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2.1 Definition

The concept of targeted therapies has been developed
in general oncology and describes the treatment of
cancers according to markers or pathways that have
been identified in the tumor tissue after biopsy or
resection. Many of these targets have been identified
by correlative studies of subgroups of patients from
large cohorts of clinical trials who were segregated
on the basis clinical characteristics, and there is a
demand that future trials or therapies should be strat-
ified or administered accordingly [22]. Also, targets
from general oncology were extrapolated to neuro-
oncology.

Other approaches apply gene expression analyses
to come up with molecules that are consistently active
in gliomas, glioma stem cells or subgroups of clinical
trials [26, 29, 42, 44]. Recently more stringent
approaches geared towards the discovery of specific
glioma-associated pathways have been used that (assur-
ingly) confirmed the prior key suspects governing
glioma biology, which are the receptor tyrosine kinases
and disruptions of the p53 and RB pathways [10].

2.2 The Basis of Targeting

Targeting treatment has to be based on the proof of
target presence and activation. The first analysis is
either genetic or immunohistochemical, but recent
developments indicate that more complex but tech-
nologically increasingly feasible methods need to be
included. Whereas for example the presence of
VEGF in glioblastoma can be taken for granted, the
presence of EGF-R needs to be verified and quanti-
fied, as well as the presence of the important vIII
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variant. Activation of the subsequent downstream
pathways is not consistent and may be assessed by
array-based analysis of the phosphorylation patterns.
Genetic information needs to be qualified by addi-
tional analysis of the “methylome” because epigenet-
ics modify the results of simple genetic analysis.
Currently gene expression array technology is becom-
ing easier and cheaper and will find its way into per-
sonalized treatment, which is only another way of
looking at targeted therapies.

In the evolution of targeted therapies, prototypically
distinct receptor tyrosine kinase has been targeted with
antibodies or small molecule inhibitors. Many other
target categories have been identified, and the common
theme is the selective presence or overexpression or
overactivation in a tumor.

In the context of neuro-oncology, targeting has
gained a second meaning by including the concept of
delivering (targeting) a drug to its desired site of action
by local application, which could involve direct local
injection, stereotactic placements of delivery catheters
or even delivery via motile stem cells as specified fur-
ther below. In general, despite a wealth of promising
agents and concepts, the experience with targeted
small molecule therapies in glioma is disappointing
[40]. Because of the dual nature of targeting in neuro-
oncology, molecular and spatial, progress will be
slower than in other areas.

2.3 Targeted Molecules: Growth Factor
Systems/Angiogenesis

Due to the discovery that many of the molecular altera-
tions in glioma affect the expression of growth factors
and the corresponding growth factor receptors, these
as well as their intracellular signaling pathways have
become the focus of specific drug development or
extrapolation from general oncology. Without trying to
give a complete account of all targeted therapy devel-
opments, some overview is given in Table 2.1, illus-
trating the broad biological diversity of targets, the
prevalence of growth factor-related targets and the cur-
rent clinical status.

The receptor for epidermal growth factor (EGF-R)
was identified very early as a molecular target for glioma
[6]. Agents interfering with the EGF-receptor on the
intracellular as well as extracellular level have been the
most numerous in development [60]. Erlotinib (Tarceva®)
and gefitinib (Iressa®), both small ATP mimetic agents
interfering intracellularly with receptor phosphoryla-
tion, being as such prototypic small molecule RTK-
inhibitors, seem to be ideal candidates for successful
glioma therapy. They have been evaluated in several
clinical trials, but have shown only limited activity and
did not become established in standard therapy [9] as
single agents. Of particular disappointment, it was noted

Table 2.1 Clinical developments for targeted therapies for Glioblastoma

Target Reagent class
EGF receptor Antibodies
Small molecule RTK
Vaccine
Targeted toxin
PDGF + VEGF receptor Small molecule RTK
VEGF Antibody
VEGF-R Small molecule RTK

IL-13 receptor

IL-4 receptor

Transferrin receptor

Matrix metalloproteases
Integrin receptors

TGF-f immunosuppression
mTOR

Targeted toxin

Targeted toxin

Targeted toxin

Enzyme inhibitor

Peptide analogue (avf33)
Anti-sense oligonucleotide
RNA-translation inhibitor

Reagent Clinical
phase
Cetuximab I
Nimotuzumab I
Erlotinib I
Gefitinib I
Unique vIII EGFR peptide sequence I
TGF-a Pseudomonas exotoxin chimeric /1
protein
Sunitinib I
Bevazizumab I
Cediranib I
Engineered IL13 pseudomonas exotoxin I
chimeric protein

IL4 PSET chimeric protein I/
Transferrin diphtheria toxin 1T
Marimastat 11
Cilengitide I
AP12009 I
Temsirolimus I
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that the expected molecular predictors appear to be only
of limited value [50] or need to be interpreted in a com-
plex context [41].

To interfere with ligand binding, two antibodies
against the regular receptor have been developed,
which differ in affinity. Cetuximab (Erbitux®) has been
extrapolated from the treatment of colon cancer with as
of yetlimited experience [4]. Nimotuzumab (Theraloc®)
has a lower affinity and therefore binds preferentially
to overexpressing cells with fewer side effects. It has
been in clinical trials in adult supratentorial malignant
glioma [45] and pediatric patients with brain stem
gliomas where efficacy was seen (Bode et al., unpub-
lished observation). Currently nimotuzumab is being
tested in newly diagnosed glioblastoma in a phase I1I
trial in addition to the Stupp regimen.

Of great interest are reagents specifically directed
against the vIII variant of the EGF receptor, which
are used for radioimmunotherapy (see below) or vac-
cination. As the VIII variant provides a unique site of
antigenicity, any such reagents should be highly
selective [32].

The EGF-R is also used as a target for a targeted
toxin delivered by convection (TP38, a construct of
TGFa-coupled to the toxin domain of pseudomonas
exotoxin) and has been shown to be safely adminis-
tered via direct intraparenchymal delivery [52], but the
development is currently stalled in phase II.

The PDGF receptor has long been an intriguing tar-
get in glioma biology because the PDGF receptor was
and still is suspected to be a crucially involved trans-
forming oncogene in glioma development, and upon
this experimental models are built [15, 56]. There are
only few reagents available for this pathway, the earli-
est being suramin, which consequently was tried in the
experimental setting [5] and early clinical trials, but
showed very limited, insignificant efficacy [37].
Revived interest came with the development of a
tyrosine kinase inhibitor with a very selective activity
against c-kit overexpressing tumors, of which the gas-
trointestinal stromal tumor (GIST) was the prime
example. Because of its relatedness/partial homology
with c-sis, it was hoped that imatinib (Glivec®) would
also be effective in gliomas, but a large phase III trial
combining imatinib and hydroxyurea failed to show
convincing efficacy (EORTC, unpublished results).
Currently, there are no other reagents in evaluation.
Also, because of the crucial relevance of this system, it
is unlikely that a reagent of such selectivity can be

found that will target tumoral PDGF receptor pathways
and not have a limiting bone marrow toxicity [7].

VEGF and the corresponding receptor became of
interest as a prime target also in neuro-oncology [48]
because angiogenesis is one of the key events in the tran-
sition from low-grade to high-grade glioma, and overex-
pression/upregulation of vascular endothelial growth
factor (VEGF) is one of the key events leading to the
angiogenic phenotype of glioblastoma [54]. Reagents
targeting free VEGF, the receptor and the signaling path-
way have been developed and extensively tested. For free
VEGEF, a neutralizing antibody, bevazuzumab (Avastin®),
and a receptor fragment (VEGF-trap) are under investi-
gation with promising early phase results [28, 61].

After initial hesitation to use Avastin® for intracra-
nial lesions because of fear of hemorrhages, it has been
used in combination with Irinotecan and shown dra-
matic radiological responses, although the translation
into overall survival is still awaited, so a phase III trial
is under development. Coherent with animal experi-
ments [33], application of Avastin leads to rapid
shrinking of tumors and foremost disappearance of
contrast enhancement, but also to accelerated diffusely
infiltrative growth (Fig. 2.1).

As for small anti-angiogenic molecules, tyrosine
kinase inhibitors have been developed, one of which
has been found effective in renal cancer and is now
extrapolated to glioblastoma.

Sunitinib (Sutent®), another inhibitor of the tyrosine
kinases VEGF-R and PDGF-R, has shown promising
activity experimentally [17], seems to affect the distri-
bution of temozolamide [63] and is in phase II clinical
trial for recurrent glioblastoma.

A broad and irreversible inhibitor of VEGE,
cediranib has been found to lead to vessel normaliza-
tion within 4 weeks of daily oral administration [3]
and also the alleviation of edema in patients with recur-
rent glioblastoma. This molecule awaits further testing
in trials beginning in 2009.

In the context of growth factor-driven biological
systems relevant for tumor homoestasis, there is also
the HGF/Met system, being the hepatocyte growth fac-
tor (HGF)/scatter factor and its cognate receptor MET,
the product of the c-met protooncogene. This system is
relevant for several aspects in angiogensis, being active
as mitogen, motogen and morphogen [36]. With MET
consistently part of the list of overexpressed genes in
gliomas in gene expression studies, it has moved into
the focus of therapeutic efforts [35], but has been
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Fig.2.1 Three stages of a patient with second recurrence of glioblastoma (left) treated with bevazizumab plus irinotecan for 8 weeks
(middle) and 14 weeks (right panel)

hampered by the long absence of suitable reagents,
which became available only recently [35, 39].

2.4 Targeted Molecules:
Signal Transduction

Antibodies bind only extracellular domains of recep-
tors and are problematic in their delivery to tumors. To
circumvent that problem, the small molecule tyrosine
kinase inhibitors described above were developed,
basically targeting the same molecule but from the
other side of the membrane. In the search for further
intracellular targets, all parts of the signaling cascades
have been evaluated, and in the context of glioblas-
toma where frequently there is a dysfunction of the
PTEN molecule, mammalian target of rapamycin
(mTOR) has been identified as a potentially very effec-
tive target [19]. Rapamycin, a long-known drug used
for post-transplant immunosuppression, is in clinical
trials for glioblastoma [13] and may be further evalu-
ated with special respect to the individual genetic
tumor signatures related to that pathway, which
includes PI3 kinase and AKT signaling. Another mol-
ecule in clinical evaluation is the RNA-translation
inhibitor temsirolimus (CCI-779), which was tested
with marginal activity in phase II [11] and is now most
often used in combination with other small molecule
receptor tyrosine kinase inhibitors.

2.5 Targeted Molecules: Invasion

Single cell invasion as a unique trait of glial neoplasms
and the single most important factor for treatment fail-
ure [25] has long been a target for specific therapies.
The enzymes involved in degradation of the extracellular
matrix as well as cellular adhesion molecules mediat-
ing cell motility have been the targets for drug
development.

Centrally involved in matrix degradation are the
matrix metalloproteases (MMPs). There is a wealth of
information and in vitro studies on the various MMP
inhibitors, but only one reagent inhibiting MMP activity
has been tested in a clinical trial without showing effi-
cacy [38]. Despite the negative result of this marimastat
trial, some efficacy may have been seen in combination
with chemotherapy, and further confirmation from a
clinical trial is awaited. The inhibition of MMPs is still
of major research interest, and possibly more efficacy
can be seen with other reagents such as siRNA [31].

Centrally involved with cell adhesion and motility
are the integrins [14], which have a dual role not only in
invasion but also in angiogenesis. One of the key integ-
rin receptors in neuro-oncology is a f3,, which has long
been investigated [55], but only recently have reagents
become available that selectively block that receptor
and are considered promising [47]. After mixed results
from a phase II trial in which the patients were also
treated with temozolamide, the subsequent analysis
suggested that a phase III study with Cilengitide® for
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patients with glioblastoma in whom the MGMT-gene is
not methylated is warranted and is currently being initi-
ated with the results expected by 2011.

2.6 Targeted Molecules:
The Immune System

Immunosuppression is a long-proven mechanism by
which glioblastoma escapes the natural surveillance
and has been identified as a major target in glioma
therapy [59]. TGF-B2 appears to be the major immu-
nosuppressive factor, although recently a very complex
system of other immunomodulatory systems interact-
ing with lymphocytic activators and inhibitors has
been receiving more attention.

TGF-B2 has been targeted with an antisense mole-
cule called AP12009 that is a phosphothyroate hep-
tamer. It is applied by stereotactic intraparenchymal
infusion. So far, it has gone through a phase II trial in
which it appeared to have some activity in anaplastic
astrocytomas and is awaiting a confirmatory trial [30].

A direct immunization strategy became an obvious
approach when the VIIIEGF-R was discovered with a
unique peptide sequence in it that allows for very spe-
cific immunization. Using a synthetic peptide with that
sequence as an immunogen, a large vaccination phase
III trial is currently in progress [53].

Many other molecules have been found relevant in
the mediation of the cellular immune responses or their
repression (such as Annexin, Decorin, CRXC4, Fas-
ligand, TRAIL, STAT3 and many others), but none of
them have yet matured to the stage of clinical trials
[16]. Apart from the AP12009 trial, the most advanced
activity is currently seen in the area of dendritic cell
vaccination where clinical trials are ongoing [18].

2.7 Targeted Molecules: Genetic
Targeting of Oncolytic Viruses

In addition to molecules expressed specifically on the
cell surface or secreted by glioma cells, characteristic
genetic aberrations irrelevant to any signaling also lend
themselves to targeting. Foremost, p53 and RB gene
mutations have been characterized over almost 20 years

[2], but no obvious therapeutic intervention has become
apparent from the frequent mutations as such. As these
two tumor suppressor genes are also relevant for viral
replication, a logical development has been the devel-
opment of a whole family of selective oncolytic viruses
that can be targeted to glioma cells because they condi-
tionally replicate in characteristic genetic contexts such
as the mutation or deletion of p53 [24], a disrupted RB
pathway [23] or homozygous deletions of pl6. Early
clinical trials of these replication-competent adenoviruses
have been completed and found to be safe [12, 58], but
further advanced clinical testing is still awaited.

2.8 Targeted Molecules:
Radioimmunotherapy with Specific
Ligands for “Oncoproteins”

Part of the glioma cell lineage is a “mesenchymal” phe-
notype [44] that expresses molecules used for the inter-
action of the cells with the extracellular matrix of the
environment. One of these molecules is tenascin, which
has been found to be overexpressed in many analyses.
Antibodies to tenascin were developed long ago and
have been used for radioimmunotherapy via direct
intraparenchymal application with proof of principle
and acceptable safety, but outstanding randomized
phase III tirals to determine the efficacy are still awaited
[27, 46, 49]. Basically, any molecule that is specifically
overexpressed in gliomas lends itself to such radioim-
munotherapy, but compared to tenascin, all other devel-
opments are quite delayed, with the farthest away
probably being the anti-EGF-R VIII project.

2.9 Targeted Delivery:
Intraparenchymal Delivery

The blood—brain barrier impedes the delivery of many
small molecules with the wrong biophysical proper-
ties and of almost all large molecules that need to get
into not only the vascular tree, but also the tumor.
Therefore, a direct intraparenchymal drug delivery
modality was developed that uses stereotactically
placed catheters and a constant low pressure infusion
[8]. Delivering large molecules reverses the deterring
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properties of the blood-brain barrier because after
delivery beyond the blood brain barrier, the large
molecules cannot escape [20]. Prototypically for the
use of that technique in neuro-oncology, targeted tox-
ins were generated; these are chimeric molecules that
bind to a selectively overexpressed cell surface mol-
ecule and by virtue of receptor internalization deliver
the toxin part into the cell. TGF-o binding to the
EGF-R, interleukin-4 and interleukin-13 has been
linked with the pseudomonas exotoxin (PSET) and
has been tested in phase I/II, TGF-a-PSET, also know
as TP38 [51] and IL-4-PSET [62], or phase IIT (IL-13-
PSET) [34, 43]. Both phase I/II reagents hold prom-
ise, especially for improving convection techniques
[21], and also the IL-13 reagent (cintredekin besudo-
tox), which was used for perilesional multiple site
convection in the post-resection period for newly
diagnosed patients with glioblastoma, showed effi-
cacy slightly above Gliadel® wafers, which were the
comparator in the open label phase III trial, but this
failed to reach statistical significance (S. Chang, in
preparation). Another agent, a transferrin linked to
diptheria-toxin that was used for intratumoral deliv-
ery in non-resectable recurrent patients in phase III,
was prematurely closed with only very limited signs
of efficacy in this difficult disease stage (Laske et al.,
unpublished results).

2.10 Targeting Through Motile
Delivery Systems

As invasiveness of single cells over large distances
from the tumors leads inadvertently to treatment fail-
ure, thought has been given to the development of dis-
seminated drug delivery or motile therapy targeting
this invasive population, and this has led to the evalua-
tion of neural stem cells as a delivery vehicle [1]. This
methodology is very complex, especially the produc-
tion of such cells as a stable and easily handled reagent,
but after many years, it appears as if early clinical trials
will begin in the year 2009. The cells are still artifi-
cially immortalized, and the reagent delivered will be
HSV-Tk as the paradigmatic pro-drug-converting
enzyme that converts gancyclovir. The reagent is rather
non-specific, but the targeting of the delivery is even
more so because theoretically even single cells can be
traced and destroyed.

2.11 Targeting Other Intracranial
Tumors

With a focus on astrocytic and oligodendrocytic gliomas,
this chapter cannot give enough consideration to other
tumor entities in neuro-oncology for which, however, the
development of targeted therapies is not nearly as advanced,
and when tested, they have been very disappointing.

2.12 Targeted Therapies
for Meningioma

Meningiomas are usually treated by resection, and if this is
incomplete or impossible, by adjuvant stereotactic radia-
tion. A number of intriguing molecules associated with
meningiomas, such as the progesterone receptor, dop-
amine receptors and receptors for somatostatin, have been
found successively. None of these have led to the estab-
lishment of a medical approach to non-resectable menin-
giomas, although all agents have shown activity in some
selected cases, albeit without any clues as to what the basis
of such efficacy was. In desperate cases therefore antipro-
gesterones, dopamin-agonists and inhibitors of somatosta-
tin receptors are still applied to attempt stabilization when
surgical and radiotherapeutic options are exhausted.

2.13 Targeted Therapies
for Ependymoma

Identifying a molecular target suitable for the specific
therapy of ependymoma has continued to elude all
attempts. Surgery is still the paramount element in the
treatment, which in cases of dissemination, non-
resectability or recurrence is complemented by radia-
tion and/or chemotherapy. No cell surface markers or
specific signaling pathways have been identified.

2.14 Targeted Therapies
for Medulloblastoma

Medulloblastoma is becoming an increasingly com-
plex disease with molecular subtypes in the pediatric
and the adult subgroups. Signaling pathways around
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the sonic hedgehog/patched pathway are being identi-
fied, and specific reagents are available and are in clin-
ical testing for the appropriate subtype.

2.15 Summary

While targeted therapy sounds like a buzzword, it
describes a demand by the patients who increasingly
question the concept of being unselectively poisoned.
It also summarizes the attempt of basic and clinical
researchers to dissect tumor-specific pathways that
allow for a highly effective therapy for brain tumors.
So far, the multitude of simultaneously activated path-
ways [57] and the single cell dissemination inherent to
the invasive nature of glial tumors have precluded any
successful targeting. Nevertheless, developments are
being made in the right direction and with the growing
awareness in the oncological community that targeting
in neuro-oncology has a dual meaning: the parallel
development of better molecular/pharmacological tar-
geting as well as better local targeting in the sense of
delivery to the target, which may be single infiltrating
cells. Progress will be made in the field over the next
years. Currently, antibody-based strategies, intraparen-
chymal administration and motile delivery seem to
hold the most promise.
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