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Thesis Outline

High grade glioma (HGG) is a devastating disease. An 
important way by which these brain tumors sustain 
themselves is by abundantly exploiting angiogenesis, i.e. the 
formation and re-arrangement of blood vessels. Vascular 
endothelial growth factor (VEGF) is the key regulator of 
angiogenesis. Furthermore, VEGF protects cells against 
apoptosis-inducing agents and stimulates proliferation. 
Glioma cancer cells frequently secrete large amounts of VEGF 
to stimulate endothelial cells to expand the vascular network 
by proliferation and attraction of new endothelial cells by 
which they fulfill their need for extra blood supply. This trait of 
malignant glioma may offer a unique treatment opportunity. 
The abundant production of VEGF is often even further 
increased following irradiation treatment. Consequently, 
in several solid tumors VEGF inhibition combined with 
chemotherapy resulted in improved survival. Therefore 
VEGF-pathway inhibition combined with irradiation and/or 
chemotherapy is a potential treatment strategy to influence 
the poor prognosis for GBM patients.

Central hypothesis of the thesis: 
Selective therapeutic VEGF pathway inhibition reduces 
gliomagenesis and prolongs patient survival in combination 
with irradiation and/or chemotherapy

This thesis covers a project from bench to bed side, from the 
laboratory to the clinical implementation of angiogenesis 
inhibitors for malignant glioma. In short, in Chapter 2 we 
exploit the latest advances in in vitro expansion of malignant 
glioma cells to study the intimate relationship between 
glioma cells and tumor associated endothelial cells. Chapters 
3, 4 and 5 describe several effects of VEGF-pathway inhibition 
in animal glioma models. Subsequently, we discuss the clinical 
results we obtained with VEGF inhibitors and we put special 
emphasis on the potential pitfalls the use of these drugs halt 
on various imaging techniques in Chapters 6, 7 and 8. Finally, 
the joined results are discussed in Chapter 9. 

First, this general introduction zooms-in on malignant 
glioma; it will discuss several perspectives of glioma and its 
standard and experimental treatment modalities. Next, the 
features of angiogenesis (inhibition) are discussed, in general 
and more specific its interaction with (chemo-) radiation. 
Eventually we state that VEGF(R) inhibition in combination 
with radiotherapy and/or chemotherapy is a promising 
treatment strategy to improve survival outcome of patients 
with high grade gliomas.

Perspectives on malignant glioma
Tumors in the human brain
In the western population brain tumors occur approximately 
in 70 per 100.000 persons each year (Oncoline, 2007). Ninety 
percent of these tumors are metastases of solid tumors 
elsewhere in the body, e.g. breast or lung (Oncoline, 2007). 
Beside these metastatic tumors, 10 percent arise from 
the brain tissue itself, the so-called primary brain tumors. 
Their incidence is 5-7 per 100.000 persons per year. For the 
Netherlands in 2006, 1006 new patients with primary brain 
tumors were registered (IKCnet, 2006). 

Eighty percent of the primary brain tumors 
originate from the glial tissue component, e.g. astrocytes, 
oligodendrocytes, ependym, and plexus choroideus (Louis 
et al., 2007). Brain tumors are often initially diagnosed when 
patients present with neurological symptoms, headache, 
nausea, vomiting, papilledema, character changes and/or 
epilepsy, caused by tumor progression leading to increased 
intracranial pressure, and impression and damage of 
vital neurological structures (DeAngelis, 2001). However, 
ongoing improvement of imaging techniques leads to earlier 
recognition of brain tumors.

Human brain tumors from glial origin
Low grade gliomas, grade I and II, are well differentiated 
tumors characterized by a low growth rate and a relatively mild 
clinical behavior, whereas grade III and IV high grade gliomas 
(HGG) are poorly differentiated, aggressive tumors with a 
high growth rate and a tendency to invade the normal brain. 
Grade IV, or Glioblastoma Multiforme (GBM) is discriminated 
from grade III gliomas by abundant vascular proliferation. 
Dr. Hans-Joachim Scherer was the first neuropathologist to 
describe GBM in detail, during the period 1934 - 1941 (Peiffer 
and Kleihues, 1999). Both grade III and IV gliomas display a 
high degree of vascular permeability around a necrotizing 
tumor core displaying fields of pallisading necrosis and 
have the tendency to furtively invade normal brain tissue, 
although contrast-enhanced MRI suggests the presence of 
a discrete border to the lesion. Tumor cells typically extend 
microscopically several centimeters away from the visible 
contrast-enhanced area and, in some cases, can extend 
throughout the entire hemisphere or large portions of the 
brain— a condition known as gliomatosis cerebri (DeAngelis, 
2001).

Grade III tumors, or anaplastic astrocytomas, show 
little histogenetic differentiation. Patients of less than 50 
years of age have an estimated median Overall Survival (OS) 
of almost 5 years, while this is around 2 years in patients over 
age 50 (Curran, Jr. et al., 1993; Stupp et al., 2007). Grade IV 
tumors (malignant glioma, glioblastoma multiforme, GBM, 
i.e. more than one shape or appearance) are the most 
devastating malignant disease of the brain (Wen and Kesari, 
2008). Since 2005 standard treatment, consisting of surgery, 
irradiation and chemotherapy, yields an OS of 14.6 months, 
even in selected patient populations (Stupp et al., 2005). 
 Grade IV tumors mostly present as de novo 
malignancies not preceded by an earlier stage of low grade 
lesions. Therefore these tumors are called primary GBM 
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(Ohgaki and Kleihues, 2007). Patients are typically of middle 
to elder age with a short clinical history and rapid disease 
progression. The more rare secondary GBMs, roughly 5% of 
the cases, arise from low grade glial tumors (Ohgaki et al., 
2004). These patients tend to be younger at presentation and 
show a higher overall survival.  

A new paradigm for cancer 
During the past century, the scientific approach to cancer 
was based on the paradigm that cancer cells within one 
tumor differ in morphology, marker expression, proliferation 
capacity and tumorigenicity based on the existence of 
geneiticaly distinct clones (Nowell, 1976). Availability of new 
techniques such as immunofluorescent flow cytometry (FACS) 
shed new light on an alternative model, favoring a hierarchical 
organization within the tumor with a stem cell compartment, 
similar to  normal organs (Clarke et al., 2006). While being 
highly fashionably in the beginning of the 21st century, this 
so-called Cancer Stem Cell (CSC) theory has already been 
suggested in 1867 by Julius Friedrich Cohnheim, in his work 
Ueber Entzundung und Eiterung (Cohnheim, 1867). 

First serious attempts to gain insight into the 
nature of hierarchical tumor organization were made in the 
1970’s (Hamburger and Salmon, 1977). With 21st century 
techniques available, evidence is compiling that cancer 
indeed does not consist of a homogenous cell population, 
but contains several cell compartments, including a small 
subpopulation of multi-potent CSCs. This relatively small 
subset of slowly cycling cells undergoes self renewal for 
an unlimited period of time and gives rise to a larger bulk 
population of cells that have committed to a particular fate 
and have finite division capacity (Reya et al., 2001). The gold 
standard for this so-called ‘stemness’ of CSCs is the ability to 
generate a phenocopy of the original malignancy in immuno-
compromised mice, that displays the variety of differentiated 
cells of the original tumor (Clarke et al., 2006). Furthermore, 
serial transplantation of this xenotransplanted tumor into 
new recipient mice confirms self-renewal potential of the CSC 
population.

Importantly, the CSC paradigm greatly influences 
the approach for development of new cancer treatments, 
because it predicts that only eradicating the CSC component 
will stop tumor growth and let the tumor regress (Figure 
1). It also offers a comprehensible explanation why tumors 
recur under present anti-cancer treatment regiments. The 
present strategies are directed against the tumor bulk, 
and not to the CSC fraction that is much more resistant to 
irradiation and chemotherapy (Dean et al., 2005; Vermeulen 
et al., 2008). With this in mind it is even very well possible 
that experimental treatments were rejected in clinical trials 
because of irresponsive tumor bulk, while drug activity 
against the small CSC fraction was unnoticed (Huff et al., 
2006). 

As one of the first solid malignancies following 
shortly after the discovery of a CD44+/CD24- CSC population 
in breast cancer, GBM showed to contain a CSC fraction 
positive for marker CD133 (Singh et al., 2004; Al-Hajj et al., 
2003). While non-CSC containing tumor lines do not re-grow 
tumors even with 100.000 cells injected, transplanting as 

little as 100 CD133+ cells into immune-deficient mice give 
rise to tumors that mirrored the original patients’ tumors 
(Singh et al., 2004).For research purposes, glioma CSCs can 
be expanded under specialized culture conditions, i.e. serum-
free suspension culture with the addition of bFGF and EGF. 
Compared with classic serum-cultured cell lines, not only the 
gene expression pattern of serum-free cultures more closely 
mirrors the primary tumor, but also the xenotransplanted 
tumors are more similar to the original patient tumors in their 
in vivo biology (Lee et al., 2006). 

Tumor environment
For tumor growth and support cancer cells rely on 
their environment , additionally this support from the 
microenvironment significantly influences resistance to 
treatment (Becher et al., 2008). Moreover, it is suggested 
that the microenvironment is a key component in the 
maintenance of CSCs (Gilbertson and Rich, 2007). For GBM 
it is proposed that endothelial cells shape a perivascular 
niche for the CSC fraction (Calabrese et al., 2007). Following, 
obstruction of communication between niche cells and CSCs 
can be an attractive treatment modality for GBM (Christensen 
et al., 2008; Hambardzumyan et al., 2008). To investigate this 
interaction, complex techniques are needed to model the 
vascular niche for CSCs in vitro and in vivo. First, the regularly 
cultured human endothelial cells derived from umbilical 

Figure 1. CSC paradigm and treatment response. 
a) Minimal residual disease: CSCs are less sensitive to treatment compared 
with differentiated cancer cells. Treatment reduces differentiated bulk, 
but CSC fraction repopulates the tumor after treatment. b) Treatment 
directed against CSCs does not reduce tumor size initially; it will regress 
after treatment. c) Sensitization of CSCs prior to conventional treatment 
(induction of sensitization, interference with the niche, interference with 
signaling (adapted from Vermeulen et al., 2009).
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veins (HUVECs) differ greatly in gene-expression patterns 
from the endothelial cells that are derived from human 
GBM (Charalambous et al., 2005). Second, the intimate 
relationship with the tumor cells is further expressed by the 
changes in phenotype of endothelial cells inside a tumor 
(Charalambous et al., 2006). Therefore, an improved in vitro 
system is welcome that enables co-culturing of both tumor-
derived endothelial cells and CSCs (Chapter 2). 

Treatment modalities for GBM

Surgery 
In the Netherlands, in 1889 the first brain tumor was removed 
surgically by J.A. Guldenarm, guided by psychiatrist C. Winkler 
(Koekkoek and Pieters, 2008). During the first decades almost 
half of the procedures ended fatal for the patient. From 1910, 
arise of antisepsis and narcosis, new imaging techniques 
(e.g. plain X-ray of the skull and cerebral ventriculography) 
and knowledge about brain functioning and brain structure 
cleared the way for a more precise surgical treatment of 
brain tumors. With the introduction of carotid angiography 
in the 1950’s and Computed Tomography (CT) in 1973 more 
complex surgery was feasible. These radiologic improvements 
extended survival of GBM patients in the 1970’s to median 4 - 
6 months (Walker et al., 1978; Walker et al., 1980). From then 
on, further improvement of techniques focused on imaging 
like MRI-guided neuro-navigation, intra-operative MRI, 
functional MRI and fluorescence-guided surgery (Stummer et 
al., 2006; Asthagiri et al., 2007).

Irradiation
Of all GBM treatments available up to today, the biggest 
survival increasing break-through came from application 
of ionizing radiation following surgery (Walker et al., 1980). 
Irradiation of brain tumors started in the 1920’s when 200KeV 
X-rays enabled treatment of tumors located up to a few cm 
under the skin. In 1935 first reports on irradiation of brain 
tumors were published. Since then, irradiation techniques 

and treatment planning were further optimized, and normal 
tissues were better spared (Leibel et al., 1975). In the 1980’s 
surgery followed by 30x 1.8 - 2Gy irradiation increased the 
median overall survival to 11 months (Walker et al., 1980). 
This became the standard irradiation schedule for GBM. 
Strategies to further increase tumor dose are brachytherapy 
and stereotactic radiosurgery (Selker et al., 2002; Tsao et 
al., 2005).  Recently, retrospective analysis revealed that 
when surgical resection is performed and less than 98% of 
the enhancing tumor is removed, the patient survival is not 
better than that of irradiation alone (Lacroix et al., 2001). 
The mean extent of tumor resection in all 416 patients was 
89%. In 197 patients a resection of more than 98% of the 
tumor was achieved as shown by comparing tumor volumes 
between preoperative and postoperative MR images. 

Chemotherapy
The last 4 decades, numerous  chemotherapeutic agents 
have been  tested in GBM, e.g. carmustine (BCNU), 
lomustine (CCNU), irinotecan (CPT-11) and carboplatin; 
all agents displayed disappointing activity in GBM, except 
for temozolomide (TMZ) (Nieder et al., 2006a; Wong et al., 
1999). After demonstrating anti-cancer activity in relapsed 
gliomas, temozolomide was tested in the primary treatment 
of GBM as part of a combination schedule comprising surgery 
and radiotherapy. Added to irradiation, as radiosensitizer 
after surgery and as monotherapy during 6 months after 
chemoradiation, this schedule extended median overall 
survival in a selected patient population with approximately 
3 more months to 14.6 months compared to surgery and 
radiotherapy alone (Figure 2). This schedule is therefore the 
current standard adjuvant therapy for primary GBM (Stupp et 
al., 2005; Stupp et al., 2009). 

Failing primary treatment: recurrent GBM
Despite these developments in treatment strategies, GBM 
almost always recur. Recurrent GBM is genotypically almost 
identical to its preceding tumor (van Nifterik et al., 2006), 
although CSCs harvested from the recurred tumor are more 
aggressive then those cultured from the primary tumor of the 
same patient (Huang et al., 2008). 

Re-resection, systemic chemotherapy, and 
sometimes re-irradiation are used  in second line (Nieder et 
al., 2006a). Despite second line treatment,  the  progression 
free survival after 6 months (PFS6) is approximately 20%  
for recurrent disease (Wong et al., 1999). Therefore no 
standardized treatment is established due to marginal results 
of these experimental treatments. 

Experimental regimens for (recurrent) GBM
Best OS results for recurrent GBM are reached with TMZ. 
This treatment was demonstrated to increase survival as 
second-line therapy in TMZ naive patients when compared 
to historical controls (Wong et al., 1999). However, because 
most patients nowadays received TMZ as initial treatment, 
a rechallenge with TMZ at the same treatment schedule in 
second line is often not as effective as in naive patients, with 
a median OS ranging from 25 - 61 weeks in different studies 
(Wick et al., 2009). 

Figure 2. Survival curves of GBM patients. 
Surgery alone (A, 1978); surgery followed by radiotherapy (B, 1978) and (C, 
2009); and resection, radiotherapy plus TMZ (D, 2009). Merged graphs from 
Walker et al., 1978 and Stupp et al., 2009. 
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To overcome resistance, alternative TMZ schedules 
(other than 150-200 mg/m2 on 5 days of each 28-day cycle) are 
deployed with continuous low dose administration (chapter 
7). Protracted TMZ regimens may deplete O6-methylguanine-
methyltransferase (MGMT), a DNA repair protein that is an 
important factor in TMZ resistance (Tolcher et al., 2003), and 
offer a higher dose intensity per month of delivery. Several 
preclinical studies demonstrated that continuous daily 
administration of cytotoxic drugs at low dose have potential 
anti-angiogenic activity, even below the maximum tolerated 
dose (Browder et al., 2000; Bertolini et al., 2003; Kerbel and 
Kamen, 2004; Tuettenberg et al., 2005; Kim et al., 2006; Zhou 
et al., 2007). Although several responses have been reported 
in TMZ non-naive patients receiving second line regimens 
with daily low dose TMZ regimens, the duration is short and 
a survival advantage has never been demonstrated clearly 
(Kong et al., 2006; Perry et al., 2008a; Perry et al., 2008b; 
Jauch et al., 2008; Kesari et al., 2009; Wick et al., 2009).

Better understanding of cancer biology due to 
fundamental research efforts has led to the exploration of 
target-directed cancer treatments. Last years numerous 
clinical trials have been performed, targeting specific 
aberrant functioning molecules in cancer cells and abnormal 
angiogenesis in the micro-environment (Wen and Kesari, 
2008). According to several recently performed clinical 
studies, angiogenesis inhibition seems also to be an 
attractive approach in patients with recurrent GBM. The 
phenotypical features of GBM (high pro-angiogenic activity) 
cued researchers in the late 1990’s to experiments with anti-
angiogenic treatment. This strategy proved to be successful 
in multiple in vivo model systems (Lund et al., 2000; Kozin et 
al., 2001; Hess et al., 2001; Winkler et al., 2004; Sarkaria et 
al., 2006; Tabatabai et al., 2007). These first results strongly 
stimulated the neuro-oncology community to thoroughly 
explore vascular endothelial growth factor (VEGF) inhibition 
in the clinical setting.

Angiogenesis inhibition and its 
potential in GBM 
Drugs targeting angiogenesis
In angiogenesis, i.e. the formation and re-arrangement of 
blood vessels, numerous molecules are involved like VEGF, 
angiopoietin, neuropilins, integrins, PDGF and fibroblast 
growth factor (Norden et al., 2008). VEGF has been identified 
as key mediator of angiogenesis and is influencing cancer cell 
survival, local tumor growth and development of metastasis 
(Folkman, 1986). VEGF protects against apoptosis-inducing 
agents, stimulates proliferation and increases angiogenic 
potential (Gorski et al., 1999; Geng et al., 2001; Harmey and 
Bouchier-Hayes, 2002; Gupta et al., 2002).

The VEGF pathway comprises of a family of ligands 
VEGF-a to VEGF-d and placental growth factor (PlGF) (Figure 
3). VEGF is secreted by all human cells, but in larger amounts 
by tumor cells, and the signal is read out by VEGF-receptors, 
from which VEGFR-2 has a pivotal function. This receptor is 
predominantly present on endothelial cells and on circulating 
bone marrow-derived endothelial progenitor cells that 
contribute to newly formed vessels (Cross et al., 2003). 

Significantly elevated levels of VEGF are found in the 
tissue and cyst fluid of GBM and VEGF concentrations clearly 
correlate with the vascularity of these tumors (Takano et al., 
1996). Even in GBM tumor cells infiltrating the surrounding 
brain tissue, a high expression of VEGF is found (Johansson 
et al., 2002). VEGF plays an important role in aberrant 
tumor angiogenesis in GBM, characterized by structurally 
and functionally abnormal blood vessels leading to edema 
formation, high intra-tumoral interstitial pressure, tissue 
hypoxia and further stimulation of angiogenesis. Vasogenic 
brain edema and high interstitial pressure of the cerebrum 
contribute to hypoxia-induced tumor progression and 
resistance to both radiotherapy and chemotherapy (Jain et al., 
2007). Anti-VEGF treatment results in a rapid “normalization” 
of the tumor vasculature by passively pruning the immature 
and leaky vessels and actively remodeling the remaining 
vasculature so that it more closely resembles the normal 
vasculature. A decrease of interstitial pressure in the tumor, 
and a depletion of tumor vessels have been reported after 
long-term anti-VEGF treatment (Batchelor et al., 2007).

Another feature of anti-angiogenesis treatment 
could be the interference with the communication of 
cancer stem cells (CSCs) and their presumed vascular niche 
(Calabrese et al., 2007). This feature further increases the 

Figure 3. The VEGF pathway.
The binding of VEGF-A to VEGFR-2 leads to a cascade of different signaling 
pathways, resulting in the up-regulation of genes involved in mediating the 
proliferation and migration of endothelial cells and promoting their survival 
and vascular permeability. For example, it leads to intracellular activation 
of the MAPK pathway and subsequent initiation of DNA synthesis and cell 
growth, whereas activation of the PI3K–Akt pathway leads to increased 
endothelial-cell survival. Activation of src can lead to actin cytoskeleton 
changes and induction of cell migration. The role of VEGFR-1 in sprouting 
angiogenesis is much less clear. Binding of VEGF-C to VEGFR-3 mediates 
lymphangiogenesis. VEGF165 can bind to neuropilin (NRP) receptors, 
which can act as co-receptors with VEGFR-2 (horizontal arrow) to regulate 
angiogenesis. Adapted from Kerbel, 2008. 
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attractiveness of anti-angiogenic treatment for GBM.
The VEGF pathway can be blocked by ligand 

inactivation (bevacizumab / Avastin®) and by VEGFR inhibition 
by small molecules targeting VEGF receptor 2, e.g. cediranib 
(Recentin®), vatalanib (PTK787/ZK 222584), sunitinib 
(Sutent®) and vandetanib (Zactima®). Some compounds 
target the floating VEGF-receptor, e.g. aflibercept (VEGF 
Trap®). Targeting the ligand VEGF itself is most commonly used 
in clinical trials, e.g. bevacizumab (Avastin®). Bevacizumab in 
combination with chemotherapy is registered for treatment 
of advanced non small-cell lung cancer, breast cancer and 
colorectal cancer, and in combination with a-interferon 
for renal cell cancer. In may 2009, the FDA also approved 
bevacizumab in recurrent GBM; this accelerated approval 
was based on results from a non-placebo-controlled clinical 
trial (Kreisl et al., 2008). 

Side effects of angiogenesis inhibitors in clinical trials
Although anti-angiogenic drugs are generally well-tolerated, 
rare life-threatening complications are reported including 
thrombo-embolism, hemorrhage, and gastrointestinal 
perforation (Dietrich et al., 2008). In addition, more 
frequently observed adverse effects include hypertension 
and proteinuria, wound repair delay, vomiting and myelo-
suppression. For metastatic colon cancer, in the definitive 
phase III trial that led to first FDA approval for bevacizumab 
the rate of GI perforation was 1.5% in patients treated with 
bevacizumab and chemotherapy, as compared to none in 
patients treated with chemotherapy alone (Hurwitz et al., 
2004). For unclear reasons, GI perforation appears to be 
more common among bevacizumab-treated patients with 
colorectal and renal cancers as compared to other solid 
tumors (Becher et al., 2008). 

Combining irradiation and angiogenesis inhibition
Irradiation is the pivotal treatment for GBM. Since 
angiogenesis inhibitors are thought to normalize tumor 
vessels resulting in improved blood flow and oxygenation 
(Jain, 2005), they might potentiate the cell kill and sensitize 
the effects of irradiation (Nieder et al., 2006b). In vivo 
modeling of combined irradiation and angiogenesis inhibition 
has its limitations. High-dose external beam irradiation of 
the mouse brain is restricted by acute irradiation toxicity 
to the esophagus and trachea, therefore single fraction or 
low-dose short-term irradiation is usually applied (Lund et 
al., 2000; Kozin et al., 2001; Hess et al., 2001; Winkler et al., 
2004; Sarkaria et al., 2006; Tabatabai et al., 2007). These pre-
clinical GBM models predominantly show an additive effect 
of combined irradiation and angiogenesis. Rationale behind 
this effect is that radiation therapy not only inflicts damage 
to GBM cells, but more important also to the tumor micro-
environment, e.g. endothelial cells (Fuks and Kolesnick, 2005). 
In response to irradiation, endothelial cells and tumor cells 
start to produce VEGF which may induce apoptosis resistance 

in endothelial cells and decreased oxygenation of the tumor 
by promoting aberrant vessel formation, hyperpermeability, 
and increased interstitial pressure. This treatment-induced 
VEGF-production has also been described for temozolomide 
(Fisher et al., 2007). 

Combined modalities, combined side effects?
Several clinical studies in colorectal, and head neck cancer 
have demonstrated that radiotherapy in combination with 
bevacizumab is a feasible and safe approach (Willett et al., 
2005; Willett et al., 2009; Seiwert et al., 2008; Czito et al., 
2007; Crane et al., 2006). Recently, results of combined 
bevacizumab, radiotherapy and chemotherapy (TMZ) have 
been presented of patients with GBM (Narayana et al., 2008; 
Lai et al., 2008). 

These phase II trials showed that the combined 
approach (radiotherapy in combination with bevacizumab) 
is feasible and relatively safe in patients with GBM, although 
toxicities (e.g. intratumoral hemorrhage, wound dehiscence, 
and bowel perforation) and patterns of relapse (e.g. satellite 
formation) need to be monitored closely (Lai et al., 2008; 
Narayana et al., 2009; Gutin et al., 2009). 

Furthermore, the anti-edema effect of angiogenesis 
inhibition may improve neurological function and allow 
better clinical tolerance and efficacy of fractionated radiation, 
since well-known adverse effects of radiation are brain/
tumor necrosis and exacerbation of vasogenic edema with 
increased interstitial pressure (Gonzalez et al., 2007).

Imaging modalities for GBM
MRI is the most important imaging modality for GBM. On 
T1-weighted sequences the enhancing tumor rim can be 
distinguished from the surrounding hypo-intense regions 
with vasogenic edema or microscopic tumor infiltration. 
Nowadays, new techniques like functional imaging, high-
resolution spectroscopic imaging and diffusion techniques may 
contribute to pre-therapeutic grading and characterization 
of gliomas (Lemort et al., 2007). Diffusion techniques hold 
promise in predicting survival in malignant astrocytoma and 
could help to define areas for biopsy. Perfusion-weighted MRI 
techniques offer potential markers of tumor angiogenesis 
and capillary permeability, and correlate well with vascular 
endothelial growth factor expression in grade II and grade 
III tumors (Law et al., 2003). Recently, the value of Apparent 
Diffusion Coefficient (ADC) as predictor for progression 
free survival of recurrent glioma treated with angiogenesis 
inhibitors was shown (Pope et al., 2009). Techniques that 
quantify perfusion and permeability of tumors are regarded 
to give insight into anti-angiogenic treatment responses. 
Earlier it was shown that glioma capillary blood volumes 
assessed by DSC-MRI and vessel permeability assessed by 
DCE-MRI correlated with tumor grade (Law et al., 2004). Its 
value for evaluation of treatment responses is examined in 
chapter 7. 
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Glioblastoma multiforme (GBM) is the most common and aggres-
sive primary brain tumor. The identification of ‘cancer stem cells�
(CSC) has shed new light on the potential mechanism of therapy
resistance of these tumors. Because these cells appear to be more
resistant to conventional treatments, they are thought to drive tu-
mor regrowth after therapy. Therefore, novel therapeutic
approaches that target these cells are needed. Tumor cells inter-
act with their microenvironment. It has been reported that close
contact between CSCs and tumor microvascular endothelium in
GBM is important for CSCs to preserve their undifferentiated
state and self-renewal ability. However, our understanding of this
interaction is still rudimentary. This is in part due to a lack of
suitable in vitro models that accurately represent the in vivo situa-
tion. Therefore, we set up a co-culture system consisting of pri-
mary brain tumor microvascular endothelial cells (tMVECs) and
glioma propagating cells (GPCs) derived from biopsies of GBM
patients. We found that tMVECs support the growth of GPCs
resulting in higher proliferation rates comparing to GPCs cul-
tured alone. This effect was dependent on direct contact between
the 2 cell types. In contrast to GPCs, the FCS-cultured cell line
U87 was stimulated by culturing on tMVEC-derived ECM alone,
suggesting that both cell types interact different with their micro-
environment. Together, these results demonstrate the feasibility
and utility of our system to model the interaction of GPCs with
their microenvironment. Identification of molecules that mediate
this interaction could provide novel targets for directed therapy
for GBM.
' 2009 UICC

Key words: glioblastoma; tumor initiating cells; tumor micro-
vasculature; tumor microenvironment

Glioblastoma multiforme (GBM) is a devastating disease with a
dismal prognosis.1 Although new treatment strategies improved
survival slightly, GBM almost always recurs.2 Novel therapeutic
approaches are thus urgently needed. Recently, it has been demon-
strated that only a small fraction of cells in various tumors is able
to initiate new tumors in xenograft models (reviewed in Ref. 3).
These cells have been termed ‘cancer stem cells� (CSCs) as they
share certain features with somatic stem cells. In addition, it has
been shown that CSCs are more resistant to genotoxic treatments
when compared to more differentiated cell types within the tumor
and therefore, could be responsible for tumor regrowth after treat-
ment.4 One of the major factors that plays an important role
in tumor support and that contributes to its therapy resistance is
the tumor microenvironment.5 Thus, it has been speculated that
the microenvironment plays a crucial role in sustaining CSCs in
tumors.6,7

A subpopulation of CSCs has also been identified in gliomas
and transplanting as little as 100 CD1331 cells into immune-defi-
cient mice gave rise to tumors that mirrored the original patients’
tumors.8 Glioma cells have been successfully cultured under stem-
cell like conditions, which means serum-free suspension culture
with the addition of bFGF and EGF. It has been demonstrated that

the gene expression pattern of these suspension cultures more
closely mirror the primary tumor as compared to serum-cultured
cell lines and that they can initiate tumors that show a better simi-
larity to the original one in mice.9

It has been suggested that endothelial cells can support the
growth and prevent the differentiation of brain-tumor cells.6,10

Recent studies further confirm this idea by demonstrating that
CD1331 CSCs are located in the perivascular niche and that
the interaction with this niche promotes growth and therapy-re-
sistance of brain tumor CSCs.11,12 Interfering with this interac-
tion could thus be an attractive treatment strategy for the
highly therapy resistant GBM. However, both our current
in vitro as well as in vivo systems to study this interaction
pose some problems. Current in vitro model systems for the
interaction of glioma cells with their microenvironment mainly
utilize human umbilical vein endothelial cells (HUVECs) and
long-term FCS cultured glioma cells. As it has been demon-
strated that normal and tumor-derived endothelial cells differ
vastly in their gene-expression pattern they might not accu-
rately represent the situation in vivo.13 Xenografts of human tu-
mor cells in mice can model some aspects of human tumors.
However, as the tumor microenvironment is recruited from the
host there is a potential mismatch of cytokines and receptors
that the tumor and its environment use to interact. We thus set
out to develop an improved in vitro system to model this inter-
action. Our model-system consists of a co-culture of tumor-
derived microvascular endothelial cells (tMVECs) and glioma-
propagating cells (GPCs) which we co-isolate from GBM
specimens. Using this system, we sought to find out the influ-
ence of the tumor microenvironment on proliferation of GPCs.
Further, we demonstrate that a direct interaction between
tMVECs and GPCs is needed for those effects. To our knowl-
edge this is the first description of an in vitro system which
models the interaction of GPCs with tMVECs that consists
exclusively of cells derived from GBM specimens and glioma
cells cultured under stem-cell like conditions.
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Material and methods

Co-purification of tumor microvascular endothelial cells and
glioblastoma-propagating cells

Glioblastoma-derived tumor microvascular endothelial cells
(tMVECs) were purified essentially as described14 with some
modifications. Initially, the glioblastoma specimens were digested
in 1 mg/ml Liberase-1 (Roche) for 10 min at room-temperature.
The cell suspension was passed through a cell strainer with 70-
lm pore size (BD-Biosciences). The flow-through containing the
glioblastoma cells was washed 3 times in GPC-medium and sub-
sequently cultured as described below. The endothelial cells that
were contained in the filter residue were further digested in 0.05
U/ml Collagenase/Dispase (Roche) for 60 min at 37�C under
constant agitation. The resulting suspension was filtered through
a cell-strainer with 40-lm pore-size (BD-Biosciences) to remove
undigested tissue components. The flow-through containing the
endothelial cells was washed 3 times in IMDM containing 10%
FCS and subsequently cultured as described below. Occasion-
ally, excess lipids were removed by centrifugation of the cell
suspension through a layer of 20% Dextran in PBS. Patient
specimens were obtained according to established and approved
protocols.

Cell culture

Purified GPC spheroids were cultured in ‘‘GPC-medium.’’ GPC
medium consists of advanced DMEM/F12 medium (Invitrogen,
12634) supplemented with N2 supplement (Invitrogen, 17502-
048), 2 mM glutamine, 0,3% glucose, 100 lM b-Mercaptoethanol,
Trace-Elements B and C (VWR, 99-175-CL, 99-176-CL), 5 mM
HEPES, 2 lg/ml heparin, lipid mixture (Sigma, L0288), 25 lg/ml
insulin, 50 ng/ml h-bFGF and 20 ng/ml h-EGF (Peprotech, 500-
P18, 100-15) in ultra low attachment flasks (Corning). Growth fac-
tors were supplemented twice weekly and spheroids were dissoci-
ated weekly by trituration or enzymatic digestion with Liberase 1
(Roche). tMVECs and HUVECs (Promocell, C-12200) were cul-
tured in Endothelial Cell Medium MV 2 (Promocell, C-22221).
GPCS were used at passages 10–20 (GPC 006 and 011) or 5–10
(GPC051). The tMVECs were used at passages 2–7.

Intracranial cell transplantation into NOD-SCID mice

Spheroids were dissociated and resuspended in PBS in 3 ll
aliquots containing 2 3 105 cells. These aliquots were injected
stereotactically into the frontal cortex of 5- to 8-week-old NOD-
SCID mice following administration of general anaesthesia. All
animal experiments were approved by the local animal welfare
committee.

Mouse brain fixation and histopathology

Mice were killed and their brains were immediately removed
and fixed in 4% freshly depolymerized formaldehyde in PBS,
embedded in paraffin or frozen in liquid nitrogen and stored at
280�C. Brains were sectioned at 6-lm thickness and stained with
Haematoxylin and Eosin stain.

Generation of GFP1-GPCs

We used the lentiviral transfer vector pWPT-GFP (Addgene
plasmid 12255) to generate lentiviral particles coding for GFP.
Lentiviral particles were produced by using the packaging vector
psPAX2 (Addgene plasmid 12260) and the envelope vector
pMD2.G (Addgene plasmid 12259). The viral supernatants were
concentrated and resuspended in PBS containing 2% BSA. For
transduction, GPC006 were dissociated by trypsinization and len-
tiviral particles were added in the presence of 10 ug/ml polybrene
for 12 hr.

Co-cultures, transwell experiments and ECM preparation

TMVEC and HUVECs were grown in 12-well culture dishes
until confluence. Before plating GPCs, endothelial cells were kept

in GPC medium without bFGF and EGF for 2 days. GPCs were
mechanically dissociated into a single cell suspension and washed
3 times in PBS/1%BSA. Subsequently, 5,000 GPCs were added
to each well containing fresh growth-factor free GPC medium.
After 7 days the cells were incubated with BrdU or EdU and proc-
essed further.

For transwell experiments, endothelial cells were seeded in
transwell inserts (0,4-lM pore size, Corning 3470). After the en-
dothelial cells reached confluency the inserts were moved to fresh
wells containing GPCs in the bottom compartment.

To prepare cell-free ECM, endothelial cells were grown to con-
fluence and then removed by incubation with 10 mM EDTA in
PBS for 20 min. The cells were then gently scraped off and the
remaining matrix-deposits were washed extensively with PBS
before seeding of GPCs.

Immunocytochemistry

Cells were fixed with 4% freshly depolymerized formaldehyde
in PBS, permeabilized with 0,3% Triton X-100 in phosphate-
buffered saline (PBS), blocked with 1% BSA (Sigma, A3424) in
PBS. Immunostaining was performed with rabbit anti-GFAP
(Sigma, G9269) and mouse anti-b-3-Tubulin (Clone TujI, R&D
systems, MAB1195). After incubation with primary antibodies for
2 h at 37�C, the cells were washed 3 times with PBS and incubated
with secondary antibodies for 30 min. Secondary antibodies were
anti-rabbit Alexa-546 (Invitrogen, A11001) and goat anti-mouse
Alexa-488 (Invitrogen, A11029). Cells were washed 3 times with
PBS and incubated with 5 lg/ml DAPI in PBS before analysis by
fluorescence microscopy.

Scoring of proliferation and absolute cell numbers

To detect proliferating cells, 5-bromo-2-deoxyuridine (BrdU)
(or in some experiments EdU) incorporation was used. Cells were
incubated for 900 with 10 lM of the respective nucleotide-analogs
at 37�C. Staining was performed according to the manufacturers’
recommendation with anti-BrdU Alexa Fluor 488 conjugate (Invi-
trogen, A21303). EdU staining was performed with the Click-iT
EdU Alexa Fluor 488 Imaging Kit (Invitrogen, C35002) according
to the manufacturers’ instructions. Fluorescent images of random
fields containing 1,000 cells in total were scored by 2 independent
observers. Absolute cell numbers were determined by harvesting
the cells by trypsinization. The wells were washed with PBS and
the wash-fractions pooled with the first harvest. The cells were
washed and resuspended in a 500 ll of FACS-buffer. Subse-
quently, the whole cell suspension was added to a Trucount tube
(BD Biosciences #340334) and the cell numbers were then deter-
mined by FACS. The co-cultures were previously stained with the
anti-CD105 antibody to separate glioma cells from endothelial
cells.

Results and discussion

To obtain primary tMVECs for our studies, we utilized freshly
resected material from GBM patients undergoing surgery. The iso-
lated tMVECs show the typical cobblestone-like morphology as
has been reported before15 (Fig. 1a). To verify the purity of the
isolated tMVECs we stained them for the endothelial markers
CD105 and CD31. The positive control, HUVECs stained strongly
for both markers while the staining on tMVECs was weaker (Fig.
1b). Contamination with glioma cells and microglia was excluded
by verifying the absence of b-3-Tubulin, GFAP and CD11b,
respectively (Fig. 3a, lower panel and data not shown). However,
later passages of the tMVECs lost the surface expression of CD31,
a phenomenon that has been noted before and was dependent on
the migratory state of the cells and the density of the culture.16,17

In another publication it has been suggested, that intracellular
retention of the molecule could also account for a downregulation
of surface-CD31.13,18 Although the cells of the passages we used

1223GBM INTERACTION WITH ENDOTHELIA
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still showed the typical endothelial morphology, largely excluding
overgrowth of the culture by contaminating cells, we determined
the mRNA expression of a panel of markers. To that end, we sub-
jected tMVECs of the latest passage used to RT-PCR for a panel
of markers. As shown in (Fig. 1c), the tMVECs expressed
the endothelial markers CD34, CD31, CD144, CD146 and
CD141. Expression of desmin, a marker for pericytes, was hardly
detectable. Interestingly, the tMVECs were negative for van Wil-
lebrand Factor (vWF), which is regarded as a classical endothelial
marker. However, it has been reported that vWF expression differs
between endothelial cells of large and small vessels with vWF
expression being the strongest in endothelial cells derived from
large vessels and being low or absent in microvascular endothe-
lia.19 These results are thus in accordance with the reported pheno-
type of microvascular endothelial cells and largely exclude a sig-
nificant contamination with other cells.

We also established several cultures from glioma cells, which
we purified from freshly resected material. All lines grew in sus-
pension as spheroids, 1 example is shown in (Fig. 2a). As our cell
cultures are defined by their ability to propagate gliomas in a xen-
ograft model, we use the term glioma-propagating cells (GPCs) to
denote the cultures. We initially chose 2 GPC lines for our further
experiments, GPC006 and GPC011. To verify their self renewal
capacity, we used the neurosphere assay. Cells were seeded at clo-
nal density and after 7 days, the formation of neurospheres was
assessed. The cells were then re-seeded under the same conditions

for 2 additional rounds. In each case, we observed the outgrowth
of spheres, indicating the presence of cells with self-renewal
potential (Fig. 4c). Additionally, we stained the GPCs for CD133
and nestin, known markers for stem-cells and CSCs. Both,
GPC006 and GPC011 were negative for CD133. This has been
reported for a subclass of GPCs before, indicating that our GPCs
belong to that subclass. Nestin expression could be detected in all
GPC006 cells, although at varying intensities (Fig. 2d, upper
panel), while only a subset of GPC011 was positive for this
marker (Fig. 2e, upper panel). While marker expression is useful
to determine stem-cell populations, it has been reported that in
some cases only a subset of stem-cell marker positive cells possess
true self-renewing capacity. Therefore, we used limiting dilution,
a more rigorous approach to determine the frequency of stem-like
cells in our cultures (Fig. 2d, and 2e lower panels). The results
show the frequency of self-renewing cells to be about 1 in 510 and
1 in 430 for GPC006 and GPC011, respectively. One has to bear
in mind though, that this assay provides harsh conditions for the
cells and that the self-renewal capacity is likely to be higher when
supporting cells are present. Finally, we assessed the tumor-initiat-
ing potential of the GPCs by orthotopic transplantation into NOD-
SCID mice. One example is shown in (Figs. 2b–2d). Injection of
the cells resulted in tumor formation after 20–80 days in almost all
mice injected (Fig. 2b). Histological analysis of xenografts
revealed that the GPCs gave rise to fast-growing and highly inva-
sive tumors, recapitulating some of the distinctive features that

FIGURE 1 – Characterization of tMVECs purified from GBM specimens. (a) Microscopic analysis of tMVECs showing spheroid growth (b)
Expression of surface markers on tMVECs. tMVECs and HUVECs as a positive control were stained with anti CD105 (M3527, DAKO), anti
CD31 (555444, BD Biosciences) or an isotype control, detected with anti mouse-IgG-FITC (F0261, DAKO) and analyzed by flow-cytometry.
(c) Analysis of marker expression by RT-PCR. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.
com.]
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FIGURE 2 – Glioblastoma cells retain their characteristic properties under stem-cell like culture conditions. (a) Microscopic analysis of GPC
spheroids. (b) Tumor-initiating potential of GPCs. Aliquots of 2 3 105 cells were injected stereotactically into the frontal cortex of 5- to 8-
week-old NOD-SCID mice. Mice were killed when they showed neurological signs. In (c), the morphology of Hematoxylin and Eosin stained
tumors is demonstrated. The tumors obtained from the xenografts (upper panel) show a similar gross morphology as the original tumor (lower
panels). Note especially the scattered invasive tumor cells which can be identified by their dark blue staining pattern. (d) Nesting staining (upper
panels) and limiting dilution assay (lower panels) to determine the frequency of self-renewing cells. Different dilutions of GPCs were seeded
into 96-well plates. After 14 days, the frequency of cells without detectable sphere-growth was determined and plotted against the number of
cells plated per well. The x-intercept of the linear regression indicates the frequency of self-renewing cells. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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FIGURE

FIGURE 3 – Co-culture of GPCs with tMVECs stimulates proliferation and expansion of GPCs. (a) Immunofluorescence of control cultures
(upper panel) and co-cultures (lower panel) demonstrate GFAP (red) and b-3-Tubulin (green) positive cells which adhere to their substrate and
undergo morphological differentiation. Note that the tMVECs in the lower panel are negative for either marker and can be further distinguished
by their difference in morphology, appearing large and flat. (b) Co-culture of GPCs with tMVECs enhances the amount of EdU1 GPCs com-
pared to GPCs cultured alone. Proliferation of GPCs was scored by incorporation of the BrdU-analogue EdU and detected with Alexa647 in
co-cultures of 2 different GPC lines. To distinguish between GPCs and tMVECs, the co-cultures were stained with CD105-FITC, which labels
all tMVECs (See Fig. S2). Shown are the mean of EdU1 cells plus SD of a representative example of 5 experiments. (c) The co-culture
increases expansion of GPCs. The absolute amount of cells was determined by FACS using counting beads. To distinguish tMVECs from
GPCs in the co-cultures, we previously stained for CD105 as described for (Fig. S2). The control cultures were treated in the same manner to
control for cell loss during the staining procedure. The amount of GPCs in the cultures was then determined by FACS. GPCs were identified by
gating on the CD105- population. The cell numbers are expressed as % of initially plated GPCs. Shown is one representative example of 3 inde-
pendent experiments. (d) tMVECs stimulate proliferation and expansion of a GPC line with a low proliferative index. Proliferation and expan-
sion was determined as in (b) and (c). Significance levels for (b) and (c) were determined by two-way ANOVA with Bonferroni’s post-test.
For (d) the two-tailed student’s t-test was used. Stars denote the p-values (*p < 0.05, **p < 0.01, ***p < 0.001) for clarity reasons only
the comparisons yielding differences with p < 0.05 are shown. [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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were found in the original patient specimen, such as invasive
growth and necrosis as well as GFAP positivity (Fig. 2c compare
upper and lower panel and supporting Figure S1). However, the
extent of vascularization and necrosis was much less pronounced
in the xenografts than in the original specimens (Fig. S1). We
hypothesize that this is due to the fast growing nature of the trans-
plants or the small absolute diameter of the xenografts, which

allows the tumor to acquire nutrients and oxygen by diffusion
alone.

It has been described, that GBM CSCs are located in a peri-
vascular niche and that this niche can support the growth of
self-renewing cells.6,10 We thus asked if our tMVECs, which
would represent a major constituent of this perivascular niche,
can influence the proliferation of GPCs. Therefore, we cultured

FIGURE 4 – tMVECs, but not HUVECs, enhance the proliferation of GPCs and preserve the self-renewing potential of GPCs. (a) Two addi-
tional tMVEC preparations were co-cultured with GPC006 and EdU incorporation determined as described. (b) The proliferation-enhancing
effect is specific for tMVECs but not for HUVECs. GPC006 were co-cultured on tMVECs or on HUVECs under identical conditions and EdU
incorporation was determined as described. Statistical testing was done as described for (Fig. 3b). (c) Microscopical analysis of GPC006-GFP
that were co-cultured on tMVECs for 14 days (upper panel), trypsinized and subjected to a neurosphere-forming assay; Some GPCs were able to
form spheres after 7 days (middle panel), expanding further after 14 days (lower panel). (d) Live cell counts of spheroid cultures initiated from
co-cultures of GPC006-GFP with tMVEC or from control-cultures were determined by FACS. To account for the differences in cell numbers
between co-culture and control-cultures, the values were normalized to the amount of live cells at the day of replating, when spheroid cultures
were initiated. Significance was determined one-way ANOVA with Tukey’s post test. Significance levels are indicated as for Fig. 3. [Color fig-
ure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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the GPCs in medium devoid of bFGF and EGF either on an
endothelial monolayer or on normal cell culture plastic. Both
conditions promote adhesion of GPCs and expression of the gli-
oma markers GFAP and b-3-tubulin (Fig. 3a). We next asked if
the co-culture changes the amount of proliferating GPCs cells.

For that reason, we used an EdU incorporation assay, shown in
(Fig. 3b). To distinguish between tMVECs and GPCs in the co-
culture, we stained for CD105 to label all tMVECs (Fig. S3).
Interestingly, the GPCs continued to incorporate EdU even after
7 days of growth factor withdrawal (Fig. 3b). When we scored
the number of EdU positive cells, we detected a significantly
higher proliferation rate in the co-cultures as compared to the
controls in both cell lines tested, indicating that indeed tMVECs
can support the growth of GPCs in vitro (Fig. 3b).

EdU-incorporation could also be the result of ongoing
repair activity or DNA-replication without cytokinesis. Moreover,
the balance between proliferation and cell death ultimately decides
whether a tumor expands. We therefore determined the absolute
numbers of GPCs in the control and in the co-cultures (Fig. 3c).
Both, GPC006 (Fig. 3c, upper panel) and GPC011 (Fig. 3c, lower
panel) expand in the control cultures. However, the amount of
GPCs in the co-cultures was more than double (500 versus
1,100% expansion for GPC006) or 1.7-fold (180 versus 310% for
GPC011) compared to the control cultures. As both GPC lines had
a high basal proliferation index, we were interested if tMVECs
could also support GPCs with a much lower proliferation rate. For
that reason, we used a third line, GPC051, which had a 20-fold
lower EdU labelling index than GPC006. Analysis of co-cultures
with tMVECs revealed that proliferation and expansion of
GPC051 was also stimulated in the co-cultures (Fig. 3d).
Together, our results show that tMVECs can stimulate the prolif-
eration and expansion of GPCs in vitro.

To further confirm that the proliferation-enhancing effects we
detected are not exclusive to one tMVEC preparation, we tested 2
additional independent tMVEC preparations. Both, tMVEC075
and tMVEC085 were able to significantly enhance the prolifera-
tion of GPC006, demonstrating that the stimulatory effect is of a
more general nature (Fig. 4a).

It has also been described that HUVECs are able to increase the
proliferation of medulloblastoma cells.10 To assess if the increase
in proliferation we observed is specific for tMVECs, we co-incu-
bated GPCs with HUVECs under the same conditions. In this case
we did not observe a significant effect on the proliferation of
GPCs, demonstrating that the stimulation is not a general endothe-
lial cell activity (Fig. 4b). These results are in contrast to the find-
ings by Calabrese et al. who showed that HUVECs can increase
proliferation of CSCs in a transwell chamber.10 How could this
difference be explained? It is known that microvascular endothe-
lial cells in general and especially tumor derived microvascular
endothelial cells contain a different array of secreted and cell
bound factors compared to HUVECs.14 Additionally, Calabrese
et al. used a medulloblastoma cell line in their experiments,10

which may differ in their requirements from GPCs and interact
differentially with their microenvironment.

It has been reported that the perivascular niche in tumors is able
to support the stem-like phenotype of GPCs.6,10 We thus asked, if
the GPCs in our co-culture retain the potential for self-renewal
even after prolonged co-culture. To that end, we co-cultured a
GFP1 derivative of GPC006 for 10 days with tMVECs in growth-

FIGURE 5 – GPCs and U87 differ in their mode of interaction with
tMVECs. GPC006 were co-cultured with tMVECs in a transwell
chamber, or grown on ECM which was secreted by tMVECs. EdU
incorporation was determined as described on day 7. A direct interac-
tion of GPCs with tMVECs is required for the proliferation-enhancing
effect. tMVECs were cultured as described in Figure 3 with the excep-
tion that tMVECs were seeded in transwell inserts. After the endothe-
lial cells reached confluency, the inserts were moved to fresh wells
containing the GPCs in the bottom compartment. (a) After 7 days, pro-
liferation was determined as in (Fig. 3b). (b) Cell numbers were deter-
mined as in (Fig. 3c). (c) U87 cells are stimulated by direct interaction
with tMVECs or ECM. U87 cells were co-cultured with tMVECs or
tMVEC-derived ECM and cell numbers determined as described for
(b). Statistical analysis was performed as described for Figure 4.
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factor free medium. Subsequently, all cells were trypsinized,
plated under stem-cell like conditions and neurosphere outgrowth
was assessed. The GFP marker allowed us to reliably distinguish
between GPCs and tMVECs. While most of the GFP1 cells stayed
as single cells, we observed a small amount of GPCs that formed
sphere-like structures after 7 days, which expanded into larger
spheres after 14 days (Fig. 4c). To ascertain that the expanding
cells were derived from the GPCs and not the tMVECs, we sub-
jected the cultures to FACS analysis. The results show that all
cells were GFP1 and thus derived from the GPCs (Supporting Fig.
S3). To determine if the co-culture with tMVECs supports the
self-renewal capacity of GPCs better than the control cultures
where GPCs are cultured alone, we determined the numbers of
GFP1 cells at the day of replating, as well as a week and 2 weeks
after. We normalized the numbers of cells to the amount of live
cells present at the day of replating. Seven days after replating a
drop in cell numbers is observed, which is probably due to the
death of cells unable to survive in suspension (Fig. 4d). Impor-
tantly, after 14 days we see a strong increase in cell numbers in
the cultures derived from the co-culture, while only a limited
increase in cell numbers was observed in the cultures initiated
from the controls (Fig. 4d). These results indicate that a signifi-
cantly higher percentage of cells with self-renewing properties
was present in the co-cultures, even after prolonged co-culturing
without the addition of exogenous growth factors.

The interaction between normal neural stem cells with their
niche is mediated by both, soluble factors such as VEGF, PDGF
and PEDGF, and a contact-dependent interaction of the stem cell
with their niche.20,21 It is thus tempting to speculate that the same
holds true for at least a subset of GPCs.7 Conversely, it has been
suggested that soluble factors are sufficient to increase the prolif-
eration of brain-tumor cells.10 To determine the effect of tMVECs
secreted soluble factors on the proliferation of GPCs, we co-
cultured tMVECs and GPCs in transwell chambers. This setup
allows only soluble factors to be exchanged. In this assay how-
ever, we did not detect an increased proliferation and expansion
of the GPCs, demonstrating that soluble factors are not sufficient
for the effect (Fig. 5a,b). Extracellular matrix secreted by endo-
thelial cells could also be responsible for the effects we observed,
either by direct stimulation of ECM receptors, or by retention and
local concentration of ECM-binding growth factors.. Thus, we
tested the effect of tMVEC-derived matrix preparations on the
proliferation and expansion of GPCs. While the ECM promoted
the adhesion of GPCs (not shown), neither the proliferation nor
the cell numbers were significantly increased (Fig. 5c). This sug-
gests that tMVEC-derived ECM alone is not sufficient to mediate
the proliferation-enhancing effects.

It has been shown before that HUVECs are able to stimulate
the proliferation of U87, a traditionally derived glioma cell line.
Therefore we were interested to see if the effects of our tMVECs
are specific to GPCs or could also stimulate the proliferation and
expansion of the FCS-cultured glioma line U87. Thus, we sub-
jected U87 cells to the same co-culture, transwell and ECM
assays as the GPCs and determined the amount of cell expansion.
The results reveal that, like GPCs, the expansion of U87 is stimu-
lated by the co-culture on tMVECs (Fig. 5c). However, we noted
a difference in the transwell and ECM assays. While co-culture in
the transwell setup showed no effect, we saw a significant

increase in cell numbers by culturing U87 on tMVEC-derived
ECM alone (Fig. 5c). We speculate that this difference reflects a
different selective pressure U87 and GPCs underwent during their
isolation and culture.

Taken together, our results demonstrate the utility and necessity
of an improved in vitro model system for the tumor-microenviron-
ment interaction. The method demonstrated has several advan-
tages over the current model systems. First, we can study tumor
cells and microvascular cells from the same species. It is also pos-
sible to co-isolate microvascular cells and GPCs from the same
patient and thus evaluate the effects of a microenvironment that
co-evolved with the tumor. Further, we utilize tumor microvascu-
lature instead of the commonly used HUVECs. We and others
have shown that these 2 cell types show significant differences
with respect to their phenotype14 (Fig. 4b). Further, our analysis of
a traditional, FCS-cultured glioma line, U87, revealed a different
requirement for interaction as compared to GPCs. While U87
were stimulated by tMVEC-derived ECM alone, GPCs required a
direct contact to the tMVECs. How could that difference be
explained? While the GPCs are adapted to grow in a serum free
medium in suspension, U87 usually grow adherent to the culture
dish in FCS-containing medium. As serum contains ECM-compo-
nents, most notably fibronectin,22 one could imagine that U87
underwent a selection for cells which, at least partially, depend on
ECM anchorage and the addition of FCS-derived growth factors.
Adhesion to substrate, withdrawal of growth factors and the addi-
tion of FCS has been shown to induce the differentiation of GPCs.
Thus there would be no selective pressure for this phenotype in
GPC cultures.

What could be a potential mechanism by which the tMVECs
stimulate the proliferation of GPCs? While our current studies
do not reveal a detailed mechanism, we show that substrate-ad-
hesion or the presence of soluble, tMVEC-derived factors alone
is not sufficient. We hypothesize that factor(s) that require close
proximity between these 2 cell types could mediate the effects
we observed. Such factors could be, for example, short range
acting members of the Sonic Hedgehog family or membrane-
bound receptors and ligands of the notch-family, both of which
have already been shown to stimulate the growth of brain-
tumors.5,23

The in vitro system presented here can complement in vivo sys-
tems by providing easy experimental access to many parameters
of the interaction. Currently, we use our model system to further
examine the intricate interactions between endothelial cells and
glioma cells that promote growth and therapy resistance of this tu-
mor. Identifying the molecules involved in this interaction can
provide novel targets to fight this disease.
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Abstract
Background: High-dose radiotherapy is standard treatment for patients with brain cancer.
However, in preclinical research external beam radiotherapy is limited to heterotopic murine
models– high-dose radiotherapy to the murine head is fatal due to radiation toxicity. Therefore,
we developed a stereotactic brachytherapy mouse model for high-dose focal irradiation of
experimental intracerebral (orthotopic) brain tumors.

Methods: Twenty-one nude mice received a hollow guide-screw implanted in the skull. After
three weeks, 5 × 105 U251-NG2 human glioblastoma cells were injected. Five days later, a 2 mCi
iodine-125 brachytherapy seed was inserted through the guide-screw in 11 randomly selected
mice; 10 mice received a sham seed. Mice were euthanized when severe neurological or physical
symptoms occurred. The cumulative irradiation dose 5 mm below the active iodine-125 seeds was
23.0 Gy after 13 weeks (BEDtumor = 30.6 Gy).

Results: In the sham group, 9/10 animals (90%) showed signs of lethal tumor progression within 6
weeks. In the experimental group, 2/11 mice (18%) died of tumor progression within 13 weeks.
Acute side effects in terms of weight loss or neurological symptoms were not observed in the
irradiated animals.

Conclusion: The intracerebral implantation of an iodine-125 brachytherapy seed through a
stereotactic guide-screw in the skull of mice with implanted brain tumors resulted in a significantly
prolonged survival, caused by high-dose irradiation of the brain tumor that is biologically
comparable to high-dose fractionated radiotherapy– without fatal irradiation toxicity. This is an
excellent mouse model for testing orthotopic brain tumor therapies in combination with radiation
therapy.
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Background
Postoperative radiotherapy is standard treatment for most
patients with malignant brain tumors, including gliomas,
malignant meningiomas, brain metastases, and medul-
loblastomas [1]. High doses of radiotherapy, i.e. 50–80
Gy or more given during 5–8 weeks, are required to con-
trol tumor growth. Despite these aggressive radiotherapy
regimens, the five-year survival of patients with a brain
tumor remains poor, ranging from a few percent for brain
metastases, 10% for glioblastoma multiforme [2], 50%
for low-grade glioma [3], 70% for childhood medullob-
lastoma [4], to 88% for meningioma [5]. Brachytherapy
with radioactive iodine-125 (125I) seeds, which is effective
against brain tumors, is used mostly for re-irradiation of
recurrent brain tumors [6-9].

Although radiotherapy has been proven to be effective in
prolonging survival and improving the quality-of-life of
brain tumor patients, further research is warranted to
increase its effectiveness. In glioma patients, success is
expected of combination therapy using radiotherapy and
either cytostatic drugs [10-12], molecular pathway modi-
fiers [13], or hyperthermia [14,15], although none of
these strategies has resulted in major improvements in
prognosis.

Experimental treatment requires pre-clinical animal mod-
els. Experimental radiotherapeutic studies are usually per-
formed with xenotransplantation of tumors in the hind
leg of immunocompromised mice (heterotopic implanta-
tion) instead of implantation in the brain (orthotopic
implantation) because high-dose external beam radio-
therapy in the latter case is fatal for small animals [16-18].
The minimal reliable field size for external irradiation is
approximately 1 cm2 with the use of appropriate shield-
ing. This is feasible for low dose treatment of e.g. rat
brains, which are much larger than murine brains [19].
Due to the dimensions of smaller rodents such as mice, it
is not possible to deliver a high external beam radiation
dose to tumors in the brain without irradiating surround-
ing tissues such as the normal brain and esophagus.

In the present study, we have investigated whether fatal
irradiation toxicity can be prevented by implantation of
an 125I brachytherapy seed to enable local high-dose irra-
diation of an orthotopic xenotransplanted glioblastoma
in the mouse brain.

Methods
Implantation of a hollow guide-screw in the mouse skull 
(day -26)
Athymic Nude-nu female mice (Harlan, Horst, The Neth-
erlands), 4–6 weeks of age, were kept in four groups of six.
Prior to cancer cell injection on day -26 (day 0 is the start
of therapy) a hollow guide-screw was implanted in the

skull of the mouse [20]. Before surgery, each mouse was
anesthetized by injection of FFM-mix (fentanyl citrate, flu-
anisone, midazolam, 0.1 ml per 10 gram body weight).
The mice were then placed in a holder to fix the head. The
skin was disinfected with iodine (1% iodine, 70% alco-
hol). A small incision was made and a drop of 3% lido-
caine was put on the skull surface. A sterilized hand drill
(9905 Dremel™, Breda, The Netherlands) was used to drill
a burr-hole through the skull, in the right frontolateral
position, to hold the screw (Figure 1). The skin was closed
with three stitches. One hundred microliters phosphate-
buffered saline were injected intraperitoneally for optimal
recovery by preventing dehydration.

Culture of glioblastoma cells
The glioblastoma cell line U251-NG2, a transfected
human glioblastoma cell line with an overexpression of
NG2 (provided by dr. Chekenya and prof. Bjerkvig, Uni-
versity of Bergen, Norway), was used for orthotopic
xenotransplantation in the nude mouse brain. We
selected the U251-NG2 cell line to investigate combina-
tion therapy consisting of radiotherapy and antiang-
iogenic drugs in future experiments. The glial precursor
proteoglycan, neuron glia 2 (NG2), promotes angiogen-
esis-dependent tumor growth in the brain [21,22].

The cells were grown in Dulbecco's Modified Eagle's
Medium (DMEM) with the addition of 10% heat inacti-
vated newborn calf serum, four times the prescribed
amount of amino acids, 800 μg/ml neomycin and 100 IU/
ml penicillin/streptomycin (Gibco, Paisley, UK) [22].
Neomycin was added to select for neomycin-resistant

Stereotactic screwFigure 1
Stereotactic screw. The in-house developed hollow plastic 
stereotactic screw for implantation in the mouse skull. The 
inner diameter was 0.9 mm to tightly fit an 125I brachytherapy 
seed. Dimensions are given in mm. M3: metric screw thread 
3.
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clones that overexpress NG2. Cells were grown in culture
flasks (Costar, Corning, NY, USA) in a humidified incuba-
tor at 37°C, in air mixed with 10% CO2. Two hours before
cell transplantation, cells were harvested from the flasks
by adding 2 ml trypsin. After washing, suspensions of 5 ×
107 cancer cells in 300 μl PBS were prepared and kept on
ice.

Administration of U251-NG2 cells (day -5)
Three weeks after implantation of the screw (day -5), each
mouse was anesthetized with 0.07 ml FFM-mix per 10
gram body weight intraperitoneally, and fixed in the
holder. The skin was disinfected, the previous incision
scar was reopened, and the guide-screw was exposed.
Through the central canal a microsyringe (pt.style #3;
Hamilton, Bonaduz, Switzerland) was inserted. A blocker
or 'arret' was attached to the syringe to be able to inject
cancer cell suspensions precisely 2 mm below the screw in
the right frontolateral brain (Figure 2). A suspension of 5
× 105 cancer cells in 3 μl PBS was injected slowly during 1
minute. The syringe was removed and the skin closed; the
mouse recovered after injection of 0.1 ml PBS intraperito-
neally.

Iodine-125 brachytherapy seed implant (day 0)
Five days after cancer cell injection, each mouse was anes-
thetized again, the skin reopened and the guide-screw
exposed. A 2 mCi 125I seed (model 6711; Medi-Physics,
Amersham, Arlington Heights, IL, USA) or an inactive
sham seed was inserted through the hole in the screw (Fig-
ures 2 and 3). Eleven mice received an experimental seed;
ten mice received a sham seed; three mice died before seed
implantation.

Follow-up and euthanasia (day 1–91)
All mice were kept in a specific pathogen-free environ-
ment with optimal feeding, temperature and hygienic
conditions and ample space, according to stringent exper-
imental animal facility regulations. Mice were observed
and weighed daily. Euthanasia was performed in case of
extreme weight loss (more than 20 percent of body weight
at the start of the experiment), the development of a
domehead, occurrence of rotational behavior or other
severe neurological signs, or when there were signs of
dehydration. Euthanasia was performed on all surviving
animals after 13 weeks by introducing CO2 into a sealed
cage. After death, the skull was opened and the brains
removed for histological analysis. All mouse experiments
were approved, monitored and reviewed by the university
committee for animal experiments.

After hematoxylin-eosin staining, histological analysis
was performed on every twentieth 8 μm section across the
entire formalin-fixed brain. Magnetic resonance imaging
with gadolinium enhancement was performed in a 1.5 T
MRI scanner (Signa LX, General Electric Co, Waukesha,

Mouse MRIFigure 3
Mouse MRI. Magnetic resonance image (1.5 Tesla) of the 
head of a U251-NG2 glioblastoma-bearing mouse (sagittal 
view) with gadolinium contrast enhancement 61 days after 
cancer cell injection. No seed was inserted in this case.

Sagittal viewFigure 2
Sagittal view. Schematic sagittal view through the head of 
an intracerebral brain tumor-bearing mouse with implanted 
stereotactic screw containing an 125I brachytherapy seed. 
Cumulative radiation dose during 13 weeks for a 2 mCi 125I 
brachytherapy seed at four distances from the seed: (a) 2.5 
mm below ('tumor dose' 52.1 Gy [integrated biological effec-
tive dose (BED) 91.2 Gy]), (b) 5 mm below ('minimal tumor 
dose' 23.0 Gy [integrated BED 30.6 Gy]), (c) 10 mm below 
('pharynx dose' 7.8 Gy [integrated BED 8.7 Gy]) and (d) 5 
mm central lateral (138.3 Gy [integrated BED 414.2 Gy]). T, 
tumor; B, brain; GS, subcutaneous plastic guide-screw 
through the skull.
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USA). Two tumor-bearing mice without implanted seeds
were scanned 61 days after cancer cell injection. Mouse
survival was calculated by the Kaplan & Meier method and
compared by the log rank-test in SPSS©.

Results
Animal survival
Figure 4 shows the survival curves for 11 glioblastoma-
bearing mice implanted with a radioactive 125I seed and
10 glioblastoma-bearing mice with a sham seed. In the
sham seed group, 9/10 (90%) died from tumor progres-
sion within 6 weeks. Only 2/11 (18%) mice with the 125I
seed died from tumor progression within 13 weeks of seed
implantation. The median survival of mice implanted
with sham seeds was 4.6 weeks versus more than 13 weeks
for the mice implanted with radioactive seeds. The differ-
ence between the groups was highly significant (p <
0.0007). Similar results were observed in a second experi-
ment (data not shown).

Histological analysis
In the sham-treated mice, all 9 mice that died within 6
weeks showed intracranial glioblastoma (Figure 5a). The
only long-surviving sham seed-implanted mouse, which
was euthanized after 13 weeks, did not show signs of a

tumor (Figure 5b). Of the mice implanted with radioac-
tive seeds, both mice that were sacrificed before the end of
the study (after 2.6 and 8.6 weeks) showed vital tumor tis-
sue (Figure 5c). The nine long-surviving irradiated mice
showed either histological evidence of a few vital glioblas-
toma cells (n = 3; 33%) or no histological evidence of vital
tumor tissue but of brain trauma or a hypovascular brain
(Figure 5d).

Discussion
Our present study describes for the first time a mouse
model for high-dose radiotherapy of orthotopic brain
tumors. Irradiation of tumors was performed using a
guide-screw with a 2 mCi 125I brachytherapy seed. Irradi-
ation led to a significantly improved survival and higher
tumor control probability in U251-NG2 glioblastoma-
bearing nude mice. This mouse model may serve as an
experimental animal model to study the effects of combi-
nation therapy consisting of local high-dose irradiation

HE-stained sectionsFigure 5
HE-stained sections. Hematoxylin-eosin stained sections 
of mouse brain. (a) Section of an non-irradiated mouse brain 
with a large vital glioblastoma (T) that died 4.6 weeks after 
sham seed implantation. Normal brain tissue (B). (b) Section 
of the brain of the only long-surviving mouse in the group 
that was implanted with a sham seed. The mouse, euthanized 
91 days after implantation, showed no vital tumor. (c) Sec-
tion of the brain of an irradiated mouse that died from tumor 
progression 18 days after implantation of the 125I brachyther-
apy seed. Diffuse infiltration of cells (T) is present in the 
brain. (d) Section of the brain of an irradiated mouse eutha-
nized at 13 weeks after implantation of a 125I brachytherapy 
seed showing regions of mechanical trauma (D), hypovascu-
lar brain tissue next to normal brain (B), but no vital tumor.

Survival curvesFigure 4
Survival curves. Survival curves for U251-NG2 glioblast-
oma-bearing mice treated with a stereotactically implanted 
125I brachytherapy seed (intermitted line) or a sham seed 
(uninterrupted line).
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and chemical compounds that may have an additional
therapeutic effect, such as new radio-sensitizing and anti-
angiogenic compounds.

The major advantage of this brachytherapy model com-
pared to external beam (orthovoltage) irradiation is that a
high radiation dose can be delivered to the murine ortho-
topic brain tumor without causing fatal toxicity to the nor-
mal brain and pharynx, as observed when comparable
doses of external beam irradiation are delivered. Apart
from a lower applicable radiation dose, external beam
irradiation is more labor-intensive because of the multiple
fractions of anesthetized treatment and is only applicable
to much larger rodents such as rats [19].

A few points of consideration about the model include the
steep dose and dose-rate-gradient around the 125I seed, the
relatively fast 125I radioactive decay (half-life of 59.4 days)
and the subsequent radiobiological uncertainties. How-
ever, similar or worse dosimetric problems are encoun-
tered when very small external photon beam fields are
used.

Dosimetric studies have shown that the measured dose
rates and the anisotropically 'apple' shaped dose rate dis-
tribution of a single seed vary within the measurement
error from the seed specifications provided by the manu-
facturer [23]. The steep dose-rate gradient around the seed
implanted in or adjacent to the tumor provides a high
dose rate and cumulative tumor dose close to the seed,
and thus to the tumor but a relatively low dose rate and
cumulative dose farther away from the seed and thus in
normal brain tissue. For example, for the 2 mCi 125I brach-
ytherapy seed the cumulative radiation dose is 138 Gy
after 13 weeks at 5 mm central lateral. At 5 mm below the
seed, where we defined the 'minimal tumor dose', the ini-
tial dose rate is 1.7 cGy/hr and the cumulative dose is 23.0
Gy after 13 weeks.

The BED of permanent seed implants is a point of ongo-
ing discussion [24]. The main concern is the uncertainty
about the biological significance of the residual source
activity after 1.5 source decay half-times of 125I (half-time
= 59.4 days) [25]. For both ethical and evaluation pur-
poses, we terminated our study at 13 weeks (91 days) after
implant of a 2 mCi 125I source. After this relatively short
period, we consider the BED approximations as proposed
by Dale and Jones [24] to be safe for low-dose rate perma-
nent implants removed after 90 days (see appendix for
calculation details). These calculations yield a BEDtumor
2.5 mm distal of the seed of 91.2 Gy, equivalent to a con-
ventional external beam radiotherapy dose of 76 Gy in
200 cGy daily fractions, which is more than clinically fea-
sible.

Although dose-rate effects are of major importance for
dose rates of 40 cGy/hr and higher, which is the range of
clinical dose rates, this is probably of less importance for
the permanent 125I implant (1–5 cGy/hr) [24]. During the
91 days of implantation of the 2 mCi source, the dose rate
5 mm below the source decays from 1.7 cGy/hr to 0.6
cGy/hr.

It is not clear whether these biological models can be
extrapolated to even lower dose rates after 2–3 decay half-
times for seeds with a lower initial activity, such as the 0.5
mCi sources that we use clinically for prostate cancer
implants [26], or in tumors with a very high doubling
time. This is not necessarily a disadvantage of our mouse
brachytherapy model; on the contrary, the model allows
in vivo study of these uncertainties of clinical brachyther-
apy.

Conclusion
Guide-screw implanted 125I brachytherapy seeds can be
used for experimental clinically significant irradiation of
an orthotopic glioblastoma implanted in the nude mouse
brain. The method is feasible, gives a high tumor control
probability and an improved survival rate of the U251-
NG2 glioblastoma-bearing mouse, without fatal irradia-
tion toxicity.

The major concern of the model is the steep dose-rate gra-
dient around the 125I seed with a correspondingly high
dose inhomogeneity in the tumor. Because of the very
high tumor control rate obtained in this model with little
margin for any gain from additive experimental drugs, we
recommend to use weaker 125I sources (1 mCi) for future
studies.
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Appendix
Calculation of the Biological Equivalence Dose (BED)
of permanent iodine-125 implants (according to Dale &
Jones, 1998):

According to the linear-quadratic model the biological
effective dose (BED) of fractionated external beam radio-
therapy can be given as:

where n = number of daily fractions, d = fraction dose (in
Gray), and the α/β ratio is the parameter for cellular sur-
vival. It is reasonable to assume an α/β-ratio of 3 Gy2 for

BED n d
d
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normal tissue and 10 Gy2 for rapidly proliferative tissue,
such as tumor and squamous cell epithelium.

For a permanent implant delivering an initial dose rate Ro,
and involving a nuclide with decay constant λ, DNA-
recovery constant μ, and cell-survival characteristics α/β,
BED is given as:

The mono-exponential recovery constant μ is related to
the repair half-life T1/2 by:

Average repair-half-lives for mammalian tissues are usu-
ally 0.5–3 h, with increasing evidence that tumor recovery
half-lives are probably shorter than those for late reacting
normal tissues. Assuming a tumor recovery half-life T1/2 =
1.5 h, than μ = 0.462 per hour.

The radioactive source decay constant λ is related to the
decay half-life T1/2 by:

The decay half-life T1/2 of iodine-125 is 59.4 days = 1425.6
hours. The decay constant is 0.000486 per hour.

For a non-permanent implant with a decaying source,
removed after time T:

where:

C = 1 - e-λT
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a b s t r a c t

The combination of irradiation with angiogenic inhibition is increasingly being investi-
gated for treatment of glioblastoma multiforme (GBM). We investigated whether vascular
endothelial growth factor receptor-2 (VEGFR-2) inhibitor DC101 affects morbidity and
tumor growth in irradiated and non-irradiated intracerebral GBM-bearing mice, controlled
with sham treatments. End-points were toxicity, morbidity and histology. Irradiation
either or not combined, reduced tumor size strongly, whereas DC101 mono-treatment
reduced tumor size by 64%. Irradiation delayed morbidity from 5.8 weeks in sham-treated
mice to 10.3 weeks. Morbidity after combined treatment occurred after 5.9 weeks. Treat-
ment with angiogenesis inhibitor DC101 delays tumor growth but it induces morbidity,
by itself or combined with irradiation.

� 2009 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Glioblastoma multiforme (GBM) accounts for approxi-
mately one third of all intracranial tumors and is one of
the most aggressive brain tumors. Conventional treatment
of GBM consists of surgical resection followed by radio-
therapy and chemotherapy. Despite this intense treatment,
tumors invariably recur, usually arising within 2 cm of the
original resection margin [1].

The mechanisms of the high radioresistance of GBM are
largely unknown, but the vascular system is considered to
play a key role in radiation response, tumor growth and

invasion [2,3]. Vascular endothelial growth factor (VEGF)
is the best-characterized and likely the most potent angio-
genic factor. VEGF increases vascular permeability and
stimulates vessel formation by recruiting progenitor endo-
thelial cells [4,5]. Systemic therapy directed against the
VEGF pathway improves the response to focal irradiation
of a subcutaneous GBM tumor in a mouse model [6]. How-
ever, location of the tumor, subcutaneous in the flank ver-
sus intracranial, affects irradiation effects on gene
expression in the tumor [7]. The microenvironment and tu-
mor location have impact on tumor growth, tumoral vessel
formation, metastasis and therapy [8–11]. Endothelial cells
in GBM tumors also show different gene expression pat-
terns depending on the location of the tumors in the body
[12]. Therefore, an orthotopic GBM tumor model is consid-
ered to be clinically more relevant.
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Since angiogenesis inhibitors are thought to normalize
tumor vessels resulting in improved blood flow and oxy-
genation [13], the combination of angiogenesis inhibition
with irradiation might potentiate the cell kill and sensitize
effects of irradiation [14]. First clinical trials show a safe
and feasible use of combined irradiation and angiogenic
inhibition, although toxicities (e.g. intratumoral hemor-
rhage, wound dehiscence, and bowel perforation) and pat-
terns of relapse (e.g. satellite formation) need to be
monitored closely [15,16]. High-dose irradiation of the
mouse brain is restricted by acute irradiation toxicity to
the esophagus and trachea [17]. Therefore, single fraction
or low-dose short-term treatments are usually given
[6,18–22]. To circumvent toxicity we developed an intra-
cranial irradiation model using superficially-implanted
low-active iodine-125 brachytherapy seeds, that allows
clinically relevant radiotherapy of the murine brain, with-
out side effects [17]. First a guide-screw with a central ca-
nal was implanted intracranially, 3 weeks later human
glioma cells were administered through the canal of the
guide-screw and 1 week later tightly fitting radioactive or
sham seeds were inserted. In the present study, we inves-
tigated the effects of treatment with the vascular endothe-
lial growth factor receptor-2 (VEGFR-2) blocker DC101, by
itself or in combination with irradiation, on tumor growth
and morbidity in this orthotopic GBM mouse model with
intracranial irradiation. Morbidity was defined as at least
20% weight loss and/or signs of neurological pathology.

2. Materials and methods

2.1. Cell line

The human derived GBM cell line U251-NG2 was se-
lected for the present study. It is a transfected U251 cell
line which overexpresses glial precursor proteoglycan
NG2, showing an invasive, highly-vascular growth pattern
in the rat brain [23,24]. We selected this cell line for the
present study because U251-NG2 tumors reflect as closely
as possible clinically relevant GBM growth and treatment
response. The cell line is not overly radiosensitive and does
not depend too strongly on the VEGF pathway [25]. The
high vascularization of U251-NG2 tumors is considered
to be the result of diminished inhibition of angiogenesis
[23]. In addition, it has the typical mutational status of
many GBMs (p53 and PTEN) [26]. VEGF expression levels
are not different from other GBM cell lines that are not
genetically modified. The U251-NG2 cell line was xeno-
transplanted into the nude mouse brain. Cells were cul-
tured and transplanted as described previously [17].

2.2. Orthotopic murine model

Athymic Nude-nu female mice (Harlan, Horst, The
Netherlands), 4–6 weeks of age, were kept under specific
pathogen-free conditions with optimal feeding, tempera-
ture, hygienic conditions and ample space, according to
stringent experimental animal facility regulations. Ortho-
topic gliomas were xenografted as previously described
[17]. In short, on day 0, therapy was started. On day �28,

we implanted a hollow guide-screw into the skulls of the
mice. On day �7, we slowly injected 5 � 105 cancer cells
in 3 ll PBS into the right frontolateral brain, 2 mm below
the screw. We hypothesized to find an additive treatment
effect on tumor growth delay of at least 30%. With a power
of 80% and a predicted standard deviation of 3 days, group
size should be seven mice or more. Two separate but iden-
tical experiments were performed on cohorts of 43 and 41
mice, respectively. All murine experiments were approved,
monitored and reviewed by the university committee on
animal experiments. Seven of 91 mice (7.7%) died during
surgical procedures and were thus excluded from the
study.

2.3. Treatment regimens

Over 13 weeks, concurrent cranial irradiation with
2 mCi iodine-125 (125I, Model 6711; Medi-Physics; Amer-
sham, Arlington Heights, IL) delivered a minimal tumor
dose of 23.0 Gy at 5 mm below the seed (Bio Equivalent
Dosetumor (BEDtumor) = 30.6 Gy), 52.1 Gy at 2.5 mm below
the seed, and 6.8 Gy at 10 mm below the seed, the ‘pharynx
dose’ [17]. We inserted the 125I seed on day 0 through the
hollow screw as described before (Fig. 1). The 125I concur-
rent cranial irradiation model enabled local high-dose irra-
diation whereby fatal irradiation toxicity as observed in
other cranial radiation modalities was prevented. Ran-
domly-selected mice received 125I seeds; the others re-
ceived inactive seeds as sham treatment.

Anti-angiogenesis treatment was started directly after
seed insertion on day 0. The rat anti-mouse VEGFR-2 anti-
body (DC101) actively prevents tumor growth when ap-
plied every 3 days in dosages of 40 mg/kg or higher [27].
DC101 was administered intraperitoneally in doses of
40 mg/kg every 3 days, a schedule with biological activity
and low toxicity profile [6,27–29]. Both treatment modali-
ties, irradiation and angiogenesis pathway inhibition, were

Fig. 1. Schematic sagittal view through the head of an intracerebral brain
tumor-bearing mouse with implanted screw containing an 125I brachy-
therapy seed. Cumulative minimal radiation dose on the tumor during
13 weeks at 5 mm below the 2 mCi 125I brachytherapy seed is 23.0 Gy
(integrated BED 30.6 Gy). B, brain; E, eye; S, subcutaneous plastic guide-
screw through the skull; T, tumor (adapted from [17]).
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controlled with sham treatments, resulting in 4 treatment
regimen groups. Regimen 1 (R1; n = 20) consisted of sham
radiation treatment and injections of PBS (similar volumes
as DC101 injections); regimen 2 (R2; n = 21) combined
sham radiation treatment and DC101 therapy; regimen 3
(R3; n = 21) combined 125I radiotherapy and injections of
PBS; regimen 4 (R4; n = 22) consisted of irradiation and
DC101 injections.

After a maximum of 13 weeks of treatment, all surviv-
ing mice were sacrificed by CO2 asphyxiation in a sealed
cage and brains were dissected for histological analysis.
Animals were sacrificed earlier when signs of morbidity
occurred such as weight loss exceeding 20%. Physical or
neurological signs were scored daily and were also cues
for euthanasia. Specific signs were posture changes, dimin-
ished activity, diminished turgor, rotational behavior or a
domehead – a phenomenon of skull expansion by extreme
tumor growth. Brains were fixed and kept in formaldehyde
until used. All brains were coded randomly.

2.4. Histological and immunohistochemical analysis

Histological analysis was performed on blindly coded
material. Formaldehyde-fixed, paraffin-embedded tissue
blocks were sectioned axially in their entirety (section
thickness, 8 lm) for histological and immunohistochemi-
cal analysis. Each 20th axial section was stained with
hematoxylin–eosin. The section with the maximum cross
sectional size of the tumor was used to calculate percent-
age tumor area as tumor area

total brain area � 100.
Additional analysis was performed on axial sections

immediately following the one with the largest tumor area,
for all mice in the second experiment (n = 41). These sec-
tions were also evaluated blindly. Nissl-stained sections
(Cresylechtviolet; Sigma–Aldrich, Zwijndrecht, The Neth-
erlands) were used to count mitotic figures present in
three randomized high power fields (hpfs) to establish
the Nissl mitosis index. Tumor cell proliferation index
was established by counting the cells with positive nuclei
after staining with an antibody against KI-67 antigen
(MIB-1; Dako, Glostrup, Denmark) in three randomized
hpfs. The apoptosis index was determined by counting
apoptotic cells in three randomized hpfs of sections
stained with an anti-cleaved caspase 3 antibody (Cell Sig-
naling Technology, Danvers, MA). Necrosis in the tumor
area was scored semiquantitatively in Nissl-stained sec-
tions using the grading ‘none (0), minimal (1), present (2)
and extensive (3)’. An index of reactive gliosis (a neuroin-
flammatory response around the tumor with neuropatho-
logical consequences) was determined in sections stained
with an anti-glial fibrillary acidic protein (GFAP) antibody
(Dako) and scored semiquantitatively using the grading
‘none (0), minimal (1), present (2) and extensive (3)’.

Satellite tumors at a distance >200 lm from the original
tumor were counted in the sections with the largest tumor
area. CD34 is expressed on freshly recruited endothelial
progenitor cells that respond to tumor angiogenesis signals
[30]. When any CD34-positive endothelial cells were found
in structured tumor blood vessels in sections with the larg-
est tumor area, the tumor was considered CD34-positive
(anti-mouse CD34; Cedarlane, Burlington, Canada). Pres-

ence of any a-smooth muscle actin (SMA)-positive cells
in sections with the largest tumor area was considered to
be a hallmark of vessel maturation (monoclonal anti-
mouse a-SMA; Dako) [31].

2.5. Mouse pathology

Ten mice bearing intracranial tumors and four mice
without tumors receiving combined treatment were sub-
jected to pathologic analysis. After 17 days, four ran-
domly-selected mice were euthanized to analyze short
term effects of the combined treatment. One of these four
mice did not receive a tumor prior to start of therapies.
After 6 weeks of treatment, all remaining mice were sacri-
ficed and all major organs such as the gastrointestinal
tract, liver, kidney, pancreas, kidneys, heart, lung, lymph
nodes, bone marrows as well as organs in the head and
neck region were sampled and microscopically examined.
The time points for sacrifice were selected on the basis of
morbidity curves. Furthermore, we administered DC101
for 13 weeks to five non-tumor-bearing mice, confirming
previously reported safety of the drug as mono-treatment
in this dosage.

2.6. Data analysis

Differences in tumor volume, index of mitosis, prolifer-
ation, apoptosis, necrosis, reactive gliosis, number of satel-
lites, vessel density, relative weight loss and survival were
analyzed using the unpaired t-test for equality of means
when data were distributed normally or the Mann–Whit-
ney rank-sum test when data were not distributed nor-
mally, using SPSS� software (SPSS, Chicago, IL). Kaplan–
Meier survival analysis was performed on the survival
data. Differences were considered significant when
p 6 0.05.

3. Results

3.1. Survival and morbidity

Signs of morbidity of mice in the four treatment groups are shown in
Table 1. In both groups receiving DC101 (R2 and R4), approximately 75%
of the mice lost more than 20% weight in the 13 weeks of treatment. Espe-

Table 1
Physical signs and cues of morbidity in mice bearing intracranial glioma
that were sham treated (Sham), DC101 treated (DC101), irradiated (Irrad)
or both DC101 treated and irradiated (Comb).

Signs of morbidity Sham DC101 Irrad Comb

(n = 20) (n = 21) (n = 21) (n = 22)

Weight loss exceeding 20% 10 15 5 16
Postural change 6 4 4 12
Decreased activity 6 5 5 7
Domehead 7 3 1 3
Reduced turgor 1 2 0 7
Rotational behavior 1 1 3 2
Lethal bowel edema 0 1 0 1

Total pre-term sacrificed
(<13 weeks)

19 19 7 19

Sacrificed at end of study (at
13 weeks)

1 2 14 3

Mean survival (weeks) 5.8 5.2 10.3 5.9

J.J.C. Verhoeff et al. / Cancer Letters 285 (2009) 39–45 41
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cially mice that received both DC101 and irradiation (R4) showed weight
loss accompanied by posture changes, decreased activity and reduced tur-
gor. Mean relative end weight of the sham-treated mice was 89.2% versus
78.5% in the DC101 group (p < 0.02). Mean relative end weight in the irra-
diation group was 91.2% versus 78.3% in the combined treated group
(p < 0.01).

Fig. 2 shows Kaplan–Meier survival curves determined for the four
groups of mice. Mean survival of sham-treated mice (R1) was 5.8 weeks
only. Administration of DC101 alone (R2) did not improve survival (mean
5.2 weeks; p = 0.53). Irradiation treatment alone (R3) delayed occurrence
of mouse morbidity by 4.5 weeks to a mean of 10.3 weeks (p < 0.002).
However, combined treatment of irradiation with DC101 (R4) yielded
an unexpected poor survival outcome of 5.9 weeks only, similar to that
of sham treatment.

3.2. Tumor development

Figs. 3 and 4 summarize the results of histological examination of tu-
mors and brains.

Sham-treated mice (R1) had, as expected, the largest tumors irrespec-
tive of the time of sacrifice, covering on average 44% of the surface of the
largest cross section through the brain (Fig. 3A). These sham-treated con-
trol tumors had the highest proliferation index (88.6%; Fig. 3B) and high-
est numbers of mitotic cells (Fig. 3C). Reactive gliosis was qualified as
‘extensive’ in the untreated group (R1) (Fig. 3F).

DC101-treated mice (R2) had significantly smaller tumors, with a size
reduction of 64% compared to untreated tumors (Fig. 3A). DC101 treat-
ment did not reduce cell proliferation significantly (p < 0.07), but mitosis
was significantly reduced. All other tumor parameters were not different
in sham-treated and DC101-treated mice (Fig. 3B–H).

Irradiated mice (R3) had no detectable tumors in 13 of 21 cases (62%),
or they were greatly reduced in size as compared to untreated animals
(Fig. 3A). In the tumors that were present, all parameters were signifi-
cantly reduced in number or score, except necrosis score which was sim-
ilar (Fig. 3B–H). Large areas around the injection site were necrotic due to
irradiation while few apoptotic cells were present at the moment of anal-
ysis, indicating that the anti-tumor effect already occurred at an earlier
time point.

Combined irradiation with DC101 treatment (R4) yielded almost com-
plete local tumor control with a mean tumor size of 0.1%, compared to tu-
mors of sham-treated mice (Fig. 3A). All parameters were reduced or
absent in the tumors except for the necrosis score (Fig. 3B–H).

3.3. Mouse pathology

Post-mortem examination was performed on four animals that re-
ceived combined treatment for 17 days and on 10 animals that received
combined treatment for 6 weeks (Table S1). This revealed pathology
mainly of the peritoneal cavity, namely the intestinal tract and pancreas
that showed edematous changes. We found more edematous changes in
mice sacrificed at the latter time point. About one third of all animals ana-
lyzed had ascites. Also observed, but with much lower frequency, were
other lesions such as angitis in the lungs, arteritis in the lamina muscula-
ris of the small intestine, colitis, ileitis, jejunitis, duodenitis, peritonitis,
angiomatous changes of the mesenteric lymph nodes, and interstitial
pneumonia. Organs in the head and neck region were not affected seri-
ously, although in some cases inflammatory lesions in the nasal cavity

Fig. 2. Kaplan–Meier curves of survival in weeks for nude mice that were
inoculated intracranially with U251-NG2 GBM cancer cells and subse-
quently sham treated (R1), DC101 treated (R2), irradiated (R3) or both
DC101 treated and irradiated (R4). Log rank p < 0.01 of R1 versus R2, R3
and R4.

Fig. 3. Characteristics of GBM from sham-controlled mice (light grey bars), DC101-treated mice (dark black bars), irradiated mice (dark grey bars) and mice
treated with the combined regimen (light black bars). Error bars indicate SEM; *p < 0.05, **p < 0.02 compared to sham treatment: (A) mean maximum tumor
area. Mice were pooled in three groups that survived 0–30 days, 31–60 days and 61–90 days, respectively. Tumors of irradiated mice and mice treated with
combined regimen were very small; (B) MIB-1-labeled nuclei indicating proliferative cells in tumors; (C) mitotic cells in tumors; (D) apoptotic cells in
tumors; (E) necrosis in the tumor area scored as none (0), minimal (1), present (2) or extensive (3); (F) reactive gliosis, a neuroinflammatory response
around the tumor with neuropathological consequences, scored in the same way as under E; (G) tumor satellites surrounding the main tumor mass at a
distance >200 lm and (H) mean percentage of tumors with CD34- and a-SMA-positive intratumoral microvessels.
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were observed. In one animal, severe lesions of lymphoma were encoun-
tered, which were probably background pathology. There was no correla-
tion between severity of weight loss and severity of pathology. Non-
tumor-bearing mice demonstrated the same pathological findings as tu-
mor-bearing mice. DC101 therapy for 13 weeks in non-tumor-bearing
mice did not induce weight loss, but these mice did not gain weight as
sham-treated mice did.

4. Discussion

We investigated the effects of concurrent cranial irradi-
ation combined with systemic angiogenesis inhibition by
VEGFR-2 blockade on tumor growth and morbidity of
intracranial GBM-bearing nude mice. The major advantage
of our orthotopic brain tumor model is the similarity with
the clinical situation [17]. As expected, sham-treated mice
showed highly proliferative, large tumors. DC101 treat-
ment significantly reduced tumor size, but morbidity did
not improve. Irradiation induced tumor growth delay and
reduced morbidity significantly. Combinational treatment
improved local tumor control but, surprisingly, morbidity
and survival were comparable to that of sham-treated
animals.

Winkler et al. combined external beam irradiation with
DC101 treatment in an orthotopic GBM model [20]. The
authors observed synergistic effects on morphology and

function of tumor vessels during a normalization window,
between day 5 and day 8 of treatment but did not describe
effects of treatment on morbidity as we did in our study.
Systemic toxicity of combined DC101 and irradiation in
mice was not anticipated, as it was never reported before,
although bowel toxicity has been described as a prominent
inadvertent effect of VEGF inhibitors in clinical studies
[32–35]. We also found in mice that combined treatment
mainly caused pathology of the gastrointestinal tract. We
did not observe the esophageal damage that was expected
after irradiation treatment in the head and neck region.
When comparing DC101 mono-treatment with the com-
bined treatment morbidity profile, we more often found
postural changes and more often scored reduced turgor
in the combined treatment group. This indicates that
extracranial side effects caused the higher toxicity. The fact
that local irradiation to the brain appears to exacerbate
DC101 toxicity is of great concern.

In our present study, irradiation alone and DC101 treat-
ment alone were well-tolerated, but DC101 treatment
alone showed similar morbidity as sham treatment. Kozin
et al. [6] found that 40 mg/kg DC101 with whole body irra-
diation was well-tolerated by mice implanted with U87
GBM cancer cells in the flank. On the other hand, these
authors found that the same dose of DC101 was poorly tol-

Fig. 4. H&E-stained (A, F, G and I) and immunohistologically-stained (B, C, D, E and H) sections of brain of nude mice inoculated with U251-NG2 GBM cells
after 13 weeks of treatment. A, B, C, D and E: sham-treated animals; F and G: DC101 treated animals; H: Irradiated animals; I: Combined treatment with
irradiation and DC101. (A) H&E-stained large tumor load (T) surrounded by normal brain tissue (N). (B) Anti-active caspase 3 staining showing an apoptotic
cell (arrow). (C) SMA-positive vessels (arrows). (D) MIB-1-labeled nuclei (arrows), (E) Reactive gliosis (#). (F) Invading tumor satellites (arrows). (G) Mitotic
cancer cells (arrows). (H) Apoptotic cancer cells (arrows) in anti-active caspase 3 staining. (I) Largest tumor (T) in R4 group of mice. Bars, A, D, F: 2.0 mm, B,
C, G, H: 0.2 mm, E, I: 0.5 mm.
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erated by mice with heterotopically-implanted 54A small
cell lung carcinoma cells; 44% of the mice died from unsus-
pected intestinal toxicity. This difference was explained by
assuming that VEGFR-2 inhibitor DC101 was absorbed by
the U87 tumors and not by the 54A tumors. The latter,
i.e. no sequestering of DC101 by the tumor, could be the
case for U251-NG2 tumors as well because of its more clin-
ically comparable VEGF production [25]. Nevertheless,
non-tumor-bearing mice demonstrated comparable patho-
logic findings.

Not only selection of cancer cell line but also sequence
of treatments are important factors for outcome of com-
bined anti-angiogenesis and irradiation treatment. Wil-
liams et al. [36] showed in a non-small-cell lung
carcinoma mouse model that concurrent ZD6474 anti-
angiogenic treatment produces some enhancement of frac-
tionated radiotherapy whereas sequential administration
leads to a highly significant interaction between ZD6474
treatment and irradiation. Ning et al. [37] showed also that
radioenhancement was greater when the anti-angiogenic
SU5416 was administered after each radiation dose instead
of prior to radiation. Abrogation of VEGF-dependent sur-
vival signaling in endothelial cells may be the mechanistic
basis for the enhancing effect of ZD6474 treatment on
radiotherapy in a sequential schedule [36]. We employed
a concurrent schedule of irradiation and DC101 treatment
and discovered that side effects overshadowed potential
anti-tumor benefits. This important finding should be ta-
ken into account in the design of clinical studies.

A blockade of VEGFR-2 leads to increased levels of VEGF
in the circulation of mice and humans [27,38]. Not only
VEGF levels are increased, but also signaling through VEG-
FR-3 may be enhanced when VEGFR-2 is blocked [39]. This
pathway is involved in lymph-angiogenesis and may ex-
plain lymph edema and edema of submucosa of the intes-
tines that probably causes the observed morbidity.

Resection material from five patients before and after
treatment with bevacizumab revealed a trend toward a
relative increase of CD34 and a-SMA immunostaining fol-
lowing treatment [40]. Where others found also functional
effects of treatment with DC101, we did not detect signif-
icant effects on tumor vasculature as assessed with CD34
and a-SMA staining after long term treatment, which is
surprising: an anti-angiogenic agent that inhibits VEGFR-
2 has apparently no long term effect on vessel composition.
Less toxic lower dosages of DC101 are therefore presum-
ably not clinically relevant. On the other hand, there was
an anti-angiogenic effect, because DC101 did affect tumor
growth in our experiment by decreasing proliferation. It
is quite possible that vascular density remained the same,
in the face of an anti-angiogenic effect that slows tumor
growth. In addition to this, as suggested in recent publica-
tions, VEGF inhibition by DC101 probably induces normal-
ization of blood flow in aberrant tumor vasculature rather
than a true pruning effect [20]. Although formation of tu-
mor satellites was not significantly affected in this experi-
ment, it is an important side effect of anti-angiogenic
treatment, caused by cooption of pre-existent vessels
[41,42]. Interestingly, diffusely invading glioma cells did
not respond to monotherapy with DC101 in vivo [43].
Anti-angiogenic treatment is effective against solid compo-

nents of GBM but is largely ineffective against the invasive,
angiogenesis-independent tumor component. The tumor
model in our study probably reflected the former more
than the latter. It may be the Achilles’ heel of anti-VEGF
treatment as mono-therapy in the clinical setting.

Further studies are needed with other VEGF inhibitors
to analyze safety and efficacy of these compounds when
combined with irradiation to support clinical implementa-
tion. Although trialed for one inhibitor in the standard
dose, our findings are an important warning for pre-clinical
and clinical trials aimed at combining radiotherapy and
apparently harmless angiogenesis inhibitors, as is also re-
ported in clinical studies [34]. The combination of radio-
therapy with VEGFR-2 blockade can potentiate tumor
growth delay but may inadvertently lead to unexpected
morbidity.
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Table S1

Mouse Gastro intestinal tract Ascites Other
1 Omentum inflamed, pale liver + Enlarged lymph nodes
2(n) Lymphomatous lesions jejunum, 

pancreatitis
- Sinusitis Lymphomatous cells in 

lungs, lymphoma 
3 Angitis in mesentery - -
4 - - Inflammatory lesions in nasal cavity, 

enlarged sup. cervical lymph nodes

Mouse Gastro intestinal tract Ascites Other
5 - ++ -
6 Dilated lymph vessels, edematous 

changes, cecum dilation, edema-
tous pancreas

++ Congestion, dark lungs, dilated blood 
vessels in bone marrow of skull bone 

7 Edematous submucosa cecum, 
edematous pancreas

+ Inflammatory lesions nasal cavity, no 
bone marrow cells in skull bone 

8 Dilated cecum, rigid colon: colitis - Lung angitis
9(n) Edematous submucosa cecum and 

colon, edematous pancreas
++ -

10(n) - - -
11(n) Mild ileitis: infiltration in mucosa 

ileum
- Degeneration of local nephrons

12 Amyloid-like deposit villi ileum, 
large cecum, focal liver necrosis

- -

13 Mesenteric lymph node enlarge-
ment

- Congestion

14 Mild inflammatory liver paren-
chyma

- Interstitial pneumonia

Supplemental data

Table S1: Pathology of mice treated with DC101 and irradiation. Mice 1-4 
were sacrificed after 17 days of treatment. Mice 5-14 were sacrificed after 
6 weeks of treatment. Mouse 2, 9, 10, 11 did not bear a tumor. -, Absence 
of pathology
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A B S T R A C T

Aim of the study: Tumour angiogenesis and invasion are key features of glioblastoma mul-

tiforme (GBM). Angiogenesis inhibitors increase progression-free survival (PFS) of recurrent

GBM patients. VEGF inhibition controls the bulk tumour growth by inhibition of angiogen-

esis, but does not inhibit the invasive tumour component. We investigated if invasive

tumour growth can be controlled by combining anti-VEGF treatment with irradiation of

tumour plus surrounding brain in an orthotopic murine model for GBM.

Methods and materials: GBM cell line U251-NG2 was inoculated through a guide screw in the

right frontal lobe of 53 athymic nude mice. Pegaptanib (a slow-releasing aptamer against

VEGF) was injected in the tumour bed either or not followed by irradiation treatment with

implanted I-125 seeds. Pegaptanib and/or irradiation were compared with sham-treated

controls, resulting in four groups of 10–15 mice each. After 6 weeks of treatment, histolog-

ical analysis was performed on all brains.

Results: VEGF inhibition by locally deposited pegaptanib decreased tumour blood vessel

density, and increased tumour hypoxia. Pegaptanib treatment still allowed the formation

of tumour satellites. Irradiation decreased tumour size and suppressed formation of satel-

lites. Combined pegaptanib plus irradiation further increased PFS. Tumour size directly cor-

related with PFS.

Concluding statement: The anti-tumour effects of local VEGF inhibition are partially circum-

vented by the formation of invasive tumour satellites. Additional irradiation is effective in

slowing down proliferation of these invasive tumour components.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Glioblastoma multiforme (GBM) accounts for about one third

of all the intracranial tumours and is one of the most aggres-

sive brain tumours. The tumour bulk consists of a necrotic

core surrounded by a highly angiogenic rim, providing a ratio-

nale for anti-angiogenesis as anti-GBM treatment. Another

hallmark of this malignant tumour is the extensive migration
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of cancer cells that can intrude even into the contralateral

hemisphere.1,2 Conventional treatment of GBM consists of

surgical resection of the tumour bulk followed by radiother-

apy and chemotherapy. Despite modern treatments, these

high-grade glial tumours virtually always recur.3 In contrast

to three decades of minimal clinical improvements, the re-

cent clinical trials that combine angiogenesis inhibition with

chemotherapy show a hopeful increase of progression-free

survival (PFS).4 Anti-angiogenic therapies mainly aim at neu-

tralising vascular endothelial growth factor-A (VEGF-A), e.g.

by bevacizumab.5 VEGF-A is a potent inducer of vascular

hyperpermeability6 and, in the context of brain tumours, of

cerebral oedema. Therefore the beneficial effects of angiogen-

esis inhibition on PFS are likely, at least in part, attributable to

a reduction of oedema.7

Although anti-VEGF treatment shows promising results

for a number of extracranial tumour types,8 the special envi-

ronment of the brain appears to allow escape (to some extent)

from such therapies. The brain is a densely vascularised or-

gan that allows angiogenesis-independent tumour progres-

sion by cooption of brain vessels. In vivo brain tumour

models and histological evaluation of patient autopsy mate-

rial indeed showed that, despite effective reduction of angio-

genic growth patterns, invasion continues under

angiogenesis inhibition.9,10

Cancer cells behind the intact blood brain barrier (BBB) of

incorporated pre-existing brain vessels are less susceptible

to chemotherapy.11 Since brain irradiation causes a disrup-

tion of the BBB,12 it may enhance the efficacy of chemother-

apy. BBB disruption may last up to 1 month after irradiation,

thereby creating a window for additional therapy.13

Besides disruption of the BBB, radiation treatment triggers

cell death by apoptosis but also upregulates VEGF-A

expression.14 VEGF-A may in turn induce AKT activation in

endothelial cells, conferring resistance of these cells to radia-

tion-induced apoptosis.15 Anti-VEGF therapy may therefore

enhance efficacy of radiation therapy. Furthermore, although

the highly invasive tumour areas in glial tumours can escape

anti-angiogenic therapy and high dose radiation treatment,

tumour cells in these areas are predicted to be susceptible

to low dose radiation-induced damage,16 providing a further

rationale for combining anti-angiogenic therapy with low

dose irradiation.

In this study we tested the effects of combined treatment

with angiogenesis inhibitors and radiation on the angiogenic

tumour component and on the invasive component. Whole

brain irradiation with generous boosting fields would, theo-

retically, be best to attack all invasive tumour components.1

To mimic this clinical setting in vivo, we based our in vivo

experiments on an intracranial irradiation model without

lethal side-effects.17

To avoid systemic side-effects of angiogenesis inhibitors,

which can be severe,18 we chose to treat GBM locally. Local

treatment of GBM with chemotherapy is already in clinical

practice, e.g. with implantation of chemotherapy wafers dur-

ing surgery shortly after resection,19 or adjuvant through an

Ommaya reservoir.20 Here we mimicked this situation and in-

jected a slow-releasing angiogenesis inhibitor into the tu-

mour area.

2. Materials and methods

2.1. Cell line

The human glioblastoma cell line U251-NG2 is a transfected

U251 line that overexpresses glial precursor proteoglycan

NG2. NG2 expression increases proliferation, migration and

chemoresistance in vitro and overexpression promotes tu-

mour angiogenesis and growth rates in vivo.20 In the mouse

brain, this cell line gives rise to invasive, highly vascular tu-

mours,22 making it an excellent cell line to concurrently study

angiogenesis and brain invasion. Furthermore, this GBM cell

line is highly radioresistant,23 thereby reflecting clinical

GBM growth and treatment response. The cells were cul-

tured21 and xenotransplanted into the nude mouse brains

as described previously.17

2.2. Orthotopic murine model

Athymic Nude-nu female mice (Harlan, Horst, The Nether-

lands), 4–6 weeks of age, were kept under specific pathogen-

free conditions according to stringent experimental animal

facility regulations. Gliomas were xenografted orthotopically

as previously described.17 In short, at day )28 (day 0 is start

of therapies) we implanted a hollow guide-screw right fronto-

lateral in the skull of 53 mice. At day )7 we slowly injected a

suspension of 3 ll PBS with 5 · 105 tumour cells at 2 mm be-

low the screw. All mouse experiments were approved, moni-

tored and reviewed by the university committee on animal

experiments.

2.3. Treatment regimens

Anti-angiogenesis treatment started shortly prior to radio-

therapy. Pegaptanib is a 28-base RNA aptamer against

VEGF165, approved for treatment of age-related macular

degeneration.24 The aptamer is covalently linked to two

branched 20-kD polyethylene glycol moieties. To prolong

activity at the site of action, the sugar backbone of pegaptanib

was modified to prevent degradation by endogenous endonu-

cleases and exonucleases, and the polyethylene glycol moie-

ties were added to increase the half-life of the drug.25 After

local intravitreal injection of these microbeads, the active

substance is released for a period of at least 3 weeks and is

applied every 6 weeks in ophthalmology.24,26 Pegaptanib

(�10 lg in 3 ll) was slowly injected through the hollow screw

into the tumour bed. Half of the mice received sham injec-

tions with PBS.

Subsequently in the same surgical session, a 1 mCi iodine-

125 (125I) seed was inserted through the hollow screw as de-

scribed before.17 Compared to external beam irradiation, the

brachytherapy technique allows high-dose local irradiation

of the experimental tumour with lower dose on adjacent nor-

mal mouse brain, and reduces inadvertent irradiation of the

pharynx. This enables to study the effects of extended irradi-

ation on tumour and brain. The 125I seeds (IBt, Seneffe, Bel-

gium) delivered a minimal dose of 8 Gy in 6 weeks at 5 mm

below the seed. More closely to the seed at 2.5 mm the dose

was 21.5 Gy; at 10 mm distance the ‘pharynx dose’ was
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2.4 Gy. Randomly, half of the mice from the pegaptanib and

control groups received 125I seeds; in the remaining mice,

inactive ‘sham’ seeds were inserted, resulting in 4 treatment

groups. Treatment S (n = 11) consisted of sham treatments;

treatment P (n = 12) combined sham seeds with pegaptanib

therapy; treatment I (n = 15) comprised 125I radiotherapy plus

control injections; and treatment C (n = 15) consisted of irradi-

ation combined with pegaptanib injection. We hypothesised

to find an additive treatment effect on progression of 20–

30%. With a power of 80% and a predicted standard deviation

of 3 days, group size should be 7–14 mice. We expected the

difference between irradiation and combined treatments to

be around 20%, therefore more mice were randomised into

these groups.

The animals were sacrificed when signs of progression oc-

curred or after 6 weeks of treatment in case of no obvious pro-

gression. Progression was defined as weight loss exceeding

20%, or physical and neurological signs indicating tumour

growth-like posture changes, diminished activity, diminished

skin turgor, rotational behaviour and a domehead – a phe-

nomenon of skull expansion by extreme tumour growth.

Weight was determined every 3 days or daily when over 10%

weight was lost. Brains were harvested and formalin-fixed

and paraffin-embedded, or fresh-frozen. In addition, to ana-

lyse pegaptanib concentrations of three randomly chosen

sham-treated mice and five pegaptanib-treated or com-

bined-treated mice brains were cut through the injection site.

One half was formalin-fixed, whereas the other half was

fresh-frozen to enable analysis of pegaptanib concentrations.

2.4. Immunochemical and immunohistochemical analysis

All histological analyses were performed on blindly coded

material. Formalin-fixed, paraffin-embedded tissue blocks

were entirely sectioned axially (section thickness 8 lm) for

histological and immunohistochemical analysis. Each twenti-

eth section was stained with Nissl (Cresylechtviolet; Sigma–

Aldrich, Zwijndrecht, The Netherlands). The section with

the maximal cross-sectional size of the tumour was used to

calculate the percentage tumour area as tumour area
total brain area � 100.

Additional analysis was performed on axial sections

immediately following the one with the largest tumour area.

Nissl-stained sections were used to count mitotic figures

present in 3 randomised high power fields (hpfs) and estab-

lished the Nissl mitosis index. Necrosis in the tumour area

was scored in Nissl-stained sections semi-quantitatively

using the grading ‘none (0), <20% (1), 20–70% (2) and >70%

(3)’. Satellite tumours were defined as clusters of tumour cells

sized over 200 lm at distance >200 lm from the original tu-

mour, and were counted in the sections with the largest tu-

mour area. Proliferation was scored on Ki-67-stained

sections (Clone SP6, Lab Vision Corporation, Fremont, CA,

USA), using the grading ‘none (0), <20% (1), 20–70% (2) and

>70% (3)’. Tumour hypoxia was assessed in Glut1-stained sec-

tions (DakoTM, Glostrup, Denmark) and was scored as, not

present (0) or present (1). In addition, intratumoural blood

vessel-like structures were considered present (1) or not pres-

ent (0) when stained with Glut1 and were considered present

(1) or not present (0) when stained with CD34 (anti-mouse

CD34; CedarlaneTM, Burlington, Canada). IgG-stained sections

(Vector LaboratoriesTM, Burlingame, CA, USA) were scored to

assess leakiness of vessels; no leakage (0), somewhat leaky

(1) or severely leaky (2).

Eight fresh-frozen brains were analysed for residual peg-

aptanib concentrations. Concentration of anti-VEGF aptamer

in tissues was determined by dual hybridisation as described

previously (United States Patent Application 20070178476).

2.5. Data analysis

Differences were analysed using the unpaired t-test for equal-

ity of means when the data were distributed normally, using

Prism 4.03� software (GraphpadTM, La Jolla, CA, USA), or the

Wilcoxon log rank test when the data were not distributed

normally, using SPSS� software (SPSSTM, Chicago, IL, USA).

For analysis of repetitive weight measurements data we per-

formed ANOVA followed by Tukey’s post hoc test. The differ-

ences were considered significant when p < 0.05.

3. Results

3.1. Progression-free survival

PFS of the tumour-bearing mice was defined as ’no neurolog-

ical or physical signs of illness, and not more than 20% de-

crease in weight below baseline level’. Compared to all

other groups, sham-treated mice showed the least decline

in weight (Fig. S1). The mean weight of irradiated mice de-

clined more than that of pegaptanib-treated mice, and com-

bined-treated mice maintained weight better than irradiated

mice. Six untreated mice (55%) progressed within 6 weeks; al-

most 35% of mice receiving irradiation (5/15) also showed

signs of progression (Fig. 1). Mice treated with pegaptanib or

the combination of pegaptanib and irradiation showed lower

progression rates (17% and 7%, respectively) (Fig. 1).

All progression-free mice were sacrificed after 6 weeks of

treatment while treatment was still ongoing. This time point

Fig. 1 – Progression-free survival Kaplan-Meier curve for the

four treatment groups receiving sham (S, black curve),

pegaptanib (P, red curve), irradiation (I, green curve) and

combination (C, blue curve) treatments. Combined-treated

mice had significant better survival than sham-treated

(*p < 0.05). Pegaptanib showed a trend of improvement

compared to sham treatment (p < 0.07).
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was chosen because it is approximately three times the half-

life of pegaptanib. No systemic diseases were observed at au-

topsy. Analysis of the mouse brains showed tumours in

approximately 91% of untreated mice (10/11), 92% of pegapta-

nib-treated mice (11/12) and 40% of the irradiated mice (6/15).

In 33% of the combined-treated mice (5/15) tumours or rem-

nants of tumours were present. All but one progressed mice

indeed had tumours or tumour remnants; in progression-free

mice in the irradiation group, tumour presence was approxi-

mately 20% (Fig. 2a).

Examination of the fresh-frozen brains revealed that 0.3 lg

pegaptanib was present on average per gram mouse brain

after single injection 6 weeks earlier. In examined sham-trea-

ted brains, no pegaptanib was detected.

3.2. VEGF inhibition versus sham treatment

Pegaptanib-treated tumours presented with similar sizes and

numbers of mitotic figures as sham-treated mice (Fig. 2b). The

extent of necrosis and the proliferation index were compara-

ble in both groups, also in subgroup analyses. VEGF inhibition

led to decrease of Glut1 and CD34-positive blood vessels

(p < 0.04) and an increase of hypoxia (Glut1 positive tumour

cells) in these tumours (p < 0.02).

A more extended analysis on subgroups of progression-

free or progressed mice revealed that progressed pegapta-

nib-treated mice had diminished leakage of IgG compared

to progressed controls (p < 0.04). Compared to tumours of

sham-treated mice, the tumours of progression-free pegapta-

nib-treated mice showed a higher number of mitotic figures

(p < 0.02) (Fig. 2c) and an increased formation of satellites

around the primary tumour site (p < 0.04) (Fig. 2d).

3.3. Irradiated mice and combined-treated mice

In 60% of irradiated mice, no tumours or tumour remnants

could be detected. In case tumours were detected, tumour

size was strongly reduced (Fig. 2a and b). There were no satel-

lites surrounding the primary tumour sites after irradiation

(Fig. 2d). Mitotic cell numbers and proliferation index were

low compared to all non-irradiated mice, and necrosis was

lower than in pegaptanib-treated mice. No tumour hypoxia

was found, and no tumour vessels expressing CD34 or Glut1

were detected (Fig. 3b). For irradiated mice with tumour

Fig. 2 – Histological data for the 4 treatment groups receiving sham (S, white), pegaptanib (P, red), irradiation (I, green) and

combination (C, blue) treatments. (a) Histological tumour-take in all groups (total group size above bars). Left-hand side 4 bars

are of progressed mice: sham (S, white, n = 6), pegaptanib (P, red, n = 2), irradiation (I, green, n = 5) and combination (C, blue,

n = 1) treatments. Right-hand side 4 bars are of progression-free mice. Sham (S, white, n = 5), pegaptanib (P, red, n = 10),

irradiation (I, green, n = 11) and combination (C, blue, n = 14) treatments. (b) Size of tumours in percentage of total brain area

on the section with largest diameter, of progressed and progression-free mice with tumour remnants present (*p < 0.05,
**p < 0.02). (c) Mitotic figure numbers in progressed and progression-free mice (**p < 0.02) (d) Formation of satellites in

progressed and progression-free mice (*p < 0.05).
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remnants, there was a trend towards a lower IgG leakage

compared to control animals.

Almost all combination-treated animals were sacrificed

without signs of progression (Fig. 2a). There were only very

small tumour remnants present in the combination-treated

mice; therefore only few proliferating cells and some necrosis

were detectable, but no hypoxia, Glut1 or CD34-positive blood

vessels (Fig. 2c). Leakiness of the blood vessels as measured

by IgG efflux did not differ between the combined treatment

group and irradiated animals. Tumour size of the only pro-

gressed mouse was equal to that of mice that progressed un-

der irradiation treatment, and comparable numbers of

satellites were present (Fig. 2b and d).

4. Discussion

The purpose of this investigation was to study whether irradi-

ation synergises with anti-VEGF treatment in an orthotopic

mouse model of GBM. We were particularly interested in the

combined effect of anti-angiogenesis and irradiation on tu-

mour invasion into the brain. To enable histological analysis

of the brain tissue, we sacrificed all remaining progression-

free mice after 6 weeks of treatment, when both treatment

modalities are still active. A later time point would inevitably

lead to diluted histological findings. Interestingly, locally

deposited pegaptanib inhibited local tumour growth, but did

not inhibit tumour invasion in the brain, in agreement with

angiogenesis-independent tumour infiltration. We found that

irradiation produced significant additional anti-tumour ef-

fects, also against tumour satellites.

Clinical trials with VEGF inhibition in recurrent GBM pa-

tients showed reduced MR contrast enhancement of tumour

and a considerable increase in PFS.4,27 Regardless of the preli-

minary ending after 6 weeks of treatment for histological

analysis, we also presume improvement of PFS in our mice

treated by the anti-VEGF aptamer pegaptanib alone. However,

we found a more invasive growth pattern, scored as an in-

creased satellite formation. This corroborates recent clinical

data showing that VEGF-antibody bevacizumab suppresses

recurrence of the hypervascularised enhancing tumour parts

more effectively than of the non-enhancing, infiltrative tu-

mour extension.28

One of the key mechanisms of VEGF inhibition is vessel

normalisation, thus creating a window of improved perfu-

sion, followed by pruning of newly formed vessels in non-

CNS tumours.29 We evaluated the effects of VEGF inhibition

at a time point after the described window of vascular nor-

malisation,30 and observed less tumour vessels and an in-

creased amount of tumour hypoxia in pegaptanib-treated

mice, indicating that indeed tumour vessels were pruned by

VEGF inhibition. In mice with tumour progression, we found

VEGF inhibition does lead to diminished vascular leakage as

Fig. 3 – Effect of anti-angiogenic treatment on mice carrying intracerebral GBM tumours. (a and b) H&E-CD34 immunohis-

tochemical stainings of intracerebral U251-NG2 lesions of vehicle-treated (s) and pegaptanib-treated (p) mice. VEGF inhibition

by locally deposited pegaptanib decreased tumour blood vessel density (arrowheads) and increased invasiveness of the

tumour (arrow pointing at a micrometastasis in the invasive front; not scored as satellite). (c and d) IgG staining (brown,

arrowheads), compared to vehicle-treated animals (s), showed a decreased tumour leakage (arrowheads) in pegaptanib-

treated animals (p). The shown stainings were performed on mice that lived for 5 weeks (a, c, d) and 6 weeks (b), respectively.

E U R O P E A N J O U R N A L O F C A N C E R x x x ( 2 0 0 9 ) x x x –x x x 5

Please cite this article in press as: Verhoeff JJC et al., Tumour control by whole brain irradiation of anti-VEGF-treated mice bearing intracerebral
glioma, Eur J Cancer (2009), doi:10.1016/j.ejca.2009.08.004

ARTICLE IN PRESS



51

measured by efflux of IgG. This observation agrees with the

previous findings with other VEGF inhibitors.31 In the sub-

group of progression-free pegaptanib-treated mice, the mito-

tic activity was higher, as was the level of hypoxia in the

tumour. The higher level of hypoxia in the bulk tumour sug-

gests that pegaptanib is still effective after 3 half-times, indi-

cating also a possible clinical feasibility. An increased mitotic

activity was observed in the invasive tumour compartments:

we found an increased formation of satellites surrounding

the primary tumour site in animals that were analysed after

6 weeks, but not in animals that progressed earlier. This could

indicate that local outgrowth of the primary tumour is stalled

by pegaptanib, creating time for formation of satellites. Se-

quence of treatments is an important factor for outcome of

combined anti-angiogenesis and irradiation treatment. In a

non-small-cell lung carcinoma mouse model concurrent

ZD6474 anti-angiogenic treatment produced some enhance-

ment of fractionated radiotherapy, whereas sequential

administration led to a highly significant interaction between

these modalities.32 Therefore, further investigations on se-

quence of treatments are warranted.

We observed that combined irradiation of the tumour plus

surrounding normal brain not only reduces tumour bulk

growth and increases PFS, but also suppresses invasive

growth. Combined treatment was well tolerated by the ani-

mals, the weight loss that occurred in irradiated animals

was not observed in combined-treated animals. Nevertheless,

in this experiment, tumour control by radiotherapy was too

strong to enable the analysis of vasculature and intratumour-

al parameters; further research is necessary (for instancewith

a delayed start of treatments) to enable such analysis.

In contrast to the observed repression of invasive compo-

nents by irradiation, some studies show that low-dose irradi-

ation can lead to more invasion and satellite formation.33,34

This more invasive phenotype may be attributed to the fact

that low-dose irradiation leads to selection of a more glioma

cancer stem cell-like phenotype.35 To prevent this, it is crucial

to apply a clinically relevant radiation dose in murine models,

as we used in this study.

In the past 20–30 years, more precise CTand MR imaging of

gliomas has enabled the reduction of irradiation volumes

from whole brain irradiation to even smaller and more pre-

cisely targeted volumes. Nowadays GBMs that are treated by

radiotherapy typically have a radiation field with a 2-cm mar-

gin around the enhancing tumour.36 Although treatment with

irradiation in combination with chemotherapy and/or VEGF

inhibitors may allow good local tumour control, this may

not apply to the development of distant satellites.28 We in-

deed found that long-term GBM survivors with a recurrent

GBM have tumours that are genotypically identical to the pri-

mary GBM.37 This new situation forms the next frontier in the

goal to control the invasive tumour compartment, now that

oedema and other features of the primary tumour can be bet-

ter controlled. Nowadays angiogenesis inhibition is often

used to treat recurrent GBM; we were interested in additive

treatments for invasive components. For primary GBM, irradi-

ation combined with temozolomide is the standard treat-

ment.3 Adding anti-angiogenic treatment to the primary

GBM regimen could also be fruitful although toxicities (e.g.

intratumoural haemorrhage, wound dehiscence and bowel

perforation) and patterns of relapse (e.g. satellite formation)

need to be monitored closely.38,39 Promising combinatory

strategies for GBM can prevent invasive growth, as it was

shown that combined bevacizumab plus anti-IL6 therapy

was significantly more efficient than monotherapy at inhibit-

ing the growth and invasion of aggressive experimental gli-

oma in vivo.40

Our preclinical study shows that when VEGF inhibition is

combined with irradiation of the tumour plus surrounding

brain, tumour growth is delayed and invasion is suppressed.

Whole brain irradiation with generous boosting fields would

theoretically be best to attack all invasive tumour compo-

nents. To minimise late radiation toxicity, better imaging

techniques (like MRSI) are required to visualise the invasive

tumour components and enable more precise treatment with

irradiation.41,42 Especially in more distant areas, an increase

in the permeability of the BBB that allows for additive treat-

ments could be of great benefit.
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Supplemental data

Figure S1. Pooled relative weight of untreated mice (S, 
black line), irradiated mice (I, green line), pegaptanib-
treated mice (P, red line) and combination-treated mice 
(C, blue line). Postsurgery weight (day 0) is standardised 
to 100%. The differences are significant between the sham 
and the 3 other groups (p < 0.01). Error bars display SEM.

Figure S2. Effect of anti-angiogenic treatment and irradiation on mice carrying intracerebral U251-NG2 tumours. Immunohistochemical stainings. (a) 
Ki-67 staining of irradiated tumour (i) with remnant proliferative cells in the irradiated area (arrowhead). (b) Glut-1 staining of irradiated tumour (i) of small size 
and no hypoxic areas present. (c) Ki-67 staining of pegaptanib-treated tumour (s) showing fields of invading proliferating cells (arrowhead). (d) Glut-1 staining of 
pegaptanib-treated tumour (p) reveals larger hypoxic areas inside the tumour bulk (arrowhead). 
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Bowel Perforation After Radiotherapy in a
Patient Receiving Sorafenib

A 61-year-old woman was diagnosed with renal cell carcinoma
(RCC, clear-cell type) and cutaneous metastases. As a firstline treat-
ment she received sorafenib (BAY-43-9006, Nexavar; Bayer, West
Haven, CT, and Onyx, Richmond, CA), 400 mg twice a day. A rapid
regression of the cutaneous metastases was observed, but an magnetic
resonance imaging (MRI) scan after four weeks of treatment revealed
no change in the tumor in the right kidney. Grade 1 and 2 (National
Cancer Institute Common Toxicity Criteria) toxicity was docu-
mented, in addition to hand-foot syndrome and mouth pain. Five
weeks after the start of sorafenib treatment, the patient developed
severe low back pain. MRI of the lumbar spine showed a lytic bone
metastasis of the lumbar vertebra (L) 4, which was treated with pallia-
tive radiotherapy on L3-L5 (8 Gy, one fraction).1,2 Sorafenib was
stopped 2 days before radiotherapy to prevent radiosensitizing of the
normal tissue. Sorafenib treatment was started again 3 days later. One
week after radiotherapy the patient was admitted to our hospital
suffering from of abdominal pain, diarrhea, and dehydration. On
physical examination she had no fever, her blood pressure was RR
90/60 mmHg, and her pulse rate was 120 beats per minute. Abdominal
examination revealed signs of peritonitis. Laboratory tests showed
leukocytosis (24.7 � 109/L) and renal failure (creatinin, 324 mol/L;
urea, 37 mmol/L). She was therefore treated with intravenous fluids
and antibiotics. Her clinical condition worsened rapidly and she died
the next day. The autopsy revealed multiple perforations of the trans-
verse and sigmoid colon with fecal peritonitis (Fig 1; arrows point to
perforations). Biopsy specimens of the colon showed ischemic enter-
itis with radiation-effects and vascular changes with thrombus forma-
tion, but no evidence of tumor metastases. The primary kidney tumor

demonstrated a clear-cell RCC with extensive sarcomatoid changes.
The outcome for patients with metastatic RCC has been shown to
improve considerably with the administration of sorafenib and
sunitinib, both small molecules with angiogenesis inhibiting activity
which act by blocking the signaling through vascular endothelial
growth factors (VEGFs) receptor and the platelet-derived growth fac-
tor receptor.3,4 In 75% of sporadic clear-cell RCC mutations are found
in the von Hippel-Lindau gene. These mutations result in upregula-
tion of hypoxia inducible factor 1-�, which binds to a variety of
transcriptional cofactors that activate transcription of hypoxia-
inducible genes, including VEGF.5 Therefore, therapies such as sor-
afenib that block these pathways are a useful treatment for patients
with sporadic clear-cell RCC. The adverse effects of sorafenib include
fatigue, rash/desquamation, hand-foot skin reaction, pain, diarrhea,
and hypertension.3 Our patient showed a mixed response to sorafenib
therapy. The cutaneous metastases disappeared during treatment, but
the primary kidney tumor was not seen to regress by MRI. In addition,
progressive complaints caused by the osteolytic metastasis in L4 sug-
gested local tumor progression during the course of treatment. Patho-
logic examination of a pretreatment biopsy from a cutaneous
metastasis showed a clear-cell carcinoma, without the sarcomatoid
transformation observed in the primary kidney tumor. Although sar-
comatoid differentiation of a clear-cell carcinoma seems to be an
indicator of poor prognosis there have been no studies to link this type
of tumor with sorafenib resistance.6 The dramatic occurrence of mul-
tiple perforations in the sigmoid colon after radiotherapy suggests a
causal relation with the given treatments. This causality was supported
by the observation that the perforated sigmoid area was located in the
anterior-posterior/posterior-anterior radiation fields of the osteolytic
lesion in L4 (Fig 2; computed tomography with oral and intravenous
contrast; red area received 100%, and green area received 90%, of
irradiation). It is interesting to note that radiation-induced tissue
damage is often characterized by vascular abnormalities and ischemia,
as described in the colon specimen of this patient.

The normal bowel tolerance dose of radiation is in the order of 50
Gy in 25 fractions.7 A single fraction of 8 Gy is biologically well below
the tolerance dose. The incidence of sigmoid perforation caused by
high-dose radiotherapy for cervical cancer is 0.6% with a range of
between 3 and 98 months post-treatment.8 No gut toxicity resulting
from single-dose 8 Gy radiotherapy has been reported. Irradiation
causes hypoxia and upregulation of VEGF, a growth factor involved in
radio-resistance.9 By inhibiting the activity of VEGF by receptor
blockade, sorafenib can potentially act as a radiosensitizer. Several in
vitro and in vivo studies have shown that combined treatment with
such VEGF- or VEGF receptor–inhibitors with irradiation induces
synergistic antitumor activity.10,11 A radiosensitizing effect of VEGF
pathway inhibition on cancer cells has also been described in several
preclinical studies, though clinical data on sorafenib is limited.12-14 In
light of these reports, the high level bowel toxicity in our patient is
surprising. Possibly the 2 day gap between the end of sorafenib treat-
ment and the start of radiotherapy was too short. Since sorafenib has
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an approximate half-life of 24 to 48 hours, there may have been
residual sorafenib present during radiation treatment and thus nor-
mal tissue was still radiosensitized via sorafenib. This report describes
a patient receiving sorafenib that developed a lumbar metastasis that
required irradiation. She died of complications in the bowel—the area
directly targeted by irradiation. In conclusion, this case provides evi-
dence for potential oversensitization of normal tissue by sorafenib.
Further studies combining antiangiogenic therapy with radiotherapy
are warranted in order to further determine the efficacy and toxicity of
combination therapy of sorafenib with radiation.
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Cetuximab-Related Tumor Lysis Syndrome in
Metastatic Colon Carcinoma

This is a 64-year-old white male who was initially evaluated in
December 2006 for right upper quadrant pain. Ultrasound and com-
puted tomography scan of the abdomen revealed multiple hepatic
nodules, the largest being 5.5 cm in the left lobe of the liver (Figs 1A
and 1B). Liver biopsy on December 26, 2007, revealed multiple foci of
adenocarcinoma consistent with metastasis (Figs 2A and 2B). Subse-
quent colonoscopy showed a mass in the mid-transverse colon, and
the biopsy confirmed a moderately differentiated adenocarcinoma of
the colon. He had no other medical problems. In the next 4 weeks, the
patient developed obstructive jaundice. Symptoms included nausea,
reduced oral intake, and clay-colored stools with narrow caliber. Re-
peat computed tomography scans of the chest abdomen and pelvis

without contrast revealed conglomerate adenopathy in the mediasti-
num with bilateral pleural effusions. The CBC showed elevated leuko-
cytes of 18,000/�L (up from 11,000 4 weeks previously) with
80% neutrophils, hemoglobin of 12.4 g/dL, and platelet count of
318,000/�L. Transaminases were elevated (ALT, 150 U/L; AST, 279
U/L). Alkaline phosphatase was also elevated to 1,000 U/L with direct
bilirubinemia of 14 mg/dL (total bilirubin was 17 mg/dL). He under-
went gastroduodenoscopy and endoscopic retrograde colangiopan-
creatography with a biliary stent placement. There was no obvious
biliary ductal dilation noted during this procedure. Chemotherapy
was not considered, due to extensive liver metastasis causing hyperbi-
lirubinemia and transaminitis. Single agent cetuximab was planned
with the intention of adding standard chemotherapy when the pa-
tient’s liver function improved. He received single agent cetuximab at
400 mg/m2. He tolerated the infusion well without any major compli-
cations. After 18 hours, his renal function started to deteriorate. In that

Fig 2.
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Summary 

Background: Angiogenesis inhibition is a rational treatment strategy for high- grade glioma (HGG). Combined anti-angiogenic 
therapy and chemotherapy could be beneficial, taking advantage of different mechanisms of anti-tumour activity of both 
therapies. We performed a phase I-II clinical trial with the combination of bevacizumab and continuous-dose intense 
temozolomide (TMZ) for patients with a recurrent HGG after first or second-line treatment.
Patients and Methods: Twenty-three HGG patients were treated with bevacizumab (10 mg/kg i.v. every 3 weeks) and TMZ (daily 
50 mg/m²), until clinical or radiological progression. Conventional and dynamic MRI were performed on day -4, 3 and 21, and 
until clinical or radiological progression.
Results: Overall response rate (20%), PFS6 (17.4%), median PFS (13.9 weeks) and median overall survival (17.1 weeks) were 
considerably lower compared to most other studies with bevacizumab containing regimens. The dynamic MRI parameters Ktrans 
and rCBV decreased rapidly during the early phases of treatment, reflecting changes in vascularisation and vessel permeability 
but not of tumour activity. In addition, over 50% of patients showed oedema reduction and a reduced shift on T1 images. 
Conclusions: Treatment with bevacizumab and TMZ is feasible and well tolerated but did not improve PFS6 and median overall 
survival.

Key words: Angiogenesis; Bevacizumab; Temozolomide; Recurrent Glioblastoma Multiforme; MRI.
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introduction

Treatment outcome for patients with a high-grade glioma 
(HGG), i.e. anaplastic astrocytoma (AA, grade III) and 
glioblastoma multiforme (GBM, grade IV), remains poor, 
mainly because radical tumour resections are hardly ever 
achieved and local recurrences are unavoidable [1]. Current 
standard treatment for primary GBM is neurosurgery 
followed by 30 times 2 Gy irradiation combined with daily 
temozolomide (TMZ) chemotherapy (75 mg/m2), with 6 
subsequent monthly adjuvant cycles of TMZ chemotherapy 
(150-200 mg/ m2 daily for 5 days). With this regimen the 
median overall survival (OS) is 14.6 months [2]. 

In case of recurrent HGG, several drugs have 
demonstrated some activity, such as carmustine (BCNU), 
lomustine (CCNU), irinotecan (CPT-11) and carboplatin 
[3]. Unfortunately these therapies show limited response 
rates and, even when effective, the durability of response 
is modest. TMZ was demonstrated to increase survival as 
second-line therapy when compared with historical controls 
[4]. However, because most patients are now treated with 
TMZ as initial treatment, a rechallenge with TMZ at the same 
treatment schedule in second line is often not effective [5]. 
There is growing interest in alternative TMZ schedules, other 
than 150-200 mg/m2 on 5 days of each 28-day cycle, especially 
regimens with continuous low-dose TMZ administration. 
Protracted TMZ regimens may deplete O6-methylguanine 
DNA methyltransferase (MGMT), an important factor in TMZ 
resistance [6], and offer a higher dose intensity per month of 
delivery. In addition, several preclinical studies demonstrated 
that continuous daily administration of cytotoxic drugs at 
low dose, below the maximum tolerated dose (continuous 
dose-intense or metronomic chemotherapy), have potential 
anti-angiogenic activity [7-12]. Several clinical studies with 
daily low-dose TMZ regimens in second line demonstrated 
responses in patients pretreated with TMZ [5,13-17].

Given the characteristic high degree of endothelial 
proliferation, high vascular permeability and increased pro-
angiogenic growth factors expression, such as the vascular 
endothelial growth factor (VEGF), angiogenesis inhibition 
is a rational treatment strategy for HGG [18]. Single-agent 
bevacizumab treatment showed an improved median OS of 
9.7 months since latest recurrence [19]. The combination of 
anti-angiogenic therapy with chemotherapy is promising, as 
has been demonstrated by several phase II studies. Studies 
by Stark-Vance [20], Pope et al. [21], Vredenburgh et al. 
[22,23], Norden et al. [24], Guiu et al. [25], Cloughesy et al. 
[19], Kreisl et al. [26], Poulsen et al. [27], and Nghiemphu 
et al. [28] demonstrated that treatment with anti-VEGF 
monoclonal antibody bevacizumab in combination with 
the topoisomerase-1 inhibitor irinotecan in patients with 
relapsed HGG resulted in remarkably high response rates 
(RR) according to Macdonald criteria [29]: RR 43%-63%; 6 
months progression-free survival (PFS6): 38%-46%; and 6 
months OS (OS6): 72%-77%. These data are considerably 
better than historical controls treated with chemotherapy 
alone [30]. The underlying mechanisms of angiogenesis 
inhibition were explored in a study by Batchelor et al., where 
AZD2171 (a tyrosine kinase inhibitor of the VEGF receptor) 

was administered as monotherapy in patients with relapsed 
GBM [31]. AZD2171 induced an immediate effect on tumour 
vasculature, as indicated by a significant decrease in tumour 
gadolinium uptake, decreased tumour vessel permeability, 
and significantly alleviated oedema.

In the present study we explored the combination 
of these two anti-angiogenic strategies, bevacizumab with 
continuous dose-intense TMZ, in patients with relapsed HGG. 
Although in most studies in patients with high grade gliomas 
bevacizumab was administered every 2 weeks, in this study 
we have chosen for a once every 3 weeks schedule based on 
experience in other solid tumours and on pharmacokinetic 
characteristics of bevacizumab [32]. Primary end point of the 
study was PFS6. To quantify effects on tumour vasculature, 
patients were assessed with dynamic contrast-enhanced 
MRI (DCE-MRI) for vascular permeability of the tumour 
and with dynamic susceptibility contrast MRI (DSC-MRI) for 
tumour perfusion, at study inclusion, and at 3 and 21 days 
after starting treatment. In addition these parameters were 
evaluated until clinical or radiological relapse. The predicting 
value for clinical outcome of the different imaging techniques 
was calculated.

patients and methods

Inclusion and exclusion criteria
The trial was performed at the Academic Medical Center of 
the University of Amsterdam. Eligible patients included adults 
with a life expectancy of more than 8 weeks, a histologically 
confirmed intra-cranial HGG (WHO grade III or IV), evidence of 
tumour recurrence at baseline MRI, Karnofsky Performance 
Score > 70%, and adequate recovery from prior treatment. An 
interval of at least 30 days from prior treatment was required, 
including surgical (re-)resection, radiotherapy and up to 
two chemotherapy regimens. Patients with reproductive 
potential had to use contraceptives. Additional eligibility 
criteria included satisfactory haematologic, renal and hepatic 
functions, at least 5 days prior to enrolment. Exclusion 
criteria included the use of any other anti-cancer therapy, 
any anticoagulant therapy, enzyme-inducing antiepileptic 
drugs, pregnancy, prior anti-angiogenesis treatments, prior 
thrombo-embolic events or serious concomitant systemic 
disorders (e.g. active infection or abnormal electrocardiogram 
indicative of cardiac disease). All patients provided written 
informed consent, and the trial was conducted in accordance 
with the Declaration of Helsinki and was approved by the 
Academic Medical Center Institutional Review Board and the 
Dutch Central Committee on Research investigating Human 
Subjects (ISRCTN23008679). 

Study treatment
The experimental treatment consisted of continuous dose-
intense TMZ (Temodal®, daily 50 mg/m2, orally, continuously), 
bevacizumab (Avastin®, 10 mg/kg intravenously, every 21 
days, defined as one cycle) and dexamethasone if needed at 
inclusion. For these patients, the dexamethasone dose was 
fixed to 12 mg daily during the first cycle. Bevacizumab was 
supplied by Roche. TMZ and dexamethasone (Oradexon®) 
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were commercially obtained.
TMZ dose was delayed or reduced in case of grade 

1 or greater haematological toxicity and grade 2 or greater 
non-haematological toxicity. Prior to each bevacizumab 
infusion patients were checked for hypertension (upper limit 
systolic 150 and diastolic 100 mmHg), proteinuria, and clinical 
signs of haemorrhage. Treatment of hypertension by calcium 
antagonists was allowed. The first dose of bevacizumab was 
administrated intravenously during 90 minutes; subsequent 
doses were given during 30 minutes. Protocol treatment was 
discontinued when clinical or radiological disease progression 
was observed, and in case of grade 2 or greater central 
nervous system haemorrhage, grade 4 haematological and 
non-haematological toxicity, arterial or venous thrombosis, 
gastrointestinal perforation, wound dehiscence requiring 
medical or surgical intervention, or inability of the subject to 
comply with study requirements. 

Study evaluations
Clinical study evaluations during treatment included medical 
interim history, physical exam (e.g. blood pressure, Karnofsky 
performance status and neurological status), complete blood 
count and chemistry and urine analysis (protein). Toxicity was 
evaluated according to the NCI Common Terminology Criteria 
for Adverse Events Version 3.0. 

Radiological evaluation modalities included 
conventional T1 and T2 pre- and post-contrast MRI, diffusion 
weight imaging (DWI), DCE-MRI and DSC-MRI, serially 
performed 4 days prior to onset of therapy, on days 3, 21, 
every two months, and at relapse. Response was evaluated 
by neuro-radiologists on MRI T1 and T2 images, according 
to Macdonald et al. criteria [29], and for research purposes 
according to 3-dimensional net enhancing tumour volume 
(3D-NEV), based on Sorensen et al. [33]. 

Partial response (PR) was granted if contrasted T1 

images decreased >50% in bi-dimensional enhancing tumour 
product together with a stable or decreased tumour size on 
T2. Progressive disease (PD) was defined as >25% increase in 
bi-dimensional enhancing tumour product or the appearance 
of new enhancing lesions on T1. Patients were defined as 
having stable disease (SD) when radiographic criteria for PR 
or PD were not met. PD evaluation to exclude patients was 
allowed from the second cycle of bevacizumab.

Dynamic MRI evaluations
Images were transferred to an off-line workstation for 
analysis. DCE-MRI and DSC-MRI images were analyzed either 
in a qualitative or a quantitative fashion. For the qualitative 
analysis we calculated the 3D-NEV, based on enhancing 3D 
tumour volume without non-enhancing tissue and cysts. 
For quantitative analysis, we calculated the volume transfer 
coefficient Ktrans, as well as the perfusion parameter rCBV. 
Details of the calculations are given in the on-line appendix 
(Supplemental Methods section). 

Statistical considerations
With a sample size of 25 HGG patients, the study was designed 
to conclude with a nominal 0.05 one-sided significance 
level and a power of 80% that for combined treatment with 
bevacizumab and TMZ a PFS6 of 30% is higher than historical 
PFS6. Historical controls were derived from Ballmann et al., 
with PFS6 of 9% for grade IV patients [30].

Statistical analysis of PFS and OS was performed 
according to Kaplan-Meier. Analysis of possible prognostic 
factors was done with a log rank test. Variables that were 
statistically significant were further analysed with multivariate 
analyses by using the Cox proportional-hazards model. Hazard 
risk ratios and 95% confidence intervals (CI) are reported with 
2-tailed probability values. The reported probability values in 
the Cox model are based on the Wald test, and a probability 
value < 0.05 was considered significant.

results

Patient characteristics
Between April 2007 and December 2007, 23 patients with 
histologically confirmed HGG were enrolled, 8 AA and 15 GBM 
(Table 1). Of these, 18 patients were already on corticosteroid 
treatment (13 GBM and 5 AA). In 2 patients bevacizumab was 
added after the first cycle to explore early (at day 3 and 21) 
MRI changes with dexamethasone and temozolomide only. 
These 2 patients received bevacizumab in the following 
cycles. Maximum number of cycles was 18, mean 5.5, median 
4. Follow-up period lasted until May 2009.

All patients were previously treated with tumour 
resection followed by irradiation and TMZ after primary 
diagnosis and were progressive after first or second-line 
therapy (Supplemental Table S1). The median interval 
between primary diagnosis and start of experimental 
treatment was 206 weeks for AA patients and 68 weeks 
for GBM patients. Five patients received second-line 
chemotherapy prior to inclusion, in 11 patients debulking 
surgery was performed more than once. No patients were 

Verhoeff et al. Figure 1



Figure 1 Kaplan-Meier curves for progression-free survival (PFS; dotted lines) 
and overall survival (OS; solid lines) of grade III (thick green line) and grade IV 
patients (thin blue line) (time in weeks).
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included within 2 months after resection; one patient was 
re-irradiated 2 months prior to experimental treatment. 
Dynamic MRI at sequential time points was completed in 21 
patients (83 complete datasets in total). 

Before reaching the primary endpoint of 6 
months therapy, 18 of the 23 patients had PD on MRI, and 
experimental treatment was terminated. As of May 2009, 22 
patients have died. Also as of May 2009, the only surviving 
patient developed progressive disease and is treated with 
other experimental regimens.

Toxicity
Four patients required TMZ dose reduction due to 
haematological toxicity grade 1-2 or fatigue grade 2. TMZ was 
discontinued for 1 week and reduced by 25% according to 
protocol after recovery of white blood cells and/or platelets. 
Opportunistic infections grade 1 (including oral Candida 
infections and skin infections) were observed and treated 
in 4 patients without reducing study medication. Three 
patients required antihypertensive medication because of 
hypertension grade 1. An intra-tumoral haemorrhage grade 
1 without clinical symptoms was observed in one patient; 
bevacizumab was continued without problems. Two patients 
discontinued protocol treatment due to adverse events. One 
of them developed a deep venous thrombosis after the 4th 
cycle of bevacizumab and discontinued study treatment. 
One patient already considered progressive shortly after 
the 2nd bevacizumab infusion required hospitalisation due 
to an intra-tumoral haemorrhage grade 4, combined with 
thrombocytopaenia grade 2 and followed by pulmonary 
embolism. A few days later this patient died, possibly related 
to trial medication. No adverse events related to wound 
healing were observed, despite 5 patients having a re-
resection within 2 months prior to inclusion, and 4 patients 
being re-operated 6 weeks after the last bevacizumab 
infusion and exclusion. 

Response rate
The diameter-based response assessment, bi-dimensional 
cross-sectional contrast-enhancing tumour product on 
T1 images (CE-T1, according to Macdonald et al. criteria), 
revealed a comparable overall response rate (ORR) of 20% at 
day 3 and 21, but higher for AA than for GBM (Table 2). No 
objective responses were observed in the 2 patients without 
bevacizumab during the first 21-day treatment period.

The volume-based assessment (3D-NEV on T1 
images, according to Sorenson et al.) revealed higher response 
rates compared to diameter-based response measurements, 
47% at day 3 and 50% at day 21. Both methods demonstrated 
that in grade III tumours there was a trend to a lower ORR 
on day 21 compared to day 3; for grade IV tumours this was 
the other way around. No complete responses (CR) were 
documented according to either method. 

Treatment Efficacy
Twenty three patients were evaluable for the primary study 
end point (Table 2). The PFS6 was 17.4% (95% CI, 1.6% to 33%), 
for grade III and IV tumours 37.5% and 6.7%, respectively. 
Median PFS was 13.9 weeks (95% CI, 11.0 to 16.8 weeks), for 

grade III and IV tumours 20.4 and 10.4 weeks, respectively 
(Figure 1). Median OS was 17.1 weeks (95% CI, 8.9 to 25.9 
weeks), for grade III and IV tumours 32.4 and 15.7 weeks, 
respectively.

Using univariate analysis we evaluated patient 
characteristics for clinical outcome. Tumour grade was a 
strong prognostic factor for OS, with p=0.004 in favour of 
grade III patients (32.4 vs. 15.7 weeks median). Eighteen 
patients initially treated with corticosteroids had a shorter 
OS compared to 5 patients without need for corticosteroid 
treatment at inclusion (15.6 vs. 48.3 weeks median, p=0.011). 
Age under 55 years was a predictor for better OS (22.7 vs. 
15.7 weeks median, p=0.028). Eleven patients with 2 or 
more surgical procedures had a higher OS (14.7 vs. 32.4 
weeks median, p<0.001). In contrast, the number of prior 
chemotherapy regimens did not influence survival.

Changes of dynamic MRI parameters
During the first month 53% of the patients showed a decrease 
of more than 50% of the initial rCBV value (a measure of 
tumour blood volume, thus a mirror of vascularisation). 
Compared to baseline, the median decrease of rCBV on day 
3 was 63% and 52% for grade III and IV tumours, respectively 
(Supplemental table 2). For Ktrans (a measure of tissue 
permeability) an overall response rate of 56% was observed, 
defined as a decrease of more than 50% measured at day 3 
and 21. The median decrease of Ktrans on day 3 was 46% and 
53% for grade III and IV tumours, respectively. rCBV and Ktrans 
values at day 21 did not differ from day 3 values. At relapse, 
while treated with bevacizumab, rCBV levels remained low 
whereas Ktrans increased to levels comparable to baseline 
(Figure 2, Supplemental table 2). 

Predictive value of MRI responses and dynamic MRI 
parameters
Radiographic responses and the dynamic MRI parameters 
(rCBV and Ktrans) were analysed for their predictive value on 
survival. No relationship was observed between early (day 3 
and 21) radiographic responses (by Macdonald or Sorensen 
criteria) and disease outcome. 

Verhoeff et al. Figure 2



  





























Figure 2 Relative percentage of median CE-T1, T2, 3D-NEV, rCBV and Ktrans 
of all dynamic scanned patients (n=21) at 4 time points: pre-treatment, day 3 
and day 21, and during treatment at recurrence. After baseline measurement, 
all values (except those for T2) drop quickly as early as 72 hours after the 
start of experimental treatment, indicating a fast vascular response. 
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A correlation was observed between initial Ktrans 

values and survival (p<0.03) for grade III (slope = 0.13), but not 
for grade IV tumours (slope = 0.00) (Figure 3a). In both groups 
survival correlated with rCBV (p<0.03; grade III slope = 0.17; 
grade IV slope = 0.16, Figure 3b). Absolute or relative changes 
in rCBV and Ktrans values by treatment did not correlate with 
survival.

Oedema reduction 
Although in 50% of the patients a reduction in oedema was 
observed on T2 images, a more than 50% reduction was 
only observed in 2 patients at day 21. This phenomenon of 
oedema reduction occurred later than the rapidly observed 

decrease in CE-T1 volume and rCBV and Ktrans values at day 3. 
At relapse the oedema reduction persisted (Figure 2).

Patterns of relapse
Four patients (17%) acquired new contrast-enhancing lesions 
in other parts of the brain during treatment; all others 
showed local recurrences on MRI (Figure 4). At relapse, 
during bevacizumab treatment, 3D-NEV increased towards 
baseline volume and Ktrans increased to levels higher than 
baseline (Figure 2).

Four progressive patients were re-operated 6 weeks 
after the last bevacizumab infusion and resection specimens 
were collected for histological analysis. From one patient 
we obtained postmortem analysis 10 weeks after the last 
bevacizumab infusion. Histological reviewing revealed an 
extensively infiltrated disease present along pre-existing 
vasculature whereas almost no contrast enhancement was 
visible on the CE-T1 MRI performed 4 weeks earlier (Figure 
5). 

discussion

Response rates up to 57% have been reported in patients 
with relapsed HGG treated with combined bevacizumab and 
irinotecan [19,20,23-28,34]. These studies also demonstrated 
longer median PFS (14 - 24 weeks), and 6-months PFS (17% 
- 46%), compared with historical controls. Although some 
have reported a relatively long median OS (34 - 42 weeks) 
[19,23,34], Norden et al. demonstrated a longer median PFS (8 
vs. 22 weeks), but not OS (39 vs. 37 weeks), when comparing 
recurrent GBM patients treated with anti-angiogenic therapy 
to conventional chemotherapy [35]. 

In the present study we evaluated the efficacy of the 
combination of bevacizumab and continuous dose-intense 
TMZ in relapsed HGG patients. Our data demonstrate that this 
treatment is feasible and well tolerated in heavily pre-treated 
patients with recurrent HGG. Overall, we observed major 
adverse events in 2 patients (deep venous thrombosis; intra-
tumoral haemorrhage grade 4 with pulmonary embolism), 
both resulting in discontinuation of study treatment. These 
toxicity data are comparable with the reported side effects in 
previous studies with bevacizumab and irinotecan. 

The response data (CE-T1, 20%) in our study are 
comparable to the ORR reported for single-agent therapy 
[19] but they are considerably lower than the reported 
response rates up to 57% in previous studies for bevacizumab 
combined with chemotherapy, i.e. irinotecan [23,26,27,34]. 
An explanation for this may be that we administered 
bevacizumab every 3 weeks instead of every 2 weeks as in 
the other studies. Although the 3-weekly administration of 
bevacizumab is common practice in other solid malignancies 
this schedule may be less effective in recurrent HGG.

The 3D-NEV according to Sorenson et al. [33], 
revealed a much higher decrease in enhancing volume. This 
3-dimensional method is probably a more realistic approach 
to calculate changing tumour size than the cross-sectional 
product, because it takes into account the irregular shape 
of tumours and excludes intra-tumoral cavities and necrotic 
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Figure 3 Overall survival (OS) in weeks versus initial Ktrans (A) and initial rCBV 
(B) values, prior to start of experimental treatment. For grade III patients, a 
higher Ktrans corresponds with lower OS. In all patients, but especially grade 
III patients, a higher rCBV corresponds with lower OS. Blue dots indicate 
grade III, and green dots grade IV patients. Trendlines are also shown.
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tissue. Nevertheless, the rapid change in tumour-enhancing 
area or volume by anti-angiogenic therapy makes it highly 
improbable that this phenomenon represents a real anti-
tumour effect. This is in line with the finding that no relation 
was observed between radiographic responses and disease 
outcome.

The PFS6 in our patients was also considerably lower 

compared to the above-mentioned studies with bevacizumab 
and irinotecan. Because of the direct vascular effects and 
reduced permeability produced by anti-angiogenic agents, 
gadolinium-enhanced tumour areas are often ill defined, 
faded and have a “smudged” appearance. This complicates 
proper assessment of the underlying actual tumour mass 
and also the moment of tumour progression. Therefore, 
determination of the time to progression based on changes 
of enhancing tumour areas or volumes is difficult and not 
useful for the evaluation of anti-angiogenic therapy in HGG. 
Unlike progression-free survival, overall survival is the most 
robust endpoint, not affected by misinterpretations of 
anti-angiogenic therapy. In the present study the median 
OS was 32.4 and 15.7 weeks for grade III and IV tumours, 
respectively. The reported median OS data in the various 
studies with bevacizumab and chemotherapy, selected for 
grade IV only, are less consistent and range from 28 to 42 
weeks [19,23,24,27]. The median OS of 15.7 weeks in our 
study for grade IV tumours compares unfavourably with 
these bevacizumab studies and is even worse compared with 
survival data from the meta-analysis of Wong et al. resulting 
in 30 weeks for grade IV tumours treated with second-line 
chemotherapy alone [36]. 

Although we were not able to demonstrate obvious 
differences in patient characteristics of the included patients 
between our study and other studies, patient selection may 
be an explanation for our inferior results [37]. Additional 
factors may be the kind of chemotherapy combined 
with bevacizumab, and the schedule of bevacizumab 
administration. An alternative explanation for the negative 
results in this study may be that temozolomide actually 
negates the benefits of bevacizumab. The assumption that 
continuous dose-intense TMZ, in the present schedule, may 
be effective in TMZ pre-treated patients is not supported 
by the results of the present trial. Several preclinical/ and 
clinical observations suggest that the type of chemotherapy 
used in bevacizumab-containing regimens affects the anti-
cancer effect. The initial enthusiasm amongst clinicians about 
the impressive bevacizumab-induced survival prolongation 
in patients with metastatic colorectal cancer, based on a 
randomized study comparing bolus 5-FU/irinotecan (IFL 
schedule) with and without bevacizumab [38], has been 
tempered considerably after the disappointing results of a 
randomized study comparing bevacizumab in an oxaliplatin 
schedule with infusional 5-FU [39]. Therefore, the kind of 
chemotherapy and schedule used in bevacizumab-containing 
regimens seems to be important for outcome.  

Although the study of Mathieu et al. exploring 
bevacizumab and temozolomide in orthotopic glioma models 
suggests a beneficial effect of this combination [40], other 
preclinical studies with anti-angiogenic therapy do not. The 
study of Claes et al. demonstrates that the VEGFR-2 inhibitor 
vandetanib in intra-cerebral GBM xenografts antagonises the 
anti-tumour effect of TMZ [41]. In addition the study of Ma 
et al. shows that the anti-angiogenic compound TNP-470 
leads to a reduced uptake of TMZ in intra-cerebral xenografts 
[42]. It is known that the intra-tumoral concentration of 
cytotoxic drugs is affected by vessel permeability, interstitial 
pressure in the tumour and, in case of brain tumours, also 

Verhoeff et al. Figure 4



















Figure 4 Three typical patients (a, b, c) scanned prior to treatment, at 3 days 
after start of treatment, and at recurrence during treatment. A fast decrease 
of maximal enhancement, enhancing area is observed after only 3 days of 
treatment, T2 response is slow but persistent. 
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by the blood brain barrier (BBB) [43,44]. Several preclinical 
studies demonstrated that antiangiogenic therapy results 
in decreased interstitial tumour pressure and increased 
uptake of drugs, as has been demonstrated for irinotecan in 
human rectal carcinoma [38]. This may partially explain the 
superiority of combined treatment over bevacizumab alone 
in solid tumours. Because irinotecan as monotherapy has 
minimal activity in HGG, higher irinotecan concentrations 
in HGG in areas with persistently leaking BBB under anti-
angiogenic therapy may also contribute to the increased anti-
tumour activity of irinotecan in HGG. Interestingly, Cloughesy 
et al. did not find additional value for combined irinotecan 
(OS 8.7 vs. 9.7 months) over single-agent bevacizumab [19]. 
To what extent decreased interstitial tumour pressure and 
changed uptake of drugs also plays a role in the concentration 
of temozolomide in HGG tumours is unknown, although the 
study of Ma et al. suggests that this is not the case [42]. 
Otherwise, a decrease in vessel permeability may even lead 
to lower TMZ concentrations in the tumour. 
 In the present study we measured Ktrans (measure 
for permeability and/or blood flow) and rCBV (measure for 
tumour blood volume) at baseline and at various time points 
during treatment and at relapse (Supplemental table 2).  
Measurements at baseline and day 21 were performed just 
prior to the next bevacizumab administration. Compared to 
baseline, these two parameters were decreased considerably 
at day 3 and 21 thus supporting the evidence that bevacizumab 
rapidly affects permeability and blood flow, and is active 
during 3 weeks. Weak correlations were observed between 
initial rCBV (grade III) and Ktrans (grade III and IV) values 
and survival, whereas the decrease in these values during 
treatment did not correlate with survival at all. Although 
these dynamic MRI values and changes are interesting and 
may offer insight into the activity of anti-angiogenic drugs 
on vessel permeability and blood flow, we were not able to 
observe a strong predictive value for an anti-tumour effect. 
These data are in agreement with the observation that also 
early responses on CE-T1, determined by anti-angiogenic 
therapy-induced vascular changes, are also not predictive for 

outcome.
 At relapse rCBV stayed low whereas Ktrans increased 

dramatically. An explanation for this discrepancy at relapse 
is that the vascularisation status (rCBV) did not change, but 
that vessel permeability (Ktrans) increased dramatically, and 
in a larger area. This effect may possibly be somewhat over-
exaggerated, because here the timing of MR acquisition with 
respect to the last bevacizumab administration was less well 
defined compared to the time points at day 3 and day 21. 
Therefore, the mean time between last bevacizumab infusion 
and dynamic acquisition was larger, possibly leading to a 
decreased anti-permeability effect of bevacizumab. 

New enhancing brain lesions were observed in 17% 
of our patients, more than observed in historical controls [24]. 
Other clinical studies also revealed that HGG recurs (mainly 
invasive) with more distant metastases when angiogenesis is 
inhibited [24,45]. 

conclusion

In this trial we investigated the combination treatment 
of bevacizumab and continuous dose-intense TMZ. This 
treatment is feasible and well tolerated but does not improve 
PFS6 and OS. Our dynamic imaging results may indicate that 
anti-angiogenic treatment is effective against the leaky bulk 
of the tumour, but not against invasive tumour components.

Furthermore, when the disappointing survival 
compared to TMZ mono-treatment (15.7 vs. 30 weeks) is 
taken into account, the reduced survival time may even 
indicate that anti-angiogenic treatment not only reduces 
vessel permeability for contrast-enhancing agents but may 
even reduce the activity of TMZ by limiting drug penetration. 
This study demonstrates that randomised trials (with and 
without anti-angiogenic therapy) are necessary to define 
the role of this new treatment strategy and to overcome the 
problem of treatment bias in patients with HGG.

Verhoeff et al. Figure 5

 
Figure 5 a) Pre-treatment CE-T1 MRI scan 
of a patient (PR) treated with bevacizumab 
and metronomic-dose TMZ; postmortem 
analysis showed an extensive infiltrative 
disease with tumour cells spreading into the 
contralateral hemisphere; 
b) during treatment, 4 weeks prior to CE-
T1 MRI, the primary tumour site showed 
almost no contrast enhancement. 
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Table 1: patient characteristics
Characteristic Value

Grade III Grade IV Overall
Total number of patients 8 15 23
Age (years)

Mean 36.0 50.9 45.7
Median 36.0 55.0 44.6

Range 17.5 - 54.9 24.2 - 68.7 17.5 - 68.7
Sex

Males 5 10 15
Females 3 5 8
% Males 62.5 66.7 65.2

% Dexamethasone at start 62.5 86.7 78.3

Time from first diagnosis
 (months)              Median 36 13 17

Range 17.6 - 56.5 8.8 - 55.1 8.8 - 56.5

Table 2: patient response 

Characteristic Value
Grade III Grade IV Overall

Total number of patients 8 15 23
CE-T1 ORR in %

Day 3 37 7.7 19
Day 21 25 16.7 20

3D-NEV ORR in %
Day 3 50 46 47

Day 21 37 58 50
PFS6 in % 37.5 6.7 17.4
OS6 in % 62.5 20.0 34.8
PFS

Median 20.4 10.4 13.9
Range 10.1 - 39.9 2.4 - 26.4 2.4 - 39.9

OS since latest recurrence
Median 32.4 15.7 17.1

Range 14.6 - 62.1 5.3 - 46.9 5.3 - 62.1
OS since first diagnosis

Median 206.6 68.1 104.6
Range 109 - 300 54.7 - 272.1 54.7 - 300

(Time in weeks)

ORR = overall response rate
PFS = progression-free survival

OS = overall survival 
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Supplemental data
Supplemental Table 1: Previous treatment regimens 

Previous treatment Value
regimens Grade III Grade IV Overall

Total number of patients
8 15 23

Resection, chemo-irradiation (60Gy 
+ TMZ), followed by 6 mo TMZ

12 12

Idem, 
followed by re-resection 4 2 6

Idem,
followed by re-resection and 2nd 
line chemotherapy 

3 3

Resection, irradiation,
followed by re-resection + TMZ, 
followed by 2nd line chemotherapy

1 1 2

Supplemental Table 2: conventional and dynamic MRI responses

Characteristic Value
Grade III Grade IV Overall

Total number of patients 8 15 23

T1 Cross-sectional product 
Day 0 value (%) 30.7 (100.0) 18.3 (100.0) 25.4 (100.0)

Range 4.6 - 71.6 4.2 - 56.2 4.2 - 71.6
Day 3 26.9 (87.6.)  15.8 (86.3) 22.5 (88.6)

Range 1.9 - 51.8 2.8 - 40.9 1.9 - 51.8
 Day 21 25.4 (82.7) 14.9 (81.4) 21.3 (83.9)

Range 1.4 - 54.8 2.3 - 41.0 1.4 - 54.8
At relapse 20.5 (66.8) 21.8 (119.1) 21.8 (85.8)

Range 3.3 - 62.3 5.7 - 59.0 3.3 - 62.3

T2 Cross-sectional product
Day 0 value (%) 47.8 (100.0) 36.9 (100.0) 39.2 (100.0)

Range 11.0 - 138.8 19.0 - 65.0 11.0 - 138.8
Day 3 51.1 (106.9)  36.9 (100.0) 39.2 (100.0)

Range 8.8 - 138.8 19.0 - 58.1 8.8 - 133.0
 Day 21 43.3 (90.6) 32.0 (86.7) 37.2 (94.9)

Range 10.3 - 136.4 12.8 - 56.2 10.3 - 136.4
At relapse 44.6 (93.3) 37.2 (100.8) 36.7 (93.8)

Range 5.9 - 155.9 16.3 - 77.0 5.9 - 155.9

T1 Net-Enhancing Volume
Day 0 value (%) 21.3 (100.0) 16.4 (100.0) 16.4 (100.0)

Range 3.4 - 50.2 2.8 - 63.5 2.8 - 63.5
Day 3  8.3 (39.0) 8.9 (54.3) 8.9 (54.3)

Range 0.9 - 39.1 1.9 - 42.8 0.9 - 42.8
Day 21 11.6 (54.5) 9.7 (59.1) 10.3 (62.8)

Range 2.6 - 47.9 0.3 - 39.5 0.3 - 47.9
At relapse 15.7 (73.7) 14.1 (86.0) 14.5 (88.4)

Range 0.3 - 68.4 2.8 - 56.2 0.3 - 68.4

Maximum Enhancement
Day 0 value (%) 0.74 (100.0) 0.74 (100.0) 0.74 (100.0)

Range 0.42 - 1.18 0.54 - 1.35 0.42 - 1.35
Day 3 0.50 (67.6) 0.56 (75.7) 0.56 (75.7)

Range 0.38 - 0.66 0.46 - 0.93 0.38 - 0.93
Day 21 0.55 (74.3) 0.55 (74.3) 0.55 (74.3)

Range 0.47 - 0.72 0.50 - 0.93 0.47 - 0.93
At relapse 0.54 (73.0) 0.60 (81.1) 0.59 (79.7)

Range 0.38 - 0.66 0.48 - 0.93 0.38 - 0.93
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Characteristic Value
Grade III Grade IV Overall

Tumour rCBV
Day 0 value (%) 0.68 (100.0) 0.86 (100.0) 0.69 (100.0)

Range 0.50 - 0.94 0.56 - 1.09 0.50 - 1.09
Day 3 0.25 (36.8) 0.41 (47.7) 0.34 (49.3)

Range 0.12 - 0.68 0.14 - 0.92 0.12 - 0.92
Day 21 0.33 (48.5) 0.42 (48.8) 0.36 (52.2)

Range 0.10 - 0.93 0.16 - 0.74 0.10 - 0.93
At relapse 0.23 (33.8) 0.32 (37.2) 0.28 (40.6)

Range 0.13 - 0.38 0.18 - 0.60 0.13 - 0.60

Tumour Ktrans

Day 0 value (%) 0.24 (100.0) 0.58 (100.0) 0.34 (100.0)
Range 0.08 - 0.56 0.12 - 1.22 0.08 - 1.22

Day 3 0.13 (54.2) 0.27 (46.6) 0.22 (64.7)
Range 0.04 - 72 0.07 - 0.88 0.04 - 0.88

Day 21 0.12 (50.0) 0.22 (37.9) 0.21 (61.8)
Range 0.01 - 0.77 0.10 - 0.79 0.01 - 0.79

 At relapse 0.24 (100.0) 0.50 (86.2) 0.38 (111.8)
Range 0.13 - 1.09 0.15 - 1.01 0.13 - 1.09







Verhoeff et al. Supplemental figure S1

















Supplemental Figure S1
a) CE-T1, b) T2, c) Colour maps of Ktrans and d) colour maps of rCBV 
values for one patient during pre-treatment (left column) and during 
initial treatment phase (right column). Colour coded maps, Ktrans 
values expressed in min-1.
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Abstract 

Background

The relevance of angiogenesis inhibition in the treatment of glioblastoma multiforme (GBM) should be considered in the unique 
context of malignant brain tumours. Although patients benefit greatly from reduced cerebral oedema and intracranial pressure, 
this important clinical improvement on its own may not be considered as an anti-tumour effect. 

Discussion

GBM can be roughly separated into an angiogenic component, and an invasive or migratory component. Although this latter 
component seems inert to anti-angiogenic therapy, it is of major importance for disease progression and survival. We reviewed 
all relevant literature. Published data support that clinical symptoms are tempered by anti-angiogenic treatment, but that 
tumour invasion continues. Unfortunately, current imaging modalities are affected by anti-angiogenic treatment too, making 
it even harder to define tumour margins. To illustrate this we present MRI, biopsy and autopsy specimens from bevacizumab-
treated patients. 
Moreover, while treatment of other tumour types may be improved by combining chemotherapy with anti-angiogenic drugs, 
inhibiting angiogenesis in GBM may antagonise the efficacy of chemotherapeutic drugs by normalising the blood-brain barrier 
function. 

Summary

Although angiogenesis inhibition is of considerable value for symptom reduction in GBM patients, lack of proof of a true anti-
tumour effect raises concerns about the place of this type of therapy in the treatment of GBM.
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Background 

The brain is the highest organised and most complex organ 
of the body. Some unique features of the brain that have an 
impact on the biology of brain tumours include extensive 
three-dimensional structuring with gray and white matter 
[1], and high density of blood capillaries making it a well-
perfused organ; however, a blood-brain barrier (BBB) very 
selectively regulates the penetration of substances into the 
brain [2]. With respect to this specific micro-environment, 
brain cancer, in particular high-grade astrocytoma (malignant 
glioma, glioblastoma multiforme, GBM) differs from many 
other cancer types. Whereas this disease usually manifests 
itself as a focal lesion with central necrosis surrounded by an 
angiogenic tumour rim (one of the characteristics of GBM), 
this tumour also invades the surrounding extracellular matrix, 
using both white matter tracts and blood vessels as substrate 
[3,4]. Consequently, the presence of migrating glioma cells in 
brain parenchyma relatively far away from the tumour core 
is common, complicating curative surgery and radiotherapy. 
The exact molecular and cellular mechanisms behind cell 
migration in glioma remain to be elucidated [5].
 Despite attempts to improve treatment results 
over the last 30 years, GBM remains a highly fatal and 
devastating disease; a cure is extremely rare, even with 
aggressive treatment [6,7]. The current standard of care is 
surgical resection to a maximal feasible extent, followed 
by radiotherapy and systemic temozolomide (TMZ) 
chemotherapy. The latter has a modest effect on outcome, 
with a median overall survival of 14.6 months versus 12.1 
months for radiotherapy alone [8]. Consequently, with so few 
treatment options available, the latest regimens designed for 
treatment of other cancers are currently also tested for GBM. 
These new agents include angiogenesis inhibitors, in particular 
bevacizumab (Avastin®). Combined with chemotherapy, 
this monoclonal antibody against VEGF-A is FDA approved 

for the treatment of advanced non small-cell lung cancer, 
advanced breast cancer and advanced colorectal cancer, 
improving overall survival in these patients compared with 
chemotherapy alone [9-13]. Indeed, results of phase II non-
randomised trials with angiogenesis inhibitors for recurrent 
GBM seem promising, with substantial improvement 
of apparent median progression-free survival (PFS) and 
6-months PFS6 compared with historical controls [14-17]. 
Due to a lack of large phase III studies, reliable data on overall 
survival prolongation are not available. Yet, based on data 
from phase II studies, bevacizumab received accelerated FDA 
approval for treatment of recurrent high-grade astrocytomas 
in May 2009.
 Despite these apparent improvements it should also 
be realised that the characteristic tumour micro-environment 
in brain may have a negative impact on the efficacy of such 
therapies, and may even be responsible for overestimation of 
efficacy. We outline below how the unique features of GBM 
may provide this type of tumour with an ‘escape mechanism’ 
from anti-angiogenic treatment, and present clinical and 
histological data that confirm results from preclinical work on 
orthotopic glioma xenografts. While angiogenesis inhibitors 
in combination with chemotherapies may effectively inhibit 
tumour cell proliferation in other tumour types, the brain 
micro-environment allows furtive invasion and proliferation 
in case of GBM.

Discussion

Clinical experiences
One of the aggravating symptoms of high-grade astrocytomas 
is increased intracranial pressure, a direct result of oedema 
caused by leaky tumour vasculature. Corticosteroids are used 
to alleviate these symptoms [18]. Angiogenesis inhibitors 
are effective in reducing these symptoms, or the need for 

Figure 1 MRI scans of recurrent GBM treated with 
bevacizumab
MRI scans of a typical patient with recurrent 
GBM, treated with bevacizumab 10 mg/kg every 
3 weeks plus daily temozolomide 50 mg/m2. 
Top row T1; middle row T2; bottom row ADC 
(apparent diffusion coefficient. ADC c is lacking). 
Column (A) scans pre-treatment, showing cystic 
and tumour component, large midline shift, and 
large vasogenic oedema. Column (B) 3 days after 
start, showing reduced contrast enhancement, 
and slightly reduced midline shift. Column (C) 
21 days after start, showing reduced contrast 
enhancement but a larger size (no progression 
based on Macdonald criteria), reduced midline 
shift, and reduced oedema. Column (D) 88 days 
after start, showing decreased size of tumour and 
cystic component, stable reduction of contrast 
enhancement, normalised midline shift, and slight 
increase of oedema. Column (E) 188 days under 
treatment, showing increased tumour size and 
cystic component, increased midline shift, and 
increased oedema (also in the other hemisphere).
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corticosteroid treatment in recurrent GBM patients [19-26]. 
This rapid effect of anti-VEGF therapy is suggested to be due 
to a normalization of vascular permeability resulting in a 
reduction of peritumoural oedema and intracranial pressure, 
and is even more active than corticosteroid therapy alone 
(Figure 1A-C) [21,24].  
 However, the question remains whether 
angiogenesis inhibitors represent a true anti-GBM regimen. 
Non-randomised phase II trials in recurrent GBM patients 
demonstrated high response rates ranging from 20% with 
single agent TMZ [27], to 30% with single agent AZD2171 
(Cediranib, a small molecule VEGFR inhibitor) [24], 20% 
with single agent bevacizumab , and even to 57% when 
bevacizumab was combined with irinotecan [14-17,28]. These 
studies also demonstrated longer median PFS (14-24 weeks), 
and 6-months PFS (17%-46%), compared with historical 
controls treated with cytotoxic chemotherapy (6-months PFS 
mostly <30%). Although some have reported relatively long 
median survival (34-42 weeks) [14,16,28], Norden et al. [29] 
demonstrated a longer median PFS (8 vs. 22 weeks), but not 
median survival (39 vs. 37 weeks), of  recurrent GBM patients 
treated with anti-angiogenic therapy. The suggested efficacy 
of anti-angiogenic drugs in patients with recurrent GBM is 
based on non-randomised trials with PFS as the main study 
endpoint. 

Determination of the precise time at which GBM 
progression occurs is challenging. The often robust and 
sustained changes on MRI by anti-angiogenic drugs may 
render subsequent MRI scans difficult to interpret [30]. 
Therefore, the response rate and PFS may not be the optimal 
endpoints in phase II studies of anti-angiogenic therapy 
in patients with recurrent GBM. Because of the potential 
selection bias in non-randomised studies, and concerns 
about PFS as study endpoint, we should interpret data 
from such studies with caution [31]. Randomised trials with 
survival as primary endpoint are necessary to determine the 

role of angiogenesis inhibitors in the treatment of patients 
with recurrent GBM.
 A problem with the current enthusiasm for 
angiogenesis inhibition in GBM is that tumour response 
evaluations are based on cross sectional contrast enhancing 
tumour areas [32]. Because anti-angiogenic therapy directly 
interferes with vessel permeability and gadolinium-DTPA (Gd-
DTPA) uptake in the tumours, response evaluations based 
on contrast enhancing areas are suboptimal for monitoring 
the effects of anti-angiogenic therapy [30]. In addition, the 
current methods of imaging are not adequate to identify 
tumour boundaries, the areas where tumour growth and 
infiltration takes place. Indeed, also in mouse models of 
orthotopic glioma, tumour visibility on Gd-DTPA enhanced 
MRI scans show an impressive decrease after anti-angiogenic 
treatment. However, in these models treatment does not 
affect tumour growth, but merely shifts tumour progression 
from an expansive to an invasive, angiogenesis-independent 
phenotype [33,34]. Therefore, also in patients with GBM, 
the impressive decreases of contrast enhancement in these 
tumours on anti-angiogenic treatment (Figure 1A-E) are not 
necessarily synonymous with anti-tumour effects.

In the 1990s, MRI criteria for evaluation of brain 
tumour size and treatment responses were adjusted after 
introduction of corticosteroids in GBM treatment [35]. Again, 
new criteria need to be developed now that angiogenesis 
inhibitors are being explored for the treatment of GBM 
and, importantly, for other tumours that metastasise to the 
brain [36-41]. Promising imaging modalities to evaluate anti-
angiogenic treated patients include T2-weighted imaging 
[42], dynamic contrast enhancement imaging [43], apparent 
diffusion coefficient imaging [44], diffusion tension imaging 
[45], diffusion-weighted imaging [46], USPIO-enhanced blood 
volume imaging [34], (multivoxel) MR spectroscopy [42], 
positron emitting tomography [47,48], and single-photon 
emission computed tomography nuclear imaging [49]. 

Figure 2  Recurrent GBM: resection and autopsy 
material, post bevacizumab
(A, B) Recurrent GBM resection material, 
obtained 6 weeks after last infusion of 
bevacizumab. Tumour cells co-opt pre-existent 
vessels with relatively intact BBB (arrows). (A) 
H&E staining 20x. (B) Glut-1, BBB marker, 20x. 
(C, D) Recurrent GBM: autopsy was performed 
10 weeks after the last infusion of bevacizumab. 
Near tumour sample shows tumour cells 
invading along white matter tracks. (C) H&E 20x. 
(D) Glut-1 BBB marker, 10x. 
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However, the clinical value of these modalities for the follow-
up of GBM patients treated with angiogenesis inhibitors in 
trials has yet to be confirmed [50].

Vascularisation and vessel normalisation

The central hypothesis of angiogenesis inhibition as anti-
tumour strategy states that tumour growth and expansion are 
dependent on the ability of the tumour to generate its own 
supportive vascularisation [51-53]. The actual dependence 
on angiogenesis is, however, highly dependent on the tumour 
micro-environment. Indeed, it is an absolute requirement for 
rapidly proliferating tumours growing in avascular spaces, 
which encompass most of the subcutaneous murine tumour 
models (including glioma). Such tumours are indeed very 
responsive to anti-angiogenic therapy. In clinical tumours 
(and, in particular, brain cancer), the situation is far more 
complex. While GBM is considered to be a highly vascular 
tumour with an extensive angiogenic component driven by 
VEGF-A (produced by peri-necrotic hypoxic tumour cells), 
the relative contribution of angiogenic growth aspects is 
probably low compared to the complete tumour volume. 
In the angiogenic parts, the quality of the newly formed 
vessels may be poor [54,55]. Theoretical and preclinical 
models support the concept that anti-angiogenic treatment 
leads to vascular normalisation in these areas; immature 
intratumoural vessels are pruned, vessel hyperpermeability 
and concomitant tumour interstitial pressure are reduced, 
and pericyte coverage is restored, resulting in improved 
tumour vessel perfusion and creating opportunities for 
combination treatments [56,57]. Vessel normalisation is 
believed to explain the synergy between bevacizumab and 
chemotherapy in advanced colorectal cancer patients [9,57]. 
In confirmation of this concept, it was recently reported 
that anti-VEGF treatment of subcutaneous melanoma grafts 
results in vessel normalisation and concomitant better 
delivery of MRI contrast agents and oxygen to the tumour 
[58]. In striking contrast, similar treatment of brain tumours 
(both primary and metastatic) results in reduced contrast-
enhanced MRI visibility both in animal models [34,59] and 
in GBM patients (Figure 1). Thus, functional implications 
of vessel normalisation may depend on specific features of 
the tumour micro-environment, enabling an adaptation to 
circumvent the specific angiogenic blockade [60].

Invasion and migration

Next to the angiogenic rim, in GBM large areas can be 
identified where viable and proliferating tumour cells invade 
the surrounding highly vascularised normal tissue. In the 
cerebrum, blood vessels and white matter tracts are typically 
located next to each other and form corridors for invading 
GBM cells [4]. Close to the tumour bulk, glioma cells can be 
found alongside these vessels and white matter tracts (Figure 
2A-D) [61]. Utilisation of these blood vessels for metabolic 
support (known as vessel co-option), offers proliferating 
tumour cells an efficient escape mechanism for anti-
angiogenic therapy. Indeed, co-opted vessels are refractory 
to anti-angiogenic treatment [33,56,62-65]. Consequently, 
even during anti-angiogenic therapy, GBM cells continue 
to migrate through the adjacent cerebrum for considerable 

distances as is illustrated by the presence of high densities of 
tumour cells, disperse throughout the brain of a patient who 
died 10 weeks after the last dose of bevacizumab (Figure 3). 
Published clinical data appear in line with recently published 
preclinical data, showing that VEGF inhibition may promote 
tumour cell invasiveness, also in  other tissues than brain 
[66-69]. Clinical studies have also shown that bevacizumab 
may alter the recurrence pattern of malignant gliomas by 
suppressing contrast-enhancing tumours more effectively 
than non-enhancing, infiltrative tumours [22,70].

Blood brain barrier and chemotherapy

Chemotherapeutic drugs are generally not very effective 
against GBM, partly due to intrinsic resistance [71] but also 
because of an intact BBB in peripheral parts of the tumour 
(note the positive staining for BBB-specific endothelial 
protein glut-1 in Figure 2B,D) that efficiently restricts the 
distribution of drugs to tumour cells [2]. Even TMZ, which 
is able to cross the BBB to some extent, probably acts more 
effectively against tumour cells in more accessible angiogenic 
parts of the tumour. The synergy of combined anti-angiogenic 
and chemotherapeutic agents in other malignancies has been 
partially attributed to normalisation of the tumour vascular 
bed, as discussed above [53]. Whereas this strategy may work 
well in tumours outside the brain, in case of GBM normalisation 
of the tumour vascular bed and reduction of interstitial 
pressure comes at the expense of restored functionality of 
the BBB as evidenced by the reduced permeability for Gd-
DTPA. The accompanying reduced accessibility of other drugs 
carries the risk of antagonising the efficacy of such agents; 
we have shown this in mice bearing orthotopic intracranial 
tumours treated with TMZ either with or without concomitant 
anti-angiogenic treatment with vandetanib (ZD6474) [59]. 
More recently, it was reported that bevacizumab increases 
efficacy of TMZ [72] or carboplatin [73]. At this moment 
the cause of this apparent discrepancy remains unclear 
but effects of timing and dosing of anti-angiogenic therapy 
and chemotherapy may play a role here. For example, we 
previously demonstrated that high doses of vandetanib 

Figure 3  Recurrent GBM: autopsy material, post bevacizumab
GBM cells invade almost the whole brain of this recurrent GBM patient (2C,D). 
H&E stained autopsy specimen of neocortex of the hemisphere opposite to 
tumour location, 10 weeks after the last infusion of bevacizumab.



78

effectively inhibited angiogenesis and restored vessel 
permeability, whereas low doses did inhibit angiogenesis 
but left tumour vasculature hyperpermeable [33]. These 
features should be carefully investigated for clinical GBM too, 
to improve control of the different therapeutic modalities on 
tumour behaviour. Meanwhile, the discussion continues as 
to whether combining anti-angiogenic treatments with other 
chemotherapies is beneficial or detrimental (or somewhere 
in-between).

Conclusions

The relevance of angiogenesis inhibition in the treatment of 
GBM has been placed in the unique context of malignant brain 
tumours. Patients may benefit from anti-angiogenic therapy 
by its reduction of peritumoural oedema and intracranial 
pressure. Several studies also suggest an anti-tumour effect 
because of improved response rates and prolonged PFS; 
however, these data are derived from non-randomised trials 
with PFS as primary endpoint. Available data on survival 

prolongation are less robust (phase II) and sometimes even 
conflicting. High costs and side-effects of angiogenesis 
inhibitors (e.g. venous and arterial thrombo-embolism and 
haemorrhage as demonstrated in phase II studies) need to be 
balanced against advantages related to survival. Therefore, 
we can only implement angiogenesis inhibitors as standard 
treatment for patients with GBM when data are available from 
randomised clinical trials with survival as primary endpoint. 
Our concerns are not restricted to the limited amount of data 
on outcome and toxicity, but also arise from preclinical data 
on the biology of GBM and angiogenesis inhibition.  

GBM can be roughly separated into an angiogenic 
component, and an invasive or migratory component. 
Although this latter component seems inert to anti-angiogenic 
therapy, it is of major importance for disease progression 
and survival (Figure 4). Whereas symptoms are tempered 
by anti-angiogenic treatment, furtive invasion of the disease 
continues, unrecognised by standard imaging modalities. 
Moreover, while treatment of other tumour types is improved 
by combining chemotherapy with anti-angiogenic drugs, 
inhibiting angiogenesis in GBM may antagonise the efficacy 
of chemotherapeutic drugs by normalising the BBB function. 
Although angiogenesis inhibition is of value for symptom 
reduction in GBM patients, the possible lack of a true anti-
tumour effect raises concerns about the place of this type of 
therapy in the treatment of patients with GBM. 

Summary
1. GBM can be roughly separated into an angiogenic 

component, and an invasive or migratory component. 
2. Although this invasive or migratory component 

seems inert to anti-angiogenic therapy, it is of major 
importance for disease progression and survival. 

3. Whereas symptoms are tempered by anti-angiogenic 
treatment, furtive invasion of the disease continues, 
unrecognised by standard imaging modalities. 

4. Moreover, while treatment of other tumour types 
is improved by combining chemotherapy with anti-
angiogenic drugs, inhibiting angiogenesis in GBM may 
antagonise the efficacy of chemotherapeutic drugs by 
normalising the BBB function. 

5. Although angiogenesis inhibition is of value for 
symptom reduction in GBM patients, the possible lack 
of a true anti-tumour effect raises concerns about the 
place of this type of therapy in the treatment of GBM. 
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Figure 4  Schematic drawing: pre-treatment and during treatment
Schematic drawing of high-grade glioma, pre-treatment (A), and with anti-
VEGF treatment (B). (A) Contrast leakage (white) occurs around leaky tumour 
vessels enhancing the tumour area on MRI. Capillaries in surrounding tissue 
are not leaky. (B) Contrast-enhanced area is strongly reduced under anti-
VEGF treatment. Tumour cells migrate furtively into the surrounding tissue 
and co-opt existing vasculature.
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General Discussion

Glioblastoma multiforme (GBM, or High Grade Glioma, 
HGG) is a devastating disease with a dismal prognosis 
even under highest standard of care. Every year in the 
Netherlands approximately 800 new patients are presented. 
Current treatment consists of surgical resection followed 
by irradiation combined with temozolomide. For recurrent 
disease, no standard treatment is established. 

Hanahan and Weinberg defined six hallmarks 
of cancer: self-sufficiency in growth signals, insensitivity 
to growth-inhibitory (anti-growth) signals, evasion of 
programmed cell death (apoptosis), limitless replicative 
potential, sustained angiogenesis, and tissue invasion and 
metastasis (Hanahan and Weinberg, 2000). One of the pivotal 
hallmarks of GBM, i.e. displaying a high vascularisation, made 
treatment with angiogenesis inhibitors an attractive option. 

Not only pruning of abundant tumor vasculature is of 
interest for deprivation of tumor cells; angiogenesis inhibitors 
will probably affect also the functioning of the niche for GBM 
CSCs, which is thought to consist of endothelial cells. In our 
in vitro co-culture model the necessity for direct cell-cell 
contact between CSCs and tumor micro-vascular endothelial 
cells (tMVECs) was shown (chapter 2). The complex factors 
that promote cell growth and therapy-resistance should be 
further examined. Special attention should be paid to the 
influence of the niche on radiation resistance, as irradiation is 
the pivotal treatment for GBM. Interaction between CSCs and 
their niche is partially hosted by short range acting members 
of the Sonic Hedgehog family, membrane bound receptors 
and ligands of the notch-family, both of which have already 
been shown to stimulate the growth of brain tumors (Becher 
et al., 2008; Fan et al., 2006; Rudin et al., 2009; Von Hoff et 
al., 2009; Yauch et al., 2008; Dlugosz and Talpaz, 2009). 

In vivo studies still are the cornerstone of 
translational research. We showed that local irradiation to the 
brain exacerbates toxicity of VEGR-2 blocking agents (chapter 
4), what is of great concern. Furthermore, the anti-tumor 
effects of local VEGF inhibitors were partially circumvented by 
the formation of invasive tumor satellites, while local tumor 
control was present (chapter 5). Here, combined irradiation 
was effective in slowing down proliferation of these invasive 
tumor components. Therefore, whole brain irradiation with 
generous boosting fields would theoretically be best to hit 
invasive tumor components, for primary and recurrent HGG. 

The benefits of re-irradiation were shown in 
recurrent HGG using hypofractionated stereotactic 
radiotherapy (hFSRT) after primary high-dose irradiation 
combined with chemotherapy (Fokas et al., 2009). After 
hFSRT with cumulative doses > 30Gy, the median survival 
was 9 months, and the 1-year progression-free survival (PFS) 
amounted to 22%. In addition, to minimize late radiation 
toxicity, improved imaging techniques (e.g. MRSI) will be 
required to better visualize these invasive tumor components 
and enable more precise treatment with irradiation (Park et 
al., 2007; Stadlbauer et al., 2008). Illustrative is the treatment 
planning by PET(SPECT)/CT MRI fusion with higher efficacy 
of defining gross tumor volume for fractionated stereotactic 

radiotherapy (6 x 5 Gy in 6 days) leading to a median patient 
survival of 9 months (Grosu et al., 2005)

How precarious combined irradiation and 
angiogenesis inhibition in the clinical setting can be is 
illustrated by a case report (chapter 6) on emergency 
irradiation for a patient being treated with sorafenib (Peters 
et al., 2008). This case provides evidence for potential 
oversensitization of normal tissue by sorafenib, possibly by 
discontinuing sorafenib two days prior to irradiation leading 
to upregulation of endothelial activity during irradiation, due 
to increased levels of VEGF that are induced by anti-VEGFR 
treatment (Bocci et al., 2004).  Interestingly, in vivo models 
showed that sequential administration of irradiation following 
anti-angiogenic treatment (or the other way around) led 
to a higher anti-tumor effect than when administered in a 
concurrent setting (Williams et al., 2004; Ning et al., 2002). 
More research is warranted on sequence and timing of 
anti-angiogenic treatment and the interplay with combined 
modalities to maximize therapeutic effects.

In recurrent HGG patients not receiving irradiation, we showed 
that anti-angiogenic treatment combined with TMZ is well 
feasible, with low toxicity profiles (chapter 7). The response 
data in our study were considerably lower than the reported 
response rates up from 28% to 57% in previous studies for 
both bevacizumab as single agent therapy and combined with 
irinotecan (Vredenburgh et al., 2007; Friedman et al., 2009). An 
explanation may be that we administered bevacizumab every 
three weeks instead of every two weeks in the other studies. 
Although the three weekly administration of bevacizumab 
is common practice in other solid malignancies, the kind of 
schedule and chemotherapy used in bevacizumab containing 
regimens seems to be important for outcome (Raizer et al., 
2009). An alternative explanation for the negative results in 
this study may be that temozolomide actually negates the 
benefits of bevacizumab.

Additionally, we quantified Ktrans as measure for 
permeability and/or blood flow, and rCBV as measure for 
tumor blood volume, at baseline and at various time-points 
during treatment and at relapse. All these parameters were 
decreased considerably at day 3 and day 21 compared to 
baseline, supporting the evidence that bevacizumab rapidly 
affects permeability and blood flow and is active 3 weeks 
after infusion. Nevertheless, we conclude that determination 
of the time to progression based on changes of enhancing 
tumor areas or volumes is difficult and not useful for 
evaluating antiangiogenic therapy in tumors behind a BBB 
(chapter 8).
 The resulting reduced survival time further supports 
the pre-clinical finding that anti-angiogenic treatment not 
only reduces vessel permeability for contrast enhancing 
agents but may also reduce the activity of TMZ by limiting 
drug penetration (Claes et al., 2008). Therefore our study 
again demonstrates that placebo-controlled randomized 
trials are necessary to rule out patient selection bias and 
treatment bias.
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Future Perspective

This thesis covers the first steps towards a clinical 
implementation of combined VEGF inhibition with irradiation, 
to further improve survival of glioma patients. Further 
steps are needed to define the optimal role of angiogenesis 
inhibition in the treatment of GBM, next to development 
of new additive treatments and new strategies to monitor 
treatment efficacy. Several interesting additive strategies are 
discussed below. 

Now individualized medicine comes within reach, 
the identification of predictive and prognostic markers for 
treatment response will become more important, (van den 
Bent and Kros, 2007). Individualized medicine is completely 
depended on reliable biomarkers, for example as read-out for 
patient response of angiogenesis inhibitors, as MR imaging 
is thoroughly biased by these compounds. Examples of 
clinical available biomarkers for GBM are 1p/19q loss, MGMT 
methylation status, EGFR amplification. Further analysis of 
gene-expression patterns and proteonomics will facilitate the 
development of tests that will identify those patients that will 
benefit from specific treatments (Diks and Peppelenbosch, 
2004; van’t Veer and Bernards, 2008). 
Individualized cancer treatment has become a realistic 
option for several malignancies since the characterization 
of molecular markers for response / disease outcome, and 
the discovery of specific therapeutic targets, mostly aberrant 
functioning signaling proteins, for tailor made therapy. 

Predictive factors of treatment response
1p 19q status
Molecular tumor characterization can strongly predict patient 
survival, as is illustrated by the testing of loss of chromosomal 
arms 1p and 19q. Brain tumor cells that have lost both arms 
as detected with fluorescent in situ hybridization (FISH) not 
only grow slower, these patients also respond better to DNA 
damaging therapies (Smith et al., 2000). This is robustly 
the case for oligodendroglioma, the glial brain tumor that 
histologically have the appearance of oligodendrocytes, 
the myelin forming cells in the brain. Nevertheless, for 
histological-proven glioblastoma, 1p 19q status seems not to 
influence outcome in a positive way, these patients even tend 
to survive shorter (Smith et al., 2000; Kaneshiro et al., 2009). 
Histological distinction between oligodendroglioma and GBM 
is therefore important prior to determining 1p 19q status.

MGMT status
The large randomized controlled clinical trial of Stupp et al 
(Stupp et al., 2005) revealed that promoter methylation of 
the O6-methylguanine-methyltransferase gene (MGMT) 
was the strongest predictive marker for survival in the group 
of patients treated with temozolomide and radiotherapy 
compared to radiotherapy alone (Hegi et al., 2005). The 
MGMT gene is located on chromosome 10 and encodes 
MGMT, a DNA repair protein that is considered to counteract 
the effect of alkylating chemotherapy by removing methyl 
groups from the O6-position of guanine (Jacinto and Esteller, 
2007). Inhibition of MGMT protein expression follows from 

transcriptional silencing as result of epigenetic MGMT 
promoter methylation at cytosine guanine dinucleotide 
clusters, the so called CpG islands. Low expression of MGMT 
results is an improved patient survival. The relevance 
of MGMT as potential prognostic or predictive factor in 
malignant glioma patients is supported by a number of 
independent studies (Dunn et al., 2009; Stupp et al., 2009). 
Therefore, there is strong interest in incorporating testing of 
MGMT promoter methylation status into clinical GBM trials 
(Preusser, 2009).

Concerning the day-to-day clinical practice, MGMT 
assessment is not yet part of the routine diagnostic work-
up of GBM specimens, because the current standard 
therapy strategy for newly diagnosed GBM is regardless of 
MGMT status. Furthermore there is a lack of data to base 
recommendations on for a specific method or protocol for 
MGMT status testing (Preusser, 2009; Stupp et al., 2009).

EGFR status
Amplification of the EGFR gene and overexpression of the 
EGFR protein occurs in 40% of primary GBM and is therefore 
the most common alteration (Libermann et al., 1984; Wong 
et al., 1992). The most common mutation of EGFR is named 
EGFRvIII (Gan et al., 2009). This mutation is not observed in 
normal tissue, but occurs in 20 to 30% of unselected GBM 
patients. A loss of exons 2 to 7 of the EGFR gene results in 
an in-frame deletion of 267 amino acids in the formed EGF 
receptor. This receptor is unable to bind ligands, but is actively 
signaling (Prigent et al., 1996). 

Targeted therapy against EGFR or specifically against 
EGFRvIII is explored to stop tumor growth. Retrospective 
analyses pointed out that co-expression of EGFRvIII and 
wild-type PTEN (phosphatase and tensin homologue deleted 
in chromosome 10) is a predictor of response to tyrosine 
kinase inhibitors (TKI) in HGG patients (Brewer et al., 2005). 
In particular tyrosine kinase inhibitors gefitinib and erlotinib 
are already being tested extensively in clinical trials, with 
mixed results (Gan et al., 2009). Combined strategies against 
downstream pathways PI3-kinase, mTOR, or G1cyclins may 
further enhance activity of EGFRvIII blockers (Mellinghoff et 
al., 2005). 

A functional PTEN is necessary to prevent PIP3 levels 
to accumulate while downstream signaling continues despite 
upstream EGFR blockade. Downstream from PTEN and PI3K is 
mTOR. Gefitinib and erlotinib have been combined with the 
mTOR inhibitors, temsirolimus and everolimus, with modest 
effects on progression-free survival (Reardon et al., 2006; 
Doherty et al., 2006). Administering a dual PI3K and mTOR 
inhibitor with erlotinib (thus ‘‘triple blockade’’) demonstrated 
more effective growth arrest than any two targeted therapies 
in combination (Fan et al., 2007).
Oncogene or pathway addiction is, in contrast to other 
tumors (e.g. myelogenous leukemia (Druker et al., 2001) or 
gastrointestinal stromal tumors (Demetri et al., 2002)) not 
detected in GBM, where genetic heterogeneity and existence 
of multiple parallel or compensatory pathways result in 
treatment failures. Recently, full genome sequencing revealed 
enormous numbers of mutations in individual malignancies 
and extensive heterogeneity between individual patients 
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(Wood et al., 2007; Mardis et al., 2009). Most likely, this will 
have consequences for the principle of oncogene addiction 
and predictive assays for the efficacy of small molecule 
inhibitors and antibodies.

Serum biomarkers
There are no biomarkers for monitoring response to 
angiogenesis inhibitors in brain tumors, in contrast to pre-
treatment measurement of ADC by dynamic MRI (Pope et 
al., 2009). The various imaging methods based on contrast 
enhancement are difficult to use as response monitors 
because contrast enhancement is hindered by anti-VEGF 
treatment. 

Recently, serum biomarkers are being tested for 
glioma, e.g. increased levels of methylated tumor-specific 
DNA in plasma (Weaver et al., 2006). Also, GFAP serum levels 
are found to be elevated in GBM patients prior to surgery, 
and therefore this level is a potential biomarker for treatment 
response monitoring (Jung et al., 2007). As a pilot study, we 
measured GFAP plasma levels in 12 recurrent HGG patients 
before start and during treatment with bevacizumab and 
TMZ. Seven patients did not have detectable GFAP serum 
levels before and during treatment. Although sample size was 
small, in 5 remaining patients we observed a trend in GFAP 
plasma decrease under bevacizumab plus TMZ treatment 
from 0.28 ug/L to 0.12 ug/L during treatment (p=0.06) 
(unpublished data). Additional sampling of hypoxia marker 
Ca-IX in plasma detected baseline levels in 9 patients, that 
increased by anti-angiogenic treatment (baseline 29.1 pg/L 
to 50.1 pg/L during treatment; p=0.10). We may speculate 
that decreased GFAP plasma levels reflect restored (lowered) 
tumor vessel permeability for larger debris particles, but it 
could also mean that anti-tumor activity of bevacizumab and 
TMZ decreased tumor load and did increase hypoxia. This 
pilot may indicate a possible role for plasma GFAP and CA-
IX as treatment biomarker, results from a larger cohort are 
needed. 

A promising field of interest is the discovery of 
microvesicles providing diagnostic information (Skog et al., 
2008; Al-Nedawi et al., 2009). This technique could partly 
replace the need for neurosurgical biopsies. For example, 
Skog et al. detected tumor-specific EGFRvIII microvesicles 
in serum from 7 out of 25 glioblastoma patients, facilitating 
treatment selection.

Anti-angiogenic drugs enable neo-adjuvant chemoradiation
Currently, most GBM patients will have to undergo surgery 
within one or two weeks after initial diagnosis, to prevent 
cerebral edema causing major neurological problems. 
Angiogenesis inhibition showed to treat brain edema 
effectively, even better than corticosteroids and with less side 
effects (Batchelor et al., 2007; Green et al., 2007). This could 
implicate that it is feasible to postpone neurosurgery and to 
start directly with neo-adjuvant chemo-irradiation treatment, 
containing an angiogenesis inhibitor e.g. bevacizumab or 
AZD2171. Safety of this combination is not yet established. 
Therefore, in 2009 we performed a clinical trial in primary 
GBM patients, where surgery or biopsy was followed by 
irradiation and TMZ plus 2 weekly bevacizumab during 

irradiation (BERTES trial, NTR1148). Preliminary safety data 
are promising but we are also interested in overall survival 
and recurrence patterns in these patients, as a more invasive 
phenotype may arise (Lai et al., 2008). In a comparable study 
in 70 primary GBM patients the progression free survival 
improved, but not the overall survival (Lai et al, abstract 297 
SNO meeting 23 October 2009).

Neo-adjuvant chemotherapy successfully 
downstaged other tumor types, e.g. it improved resectability 
and locoregional control in locally advanced breast cancer, 
esophageal cancer, locally advanced colorectal cancer, 
resectable non-small cell lung cancer stage III and locally 
advanced cervix carcinoma (Kapiteijn et al., 2001; Liao et al., 
2004; Bosset et al., 2005; Cunningham et al., 2006; Sebag-
Montefiore, 2006; Hou et al., 2007; Uy et al., 2007; Waljee 
and Newman, 2007; Rosenberg, 2007). However, in those 
studies neo-adjuvant treatment did not unambiguously result 
in an improved progression free survival and overall survival.

Eighteen initially inoperable recurrent HGG 
patients received neo-adjuvant chemotherapy (high dose 
methotrexate and 5-fluorouracil) to debulk tumor mass and 
improve patient performance status. Post-treatment, 5 re-
operable patients had significantly longer PFS than 13 not 
re-operated patients (Boiardi et al., 1992). Neo-adjuvant 
chemoradiation of HGG has also been attempted previously, 
in 10 patients with a hypervascular, high-grade astrocytoma 
(Seiler et al., 1979). This regimen tended to reduce tumor 
vascularization, thereby facilitating more straightforward 
surgery without compromising hemostasis or wound healing. 
Nevertheless, overall survival did not improve.

In conclusion, there is a strong rationale for exploring 
safety and efficacy of neo-adjuvant chemo-radiotherapy 
combined with angiogenesis inhibition, e.g. AZD2171 or 
bevacizumab, as first-line treatment of GBM patients. 
However, the invasive character of GBM is the Achilles’ heel 
of all anti-GBM treatments and should be taken into account. 

Targeting invasion
As this thesis points out, invasion is a pivotal feature of GBM 
that is not targeted by mono-treatment with angiogenesis 
inhibitors. Promising regimens that interfere with invasion 
come within the reach. Several strategies against invasion 
have already been tested in pre-clinical models. Glioma 
cells first have to detach from the growing tumor mass and 
the extracellular matrix (ECM) to invade surrounding tissue 
(Nakada et al., 2007). Stimulation of matrix metalloproteinase 
(MMP) transcription by glioma cells leads to enhanced 
invasion. Drugs blocking MMP show down-regulated invasion 
in vivo (Koutroulis et al., 2008). Nevertheless, recent clinical 
phase II studies do not show survival advantage for recurrent 
GBM patients treated with MMP inhibitor marimastat (Groves 
et al., 2002; Levin et al., 2006). Additionally implicated 
for invasion and migration are integrins, transmembrane 
receptors that bind multiple extracellular matrix ligands. 
Several clinical phase I - II trials have been conducted 
with drugs targeting integrin interaction, e.g. EMD121974 
(Cilengitide) (Nabors et al., 2007; Reardon et al., 2008). This 
drug was well tolerated by patients, partial responses were 
noted and larger studies are commenced now.



87

Inhibition of the PI3K/AKT pathway by mTOR 
inhibitors leads to decreased migration and increased 
sensitivity for apoptosis, in pre-clinical trials (Fasolo and 
Sessa, 2008). These compounds are now also being tested 
in the clinic, but first results are disappointing (Chang et al., 
2005; Cloughesy et al., 2008) . 

Numerous ‘new kids on the block’ are brought to 
clinical studies and need to prove their alleged effectiveness 
in GBM, e.g. proteasome inhibitors (bortezomib, MG132), IKK 
inhibitors (NSAIDs, sulfasalazine, arsenic trioxide, curcumin), 
antioxidants (disulfiram, glutathione), GSK3 inhibitors 
(Lithium), TGF-β inhibitors (AP12009), FAK inhibitors (TAE226, 
PF-04554878, PF-00562271), c-MET inhibitors (OA-5D5, 
AMG102, SCH900105, GSK1363089, MP470), EGFR inhibitors 
(gefitinib, erlotinib, cetuximab), PDGF receptor inhibitors 
(imatinib) (Drappatz et al., 2009). Although promising in vitro 
and in vivo, for all drugs it is of utmost importance that they 
reach the cancer cells that are located behind the intact blood 
brain barrier for this is the tumor compartment of GBM that 
is almost unaffected by nowadays treatments.

Blood brain barrier
Being the best perfused organ of the body, the brain should 
theoretically be the excellent target for systemic drug 
delivery. This is not the case because the tissues are fiercely 
safeguarded by the blood brain barrier (BBB). The BBB is 
crucial for maintaining homeostasis of the central nervous 
system, it meticulously controls the composition of its 
interstitial fluid (de Vries et al., 2006; de Vries et al., 2007). 
Transport of compounds into and out of the interstitial space 
is carried out through drug transporters e.g. ATP-binding 
cassette transporter P-glycoprotein (P-gp; ABCB1) (Juliano 
and Ling, 1976), and ABC half-transporter Breast Cancer 
Resistance Protein (BCRP; ABCB2) (Breedveld et al., 2005). 
This results in a drug penetration that is ten- to hundred-fold 
reduced, as was shown in knock-out mouse models (Schinkel 
et al., 1995; Breedveld et al., 2005). Therefore interfering 
with these transporters seems a promising option.

There are several strategies developed to increase 
interstitial drug concentrations. They result in a more 
selective opening of the BBB, use targeted delivery of 
drug, vector-enhanced delivery, or result in inhibition of 
the drug transporters. Normal and tumor brain vasculature 
express several ABC transporters, therefore blocking these 
transporters, and thereby inhibiting efflux of drugs, could 
be an effective strategy to increase interstitial concentration 
(Zhang et al., 2003). A promising inhibitor is elacridar, that 
partially inhibits ABCB1 in the brain (Kemper et al., 2003). 

Drugs that enable temporary opening of the BBB 
generally act through vaso-activation. Most extensively 
studied is bradykinin analog RMP-7 (Cereport®, Labridimil). 
Nevertheless, a randomized phase II trial in GBM patients 
treated with combined carboplatin failed to show benefit 
(Prados et al., 2003). 

Targeted delivery of drugs can be employed by 
using cell-penetrating peptides (e.g. drugs coupled via a 
spacer to SynB) that are absorbed by endocytosis (Drin et al., 
2003; Adenot et al., 2007). In addition, progression is made 
in vector-enhanced delivery to target glioma tumors, as it 

was shown that delivery of oncolytic viruses was enhanced 
through infected neuronal stem cells (Lamfers et al., 2007; 
Tyler et al., 2009). 

In addition, immunotherapy could be used to target 
residual treatment resistant tumor cells without damaging 
healthy surrounding brain tissue (Grauer et al., 2009). 
Significant progress has been made in recent years both in 
understanding the mechanisms of immune regulation in the 
central nervous system (CNS) as well as tumor-induced and 
host-mediated immunosuppression elicited by gliomas.

The long list of new treatment options indicate that the 
fight against malignant glioma is not over yet, it only has 
begun. We showed that one of its hallmarks- i.e. sustained 
angiogenesis- seems to be under control. Nevertheless this 
resulted in an escape through another feature, i.e. tissue 
invasion and metastasis. At least, VEGF inhibition leads to 
improved quality of life of surviving glioma patients. 

The coming years, many new strategies will be 
tested in vitro and in vivo, and the most promising will make 
it to clinical trials. Maybe the breakthrough is enhanced by 
computational oncology, the sophisticated digital modeling 
of tumor growth and treatment response (Sottoriva et al, 
accepted in Cancer Research). 

History will teach us that most breakthroughs are 
achieved serendipitously, and as the French scientist Louis 
Pasteur said: “In the fields of observation chance favors only 
the prepared mind”. One day we will have turned GBM largely 
into a chronic disease, like we accomplished for diabetes 
mellitus and HIV.
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Summary
In chapter 1 we introduce Glioblastoma multiforme (GBM) 
and describe the development of current treatment 
modalities. GBM is a devastating disease with a dismal 
prognosis, even under highest standard of treatment median 
overall survival is only 14 months. In the Netherlands, every 
year approximately 800 new patients are diagnosed with this 
malignancy. 

First, we discuss different types of brain tumors. The 
possible implications of the cancer stem cell (CSC) paradigm 
are discussed; furthermore we highlight the interaction with 
the tumor environment, especially the tumor endothelial cells. 
Treatment modalities are placed in a historical perspective 
and most up-to-date regimens are pointed out for primary 
GBM and recurrent tumors. Special attention is paid to tumor 
angiogenesis and inhibitors of angiogenesis. Treatment 
options and side effects are discussed. Next, the combination 
of angiogenesis inhibition and irradiation is discussed, with 
the possible pitfalls. Finally, imaging modalities are presented. 

In vitro experiments
In chapter 2 we investigate an improved in vitro model system 
for interaction between GBM and tumor-microenvironment, 
where not only interaction of tumor cells and tumor micro-
vascular endothelial cells (tmVECs) from the same species can 
be examined, but also of cells derived from within the same 
tumor. This system underscores the differences between 
tumor microvasculature and the more commonly used 
human vascular endothelial cells (HUVECs). Furthermore 
it reveals that direct contact between endothelial cells and 
CSCs is needed, as is not observed for commonly used GBM 
cell lines as U87. For CSCs probably factors that require a 
close proximity between both cell types could mediate the 
observed effects. 

In vivo experiments
In chapter 3 radiation treatment in an intracerebral tumor 
mouse model is explored. External beam irradiation at clinical 
relevant high doses is technically impossible to deliver to the 
brain without inflicting lethal damage to healthy tissues, 
due to dimensions of the head of smaller rodents than rats. 
Researchers by-passed this problem by implanting brain 
tumors in the hind legs of mice, but here microenvironment 
is dissimilar to brain context. We developed a new tool 
based on high-dose radiotherapy of orthotopic brain tumors 
through an implanted stereotactic guide-screw containing 
125I brachytherapy seeds. Now, irradiation of murine brain 
tumors is feasible without causing fatal toxicity. 

Chapter 4 examines the effects of combined irradiation and 
angiogenesis inhibition in the intracranial tumor model. We 
explore safety and efficacy of combined irradiation with 
DC101, an antibody binding VEGF receptor 2. As expected, 
untreated mice show highly proliferative, large tumors. 
DC101 treatment significantly reduced tumor size, but 
morbidity did not improve. Irradiation induces tumor growth 
delay and reduced morbidity significantly. Combinational 
treatment improves local tumor control but, surprisingly, 

morbidity and survival are comparable to that of sham-
treated animals. Possibly, extracranial side effects caused 
the higher toxicity. The fact that local irradiation to the brain 
appears to exacerbate DC101 toxicity is of great concern. 
Therefore we warn that the combination of radiotherapy 
with VEGF-R2 blockade can potentiate tumor growth delay 
but may inadvertently lead to unexpected morbidity.

In chapter 5 we investigate whether irradiation synergizes 
with the anti-VEGF aptamer pegaptanib and explore the 
impact of this combined treatment on tumor invasion into 
the normal brain. Interestingly, anti-angiogenic treatment 
inhibits local tumor growth, but does not inhibit tumor 
invasion, in agreement with angiogenesis-independent 
tumor infiltration. We find that combined irradiation of the 
tumor plus surrounding normal brain not only reduces tumor 
bulk growth and increases PFS, but also suppresses invasive 
growth. Whole brain irradiation with generous boosting fields 
could theoretically attack all invasive tumor components. To 
minimize late radiation toxicity, better imaging techniques 
(like MRSI) are required to visualize the invasive tumor 
components. 

Clinical experiments
Chapter 6 shows that combined irradiation with angiogenesis 
inhibition should be administered with caution, as pointed 
out by this case report on combined irradiation and 
sorafenib, a small molecule with angiogenesis inhibiting 
activity which acts by blocking the signaling through vascular 
endothelial growth factor (VEGF) receptor and the platelet-
derived growth factor receptor. A patient receiving sorafenib 
developed a lumbar metastasis that required irradiation. She 
died of complications in the bowel—the area directly targeted 
by irradiation. Possibly the 2-day gap between the end of 
sorafenib treatment and the start of radiotherapy (1 x 8Gy) 
was too short. As the in vivo study on DC101 also suggests, 
this case provides evidence for potential oversensitization of 
normal tissue by VEGFR-2 inhibition.

Chapter 7 shows that anti-angiogenic treatment is well 
feasible in recurrent HGG patients, with low toxicity. We 
report the results of a study to the combined treatment of 
3-weekly bevacizumab and temozolomide (TMZ) in a daily 
dose regimen, in patients with recurrent HGG. The dynamic 
MRI parameters Ktrans and rCBV decreased rapidly during 
the early phases of treatment as a reflection of changes in 
vascularisation and vessel permeability but not of anti-tumor 
activity. In addition, over 50% of patients showed edema 
reduction and a reduced shift on T1 images. The response 
data (CE-T1, 20%) in our study are comparable to the ORR 
reported for single-agent therapy but they are considerably 
lower than the reported response rates up to 57% in previous 
studies for bevacizumab combined with irinotecan. The 
median PFS6 (17.4 weeks), the median PFS (13.9 weeks) 
and median survival (17.1 weeks) were considerably 
lower compared to most other studies with bevacizumab 
containing regimens. Patient selection may be an explanation 
for our inferior results. Additional factors may be the kind 
of chemotherapy combined with bevacizumab, and the 
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schedule of bevacizumab administration. An alternative 
explanation for the negative results in this study may be that 
temozolomide actually negates the benefits of bevacizumab. 

Chapter 8 discusses the potential drawbacks of inhibition of 
angiogenesis in GBM. GBM can be roughly separated into 
an angiogenic component, and an invasive or migratory 
component. Although this latter component seems inert to 
anti-angiogenic therapy, it is of major importance for disease 
progression and survival. Clinical symptoms are tempered 
by anti-angiogenic treatment, but tumor invasion continues 
e.g. by co-option of pre-existing vasculature. Unfortunately, 
anti-angiogenic treatment interferes with MR imaging too, 
making it even harder to define tumor margins. Moreover, 
while treatment of other tumor types may be improved 
by combining chemotherapy with anti-angiogenic drugs, 
inhibiting angiogenesis in GBM may antagonize the efficacy 
of chemotherapeutic drugs by normalizing the blood-brain 
barrier function. Although angiogenesis inhibition is of 
considerable value for symptom reduction in GBM patients, 
lack of proof of a true anti-tumor effect raises concerns about 
the place of this type of therapy in the treatment of GBM.

Chapter 9 summarizes overall results and discusses future 
perspectives. The reduced survival time found in the recurrent 
HGG study is discussed in the light of the pre-clinical finding 
that anti-angiogenic treatment not only reduces vessel 
permeability but may also have potential drawbacks. Placebo-
controlled randomized trials are necessary to rule out patient 
selection bias and treatment bias. 
In the coming years, clinical available biomarkers for GBM 
and further analysis of gene-expression patterns and 
proteonomics will facilitate the development of tests that 
will identify those patients that will benefit from specific 
treatments. Future research should focus on preventing 
invasive tumor growth, on improving irradiation modalities 
and on developing modificators of the blood brain barrier to 
increase penetration of chemotherapy into the brain. 
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Nederlandse samenvatting voor 
niet-ingewijden
Hersentumoren
In Nederland wordt elk jaar bij ongeveer 10.000 mensen een 
tumor in de hersenen gevonden. Dit is een van de meest 
ingrijpende vormen van kanker, die meestal pas wordt ontdekt 
als de tumor groot genoeg is om tot klachten te leiden. Deze 
variëren van subtiele klachten als hoofdpijn of duizeligheid 
tot ernstige epileptische aanvallen of gedragsveranderingen. 

In 90 procent van de gevallen is de tumor een uitzaaiing van 
een tumor elders in het lichaam. In 800 gevallen per jaar 
gaat het om een kwaadaardige tumor die ontstaan is uit 
het hersenweefsel zelf. Deze tumor, ook wel glioblastoma 
multiforma of glioom genaamd, groeit sterk het omliggende 
hersenweefsel in, waardoor hij moeilijk te behandelen is 
zonder het gezonde weefsel te beschadigen. 

Zelfs met de meest optimale behandeling leven de sterkste 
patiënten gemiddeld slechts 14.6 maanden na het stellen 
van de diagnose (hoofdstuk 1). Deze drieledige behandeling 
bestaat uit het zoveel mogelijk weghalen van de tumor, 
gevolgd door een bestraling van 30 sessies en chemotherapie 
met pillen temozolomide. Temozolomide remt een van de 
mechanismen van schadeherstel en is de enige chemotherapie 
die overlevingswinst oplevert, al is het slechts 2 maanden. 
Bij alle patiënten komt de tumor terug, een recidief glioom. 
De behandelopties zijn voor het recidief glioom erg beperkt, 
geen enkele therapie die wel werkt bij tumoren elders in het 
lichaam werkt bij het recidief glioom. 

Dit proefschrift beschrijft het onderzoek naar de behandeling 
van het recidief glioom met een nieuwe therapie, de 
angiogeneseremmers, stoffen die de bloedvatgroei 
remmen door in te grijpen op de communicatie tussen de 

bloedvaten en andere weefsels. Het blijkt dat de tumor 
minder voeding krijgt door het onderdrukken van de vorming 
van nieuwe bloedvaten en minder groeit of zelfs kleiner 
wordt. Tumorcellen maken grote hoeveelheden van het 
boodschapperstofje van bloedvatgroei VEGF (spreek uit Vedg-
Ef). Als weefsels bestraald worden geven ze ook meer VEGF 
af, zodat bloedvaten worden aangelegd en de weefselschade 
kan worden hersteld. Bloedvatgroeiremmers vangen VEGF 
weg, of blokkeren op een andere manier de doorgave van dit 
groeisignaal. Het toevoegen van bloedvatgroeiremmers aan 
bestraling kan daarom theoretisch de behandeling verder 
verbeteren. 

Modellen van kanker
In de wetenschap wordt gebruik gemaakt van modellen. 
Tot zeer recent ging met ervan uit dat tumorcellen allemaal 
dezelfde eigenschappen bezitten, te weten onsterfelijkheid 
en ongebreideld dochtercellen aanmaken. Met de nieuwste 
technieken is echter ontdekt dat tumorcellen niet allemaal 
gelijk zijn, maar dat er (net als in gezonde organen) een 
rangorde bestaat. Een tumor blijkt voor het grootste deel te 
zijn opgebouwd uit een bulk van cellen die niet onbeperkt 
kan vermenigvuldigen en niet onsterfelijk is. Slechts een 
beperkt aantal cellen bezit deze cruciale eigenschappen. 
Deze tumorcellen worden kankerstamcellen genoemd.

Tot op heden werd het hersentumoronderzoek in laboratoria 
uitgevoerd met tumorcellijnen. Deze lijnen zijn gemakkelijk 

Zelfs met de meest optimale behandeling leven de sterkste patiënten 
gemiddeld slechts 14.6 maanden na het stellen van de diagnose (hoofdstuk 
1). Deze drieledige behandeling bestaat uit het zoveel mogelijk weghalen van 
de tumor, gevolgd door een bestraling van 30 sessies en chemotherapie met 
pillen temozolomide. Dit is lijn D in de grafiek. 

Tumorcellen maken grote hoeveelheden van het boodschapperstofje van 
bloedvatgroei VEGF. Als weefsels bestraald worden geven ze ook meer VEGF 
af, zodat bloedvaten worden aangelegd en de weefselschade kan worden 
hersteld.  



95

te kweken omdat ze onsterfelijk zijn geworden en alle cellen 
gelijke groeipotentie hebben. Ze staan daardoor echter 
behoorlijk ver van de tumoren af die patiënten in de kliniek 
hebben. Het is daarom vaak zo dat de therapie die in het 
petrischaaltje goed werkt, het bij de patiënten niet doet. Wij 
hebben voor hersentumoren een speciale kweek opgezet 
voor stukjes tumorweefsel die verwijderd zijn uit patiënten. 
Hierbij is het gelukt om zowel de kankerstamcellen als de 
bloedvaten op te kweken (hoofdstuk 2). 

Eerder onderzoek geeft aanwijzingen dat kankerstamcellen 
worden beschermd door de bloedvatcellen. Met dit 
verbeterde kweeksysteem kunnen we de communicatie 
tussen de kankercellen en de bloedvaten onderzoeken. Uit 
het hier beschreven onderzoek is duidelijk geworden dat een 
direct contact tussen kankerstamcel en bloedvatcel nodig is 
voor het overleven van de kankerstamcel. In de toekomst 
wordt het misschien mogelijk om het contact te verstoren, 
zodat de kankerstamcellen niet kunnen overleven en de 
tumor niet groter wordt of zelfs afsterft. 
In vivo behandeling
We willen de behandeling met bloedvatgroeiremmers testen 
in een model dat relevant is voor de situatie bij de patiënten. 
Daarom hebben we ervoor gekozen om muizen te injecteren 
met glioomcellen en deze te behandelen. Een muis is erg 
klein, daardoor is bestraling van het kopje niet mogelijk 

zonder gezond weefsel te beschadigen waardoor de muis 
ernstig ziek wordt. 

Onderzoekers hebben daarom de gliomen in de achterpoot 
geplaatst, een plek waar geen vitale weefsels zijn. Deze locatie 
is echter zeer afwijkend van de hersenen, wat de waarde 
van de resultaten van deze experimentele behandelingen 
vermindert. Wij hebben een bestralingsmodel ontwikkeld 
dat gebaseerd is op het implanteren van een radioactief 
jodiumzaadje (hoofdstuk 3). Deze techniek wordt in de 
kliniek bijvoorbeeld bij prostaatkankerpatiënten toegepast. 
Bij de muizen is eerst een richtschroefje in het kopje geplaatst 
waar later het zaadje in vast wordt gezet. Dit zaadje bevindt 
zich dan vlakbij de eerder geïmplanteerde tumorcellen. De 
bestraling vindt vervolgens zeer lokaal plaats, waardoor 
de tumor kan worden bestraald zonder vitale weefsels te 
beschadigen. 

Bestraling is tot op heden de meest relevante behandeling 
voor hersentumoren. Een nieuwe therapie dient daarom bij 
voorkeur in combinatie hiermee te worden toegepast. Wij 
hebben onderzocht of het combineren van bestraling met een 
bloedvatgroeiremmer de hersentumor beter kan bestrijden 
(hoofdstuk 4). Muizen die bestraald werden leefden langer 
dan onbehandelde muizen. Tegen de verwachting in bleek 
dat muizen die de combinatiebehandeling kregen het net 
zo slecht deden als onbehandelde muizen. Analyse liet zien 
dat (darm) toxiciteit hiervan mogelijk de oorzaak was, deze 
bloedvatgroeiremmer werd ingespoten in de buikholte. 
Deze onverwachte bevinding is verontrustend, bij toediening 
van bloedvatgroeiremmers aan patiënten is dus grote 
voorzichtigheid geboden. 
Vervolgens hebben we in hetzelfde muismodel een 
bloedvatgroeiremmer onderzocht die lokaal in de hersenen 
kon worden toegediend. Hierbij hebben we onderzocht of 
de combinatie van bestraling en bloedvatgroeiremmers de 

Mogelijke nieuwe behandelingsopties b en c.
Optie a. De huidige therapieën dringen de tumormassa succesvol terug, 
maar zijn niet in staat de kankerstamcellen aan te pakken. Deze cellen 
kunnen vervolgens weer uitgroeien en voor een recidief zorgen. 
Optie b. Nieuwe therapieën worden specifiek gericht tegen de populatie 
kankerstamcellen. Als de kankerstamcellen zijn uitgeschakeld, kan de tumor 
zichzelf niet meer vernieuwen en zal deze uiteindelijk in remissie gaan.
Optie c. Nieuwe therapieën maken de kankerstamcellen gevoelig voor 
bestaande therapieen (Overgenomen uit Vermeulen et al, 2009)

Muizen die bestraald werden leefden langer dan onbehandelde muizen. 
Tegen de verwachting in bleek dat muizen die de combinatiebehandeling 
kregen het net zo slecht deden als onbehandelde muizen. Analyse liet zien 
dat (darm) toxiciteit hiervan mogelijk de oorzaak was. 
S: Injectieschroef, B: brein, T: Tumor
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ingroei van gliomen in het gezonde weefsel kan tegengaan. 
Deze tot nu toe lastig te bestrijden groeivorm heet ook wel 
invasieve groei. Uit dit experiment blijkt dat de centrale 
tumormassa wat wordt geremd door de bloedvatgroeiremmer, 
maar dat de invasieve groei tegen de voorspellingen in niet 
wordt geremd (hoofdstuk 5). De glioomcellen zoeken de 
bestaande bloedvaten op om te overleven en uit te groeien. 
De combinatiebehandeling levert hier wel voordelen op, 
de invasieve groei wordt geremd door bestraling. Omdat 
bestraling van de hele hersenen bij patiënten leidt tot ernstige 
neurologische schade moet worden gezocht naar technieken 
die voorspellen welke hersendelen hoog risico hebben op 
invasieve tumorcellen, zodat selectief kleinere gebieden 
bestraald kunnen worden.

Behandeling van patiënten
De combinatiebehandeling van bestraling met 
bloedvatgroeiremmers wordt nog niet veel toegepast, men is 
voorzichtig. In het AMC werd een patiënt met niercelcarcinoom 
behandeld met bloedvatgroeiremmer sorafenib (hoofdstuk 
6). Toen er een uitzaaiing in een ruggenwervel het ruggenmerg 
bedreigde werd zij acuut op deze wervel bestraald. Hierbij 
ging de bestralingsbundel (zoals altijd bij deze behandeling) 
door de darmen. Onverwachts werd patiënt ernstig ziek, 
waarna overlijden volgde. Bij autopsie bleek dat de darmen 
in het bestralingsveld geperforeerd waren. Deze bevinding 
toont aan dat ook bij patiënten gevaarlijke interacties tussen 
bestraling en bloedvatgroeiremmers optreden. 

In Amerika worden grote groepen patiënten met een recidief 
glioom experimenteel behandeld met angiogeneseremmers, 
gecombineerd met verschillende chemotherapieën. In het 
AMC zijn 23 patiënten behandeld met bloedvatgroeiremmer 
bevacizumab, samen met temozolomide in een aangepast 
schema. Deze combinatie is veelbelovend, gebaseerd op 
eerder laboratoriumonderzoek elders in de wereld. 

Om te meten wat de bloedvatgroeiremmer precies doet op het 
recidief glioom zijn bij patiënten speciale MRI scans gemaakt 
(hoofdstuk 7). Deze zogeheten dynamische MRI scans laten 
zien dat de doorbloeding van de tumor snel afneemt tijdens 
de therapie. Hierbij neemt de grootte op de scans af en ook 
de hoeveelheid vocht die op de hersenen drukt en vervelende 
klachten veroorzaakt. Deze afname in grootte staat echter los 
van een langere overleving van de patiënten, in tegenstelling 
tot de bevindingen bij studies uit andere landen. Het blijkt 
dat de gewone MRI plaatjes worden beïnvloed door de 
aanwezigheid van de bloedvatgroeiremmer. De tumor lijkt er 
kleiner op, maar is dat niet. 

Het lijkt erop dat bloedvatgroeiremmers het glioom niet 
goed bestrijden. Het glioom is grofweg in te delen in twee 
componenten. De eerste component is de bulk van de 
tumor, zichtbaar als witte bol op een MRI. Deze bulk is goed 
te behandelen met chirurgie of bestraling. De bloedvaten 
zijn hier lek, er komt voeding genoeg voor de glioomcellen, 
maar chemotherapie lekt dus ook goed in de tumorbulk. De 
tweede component daarentegen bestaat uit de invasieve 
glioomcellen. Deze bewegen door het gezonde weefsel op 

zoek naar bloedvaten voor hun levensonderhoud. Ze zijn 
onzichtbaar voor MRI totdat de satelliettumoren genoeg 
massa hebben om lekke vaten te geven.

Bloedvatgroeiremmers zorgen voor een afname van vocht in 
de hersenen, waardoor neurologische klachten verminderen. 
De bulk van de tumor wordt wat geremd in expansie, 
maar de invasieve glioomcellen worden niet aangepakt. 
Zij maken gebruik van bestaande bloedvaten. MRI is de 
belangrijkste vinger-aan-de-pols voor hersentumoren. 
Bloedvatgroeiremmers verstoren echter de juiste weergave 
van de tumor omdat ze vaatlekkage tegengaan. Niet alleen 
beeldvorming wordt hierdoor verstoord, maar mogelijk ook 
het uittreden van chemotherapie, zodat het effect van deze 
behandeling afneemt. Dit alles zet grote vraagtekens bij de 
plek die bloedvatgroeiremmers dienen in te nemen in de 
behandeling van hersentumoren. 

Toekomstperspectief
In de toekomst zullen patiënten meer behandeld gaan worden 
op basis van individuele kenmerken. Weefsel of bloed wordt 
dan geanalyseerd waarna de best passende behandeling 
wordt gestart. De complexiteit en kwantiteit van genetische 
afwijkingen neemt door nieuwe inzichten alleen maar toe, 
de waarde van medicijnen blijkt steeds minder wanneer ze 
slechts op 1 afwijkend punt aangrijpen. 

Nieuwe therapieën tegen het glioom dienen met name een 
antwoord te geven op de invasieve groei. Mogelijk biedt ook 
het nieuwe kankerstamcelparadigma aanknopingspunten 
en kunnen we de communicatie tussen bloedvatcellen en 
kankerstamcellen verstoren. Terwijl in het petrischaaltje 
hoopgevende resultaten worden behaald, blijkt in de kliniek 
vaak dat een nieuw middel niet werkt. Hoewel met man en 
macht gestreefd wordt naar een nieuwe doorbraak in de 
strijd tegen kanker, blijkt achteraf toch maar al te vaak dat 
een echte doorbraak slechts bij toeval optreedt.
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het pre-klinische onderzoek vanuit Tilburg. Ondanks de afstand is het prima 
gelukt om samen te werken. Tevens gaat mijn dank uit naar Frederique de 
Wit, die de logistiek zo goed onder controle hield.

VU medisch centrum
Geachte professor Peter Vandertop, geachte doctores Hans Baayen en David 
Noske, hartelijk dank voor de samenwerking op (pre-)klinisch gebied. 
Geachte doctor Peter Sminia, jouw radiobiologische kennis is groot. Ik heb 
genoten van de samenwerking. Geachte doctor Najim Ameziane, hartelijk 
dank voor jouw investeringen in onze onderzoekslijn. Geachte professor Paul 
van der Valk, hartelijk dank voor de medewerking aan het MGMT onderzoek. 

Nederlands Kanker Instituut
Geachte doctor Olaf van Tellingen, heel erg bedankt voor je input. Het 
was een feest om te mogen samenwerken. Jouw inzichten hebben mijn 
onderzoeken naar een hoger niveau getild. Geachte doctor Nienke de Vries, 
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memorabel. Geachte doctor Ji-Ying Song, jouw kennis op het gebied van 
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Geachte doctor William Leenders, als “gewone jongens uit Nederland” 
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Geachte professor Peter Sloot, Andrea Sottoriva, Lev Naumov, what a fun it 
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