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Glioblastoma is the most common and deadly brain tumor, possibly arising
from genetic and epigenetic alterations in normal astroglial cells. Multiple
cytogenetic, chromosomal, and genetic alterations have been identified in
glioblastoma, with distinct expression of antigens (Ags) and biomarkers that
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may alter therapeutic potential of this aggressive cancer. Current therapy
consists of surgical resection, followed by radiation therapy and chemotherapy.
In spite of these treatments, the prognosis for glioblastoma patients is poor.
Although recent studies have focused on the development of novel immu-
notherapeutics against glioblastoma, little is known about glioblastoma-specific
immune responses. A better understanding of the molecular interactions
among glioblastoma tumors, host immune cells, and the tumor microenviron-
ment may give rise to novel integrated approaches for the simultaneous control
of tumor escape pathways and the activation of antitumor immune responses.
This review provides a detailed overview concerning genetic alterations in
glioblastoma, their effects on Ag and biomarker expression, and the future
design of chemoimmunotherapeutics against glioblastoma.

I. Introduction
Glioblastoma is the most common and aggressive primary tumor of the
central nervous system (CNS) in adults.1,2 Median survival of glioblastoma
patients is 10–12 months. Radiotherapy has been of key importance to the
treatment of glioblastoma for decades, and the ability to focus the beam and
tailor it to the irregular contours of brain tumors, while minimizing the dose to
nearby critical structures through intensity-modulated or image-guided tech-
niques has been improved greatly.3 Temozolomide, an alkylating agent with
simple oral administration and a favorable toxicity profile, is used in conjunc-
tion with and after radiotherapy.4 Newer surgical techniques, such as fluores-
cence-guided resection and neuroendoscopic approaches, have become
important in the management of malignant glioblastoma. New discoveries are
also being made in basic and translational research including agents that block
one or more of the disordered tumor proliferation signaling pathways and that
overcome resistance to current treatments. Targeted therapies such as anti-
angiogenic therapy with antivascular endothelial growth factor (anti-VEGF)
antibodies are also finding their way into clinical practice.5 According to the
classical genetic pathway theory, glioblastoma can be subdivided into primary
and secondary tumors, reflecting the progression of low-grade astrocytomas
during the multistep tumorigenesis. The main molecular hallmarks of primary
glioblastoma are epidermal growth factor receptor (EGFR) amplification with
loss of heterozygosity (LOH) on chromosome 10q, murine double minute
2 (MDM2) oncogene amplification, p16 deletion, phosphatase and tensin
homolog on chromosome ten (PTEN) mutation, and further overexpression
of insulin-like growth factor-binding protein 2 (IGFBP2).6–10 In secondary
glioblastoma, the main molecular hallmark is tumor protein 53 (TP53) muta-
tions with LOH on 17p, 10q, and 19q. TP53 mutation and/or LOH on 17p and
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EGFR gene amplification occur in a mutually exclusive fashion in glioblastoma.
Large-scale research efforts are ongoing to provide a comprehensive under-
standing of all the genetic alterations and gene expression changes underlying
glioblastoma formation. Despite advances in molecular biology and genetics of
cancer, there is no effective treatment available for glioblastoma. This review
will summarize the role of various antigens (Ags) and biomarkers in the
pathobiology of glioblastoma and their potential role in brain malignancies.

Glioblastoma molecular profiles have been analyzed that reflect a change
from an invasive to an angiogenic brain tumor phenotype. Aberrant patterns of
multiple gene expression and compartmentalization in glioblastoma have been
associated with glioblastoma tumorigenesis and progression. Angiogenesis is a
critical physiologic process that is appropriated during tumorigenesis. Little is
known about how this process is specifically regulated in the brain. The cellular
and molecular events that initiate and promote glioblastoma development are
also not completely understood, and the treatment modalities designed to
promote its demise are all ultimately ineffective, leading to disease progression.
Vasculogenesis and angiogenesis have been shown to play distinct roles in the
pathogenesis of primary and recurrent glioblastoma,11 suggesting that patient
therapy should perhaps be tailored specifically against the predominant vascu-
lature pathway at a given specific stage of glioblastoma progression. The
identified proteins resulting from vasculogenesis and angiogenesis could be
further exploited as biomarkers or therapeutic targets for malignant brain
tumors. Likewise, microRNAs (miRNAs) are effective posttranscriptional reg-
ulators of gene expression and are important in many biological processes,
including oncogenic and tumor suppressive functions in glioblastomas.12 The
manipulation of these could also yield new treatment modalities and biomar-
kers in glioblastoma. Recent study suggests that many cancer cell populations
contain a subpopulation of self-renewing stem cells known as cancer stem cells
(CSCs).13 Unlike normal adult stem cells, CSCs can increase in number as
tumor cells grow, and give rise to progeny that can be both locally invasive and
colonize at distant sites. Stem cells maintain homeostasis in adult tissues via
self-renewal and generation of terminally differentiated cells. Alterations in this
balance can result in malignant cell growth and disease. Understanding the
mechanisms by which stem cells become CSCs may lead to new therapeutic
approaches.

Glioblastoma, like other malignancies, is able to overcome host immune
defenses through a variety of mechanisms. The brain is believed to be an immu-
nologically privileged region, where immune responses to tumors and cellular
interactions are influenced by the presence of the selective blood-brain barrier
(BBB). Only activated T cells may gain entry to the brain.14 Brain-infiltrating T
cells may also lose activated status or may be largely immunosuppressive CD4þ
CD25þ regulatory T (Treg) cells.15 One of the important features of tumor
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vaccines is to increase the number of tumor Ag-specific T cells in vivo. As the
number of immune T cells increases, the effects of the vaccine usually increase,
but the efficacy is dependent not only on the quantity of T cells but also on the
survival of Tcells. Tumor vaccines may also present Ags to the small number of T
cells that are capable of recognizing and responding to the Ags, which are thereby
stimulated to proliferate and increase in number.16,17 These components and
factors that allow T cell activation and expansion in significant number have
been identified and constructed as immunotherapeutic agents. Similarly, many
of the components and factors that prohibit activation, expansion, orpersistenceof
immune-effector cells have been identified, and agents that interfere with the
prohibition have also been constructed.

Several possible vaccination approaches can be envisioned for treating
glioblastoma patients. One of these approaches is the isolation of patients’
own tumor cells treated with cytokines and used as a whole cell vaccine.
These cells are loaded on the patient’s own dendritic cells (DC) cultured with
cytokines, and then inoculated back to the patient.18 The advantage of this kind
of cellular immunotherapy is that tumor-specific T cells may seek and kill
invasive glioblastoma tumors that remain as a residue after surgical and che-
motherapeutic interventions. Expansion of tumor-specific cytotoxic T cells
(CTL) has also been observed in glioblastoma patients treated with an autolo-
gous DC vaccine in combination with cytokines.19 However, many patients
receiving the vaccine eventually die because of glioblastoma progression,
despite the presence of tumor-specific CTL. Aberrations of normal cytokine-
mediated cell proliferation have also been observed in glioblastoma and there is
evidence that alterations in the expression of cytokines and their receptors are
most apparent in more malignant brain tumors.16,19 Thus, in order for immu-
notherapy to successfully treat glioblastoma, the cells responsible for tumor
progression must be targeted and eliminated by a combination of chemother-
apeutics, immune cells, and cytokines. Although recent study has provided
evidence of cell-mediated antiglioblastoma responses in a number of clinical
trials, special considerations need to be accounted for devising immunother-
apeutics against CNS tumors. The purpose of this review is to provide an
overview of genetic alterations and appearance of Ags and biomarkers in
glioblastoma, and discuss how these molecules could be targeted for devising
novel chemoimmunotherapy.
II. Genetic Alterations in Glioblastoma

Glioblastoma is the most common and aggressive type of brain tumor in
humans. Intensive molecular analyses have revealed a variety of deregulated
genetic pathways involved in DNA damage and repair, apoptosis, cell
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migration, angiogenesis, and the cell cycle. This section will focus on potential
new targets in glioblastoma resulting from genetic alterations. The majority of
glioblastoma cases are primary brain tumors that grow rapidly without major
clinical or histological evidence of a less malignant precursor lesion. These
tumors mainly affect the elderly and are genetically characterized by LOH
on 10q, EGFR amplification, p16INK4a deletion, and PTEN mutations
(Table I).6–10 Secondary glioblastoma tumors develop through progression
from low-grade diffuse astrocytoma or anaplastic astrocytoma and are pro-
nounced in younger patients.2,6–8 While disruption of tumor suppressor gene
TP53 is implicated in the progression of many types of human malignancies,
adult glioblastoma patients with TP53 mutation may have a more severe
consequence (e.g., shorter survival) than those without TP53 mutations.2,6–8

It has also been shown that TP53 mutations, but not p53 expression, correlate
with a more aggressive form of the disease. Studies have also reported that
glioblastoma with TP53 mutations are more frequent in women when com-
pared with those mutations in men, and may occur in younger patients.20 In
addition, some study suggests that TP53 mutations may occur in patients of any
age group, whereas EGFR amplification preferentially occurs in older patients.
Thus, multiple genes are involved in the initiation of the disease, and variability
occurs in different age and sex groups in the progression of glioblastoma. The
median survival of secondary glioblastoma patients has been reported to be 7.8
months, significantly longer than that of primary glioblastoma patients (4.7
months). However, after careful analysis of age and disease progression, no
significant difference in survival was observed in patients with primary and
TABLE I
OVERVIEW OF REPORTED GENE ALTERATIONS AND FREQUENCY OF MUTATIONS IN

GLIOBLASTOMA

Genes Changes Frequencies (%)

LOH 10q Loss 50–70
EGFR Amplification 40–60
P16ink4a Deletion 31
TP53 Mutation 50–60
PTEN Mutation 60
MDM2 Polymorphism 40–60
MGMT Hypermethylation 50–60
IDH1 Mutation 40–50
CDK4 Mutation 20–30
PD GERA Amplification 20–30

Refs. 6–10,21–28.
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secondary glioblastoma. During glioblastoma progression, additional mutations
and genetic alterations accumulate, which may alter disease severity and
patient survival.

Primary and secondary glioblastomas can also differ significantly depending
on their pattern of promoter methylation and in expression profiles at the RNA
and protein levels. LOH on 10q is shown most frequent in both primary and
secondary glioblastomas.2,6,7 Studies suggest that TP53 mutations are detected
early in the pathway, and frequent genetic alterations can lead to secondary
glioblastoma.8–10,21 A recent study analyzed 77 Japanese patients with primary
glioblastoma and found 22% TP53 mutations, 21% PTEN mutations, 32%
EGFR amplification, 42% p16INK4a homozygous deletion, and 69% LOH on
chromosome 10q in those patients.22 The frequencies of these genetic altera-
tions at the population level were similar to those reported in Europe. This study
noted apositive association betweenEGFRamplification andp16INK4a deletion,
and an inverse association between TP53 mutations and p16INK4a deletion in
glioblastoma patients in Japan versus European countries. The allele frequen-
cies of polymorphisms at codon 787 CAG/CAA (Gln/Gln) in glioblastoma in
Japan were significantly different from those in Europe. Collectively, this study
observed a similar molecular basis in genetic alterations in Caucasians and
Asians, despite different genetic backgrounds and polymorphisms in the
EGFR gene. These genetic alterations in glioblastoma may also offer new
potential targets for the development of a variety of antitumor therapeutics.

Tumorigenesis of human glioblastoma could be driven by several other
genetic abnormalities with disruption of important molecular pathways
(Table I), such as TP53/MDM2/p14ARF and EGFR/PTEN/Akt/mTOR.8–10,21

In the TP53/MDM2/p14ARF pathway, TP53 mutation plays a crucial role in the
development of secondary glioblastoma. TP53 mutations are also believed to
be the first detectable genetic alteration in two-thirds of precursor low-grade
diffuse astrocytoma and aplastic astrocytoma. TP53 mutations also occur in
primary glioblastoma, but at a lower frequency. Studies suggest that G/C to A/T
mutations at CpG sites, particularly in the hotspot codons 248 and 273, seem to
be an early event directly associated with malignant transformation in the
pathway to secondary glioblastoma. The less specific pattern of TP53 mutations
in primary glioblastoma may constitute, at least in part, secondary events due to
increased genomic instability during tumor development. The TP53/MDM2
pathway also plays a role in glioblastoma, where MDM2 amplification is
implicated in poor prognosis of the disease.20 The association of alterations in
p53 and MDM2 with the survival of patients with anaplastic astrocytoma or
glioblastoma also remains controversial. Homozygous deletion of the p16INK4a/
p14ARF/p15INK4b locus is thought to be the most common genetic alterations in
glioblastoma.2,6,23 Two recent studies have shown that deletion and mutation of
another inhibitor of cyclin-dependent kinase 4 (INK4) family member,
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p18INK4c, may drive the pathogenesis of glioblastoma. Hypermethylation of
p14ARF may constitute distinct molecular pathways of astrocytoma progression,
which could differ in biological behavior and clinical outcome. Loss of p14ARF

expression has frequently been observed in glioblastoma (76%), and this
typically correlates with homozygous deletion or promoter methylation of the
p14ARF gene. Promoter methylation of p14ARF was also shown to be more
frequent in secondary glioblastoma as compared with primary glioblastoma,
but no significant differences were observed in the overall frequency of p14ARF

alterations between glioblastoma subtypes. The p14/p19ARF product of the
CDKN2A gene also displays tumor suppressor activity, both in the presence
and absence of p53/TP53. Genetic alterations are also frequently observed in
high-grade adult astrocytomas, occurring in either the p53/MDM2/p14ARF or
Rb/CDK4/p16INK4a tumor suppressor pathways.2,6–8,20,23 The clinical signifi-
cance of other glioblastoma-associated molecular aberrations and their rela-
tionship to O6-methylguanine-DNA methyltransferase (MGMT) promoter
hypermethylation is still unclear. Correlation of molecular findings with clinical
data revealed significantly longer time to progression after onset of chemother-
apy and longer overall survival of patients with MGMT-hypermethylated
tumors. In contrast, MGMT protein expression, MGMT polymorphisms, and
aberrations in any of the other genes and chromosomes were not significantly
linked to patient outcome.

Studies suggest that the EGFR/PTEN/Akt/mTOR signaling pathway is
activated in many cancers including glioblastoma, yet mTOR inhibitors have
largely failed to show efficacy in the clinic.21,24,25 In this pathway, amplification
of the gene encoding the EGFR occurs commonly in glioblastoma, leading to
activation of downstream kinases including PI3K, Akt, and mTOR. While
EGFR amplification may occur in about 40% of primary glioblastoma, it is
rarely detected in secondary glioblastoma. Overexpression of EGFR is also
thought to be common in about 60% of primary glioblastoma as compared with
secondary glioblastoma (about 10%). Some study also reported little to no
amplification of EGFR in younger patients with glioblastoma, suggesting that
EGFR amplification is absent or very rare in pediatric glioblastoma. The
amplification of EGFR is also associated with amplifications in MDM2 and
CDK4 and a higher percentage of cases with promoter methylation of
INK4a.21,24,26 EGFR amplification may occur independently of or simulta-
neously with TP53 mutation, but may not correlate with patient survival.
Understanding the genetic profiles and molecular subtypes within primary
glioblastoma may contribute toward the development of targeted drugs against
glioblastoma. Study also suggests that EGFR amplicons are often mutated;
EGFR variant 3 (EGFRvIII) with deletion of exons 2–7 is the most frequent
type in glioblastoma.8–10,21 The constitutively active EGFRvIII can enhance
cell proliferation in part by downregulation of p27 through activation of the
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PI3K/Akt pathway. EGFR also becomes activated through the binding of EGF/
transforming growth factor-beta (TGF-b) to its extracellular domain, resulting
in recruitment of PI3K to the cell membrane.8–10 PI3K phosphorylates PIP3,
which activates downstream effector molecules such as Akt and mTOR. These
events may result in cell proliferation and increased tumor cell survival by
blocking apoptosis. Glioblastoma tumors often show activation of EGFR and
loss of PTEN tumor suppressor7–10, but it is not clear if these two genetic
factors act together to transform brain astroglial cells. One of the obstacles in
designing specific inhibitors is that glioblastoma cells frequently carry muta-
tions in the PTEN tumor suppressor gene on 10q23.3. It has been shown that
the PTEN gene is mutated in 20–40% of glioblastoma tumors. The tumor
suppressor properties of PTEN are also closely related to its inhibitory effect
on the PI3K-dependent activation of Akt signaling. Dissecting the molecular
events associated with activation of this pathway in glioblastoma patients may
help develop inhibitors to block the PI3K pathway.

Promotermethylation of p16INK4a, p14ARF, RB1, TIMP-3, andMGMTgenes
has also been analyzed in both primary and secondary glioblastomas, where
secondary glioblastoma showed a higher frequency of promoter methylation
than primary glioblastoma.2,6–9 MGMT is a repair protein that specifically
removes promutagenic alkyl groups from the O6-position of guanine in DNA.
MGMT protects cells against malignancies induced by alkylating agents, and an
inverse correlation has been reported betweenMGMTactivity and tissue-specific
tumorigenesis induced by alkylating agents in rodents. Repair of O6-alkylguanine
adducts by tumor cells has been implicated in drug resistance because it reduces
the cytotoxicity of alkylating chemotherapeutic agents. Loss ofMGMTexpression
causedbymethylation of promoterCpG islandswas detected in 75%of secondary
glioblastoma, significantly more frequently than in primary glioblastoma (36%).
The difference in frequency of MGMT methylation between primary and sec-
ondary glioblastoma is clinically relevant because patients with glioblastoma con-
taining amethylatedMGMTpromoterwere shown to have a substantially greater
benefit from adjuvant, temozolomide treatment.

Studies suggest that multiple genes expressed at a significantly higher level
in primary versus secondary glioblastomas include VEGF, fms-related tyrosine
kinase 1, and IGFBP2.10,27 Because VEGF is induced by hypoxia-inducible
factor-1 (HIF-1), this difference explains the higher frequency and greater
extent of necrosis in primary glioblastoma.28 Active forms of EGFR, MDM2,
and MMP-9 are more frequently expressed in primary glioblastoma than in
secondary glioblastoma.9,10 Active MMP-9 expression is strongly correlated
with EGFRvIII expression, which is also typical for primary glioblastoma.
Survivin, an inhibitor of apoptosis, is also frequently expressed in 83% of
primary glioblastoma while it is expressed in 46% of secondary glioblastomas.29

Achaete-scute homolog 1 (ASCL1) is overexpressed in 86% of grade II diffuse
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astrocytomas and 88% of secondary glioblastoma, whereas 67% of primary
glioblastoma expressed similar to or less than normal brain levels. ASCL1
upregulation was accompanied by inhibition of Notch signaling as seen by
uninduced levels of Hes1, a transcriptional target of Notch1, and increased
levels of Hes6, a dominant-negative inhibitor of Hes1-mediated repression of
ASCL1.30 Aberrant patterns of g-tubulin expression and compartmentalization
in glioblastoma have also been reported, and these changes might underlie
perturbations in microtubule nucleation and mitosis associated with glioblasto-
ma tumorigenesis and tumor progression.31

A recent proteomics approach has identified additional proteins that are
differentially expressed between glioblastoma subtypes. The prognosis of
patients with glioblastoma may be at least partially determined by a complex
interaction between age and different genetic alterations. Overexpression of
IGFBP2 was recently found as the most frequent alteration in advanced stage
of glioblastoma.10,25 IGFBP2 is crucial in determining the phenotypes of
advanced stage of tumors, such as increased cell proliferation and invasion.
Isocitrate dehydrogenase 1 (IDH1) mutations are also present more often in
younger glioblastoma patients.32 The identification of IDH1 mutations may
have clinical value as a marker of secondary glioblastoma. Recent studies have
also demonstrated that inhibition of mitochondrial IDH2 increases tumor
sensitivity to certain chemotherapeutic agents. This finding provides a strong
basis for the emerging development of novel gene-based diagnostic, prognos-
tic, and therapeutic strategies for glioblastoma tumors.
III. Ags and Biomarkers in Glioblastoma

The assessment of Ags and biomarkers is needed to gain better under-
standing of glioblastoma pathogenesis, to help determine prognosis, and to
design therapies. The majority of glioblastoma patients exhibit rapid disease
progression despite aggressive surgery, radiation, and chemotherapy.1,2,6,7 The
lack of known biomarkers allowing for the assessment of the evolution and
prognosis of glioblastoma is a major impediment to the clinical management of
glioblastoma patients. The observed variability in Ags and biomarkers expres-
sion (Table II) and in patient survival outcomes implies biological heterogene-
ity and the existence of unidentified patient categories. Study suggests that the
prospero homeobox protein 1 (PROX1) is a transcription factor that plays a
critical role in the development of various organs including the mammalian
CNS and lymphatic system.33 PROX1 controls cell proliferation and differen-
tiation through different transcription pathways and has both oncogenic and
tumor-suppressive functions. It has been shown that an average of 79% of
glioblastoma cells express PROX1. Human epidermal growth factor receptor



TABLE II
POTENTIAL GLIOBLASTOMA ANTIGENS AND BIOMARKERS FOR THE DEVELOPMENT OF CHEMO-

IMMUNOTHERAPEUTICS

Ags Biomarkers

Ami-2, Art-1, Art-4, B-cyclin, EphA2,
Ezh2, Fos11, Galt-3, GnT-V, Gp-100,
Her-2/Neu, HNRPL, IL–13Ra2,
Mage-1, Mart-1, MRP-3,PTHrP,
Sart-1,Sart-2, Sart-3, Sox-11,
Survivin, hTert, Trp-1, Trp-2,
Tyrosinase, Ube2V,Whsc2, YKL-40

AEG-1, ARF, ASCL1,Cav-1, CD44,
CD44, CD133, EGFR, EGFRvIII,
EWI2, Gli1, HEY1, HIF-1, IDH2,
IGF, LIFR, MDM2, MGMT, MMP,
NGFR, PTEN, TEM1//endosialin,
TP53, PROX1, Rad51, SSEA-1,
VEGF

Refs. 19,29,33–39,72.
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2 (HER-2) is a validated immunotherapy target, and HER-2-specific T cells
generated from glioblastoma patients recognize autologous HER-2-positive
tumor cells that also express CD133 biomarker.34 In this study, stimulation of
HER-2-specific T cells with HER-2-positive autologous glioblastoma cells
resulted in T cell proliferation and secretion of interferon-gamma (IFN-g)
and interleukin-2 (IL-2) in a HER-2-dependent manner. HER-2-specific T
cells also killed both CD133� glioblastoma cells derived from primary HER-2-
positive glioblastoma, whereas HER-2-negative tumor cells were not killed.
Injection of HER-2-specific T cells induced sustained regression of autologous
glioblastoma xenografts, suggesting adoptive transfer of HER-2-specific T cells
may be a promising immunotherapeutic approach for patients with
glioblastoma.

Studies suggest that CD44 is a major cell surface hyaluronan receptor and
is implicated in the progression of a variety of cancer types.35,36 CD44 is
upregulated in glioblastoma cells and its depletion blocks glioblastoma tumor
growth and sensitizes tumor cells to cytotoxic drugs in vivo. Consistent with this
observation, CD44 antagonists have been tested in preclinical mouse models
and shown to inhibit glioblastoma growth. A recent study has provided evi-
dence that CD44 functions upstream of the mammalian Hippo signaling
pathway, promoting tumor cell growth.35 Investigating CD44 antagonists may
uncover a novel CD44 signaling pathway in brain tissue malignancies, and
provide a first mechanistic explanation as to how upregulation of CD44 may
constitute a key event in leading to cancer cell resistance. A recent study has
shown that stage-specific embryonic antigen-1 (SSEA-1) expressing glioblasto-
ma cells are highly tumorigenic in vivo, and that this Ag can be a general
biomarker in human brain tumors.37 The peripheral and local expression of IL-
8 may associate with IL-6, cyclooxygenase-2 (COX-2), and VEGF expression in
brain tumor patients. IL-6 and IL-8 expression levels were shown higher in the
peripheral blood mononuclear cells (PBMCs) of glioblastoma patients
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compared with non-tumor controls.38 The coordinated expression and topo-
graphical relationship of IL-6, IL-8, COX-2, and VEGF were observed in the
same tumor areas, suggesting that the angiogenic process takes place in the
brain tumor microenvironment. The expression of selected neural and non-
neural differentiation markers including A2B5, CD34, CD45, CD56, CD117,
CD133, EGFR, GFAP, HER-2/neu, LIFR, nestin, NGFR, Pgp, and vimentin
has also been analyzed in glioblastoma patients.39 All glioblastoma tumors were
positive for A2B5, CD56, nestin, and vimentin. CD133, EGFR, LIFR, NGFR,
and Pgp were variably expressed by brain tumor cell subpopulations. Surpris-
ingly, CD34, CD45, CD117, GFAP, and HER-2/neu biomarkers were negative
in those tumors. The expression of A2B5, CD56, NGFR, and Pgp appeared to
be associated with chemoresistance whereas CD133, EGFR, and LIFR ex-
pression was characteristic of chemosensitive tumors. The activating receptor
NKG2D, expressed by NK and CD8þ T cells, also has a role in the specific
killing of transformed cells.40 Studies have shown that NKG2D expression is
downregulated in NK and CD8þ Tcells in glioblastoma patients. Expression of
NKG2D on lymphocytes was significantly increased following tumor resection
and correlated with an increased ability to kill NKG2D ligand-positive tumor
targets. Despite the presence of soluble NKG2D ligands in the sera of glio-
blastoma patients, NKG2D downregulation was primarily caused by tumor cell
production of TGF-b, suggesting that blocking this cytokine may have thera-
peutic benefit.

Recent molecular and genetic profiling studies have provided a better under-
standing of prognostic and predictive biomarkers of glioblastoma along with
underlyingmechanisms of resistance to standard therapies (Table II). The expres-
sion of specific molecular biomarkers (e.g., MGMT status) may determine the
response of the tumor to treatment and help identify the magnitude of benefit
from this regimen.WhileMGMTpromoter hypermethylation is associatedwith a
response to alkylating chemotherapy and longer survival,41 the clinical signifi-
cance of other glioblastoma-associated molecular aberrations and their relation-
ship to MGMT promoter hypermethylation is poorly understood. A recent study
revealed that the adherens junction associated protein 1 (AJAP1), epithelial
membrane protein 3 (EMP3), and podoplanin (PDPN) gene expression are also
associated with overall survival of glioblastoma patients. By identifying further
biological subtypes of glioblastoma at the molecular level, specific targeted thera-
pies could be developed and used in the future for more individualized therapeu-
tic regimens. The insulin-like growth factor (IGF) signaling pathway has been
implicated in the progression of glioblastoma.10,42 The IGF signaling axis involves
the complex coordinated actions of two ligands (IGF-I and IGF-II), three cell
surface receptors (IGF-IR, IGF-IIR, and IR), IGF-binding proteins (IGFBPs),
and the proteases that affect the binding proteins. These interactions are thought
to influence IGF bioavailability. The mitogenic effects of IGFs are mainly
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mediated through interactions with IGF-IR followed by the activation of its
downstream effector molecules. Earlier studies have shown that human glioblas-
toma tumors overexpress IGFs and IGFRs when compared with normal brain
tissue. IGFBP isoforms can also play a role in the pathogenesis of a number of
human malignancies. IGFBP isoforms (IGFBP-2, IGFBP-3, and IGFBP-5) are
expressed during malignant progression of astrocytoma and the mean transcript
levels of IGFBP-2 and IGFBP-3 are found significantly higher in glioblastoma
tumors relative to other brain tumors. IGFBP-2 overexpression is also thought to
be an invasive potential of glioblastoma cells, and is associated with poor patient
prognosis. This study also found that IGFBP-3 biomarker expression and patient
age were associated with shorter survival in glioblastoma. Insights into the signifi-
cance of molecular, biochemical, immunochemical, and clinical markers in pre-
dicting the prognosis of glioblastoma patients may improve patient outcome.

CSCs are thought to be critical for the engraftment and long-term growth
of many tumors, including glioblastoma.13 The cells are at least partially spared
by traditional chemotherapies and radiation therapies, and finding new treat-
ments that can target CSCs may be critical for improving patient survival.
Studies have found an association between the expression of stem cell marker
CD133 and the risk of dissemination of glioblastoma tumors and that CD133þ
CSCs may be implicated in the initiation of disseminated lesions.43,44 Micro-
array analyses of clinical specimens from glioblastoma patients also detected
five potential biomarkers such as CD44, growth arrest and DNA-damage-
inducible alpha (GADD45A), fibronectin 1 (FN1), CD63, and secreted phos-
phoprotein 1 (SPP1).7,36 It has been shown that the Notch signaling pathway
regulates normal stem cells in the brain, and that glioblastoma contains stem-
like cells with higher Notch activity.30 Notch blockade by gamma-secretase
inhibitors (GSIs) may reduce neurosphere growth and clonogenicity in vitro,
whereas expression of an active form of Notch2 could enhance tumor growth.
The putative CSC markers CD133, Nestin, BMI1, and OLIG2 were shown to
be reduced when Notch signaling is blocked.30 When equal numbers of viable
cells pretreated with either vehicle (DMSO) or GSI were injected subcutane-
ously into nude mice, the former always formed tumors, whereas the latter did
not. In vivo delivery of GSI by implantation of drug-impregnated polymer
beads also effectively blocked tumor growth, and significantly prolonged sur-
vival, albeit in a relatively small cohort of animals. This study also found that
Notch pathway inhibition appears to deplete stem-like cancer cells through
reduced proliferation and increased apoptosis associated with decreased Akt
and STAT3 phosphorylation. Blocking the Notch pathway may deplete stem-
like cells in glioblastoma, suggesting that GSIs may be useful as chemothera-
peutic reagents to target CSCs in glioblastoma. The hairy/enhancer of split (E
(spl))-related family of transcription factors (Hes and Hey) are established
targets of the Notch signaling pathway, which has been implicated in different
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developmental processes.45 The overexpression of Hey1 in glioblastoma is
thought to be linked with shorter patient survival. Thus, Hey1 expression
might be used as a biomarker to distinguish glioblastoma patients with a
relatively good prognosis from those at high-risk, and it could be used as a
therapeutic target.

Recent study has also shown that the neurodevelopmental polysialic acid
neural cell adhesion molecule (PSA-NCAM) protein is overexpressed in ap-
proximately two-thirds of glioblastoma tumors at variable levels.46 In glioblas-
toma cell lines, PSA-NCAM expression levels are associated with one of the
OLIG2 transcription factors, which are required for transformation of glioblas-
toma cells and represent a valuable biomarker for the prognosis of brain tumor
patients. Lipid peroxidation (LPO) is an autocatalytic process caused by oxida-
tive stress. It results in the production of 4-hydroxynonenal (HNE), which
plays a crucial role in hypoxic brain injury, neuronal degeneration, and apopto-
sis. HNE-protein adducts have been detected in many types of tumors includ-
ing glioblastoma.47 An increased expression of HNE was found in glioblastoma
tumors when compared to different types of astrocytomas, suggesting that
HNE might be involved in the damage of brain cells and the induction of
malignancy.

It has been shown that a cell surface IgSF protein, EWI-2, is highly
expressed in normal human brain cells but is considerably diminished in
glioblastoma tumors and cell lines. Loss of EWI-2 expression correlates with
a shorter survival time in human glioblastoma patients, suggesting that EWI-
2 might be a natural inhibitor of brain tumors.48 Expression of EWI-2 in human
glioblastoma T98G and U87MG cell lines failed to alter two-dimensional cell
proliferation but inhibited glioblastoma colony formation in soft agar, and
caused diminished cell motility and invasion. At the biochemical level, EWI-
2 markedly affects the organization of four molecules which play key roles in
the biology of astrocytes and glioblastomas.48 EWI-2 expression causes CD9
and CD81 to become more associated with each other, whereas CD81 and
other tetraspanins become less associated with MMP-2 and MT1-MMP. The
expression of c-Met protein is associated with biologic features representing
tumor invasiveness in patients with brain tumors.49 c-Met overexpression is
also associated with shorter survival time and poor treatment response in
glioblastomas, suggesting that therapeutic strategies targeting c-Met receptors
may have important clinical implication. Cell division cycle 20 (CDC20) homo-
logs are also overexpressed in glioblastoma and underexpressed in low-grade
tumors.50 The expression of CDC20 biomarker and its immune-reactivity can
be useful for the identification of glioblastoma in small biopsies. Glioblastoma
cells also express several other genes typical of normal neural stem cells
(NSCs). One of them is the SOX-2 gene, which is involved in sustaining
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self-renewal of several stem cells, in particular NSCs when they acquire cancer
properties.51 Thus, SOX-2, or its immediate downstream effectors, could be an
ideal biomarker for glioblastoma therapy.

A recent immunochemical analysis revealed EMMPRIN and MMP-2 ex-
pression in cryo-sections of pediatric glioblastoma and normal brain tissue.52,53

The intensely positive expression rates of EMMPRIN and MMP-2 in anaplas-
tic astrocytoma and glioblastoma tissues were significantly higher than those in
normal brain and low-grade astrocytoma tissues. Patients with EMMPRIN/
MMP-2 expression have been shown to have the lowest survival rate. Thus,
EMMPRIN and MMP-2 are important biomarkers expressed differentially in
normal brain and glioblastoma, and their coexpression may facilitate the pre-
diction of glioblastoma outcomes. The astrocyte elevated gene-1 (AEG-1)
expression is significantly elevated in more than 90% of diverse human brain
tumor samples including glioblastoma and other astrocytic tumors.54 Knock-
down of AEG-1 by siRNA has been shown to inhibit cell viability, cloning
efficiency, and invasive ability of human glioblastoma U87MG cells and rat
gliosarcoma 9L cells. MMP-2 and MMP-9 are involved in AEG-1-mediated
invasion of glioblastoma cells. In an orthotopic nude mouse brain tumor model,
AEG-1 siRNA significantly suppressed glioblastoma cell growth.54 This study
indicates that AEG-1 may play an important role in the pathogenesis of
glioblastoma and that AEG-1 could represent a viable potential target for
glioblastoma therapy. The non-essential amino acid neurotransmitter glycine
(Gly) may serve as a biomarker for brain tumors.55 Studies using 36 biopsies
from patients with brain tumors found that Gly levels were significantly elevat-
ed in glioblastoma biopsies. Tumor endothelial marker 1/endosialin (TEM1/
endosialin) is an emerging microvascular marker implicated in tumor angio-
genesis.56 The expression of TEM1/endosialin is upregulated in primary and
metastatic human brain tumors, where it is primarily localized to the tumor
vasculature and a subset of tumor stromal cells. TEM1/endosialin is expressed
in 79% of brain tumors, and in 31% of glioblastomas. The cellular localization
of TEM1/endosialin and its expression profile in primary and metastatic brain
tumors support efforts to therapeutically target this biomarker.

Proteases also play an important role in the invasion process and correla-
tions among glioblastoma grading and survival. Transcripts of uPA, PAI-1,
cathepsin B, and MMP-9 are significantly upregulated in glioblastoma
tumors.57 The expression of cathepsin B and uPA is detected at the invasive
edge of glioblastoma, whereas PAI-1 is more abundant in microvascular prolif-
eration and pseudo-palisading cells than at the infiltrative edges. Cathepsin B
and PAI-1 are also important biomarkers for the stratification of glioblastoma
patients with respect to survival. Isocitrate dehydrogenase 1 (IDH1) mutations
are a strong predictor of a more favorable prognosis and a highly selective
molecular marker of secondary glioblastoma that complements clinical criteria
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for distinguishing it from primary glioblastoma.58 Caveolin-1 (cav-1) has been
proposed as an immunohistochemical marker able to distinguish astroglial
from oligodendroglial tumors.59 The reduction of cav-1 expression in glioblas-
toma cells increases their proliferative and invasive potential. Cav-1 is also
expressed in high-grade glioblastoma. The glioblastoma-associated oncogene
homolog 1 (GLI1) isoform has attracted much attention because of its frequent
activation in many human cancers and its interactions with other signaling
pathways, such as those mediated by K-Ras, TGF-b, EGFR, and protein kinase
A.60 N-Myc downstream-regulated gene-4 (NDRG4) is a largely unstudied
biomarker of the tumor suppressive family, and is expressed exclusively in the
heart and brain.61 NDRG4 expression is elevated in glioblastoma and is re-
quired for the viability of primary astrocytes, established glioblastoma cell lines,
and both CD133� primary glioblastoma xenografts. While NDRG4 overex-
pression has no effect on cell viability, NDRG4 knockdown causes G1 cell cycle
arrest followed by apoptosis. Elevated levels of the double-stranded DNA
repair protein Rad51 have been predicted as an important biomarker in
increased survival duration in patients with glioblastoma, at both initial tumor
presentation and disease recurrence. It is also believed that the Rad51 levels
correlate directly with patient survival.62

ThemiRNAs are effective post-transcriptional regulators of gene expression
and important in many biological processes.63 Although the oncogenic and
tumor suppressive functions of several miRNAs have been characterized, the
role of miRNAs in mediating glioblastoma tumor invasion and migration
remains largely unexplored. The miR-10b has been identified as a miRNA
highly expressed in malignant brain tissues, and may play a role in the invasion
of glioblastoma cells. ThemiRNAprofiles of glioblastoma stem and nonstem cell
populations have shown an upregulation of several miRs in the non-stem cells,
including miR-451, miR-486, and miR-425, some of which may be involved in
regulation of brain differentiation. Transfection of glioblastoma cells with the
mature miR-451 showed dispersed neurospheres, and inhibited glioblastoma
cell growth. Furthermore, transfection of miR-451 combined with Imatinib
mesylate treatment had a cooperative effect in dispersal of glioblastoma neuro-
spheres. Identification of additional miRs and target genes that regulate glio-
blastoma stem cells may provide new potential drugs for therapy. Tenascin-C is
an extracellular matrix (ECM) glycoprotein implicated in embryogenesis,
wound healing, and tumor progression. Its upregulation facilitates glioblastoma
invasion and reactive changes of the surrounding brain tissue.64 Although
siRNA-mediated knockdown of endogenous tenascin-C does not affect prolif-
eration of glioblastoma cells, it decreases cell migration and tumor invasion with
brain tissue changes in a xenograft model. Glioblastoma cells with high tenascin-
C expression may infiltrate brain tissue in an autocrine manner, which makes
tenascin-C a prime target for devising anti-invasion therapy for glioblastoma.
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IV. Ag-Specific Immunotherapy for Glioblastoma

Immunotherapeutic strategies exploit the immune system’s ability to rec-
ognize and mount a specific response against tumor cells, but not normal cells.
Ag-specific immunotherapy can be applied to glioblastoma to sensitize the
patient’s immune cells to tumor Ags using various vaccination protocols. This
section will discuss current and future strategies for Ag-specific immunothera-
py for glioblastoma. Modern advances in cancer immunotherapy have led to
the development of active immunotherapy that utilizes tumor-associated Ags
(TAA) to induce a specific immune response against the tumor. Current
methods of immunotherapy implementation are based on the principle that
TAA are capable of being processed by Ag-presenting cells (APC) and inducing
an activated CTL-specific immune response that targets the tumor cells. Ag
processing by professional/nonprofessional APC and tumor cells results in the
formation of human leukocyte antigen (HLA)-peptide complexes on their cell
surfaces.65 These HLA-peptide complexes can be recognized by an Ag-specific
CD8þ and/or CD4þ T cells, inducing adaptive immune responses. Much
effort has been directed toward enhancing APC activation and optimizing the
processing of TAA and their association with HLA molecules.66 Preclinical
studies in animal models have shown the feasibility of Ag-specific immunother-
apy approaches through the utilization of TAA and induction of adaptive
immune responses against many different types of tumors including brain
tumors. Recently, several clinical studies using DC loaded Ags have also been
initiated and have shown promising results in controlling glioblastoma.18,67

Although tumor cells express potentially immunogenic TAA, tumor vaccines
often fail to clear malignant tumors because of inadequate Ag delivery and/or
insufficient activation of innate immunity.

Glioblastomas are highly heterogeneous tumors and possess a considerable
capacity for immune escape, with subsequent high risk of recurrence of new
variants or Ag-negative tumors.68 Studies have defined a large number of
Ags and protein biomarkers in malignant tissues (Table II). Many of these
TAA are shared by tumors in the skin, breast, prostate, kidney, colon, lung, and
brain, but only few of them are tumor-specific Ags. Cell therapies using
in vitro expanded tumor-infiltrating T cells, which are sensitized to TAA in
situ, have been adoptively transferred into the resection cavity of glioblastoma
with promising results in some patients. TAA-specific responses have been
detected in patients given repeated intratumoral inoculation of cytotoxic
CD8þ T cells.19 Overall, the effectiveness of T cell-mediated immunotherapy
for cancer depends on both an optimal immunostimulatory context of the
therapy and the proper selection with respect to quality and quantity of the
targeted tumor Ags, and, more precisely, the T cell epitopes contained in these
tumor proteins.
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Recent evidence suggests that combining a peptide-based therapeutic
vaccination with conventional chemotherapy can uncover the full potential of
the antitumor immune response. In addition, therapeutic vaccination in the
preventive setting has been extremely effective in eliciting antitumor responses
in preclinical tumor models and has demonstrated promise clinically in patients
with minimal residual disease. While selective glioblastoma-specific Ags such
as IL-13 receptor alpha 2 (IL-13Ra2) and adenosine diphosphate-ribosylation
factor 4-like (ARF4L) protein have been identified,69,70 many TAAs found
within glioblastoma are also expressed on other cancers such as melanoma
including Mage-1, Aim-2, tyrosinase, tyrosinase-related protein (Trp-1; also
known as Trp-75, Trp-2), Gage, and human melanoma-associated Ag p97/
GP100. Glioblastoma Ags are also found in breast, ovarian, and other malig-
nancies. These include HER-2/neu, B-cyclin, EphA2/Eck, Sart-1, and GnT-V,
which may induce CTL as well as helper CD4þ T cell responses, reducing
tumor burden.19 Many of these antigenic peptides are also restricted to the
HLA-A2 allele: B-cyclin, EphA2, Gage-1, GP100, HER-2/neu, IL13R,Mage-1,
Trp-1, and tyrosinase.19 Aim-2 is restricted to the HLA-A1 locus, whereas
Sart-1 is restricted to HLA-A24 and A26.19 An Ag profiling study using 20
human glioblastoma cell lines showed that 77%, 85%, and 78% of the U.S.
Caucasian population expressed HLA-A, HLA-B, and HLA-C alleles, respec-
tively. It appeared that all glioblastoma cell lines expressed multiple TAAs. This
study found that most glioblastoma cells expressed Aim-2, B-cyclin, EphA2,
GP100, b1, 6-N-acetylglucosaminyl-transferase V (GnT-V), IL 13Ra2, HER-2/
neu, human telomerase reverse transcriptase (hTERT), Mage, Mart-1, Sart-1,
and survivin.19 Interestingly, tumor-infiltrating CTL killed glioblastoma cells
that were HLA-A2 positive and expressed specific TAAs (Mart-1, GP100,
HER-2/neu, and tyrosinase) but not HLA-A2-negative tumors and/or cells
lacking specific TAA epitopes.

Effective immunotherapy will require Ag processing and tumor cell pre-
sentation of these self-Ags via HLA class I and HLA class II molecules.71 The
formation of functional HLA-peptide complexes may facilitate Ag-specific T
cell clonal expansion and immune recognition of glioblastoma. One therapeutic
scenario would involve obtaining the tumor Ag expression profile of the patient
with glioblastoma. Another possibility would involve HLA protein expression
profile of the individual, potentially predicting the TAA on the patient’s glio-
blastoma. With that knowledge, an allogeneic vaccine can be customized so
that the relevant Ags are contained within the vaccine to stimulate the immune
system in glioblastoma patients. Activated T cells have the added potential to
mount secondary memory responses with increasing rapidity and intensity long
after vaccine administration, which is crucial to eliminate microscopically
disseminated glioblastoma tumors that evade surgery and cause recurrence.
While most TAAs are important targets for devising Ag-specific
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immunotherapy, some promising TAAs are involved in cell cycle regulation,
favoring malignant growth of the tumor. Two such important TAAs are telome-
rase and survivin.29,72 Telomerase contains telomerase reverse transcriptase
(TERT) and an RNA template. Human TERT (hTERT), the catalytic subunit
of telomerase, is a large protein and expressed in more than 85% of all
malignancies with little or no expression in normal somatic cells. Expression
of hTERT leads to telomere lengthening and cell immortalization, and degra-
dation of hTERT by proteasomes prompts telomere shortening, cancer cell
senescence, and apoptosis. Recent studies have also shown promising results
using hTERT as a tumor Ag. Vaccination with hTERT peptides or adoptive
transfer of hTERT-specific cytotoxic T lymphocytes has been shown to induce
tumor regression. In that study, helper CD4þ T cells were also activated by
hTERT peptides. Telomerase and hTERT are remarkably upregulated in
glioblastoma,72 suggesting that telomerase-based tumor vaccines could be de-
veloped for treating this cancer. By contrast, survivin is expressed in proliferating
tissues and many types of tumors including brain tumors. It is a member of the
inhibitor-of-apoptosis protein (IAP) family and known to regulate mitosis and to
inhibit apoptosis. While expression of survivin, a prominent IAP, is increased in
glioblastoma cells, the prognostic value of survivin in patients with glioblastoma
is still controversial. Recent studies have shown that survivin epitopes can induce
both CTL and CD4þ Tcell responses in a number of tumor models in vitro and
in vivo.73 Administration of survivin-based vaccines to experimental animals has
been found to induce tumor regression in many other malignancies. As a result
of these studies, survivin is an attractive target for both chemotherapy and
immunotherapy of glioblastoma.

Accumulating evidence suggests that a dynamic cross-talk between tumor
cells and the immune system may regulate tumor progression and metastasis.
Both the protective effects of the immune system against tumor cells and the
escape of tumors from immune attack have led to the concept of cancer
immunoediting, which implies that a bidirectional interaction between tumors
and regulatory cells is ultimately responsible for orchestrating the immunosup-
pressive network at the tumor site. Immune escape is also regarded as a
hallmark of cancer progression, with some of the more recently known strate-
gies affecting differentiation and maturation of DC. It has been shown that the
steady-state tumor microenvironment does not contain strong stimuli for DC
maturation, and it becomes dependent on CD4þ T cell help, ablation of which
may fail to induce strong antitumor CTL responses.18 Therefore, it is not
surprising that the metastatic tumor would evolve mechanisms to inhibit this
safeguard against an induction of a strong CD8þ T cell response. The tumor
microenvironment also contains tumor-infiltrating lymphocytes (TIL) that may
favor an immune response against the tumor. Recent studies have shown that a
subset of the TIL consists of Treg cells as part of the tumor immune escape
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mechanism.74 Additional human studies have also reported that the Treg
population increases in peripheral blood and tumor tissues from patients.
However, the relationship between the Treg population and the prognosis of
glioblastoma patients remains controversial. Multiple sources of Ags can be
used to induce T cell response by DC, such as synthetic peptides, stripped
peptides derived from tumor HLA class I molecules, tumor lysates, fused DC,
and tumor cells.75 The ideal Ag should be widely and specifically expressed by
the tumor cells and should have one or several epitopes that can bind to HLA
molecules for presentation to T cells. With the advances in genomics and
proteomics and the new algorithms that predict the HLA binding of pep-
tides/epitopes, it is likely that investigators will identify more potential Ags/
peptides for designing better immunotherapeutics against glioblastoma.

Given the highly infiltrative growth pattern of glioblastoma and the lack of
specificity associated with currently available treatment regimens, alternative
strategies designed to eradicate cancer cells while limiting collateral toxicity in
normal tissues remain a priority. To this end, the development of Ag-specific
immunotherapy against glioblastoma cells represents a promising approach.
The EGFRvIII molecules are expressed in a substantial proportion of malig-
nant glioblastoma and other human cancers, yet are completely absent from
normal tissues. Preclinical studies with a peptide vaccine directed against
EGFRvIII antigenic domain showed potent cellular and humoral immunity
against tumor cells, suggesting the potential role of peptide-based vaccines in
devising immunotherapy against glioblastoma.76 Study using DC-based vac-
cine therapy in a GSC-bearing mouse model showed an efficient antitumor
immune response against GSCs derived from glioblastoma cells.77 Vaccination
with a plasmid DNA encoding murine SOX-6 induced cytotoxic CTL response
specific for SOX-6-expressing glioblastoma cells, and showed protective and
therapeutic antitumor responses in rodents. This study also showed that the
HLA-A2- and HLA-A24-restricted SOX-6-derived CTL epitope peptides
could be useful for Ag-specific immunotherapy in many glioblastoma patients.

Ag-specific cancer immunotherapy using DC-based vaccination has
emerged as an attractive approach for the control of malignant diseases be-
cause of its simplicity and easy preparation. Typically, DCs reside as immature
cells in almost every organ and tissue at the interface of potential pathogen
entry sites. In this state, they continuously sample Ags. However, this sampling
results in an effective Ag presentation only when DCs are also triggered by
danger signals derived from pathogens, tissue damage, or signs of inflamma-
tion.78 As danger-triggered DCs start to mature and get activated, they upre-
gulate chemokine receptors, which guide them to draining lymph nodes.
There, the mature DCs are capable of inducing primary T cell responses
because of their high levels of HLA, adhesion, and co-stimulatory molecule
expression. Unlike other APCs, DCs are able to present and/or cross-present
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glioblastoma Ags via HLA class I and class II molecules. In this way, they can
prime both CTL and CD4þ T cells. In contrast, direct recognition of tumor
cells by unprimed T cells induces T cell anergy rather than immunity as the co-
stimulatory molecules are missing on the tumor cells.79 DCs have also been
shown to be strong activators of NK cells and NKTcells, thus linking the innate
and adaptive immune responses. In this way, both tumor cells with and without
expression of HLA class I molecules can be killed. Studies have also developed
DC vaccine approaches for treatment of glioblastoma using either crude tumor
cell lysates or acid eluted peptides derived from glioblastoma cell cultures or
from surgical specimens.80 In several patients, a CTL response was elicited,
while in others, TILs were observed in the resection specimen obtained at
relapse. Although some objective responses were observed with increased
tumor-free survival, the current adjunctive approaches are not curative. Thus,
movement toward testing several modalities involving combinations of bio-
marker specific chemotherapy coupled with specific TAA peptide-pulsed DC
vaccines could be explored.
V. Biomarker-Specific Chemotherapy for Glioblastoma

The identification and characterization of molecular markers in brain
tumors are important for the design of biomarker specific chemotherapies for
patients with glioblastoma. This section will discuss and summarize chemother-
apeutic approaches against glioblastoma focusing on biomarkers and molecular
targets that have produced encouraging results. Studies showed that MGMT
methylation is a predictive biomarker for better response to radiotherapy,
independent of temozolomide treatment, suggesting that it may be a general
surrogate marker of better therapeutic response in glioblastoma.81 Investiga-
tional approaches to suppress MGMT activity include dose-intense temozolo-
mide regimens, which may deplete the enzyme, and combination therapy with
O6-benzylguanine or other MGMT inhibitors.82,83 Thus far, MGMT inhibitors
have had limited efficacy, at least in part because of dose-limiting myelosup-
pression when combined with cytotoxic chemotherapy. In addition to MGMT,
the DNA repair enzyme poly(ADP-ribose) polymerase (PARP) may promote
chemotherapy resistance in patients with glioblastoma.84 PARP inhibitors such
as BSI-201, ABT-888, and several others may be effective when combined with
radiotherapy and cytotoxic chemotherapy. EGFR is one of the most attractive
therapeutic targets in glioblastoma. The EGFR gene is amplified and over-
expressed in approximately 40% of primary glioblastoma. Nearly half of tumors
with EGFR amplification also have a constitutively active EGFR mutant,
EGFRvIII, which has a large deletion in the extracellular domain that renders
the receptor independent for signaling. This deletion also engenders a unique
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codon, normally absent in the wild-type receptor, thereby creating a tumor-
specific epitope that can be targeted as a potential biomarker for devising novel
therapeutics. Increased EGFR signaling drives tumor cell proliferation, inva-
siveness, motility, angiogenesis, and inhibition of apoptosis. Small-molecule
EGFR inhibitors such as gefitinib and erlotinib are reported to be well toler-
ated in patients with glioblastoma.85 However, patient responses are infrequent
and progression-free survival is not prolonged, and more investigation is
needed.

Radiotherapy has been of key importance to the treatment of glioblastoma
for decades and the use of temozolomide concurrently and after radiotherapy
has clearly improved overall survival. However, residual tumors express new
biomarkers and eventually become resistant to these therapies. The tumor’s
ability to repair radiation-induced injury accomplished by aberrant or ampli-
fied growth and survival signaling pathways is being appreciated. As a standard
alkylating agent, temozolomide induces DNA damage that is repaired by the
DNA repair enzymes, including MGMT. It is believed that silencing of the
MGMT gene promoter by methylation is associated with better tumor re-
sponse to combination therapy with radiation and temozolomide. Recent
clinical trials in patients with glioblastoma have evaluated irreversible EGFR
inhibitors such as BIBW 2992 and PF-00299804, the dual EGFR and VEGFR
inhibitor vandetanib (ZD6474), and the humanized monoclonal antibody
against EGFR, nimotuzumab.86 A peptide vaccine (CDX-110) against the
unique epitope of EGFRvIII has shown a low toxicity profile and is being
studied in combination with temozolomide in patients with newly diagnosed
glioblastoma. Combinations of EGFR inhibitors with other targeted therapies,
including inhibitors of mTOR and VEGFR, are also being evaluated. The
PDGFR subtypes PDGF ligands are also overexpressed in glioblastoma
tumors, especially in the ‘‘proneural’’ subtype. This creates autocrine or para-
crine loops that promote tumor cell proliferation. The PDGFR inhibitor
Imatinib mesylate has been reported to have significant antitumor activity
both in vitro and in orthotopic glioblastoma models.87 Unfortunately, the
drug proved inactive in clinical trials, with low responses and no prolongation
of progression-free survival. Studies with more potent PDGFR inhibitors and
agents with improved BBB penetration such as tandutinib (MLN518) are
currently under investigation. In glioblastoma, PI3K/Akt/mTOR signaling is
frequently increased because of receptor tyrosine kinase overactivity, mutated
oncogenic PI3K subunits, and/or loss of PTEN tumor suppressor activity.88

Several mTOR inhibitors such as sirolimus (rapamycin), temsirolimus (CCI-
779), everolimus (RAD001), and ridaforolimus (AP23573) have been tested
with minimal activity against malignant glioblastoma. However, the use of Akt
inhibitors, a dual PI3K/mTOR inhibitor, or other combination approaches
could produce better results in the near future.
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Hepatocyte growth factor (HGF) binds to the c-Met receptor, activating
intracellular signaling cascades similar to those triggered by EGFR and
PDGFR; c-Met signaling is thought to be associated with invasion. In addition
to stimulating c-Met, HGF activates the EGF and VEGF pathways. Multiple c-
Met inhibitors are currently under investigation. Activation of Ras requires
localization to the intracellular surface of the cell membrane, a critical step that
depends on farnesylation. Farnesyl transferase inhibitors (FTI) interfere with
this process and have demonstrated promising activity in glioblastoma mod-
els.86 Unfortunately, the FTI tipifarnib (R115777) did not demonstrate clear
evidence of efficacy in a phase II trial in patients with recurrent glioblastoma.
Histone deacetylase (HDAC) inhibitors interfere with transcriptional regula-
tion and can induce growth arrest, terminal differentiation, and apoptosis of
tumor cells. The HDAC inhibitor vorinostat proved effective in preclinical
models but only modestly prolonged the 6-month progression-free survival in
a phase II trial in patients with recurrent glioblastoma.86 Some other HDAC
inhibitors (e.g., valproic acid and LBH589) targeting specific biomarkers are
currently in clinical trials for treating glioblastoma.

Inhibition of angiogenesis using treatments directed toward new vessel
growth in malignant glioblastoma has proven to be one of the most promising
areas of targeted molecular therapy. Angiogenesis is driven primarily by tumor-
secreted VEGF-A, but there are a large number of alternative secreted proan-
giogenic factors, including basic fibroblast growth factor (bFGF), angiopoie-
tins, PDGF, IL-8, and hepatocyte growth factor/scatter factor (HGF/SF).89

Endothelial cells in the vicinity of the tumor express VEGFR2, which helps
orchestrate a paracrine signaling loop for stimulating endothelial cell growth
and proliferation. It has been shown that the level of VEGF production in a
tumor increases with the degree of malignancy. The majority of the antiangio-
genic drugs tested in clinical trials have been shown to interfere with the VEGF
pathway by blocking their receptors. However, there is an increasing interest in
targeting proangiogenic molecules that function by alternative mechanisms. In
addition to VEGF inhibitors, small-molecule inhibitors of VEGFR have been
tested in recurrent glioblastoma. Cediranib (AZD2171) has been shown to
inhibit all known subtypes of VEGFR and was evaluated in a phase II clinical
trial in patients with recurrent glioblastoma.90 This study showed that the drug
was largely well tolerated, with hypertension, diarrhea, and fatigue as the most
common adverse effects. Treatment with cediranib reduced blood vessel size
and permeability. These are the first clinical data to support the hypothesis that
antiangiogenic therapy may transiently ‘‘normalize’’ the dilated, abnormally
permeable tumor vasculature. The presumption that vascular normalization
may improve chemotherapy delivery and reduce hypoxia provides a solid
rationale for combining antiangiogenic therapies with chemotherapy and ra-
diotherapy. Neuropilin-1 also facilitates HGF/SF signaling. The angiopoietins
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(Ang-1 and Ang-2) are involved in the stability and maintenance of the tumor
vasculature.91 Binding of Ang-2 to its cognate receptor, Tie-2, may serve to
destabilize vessels required for promoting angiogenesis. Ang-2 inhibitors are
therefore of interest as therapeutic agents for treating glioblastoma. Notch
receptors on tumor endothelial cells are also activated by transmembrane
jagged and delta-like ligands on the surfaces of neighboring cells,92 suggesting
that Notch inhibitors could prove effective. Inhibition of delta-like ligand 4
(Dll4) on endothelial cells in preclinical models promotes the growth of an
abnormal neovasculature with reduced perfusion and tumor growth.

Brain angiogenesis inhibitor-1 (BAI1) is a brain-predominant seven-trans-
membrane protein that contains five antiangiogenic thrombospondin type-1
repeats.93 BAI1 is cleaved at a conserved proteolytic cleavage site releasing a
soluble, 120 kDa antiangiogenic factor called vasculostatin (Vstat120). Vstat120
has been shown to inhibit in vitro angiogenesis and suppress subcutaneous
tumor growth. This study found that the expression of Vstat120 markedly
suppresses the intracranial growth of glioblastomas, even in the presence of
proangiogenic oncoprotein EGFRvIII.93 This tumor-suppressive effect was
accompanied by a decrease in tumor vascular density, suggesting a potent anti-
angiogenic effect in the brain. A prominent feature of glioblastoma is its resistance
to death receptor-mediated apoptosis. Study has shown that activation of jun N-
terminal kinase (JNK) by anisomycin plus anti-Fas antibody (CH-II) or tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL), synergistically induce
cell death inhumanglioblastoma cell lines and tumor xenografts.94 Synergistic cell
death was predominantly apoptotic involving both extrinsic and intrinsic path-
ways.Expression ofFas,FasLigand (FasL),FLICE-like inhibitor protein (FLIP),
and Fas-associated death domain (FADD) was not changed following treatment
with anisomycinþCH-11. JNKwas activated 10- to 22-fold by anisomycinþCH-
11 inU87 cells. Inhibiting JNK activationwith pharmacologic inhibitors of junN-
terminal kinase kinase (JNKK) and JNKorwith dominant-negativeMAPKkinase
kinase 2 (MEKK2) significantly prevented cell death induced by the anisomycin
þCH-11.95 Higher levels of galectin-1 expression in a human orthotopic murine
tumor model has been detected and revealed a consistent pattern of preferential
expression in peripheral or leading tumor edges.96 Further examination of galec-
tin-1 expression in tissues from brain tumor patients confirmed galectin-1 as a
valuable biomarker and possible therapeutic target.

Tumors that progress during antiangiogenic therapy often cannot be trea-
ted successfully thereafter, and most patients die of the disease within a few
months. In the cediranib study, serum levels of the proangiogenic factors
bFGF, stromal-derived factor 1 alpha (SDF1a), and soluble VEGFR2
increased at the time of failure.90 These alternative proangiogenic pathways
may drive angiogenesis in the setting of VEGFR inhibition. Other preclinical
and MRI data suggest that anti-VEGF therapy may promote an infiltrative
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tumor growth pattern with co-option of existing cerebral blood vessels. Com-
bining antiangiogenic therapy with anti-invasion therapy may therefore delay
disease progression. Studies combining cediranib (pan-VEGFR inhibitor) with
cilengitide (integrin inhibitor), and bevacizumab (neutralizing VEGF antibody)
with dasatinib (PDGFRb inhibitor) may produce a better outcome. Another
potential mechanism of resistance to antiangiogenic therapy involves increased
PDGF signaling. PDGF promotes stabilization of the neovasculature by
recruiting pericytes and facilitating pericyte-endothelial cell interactions. Pre-
clinical data suggest that dual VEGFR/PDGFR inhibition may potentiate
antiangiogenic efficacy and reduces resistance to therapy.

Drugs that inhibit single targets can also be combined to achieve multiple
target inhibition. Particular interest has focused on the combination of EGFR
inhibitors and mTOR inhibitors. One important obstacle to combination ther-
apy with targeted molecular drugs is additive toxicity, which may limit the doses
that patients can tolerate. For example, combinations of EGFR inhibitors with
mTOR inhibitors have been associated with a high incidence of dermatologic
toxicity and mucositis.86 Recent studies using molecular profiling, network
analysis, and correlative studies in clinical trials have identified new targets
that may drive glioblastoma growth and prevent tumor cell death. Among the
promising therapeutic targets in early clinical development are c-Met, FGFR,
HSP-90, HIF1a, cyclin-dependent kinases, and many others.86 In addition to
the uncertainty about which targets require inhibition, there is an ongoing
controversy regarding which cell types are most important. Glioblastoma stem-
like cells appear to initiate glioblastoma formation and maintain the tumor
mass.97 Inhibition of unique stem cell targets such as Notch and Sonic hedge-
hog may be required to overcome resistance to therapy. Because multiple
receptor tyrosine kinases are coactivated in glioblastoma cell lines and primary
cultures, multiple kinase inhibition may be required to reduce signaling
through the PI3K/Akt/mTOR pathway and decrease glioblastoma cell
growth.98 A major factor that interferes with the efficacy of targeted molecular
drugs in glioblastoma is insufficient penetration into the tumor tissue because
of a partially intact BBB or an active drug efflux transporter. Because of the
difficulty in obtaining tumor tissue in the brain tumor patient population, few
clinical trials have successfully measured drug levels in tumor tissue. Our
emerging knowledge of the molecular pathophysiology of malignant glioblasto-
ma will improve therapeutic target selection in the future. Rigorous preclinical
testing is needed to identify combinations of drugs and targets that are most
likely to be effective and tolerable. Targets such as HSP-90 and HDAC are of
particular interest as therapeutic targets because their function influences
many other signaling molecules that may promote tumor cell growth and
proliferation.99 Studies of resistance to antiangiogenic therapy are needed to
optimize the use of bevacizumab and other VEGF or VEGFR inhibitors.
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Clinical trials that incorporate tumor tissue and molecular endpoints will help
us to understand why certain drugs succeed or fail in individual tumors.
Although the initial results have been disappointing, targeted molecular agents
hold tremendous promise.

Most of the targeted agents are small-molecule tyrosine kinase inhibitors or
monoclonal antibodies. Overall survival in multiple recent single-arm studies
combining targeted agents with EBRT and temozolomide for first-line treat-
ment has been modestly superior relative to historical controls.100 Thus, com-
bination approaches can be applied toward multiple targets, shutting down
proximal and distal targets within the same pathway or shutting down targets in
separate, parallel pathways. Epigenetic alterations also affect the expression of
cancer genes alone, or in combination with genetic mechanisms. A subset of
glioblastoma is also characterized by locus-specific and genome-wide decrease
in DNA methylation, or DNA hypomethylation.101 Other epigenetic altera-
tions, such as changes in the position of histone variants and changes in histone
modifications are also likely important in the pathogenesis of glioblastoma.
Surprisingly, there are very limited data about these epigenetic changes in
glioblastoma. Alterations in histone modifications are especially important to
understand, given that HDACs are targets for drugs that are in clinical trial for
glioblastoma. The technological wave of next-generation sequencing may ac-
celerate glioblastoma epigenome profiling, allowing the direct integration of
DNA methylation, histone modification, and gene expression profiles. Recent
genetic profiling has identified the aminopeptidase N/CD13 inhibitor, actino-
nin, as a secreted MMP inhibitor.102 Given that actinonin’s effects against
membrane-bound MMPs remain unknown and that MT1-MMP has been
linked to chemotherapy and radiotherapy resistance in brain tumor develop-
ment, study assessed MT1-MMP functional inhibition by actinonin in U87MG
glioblastoma cells. This study showed that actinonin inhibits concanavalin-A
(ConA)-induced proMMP-2 activation, while it did not inhibit ConA-induced
MT1-MMP gene expression, suggesting that posttranscriptional effects of the
drug possibly mediated through the membrane-anchored protease regulator
RECK. Specific gene silencing of MT1-MMP with siRNA also abrogated the
ability of ConA to activate proMMP-2.102 Functional recombinant MT1-MMP
whose constitutive expression led to proMMP-2 activation was also efficiently
antagonized by actinonin, indicating actinonin’s therapeutic role in reducing
brain tumor-associated angiogenesis.

Survivin is one of the most cancer-specific proteins identified to date, being
upregulated in almost all human tumors.29,73 In several animal model systems,
downregulation of survivin or inactivation of its function has been shown to
inhibit tumor growth. Strategies under investigation to target survivin include
antisense oligonucleotides, siRNA, ribozymes, immunotherapy, and small mo-
lecular weight molecules. The translation of these findings to the clinic is
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currently ongoing with a number of Phase I/II clinical trials targeting survivin
in progress. Overexpression of Gli1 correlates with glioblastoma recurrence
after chemotherapy.60 Studies have shown that the HH pathway activity can
promote clonogenic survival of glioblastoma cell lines in chemotherapy. Block-
ing the HH pathway has shown enhanced cytotoxicity of chemotherapeutic
agents in glioblastoma cells, through downregulating the expressions of MDR1,
MRP1, MVP, MGMT, Bcl-2, and survivin genes.103 Thus, suppression of Gli1
expression might be an important therapeutic option for overcoming MDR and
for increasing the success of chemotherapy. Studies also suggest a significant
protein nitration in human glioblastoma where nitric oxide upregulation may
relate to neoplastic transformation, tumor neovascularization, induction of
apoptosis, or free radical damage. Paclitaxel resistance in glioblastoma has
been linked to the expression of members of the antiapoptotic Bcl-2 family
through hypoxia induced phosphorylation of Bad, thus protecting hypoxic cells
from paclitaxel-induced apoptosis.104

Microtubules are highly dynamic cytoskeletal components that are essen-
tial for many cellular functions in eukaryotes such as intracellular organization,
ordered vesicle transport, and cell division.105 Glioblastoma tumors exhibit
significant changes in their microtubule cytoskeleton, including aberrant ex-
pression of the class III b tubulin isotype and g-tubulin, which are associated
with the emergence of highly malignant and chemorefractory forms of brain
tumors.106 It is believed that b III-tubulin expression in neuronal tumors is
constitutive and differentiation-dependent, while in non-neuronal tumors it is
either aberrant and/or represents dedifferentiation associated with anaplastic
transformation and acquisition of progenitor- or stem cell-like phenotypic
properties. The cellular distribution of b III-tubulin is significantly increased
in high-grade glioblastoma.31 The epothilone compound, patupilone, has been
shown promising in targeting b III-tubulin as this drug can cross the BBB.
Microtubule-targeting anticancer drugs are widely used in the clinic, which
often induce peripheral neuropathy, a main dose-limiting side effect. Thus,
microtubules and tubulin appear as emerging biomarkers in potential therapy
of glioblastoma using a new class of b III-tubulin-targeted drugs.
VI. Cytokine-Based Immunotherapy for Glioblastoma

Current evidence suggests that the alteration of the immune system can
contribute to the etiology of many types of cancers including glioblastoma.
Although previous studies have focused on variations in candidate genes in the
adaptive immune system, cytokine therapy has emerged as a critical avenue for
targeting glioblastoma cells. Cytokines play a role in cell–cell communication,
cellular activation, angiogenesis, immune activation, immune escape
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mechanisms, and a variety of other cell functions.107 The various cytokines
affecting the CNS may have two major sources such as peripheral immune
organs that cross the BBB, and neural cells within the CNS. Preclinical studies
have shown that IL-2, IL-7, IL-15, and IL-21 can promote antitumor immune
responses in specific settings.108 T cell-associated cytokines are usually known
as proinflammatory (e.g., Th1, Th17) and anti-inflammatory (e.g., Th2)
depending on their functions on the immune system. Th1-type proinflamma-
tory cytokines include IFN-g, IL-2, IL-12, IL-15, IL-17, IL-23, lymphotoxin
(LT), and TNF-a.109 As these cytokines influence cell-mediated immune
responses, they may show antitumor effects in malignancies where immuno-
suppression is pronounced. By contrast, Th2-type cytokines such as IL-4, IL-5,
IL-6, IL-9, IL-10, and IL-13 are shown to be elevated in many different
malignancies, downregulating tumor-specific immunity.110 Th2 and Th3 cyto-
kines and their receptors are highly expressed in glioblastoma cell lines and
patients.111 Tumor cells may downregulate exogenous cytokines as a result of
upregulation of endogenous cytokine production, and this may alter the ex-
pression of membrane receptors as well as other secondary messenger systems.
Aberrations of normal cytokine-mediated cell proliferation have been observed
in malignant cells and the alterations of the expression of cytokines and their
receptors are most apparent in glioblastoma tumors. Cytokines may also ex-
pand the T cell repertoire. A diverse T cell-mediated immune response direct-
ed against a broad range of tumor Ags would be preferable in minimizing the
likelihood of immune escape through alterations in tumor Ags and their
expression.

Many studies have contributed to our basic understanding of the physio-
logical role and functional mechanisms of cytokines in various cancer situa-
tions. It has been reported that patients harboring glioblastoma appear to
express Th2 as well as Th3-type cytokines, which may downregulate antitumor
immune responses.111 However, the precise origin of secretion of Th2-type
cytokines in tumor microenvironment in glioblastoma patients remains contro-
versial. There is also disagreement in the literature as to whether glioblastoma
cells produce Th1-type cytokines and their receptors. In the brain, neuroin-
flammatory cytokines affect the growth and differentiation of both normal and
malignant glial cells, with IL-1 shown to be secreted by the majority of
glioblastoma cells.112 Recently, elevated levels of sphingosine kinase 1
(SphK1), but not SphK2, were correlated with a shorter survival prognosis
for patients with glioblastoma multiforme. SphK1 is a lipid kinase that pro-
duces the progrowth, antiapoptotic sphingosine 1-phosphate, which can induce
invasion of glioblastoma cells.113 This study has shown that the expression of
IL-1 correlates with the expression of SphK1 in glioblastoma cells and that
neutralizing anti-IL-1 antibodies inhibit both the growth and invasion of this
brain tumor.113 IL-1 also upregulates SphK1 mRNA and protein levels, and



214 HAQUE ET AL.
activity in various glioblastoma cell lines. One of the first cytokines studied in
the setting of glioblastoma was IL-2, an important T cell growth factor involved
in the proliferation of CD8þ T cells and modulation of their cytotoxic activity.
Various early in vitro studies supported a rationale for the use of IL-2 in patients
with malignant brain tumors. This rationale was based largely on the ability of
IL-2 to block the T cell depressing capacities of TGF-b, thought to be a key
glioblastoma-derived immunosuppressive cytokine and growth factor.However,
clinical trials utilizing IL-2 or a combination with nonspecific lymphokine acti-
vated killer cell (LAK) therapy did not produce satisfactory results.114 Clinical
trials have also focused on the use of IFN, alone or in combination with radiation
therapy or chemotherapy. One study reported that up to 50% of treated patients
had stable disease or tumor regression, but subsequent trials did not yield
encouraging results. It is believed that many of the initial IFN trials were not
well designed, and lack of uniformity regarding patient selection, imaging
analysis, and tumor grading made it difficult to objectively assess whether the
responses reported could truly be attributed to cytokine therapy. These trials
also revealed the limitations of recombinant cytokine therapy related to issues of
toxicity and short half-life. To overcome this issue, attempts were made to
manipulate cells by genetic engineering, which can secrete relevant cytokines.
These cells were then transplanted into intracranial tumors, achieving a steady
level and long-lasting localized production of cytokines, thereby circumventing
the need to administer recombinant protein. Studies using such a therapy
involving engineered glioblastoma cells secreting IL-2, IL-12, or IL-4 showed
some success in rodent glioblastoma model. Retrovirally transduced glioblasto-
ma cells producing macrophage colony-stimulating factor (M-CSF) have also
been reported.115 These therapies have shown encouraging preclinical results
with clear evidence confirming the development of potent antitumor immunity.
In addition, cell-based cytokine delivery paradigms using NSC have been
reported.116 NSCs are capable of exhibiting potent intracranial migratory activi-
ty and are tropic for migrating glioblastoma microsatellites as they disseminate
through the brain. Cytokine-secretingNSCs are shown to be capable of tracking
and delivering antitumor payloads directly to these neoplastic reservoirs, sug-
gesting that this targeted delivery may address the highly invasive and
disseminated nature of intracranial glioblastomas.

Exogenous cytokines have potential adjuvant effects and, in some cases,
cytokines are integral to the immunotherapy. The proinflammatory cytokine,
TNF-a, elevates reactive oxygen species (ROS) in glioblastoma cells. TNF-a as
well as ROS can play a role in regulating cytoskeletal organization and cell
survival pathways.117 Treatment with TNF-a elevated Akt phosphorylation in
glioblastoma cells, and Akt inhibition reversed TNF-a-mediated changes in
actin cytoskeletal organization and also abrogated anchorage independent
growth. Human IL-13 is a cytokine secreted by activated T cells that elicits
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both proinflammatory and anti-inflammatory immune responses.118 IL-13 has
two types of receptors: IL-13/4R, which is present in normal cells and whose
binding is shared with IL-4, and IL-13Ra2, which does not bind IL-4. IL-
13Ra2 is associated with glioblastoma and is not significantly expressed in
normal tissue. IL-4 and TNF-a treatments have shown variable ability to
upregulate IL-13Ra2 in glioblastoma cells. Cytokine-induced IL-13Ra2 immu-
noreactivity localizes primarily to cell membranes, that is, the receptor is
produced and placed into the plasma membrane compartment of glioblastoma
cells. An increase in IL-13Ra2 in response to EGF is mediated through the
activation of the EGFR signaling pathways. EGF was found to be the most
potent among the studied cytokines in upregulating IL-13Ra2 in glioblastoma
cells. Glioblastoma cells pretreated with EGF became more susceptible to the
killing by an IL-13 mutant-based recombinant anticancer cytotoxin.119

Cytokine-based therapy and vaccination have been tested in glioblastoma
patients with modest, albeit encouraging results. In the absence of a selective
pressure imposed by the immune system, CNS tumors might express distinct
Ag profiles that elicit immune responses by interacting with immune cells.
These antitumor immune responses can be obtained in two ways, either pre-
senting their self-Ags to the immune cells or recruiting immune cells to the
tumor microenvironment. Cytokines could play a role in this process of differ-
ential expression of HLA molecules on brain APC as well as on tumors,107,120

thus influencing self-Ag presentation. Studies have proposed a number of
immunotherapeutic strategies to enhance immune-augmenting cytokines.121

The generation of molecularly defined cancer vaccines requires the identifica-
tion of TAA capable of eliciting an immune response with the secretion of
immune stimulatory cytokines, some of which have been identified in human
glioblastoma. A series of responses may also occur after cytokine activation,
although their optimal function depends on several other complementary
cytokines, growth factors, or immune components. For example, IL-12 can
promote IFN-g release by IL-12R-expressing T and NK cells, and this may
induce Th1 polarization, enhancing CTL responses in patients. IL-21 also
stimulates the cytolytic functions of NK cells and induces their differentia-
tion.122 In a murine model, it has been shown that IL-21 may promote CTL
activity, and IFN-g production, suggesting that IL-21 may represent an optimal
adjuvant for the induction of protective CTL responses and could be used in
combination with other treatments. However, CTLmay not be strictly required
for this tumor rejection, as rejection of IL-21-transduced glioblastoma cells has
also been reported in CTL depleted animals. Surprisingly, IL-21 has little
activity in vitro on immune cells, yet is important in enhancing the function
of T cells and NK cells in vivo. These effects are due to the ability of IL-21 to
synergize with other cytokines and promote their activity.123 Recent study
suggests that IL-21 may favor the differentiation of T helper cells into cells



216 HAQUE ET AL.
that secrete IL-17 (TH17), and antagonize the differentiation of Treg cells.
These TH17 cells have been shown to be important in the killing of tumor cells.
IL-7 has an essential role in T cell homeostasis and also plays a role in the
development of NK cells, DC, and Tcells. IL-2 is required for the development
and secondary expansion of memory T cells. It is also critical in the develop-
ment and homeostasis of Treg cells, potently expanding activated T cells. IL-2
can enhance the activity of NK cells and T cells, and this effect can be
promoted while abrogating the ability of IL-2 to expand Treg cells. IL-15
regulates the homeostasis of NK cells, NKT cells, CD8þ memory T cells, and
a subpopulation of T cells.124 Although IL-15 is not required for the formation
of memory T cells, it is dispensable for primary immune responses and main-
tenance of CTL by providing survival signals. IL-15 administration may cause
an expansion in CTL and NK cells. In this environment, exogenous cytokines
may promote effective antitumor responses.

Several possible immunotherapeutic approaches can be envisioned for
treating glioblastoma patients, prolonging survival without an induction of
significant autoimmunity. Expansion of tumor-specific CTL has been observed
in glioblastoma patients treated with an autologous DC vaccine in combination
with cytokines.125 However, many patients receiving the vaccine eventually die
because of tumor progression. Exogenous cytokines can be administered tran-
siently to antagonize immune-inhibitory networks and enhance antitumor
immunity. In this scenario, IL-7 and IL-15 could cause effector T cells to
become refractory to the inhibitory effects of Treg cells. In order for immuno-
therapy to successfully treat glioblastoma, the cell types responsible for tumor
progression must be targeted and eliminated by a combination of immune
cells, cytokines, and other conventional treatment.
VII. Chemoimmunotherapy for Glioblastoma

The prognosis for patients with glioblastoma remains poor despite
advances in surgical technique, radiation therapy, chemotherapy, and immu-
notherapy. This section will discuss a combination strategy using chemother-
apeutics and immunotherapeutics for the treatment of glioblastoma patients.
Studies suggest that the majority of glioblastomas are infiltrated by immune-
effector cells, which consist primarily of CTL and macrophages. Glioblastoma-
specific CTL responses can also be induced in patients using cytokines and
cell-based immunotherapy.80 However, such CTL responses are often inade-
quate and fail to eradicate tumor growth in vivo. Systemic immunotherapy
using peptide-pulsed dendritic cells are capable of inducing significant anti-
glioblastoma responses with negligible side effects.76 Although peptide-based
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immunotherapeutics appear promising, a combination of chemotherapy and
immunotherapy may be introduced to successfully destroy brain tumors and
prolong progression-free survival of glioblastoma patients.

One of the most efficient methods developed to increase the immunoge-
nicity of tumor cells is to force them to present their own Ags to the immune
system. Unfortunately, most of the human tumors including glioblastoma do
not express measurable HLA class II; thus, the induction of antitumor immune
responses mainly focuses on the stimulation of CTL. Studies suggest that IFN-
g can regulate the activation, growth, and differentiation of T cells, B cells,
macrophages, NK cells, endothelial cells, and fibroblasts.126 IFN-g can also
induce HLA class II molecules in a variety of tumors including glioblastoma.
Depending on the dose, IFN-g can also induce apoptotic cell death in glioblas-
toma as well as other tumors.127 We have recently reported that a combination
of the differentiating agent all-trans retinoic acid (ATRA) and IFN-g can act
synergistically to induce differentiation and apoptosis, blocking the prolifera-
tion of human glioblastoma cells.128 Treatment of tumors with ATRA has been
shown to exhibit increased sensitivity to HLA class I-restricted killing by CTL
and NK cell-mediated lysis. ATRA treatment has been beneficial in many
cancer types when administered alone or in combination with other thera-
pies.129 ATRAmay induce the expression of proteolytic and regulatory subunits
of the immunoproteasome, increase the half-life of HLA class I complexes, and
enhance the sensitivity of tumor cells to both HLA class I-restricted peptide-
specific and HLA nonrestricted lysis by CTL, NK, and NKTcells.71 ATRA may
also induce systemic modulation of Ag presentation by tumor cells. In addition,
ATRA treatment has been shown to modify the immunogenicity of tumor cells
both in vitro and in vivo through differential regulation of HLA class I and
intercellular adhesion molecule-1 (ICAM-1) molecules.130 The upregulation
of ICAM-1 molecules may increase the sensitivity of glioblastoma to killing by
NK cells.

Malignant tumors produce a number of cytokines (e.g., IL-4, IL-10, and
TGF-b) that inhibit antitumor immune responses so as to maintain and pro-
mote tumor growth.131 Treatment of tumors with IFN-g could reverse this
tumor escape mechanism by inducing activation and differentiation of profes-
sional and bystander APC.132 The generation of antitumor effector cells may be
accomplished by inducing apoptosis in tumor cells and subsequent immune
stimulation, through the use of an agent like IFN-g. Most of the chemothera-
peutic agents are used to induce cell death and apoptosis in tumor cells.
Apoptotic tumor cells could be processed by professional APC to utilize TAA
for activating T cells specific for Ags expressed by neoplastic cells. This event
occurs after the Ag transfer from apoptotic cells to professional APCs and is
referred to as cross-presentation. Killing of glioblastoma cells may also facilitate
the transfer of self-Ags from dying tumors to professional APCs or bystander
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cells in vivo, exploiting the cross-presentation pathway. At the moment of
glioblastoma diagnosis, it is likely that there is already significant tumor burden
in patients. The immune system might have failed to recognize the malignant
tumor or become tolerant to the tumor. A combination of glioblastoma
biomarker specific chemotherapeutics and Ag-specific immunotherapeutics
together with cytokine therapy may eliminate the malignant growth of brain
tumors.
VIII. Tumor-Associated Molecules Influencing Glioblastoma
Immunotherapy

Immune escape in cancer is increasingly recognized as a contributing
factor in the failure of a natural host antitumor immune response as well as
in the failure of cancer immunotherapy. Immune escape may be the result of a
number of factors, including expansion of Treg cells, production of immuno-
suppressive cytokines, downregulation of HLA and TAA, and upregulation of
immunosuppressive molecules in tumor cells (Table III). The genetic instabili-
ty of tumors and their repeated exposure to immune selective pressures
increase the potential for selection of tumor cell variants with an enhanced
capacity to escape immune attack. Tumors also employ several defensive
strategies that suppress and inhibit antitumor immune responses (Table III).
Glioblastomas are also a rich source of immunosuppressive molecules that
interfere with immune recognition, rejection, and with clinical strategies of
TABLE III
TUMOR-ASSOCIATED MOLECULES INFLUENCING IMMUNE RECOGNITION OF MALIGNANT GLIOBLASTOMA

Factors contributing to immune
recognition of glioblastoma

Factors contributing to immune escape of
glioblastoma

IFN-g Transforming growth factor-beta (TGF-b)
T cell growth factors: IL-2, IL-7, IL-12,

IL-15
Prostaglandin E2 (PGE2)

Costimulatory molecules (CD80/CD86) Indoleamine 2,3-dioxygenase (IDO)
CD40 agonists Program death ligand (PD-L)
Anti-CTLA-4 Interleukin-10 (IL-10)
Anti-CD137 (anti-4-IBB) Galectin-1 (Gal-1)
FLT3 ligand Mayeloid-derived suppressor cells
Vaccine adjuvants Growth and differentiation factor 15 (GDF-15)

Refs. 117–128,133–156.
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active immunotherapy. A better understanding of the mechanisms involved in
eliciting antitumor immune responses may offer suitable targets for designing
immunotherapy against glioblastoma.
A. Tumor-Derived Molecules Contributing to Immune
Escape of Glioblastoma

1. TRANSFORMING GROWTH FACTOR-BETA
TGF-b has emerged as an attractive target for the therapeutic intervention of
glioblastoma.40 Aberrant TGF-b overproduction in glioblastoma has been
reported, which may cause potential differences in responses to anti-TGF-b
therapies in distinct subgroups of glioblastoma patients. TGF-b can enhance
tumor growth, invasion, angiogenesis, and immunosuppression. Downregulation
of TGF-b may inhibit cytokine-induced signaling pathways and transcriptional
responses in transiently transfected human glioblastoma cells. Tumorigenicity of
glioblastoma cells could also be reduced by RNAi-mediated TGF-b gene silenc-
ing. TGF-b can also inhibit antitumor immune responses by blocking maturation
and function of professional APC and the synthesis of cytotoxic molecules such as
perforin, granzymes, IFN-g, and FasL in activated CTL.133 TGF-b also plays a
role in tumor tolerance by recruiting Treg cells toward the primary tumor site as a
meansof immuneevasion.134Highbiological activity of theTGF-b-Smadpathway
may contribute to the malignant phenotype of glioblastoma and confers poor
prognosis to the patients. Glioblastoma-initiating cells (GICs) are shown respon-
sible for the initiation and recurrence of tumors.135 TGF-b induces the self-
renewal capacity of GICs, but not of normal human neuroprogenitors, through
the Smad and subsequent activation of the Janus Kinase-Signal Transducer and
Activator of Transcription (JAK-STAT) pathways. Study also suggests that TGF-b
downregulates NKG2D in the sera of glioblastoma patients, an important recep-
tor involved in specific killing of transformed cells by CTLs, suggesting that
blocking TGF-bmay have further therapeutic benefit.136
2. PROSTAGLANDIN E2
Prostaglandin E2 (PGE2) plays multiple roles both in the physiology and
the physiopathology of the human brain. An increased expression of PGE-
synthase has been shown in a subset of human glioblastoma tumors, which
catalyzes the isomerization of Prostaglandin H2 (PGH2) into PGE2 down-
stream of COX-2.137 COX-2-derived PGE2 may promote tumor cell invasion,
motility, and angiogenesis. PGE2 also induces immunosuppression by down-
regulating the production of Th1 cytokines and upregulating Th2 cytokines in
the host.137 PGE2 may also inhibit the antitumor activity of NK cells. The
sensitivity of primary cultures of glioblastoma to apoptosis was shown to be
augmented by the overexpression of Prostaglandin E synthase (PGES),
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whereas the knockdown of its expression by shRNA decreased the apoptotic
threshold in vitro and stimulated tumor growth in vivo.138 In that study, the
intracellular injection of PGE2 induced a dose-dependent apoptosis in glio-
blastoma cultures, which was dependent on the presence of Bax, a proapoptotic
protein. Study found a dose- and time-dependent increase in COX-2 gene
expression with elevated prostaglandin PGE2 production in glioblastoma
cells.138 The migration and invasion of glioblastoma cells was also significantly
blocked by COX-2-specific inhibitor via the reduction of PGE2.
3. INDOLEAMINE 2,3-DIOXYGENASE
While immunotherapy has shown some promise in glioblastoma, tumor cells
use different mechanisms to escape the immune responses induced by the
treatment. Glioblastomas express or secrete several immunosuppressive mole-
cules that regulate immune cell functions, including indoleamine 2,3-dioxygenase
(IDO).139 IDO is required for degradation of the essential amino acid tryptophan
and IDO expression may create a local tryptophan shortage that starves T cells,
inducing tumor tolerance.140 In immunocompetent syngeneic animals, local
tryptophan degradation by IDO-expressing tumors may provide a mechanism
of immune resistance. Study has shown that the pharmacological inhibition of
IDO expression in malignant tumors results in tumor regression.141 It has also
been shown that IDO-positive tumor-bearing mice display a reduced number of
TAA-specific CTL, which are required for killing of tumors.140 Because of the
immunosuppressive role of IDO molecules expressed by glioblastoma multi-
forme (GBM) cells, blocking these molecules through immunotherapy strategies
could help the efficiency of these treatments in glioblastoma patients.
4. PROGRAMMED DEATH-1
Programmed death-1 (PD-1) is a member of the B7/CD28 family of
costimulatory receptors. Blocking PD-1 can increase antitumor Tcell immunity.
In humans, abrogation of PD-1 can increase the number of functional cyto-
kine-secreting CTL, presumably through increased proliferation.142 While Ag-
specific T cell responses can be raised against many tumors, tumor-specific
immune responses are not sufficient to eradicate tumor cells in the host. The
activation and proliferation of Tcells are greatly influenced by both positive and
negative costimulatory receptors. Programmed death-1 ligand 1 (PD-L1) has
been described to exert costimulatory and immune regulatory functions.143

PD-1 is a receptor for PD-L1, and contains an immune receptor tyrosine-based
inhibitory motif. Co-ligation of PD-1 and the T cell receptor leads to rapid
phosphorylation of protein tyrosine phosphatase-2, attenuating T cell receptor
signaling.143 Glioblastoma cells are reported to express high levels of PD-L1
in vitro and in vivo, and PD-L1 expressed on glioblastoma cells reduces their
immunogenicity in vitro.143 Thus, PD-L1 is a novel mediator that may
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contribute to the immune-inhibitory characteristics of human glioblastoma.
Glioblastoma-associated PD-L1 expression was also reported as a strong inhib-
itor of antitumor immune responses as determined under alloreactive cocul-
ture conditions in vitro. In the presence of a neutralizing antibody to PD-L1,
the levels of IFN-g and IL-2 produced by T cells were markedly enhanced.
5. INTERLEUKIN-10
Interleukin-10 (IL-10) expression in glioblastoma cell cultures is thought to
be an ‘‘immunosuppressive status’’ that is related to their origin and the escape
of glioblastoma cells from immune surveillance and could account for the
failure of immunotherapy in such tumors. IL-10 inhibits IL-2-induced T cell
proliferation and the DC and macrophage activation of T cells.144 It also
downregulates HLA class II protein expression on APC in the tumor microen-
vironment. IL-10 may also act to promote cell growth, resistance to chemo-
therapy, and angiogenesis.145 Study suggests that activation of Ag-specific T
cells in the presence of IL-10 drives the differentiation of these cells toward a
different subpopulation that is capable of blocking T cell proliferation, altering
the generation of a productive cellular immune response. In another study, IL-
10 secretion from PBMCs and tumor cells of glioblastoma patients was shown
to be higher as compared to healthy controls. IL-10 also contributes to the
progression of brain tumors by suppressing the patient’s immune response.
6. GALECTIN-1
Galectin-1 (Gal-1) is a family of mammalian beta-galactoside-binding pro-
teins characterized by a shared characteristic amino acid sequence.146 They are
expressed differentially in normal versus neoplastic tissues and are known to
play important roles in several biological processes such as cell proliferation,
death, and migration.147 The involvement of Gal-1 in different steps of glio-
blastoma progression such as migration, angiogenesis, or chemoresistance
makes them potentially good targets for the development of new drugs to
combat these malignant tumors. Gal-1 is highly expressed in motile cells, and
endogenous expression of Gal-1 in human glioblastoma cell lines was shown to
correlate with their migratory abilities and invasiveness.147 Studies with diffuse
glioblastomas demonstrated higher Gal-1 expression levels than pilocytic as-
trocytoma. Reducing Gal-1 expression in tumor cells by siRNA increases the
antitumor effects of various chemotherapeutic agents, particularly temozolo-
mide treatment. The decrease in Gal-1 expression also impairs the expression
levels of other genes implicated in chemoresistance, some of which are located
in the endoplasmic reticulum (ER) and whose expression is also known to be
modified by hypoxia. This novel facet of Gal-1 involvement in glioblastoma
biology may be amenable to therapeutic manipulation.
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7. GROWTH AND DIFFERENTIATION FACTOR
Growth and differentiation factor (GDF-15) is a secreted protein of the
TGF-b superfamily and has emerged as a candidate marker exhibiting increas-
ing mRNA expression during malignant progression of glioblastoma.148 While
GDF-15 is involved in the maintenance of pregnancy, it has been linked to
other physiological and pathological conditions. Study has shown that GDF-15
is expressed by glioblastoma tumors and the expression levels in tumor tissue
translate into elevated GDF-15 serum levels in glioblastoma patients. GDF-15
mRNA and protein have also been detected in human and mouse glioblastoma
cells in vitro.148 Silencing of GDF-15 by RNA interference reduces the prolif-
eration of glioblastoma cells, and enhances the susceptibility of killing by NK
cells. This results in a reduced in vivo tumorigenicity and increased T cell
infiltration of GDF-15-deficient glioblastoma cells in syngeneic mice. The
elevation of endogenous GDF-15 may contribute to proliferation and immune
escape of glioblastomas in an immunocompetent host.
8. ECM PROTEINS
Recent studies have demonstrated that a molecular subtype of glioblastoma
is characterized by overexpression of ECM/mesenchymal components and
shorter survival.149 Specifically, gene expression profiling studies revealed
that matrix gla protein (MGP), whose function has traditionally been linked
to inhibition of calcification of arteries and cartilages, is overexpressed in
glioblastoma and associated with worse outcome. Study suggests that upregula-
tion of MGP as well as other ECM-related components contribute to unfavor-
able prognosis via increased migration.149 The rapid progression of
glioblastoma is due in part to diffuse infiltration of single tumor cells into the
brain parenchyma, which is thought to involve aberrant interactions between
tumor cells and the ECM. Cell proliferation is also strongly regulated by ECM
rigidity with cells dividing much more rapidly on rigid than compliant ECM.149

This suggests that ECM rigidity provides a transformative, microenvironmental
cue that acts through actomyosin contractility to regulate the invasive proper-
ties of glioblastoma tumor cells. In primary brain tumors, glioblastoma cells
invade the ECM and proliferate rapidly in the cerebral tissue, which is mainly
composed of hyaluronan along with the elastin present in the basement mem-
brane of blood vessels. The poor prognosis of glioblastoma patients is also
related to diffuse brain invasion and interaction of tumor cells with ECM.
9. INTERCELLULAR ADHESION MOLECULE-1
Cell-cell adhesion mediated by ICAM-1 and vascular cell adhesion mole-
cule 1 (VCAM-1) is critical for T cell activation and leukocyte recruitment to
the inflammation site.150 Interactions between ICAM-1 and lymphocyte
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function-associated antigen 1 (LFA-1) facilitate T cell recognition of TAA
presented by HLA class I molecules. Disruption of interactions between
ICAM-1 and LFA-1 inhibits target cell lysis, favoring immune escape of
tumors.150 ICAM-1 expression influences TAA presentation by HLA class II
molecules and is required for tumor rejection in vivo.150 Soluble forms of
ICAM (sICAM) are also increased in serum of many inflammatory diseases
and tumors. Expression of sICAM-1 was elevated in patients with glioblastoma
when compared with other tumors.
B. Accessory Cells in the Tumor Microenvironment
Contributing to Immune Escape of Glioblastoma

1. MYELOID-DERIVED SUPPRESSOR CELLS
Myeloid-derived suppressor cells (MDSC) have emerged as key immune
modulators in various tumor models and human malignancies including glio-
blastoma.151 Study has shown that glioblastoma patients are immunosup-
pressed, and MDSC have been implicated in tumor burden. Exposure of
glioblastoma tumors to MDSC-like cells such as different lineage of monocytes
and macrophages may contribute to immunosuppression in glioblastoma
patients. An increased immunosuppressive IL-10, TGF-b, and B7-H1 expres-
sion, decreased phagocytic ability, and increased ability to induce apoptosis in
activated lymphocytes have been observed in these patients.97 Direct contact
between monocytes and glioblastoma cells may also induce immunosuppres-
sive effects. In glioblastoma patients, it has been shown that increased circulat-
ing MDSC are detected as compared with normal donors. These MDSC are
also increased in glioblastoma-conditioned monocytes in vitro. A number of
studies have investigated this phenomenon without mechanistic insights into
their origin and function in glioblastoma patients.
2. TREG CELLS
Studies have revealed that CD4þ Foxp3þ CD25þ Tregs are physiological-
ly engaged in the maintenance of immunological self-tolerance and play critical
roles for the control of antitumor immune responses.152 A large number of
Tregs have been found to infiltrate into brain tumors, and systemic removal of
these Tregs enhances antitumor T cell responses. Tregs are recruited to tumor
tissues via chemokines, such as CC chemokine ligand 22 (CCL22) binding to
CC chemokine receptor 4 (CCR4).152 They appear to expand and become
activated in tumor tissues and in the draining lymph nodes by recognizing TAA
as well as normal self-Ag expressed by tumor cells. These results indicate that
cancer vaccines targeting tumor-associated self-Ags may potentially expand/
activate Tregs and hamper effective antitumor immune responses, and
that tumor immunity can therefore be enhanced by depleting Tregs. Thus,



224 HAQUE ET AL.
Ag-specific Treg levels could be a potential therapeutic biomarker in many
tumors including glioblastoma. Recent attempts have demonstrated that com-
binations of monoclonal antibodies capable of modulating Treg functions
synergistically enhance antitumor activity and are more effective than single
monoclonal antibody therapy.153 Combination therapy targeting a variety of
molecules expressed in APC, effector T cells, and Tregs is envisaged to be a
promising anticancer immunotherapy.
C. Nonclassical and Classical HLA Molecules
Influencing Immune Recognition

Glioblastoma cells express or secrete several immunosuppressive molecules

thatmay regulate immune cell functions.The nonclassicalHLAmolecules such as
HLA-G andHLA-E have been detected in brain tumor cells and they have a role
in the induction of antitumoral immune responses.154 Recent evidence also
suggests that the ectopic expression of HLA-G proteins may help tumor evasion
of T and NK-mediated cell lysis.155 HLA-E is also a ligand for the immune-
inhibitory NKG2A receptor expressed on NK and T cells. The expression of
HLA-E was significantly higher in astrocytic tumors and glioblastoma than in
normal brain.154HLA-G andHLA-Emolecules are also shown tobe expressed by
tumor-infiltrating activatedmicroglia andmacrophages in amajority of glioblasto-
ma patients. Many cancer cells downregulate classical HLA class I, HLA class I-
related (CD1), and HLA class II molecules, which may help tumors evade
immune surveillance.156 Tumor cells displaying aberrant expression of HLA
molecules may also evade Tcell recognition, facilitating disease progression.
IX. Conclusions

Glioblastoma is an aggressive and lethal cancer, accounting for the majority
of primary brain tumors in adults. Glioblastoma tumors are characterized by
alterations in genes that control cell growth, apoptosis, angiogenesis, and
invasion. Multiple cytogenetic, chromosomal, and genetic alterations have
been identified in glioblastomas to date, with distinct genetic patterns being
associated with individual brain tumor subtypes. Some of these molecular
alterations may serve as a diagnostic adjunct for tumor classification in cases
with ambiguous histological features. Epigenetic alterations also affect the
expression of cancer genes alone, or in combination with genetic mechanisms.
A subset of brain tumors is also characterized by locus-specific and genome-
wide decrease in DNA methylation and hypomethylation. Other epigenetic
alterations, such as changes in the position of histone variants and changes in
histone modifications, are also likely important in the molecular pathology
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of glioblastoma, as HDACs are targets for drugs currently in clinical trials. The
technological wave of next-generation sequencing will accelerate glioblastoma
epigenome profiling, allowing the direct integration of DNA methylation,
histone modification, and gene expression profiles. Ultimately, genomic and
epigenomic data should provide new predictive markers of response and lead
to more effective therapies for glioblastoma, like the effective management
of CSCs.

CSCs are thought to be critical for the engraftment and long-term growth
of glioblastoma. The cells are at least partially spared by traditional che-
motherapies and radiation therapies, and finding new treatments that can
target CSCs may be critical for improving patient survival. A deeper under-
standing of the molecular relationship of these tumor types is necessary to
derive insights into the diagnosis, prognosis, and treatment of glioblastoma.
Although genome-wide profiling of expression levels with microarrays can be
used to identify differentially expressed genes between these tumor types,
comparative studies so far have resulted in gene lists that show little overlap.
The search for new cancer genes as well as the generation of tumor-specific
genomic, epigenetic, and transcriptional profiles has been advanced by the
application of genome-wide array-based profiling and large-scale sequencing
efforts. Recent studies employing these techniques added in complementing
the picture of the alterations and pathways most frequently involved in glio-
blastoma formation and thus qualifying as promising targets for glioblastoma
diagnostics and therapy, including improvements in chemotherapy and
immunotherapy.

While the immune system tries to eradicate the tumor in an earlier phase, it
often fails to do so by unknown mechanisms. Thus, the primary goal of
immunotherapy should be to overcome tolerance and to reeducate the immune
system when the tumor burden is reduced following surgery, radiotherapy, and
chemotherapy. To overcome these profound immunologic impairments in
responsiveness, compounds that are capable of modulating the local immune
responses could be examined. While several vaccine reagents have been devel-
oped and tested to raise antitumor activity, their broad application for tumor
clearance is still far away. There is substantial evidence that immune compo-
nents including HLA molecules, costimulatory molecules, growth factors,
cytokines, adjuvants, and inhibitory or suppressor molecules play vital roles
in the alteration of Ag presentation, TIL, immune protection, and the clinical
outcome of glioblastoma patients. On the basis of this evidence and previous
clinical trials, special considerations need to be accounted for in devising
immunotherapeutics against CNS tumors. In conclusion, this review updated
recent findings on molecular alterations that significantly advanced our knowl-
edge of the biology of human glioblastoma as well as tumor-associated biomar-
kers of clinical interest and therapeutic design.
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