studies pre-
cluded any definitive conclusions about the utility
of fMRI in preoperative planning. At this point,
fMRI is not universally reliable and depends largely
on the quality of the equipment and expert analysis
and interpretation. Besides variability across in-
stitutions, the variability within a subject across
cortices (frontal vs temporal vs parietal) is also
not fully understood.

Despite its potential limitations, fMRI has been
demonstrated at several institutions to be of value
in identifying patients who require awake intrao-
perative language mapping and in identifying
cortical regions that must be specifically interro-
gated intraoperatively for eloquence, thereby facil-
itating intraoperative awake mapping and making
it more time efficient.

DTI Tractography

Gliomas often grow along white matter tracts in an
infiltrative fashion. The method of DTl is a modifica-
tion of diffusion-weighted imaging that is sensitive
to the preferential diffusion of water along white
matter fibers and can detect subtle changes in
white matter structure and integrity.®® Over the
past 5 years, the authors have routinely integrated
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DTI into the preoperative evaluation of patients
harboring brain tumors (Fig. 1). This imaging
modality can be used in a variety of capacities.
For example, DTl can be used to differentiate
normal white matter from edematous brain and
nonenhancing tumor margins. More commonly,
however, DTI has been used to evaluate the effect
of intraparenchymal tumors on adjacent white
matter tracts, including displacement, infiltration,
and possible disruption by the tumor. Likewise,
combined with functional imaging data (eg,
fMRI), DTI has been used to identify the subcor-
tical connections between essential eloquent
cortices. This identification provides the surgeon
with invaluable 3-dimensional information about
spatial relationships of eloquent structures and
their connectivity intraoperatively. It should be
noted that DTl provides only anatomic and not
functional information. Despite this limitation, the
use of this technology can be useful in aiding the
resection of tumors in the eloquent brain.3*%% For
instance, DTI, when combined with 3-dimensional
intraoperative guidance, may be used to locate the
pyramidal tracts in patients with insular gliomas or

MR 73 (Axial)
Sagittal

the arcuate fasciculus between the Broca area and
Wernicke area.

INTRAOPERATIVE LANGUAGE TESTING
AND ESM
ECS

Penfield introduced the method of direct cortical
stimulation to assess motor function in the clinical
setting in 1961.%6 Electric stimulation was delivered
to the brain under local anesthesia to determine if
there were any visible muscle contractions. Since
that time, the awake craniotomy has become
more sophisticated and allows the neurosurgeon
to perform intraoperative electrical brain mapping
with minimal risk (Fig. 2). Several studies have
shown effective resection in eloquent areas previ-
ously thought to be inaccessible.3”~° In a clinical
case series by De Benedictis and colleagues,®®
the investigators reviewed the literature for 13
case series of patients with gliomas who under-
went resection with intraoperative awake ECS
mapping.®® Of the 1460 patients reviewed, the
severe permanent postoperative complication

Legend:

PreCG
AF

SMA Fibers

Fig. 1. fMRI and DTI tractography. (A) fMRI demonstrates areas of activation during language exercises. (B)
Preoperative neuro-navigational imaging showing fMRI and DTI tractography fused to anatomic MRI to demon-
strate important areas for intraoperative navigation. AF, arcuate fasciculus; BA, Broca area; BTLA, basal temporal
language area; PreCG, precentral gyrus; SMA, supplementary motor area; WA, Wernicke area.
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Fig. 2. ECS mapping. (A) Intraoperative photograph of ECS. (B) Results of intraoperative testing demonstrating
essential (letters) and nonessential (blank) areas of cortex.

rate was 4.1% compared with a historical control of
19.0%.*" Only 3 studies compared intraoperative
mapping with traditional resection.

In the first of these studies, Reithmeier and
colleagues* compared 42 patients who under-
went ECS with 28 pair-matched controls who
underwent resection between 1994 and 1997.
The investigators noted a 14% incidence of post-
operative deficit compared with a 29% incidence
in the control group. In a study by Duffau and
colleagues,*' the investigators compared 100
patients with supratentorial LGGs undergoing tra-
ditional resection from 1985 to 1996 with 122
patients with similar tumors undergoing resection
with intraoperative ECS mapping from 1996 to
2003 by the same surgical faculty. The investiga-
tors noted a 6% gross total resection rate and
17% severe permanent deficit rate in the control
group compared with 25.4% and 6.5% in the
awake intraoperative mapping group. In the third
study, the investigators performed a re-resection
using ECS on 9 patients who had undergone
subtotal resections at another hospital for gliomas
in the eloquent (defined as language or sensory
motor) cortex. Five of the 9 patients were able to
receive gross total resections. The investigators
further noted that although only 6 of the 9 were
able to work before surgery, all 9 were able to
work after surgery.*®

Negative Mapping

The first surgeries to use ECS mapping techniques
were for epilepsy. These surgeries were typically
done with large craniotomies to expose not only
the region of surgical interest but also multiple
other cortical sites involved in language produc-
tion (positive sites). Until recently, it has been

thought that such positive site controls must be
established during language mapping before any
other cortical area could be safely resected. Using
this tactic, awake craniotomies traditionally iden-
tify positive language sites in 95% to 100% of
the operative exposures.?® However, the current
trend is toward the identification of negative sites
in which smaller tailored craniotomies often ex-
pose no positive functional language sites. Tumor
resection is, therefore, directed by the localization
of cortical regions that, when tested, contain no
stimulation-induced language or motor function,
which has led to less-extensive intraoperative
mapping and a more time-efficient neurosurgical
procedure.*

Direct Subcortical Stimulation

In addition to the identification of eloquent cortical
brain areas, there is increased interest in using in-
traoperative direct subcortical stimulation (DSS) to
functionally identify critical and eloquent white
matter tracts that also must be preserved. DSS is
similar to ECS in that it is performed intraopera-
tively with a awake patients; but instead of stimu-
lating the cortex, the underlying white matter at the
depths of the tumor resection cavity are interro-
gated. Because of the increased time required
for the mapping of subcortical structures (relative
to that required just for cortical mapping), subcor-
tical mapping is often limited with respect to the
number of tasks that can be performed before
patients become too fatigued to cooperate. As
an application of this concept, Lang and col-
leagues*® used DSS on a series of insular gliomas
but asserted that the technique did not give suffi-
cient warning for the surgeon to alter his or her
technique but rather served to inform the surgeon
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of damage that was already done. It should be
noted that the surgeons stated that the “subcor-
tical stimulation was used infrequently during
tumor resection.”® As such, critical damage may
have occurred in between stimulations. Regard-
less of this experience, ECS associated with DSS
is a potentially useful technique for preserving
function and has been used by several surgeons
to establish functional boundaries of tumors to
guide maximal and safe resections to minimize
both residual tumor and postoperative deficits.*®

Neuropsychological Testing

As our technology of functional mapping improves,
so does our understanding of the neuro-functional
organization of the ability to understand and pro-
duce language. This, in turn, guides our clinical
use of neuropsychological testing. By studying
patients with strokes and traumatic brain injuries,
it is clear that the language system can be sep-
arated into distinct subfunctions that can be
selectively damaged or spared during surgical
resections.

Surgeons and neuropsychologists have tradi-
tionally focused on naming exercises during intra-
operative testing. However, the use of language
requires numerous subcategories of function:
semantics, pronunciation, inflection, prosody, con-
notation, sublexical procedures, reading, and writ-
ing. Further, each of these subcategories can have
varying degrees of dysfunction. For these reasons,
a thorough preoperative neuropsychiatric lan-
guage evaluation is crucial before any surgical
resection in eloquent brain areas.*”

The first goal of neuropsychological testing is to
provide a baseline for intraoperative and all post-
operative evaluations. At a minimum, these evalu-
ations should include sublexical processing,
semantic and lexical knowledge, syntax, verbal
short-term memory, and the ability to process
auditory and visual stimuli as well as produce
written and oral responses.

The second goal is to identify the most critical
and feasible tasks for intraoperative testing. The
list of tasks tested intraoperatively should include
those that are both likely to be at risk during the
surgery and functional at baseline. In regard to
the former, when approaching a lesion in the supe-
rior temporal gyrus, a phoneme-discrimination
task or a word picture with phonological foils will
be appropriate considering the role played by
this region in speech perception.*® In other areas,
simple picture naming may be sufficient or naming
may need to be combined with comprehension,
such as pairing an object with its intended action
or naming an object both verbally and in written

form. Of note, the tested function need not be
completely unimpaired. Making a preoperative
deficit worse may be more devastating in some
cases than causing a new postoperative deficit.
Many language functions are not all-or-none
phenomena but rather have different gradations
of function. For example, a patient may have
a mild lexical impairment for nouns (pure anomia).
This type of deficit affects uncommonly used
nouns more often that commonly used ones.
Preoperatively, a list can be made of nouns that
patients can name without error for use during
the manipulation of suspected eloquent areas.
Finally, the list of tasks must be defined and finite
in length and performed in a reasonable amount
of time so as to not excessively extend the opera-
tive time or cause patient fatigue.

Technical Considerations

The sensitivity and specificity of intraoperative
language mapping also depends heavily on the
neurosurgeon’s skill. First and most simply, the
intensity of the stimulation can affect the map
produced. Low-intensity stimulation may be insuffi-
cient to affect the target, whereas high-intensity
stimulation can excite neighboring areas, which
leads to afterpotentials and false positives. Second,
although most surgeons stimulate each area more
than once, the number of stimulations differs
among practitioners, as does the number and types
of errors tolerated to define an essential language
area. The electrical stimulation may produce an
error at any of a variety of levels from simple dysar-
thria to true lexical semantic errors (tip-of-the-
tongue states). Thus, the usefulness and benefit
of intraoperative ECS and DSS mapping and,
hence, the functional outcome of patients may
vary depending on the experience of the surgeon
with these techniques.

POSTOPERATIVE GOALS AND ASSESSMENT

The aim of any brain tumor treatment extends well
beyond increasing survival. Palliation of symptoms
and the maintenance/improvement of quality of
life are important goals of any therapeutic inter-
vention. Thus, the benefits of existing or new treat-
ments need to be weighed against the side effects
and possible impairment of patients’ quality of life.

Aphasia and related language disabilities have
wide-ranging impacts on the lives of those impaired
and their families. These impacts can affect employ-
ment, social interactions, and familial roles regard-
less of how severe the linguistic impairment may
be. Adults with aphasia and their relatives report
numerous negative consequences of aphasia:
changes in communication situations, changes in
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interpersonal relationships, difficulty controlling
emotions, physical dependency, loss of autonomy,
restricted activities, fewer social contacts, and
recurring feelings of loneliness and despair.*®

Surgeons tend to follow their patients through-
out their inpatient course and for variable periods
of time after discharge. As such, many surgeons
may underestimate the potential for rehabilitation
in the acute postoperative period. For many years,
treatment of high-grade gliomas was considered
palliative and neurologic rehabilitation was ne-
glected. However, it is increasingly recognized
that many patients who have undergone resection
of gliomas in eloquent regions have significant
functional impairment. Furthermore, these impair-
ments can be responsive to rehabilitative physical,
occupational, and speech therapy with corre-
sponding improvements in functional status.
Recently, studies have begun to compare the
rehabilitative potential of patients with gliomas
with those of patients who have had a stroke and
found these two populations to be comparable in
functional recovery.®® Although many of these
studies have used outcome tests that include
language disturbances as a parameter, none
have been sufficiently powered to look at language
deficits specifically. Further outcome studies in the
area of functional language recovery following
glioma surgery are warranted.

Over the last several decades, neuroscientists
and neurosurgeons have moved from a localiza-
tionist view of language in which language function
was contained in discreet areas of neuronal cortex
to an associationist view in which the visual and
auditory linguistic information was processed in
discreet cortical sites and then transported through
subcortical white matter connections that are
equally important.' As our white matter tractogra-
phy imaging and DSS techniques improve and we
are better able to map out and test functional
connections, we may find that language follows
a connectionist model, with multiple centers pro-
cessing information in parallel. From Mesulam’s
large-scale neural network model of language in
particular, it seems that there are 2 parallel path-
ways, the dorsal phonological stream and the
ventral semantic stream, which converge to a
common final tract allowing speech production.5?
Furthermore, the network is modulated by corti-
co-striato-pallido-thalamo-cortical loops. The next
step to progress in the understanding of the brain
connectivity might be a more accurate analysis of
the interactions between the language circuit and
the networks underlying the other cognitive func-
tions, in particular the visuospatial component in
which the role of the superior fronto-occipital
fasciculus has been emphasized.>®

The future neurosurgeon will need to be aware
of how these different systems function in concert
and identify which are peripherally involved with
function versus essential to function. Additionally,
neurosurgeons will need to understand and re-
spect the role of subcortical structures and their
associated connections because studies of stroke
have taught us that lesions in the white matter can
be significantly more damaging and debilitating
than those found on the overlying cortex.*®

SUMMARY

Although a clinical trial comparing biopsy with
resection is not feasible, there exists sufficient
retrospective uncontrolled evidence to conclude
that a safe maximal resection will lead to the
best outcome in most patients with glioma. A post-
operative deficit in addition to an already debili-
tating disease can have serious and devastating
consequences on a patient’s quality of life. Identi-
fication and preservation of eloquent language
regions in the brain are of critical importance to
the neurosurgeon. As our understanding of the
mechanisms of human speech and language
expands, it is hoped that we will be better able to
use current and future noninvasive imaging tech-
niques to predict which areas of cortex and white
matter are likely essential for speech production
and language comprehension.
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KEY POINTS

e Uniform evaluation of health-related quality of life (HRQOL) in patients with glioblastoma multi-

forme (GBM) is currently not in place.

HRQOL can be altered by the patient’s perception.
Presurgical dialogue of the ultimate dismal outcome of GBM is very important.
Discussion of postoperative QOL must be performed during the preoperative phase, to avoid

misunderstandings and conserve patient expectations.

INTRODUCTION

Glioblastoma multiforme (GBM) is the most
common primary brain tumor and unfortunately
the most difficult tumor to effectively treat, despite
the significant advances in recent research.'?
Because of this, unknowingly, many medical
professionals might advocate for aggressive inter-
ventions that may adversely affect the quality of
life (QOL) and outcome of these patients. Given
the various neurologic deteriorations and psycho-
pathological impairments that these patients tend
to suffer during the course of this rapidly
progressive disease, not all of these patients stand
to benefit from certain of these therapies, at least
from a QOL standpoint. In addition, there are few
robust trials that have evaluated the QOL in
patients with high-grade glioma.3-%

The goal of treatment for the cancer patient
should go beyond increasing survival.” Rather,

Novel treatments for GBM should focus on improving survival while protecting HRQOL.
Palliative services should be integrated into the overall multidisciplinary plan of treatment.

maintenance or improvement of the health-related
QOL (HRQOL) must be a physician’s prerogative
when evaluating this goal. Hence, the benefits of
the cancer treatment must be weighed against the
adverse effects and potential psychopathological
impairments. HRQOL, a multidimensional concept
that includes self-reported measures of physical
and mental health has become a tool to support
clinical decision-making in patients with cancer
that cannot be cured, such as GBM. Specifically,
HRQOL evaluates physical, psychological, and
social aspects of human functionality.3”
Previously, the use of the Karnofsky Perfor-
mance Status was a common method to evaluate
QOL. However, this measure did not incorporate
a multidimensional approach to cost, QOL, and re-
turn to work, all of which are gaining importance as
outcome measures, especially because of the
intense resource use that brain cancer treatment
demands. Better technology and therapeutic
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interventions have yielded a marginal increase in
survival after surgery, radiation, and chemo-
therapy for GBM, and the attention is shifting
toward evaluation of the QOL gained by these
therapies during those additional weeks or
months.38

Depending on tumor location, surgical interven-
tion, and radiation therapy and chemotherapy
administered, certain patients benefit from this
marginal increase in survival, but may sustain
a decline in their HRQOL. Other patients might
do quite well after receiving treatment both clini-
cally and from an HRQOL standpoint, which urges
further research and clinical interventions.

The most commonly used metrics to evaluate
HRQOL in patients with brain cancer are role
participation, social functioning and global QOL,
visual disorder, motor dysfunction, communica-
tion deficit, and drowsiness (Box 1).°>'° Most
papers agree that improvement in QOL is demon-
strated by a 10-point positive change in HRQOL
score from baseline.

Divergent views of the HRQOL model exist, and
there are several other formulations to evaluate
physical and social functioning, and role participa-
tion that conceptualize disruptions caused by
a disease to the community, family and work.'?
Because these formulations or metrics may vary
by societal beliefs or norms, at least 1 paper has
sought to establish equivalence of language and
interpretation of the metric.'® To add to this
complexity, Herdman and colleagues™® found 19
different types of equivalence, but these standards
were not clearly defined, and the theoretical frame-
work for equivalence lacked. Their literature review
revealed vague or conflicting definitions to define
HRQOL, particularly in the case of conceptual
equivalence definitions of equivalence in the
HRQOL literature. They concluded that conceptual
equivalence definitions are cultural in nature, and
there existed an urgent need to establish univer-
salist standardized terminology within the HRQOL

Box 1

Common metrics used to evaluate quality of
life in GBM

e Role participation

e Social functioning

e Global QOL

e Visual disorder

e Motor dysfunction

e Communication deficit

e Drowsiness

field, which would require substantial changes to
guidelines and more empiric work on the conceptu-
alization of HRQOL in different cultures.

RADIOLOGICAL CONSIDERATIONS ON THE
QUALITY OF LIFE AND OUTCOMES IN GBM

Radiological predictors of poor prognosis in GBM
have been studied in multiple articles.'#'® Inten-
sity of enhancement of the tumor nodule and
extent of peritumoral edema are commonly cited
factors that portend a poorer prognosis (Table 1).
Interestingly, location and tumor volume have not
correlated as predictors of survival.™

Hobbs and colleagues'” found that in GBM, the
intensity of contrast enhancement on magnetic
resonance imaging (MRI) correlated with differ-
ences in gene expression. The expression of
certain genes has been used to determine the
most appropriate individualized treatment. This in-
tratumoral heterogeneity noted on MRI highlights
the need for multidisciplinary multimodal treat-
ment, to adequately address all aspects of the
biology of GBMs and possibly extend the long-
term HRQOL.'™ In summary, GBM patients with
little or no necrosis and with less tumor nodule
enhancement on preoperative MRI survive longer
than patients with greater amounts of necrosis
and greater degrees of tumor enhancement.

An increasing body of evidence demonstrates
the utility of expression profiling in stratification
of patients with GBM in terms of tumor classifica-
tion and survival.™®

SURGICAL CONSIDERATIONS ON THE QOL
AND OUTCOMES IN GBM

Surgery in glioblastoma is mainstay treatment for
both histopathological tissue diagnosis and tumor
debulking.?’ Extent of tumor resection slightly
increases survival, but this must be weighed
against the removal of eloquent cortex, resection
of which would decrease postoperative QOL. It is
the opinion of the authors, that in cases where
the malignant glial tumor invades eloquent cortex,
a discussion of postoperative QOL must be per-
formed during the preoperative phase, to avoid

Table 1
Radiological predictors on the QOL

Poor Predictors Good Predictors

Intense tumor
enhancement

Significant
peritumoral edema

Low degree of tumor
enhancement

Little peritumoral edema
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misunderstandings and conserve patient expecta-
tions. Many patients prefer to preserve functions
like speech and movement, even at the expense
of leaving behind significant amounts of tumor.
Importantly, the continuum of open dialogue of
specialists within a multidisciplinary team when
caring for patients with GBM is key, since loss of
communication among providers may result in de-
layed treatment. Interdisciplinary discussions are
imperative, since aggressive early intervention
retards tumor progression and leads to improved
survival.?® Surgery should be combined with
chemotherapy and radiation, as both add survival
benefit. Continuous communication of all parties
involved with care of these patients is vital.

A presurgical consideration to preserve the QOL
in patients with malignant glioma depends on 2
factors;

1. Location of the tumor
2. Aggressiveness of the tumor.

Tumors located within the left hemisphere,
primary speech area, or primary motor areas are
associated with decreased QOL. Preoperatively,
patients with tumors located in the speech area
of the brain may present with aphasia, or if in the
motor area, with paresis, leading to the need for
continuous dedicated care in the postoperative
phase.

Rapidly progressive tumors are associated with
arapid decline of cognitive function. Early reoccur-
rence of tumors usually portends a poor prog-
nosis, but pseudoprogression must be excluded.

Cognitive Impairments

Cognitive impairments that prevent return to work
are more common than physical disability. It is
unknown how many of the patients diagnosed
with a GBM return to work for any period of time.
Cognitive impairments are appraised through
evaluation of role participation, social functioning,
global QOL, communication deficit, and drowsi-
ness. Cognitive impairments are greater when
the tumor reoccurs, affects the left hemisphere,
or is present in areas of the brain that facilitate
comprehension.

Physical Disability

Presurgical consideration of potential postsurgical
physical disability is central when trying to protect
the QOL for these patients. This presurgical
discussion of potential adverse outcomes in the
postsurgical phase is crucial and creates
improved patient expectations. Studies evaluating
patient expectation scores to QOL are unknown,
but based on the authors’ experience, honest

discussion of postoperative expectation during
the presurgical phase may improve postoperative
role participation, social functioning, and global
QOL scores.

According to Furlong and colleagues,?” HRQOL
is the value assigned to duration of life as modified
by the impairments, functional states, percep-
tions, and social opportunities that are influenced
by disease, injury, treatment, or policy.

However, since HRQOL can be altered by
patient perception, presurgical dialogue of the ulti-
mate dismal outcome of GBM is so important. For
example, expectation of worsening weakness
exists postsurgically, when the tumor invades the
primary motor cortex and when preoperative
weakness is present. Discussion of this fact can
modify the patient’s intrinsic perception of the
weakness with improved HRQOL scores.

From another perspective, if a patient has
a strong belief in the advancement of science
despite shortcomings in current treatments, he or
she may wish to become the subject of a clinical
trial supporting scientific experimental technique
that may or may not improve outcome or HRQOL.
Thus, this calls for the incorporation of a universal
HRQOL measurement tool into experimental
studies, to begin to better understand outcomes
of treatment from a patient’'s perspective. For
example, a treatment that improves survival by 2
months, but causes the patient severe nausea
and lethargy throughout the treatment period of 6
months, may not be seen and appraised favorably
by the patient. On the other hand, without these
trials, scientific advancement might not be made.
Medicine thus becomes the science of balances,
advancing scientific knowledge and novel treat-
ments counterbalanced against potential patient
suffering because of the experimental therapy.

RADIOTHERAPY CONSIDERATIONS ON THE
QUALITY OF LIFE AND OUTCOMES IN GBM
Cognitive Impairments

Attention and psychopathological impairments are
commonly associated with radiotherapy of the
central nervous system (CNS). Most are dose-
dependent and constitute limiting factors in the
administration of treatments. Radiation-induced
neurologic complications occur in 3 forms: acute,
early delayed, or delayed (Table 2). Acute radiation
necrosis is now uncommon, given improvements
in accurate dose administration through advances
in the design of safer radiation modalities.??

To preserve HRQOL, the clinician should be
aware of 2 facts. First, patients harboring large
GBMs, particularly with signs of increased intra-
cranial pressure, should likely be treated with small
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Table 2
Radiation-induced encephalopathy

Common Clinical

Stages Timing Symptoms
Acute Minutes  Increased intracranial
to days pressure—headache,

nausea, vomiting

Early 2 wk to Prolonged drowsiness,

delayed 4 mo somnolence

syndrome

Late 4 mo to Dementia

delayed 24y

doses per fraction (doses of 200 cGy per fraction
or less appear to be better tolerated). Second, all
patients undergoing brain irradiation should be
protected with corticosteroids (8-16 mg of dexa-
methasone daily or more if increased intracranial
pressure is symptomatic), preferably for at least
24 hours before the start of radiation therapy.?®

The amelioration of the adverse effects of radio-
therapy is fundamental in preserving long-term
HRQOL. This also maintains patient satisfaction
while undergoing further cancer treatment.

Physical Disability

Radiation of tumors affecting eloquent areas of the
brain may adversely affect motor, speech, or
sensory function over time. Precise stereotactic
radiotherapy treatments, such as Gamma knife
or Cyberknife demonstrate advantages over other
radiotherapeutic modalities and assist in preserva-
tion of HRQOL..24?® However, such treatments are
generally not recommended in large diffusely infil-
trative GBMs. Because of its infiltrative character-
istic, after surgical debulking, a margin of the
surrounding brain should be included in the
radiation treatment.?* Effects of radiotherapy in
GBM are usually seen in a semidelayed fashion
(4-9 months), and it is paramount to bring up this
issue during the initial radiotherapy discussions.
It is known that informed patients have improved
HRQOL scores despite the presence of significant
disability.

CHEMOTHERAPEUTIC CONSIDERATIONS ON
THE QOL AND OUTCOMES IN GBM
Cognitive Impairments

Aggressive chemotherapy may lead to cognitive
impairmentin 20% to 30% of cancer patients. These
lasting effects, also known as chemotherapy-
induced cognitive dysfunction,” may result in

decreased HRQOL, especially in the metric of social
functioning.2®

Through targeted chemotherapeutic approaches
however, this metric can be improved. Literature
suggests that there is benefit to the use of expres-
sion profiling in the stratification of patients, as
well as the selection of targeted molecular and
gene therapies used for successful treatment of
malignancy. Although associated with less severe
adverse effects than other chemotherapy agents,
temozolomide should likely be used cautiously in
cases where the tumor is unmethylated, since the
tumor is not as responsive to this therapy. Temozo-
lomide is an alkylating agent that adds methyl
groups to DNA and is currently the standard of
care for first-line chemotherapy for GBM. In a
phase 3 study,?” analysis of O®-methylguanine-
DNA methyltransferase (MGMT) promoter methyla-
tion status performed on a subset of tumor samples
demonstrated a significant association between
MGMT promoter methylation (which decreases
protein expression) and improved patient outcome
from treatment. Among the patients in the com-
bined temozolomide and radiation therapy arm,
those with MGMT promoter methylated tumors
experienced a 2-year survival rate of 46% com-
pared with 14% among patients with unmethylated
tumors. Yet, MGMT tumor methylation might be
a positive prognostic value that is intrinsic to these
tumor subtypes, with a prognostic value that is inde-
pendent from treatment with temozolamide. This is
suggested by the fact that patients in this study who
had methylated tumors but were treated with radia-
tion alone also had improved survival.?”

The use of systemic chemotherapy to treat GBM
has been met with skepticism because of its
limited efficacy and the significant adverse effects
demonstrated in clinical trials. Nevertheless,
based on findings in randomized ftrials of new
agents, it has been suggested that further evalua-
tion of the role of chemotherapy is warranted.

Temozolomide and Gliadel (carmustine wafers)
are generally well tolerated due to their limited
systemic toxicity. In addition, these agents appear
particularly well suited for incorporation into multi-
modal treatment strategies.'®

Although investigations of individual gene or
protein alterations are important, because they
can provide potentially important clinical markers
of outcome or as therapeutic targets, a more
powerful approach to stratify therapy while
preserving HRQOL would be through the use of
gene expression profiling using microarray-based
platforms.2°

This would allow the identification of novel
molecular alterations associated with molecular
subtypes of tumors or clinical outcome.
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Fig. 1. Flow diagram: multimodal molecular approach to improve QOL.

Physical Disability

Toxic effects of chemotherapeutic agents on the
CNS lead to impaired functionality. Central neuro-
toxicity ranges from acute toxicity such as aseptic
meningitis, to delayed toxicities comprising cogni-
tive deficits, hemiparesis, aphasia, and progres-
sive dementia.

In one study,?® the authors examined for evidence
of cell death and cell division in the CNS. This study
concluded the presence of chemotherapy-induced
cognitive decline even in the absence of radiation.
A second study suggested that neural progenitor
cells are more vulnerable to DNA cross-linking
agents in vitro than are many cancer cell lines. It is

becoming increasingly clear that not only CNS irradi-
ation but also chemotherapy alone can cause severe
neurotoxicity leading to cognitive decline.?®

In summary, when discussing chemotherapy
treatment, one must balance the need for survival
with quality of life.

VALUE OF HOSPICE CARE

Malignant glioma is rapidly progressive despite
treatment, and it behooves the physician to
discuss this point together with the patient and
his or her family. One study suggests that there
exists limited provision of hospice care for
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supporting individuals in the palliative care stages
of such an illness.®°

Given the progressive illness trajectory of GBM,
the complex symptoms experienced by such
patients, and the requirement of extensive
support, the options for palliative support should
be discussed with the immediate family. Issues
of those engaged in informal caregiving should
be addressed, as this provides ease to the patient
and to the family.®" It is in the opinion of the
authors that this topic might be raised by the
physician providing immediate care to the patient,
but should be formally addressed by a professional
in the palliative medical services.

Baseline assessment of patients should be
geared to identify 2 factors: first, the range of
support services that both caregivers and patients
require, and second, the uptake and response to
these services. A multimodal molecular approach
to GBM has been suggested, and the authors
proposed a diagrammatical flow treatment para-
digm to improve QOL (Fig. 1).2° Each checkpoint
should be documented throughout the illness
trajectory. Following this or a similar protocol
should improve HRQOL for the patient by relieving
stressful tension in the family.®’

SUMMARY

GBM is the most common primary brain tumor and
the most difficult tumor to effectively treat, despite
the significant advances in recent research.
Uniform evaluation of HRQOL is currently not in
place. A universal HRQOL should be adapted to
cross-compare advances in clinical trials. Ulti-
mately, excellent novel treatments for GBM should
focus on improving survival while protecting
HRQOL. Palliative services should be integrated
into the overall multidisciplinary treatment plan.
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KEY POINTS

e High-grade gliomas include anaplastic astrocytomas and glioblastomas. They account for 3% to 7%
of primary brain tumors in children and peak in incidence during adolescence.

e Molecular mutations seen in pediatric glioblastoma multiforme and AAs include p53, PTEN, and LOH
at 10923. p53 and PTEN are associated with a poor prognosis.

e The goals of surgery include pathologic diagnosis and/or gross total resection. Longer progression-
free survival is associated with a greater extent of resection.

e In children older than 3 years, chemotherapy plus radiation after surgery is the standard of care. In
children younger than 3 years, radiation is associated with significant neurologic morbidity and

should be used only when necessary.

INTRODUCTION

Gliomas are primary brain tumors derived from
astrocytes and oligodendroglia and are histori-
cally separated into low- or high-grade categories
according to the World Health Organization (WHO)
classification system. Low-grade astrocytomas
(WHO grade | and Il) are approximately 40% of
primary supratentorial tumors of childhood and
are more common than high-grade astrocytomas
(WHO grade Ill and IV).! Supratentorial high-grade
gliomas (HGGs) are further divided into anaplastic
astrocytomas (AAs, WHO grade lll), anaplastic
oligodendrogliomas (WHO grade lll), mixed astro-
cytic tumors, and glioblastoma multiforme (GBM,
WHO grade 1V).2 As expected, survival rates are
poor and mortality is highest in patients with malig-
nant astrocytomas.

EPIDEMIOLOGY

HGGs account for between 3% and 7% of newly
diagnosed primary brain tumors in children.®#
GBM is the most common primary brain tumor in
the adult population, but GBMs along with AAs
account for only about 20% of pediatric supra-
tentorial brain tumors." In the pediatric population,
malignant astrocytomas seem to affect boys and
girls equally.® The incidence peaks during adoles-
cence, although very young children can also
develop malignant astrocytomas.®

At present, the only known risk factor associated
with developing an HGG is prior radiation therapy.®
Other rare risk factors include genetic syndromes
such as Li-Fraumeni syndrome. This syndrome is
characterized by 1 or more cancer occurrences in
children, including HGGs.”® Mutations of the p53
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tumor suppressor gene play a key role in tumori-
genesis in these patients. Neurofibromatosis type
1 is an autosomal dominant genetic disorder
caused by mutations of the neurofibromin gene.
The clinical manifestations include cutaneous café
au lait spots, neurofibromas in any organ system,
optic gliomas, and intracranial HGGs.® Turcot
syndrome, a disease of DNA mismatch repair char-
acterized by adenomatous colorectal polyps and
malignant neuroepithelial tumors, has been associ-
ated with HGGs in children.'®'! Other diseases of
constitutional mismatch repair deficiency, specifi-
cally expression of the MSH6 mismatch repair
gene mutation has been linked to HGG develop-
ment in children.? In addition, there have been
case reports of GBM occurring in patients with
Ollier disease and Maffucci syndrome, both dis-
eases of cartilaginous dysplasia.’® However, the
significance of the occurrence of these malignan-
cies in these syndromes is unknown.

PATHOLOGY
Histopathology

AAs are highly proliferative mitotically active
tumors of glial origin with increased cellularity
and cellular atypia. GBMs consist of active poorly
differentiated astrocytes with high mitotic activity.
These neoplasms are typically heterogeneous
with areas of hypervascularity and necrosis. Often
the necrotic areas are toward the center of the
lesion and surrounded by dense hypervascular
tissue. The peripheral zones of both AA and
GBM are composed of less dense cellular layers
that invade and infiltrate the surrounding brain
tissue. Typically this invasion is along white mat-
ter tracts, including the anterior and posterior
commissures, corpus callosum, fornix, and in-
ternal capsule. Infiltrating tumor cells are com-
monly found many centimeters from the original
tumor location.

Molecular Features

The molecular profiles of pediatric and adult
HGGs are distinct.’* Mutations in the p53 tumor
suppressor gene are characteristic features of
pediatric GBMs and are associated with a
poor prognosis. In a multi-institutional trial, the
Children’s Cancer Group (CCG) identified p53
mutations in 40.5% of pediatric HGGs.® This
same p53 mutation is only seen in secondary adult
GBMs. Secondary GBM refers to HGGs that
have arisen from the progression of lower-grade
gliomas. p53 overexpression in children is associ-
ated with a 5-year progression-free survival (PFS)
rate of 17% in comparison with a PFS rate of
44% in patients with low p53 expression.'7

Epidermal growth factor receptor (EGFR),'®
PTEN,'® and the Ras pathway?° are activated in
most adult GBMs, although these alterations are
only present in a subset of pediatric patients.
EGFR amplification is rare (<10%) in children
with GBMs than in adults with GBMs, although
positive and elevated EGFR immunoreactivity is
seen in 80% of pediatric tumors. The CCG trial re-
ported that 24% of pediatric GBMs and AAs had
PTEN deletions.?! Although mutations in PTEN
are rare in pediatric GBM than in GBM in adults,
if present, a poorer prognosis can be expected.
LOH at 10923 is a common abnormality found in
80% of pediatric GBMs.

There are at least 2 molecular subtypes of
pediatric GBM.2° One has activation of the Ras/
Akt and MAPK pathways and is associated with a
poor clinical prognosis. The other subtype does
not have Ras/Akt or MAPK pathway activation and
has a much more favorable prognosis. In most adult
GBMs, the Ras pathway is activated. In children
with GBMs with Ras activation, high expression of
CD133, nestin, dIx2, and MELK is also seen.

YB1, a protein involved in brain embryogenesis,
is upregulated in 72% of pediatric GBMs.2° This
protein is unique to pediatric GBMs and, when
localized to the nucleus, is associated with a
poor prognosis. When expressed in the cytoplasm
of Ras/Akt-negative GBMs, it was associated with
a better outcome. A strong positive association
between MIB-1 labeling, patient outcome, and
histology has also been found. Mean labeling
indices were 19.4 + 2.66 for tumors classified as
AA versus 32.1 + 3.08 for those classified as
GBM (P = .0024). The 5-year PFS was 33% +
7% in 43 patients whose tumors had MIB-1
indices of less than 18%, 22% + 8% in 27 patients
whose tumors had indices between 18% and
36%, and 11% 4+ 6% in 28 patients whose tumors
had indices greater than 36% (P = .003), reflecting
a significant inverse correlation between prolifera-
tive indices and PFS.?2

Pediatric AAs are associated with both loss and
gain of DNA copy number. The most common gains
are on chromosome 5q (40%) and 19 (30%), where-
as the most common losses are chromosomes 22q
(50%) and 69, 9q (40%).22 Losses on 17p have also
been reported. A shorter survival time is associated
with a gain on the 1q arm.2® PTEN mutation is rare
(8%) in pediatric AA, but if present is associated
with poor prognosis.?® In addition, p53 mutations
are present in 95% of pediatric AAs.?*

Clinical Features

As with many brain tumors, the clinical pre-
sentation depends on the anatomic location of



the tumor, associated effects on the surrounding
brain, and the age of the patient. Constitutional
symptoms such as fatigue, irritability, anorexia,
loss of milestones, or failure to thrive can occur
but are nonspecific in nature. Signs and symp-
toms of increased intracranial pressure, such as
worsening headaches, nausea, and vomiting, are
often seen with intracranial tumors regardless of
their diagnosis or grade. Neurologic abnormalities
related to tumor location may include hemiparesis;
dysphasia; or, less commonly, worsening seizures
related to tumor progression. Infants are a special
population in whom signs and symptoms may be
difficult to interpret. If the cranial sutures are still
open, symptoms and signs of increased intracra-
nial pressure may not be present; instead, the
head circumference will increase, making room
for the growing infiltrating tumor. A rapid increase
in head circumference may be the first step in the
diagnosis of a brain tumor in infants. The rate of
tumor progression is related to tumor grade.
Patients with HGGs have a hastening of functional
decline and symptoms in comparison with those
with lower-grade tumors.25-26

Diagnostic Imaging

HGGs can be identified on computed tomographic
(CT) scans as an irregular isodense or hypodense
lesion centered in the white matter. There may be
heterogeneous enhancement of the lesion seen
on postcontrast sequences. Although CT scans
play animportant diagnostic role in the early detec-
tion of brain tumors in children, magnetic reso-
nance imaging (MRI) is the most sensitive imaging
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tool and provides far more anatomic informa-
tion. At a minimum, the following MRI sequences
should be obtained: T1-weighted, precontrast
and postcontrast administration, T2-weighted, and
fluid-attenuated inversion recovery (FLAIR). Addi-
tional specialized magnetic resonance sequences
include magnetic resonance spectroscopy (MRS),
perfusion, diffusion-weighted imaging, and diffu-
sion tensor imaging (DTI). Functional MRI (fMRI)
can provide functional and structural information,
which is particularly helpful for surgical planning.2”

HGGs can have varying imaging features on
MRI. They either can have an irregularly enhancing
rim surrounding a necrotic core or can be poorly
marginated with diffuse infiltration into white
matter tracts such as the corpus callosum and
anterior and posterior commissures. These tumors
are usually solitary but can be multifocal. On pre-
contrast T1-weighted sequences, these tumors
are isointense or hypointense. After contrast
administration, T1-weighted sequences typically
show an irregular enhancing rim surrounding a
nonenhancing area of central necrosis (Fig. 1).
Hemorrhage is sometimes present within the
tumor (Fig. 2). The enhancing portion typically
represents mitotically active proliferating tumor
cells. T2-weighted and FLAIR sequences usually
show a heterogeneous mass with variable signal
intensity surrounded by a broad zone of vasogenic
edema. Infiltrating malignant tumor cells extend far
beyond the area of enhancement. These aggres-
sive tumors have elevated choline level, lactate
level, and lipid peaks and decreased N-acetyl-
aspartate peaks on MRS.?2 Because of the high pro-
liferative index and elevated glucose metabolism

Fig. 1. A mainly cystic AA (WHO grade lll) in a 6-year-old girl. On the postcontrast axial image (A), the tumor is
mainly cystic in appearance. A rim of enhancement is better visualized on the coronal image (B).
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Fig. 2. A partially hemorrhagic GBM of the left parietal lobe in a 15-year-old boy. The precontrast image (A)
shows areas of increased T1-weighted signal intensity consistent with hemorrhage. After gadolinium administra-
tion, there are irregular areas of enhancement within the tumor (B).

that characterizes HGGs, PET imaging reveals
high fludeoxyglucose uptake in the lesion.

Gliomatosis cerebri is the most diffuse form
of HGGs and is identified by tumor infiltration
throughout multiple lobes and associated vaso-
genic edema. Imaging of the neuraxis is indicated
when there is a concern for disseminated disease
throughout the brain and spinal cord. The differen-
tial diagnosis based on imaging includes abscess,
demyelination, or other primary malignant brain
tumors of childhood, including primitive neuroec-
todermal tumors, ependymoma, or pleomorphic
xanthoastrocytomas.

Following surgery, chemotherapy, and/or radia-
tion therapy, patients should be monitored radio-
graphically for tumor recurrence. Serial MRI with
close clinical follow-up is required to detect early
evidence of tumor progression.

TREATMENT
Surgery

The goals of surgery include obtaining tissue for
pathologic diagnosis and achieving a gross total
resection (GTR). Depending on tumor location,
GTR must be balanced against the development
of disabling neurologic deficits. Preoperative MRI
sequences such as DTl or fMRI as well as intrao-
perative image guidance navigation can assist in
safely achieving a greater extent of resection while
preserving neurologic function for the patient.
Because of the infiltrative nature and anatomic
location of these tumors, GTR is often not pos-
sible. In circumstances in which the tumor is
entirely deep in location with involvement of gray

matter nuclei, a limited biopsy may be the only
safe option (Fig. 3). Once a diagnosis is obtained,
adjuvant chemotherapy and/or radiation therapy
can be planned.

If GTR cannot be achieved, debulking of the
majority of the mass is beneficial. A longer PFS is
associated with a greater extent of surgical resec-
tion.2%=31 |n addition, by removing a portion of the
mass, symptoms associated with mass effect can
be partially or totally relieved. Inthe CCG 945 study,
children with HGGs who underwent GTRs (defined
as >90% resection) had a 5-year PFS rate of 35%
(£7%) in comparison with 17% (+4%) in the
group that underwent subtotal resection (STR)
(P = .006).%? Likewise, patients with AA who
underwent GTRs had a 5-year PFS rate of 44%
(£11%) in comparison with 22% (+6%) in those
who underwent STRs (P = .055). Patients with
GBM who underwent GTRs had a 5-year PFS rate
of 26% (+9%) in comparison with 4% (+3%) in
those who underwent STRs (P = .046).%? In this
same study, the 5-year event-free survival rate
(event defined as relapse or death from any
cause) for patients with oligoastrocytomas was
37.5% +17%.%2

Radiation Therapy

Radiation therapy is the standard of care after
surgical resection for children older than 3 years.
The neurologic sequelae of radiation therapy
include neurocognitive decline, secondary malig-
nancy, endocrinopathy, and vasculopathy, de-
pending on the location of the tumor and the
required radiation treatment volume and dose.
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Fig. 3. A heterogeneous-appearing AA in the upper midbrain and thalamus. Lesion enhancement is observed
following gadolinium administration in the axial (A) and coronal (B) images. This lesion was not amenable to

GTR, and diagnosis was obtained by stereotactic biopsy.

Therefore, younger children, in particular those
younger than 3 years, are often treated with
chemotherapy after surgical resection to delay
radiation therapy. For those patients older than 3
years, fractionated external beam radiation is the
standard of care. Patients are treated with 54 to
60 Gy delivered in daily fractions of 1.8 to 2.0 Gy.
Hyperfractionated radiotherapy, in which more
than one fraction of radiation is administered daily,
typically with a lower dose per fraction, has not
proven to improve outcomes nor decrease associ-
ated side effects of radiation.3*3%

Chemotherapy

Following surgical resection, chemotherapy is
started usually in combination with radiation
therapy, although it is often continued as mainte-
nance therapy. For children younger than 3 years,
chemotherapy can be administered as a primary
therapy to delay radiation as long as possible.
The effectiveness of adjuvant chemotherapy in
addition to radiation therapy after surgical resec-
tion of HGGs in children is not well established,
and most children with HGGs are treated on
a clinical trial. The first randomized trial testing
the efficacy of chemotherapy was conducted in
the 1980s by the CCG. Children with HGGs were
randomized after surgery to receive radiation
therapy with or without chemotherapy with predni-
sone, lomustine, and vincristine. Children who
received postradiation chemotherapy had better
PFS (46%) than those who did not receive chemo-
therapy (26%).3¢ This benefit was most apparent

in patients with GBM who had at least partial
tumor resection. In a subsequent CCG study,
patients were randomized to receive 1 of 2
chemotherapy regimens comparing an intensive
“8-drugs-in-one-day” regimen with the standard
regimen of prednisone, vincristine, and lomustine.
No difference in 5-year PFS was seen between
these regimens (33% vs 36%).2° Based on these
data, adding adjuvant chemotherapy to radiation
seems to provide a small survival benefit.

Since these early studies, chemotherapy has
been added to radiation therapy in different sched-
ules, including a “sandwich” protocol (before and
after radiation therapy), concomitant administration,
and maintenance therapy. Single agents including
etoposide, cyclophosphamide, irinotecan, platinum
compounds, procarbazine, CCNU and vincristine,
and topotecan have been studied in phase 2 trials
with marginal effects on overall survival. Because
concomitant temozolomide (TMZ) and radiation
therapy for adult patients with GBM led to prolonged
survival and is now considered the standard of care,
several studies have tested the efficacy of this drug
in pediatric patients.3"~4° Multiple other studies, in-
cluding 2 large national Children’s Oncology Group
studies, had disappointing outcomes and failed
to demonstrate a benefit of TMZ on long-term
survival in pediatric patients with HGGs, including
brainstem gliomas.3%#'*3 Ongoing trials are evalu-
ating TMZ in combination with additional chemo-
therapeutic agents such as the PARP inhibitor
ABT-888 or in combination with radiation and
ABT-888 as upfront treatment of pediatric brain-
stem glioma.
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High-dose myeloablative chemotherapy with
autologous hematopoietic stem cell rescue
(ASCR) has also been explored, and its role in the
treatment of HGG remains unproved. The CCG
9922 study using thiotepa, BCNU, and etoposide
followed by ASCR and focal radiation therapy
resulted in a 2-year PFS rate of 46% (+14%).4
This study was closed early after 5 of the 11 treated
patients developed significant pulmonary compli-
cations. Another study using thiotepa in patients
with newly diagnosed HGG showed a 4-year
survival rate of 46%.® The most appropriate can-
didates for myeloablative therapy are those with
complete or near-complete resection before mye-
loablative therapy.*® The use of high-dose chemo-
therapy with ASCR may contribute to long-term
disease control but at the expense of significant
morbidity and mortality as a consequence of the
regimens themselves. The associated side effects
and resultant poor quality of life have led many
investigators to question the benefit of high-dose
chemotherapy with ASCR despite the potential
for better disease control.

At present, a combination of surgery, radiation,
and chemotherapy is the standard therapy for
children with HGGs who are older than 3 years.
The most effective chemotherapy regimen, how-
ever, is still under investigation.

OUTCOME

A diagnosis of HGG, either GBM or AA, carries
a poor prognosis. In general, pediatric patients
have a more favorable course than adults with
the same diagnosis.*” Histologic characteristics,
amenability to surgical resection, and ability to
tolerate adjuvant therapies all contribute to a
patient’s individual survival rate. Patients with
grade IV tumors (GBM) have a worse prognosis
than those with grade Ill tumors (AA).2%48 Similarly,
patients who undergo GTR have improved 5-year
PFS in comparison with those who receive only
STR or biopsy. In addition, patients who are able
to tolerate radiation and chemotherapy after re-
section have an increased survival rate in com-
parison with those who do not undergo any
adjuvant treatment.

Functional outcomes are influenced by loca-
tion and extent of the tumor. For patients who
have large tumors that involve the eloquent
brain, preoperative deficits can be profound. Treat-
ment side effects, particularly those associated
with radiation therapy, to the developing neuraxis
can translate into developmental comorbidities.
Neuropsychological delay, endocrinopathies, vas-
culopathies, and cognitive delay/decline are not
uncommon sequelae of radiation therapy.

Although prognosis is generally poor for patients
with HGGs, secondary malignancies have been re-
ported after undergoing radiation to the neuraxis
and after exposure to chemotherapeutic agents
(eg, alkylating agents and etoposide). Because of
this, regular monitoring with serial MRI is crucial
to follow up tumor progression.

FUTURE DIRECTIONS

Current studies and trials seek to identify new
molecular targets for therapeutic intervention or
attempt to uncover new drug combinations to limit
treatment side effects while extending life expec-
tancy. Significant progress in the last several years
has greatly increased our understanding of the un-
derlying molecular mechanisms that are involved in
the tumorigenesis of pediatric HGGs. These findings
are now being translated into targeted therapies and
are entering early phase 1 clinical trials. For example,
the PI3K/Akt/mTOR pathway as well as BRAFV600E
are promising new targets. An analysis of 74 pedi-
atric HGGs revealed EGFR amplification in 4 of 43
pediatric GBMs (11%) and 2 of 11 pediatric AAs
(14%). The constitutively active EGFRvIll mutant
form was present in 6 of 35 (17%) cases.*® PDGFR
amplification is present in approximately 15% of
pediatric HGGs, and gene expression pathway anal-
ysis revealed that RTK signaling is dysregulated in
approximately 25% of pediatric HGGs.*® These
findings amongst others led to the development of
a phase 1 trial with the new dual PIBK/mTOR inhib-
itor XL765 (Sanofi-Aventis) for treatment of recurrent
pediatric HGGs. Further, Schiffman and col-
leagues® have reported a frequency of 25% (5/20)
of BRAFV°E mutations in pediatric HGGs, and
a more recent analysis showed a frequency of
10% of BRAFY®9%E mutations in an additional 60
pediatric HGGs.5! At present, PLX4032, a specific
inhibitor of BRAFV6%°E  is being considered for
a phase 1 clinical trial for children whose tumors
carry this mutation. PLX4032 has already shown
remarkable efficacy in patients with refractory meta-
static melanoma with a reported response rate of
81% and only mild grade 2 toxicities.5?

Receptor inhibitors, radiosensitization, and
vaccine trials are techniques that are currently
under further investigation as potential treatment
strategies for these patients. Inhibitors of EGFR
or platelet-derived growth factor receptor (PDGFR)
are being tested in phase 1/2 trials with and without
radiation as well as in combination with conven-
tional chemotherapy.®® Imatinib (PDGFR inhibitor)
has been associated in a phase 1 trial with in-
creased incidence of intracranial hemorrhage,
especially in patients with brainstem glioma, which
requires further investigation.>* Results from



a phase 2 trial (HIT-GMB-D) using high-dose meth-
otrexate showed results superior to that in the
control groups, and therefore this regimen is being
tested as a phase 3 study.5® Investigators are
currently studying the increased effectiveness of
chemotherapeutic agents used before radiation
therapy as radiosensitizers.®® Although vaccine
trials have been used in adults with HGGs, there
are less data for the pediatric population. Dendritic
cell-based tumor vaccination trials in children with
recurrent malignant brain tumors are underway.%”
Early results have shown that recurrent HGGs
respond favorably to vaccination with a 6-month
PFS of 42% and an overall survival of 21.2% at
a median follow-up of 35.7 months after surgical
resection and subsequent vaccination.

Laboratory investigations are setting the stage
for further clinical therapies. For example, gefitinib,
a GFR tyrosine kinase inhibitor, has been shown in
the laboratory to alter EGFR phosphorylation.58
Gene therapy using toxin-producing viral vector
constructs to induce selective killing of rapidly
proliferating tumor cells are also currently under
investigation. Further analysis of the underlying
molecular events leading to pediatric HGG will
enhance clinicians’ understanding and lead to
improved targeted therapies.

SUMMARY

Pediatric HGGs include AAs, anaplastic oligoden-
drogliomas, and GBM. Pediatric patients present
with a variety of clinical symptoms that vary greatly
with age of the patient, making early diagnosis
potentially more difficult than that in adults. MRI
plays a critical role in the early detection of brain
tumors in children, especially when clinical symp-
toms are nonspecific. Definitive diagnosis of HGG
rests on gaining a tissue sample from surgical biopsy
or resection. Although diagnosis is the main goal of
surgery in these patients, debulking of the mass is
critical both for symptomatic relief and to increase
survival rates among patients. The standard of
carein childrenincludes surgical resection, radiation
therapy (for children older than 3 years), and mainte-
nance chemotherapy. Current clinical trials and
laboratory studies are investigating new molecular
targets, tumor cell sensitization to radiation and
chemotherapy, and dendritic cell vaccinations.
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