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Malignant glioma comprises a spectrum of primary central nervous sys-
tem tumors that are derived from glial cells. Approximately eighty percent 
of malignant brain tumors are diagnosed as glioma, which makes these 
tumors by far the most frequently occurring primary brain tumors in hu-
mans. In the Netherlands, these incidence of glioma has slightly in-
creased over the past 2 decennia from 4.9 to 5.9 per 100.000[1]. Gliomas 
grow both intracranially as well as intramedullary, and are diagnosed in 
patients of all ages. The clinical behavior of the whole group of gliomas is 
heterogeneous. Many factors are associated with patient outcome such 
as, and not necessarily in sequence of importance, WHO-grade, tumor 
size, localization, patient age at presentation, clinical performance status 
at presentation and molecular phenotype of the tumor[2].  Although a 
small subgroup of patients can be cured, the majority of these tumors 
are incurable by current treatment regimens. 

The World Health Organization classifies malignant glioma into the pre-
dominantly found glial subtype cell (e.g. astrocyte, oligodendrocytes, 
ependymal cells) and into four grades, which are indicative of the histo-
logical traits that are found upon pathological examination[3, 4]. Grade I 
gliomas are usually benign tumors that can be curatively treated by a 
macroscopically total resection, and if resection is not feasible due to 
location, usually behave indolently during radiological follow up. Grade II 
tumors have a propensity to occur in young adults, grow diffusely into 
the surrounding healthy parenchyma, and eventually will progress into 
higher-grade tumors. Grade III tumors, which are considered anaplastic, 
and as such are a step-between Grade II and IV, are tumors that demon-
strate increased neovascularization upon histological examination. The 
separation between Grade III and IV tumors is based on two additional 
traits that have been demonstrated indicative of poor prognosis namely 
intratumoral necrosis and high mitotic index. Grade IV gliomas are 
termed GlioBlastoma Multiforme (GBM), a name derived from the undiffer-
entiated and pleiomorphic histological presentation between and within 
individual cases of these tumors. Unfortunately, GBM are the most preva-
lently diagnosed gliomas of these four grades and have the worst progno-
sis. Newly diagnosed GBM patients are expected to live another 12-15 
months (median survival) provided that a gross-total surgical resection is 
followed up by concomitant chemo-irradiation[5]. Actual survival num-
bers tend to be lower due to factors that influence the eligibility to un-
dergo this optimal treatment, such as age and clinical condition[1]. Me-
dian survival for low-grade glioma is between 55-84 months, with a large 
variety between subtypes. Similar to GBM, for low-grade glioma surgery 
followed at some point by radiation and or chemotherapy is the currently 
applied standard therapy. With regard to neurosurgery for glial tumors, 
the objective is to obtain a tissue diagnosis and achieve a maximally safe 
(and gross total) resection of the tumor[6, 7]. Since glial tumors (espe-
cially low grades) are diffusely infiltrative growing tumors, the borders of 
the tumor are impossible to discern from non-invaded healthy brain pa-
renchyma. The adage to do no harm to the patient is especially impera-
tive in the treatment of glial tumors since too aggressive approaches can 
have devastating clinical consequences. As a result, even in a gross total 
resection, the margins of the resection cavity should always be consid-
ered populated by residual tumor cells that must be adjuvantly treated at 
some point. In aggressive tumors (GBM and some LGG) this is directly 
following resection if feasible, and for true low grades at the moment of 

the eventual recurrence of disease[8]. To predict which patients are bet-
ter off treated aggressively rather than a wait and see approach, molecu-
lar markers can be utilized to predict the clinical course up to some level. 
At the moment of writing this thesis, the field of molecular characteriza-
tion of gliomas is vibrant and the definitive conclusions based on large 
cohort studies are pending. It is expected, that histological examination 
will more and more be supplemented by testing for molecular markers 
that may prove indicative for clinical outcome and response to treatment. 

Due to the dismal current (!) prognosis of the majority of gliomas, im-
proved treatment modalities are warranted. To ensure these options will 
surface, a better appreciation of the molecular phenomena that drive 
glioma initiation, treatment response and recurrence is needed. Espe-
cially the last two decades, with the advent of multiple techniques to in-
terrogate the molecular blueprint of tumors, have brought the scientific 
community paramount information on glioma fundamentals. However, in 
remembrance of one of the propositions posed in this thesis; the meas-
ure of an education is that one acquires some idea of the extent of ones 
own ignorance. Ergo, the increased knowledge derived from multiplat-
form molecular characterization studies has also lead to a dazzling 
amount of information that points at the complexity of this disease and 
the limitations of our experiments to test for potential treatments. There-
fore the last two decades of scientific research on glioma, especially 
GBM, have delivered very little with respect to better treatment outcome 
for patients. Several explanations can be brought forward to account for 
the lack of clinical translation of the positive preclinical results provided 
by researchers in the recent past. For one, the complexity of the disease 
was until recently only to a limited extent recapitulated in preclinical mod-
els. The cure of xenografted mice does not translate into a cured patient, 
since the xenografted cells do not recapitulate the human condition in 
mice in several aspects. This holds true for the invasive growth pattern, 
the function of the blood brain barrier and the role of the systemic and 
local immune system on therapeutic outcome. 

Secondly, the molecular characterization studies published to date have 
delivered ample evidence that the Multiforme part of the disease is proba-
bly responsible (at least in part) for the lack of recapitulation of preclinical 
evidence. Since malignant glioma may actually be comprised of 3-6 (de-
pendent of which publication one chooses to follow[9-12]) different sub-
types that have a distinct genetic etiology and therefore probably also a 
separate response profile to targeted agents. An example of this is the 
predictive value of 1p19q deletions and MGMT gene methylation in the 
context of alkylating chemotherapy efficacy, which seems to code for a 
specific entity of predominately oligodendroglial, IDH1 mutated tumors[3, 
13]. As a result of the hindsight provided by the latter example, the stratifi-
cation of clinical trials in the past may have been biased by therapeutic 
response in only a subgroup of patients. With the continued advance-
ment of the aforementioned insight into disease classification, the evolu-
tion of the models to test potential drugs is even more warranted.

The aim of this thesis is to contribute a little to the body of scientific evi-
dence that will one day bring fruition to patients in the form of better treat-
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ment outcome. The scope of this thesis was designed around two major 
topics, which are further elaborated on in the next paragraphs. 

	 The first pillar of the thesis is structured around the utilization of 
so-called glioma stem-like cells (GSCs) that can be derived from patient 
tumors by selective propagation techniques in vitro. The concept of 
GSCs is driven by the hypothesis that tumors harbor poorly differentiated 
initiating cells that give rise to sub-clones or subpopulations that form 
the bulk tumor. In line with this concept, it is postulated that these initiat-
ing cells could be the driving population behind tumor proliferation, recur-
rence and resistance. As a result, scientific interest grew in selectively 
culturing these cells for fundamental and translational studies. This lead 
to several publications indicating GSCs to; 1) more adequately mimic 
human disease in vitro and in xenografts when compared to convention-
ally used cell lines[14], 2) retain hallmark features of the tumor on a mo-
lecular level when compared to conventionally serum-supplemented pri-
mary cultures[14, 15]. 

	 The aim of our studies was to investigate the distribution of re-
ported molecular alterations within and between GSCs derived from pa-
tient samples in our hospital (Chapter 2). Off specific interest was the 
ability to investigate inter-individual heterogeneity to adequately define 
response profiles for potentially interesting compounds (Chapter 3, 6 and 
8). These studies would potentially result in clinical trials that stratify pa-
tients based on these response profiles. 	

	 The second pillar of the thesis is structured around the utilization 
of the aforementioned GSCs to improve feasibility studies for a particu-
larly interesting alternative treatment for GBM, namely oncolytic virother-
apy. Oncolytic virotherapy (OV) capitalizes on the ability of viral vectors 
to selectively infect and lyse malignant cells. The rationale behind this 
strategy was first observed in the 1950s and has become of renewed 
interest with the advent of gene therapy in the 1990s[16]. A thorough re-
view of the concept for oncolytic adenovirus based OV for GBM is pro-
vided in Chapter 5. In short, OV for GBM has been demonstrated by nu-
merous studies, both preclinical and clinical, to be an interesting alterna-
tive since viruses are programmed by nature to effectively kill cells by 
hijacking similar molecular machinery as cancer cells utilize for subvert-
ing apoptosis/immunological clearance. In addition, GBM only very rarely 
metastasize to other organs, which renders these tumors an optimal can-
didate for localized administration in order to circumvent systemic barri-
ers (such as circulating antibodies, complement system and immune 
cells).

	 The studies described within this thesis are based on the GSC 
model and address the feasibility of combination strategies that poten-
tially improve the oncolytic capacities of Delta24-RGD, an adenovirus 
based viral vector.  In addition, reovirus based OV was tested in GSCs to 
address inter-individual heterogeneity with regard to infectivity, viral prog-
eny production and overall oncolytic capacity. Lastly, we addressed a 
novel administration strategy for Delta24-RGD based on cellular vehicles 
(Chapter 8). 

	 The common ground for these studies is the circumvention of 
(more recently) discovered hurdles (i.e. inadequate models, the need for 
combination strategies, lack of efficient intratumoral delivery) and poten-
tial research strategies to that may have direct impact in the form of aug-
mented therapeutic effect when successful. Hence, the title of the thesis; 
Modeling of malignant glioma and investigations into novel treat-

ments
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Abstract 

Background. Recent molecular characterization studies have identified 
clinically relevant molecular subtypes to coexist within the same histologi-
cal entities of glioma. Comparative studies between serum-
supplemented and serum-free (SF) culture conditions have demonstrated 
that SF conditions select for glioma stem-like cells, which superiorly con-
serve genomic alterations. However, neither the representation of molecu-
lar subtypes within SF culture assays nor the molecular distinctions be-
tween successful and nonsuccessful attempts have been elucidated. 
Methods. A cohort of 261 glioma samples from varying histological 
grades was documented for SF culture success and clinical outcome. 
Gene expression and single nucleotide polymorphism arrays were interro-
gated on a panel of tumors for comparative analysis of SF+ (successful 
cul- tures) and SF2 (unsuccessful cultures). Results. SF culture outcome 
was correlated with tumor grade, while no relation was found between 
SF+ and patient overall survival. Copy number – based hierarchical clus-
tering revealed an absolute separation between SF+ and SF2 parental 
tumors. All SF+ cultures are derived from tumors that are isocitrate dehy-
drogenase 1 (IDH1) wild type, chromosome 7 amplified, and chromo-
some 10q deleted. SF2 cultures derived from IDH1 mutant tumors dem-
onstrated a fade-out of mutated cells during the first passages. SF+ tu-
mors were enriched for The Cancer Genome Atlas Classical subtype and 
intrinsic glioma subtype-18. Comparative gene ontology analysis be-
tween SF+ and SF2 tumors demonstrated enrichment for modules asso-
ciated with extracellular matrix composition, Hox-gene signaling, and 
inflammation. Conclusion. SF cultures are derived from a subset of pa- 
rental tumors with a shared molecular background including enrichment 
for extracellular matrix – associated gene modules. These results provide 
leads to develop enhanced culture protocols for glioma samples not 
propagatable under current SF conditions. 

Introduction

Glial tumors consist of a heterogeneous group of primary CNS neo-
plasms. While the clinical outcome of these tumors varies substantially 
between different grades (World Health Organization [WHO] grades I – 
IV), only grade I tumors can be treated curatively.1 In the last decade, 
substantial effort has been put into characterizing the pathogenic mecha-
nisms underlying this complex group of glial cell– derived tumors. These 
efforts have led to the establishment of several molecular subclasses of 
glioma, which differentiate types of gliomas based on their intrinsic mo-
lecular distinctions and similarities, rather than the conventional charac-
teristics used for histology-based grading.2 – 5 Indeed, gene expression 
– based clustering of glioma from several grades within the WHO grading 
system proved more predictive of survival than the histo- logical 
classification.4, 6 Thus far, however, this gain of insight has not led to 
improved clinical outcome for patients, since there are no specific treat-
ment strategies designed to target specific subtypes of glioma as of yet. 
Consequently, the development of preclinical models that accurately re-
flect the molecular heterogeneity of glioma is imperative for both transla-
tionally relevant drug screening programs and the advancement of 
patient-tailored treatment options. 

Commercially available cell cultures of glioma have been demonstrated 
to poorly mimic the molecular aberrations found in patient samples.7,8 
Furthermore, the xenograft models derived from these cultures do not 
sufficiently recapitulate the histological hallmarks of glioma.9 With the 
advent of the cancer stem cell hypothesis, several groups have imple-
mented serum-free (SF) cell culture regimens, originally developed for 
neural stem cell propagation, to establish glioma stem-like cell (GSC) 
cultures from fresh tumor tissue.10,11 By analyzing gene expression pro-
files of GSCs and serum supplemented (SS) cultures, a distinct separa-
tion between the aforementioned and the parental tumors was revealed 
by unsupervised clustering.7 Several groups have reported GSC cultures 
to be superior with regard to retaining the original patient gene expres-
sion signature and histological phenotype in xenografts.7,11,12 This has 
led to a wide variety of applications for these cell culture assays, ranging 
from inquiries into fundamental hypotheses13,14 to preclinical testing of 
novel agents.15 – 17 

Several contradicting publications have since been published on the opti-
mal cell culture methodology,18,19 mandatory molecular aberrations for 
successful propagation,20 – 22 and positive selection for gene expres-
sion signatures related to specific molecular subtypes in vitro.14, 23 
Most of these previous publications have focused on the characterization 
of successfully propagated specimens of glioblastoma multiforme (GBM; 
WHO grade IV) from adults. Reports on the culture success of grade II 
and grade III gliomas are sparse.20,24 Therefore, we undertook a charac-
terization study of a large cohort (N 1⁄4 261), which addresses the distri-
bution of glioma from all histological entities for the outcome of GSC cul-
ture attempt. Within equal WHO grades, correlations between cell culture 
outcome and patient overall survival were assessed. Tumor samples of 
both successful and unsuccessful cultures (n 1⁄4 46 in total) were also 
subjected to molecular analysis, and a number of molecular traits that 
influence cell culture success rate were identified, as well as genes that 
may play a role in this process. These results emphasize the need for, 
and provide leads to, the development of im- proved culture protocols 
supporting growth of all subtypes of glioma. This is essential for imple-
mentation of this model in drug screening programs for personalized 
treatment strategies. 

Material and Methods

Glial Stem-like Cell Cultures and Serum-supplemented Cultures From 
Glioma Resection Specimens 

A detailed protocol for SS and SF culture establishment from primary 
glioma samples is included in the supplementary information (Supplemen-
tary Methods and Materials). 

In short, tumor specimens were handled within 2 h postresection. Disso-
ciated tumor cells were plated in Dulbecco’s modified Eagle’s medium 
(DMEM) – F12 with 1% penicil- lin/streptomycin, B27 (Invitrogen), human 
epidermal growth factor (EGF; 5 mg/mL), human basic fibroblast growth 
factor (FGF; 5 mg/mL) (both from Tebu-Bio), and heparin (5 mg/mL; 
Sigma-Aldrich). Passaging of proliferating GSC cultures was performed 
on growth factor reduced extracellular matrix (ECM) – coated plates (BD 
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Biosciences). Tumor sphere formation was tested regularly by plating 
passaged cell cultures from coated to noncoated flasks. SS cultures 
were established in parallel with GSC cultures from 25% – 50% of the 
total yield of cell pellet derived from the dissociation process, depending 
on total volume after visual inspection. For all samples, the use of patient 
tumor material was acquired with informed consent from patients as ap-
proved by the institutional review board of the Erasmus Medical Center, 
Rotterdam. Cell culture images were acquired on the Incucyte-FLR sys-
tem (Essen Bioscience). 

Nucleic Acid Isolation, cDNA Synthesis, and Array Hybridization From 
Tumor and Cell Culture Specimens 

Samples were selected based on volume (for isolation of both DNA and 
RNA) and tissue viability (as verified by histological examination using 
conventional hematoxylin and eosin staining). Total RNA and genomic 
DNA were isolated from cell culture pellets or from fresh frozen tissue 
samples (DNeasy or RNeasy isolation kits [Qiagen]). DNA and RNA con-
centration thresholds were 25 ng/mL and 50 ng/mL, respectively. RNA 
quality was assessed on a Bioanalyzer (Agilent). RNA integrity numbers 
.6.5 were used for our experiments. Sample labeling, DNA amplification, 
and array hybridization for SNP6.0 arrays were performed at AROS Ap-
plied Biotechnology, according to standard array manufacturer’s protocol 
(Affymetrix) with 100–500 ng total DNA per sample. 

The whole-genome expression cDNA-mediated annealing, selection, ex-
tension, and ligation (DASL) assay, HumanHT-12 v4 beadchip (Illumina), 
was performed at AROS Applied Biotechnology, according to Illumina 
instructions with a minimum of 400 ng total RNA per sample. 

Copy Number Analysis on Tumor and Cell Culture Samples 

After quality control inspection, raw data files in the .CEL format were 
loaded into Partek Genomics Suite vv6.5 and 6.6 and annotated for sam-
ple identification. Before allele intensities and copy number ratios were 
calculated, batch effects of separately run cohorts were removed by algo-
rithms distributed by the software manufacturer. Samples were normal-
ized and log2 transformed, and subsequently copy number intensities 
were calculated against the SNP6.0 hapmap reference file. Histograms 
were plotted for detected segments for both the SF+ and the SF2/SFnp 
groups. Unsupervised hierarchical clustering was performed on copy 
number intensities on Euclidian based algorithms developed by the 
manufacturer. 

Loss of heterozygosity for 1p19q information was attained from microsat-
ellite analysis or copy number intensity measurements on SNP6.0 arrays. 
Microsatellite analysis was performed as described previously.25 Direct 
sequencing of isocitrate dehydrogenase 1 (IDH1) exon 4 mutations was 
performed as described previously.4 

Gene Expression Profiling 

For comparative analysis, raw probe calls were log2 trans- formed and 
quantile normalized before processing. Differentially expressed genes 
were detected through 1-way ANOVAs with the SF result as the discrimi-
nating factor. Genes with a P-value ,.05 and that were 2-fold higher or 
lower in the SF+ group were used for gene set enrichment studies. Gene 
ontology libraries used were supplied through DAVID.26 Biological func-
tion and cel- lular component libraries were checked for at least 3 genes 
per module and a P-value ,.05. 

Statistics 

Apart from molecular characterization data, all clinical data statistical 
analysis was performed in SPSS Statistics v19 (IBM). P-values are pro-
vided in the legends or the text. Group proportion statistics are based on 
univariate analysis based on Fishers exact test. Survival statistics are 
based on Wilcoxon log-rank pairwise comparisons.

 Results

Malignant Gliomas of All Histological Grades Can Be Propagated in 
Serum-free Medium 

To evaluate the success rate of primary glioma in SF cultures, we set up 
a tissue handling routine for a systematic and reproducible throughput of 
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primary tumor samples. After ruling out technical or contaminating 
sources for failure, we analyzed a panel of 261 individual specimens, cov-
ering the complete spectrum of histological grades of malignant glioma 
(Table 1). The ability to form tumor spheres after dissociation (n 1⁄4 165, 
63%) was merely indicative for initial selection of glioma-initiating cells. 
SF culture outcome was not unambiguous, since a subset of cases 
(35%, termed SFnp) did initially yield spheres, but these would senesce 
or expire within 5 passages. The SF+ group (28%) represents cultures 
that proliferated 6 passages or more, exhibiting long-term expansion 
suit- able for reproducible experiments. The majority of these cultures 
were kept in culture past p10 (n 1⁄4 55, 75%), demonstrating the capacity 
of a (sub)population of these cultures to drive self-renewal. The SF2 
group (37%) consisted of tumors that did not form any spheres after dis-
sociation. These cultures failed in p0, despite transferring floating aggre-
gates onto ECM coating. 

As expected, the yield of SF+ within grades II and III glioma is substan-
tially lower (n 1⁄4 12 of 92 attempts [13%]) compared with grade IV (n 1⁄4 
61 of 169 [36%], P , .05). Grade II astrocytoma was significantly associ-
ated with SFnp (P,.05). As anticipated, for primary GBM, 37% were suc-
cessfully cultured under SF conditions, which is in great contrast to sec-
ondary GBM (0/7). The proportion was even larger in recurrent GBM, 
where 7/16 (44%) succeeded. Taken together, SF culture media are suit-
able for propagation of all histological subtypes of glioma, except secon-
dary GBM. However, in general, the probability of SF culture success 
increases with WHO grade. 

Serum-free Culture Success Is Not Prognostic of Clinical Outcome 

Other studies have suggested that sphere formation is prognostic for 
clinical outcome in both adult and pediatric glial tumors.24,27,28 There-
fore, we compared overall survival of the 261 patients in this study with 

regard to SF culture outcome of patient-derived tumor tissue. Overall 
survival of SF+ (median 1⁄4 373 days, 95% confidence interval [CI] 1⁄4 
301 – 445), SF2 (median 1⁄4 783 days, 95% CI 1⁄4 SFnp (median 1⁄4 841 
days, 95% CI 1⁄4 301 – 1265), and48 – 1634) was significantly different 
for SF+ versus SFnp samples (Wilcoxon log-rank P 1⁄4 .011) and for SF+ 
versus SF2 (P 1⁄4 .043) (Fig. 1). However, comparison of these groups 
within the same histology demonstrated that the differences in overall 
survival were related mainly to tumor grade. Indeed, differences within 
the GBM samples were found to be nonsignificant for SF+ versus SF2 (P 
1⁄4 .506) and SF+ versus SFnp (P 1⁄4 .338). Within the grades II – III tu-
mors, a trend was observed for dismal survival in the SF+ group. At the 
time of writing, a significant difference was not reached, since the major-
ity of grades II–III patients are a live to date (SF+vsSF2[P1⁄4 .208] and 
SF+ vs SFnp [P 1⁄4 .267]). 

SF+ Cultures Recapitulate TCGA-Defined Genotypic Hallmarks of Paren-
tal Tumor Tissue 

The ability to retain driver mutations in vitro is crucial for the implementa-
tion of SF cultures for drug screening assays. To address the genotypic 
similarity of parental tumors and the derived in vitro progeny, a panel of 
SF+, SF2, and SFnp tumor samples (n 1⁄4 27) was interrogated on single 
nucleotide polymorphism (SNP) whole-genome arrays. Samples were 
selected for being representative of SF culture outcome with regard to 
proliferation, morphology, and pattern of extinction in vitro. Frequently 
occurring copy number alterations (CNAs), as previously reported in The 
Cancer Genome Atlas (TCGA),29 were ob- served in both SF+ and SF2/
SFnp parental tumors. Specifically, we found focal amplifications on seg-
ments containing EGF receptor (EGFR), cyclin-dependent kinase CDK)4, 
and murine double minute (MDM) 2, but not in platelet derived growth 
factor receptor–a (Supplementary data, Table S1). For 10 individual 
cases, we added early (before p4) and late passages (past p4, before 
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p12) to evaluate genotypic stability in vitro under SF conditions (Supple-
mentary data, Fig. S1). Copy number intensity analysis revealed that 
both early and late passages of SF+ cultures retain hallmark somatic 
CNAs. 

Serum Cultures of SFnp Tumors, but Not SF- Tumors, Retain Parental 
Copy Number Alterations for a Number of Passages 

Since a considerable number of SFnp/SF2 samples do proliferate under 
SS conditions, we investigated whether this platform could serve as an 
alternative culture model for this specific subgroup of tumors. It has been 
reported that serum cultures tend to drift from the original genotypic pro-
file by either the emergence of de novo mutations or the total loss of can-
cer cells due to overgrowth by non-neoplastic cells.12 Indeed, for all SF2 
(n 1⁄4 5) samples cultured under serum conditions, we noticed a loss of 
parental CNAs (Fig. 2), coinciding with morphological changes of the tu-
mor cells from a heterogeneous and polarized phenotype to a more fibro-
blastic phenotype. On the contrary, parallel-established early passages 
of both SF and serum cultures derived from SFnp tumors (n 1⁄4 4) were 
found to harbor mutations analogous to the parental tumor (Fig. 2). We 
therefore conclude that SS culture does not offer an alternative for cul-
ture of SF2 tumors; however, it may support low passage drug screening 
experiments on SFnp samples, since these samples retain (at least for a 
limited number of passages) their genomic profile. In addition, there is an 
apparent molecular distinction between SF2 and SFnp tumors with re-
gard to the ability to proliferate as SS cultures. 

Molecular Characterization Based on Copy Number Alterations Identifies 
an Absolute Separation Between SF+ and SF2/SFnp Tumors 

The distinction between SF+ versus SFnp/SF2 tumors with regard to 
CNA conservation in vitro led us to hypothesize that a specific molecular 
mechanism dictates SF culture outcome. We therefore investigated differ-
ences in CNAs occurring between the 3 SF outcome groups, by copy 
number intensity–based unsupervised hierarchical genome clustering on 
patient tissue (n 1⁄4 27). Strikingly, SF+ separated completely from SF2 
and SFnp tumors on the cluster dendrogram (Fig. 3). Furthermore, SF2 
and SFnp intermixed within the cluster dendrogram, illustrating less ge-
nomic variation between these groups individually than between the com-
bined SF2/SFnp group and SF+ samples. Moreover, a principal compo-
nent analysis of SNP allele intensities between SF+ and SF2/SFnp sam-
ples revealed a similar clear separation between the 2 groups (Supple-
mentary data, Fig. S2). 

Detailed analysis showed that all SF+ tumors (n 1⁄4 11) demonstrated 
gains of chromosome 7 (7p+) and loss of heterozygosity of chromosome 
10q or the entire chromo- some 10 (SF2 P 1⁄4 .0009 and SFnp P 1⁄4 
.0027) (Fig. 3, Table 2). These 2 arms harbor the EGFR (chr.7p11.2) and 
phosphatase and tensin homolog (PTEN) (chr.10q23.31) loci, respec-
tively, which were both found to be significantly discriminating between 
SF+ and SF2/ SFnp cohorts (P , .001 in an ANOVA based on SNP allele 
intensity). However, Fishers exact tests based on EGFR amplification 
status demonstrated no significant difference between SF+ and SF2/
SFnp cohorts. Although CNAs on CDKN2A/B were more frequently 

found in SF+ tumors, there was no significant difference between SF+ 
and SF2 or SFnp. Other differentially affected segments were found on 
chr1p, 12q, and 15q, which do not harbor focal somatic mutations, as 
reported by TCGA, but may carry drivers of SF culture results because 
these segments are frequently affected in both low-grade and high-grade 
glioma.30 
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Gene Expression Profiling of SF+ Tumors Reveals Enrichment for the 
TCGA Classical and Intrinsic Glioma–18 Subtypes 

Gene expression–based molecular subtyping has been reported to cor-
relate with specific CNA profiles in GBM and to have prognostic and 
predictive value.4,5,31 We therefore assessed whether the spectrum of 
reported subtypes was represented within the SF+ tumors. Gene signa-
tures from 2 previously published molecular classifiers based on WHO 
grade IV glial tumors (referred to as the TCGA classifier)5 and WHO 
grades I – IV glial tumors (here referred to as the intrinsic glioma subtype 
[IGS] classifier4) were determined in parental tissue. We expanded the 
previously described cohort of samples used for SNP profiling with a 
selection of SF+, SF2, and SFnp samples (n 1⁄4 41) (Supplementary 
data, Table S2). All TCGA subtypes were represented in the SF+ group, 
although a significant enrichment for the Classical (CLA) subtype was 
revealed (64% vs 27% incidence in the TCGA dataset). The SF2/ SFnp 
cohort was enriched for PRO tumors, while the only SF+ PRO samples 
were histologically grade II-III samples (Fig. 4A and Supplementary data, 
Table S2). 

As our cohort contains tumors from all WHO grades, we also evaluated 
the distribution of the IGS classifier set within our SF+ cohort. This clas-
sifier has been reported to be prognostic of clinical outcome in gliomas 
of all WHO grades. Considerable overlap was demonstrated between 
IGS and TCGA subtypes,4 which is recapitulated within our cohort (Ta-
ble 2). For instance, IGS-18 was found to be overrepresented in the SF+ 
group (58%) compared with the original IGS dataset (22.5%), which is 
con- gruent with the fact that this subtype resembles the TCGA CLA 
subtype. Additionally, the TCGA PRO subtype is associated with 2 sepa-
rate IGSs, which were coined IGS-9 and IGS-17. Despite the fact that 
both subtypes are enriched for IDH1 mutated and cytosine–phosphate– 
guanine island methylator phenotype (CIMP) tumors, median survival 
between the 2 subtypes differed almost 2-fold (6.06 y in IGS-9 vs 3.3 y 
in IGS-17). Interestingly, IGS-9 tumors were not represented in our SF+ 
cohort, whereas IGS-17 samples were (n 1⁄4 3), and both of these IGSs 
were overrepresented in our SF2/SFnp cohort (Fig. 4A, Supplementary 
data, Table S2). 

Culture Success Is Not Solely Dependent on EGFR Copy Number or Ex-
pression Level 

With the demonstrated enrichment for molecular sub- types enriched for 
EGFR gains and amplifications (TCGA CLA-mesenchymal-neuronal and 
IGS-18-23- 16) in culture medium supplemented with a surfeit of ligand 
(EGF), we hypothesized that one of the driving mechanisms might origi-
nate from the dependency that EGFR-expressing cells have under EGF 
supplemented medium. However, when EGF was omitted from the me-
dium of established SF+ cultures, no effect on proliferation or viability 
was found in 9 out of 12 SF+ cultures (Supplementary data, Fig. S3A-B). 
From these 12 cultures, 2 samples (GS184 and GS184rec), with known 
EGFR mutation in tissue, even demonstrated enhanced proliferation on 
fibroblast growth factor – only medium, which could be in line with an 
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inhibitory effect of EGF on EGFR amplified GSCs as described by 
others.32 

Together with the lack of a significant difference between the occurrence 
of EGFR amplifications (Table 2 and Supplementary data, Table S1) be-
tween the SF+ and SF2/SFnp cohorts, we conclude that the EGFR copy 
number is unlikely to dictate SF culture outcome. 

Current Culture Protocols Select Against Propagation of IDH1-mutant 
Cells 

Since grades II and III samples, and specifically IGS-9/ PRO tumors, 
were found to be less prone to SF culture propagation, we looked into 
other characteristics of these subtypes in relation to SF success. As both 
IGS-9/ 17 and PRO subtypes are enriched for tumors that harbor IDH1/2 
mutations (IDH-MUT),25,33 we investigated the IDH1 status of tumors 
and cultures. 

None of the SF+ tumors we investigated (n 1⁄4 19) were IDH-MUT, while 
12 of 24 SF2/SFnp tumors were mutated (Supplementary data, Table 
S5). IDH1 mutation status was also assessed in early passages of SFnp 

as well as SS cultures from SF2 tu-
mors and revealed a gradual de-
crease or instant loss of the IDH-MUT 
sequencing peak, invariably resulting 
in cultures that contained solely IDH1 
wild-type (IDH-WT) cells (Fig. 4B and 
C, Supplementary data, Table S5). 
SNP array – based karyograms and 

1p19q loss of heterozygosity 
analysis of these cultures also 
revealed a loss of CNAs pre-
sent in parental tumor (exempli-
fied in Supplementary data, 
Fig. S4). We therefore conclude 
that current SF and SS culture 
protocols select against and 
do not sustain long-term prolif-
eration of IDH-MUT cells. 

Comparative Gene Expression 
Analysis of SF+ Versus SF2 
Tumors Identifies Enrichment 
for Extracellular Matrix–Associ-
ated Gene Modules in SF+ Tu-
mors 

Identification of genes or path-
ways that dictate SF culture 
outcome may perhaps provide 
leads to defining culture condi-
tions for the SF2/SFnp tumors. 
We therefore analyzed DASL 

probe intensities of parental tu-
mors from a cohort of 17 SF+ tumors and 24 SF2/ SFnp tumors and per-
formed an ANOVA-based statistical analysis for SF culture outcome. As 
a result, 999 genes were identified that differentiated between SF+ and 
SF2/SFnp on a 2-fold expression level (P , .05). Gene Ontology (GO) 
analysis revealed that Hox genes, cell cycling and division, inflammatory, 
chemotaxis, and migration clusters are upregulated, whereas neuronal 
development and adhesion clusters are downregulated in SF+ tumors 
(Supplementary data, Table S3– 4). Kyoto Encyclopedia of Genes and 
Genomes (KEGG) pathway analysis demonstrated SF+ tumors to be 
upregulated for cytokine-cytokine interaction, ECM and focal adhesion 
pathways, nucleotide-binding oligomerization domain – like receptor, and 
Janus kinase/signal transducers and activators of transcription signaling, 
among others. Downregulated modules in SF+ tumors compared with 
SF2 tumors are neuroactive ligand receptor interaction genes, calcium 
signaling and a “cancer specific” module containing genes such as 
PI3KR1, RET, BCL2, BMP2, CTNNA3, and CDKN2B (Table 3). Altogether 
these results suggest that SF+ tumors share molecular features oriented 
around ECM interaction, which may drive SF outcome. 
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Discussion

Serum-free cultures of patient-derived GSCs have become a preferred 
platform for in vitro drug screening studies. The validity of this approach 
depends, however, on the representation of the whole spectrum of 
glioma subtypes within the SF culture assay. In order to address this is-
sue, we examined the distribution of glioma subtypes within SF cultures 
based on histology and expression profiles, as well as on the presence of 
hallmark molecular characteristics described for grades II – IV glioma. To 
our knowledge, the presented series of 261 low- and high-grade gliomas 
is unique in its variation in histological diagnoses and cohort size. 

Retrospective analysis of SF culture outcome within this cohort leads us 
to conclude that tumor sphere formation by itself is not a valid parameter 
to designate a culture as successful (SF+). The relatively high incidence 

of tumor spheres that cease to proliferate within a few pas- sages (as 
reported by others before18) advocates for the introduction of a thresh-
old differentiating between SF+ and samples that do not render practi-
cally useful cultures. One argument for the separation of SF+ and SF2/
SFnp samples was provided by our genomic analysis, which demon-
strated a separation of SFnp/SF2 collectively from the SF+ samples. In 
addition, the enrichment of molecular subtypes between SF2/SFnp and 
SF+ samples suggests that these groups have distinct molecular back- 
grounds that drive SF culture outcome. 

Within our investigated cohort, SF culture outcome was directly corre-
lated with WHO tumor grade. Others have reported a correlation be-
tween the ability of patient- derived glioma cultures to form tumor 
spheres on SF culture medium and dismal clinical outcome.24,27,28 In 
accordance with these authors, we find the incidence of SF+ to increase 
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with WHO grade and we see a significant decrease in overall survival for 
the SF+ group. However, within tumors of equal grade, we found no sig-
nificant reduction in overall survival for SF+ compared with SF2 or SFnp. 
Therefore, we have not been able to confirm the results of earlier publica-
tions in our large cohort. As for the grades II–III SF+ tumors, the ob-
served tendency for dismal outcome may suggest a reflection of shared 
molecular features as found in SF+ GBM, resulting in a propensity to pro-
liferate under these selective in vitro conditions. 

The driving CNAs found in parental tumors are conserved in vitro under 
multiple passages on SF conditions, which has been demonstrated 
before.12,15 For SF2 samples, we demonstrated that SS parallel cul-
tures are rapidly overgrown with nonneoplastic cells, indicating that 
short-term serum cultures do not offer an alternative for in vitro propaga-
tion of these tumors. On the contrary, the apparent conservation of CNAs 
in low passages of SFnp cultures suggests that SS medium may serve 
as a suit- able alternative for low-passage, high-throughput screening in 
selected cases; however, this warrants further study. 

To date, 3 publications have reported propagation of IDH1-MUT patient-
derived glioma cells under SF conditions.34 – 36 Of these, 2 groups of 
researchers published data suggestive of the loss of proliferative capac-
ity in IDH-MUT cells during long-term in vitro propagation, which could 
be circumvented by serial passaging in xenografts.34,35 Recently, Rohle 
et al36 reported an anaplastic oligodendroglioma SF culture that suffi-
ciently propagated to perform viability assays for drug screening, al-
though data with regard to the longevity and passage numbers of this 
culture in vitro were not provided. Taking this into account, we conclude 
that IDH-MUT cell cultures are selected against, under the current SF 
and SS culture protocols applied within this study, for the derivation of 
reproducible and long-term expanding in vitro models. 

Identifying biological drivers of SF culture may provide leads to adjust-
ments in culture protocols that increase SF culture yield. By interrogating 
genomic and expression- based differences between samples of SF+ 
and SF2/ SFnp groups, we identified a distinct molecular profile asso- 
ciated with SF propagation. Genomic profiling demonstrated the charac-
teristic combination of chr7p gain and chr10q loss in all SF+ tumors. 
Loss of functional phosphatase and tensin homolog, which resides on 
chr10q, has been reported mandatory for successful SF cultures by 
Chen and colleagues14; however, these authors did not in- vestigate the 
coincidence of chr7p gains. Gene expression profiling of parental tumors 
demonstrated that the SF+ population was significantly enriched for 
TCGA CLA subtype tumors and decreased for the PRO subtype. In ac- 
cordance with these data, the 7p10q CNA combination has been demon-
strated to be associated with the TCGA CLA subtype by Verhaak et al.5 
Interestingly, Schulte et al23 reported superior conservation of PRO-
related gene expression in GSC’s compared with adherent SF or SS cul-
tures. This phenomenon may be attributed to the neurosphere culture 
medium composition, which was initially developed to facilitate propaga-
tion of nonneoplastic neural stem cells and suggests that transcriptomal 
changes occur in vitro. In addition, we have found a molecular IGS (IGS-
9) that is exclusively incompatible with in vitro propagation. This subtype 
is correlated with 1p19q codeletion, CIMP, and IDH1-MUT tumors. 

Our gene expression–based ontology analysis revealed several discrimi-
natory pathways for SF+ tumors (Table 3). Given the enrichment for 
genes that modulate the ECM (such as inflammation, neovascularization, 
etc), we hypothesize that the driving substrates of SF culture outcome 
are related to these modules. Further support for this assumption is pro-
vided by the differential expression of several tumor-associated ECM 
molecules and cell adhesion genes between SF+ and SF2/SFnp. The 
interplay between ECM and cancer stem cells has been demonstrated to 
play a crucial role in the switch between cell survival and programmed 
cell death,37,38 suggesting a possible link in the ability to proliferate as 
(floating) spheres. We speculate that this signature renders the GSCs in 
these tumors less susceptible to the activation of programmed cell death 
in the absence of components of the ECM that are mandatory for sur-
vival. In addition, the leading GO-module upregulated in SF+ tumors was 
highly enriched for Hox genes, which have recently been implicated in 
SF+ culture proliferation and maintenance.39 Future research into these 
differentially expressed gene modules is expected to provide insight into 
the underlying mechanisms involved in GSC survival under SF condi-
tions. 

In sum, we conclude that SF culture medium selects for a subgroup of 
grades II – IV gliomas that share a CNA trait consisting of chr7p10q al-
terations as well as gene expression modules that dictate the interaction 
between GSCs and the ECM. Follow-up studies are under way to vali-
date genes identified in this study. These may ultimately provide leads to 
improve the yield and subtype distribution of glial tumors in SF culture 
assays. A next aim is the development of improved culture protocols 
based on a better understanding of the requirements of these tumors 
and may include alternative (combinations of) growth factors and ECM 
substrates, which better recapitulate the intratumoral environment. With 
regard to the testing of novel drugs and inquiries into canonical path-
ways driving glial tumors, we suggest that caution is warranted with con-
clusions drawn from SF culture models, as current protocols support 
only the cultures of glioma of the described subtypes. 
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Supplementary materials

Tissue handling and in vitro culture assays

Primary tumor tissue samples are collected from patients for which in-
formed consent was obtained, guided by the Institutional Review Board 
of the Erasmus Medical Center Rotterdam.

Fresh resected tumor biopsies are collected in culture medium (DMEM 
supplemented with fetal calf serum (10%), penicillin and streptomycin 
(1%)). Within 2 hours post resection, samples are minced with surgical 
blades, into lumps with a volume that can be easily aspirated into con-
ventional 5ml cell culture pipettes without flow-obstruction. These lumps 
are chemically dissociated in a cocktail of culture medium supplemented 
with DNAse (1%) and Collagenase A (5%) for 1,5 hours in a 37”C shak-
ing water-bath.

Subsequently the dissociated cells are rinsed through a 70um cell 
strainer and centrifuged. Pellet is subsequently treated with erythrocyte 
lysis buffer (1ml 0.75M NH4Cl, 1mM EDTA, 0.1 KHCO3), for 8-10 minutes 
on ice, and re-dissolved in culture medium. 

Next, the solution is spun once more to remove all debris from lysed 
erythrocytes. These (white) pellets are plated out to establish cultures on 
serum supplemented (SS) and serum free (SF) medium. SS medium con-
sists of the same components as mentioned for the biopsy collection 
medium. SF medium constitutes DMEM-F12 with 1% penicillin/
streptomycin, B27 (Invitrogen), human EGF (5ug/ml), human basic FGF 
(5ug/ml) (both Tebu-Bio) and heparin (5mg/ml) (Sigma-Aldrich). 

The seeding concentration is based on viability inspection after erythro-
cyte lysis supernatant is discarded. On average we would start a culture 
with approximately 1x10*6 viable cells per 5ml in T25 or T75 culture 
flasks. For every sample, parallel SS cultures are started with 25-50% of 
the total pellet, depending on the assessment of total yield and viability 
after dissociation. Since the main objective is to start SF cultures, seed-
ing concentration of SS cultures is adjusted in favor of increasing the 
yield of SF cultures. In our experience, there is virtually no threshold to 
establishing SS cultures when proper adjustments are made with regard 
to culture flask volume. 

Next day, cells are inspected for viability once more. If apparent, abun-
dant cellular debris is removed by centrifugation and cells are re-
suspended in fresh medium. On day 3 and 7 cells are inspected again for 
the formation and size of tumor-spheres. Cultures that contain a suffi-
cient number of tumor-spheres of adequate volume (100um size) are dis-
sociated for re-proliferation assessment. If no sphere formation is appar-
ent, but cells adhere to the bottom of the flask, cells are left to proliferate 
since these adherent cells will often form spheres within a couple of 
days. If a culture does not form spheres at all, our experience is that usu-
ally these cultures will stop proliferating under SF conditions.

In order to perform the assay in a reproducible manner we have a stan-
dardized protocol to harvest pellets and cryovials at early passages. This 
is done in order to guarantee the ability to re-start cultures at low pas-
sages and perform profiling studies. This means that on average, a cul-
ture must form spheres in p0 and p1, proliferate in p2 through p5 to be 
able to store cell pellets for profiling studies. Furthermore, the ability to 
initialize sphere formation over multiple passages is a good indicator of 
prolonged and reproducible in vitro usage. In our experience, from p5 
onwards SF cultures rarely senesce before p20. This leaves enough 
room to perform reproducible experiments with translationally relevant 
SF cultures. 

Classification of SF culture groups

SF+ cultures	 Successfully propagated samples are able to proliferate 
for at least 5 passages post dissociation. These cultures form spheres 
when plated under SF conditions and usually harbor very heterogeneous 
intercellular morphological aspects when plated in ECM coated wells. 
We continue to store cryovials of these cultures at low passages to en-
sure tissue banking of these cultures for drug screening and other experi-
mental procedures. Routine profiling studies of these SF+ cultures further 
more enables us to work with well-characterized GSC’s. 

SFnp cultures	 SFnp samples are able to form spheroids under SF con-
dition after dissociation. However, after passaging, these spheroids do 
not proliferate for at least 5 passages. Usually, within 1 or 2 passages 
these spheroids senesce, or the sphere formation is merely based on 
aggregation of cells rather than expansion of the culture. This leads to a 
decay of the proportion of viable cells over the first 4 passages, which 
renders the culture unsuitable for reproducible experiments. 

SF- cultures	 SF- cultures are not forming spheroids in the first week 
under SF conditions. At inspection, it is our experience that these cul-
tures merely have floating debris with sometimes some adherent stromal 
cells. The floating debris can be easily distinguished from sphere forma-
tion by its aspect, which is typically devoid of intact nuclear cellular mor-
phology, which can be found in spheroids. In addition, the amount of 
viable cells only decreases over time, while this is not the case for SFnp 
or SF+ samples. These samples usually enrich for viable cells after cen-
trifugation steps in the first week after dissociation.  

We have excluded samples that were not proliferating due to lack of sam-
ple volume. Other obvious procedural flaws and contamination were ex-
cluded as well. 

Importantly, the majority of SF- samples yielded very large volume pellets 
after dissociation, which rapidly deceased after seeding, regardless of 
seeding concentration or culture medium. This holds true especially for 
grade II and grade III samples. However, fine-tuning the seeding concen-
tration to higher or lower thresholds does not alter outcome in our experi-
ence. Therefore, the above-mentioned seeding concentration of 1x106 
cells is in our experience suited for initial seeding in all grades. 
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Supplementary Tables and Figures

Table S1) Distribution of frequently occurring CNA’s in GBM amongst the SF+ and SF- tumors. Frequently occurring CNA’s as found in the TCGA cohort 
were scored for in SF+ and SF-/SFnp parental tumors. Abbreviations for histology are as found in legend Fig1. Red indicates copy number ≧ 4n. Blue indi-
cates copy number ≦ 1. Integration of gene-signature according to TCGA and IGS classifiers is depicted as well. Note the enrichment of 7p+10q- com-
bined CNA’s in the SF+ group. CDK6 and MET focal amplifications were not found in our cohort. 
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Table S2) Overview of samples selected for DASL based gene expression analysis. Molecular subtype, IDH-1 mutation status and LOH of 1p19q are 
scored for. NC = no change. N.D. = not determined. 
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Table S3-4) Overview of gene modules upregulated en downregulated in SF+ tumors. Individual genes are depicted by gene symbol. The percentages 
indicate the amount of positive genes within the entire module. 
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Table S5) Negative selection against IDH-MUT tumor cells in SF culture conditions results in non-neoplastic cultures. Cell cultures from IDH-1 mutated 
tumors were sequenced for mutational status at indicated passage numbers. Abbreviations; ND= Not determined, NC = No Change, N.A. = not available. 
For loss of IDH-MUT in vitro, the earliest sample available that was assessed for IDH-MUT status is depicted.
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Fig.S1) SF cultures from SF+ tumors retain copy number alterations as found in the parental tissue. Heatmap profile of cultures from indicated passages 
of SF+ samples genotyped on SNP6.0 array platform. Color coding indicates genomic gains (red) and losses (blue). Numbers below indicate the chromo-
some depicted above. Note the retained EGFR amplification found on chromosome 7p, as indicated by intense red band in the yellow boxes. Similarly, 
CDKN2A/B deletions are retained on chromosome 9p, as indicated by the blue bands in the green boxes.
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Fig.S2) Principal Component Analysis of Genotyping (SNP calls) results of patient tumors from which GS cultures were derived. Color coding is applied for 
the 3 different culture outcomes. Note the genotypic segregation of SF+ tumors from SF-/SFnp tumors. Data was retrieved after correcting for batch ef-
fect.
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Fig.S3) EGF addition to SF medium does not alter SF culture proliferation and viability.  A) Panel of 12 previously established SF+ cultures are monitored 
for 5 days on SF medium with EGF and bFGF or SF medium with bFGF supplementation only. Graphs are depictions of Incucyte standardized confluency 
measurements from 4 square microscopic localizations within a 24-well format. Note that, with the exception of GS166, all culture have comparable 
growth patterns between the two conditions. B) Viability data of the same experiment as described in A), with bar charts depicting Cell Titer GLO based 
read-out at 5 days of the same panel. Note the increase in viability of GS184 and GS184rec plus decrease viability of GS166. For the other cultures, there 
is overlap between the results of the confluency measurements which overall show no significant difference between the two conditions. 
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Fig.S4) Comparative SNP karyogram analysis reveals loss of copy number alterations. Chromosomes are depicted in numerical sequence with chromo-
some 1 on the far left, and the Y chromosome on the far right. Red and blue bands indicative of gains and losses in the tumor karyotype are lost in the SS 
cultures derived from these tumors, illustrating nonneoplastic overgrowth
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Abstract 

Background: The current standard of care for Glioblastoma Multiforme 
(GBM) consists of fractionated focal irradiation with concomitant temo-
zolomide (TMZ) chemotherapy. A promising strategy to increase the effi-
cacy of TMZ is through interference with the DNA damage repair machin-
ery, by poly(ADP-ribose) polymerase protein inhibition(PARPi). The objec-
tive of the present study was to investigate the therapeutic benefit of 
combination therapy in patient-derived glioma stem-like cells (GSC). 
Methods: Combination therapy feasibility was tested on established 
GBM cell lines U373 and T98. We developed an in vitro drug-screening 
assay based on GSC cultures derived from a panel of primary patient 
tissue samples (n = 20) to evaluate the effect of PARPi (ABT-888) mono-
therapy and combination therapy with TMZ. Therapeutic effect was as-
sessed by viability, double stranded breaks, apoptosis and autophagy 
assays and longitudinal microscopic cell monitoring was performed. O-
6-methylguanine-DNA methyltransferase (MGMT) status was determined 
by methylation assay and protein expression by western blots. Results: 
PARPi monotherapy was found to decrease viability by more than 25% in 
4 of the 20 GSCs (20%) at 10 μM. TMZ monotherapy at 50 μM and 100 
μM was effective in 12 and 14 of the 20 GSCs, respectively. TMZ resis-
tance to 100 μM was found in 7 of 8 MGMT protein positive cultures. 
Potentiation of TMZ therapy through PARPi was found in 90% (n = 20) of 
GSCs, of which 6 were initially resistant and 7 were sensitive to TMZ 
monotherapy. Increased induction of double stranded breaks and apopto-
sis were noted in responsive GSCs. There was a trend noted, albeit statis-
tically insignificant, of increased autophagy both in western blots and 
accumulation of autophagosomes. Conclusion: PARPi mediated poten-
tiation of TMZ is independent of TMZ sensitivity and can override 
MGMT(-) mediated resistance when administered simultaneously. Re-
sponse to combination therapy was associated with increased double 
strand breaks induction, and coincided by increased apoptosis and auto-
phagy. PARPi addition potentiates TMZ treatment in primary GSCs. 
PARPi could potentially enhance the therapeutic efficacy of the standard 
of care in GBM. 

Introduction 

Glioblastoma Multiforme (GBM) is the most common primary brain tumor 
for which there is no curative therapeutic option [1]. First-line treatment 
of GBM consists of tumor resection, followed by fractionated focal irra-
diation (IR) in combination with concomitant and adjuvant administration 
of the alkylating agent temozolomide (TMZ). Despite recent advances in 
understanding the molecular biology of GBM, the clinical perspective for 
newly diagnosed patients remains poor. The addition of TMZ to surgery 
followed by radiation has increased median survival from 12 to 15 
months compared with IR monotherapy [2]. Hence, the need for thera-
peutic agents that can augment current treatment outcome is urgent. 

It has been demonstrated that therapeutic efficacy of this chemo-
radiation regimen, apart from clinical factors, depends on intrinsic mo-
lecular features of the tumor [3,4] such as methylation of the O6-
methylguanine- DNA methyltransferase (MGMT) promoter gene and the 
subsequent lack of expression of the MGMT protein within GBM cells [5]. 

Several mechanisms have been identified that lead to the repair of 
alkylation-induced damage, such as base-excision repair (BER), mis-
match repair (MMR) and homologous recombination (HR) repair [6,7]. 
The addition of DNA-repair system interfering agents may therefore po-
tentiate the efficacy of TMZ treatment. Poly ADP Ribose Polymerase 
(PARP) proteins share the ability to transfer an ADP-ribose moïety from 
nicotinamide adenine dinucleotide (NAD+) to an acceptor protein and 
facilitate the accumulation of multiple sequential (poly) ADP-ribose units 
to the preceding one(s), a process termed PARylation. These proteins 
have been demonstrated to be essential in BER, after DNA damage in-
duced by cytotoxic agents. PARP protein inhibitors (PARPi) were demon- 
strated to enhance therapeutic efficacy of several conventional cytotoxic 
agents, such as alkylating chemotherapy. One such agent, ABT-888 (Veli-
parib®), has been demonstrated to primarily bind to PARP-1and PARP-2, 
and infer- iorly to PARP-3 and PARP-4 [8]. In humans, PARP-1 activity is 
responsible for 85-90% of PAR production with the remainder primarily 
attributable to PARP-2. Therefore, we will reference PARPi function from 
here on as dimin- ished activity of PARP-1 and PARP-2. 

Low passage glioma stem cell (GSC) cultures have been demonstrated 
to superiorly recapitulate genomic and gene-expression profiles, when 
compared with GBM cell lines and serum supplemented primary cultures 
[9,10]. The investigation of therapeutic effect of combined agents in pa-
tient derived material provides the ability to identify predictors of respon-
siveness in vitro. In the present study we investigated the sensitivity of a 
large panel of patient derived GSCs to monotherapy with both TMZ and 
PARPi. Additionally, we evaluated the ability of PARPi to potentiate TMZ 
cytotoxicity at varying clinically relevant doses. The ability of PARPi to 
overcome TMZ resistance is addressed in the context of MGMT expres-
sion in GSCs. 

Methods 

Cell cultures 

All GSC primary cultures were derived from tumors of operated patients 
from the Erasmus Medical Center Rotterdam, The Netherlands. Prior to 
surgery, patients sign informed consent as approved by the Institutional 
Review Board of the Erasmus Medical Center Rotterdam. Tumor grading 
was performed by the local pathologist according to guidelines of the 
WHO grading of primary brain tumors. Freshly resected tumor samples 
were dissociated to establish primary cultures as described earlier [11]. 
Serum free medium constitutes DMEM-F12 with 1% penicillin/
streptomycin, B27 (Invitrogen, Bleiswijk, The Netherlands), human EGF (5 
ug/ml), human basic FGF (5 ug/ml) (both Tebu-Bio, Heerhugowaard, The 
Netherlands) and heparin (5 mg/ml) (Sigma-Aldrich, Zwijndrecht, The 
Netherlands). Tumor spheres were dissociated and passaged regularly 
for experiments or to derive material for characterization studies. T98 
and U373MG conventional cell cultures were acquired from the American 
Type Culture Collection (ATCC, Manassas, VA) and propagated on 
DMEM supplemented with 10% fetal bovine serum and 1% penicillin + 
streptomycin. 

Viability and proliferation assays 
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Patient-derived tumor spheres were dissociated with AccutaseTM (Invitro-
gen, Bleijswijk, The Netherlands), and cell lines T98 and U373 with tryp-
sin. Cells were seeded at 1000 cells per well in 96 wells plates. For 
GSCs, wells were coated with extracellular matrix coating (BD Biosci-
ence, Breda, The Netherlands). After 24 hours, cells were treated with 
TMZ (Sun Pharmaceutical Indus- tries, Mumbai, India), or ABT-888 (Sel-
leckchem, Huissen, The Netherlands), at indicated doses that have been 
demonstrated clinically relevant [12,13]. Combination therapy reagents 
were prepared by adding a mixed reagent in culture medium at equal 
volumes to monotherapy. Vehicle controls constituted of equal DMSO 
concentrations as needed for the dilution of TMZ therapy. After 5 days, 
viability was measured by performing the Cell Titer GLOTM assay accord-
ing to the manufacturer’s instructions (Promega, Leiden, The Nether-
lands). All experiments were carried out in triplicate. T98 and U373 were 
used as positive and negative internal controls during GSC-based drug-
screening experiments. Read-out was performed in a plate reader by 
measuring lumines- cence (Tecan Infinite 200, Tecan Benelux, Giessen, 
NL). Proliferation assays consisted of longitudinal imaging of cell conflu-
ency in the Incucyte HD Live Cell imaging incubator. Cells were seeded 
in 96 wellsplates and placed into the Incucyte incubator. Phase contrast 
images were acquired at 1-3hr intervals and confluence per well was cal-
culated using a software platform supplied by the manufacturer (Essen 
Bioscience, Hertfordshire, UK). 

Combination indexes of PARPi and TMZ combination therapy were ob-
tained through Cell Titer GLO read-out, and calculated according to the 
Chou-Talalay procedure [14]. In short, serial dilution experiments with 
TMZ and ABT-888 monotherapy were carried out in order to determine 
the IC50 of each drug separately. Based on the Y-intercept and the slope 
of the curve derived from linearization of the viability data, the IC50 was 
calculated. Subsequently, ABT-888 and TMZ combination experiments 
were dosed by combining 3 stepwise derivatives (with 3 fold increases or 
decreases) of the IC50 value of both drugs in T98 and U373 respectively. 
Based on these experiments, standardized log derivatives of the dos-
ages needed to elicit a decrease of viability (fraction affected, Fa) at a 
specific dose of each (combination of) agent(s) can be calculated. Subse-
quently the dose reduction index (DRI) of combination therapy is the ratio 
between the monotherapy dose and the combination therapy dose for a 
given Fa. The combination index is thus provided as the combined 1/DRI 
of both agents (1/DRItmz + 1/DRIabt-888), which should remain below 1 
in order to demonstrate synergy. 

Double stranded breaks assays 

To determine the induction of DSBs in GSCs, cells were seeded at a con-
centration of 2.5x104 cells per well in matrigel coated 96 wells plates. 
Experiments were carried out as instructed by the manufacturer of the 
OxiSlect DNA Double Strand Break Staining Kit (Cell Bio Labs Inc, San 
Diego, CA, USA). In short, cells were incubated overnight and treated 
next day with 100 uM TMZ, 10 uM ABT-888 or combination therapy with 
both agents. Positive controls consisted of etoposide (0.1 mM) treated 
cells, whereas for negative controls we used non-treated controls. Read-
out was performed 16 hours post-treatment. Cells were fixed in 4%PFA/
PBS, washed and stained according to manufacturer’s protocol with pri-

mary antiγH2Ax antibody solution (1:100) and counterstained with secon-
dary FITC conjugated anti- body solution (1:100). After washing, cells 
were incu- bated in the Incucyte and yH2Ax positive cells were counted 
per well with software as provided by the Incucyte manufacturer. 

Apoptosis and autophagy assays 

To determine the induction of apoptosis or autophagy by mono- or 
combination-therapy GSCs were plated out in similar conditions with 
regard to culture conditions, drug dosing and preparations, and cell seed-
ing, as de- scribed for the viability assays. The Cell Player Caspase 3/7 
reagent (Essen Bioscience, Hertfordshire, UK) was added in a 1:1000 
dilution to the culture medium at the time of treatment administration 
(according to manufacturers instructions). Read-out was performed after 
48 hrs post-treatment by counting the ratio between apoptotic cells and 
total cells per well, using algorithms provided within the software of the 
Incucyte FLR. 

For autophagy experiments, cells were seeded, treated and cultured as 
described above for previous in vitro ex- periments. To determine the 
induction of autophagy, we used the Cyto-ID Autophagy detection kit 
(Enzo Life Sciences, Raamsdonksveer, The Netherlands). This kit pro-
vides a monodansylcadaverine based dye that specif- ically stains auto-
phagosomes [15]. To this end, cells were washed 16hrs post-treatment 
with assay buffer provided by the manufacturer. Next, cells were stained 
with the Cyto-ID green detection reagent for 30 minutes and subse-
quently washed twice more with assay buffer and cells were imaged in 
the Incucyte FLR for the detection of autophagosomes. Incucyte soft-
ware was used to process imaging data. First a threshold was set for cir- 
cumference and fluorescence intensity to identify autop- hagosomes. 
Next the autophagosomes per well were calculated using algorithms pro-
vided by the Incucyte manufacturer. 

MGMT methylation assay and western blotting 

All samples used were derived from GS cultures passaged no more than 
7 times. DNA and protein extraction was derived from fresh frozen pel-
lets. Quantitative PCR on MGMT promoter methylation was assessed as 
previously decribed [16]. The following methylation specific primers were 
used F: TTTCGACGTTCGTAG GTTTTCGC and R: 
GCACTCTTCCGAAAACGAAA CG. The un-methylated specific primers 
were F: TTTGTGTTTTGATGTTTGTAGGTTTTTGT and R: AACTCCA-
CACTCTTCCAAAAACAAAACAQ. Western blots for MGMT protein ex-
pression were performed as follows. Samples were cultured, treated as 
indicated, and sequentially pelleted, washed twice in ice-cold PBS, and 
lysed in RIPA buffer with proteinase inhibitor (1%). Protein concentration 
was measured by performing the Bradford assay. The samples were di-
luted in Laemli buffer and run on 10% SDS-PAGE gel for electrophoresis. 
After running the gel, proteins were transferred to PVDF membranes in a 
BIO-RAD transfer system. Membranes were blocked with 5% milk in 
TBS-Tween (0.2%) and stained with primary antibodies at 4°C over night. 
After washing, secondary antibodies were applied for 1 hour with subse- 
quent washing steps. Protein detection was achieved by using ECL 
chemiluminescent detection reagent (Pierce, Thermo Scientific Etten-
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Leur,NL). Antibodies used are anti-MGMT (Abcam, Cambridge MA, USA), 
LC3B (Cell Signaling, Danvers, MA, USA) and anti-β-actin (Clone C4, 
Millipore Amsterdam, The Netherlands). 

Statistical analysis 

Data are presented as averages ± standard deviations as compared to 
non-treated controls. Statistical analysis was performed using the paired 
two-tailed Student’s t-test. Statistical significance was defined as p 
<0.05. Enhancement factors were determined as the ratio between the 
most effective single agent (between ABT-888 and TMZ) and the effect of 
combination therapy. 

Results 

PARP inhibition potentiates TMZ in sensitive and resistant conventional 
celllines

The addition of PARPi to TMZ treatment was tested in two conventionally 
used GBM cell lines, T98 and U373 respectively, for which the MGMT 
gene methylation and protein status have been previously reported [17]. 
Quantification of cytotoxicity was assessed by cell viability as well as 
monolayer confluency (Figure 1A and B). In ac- cordance with previous 
reports [18], U373 was sensitive to TMZ monotherapy, whereas T98 was 
resistant (p>0.05 for both dosages compared to non-treated control). 
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Conversely, T98 was sensitive to PARPi monother- apy whereas U373 
was not. Comparative analysis of confluency and ATP-based viability 
generally correlated well. However, T98 susceptibility for ABT-888 mono- 
therapy appeared more pronounced when assessed for viability than the 
confluency results suggest. Microscopic examination (Figure 1C) re-
vealed fewer viable cells and drifting debris suggestive of cytotoxic effect 
of ABT-888 at 10 uM in T98 cells, which was not apparent in U373. 

PARPi potentiated TMZ therapy in case of TMZ 50 μM in T98. Adding 
PARPi resulted in a dose dependent decrease of viability by 42% ±11% 
(2.5 μM PARPi) and 82% ±16% (10 μM PARPi). Similar results were 
found for the combination of TMZ at 100 μM with PARPi at 10 μM in T98 
(p<0.001). In U373, combination treatment of TMZ 50 μM with 2.5 uM 
PARPi was more effective than mono-treatment, however, the net de- 
crease was small (10% ±2.6%, p<0.05), while not signifi- cant for TMZ 
100 μM/10 uM PARPi. 

To evaluate synergy between the two agents in a systematic manner, the 
Chou-Talalay combination index (CI) was determined for both agents in 
these two cell-lines [14]. T98 was comparatively resistant to TMZ with an 
IC50 at 5 days of 415.5 μM (R2 = 0.97), while the IC50 of U373 was 66.8 
uM (R2 = 0.94) at 5 days. T98 was relatively sensitive to PARPi with an 
IC50 of 16.46 μM (R2 = 0.98) compared to an IC50 of 58.6 uM (R2 = 
0.97) for U373. Next, the combination index (the ratio between dose re-
duction of combined treatment and monotherapy with either agents indi-

vidually) was plotted. For T98 the combination of PARPi and TMZ was 
found synergistic with a CI below 1 for all Fa (fraction affected) (Figure 
1D). In contrast, the CI U373 consistently demonstrated a CI>1, sugges-
tive of antagonized cytotoxicity of ABT-888 when combined with TMZ in 
this cell line. 

PARPi and TMZ monotherapy screening experiments  
in GSCs

Molecular characteristics as found in primary GBM tissue, are inferiorly 
recapitulated in conventional cell lines such as T98 and U373, when com-
pared to early passages of serum-free patient-derived cultures [10,19]. 
Therefore, we tested 20 GSC cultures from high-grade malignant glioma 
for the PARPi ABT-888 and TMZ sensitivity (overview of clinically relevant 
information in Table 1). GSC cultures were labeled sensitive if more than 
25% reduction in viability was measured as compared to non- treated 
controls. For PARPi monotherapy at 10μM, this was found in 4/20 cul-
tures (20%), (Figure 2A). 

Sensitivity to TMZ was tested at two standard concentrations of 50 μM 
(low dose) and 100 μM (high dose). These concentrations are derived 
from experiments with T98 and U373 as the optimal concentrations to 
detect additional effect by combination therapy in both TMZ sensitive 
and resistant cultures, within physiological ranges as found in plasma 
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and CSF of patients treated with TMZ [20]. Low dose TMZ induced more 
than 25% viability loss in 5/20 cultures (25%) (Figure 2B). High dose TMZ 
treatment had therapeutic effect in 12/20 cultures (55%). Based on these 
results we categorized the 20 GSC cultures into PARPi and TMZ resis-
tant and sensitive cultures based on the initial monotherapy screen (Ta-
ble 1). Six of the 20 cultures were tested at least three times for reproduci-
bility of the results, which demonstrated consistent TMZ and PARPi thera-
peutic efficacy profiles over multiple pas- sages (data not shown). 

Since therapeutic response of malignant glioma to TMZ is known to be 
highly correlated with MGMT promoter methylation and a subsequent 
decrease in MGMT protein expression [5,21], we performed Western blot-
ting of MGMT protein in 19 out 20 cell cultures tested in our initial drug 
screening (Figure 2C). MGMT was expressed in 9 GSC cultures 
(MGMT(+)), of which 8 were found to be resistant to 100 μM of TMZ. Con-
versely, all 11 MGMT negative (MGMT(-)) cultures were found sensitive to 
TMZ therapy. Together, TMZ sensitivity was highly correlated to MGMT 
expression (p=0.007). In addition we determined the promotor methyla-
tion status, which generally correlated well with protein expression (n = 
11/14, 78%). Interestingly, the sensitivity to ABT-888 was also correlated 
to MGMT expression, since MGMT expressing GSCs were significantly 
more resistant to ABT-888 10 uM monotherapy compared to MGMT 
negative GSCs (p=0.01). 

PARPi addition potentiates TMZ treatment in primary GSCs 

To determine the ability of the PARPi ABT-888 to potentiate TMZ efficacy, 
we evaluated the therapeutic effect of combination therapy in the afore-
mentioned GSC cultures (n=20). Enhancement factors were calculated 
as the ratio between the most effective drug in monotherapy and the ef-
fect of combination therapy. Efficacy enhancement by combination ther-
apy was determined as an enhancement factor >1. As shown in Table 1, 
enhancement of 50 μM TMZ by10 uM PARPi was found in 18 of 20 cul-
tures (90%) of which 10 cultures had a p-value of <0.05. Average and 
median decrease of viability as compared to TMZ monotherapy was 
22.8% and 21.9%, respectively. For high dose TMZ monotherapy, 17 out 
of 20 (65%) cases were potentiated of which 11 had a p-value <0.05. In 
this group the average and median reduction in viability was 23% and 
28.8% (Table 1). Except for GS41, enrichment factors between high and 
low dose TMZ were similar or increased with the higher dosing of TMZ, 
suggesting a dose response effect of combination therapy. In conclusion, 
18 out of 20 GSC cultures were coined responders to combination ther- 
apy (R), and two MGMT(+) cultures were coined non-responders (NR). 

We found that PARPi potentiated four of the MGMT(+) GSC cultures 
(p<0.05); at both low and high dose TMZ. Similarly, in 4 out of 8 MGMT 
negative cultures we dis- covered additive effect of combination therapy 
(p<0.05). Student’s t-test revealed no significant difference between 
MGMT(+) or MGMT(-) GSCs with regard to ABT-888 potentiation of TMZ-
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therapy (p=0.71 low dose, and p=0.50 high dose respectively). Similarly, 
TMZ sensitivity as deter- mined by monotherapy screening was not corre-
lated to ABT-888 potentiation (p=0.24 low dose TMZ, p=0.42 high dose 
TMZ, respectively). In the single culture (GS173) for which the lack of 
MGMT expression was not correlated to TMZ sensitivity, we found PARPi 
mediated potentiation of TMZ as well. Thus, PARPi can potentiate TMZ 
efficacy regardless of the sensitivity to TMZ or MGMT status. 

PARP inhibition increases TMZ induced double stranded breaks, auto-
phagy and apoptosis in GSCs

The progression of alkylation based single stranded breaks (SSBs) to 
double stranded breaks (DSBs) has been proposed to be fatal in cancer 
cells. While MGMT can facilitate repair of SSBs, the rationale behind the 
addition of ABT-888 to TMZ is to comprise the DNA- repair cascade 
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needed to prevent the induction of DSBs after alkylation induced SSB 
formation. To address this proposed role of DSB induction as an out-
come of therapeutic efficacy in our GSC panel, three MGMT(-) and two 
MGMT(+) GSCs were tested for DSB induction when treated with TMZ, 
ABT-888 or combination therapy. The induction of DSBs by TMZ mono-
therapy was significant (p < 0.01) in 2 out of 3 MGMT(-) GSCs (Figure 
3A). Monotherapy with ABT-888 did not yield a significant increase in 
DSB induction. Interestingly, DSB induction was not apparent in one 
non-responder GS160 (MGMT(+)), suggestive of the premise that DSB 
induction is needed for combination therapy to potentiate TMZ-
monotherapy. 

Next we assessed the induction of apoptosis and autophagy, two path-
ways implicated to be upregulated in response to both TMZ and PARP 
inhibitor treatment [22-24]. We found that, in GS79 (MGMT(+), R), apop- 
tosis was significantly (p<0.05) increased by combination therapy as com-
pared to monotherapy (Figure 3B). The resistance to apoptosis induction 
following drug administration in GS160 further substantiated the hypothe-
sis that DSB induction is mandatory for cell death after combination ther-
apy. Autophagy has been implicated both in the induction of senescence 
after cytotoxic insult to facilitate DNA repair, as well as the induction of 
caspase dependent cell death (apoptosis). The induction of autophagy 
by therapeutic agents can be monitored through the accumulation of 
autophagic vacuoles by fluorescent microscopy or the conversion of 
LC3B-I into the lipidated LC3B-II [25]. We found that both TMZ and ABT-
888 induced autophagy in GS79 (Figure 3C) through a fluorescence 
based autophagy induction monitoring kit. In addition, combination ther-
apy was found that have an additive effect with regard to the induction of 
autophagosomes on microscopic imaging (Figure 3C-D). Furthermore, 
the conversion of LC3B-I to LC3B-II, a golden standard for the assess-
ment of autophagic flux [26], demonstrated to be increased in combin- 
ation therapy on western blot (Figure 3E). 

Discussion 

We here report the potential of ABT-888 as an additive to TMZ chemo-
therapy for the treatment of GBM. ABT- 888 is a selective inhibitor of 
both PARP-1 and PARP-2 protein function, which are together responsi-
ble for the majority of PAR activity [8]. The results presented here, demon-
strate that PARPi decreases proliferation and viability of the glioma cell 
line T98 and of a substantial subset of patient-derived GSCs. Further-
more, combined treatment with PARPi and TMZ leads to significant po- 
tentiation of therapeutic efficacy in the majority of GSCs, irrespective of 
MGMT protein expression. In addition, we found that MGMT+ GSCs are 
also significantly more resistant to ABT-888 monotherapy, as compared 
to MGMT(-) GSCs. We have found evidence that the potentiation of TMZ 
therapy by ABT-888 is dependent on the induction of DSBs, which coin-
cides with increased apoptosis and autophagy in responsive cells. 

Several studies have demonstrated the feasibility of PARPi as an adju-
vant in the treatment of malignancies [27]. PARP activity has been impli-
cated in both single stranded break (SSB) repair and double stranded 
break (DSB) repair [28]. Indeed, PARPi increased the efficacy of both 
TMZ and other alkylating agents in preclinical models of GBM and other 

solid tumors [29,30]. Although previous studies have demonstrated the 
feasibility of this strategy in preclinical models based on serum supple-
mented conventional cell lines [29,31,32], we here address this form of 
combination therapy in a panel of patient-derived GSCs. This is impor-
tant since conventional cell lines have been demonstrated to poorly 
mimic the genomic and transcriptomic landscape of GBM [19]. In addi-
tion, GSCs have been postulated to play an important role in therapy 
resistance to current standard of care for patients [33-36]. The results for 
TMZ mono- therapy in our GSC panel are in congruence with previous 
publications [37-40] and reproduce MGMT protein expression and subse-
quent TMZ resistance as found in parental tumors [41]. Therefore, this 
study also confirms that GSC panels are a suitable platform for assess-
ing the potential of TMZ combination therapy with other promising 
agents. 

Although it is expected for most GBM samples to be resistant to mono-
therapy with PARPi, since most GBM have intact DNA-repair-signaling 
pathways, testing for ABT-888 monotherapy effect demonstrated that a 
substantial (20%) part of our panel was sensitive to clinically relevant 
dosages of ABT-888. This has not been demonstrated in patient derived 
glioma samples with ABT-888 before, although other PARPi have had 
similar effects in conventional cell lines [32]. Therefore, we conclude that 
PARPi could be beneficial to therapeutic efficacy in GBM, apart from in-
teracting synergistically with TMZ. Previous studies have demonstrated 
phosphatase and tensin homologue (PTEN) deficient cells to be particu-
larly vulnerable to PARPi monotherapy through compromised homolo-
gous recombination repair [7]. For T98, susceptibility to PARPi could be 
related to a mutation in the PTEN gene, as reported for this cell line [42]. 
In GBM tissue profiling studies, PTEN signaling has been demonstrated 
to be dysfunctional in 40-65% of GBM cases [43,44]. However, other 
genes have also been implicated in the efficacy of PARPi in vitro as well, 
such as BRCA-1/2 or CDK5 [45,46]. Future research on PARPi therapy 
may therefore benefit from focused research on the identification of pre-
dictive molecular signatures for the susceptibility to PARPi mono- or com-
bination therapy in malignant glioma. 

Our study shows that PARPi enhances TMZ chemo- therapy in 18 out of 
20 cultures at varying doses (90%). The potentiating effect of PARPi to 
TMZ is found in both TMZ resistant and sensitive cultures. Combination 
therapy was effective in 6 out of 8 MGMT expressing GSC cultures, sug-
gesting that the additive effect is independent of MGMT status. At the 
time of finalizing this manuscript, Tentori and colleagues, published a 
similar study that demonstrated synergistic effect of combined PARPi 
(inhibitor GPI-15427) and TMZ therapy in a panel of 10 GSCs, data which 
are largely analogous with our findings [47]. These results indicate that 
PARPi has the potential to improve therapeutic efficacy of TMZ in both 
responders and non-responders to TMZ monotherapy. 

Since the current chemo-irradiation treatment regimen has considerable 
side-effects, the possible potentiation of TMZ by PARPi may also be con-
sidered in the context of TMZ dose reduction, leading to reduced side- 
effects, and prolonged therapeutic dosing in patients undergoing chemo-
irradiation. As combination therapy efficacy may be unrelated to MGMT 
status, this may provide for an interesting alternative to patients with a 
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recurrence after TMZ treatment. As such, other alkylating agents (e.g 
CCNU in the context of PCV, which is frequently used for recurrent oli-
godendroglioma) may be of considerable interest to study in combination 
with PARPi [48]. 

The mechanisms through which PARPi enhances TMZ induced cytotoxic-
ity may be ambiguous. For one, after the induction of SSBs by TMZ, 
PARPi prevents the binding of PARP1-2 to damaged DNA foci to facili-
tate BER. The PARPi mediated prevention of BER enhances the forma-
tion of DSBs, which would eventually be lethal. Our DSB and apoptosis 
induction assays provide compelling evidence that this hypothesis holds 
truth in combination therapy responder GSCs. Next to that, the induction 
of autophagy after TMZ or ABT-888 might provide an alternative mode of 
programmed cell death that is induced after combination therapy. 
Whereas monotherapy might induce autophagy as a mode of cellular 
adaptation to the cytotoxic event, the cumulative stress elicited by combi-
nation therapy might induce autophagic cell death, which has been de-
scribed as a context dependent mode of programmed cell death induced 
after a tipping point of autophagic flux is reached [49]. 

Conclusion 

This study underscores the potential of PARPi as an enhancer of TMZ 
treatment of patients with GBM. Furthermore, in select cases PARPi 
could elicit therapeutic effect as a single agent. We have demonstrated 
the efficacy of PARPi in GSCs, which are a more relevant in vitro model 
for GBM than the conventional cell lines used previously. PARPi-
mediated potentiation of TMZ therapy is independent of TMZ monother-
apy sensitivity or MGMT protein expression, which makes PARPi a prom-
ising drug for addition to the current standard of care chemo-irradiation 
regime. 
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ABSTRACT 

	 Recent publications on the molecular characterization of malig-
nant glioma have had profound impact on the appreciation of tumoral 
heterogeneity within and between patients. Both these phenomena are 
implicated in the variability in clinical outcome between patients, as well 
as the inevitable recurrence of these tumors after conventional treatment. 
The advent of selective cell culture protocols for the propagation of 
patient-derived glioma stem-like cells (GSCs) provides researchers the 
ability to selectively study the cells that could be at the root of tumor pro-
liferation and resistance to therapy. As these techniques are widely ap-
plied in contemporary studies and becoming the preferred in vitro model, 
molecular characterization of GSCs is considered pivotal for the identifi-
cation and advancement of novel therapies for this devastating disease. 

	 This review aims to provide an overview of canonical molecular 
alterations defining subtypes of malignant glioma as derived from geno-
typic, transcriptomic and epigenetic profiling in relation to their represen-
tation in GSC models. The distribution of these hallmark alterations as 
found in characterization studies of GSCs is compared between publica-
tions. Finally, conclusions of these studies with respect to coverage of 
driving alterations and translational relevance are provided. By doing so, 
we provide a contemporary overview of scientific results derived from 
GSC models and hopefully create appreciation of the advantages and 
caveats of utilizing these models for studying malignant glioma. 

1.	 INTRODUCTION

	 Malignant glioma comprises a clinically and molecularly heteroge-
neous group of central nervous system (CNS) malignancies that are cur-
rently incurable. Histological examination of malignant glioma, differenti-
ates tumors by the glial cell lineage that is most abundantly represented 
within tissue biopsies (astrocytic, oligodendroglial, and mixed oligo-
astrocytic tumors[1]. The aggressiveness of the tumor is graded by signs 
of proliferation and neovascularization. Glioblastoma (GBM), the end-
stage of the tumor, is characterized by an abundance of mitotic cells and 
necrosis. The optimal treatment regime for GBM is gross total resection 
followed by intensive chemo-irradiation, resulting in a median survival of 
15 months after the initial diagnosis[2].

	 Recent publications, in which large collections of GBM tissue 
were molecularly characterized on both genotypic, transcriptomic and 
epigenetic profiling platforms, revealed discriminative molecular signa-
tures by which tumors can be subtyped into several clusters based on 
molecular similarity. Attempts to establish a parallel grading system with 
molecular predictors for malignant glioma are ongoing and are expected 
to eventually solve several discrepancies (e.g. inter-observer heterogene-
ity and large variation in clinical outcome within histological entities) that 
occur using histopathological classification of tumors[3-6]. 

Similar to other malignancies, promising in vitro discoveries with regard 
to GBM biology have been numerous, while the translation of these suc-
cesses into clinical application remains rare[7, 8]. Amongst several expla-

nations, the lack of translational success lies partly within the experimen-
tal design of preclinical studies. To adequately predict therapeutic re-
sponse in patients, disease models (whether in vitro or in vivo) are util-
ized on the premise that they recapitulate features of the disease as accu-
rate as possible. 

	 For GBM, as for other malignancies, the widespread use of previ-
ously available clonal cell lines and derived xenografts may have ham-
pered the translation of promising agents since these lacked several cru-
cial factors (e.g. intratumoral heterogeneity, diffuse infiltrative growth, 
acquired resistance to therapy,  and the interplay with the host immune 
system) that are now understood to dictate disease resistance to thera-
py[9]. With the advent of stem cell research, and the subsequently pro-
posed cancer stem cell theory, the field of GBM research has embraced 
a variety of culture assays that may offer a more accurate representation 
of GBM biology and therefore be more predictive of the therapeutic effi-
cacy of promising (combination) therapies. What these assays generally 
have in common is the omittance of serum from the culture medium, 
combined with the addition of several supplements with nutrients and 
mitogens that favor neuronal proliferation (of which EGF and bFGF are 
the most commonly used)[10]. Expansion of spheroid bodies or aggre-
gates of freshly dissociated patient derived tissue under these conditions 
leads to neurospheres (or tumorspheres or gliomaspheres). For practical 
reasons with regard to drug screening purposes, others have demon-
strated matrix-protein based coatings to allow the culture of similar cells 
retaining GSC marker expression and xenograft-initiating capacity[11-
13].

	 Based on patient-derived GBM tissue, various groups have re-
ported on the establishment of heterogeneous populations of primary 
cultures in specified media designed to select for glioma-initiating (or 
stem) cells (from here on referred to as GSCs)[14-17]. These culture as-
says potentially provide the opportunity to investigate a form of personal-
ized medicine since patients’ debulked tumor specimens can be propa-
gated as GSC lines that may be individually tested using in vitro com-
pound libraries. Promising and intriguing as this may sound, to date sev-
eral questions remain unanswered with regard to the applicability and 
translational value of these GSC selective culturing methods. For in-
stance, since there are no stringent rules in culture establishment or 
propagation protocols, nor in techniques applied for validation, there can 
be quite some variability in applied GSC culture methods between labora-
tories[18]. In addition, the yield of tumor samples that can be success-
fully propagated under these serum free conditions is limited (40-67%), 
which hints at a selection bias [17, 19, 20]. Furthermore, the ability to 
derive GSC cultures from a GBM has been proposed as a prognostic 
factor for overall survival[19, 21], although this could not be reproduced 
in larger data sets[17]. To date, no studies have been published that vali-
date GSC derived evidence of potentially efficacious therapies through 
randomized controlled trials in humans. 

	 These are just a few of many caveats, which are relevant to the 
interpretation of GSC based studies. Current review of the literature is 
intended to provide a comprehensive overview of recently published cell 
culture characterization efforts and discuss the advantages and short 
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Figure 1) Overview of the TCGA coined molecular subtypes of GBM and the respective canonical somatic mutations and significantly differentiating 
genes within the boxes. The driving somatic alterations are depicted in the center. Color coding demonstrates significant relation to the defined subtype 
found in the square boxes. Gray coding suggests that the genes have shared distribution between the subtypes. The presence of arrows around a gene 
indicates that the alteration is shared between the subtypes that the arrow points towards. 
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comings of GSC culture methodology. At last, we summarize the implica-
tions of these publications for GBM research in the near future. 

2.	  Molecular profiling studies of GBM

	 Molecular analysis of GBM has been performed over the last 30 
years[22], however, only as of the last 10 years have large multi-
institutional cohorts of GB tissue, been molecularly analyzed in an inte-
grative way using high throughput platforms. From 2008 through 2013 
The Cancer Genome Atlas (TCGA) initiative published, in serial, the larg-
est cohort of GBM tissue samples that have been analyzed on a multi-
platform basis, integrating genomic, expression profiling and epigenetic 
data[23-25]. These studies confirmed some of earlier findings of other 
groups with regard to expression profiling and genotyping of GBM [26-
29]. While the TCGA glioma dataset originally included GBM samples 
only, others have included low-grade gliomas as well [28, 30-33]. 

	 As of yet, there is no consensus regarding the number of gene 
expression-based clusters for malignant glioma. However, for GBM, the 
four clusters that were coined in the TCGA studies (Proneural, Neural, 
Mesenchymal and Classical; PN, NEU, MES and CLA, respectively) have 
been applied to characterize cell cultures most frequently [17, 20, 34-37]. 
Others have reported these subgroups to be relevant to low grade glio-
mas as well [38, 39], however, a caveat resides in the fact that the TCGA 
subtypes were consensus clustered and validated on GBM tissue, which 
therefore constitutes a bias towards signifier genes that may not discrimi-
nate between subgroups of low grades. In line with this, it cannot be 
deemed coincidental that most LGGs are therefore coined proneural in 
TCGA, while more diverse outcome of molecular subtyping has been 
described in cohorts based on WHO grade II-IV glioma[29, 31]. 

	 Although there is overlap between the four TCGA clusters at the 
level of involved signaling pathways and distribution of genetic muta-
tions, it is possible to distill segregating features for each cluster. Proneu-
ral tumors are correlated to oligodendroglial and proneural marker expres-
sion and have activated PI3K and PDGFRA signaling pathway related 
gene expression. There is a higher frequency of somatic mutations and 
copy number changes in PDGFRA, TP53, PI3KCA or PI3KR1 and IDH1. 
The classical subtype is characterized by upregulated Notch and Hedge-
hog pathway signaling. Combined EGFR focal amplifications and PTEN 
alterations (either deletions or somatic mutations) are also characteristic 
for CLA tumors. Furthermore, TP53 mutations are generally not found 
within CLA subtype tumors. The lack of TP53 mutations is also the main 
segregator between CLA and NEU tumors. The Neural subtype is most 
resemblant of non-neoplastic (control) brain expression profiles and is 
segregated from the other clusters by enriched neural expression mark-
ers such as NEFL, GABRA1, SYT1 and SLC12A5. While EGFR mutations 
are abundant in each cluster, EGFR and TP53 co-mutations are only 
found in PN and NEU tumors, whereas TP53-PTEN and TP53-NF1 co-
mutations are more suggestive for mesenchymal tumors. The MES ex-
pression profile is characterized by NFκB and TNF signaling pathway 
genes and mesenchymal differentiation associated markers such as 
YKL-40 (also known as CHI3L1), MET and CD44. In relation to TNF sig-
naling, CD68 and other microglial markers are overexpressed compared 

to other tumors suggesting a more pronounced interaction with the im-
mune system when compared to other GBM subtypes. Somatic muta-
tions of NF1 and RB are overrepresented in MES when compared to 
other subtypes, and co-mutations with PTEN or TP53 are even more sug-
gestive of MES tumors. 

	 Epigenetic profiling of GBM has segregated six separated 
groups for which the so-called Glioma-CPG-Island-Methylation Profile 
(GCIMP) cluster stands out most distinctly based on prolonged survival 
and enrichment of segregating somatic mutations (IDH-1, p53 and 
ATRX)[25]. Expression profiling combined with methylation profiling dem-
onstrated that the prognostically favorable PN subtype is enriched for 
hypermethylated (GCIMP) samples, which appears to confound the sur-
vival advantage of PN tumors. Strikingly, the PN tumors that were not 
GCIMP, were demonstrated to share an equally poor prognosis as the 
non-hypermethylated samples in the other expression profiling clusters 
(CLA, MES and NEU)[24]. 

	 In addition, GCIMP tumors were enriched for MGMT promoter 
methylation, which by itself is an established marker for therapeutic re-
sponse (addressed in paragraph 3.1). Intriguingly, the large retrospective 
analysis of treated samples in the TCGA cohort recapitulated the value of 
MGMT promoter methylation as a predictor of therapeutic response 
solely in the CL subtype[25]. In the next paragraphs we will discuss the 
recapitulation of these driving molecular alterations within the GSCs that 
have been characterized on these platforms to date. 

2.1 Distribution of GBM gene expression profiles amongst GSC cul-
tures compared to serum supplemented cultures.

	 With the advent of the cancer stem cell hypothesis, the culture 
assays for propagating stem cells were repurposed to facilitate selective 
propagation of tumor stem-like cells. When this was demonstrated to be 
successful, malignant stem cell markers where sought after to specifi-
cally identify and propagate the “ driver” cells within tumor bulk[18]. For 
GBM, a number of GSC markers were established which can be selected 
for by flow-cytometry such as CD133, CD15, CD44, A2B5, Sox2 and 
many others. However, none of these markers have been consistently 
proven selective for GSC’s when compared to non-neoplastic or non-
GSC tumor cells. Nor does the lack of expression rule out stem cell like 
behavior of tumor cells with regard to clonal expansion or xenografts 
derivation[20, 40].  

	 Although several groups had already reported on the isolation of 
GSCs through establishing cell cultures from GBM specimens under se-
rum free (SF) culture conditions, it was not until 2006 that a large scale 
multiplatform study, comparing molecular characteristics of SF cultures 
to serum supplemented (SS) counterparts, was published by Lee et 
al.[23]. Serum-based cell cultures were shown to lose the transcriptomic 
profile found in the original tumor as well as their tumorigenic capacity in 
mice, whereas SF cultures retained these features. The superior recapitu-
lation of gene expression signatures by SF compared to SS cultures was 
later reproduced by several other groups[17, 37, 41, 42]. 
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	  These first studies also found that SF cultures had increased 
expression of several neuronal development related genes, such as 
NOTCH, Patched and SOX genes. In addition, OLIG2, NES and DLL3 
were found to be overexpressed in comparison to cell lines. Comparative 
gene ontology analysis between SF and SS cultured clones, from the 
same parental tumor specimen, reported enrichment for genes anno-
tated to be involved in (nervous system) development, cell to cell signal-
ing, morphology, and neurological diseases in the SF clones. In contrast, 
serum cultured cells were enriched for proliferation, cell death and 
cancer-specific annotated genes[42]. 

	 Next the distribution of TCGA subtypes in GSC culture models 
was assessed by a number of groups. Several groups have established 
that tumors from all different transcriptomic subtypes of GBM can be 
propagated in vitro[20, 34]. However, the distribution of successfully 
propagated cases was not equal between subtypes[17]. 

2.2 Distribution of hallmark genomic alterations in GBM amongst SF 
cultures

	 Several groups have investigated whether propagation under SF 
conditions selects for genomic alterations. The frequent copy number 
events that have been reported in GBM have all been recapitulated in 
serum-free cultured GSCs (Table 1). Strikingly, it was also demonstrated 
in a number of publications that all GSCs harbor the frequently found 
amplification of chromosome 7(p) and deletion of chromosome 10(q) (or 
focally of PTEN). In addition, deletions of the CDKN2a/b fragment on 9(p) 
are frequently found. As such, these CNAs appear to confer a selective 
advantage for the survival of GBM cells under defined serum-free condi-
tions. To a lesser frequency, just as seen in the entire patient population, 
copy number alterations are found on segments containing NF1, RB, 
PDGFR, CDK4, CDK6 and Myc are found. 

	 The most frequently reported somatic focal mutations in GBM 
are recapitulated in GSCs as well, with the exception of IDH, ATRX and 
telomerase promoter mutations. The presence of the IDH-1 mutation is 
related to notorious difficulties in the propagation of these tumors in vi-
tro. Reports on successful propagation and establishment of IDH1-
mutant GBM models are scarce and appear to depend on propagation in 
xenograft models[43, 44]. We previously demonstrated that attempts to 
establish long-term GSC cultures from IDH-1 mutant gliomas (n=21), did 
not yield a single successful culture. The short-term SF and SS cultures 
all demonstrated loss of the mutation within five passages[17, 43, 45, 
46].  The ATRX and (mutually exclusive) TERT promoter mutations have 
not yet been reported in the literature in the context of cell culture mod-
els at the time of writing this manuscript. 

	 As the successful propagation of GSCs may be a reflection of a 
biological phenotype, several publications investigated the requisite mo-
lecular constitution of tumors for successful serum free propagation. At 
the moment of drafting this review, definitive evidence of the molecular 
phenotype mandatory for SF propagation is not available. The most con-
sistently reported trait of GSCs is the co-appearance of Chr.7p/10q al-
terations, which may coincide with EGFR and PTEN function. 

	  Chen et al, who meticulously analyzed multiple common CNA’s, 
and other predispositions of the parent tumor that could influence suc-
cessful propagation (TP53, p16, PDGFRA, CD133) exclusively found 
PTEN to be significantly associated[20]. Retrospective analysis of previ-
ous publications suggests that this is in line with data of other publica-
tions in which 10q deletions or PTEN mutations were frequently discov-
ered with SRY/FISH and aCGH/SNP analysis (Table 1). In addition, others 
have reproduced these findings in later studies as well[17]. On the con-
trary, karyotyping studies have demonstrated polyploidy for chromosome 
10 in parental tumor tissue of GSCs[47]. It was found, however, that this 
does not guarantee wild-type PTEN function since other mechanisms of 
PTEN inactivation (such as epigenetic silencing, focal mutations or post-
translational inhibition[48]) have been demonstrated to occur in fre-
quently in such tumors. This finding, rules out a mandatory loss of chro-
mosome 10(q) for successful in vitro propagation under serum free condi-
tions [47, 49], however definitive evidence as to the mandatory dysfunc-
tion of the PTEN gene remains to be published. In line with  this subject; 
for NSCs it was demonstrated that a selection of rapidly proliferating 
cells are induced as the result of knockout studies in the PI3K-AKT-
FOXO pathway where PTEN acts as an important checkpoint, advocat-
ing for an advantage for PTEN loss for cell proliferation in SF assays[50, 
51]. In line with this, PI3KR1 and PI3KCA mutations or decreased protein 
expression have been found in GSCs as well[17].

	 An additional interesting observation is the gradual loss of focal 
amplifications of the EGFR locus over serial passaging of cultures [52, 
53]. This is surprising since virtually all SF propagated cultures have 
gains on chromosome 7, which harbors the EGFR gene, and retain these 
over multiple passages. This may suggest that a clonal population of 
cells containing high focal amplifications lose their selective advantage 
when there is an abundance of EGF. This loss of focal amplifications can 
be prevented by omitting EGF from the culture medium[52]. In addition, it 
was demonstrated that these high focal amplifications of EGFR and/or 
its EGFRvIII mutant, contribute to the aggressiveness of the tumor in xe-
nografts[52]. 

	 While both above-discussed CNA’s (del 10q, amp 7p) are fre-
quent events in GBM (80% of adult GBM), a substantial group of tumors 
do not propagate (10-40%) on SF medium [17, 19, 20]. In this regard, it is 
interesting to note a recent publication by Ozawa and colleagues that 
demonstrated non-GCIMP tumors to originate from a common precursor 
with Chr7p-10q alterations as a shared early event[54]. Intriguingly the 
causal driver alteration attained from Chr7p gains was deemed to be in-
creased PDGFA signaling, instead of the widely assumed EGFR amplifica-
tions that co-occurs so frequently, but is demonstrated to be a later 
event. 

Taken together, GSCs selectively cover the majority of non-GCIMP GBM, 
which is congruent with the distribution of the TCGA subtypes in GSCs. 

2.3 Methylation-profiling of GSCs

	 With the advent of high-throughput methylation profiling, several 
papers have indicated the relevance of epigenetic subgroups to clinical 
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behavior (prognosis, localization and possible therapeutic response) of 
malignant gliomas with similar histology and grading[24, 25, 55, 56]. As 
such, the interest for the driving epigenetic signatures in GBM, and the 
recapitulation hereof in GSCs, has led to a number of publications investi-
gating epigenetic status of in vitro GBM cells[34, 48, 57, 58]. 

	 Stricker et al reported GSCs to share epigenetic anomalies as 
found in 67 TCGA profiled patients; however, a paired analysis of cul-
tures and primary tumors was not performed. Evidence is provided that 
the epigenetic state of these cells can be influenced by known stem cell 
transcription factors and cytokines, suggestive of adaptation based on 
microenvironmental cues[59]. Baronchelli et al noted that the methylation 
profile in three GSCs was similar to fetal forebrain neural stem cell and 
(non-paired) GBM controls. These authors discerned a panel of 10 GSC 
specific methylated promoter regions, however, the lack of paired con-
trols makes these results difficult to interpret in the context of recapitula-
tion of epigenetic phenotype in SF culture[48]. Bhat et al reported a drift 
of the epigenetic state in vitro under SF conditions. When testing for a 
panel of GCIMP associated promoters, the authors demonstrated a 
GCIMP profile in GSCs derived from MES subtyped tumors after serial 
passaging under SF conditions [34]. This suggests a selective advantage 
(or medium based induction) of a GCIMP epigenetic signature under SF 
culturing conditions. This is remarkable since GCIMP tumors did not pro-
liferate under SF conditions. Whether this drift towards a GCIMP state is 
driven by the medium or relates to selective advantage for incidental 
GCIMP clones in an otherwise MES tumor was not elucidated. The thera-
peutic response to radiation therapy was related to PN or MES transcrip-
tomic and epigenetic state, with the latter being more resistant. This is 
relevant especially since epigenetic drift to CIMP status was already ob-
served in low passages (p<2). The described epigenetic drift of GSCs 
from the primary tumor was reproduced in a report by Baysan and co-
authors [58]. Contrary to Bhat et al, these authors did find evidence of 
reconstitution of MES epigenetic condition in xenografts, suggesting 
once more a role for the microenvironment in dictating the epigenetic 
state. The up regulation of the PRMT5 gene under SF condition was iden-
tified as a possible driving event for hypermethylation in GSCs. This litera-
ture on epigenetics in GSCs, albeit sparse compared to transcriptomic 
and genetic characterization, provides some intriguing evidence with re-
gard to the possible limitations of the GSC model for in vitro studies. Ad-
ditional studies are warranted to further inquire into the epigenetic drift 
towards a PN methylation profile and its relevance in tumor behavior in-
cluding drug response. 

3.0 Translational relevance of SF cultures with regard to drug screen-
ing assays

	 Since most of these studies have been set-up to interrogate hy-
potheses built around the cell of origin, and the canonical pathways dis-
criminating between bulk tumor cells and initiating tumor cells, very little 
is published on the predictive value of SF cultures in drug screening ex-
periments. A sound estimate of translational value can only be made af-
ter evaluation of clinical trials based on preclinical models that utilized 
GSCs and GSC-based xenografts.  At the time of writing this manuscript, 
we are not aware of any of such trials being finished. We therefore chose 

to elaborate on evaluating the prognostic value of SF models by weigh-
ing them against molecular markers used for predicting clinical response. 

3.1 Treatment response characteristics to temozolomide in GSCs

	 As mentioned before, the clinical outcome and response to temo-
zolomide (TMZ), the current golden standard chemotherapeutic in the 
treatment of newly diagnosed GBM, is related to the MGMT protein 
status in the tumor [60]. Since most of the therapeutic alternatives to the 
current regimen will probably first be implemented after, or concurrent 
with, TMZ the manner of MGMT promoter status recapitulation in vitro is 
of pivotal importance to translational relevance of GSCs. Numerous 
groups have investigated GSC response to TMZ, and the expression of 
MGMT protein and promoter methylation, with varying results [61-67]. 
While initial reports suggested GSCs to be more resistant to TMZ than 
the non-GSC/serum cultured counterparts[67], this was not reproduced 
by others[61, 68]. In most GSCs the overall promoter methylation status 
of MGMT appears to be congruent between GSCs and parental tu-
mors[69]. As in patients, MGMT gene transcript and protein expression 
seem to predict in vitro TMZ response [65, 70]. Furthermore, the MGMT 
expression in GSCs was shown to correlate to patient survival in at least 
the majority of samples in one study[71]. As the interindividual variability 
to TMZ therapy is recapitulated in panels of GSC, it may be expected 
that GSCs serve as a proper tool for predicting therapeutic response to 
TMZ in patients. 

3.2. GSC models for GCIMP glioma	

	 With regard to the molecular heterogeneity between individuals 
observed with malignant glioma, GSCs seem to recapitulate most sub-
types, as described earlier. However, in vitro models for the clinically 
more favorable subtypes of the disease (IDH-1 mutant, GCIMP and 
1p19q deletion harboring tumors) are to date only sparsely available as 
patient-derived cell culture models. To date, no publications exist that 
have demonstrated successfully derived GSCs from GCIMP determined 
tumors. While the GCIMP epigenetic signature is induced by SF medium 
in cultures that are non-GCIMP[34], intriguingly, the GCIMP status of the 
tumors appears incompatible with the establishment of cultures under 
SF conditions[17]. The underlying mechanism of this presumed discrep-
ancy is at the moment of writing unclear. Possible explanations may be 
sought for instance in intolerance to dissociation procedures, mandatory 
stromal interactions for tumor propagation [58], or induced senescence 
by agents in the SF medium[72]. Since a large proportion of low grade 
glioma (LGG) patients are GCIMP[38], the decreased propensity of LGG 
to proliferate under SF conditions[17], may be related to this problem. 
The GCIMP tumors, together with tumors bearing the previously men-
tioned Ch7p10q CNA trait, cover whole spectrum of malignant glioma 
subtypes in adults. Therefore, the lack of GCIMP tumor proliferation, irre-
spective of IDH1-mutation, argues for a selection bias in GSC culture for 
a specific subgroup of the more aggressive phenotype. Whilst one could 
argue that the unfavorable traits of the higher grades of this disease de-
serve to be addressed more urgently, the potential clinical impact of new 
therapeutic options for LGG patients may be much larger. Therefore, the 
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development of adequate LGG models is urgently needed to develop 
targeted therapies for this disease as early in its course as possible. 	

3.3 Intratumoral heterogeneity and its implications for GSC based 
drug screening

	 A difficult problem regarding the translational relevance of GSCs 
is the heterogeneity of canonical molecular alterations observed between 
and within tumors. This intratumoral heterogeneity is not limited to dis-
tinct clonal populations in the perspective of copy number alterations 
and somatic mutations[73, 74], but may also be a dynamic phenomenon 
with regard to the transcriptional state of cancer cells[75]. For instance, 
the clonal variation of CNAs may be much more profound in GBM than 
previously appreciated. Individual tumors contain a mosaic distribution of 
TCGA subtypes within the bulk tumor. [36, 75]. Single cell RNA-seq ex-
periments of 430 GBM cells derived from five individual tumors revealed 
a mosaic-reminiscent cell-to-cell variability with regard to surface recep-
tor genes (e.g. PGFR, EGFR, ERBB2, etc)[75]. The regional heterogeneity 
could be driven by the microenvironment in order to provide a survival 
advantage within different niches. Indeed, there may be a specific set of 
transcriptional programs warranted for survival of tumor cells in a ne-
crotic core, which may hold no advantage in the diffuse infiltrative periph-
ery of the tumor and vice versa[35, 75, 76]. In line with this, the intratumo-
ral heterogeneity provides an escape during chemotherapy for treatment 
resistant clones that cause eventual disease relapse. This daunting prob-
lem was elegantly demonstrated by Meyer et al, who interrogated 6-8 
single cell derived clones from 3 individual parental tumors for drug re-
sponse in vitro by screening the NCI oncology compound library[77]. In-
deed, clone-to-clone variability was demonstrated for a multitude of com-
pounds in the library (including TMZ), providing compelling evidence for 
the contribution of intratumoral heterogeneity to therapeutic resistance.  

	 The aforementioned holds grave implications for the testing of 
drugs since the derivation of GSCs, and the resultant epigenetic, genetic 
and transcriptomal state confirmed through profiling, may be primarily 
dependent on the localization selected for biopsy. This advocates for 
thorough validation experiments with each GSC specimen derived from 
biopsies with respect to the characterization of subtype specific molecu-
lar alterations. Off note, the referred intrinsic resistance derived from intra-
tumoral variability is distinct from the reported ability of clones to de-
velop resistance during treatment. This process is thought to occur 
through acquisition of molecular traits that provide an escape to cyto-
toxic effects of chemotherapy, a phenomenon coined acquired resis-
tance and well described for TMZ therapy [78-80]. 

3.4 Biopsy localization based variability of molecular phenotype and 
consequences to therapy response

	 In addition, researchers should bear in mind that the cells used 
for in vitro experiments are usually from a localization that the neurosur-
geon deemed as non-eloquent tissue. The subsequent recidive of the 
tumor after treatment is organized from cells invading into the surround-
ing tissue not amenable for resection. This enigma has been addressed 
in a number of studies to date by investigating the molecular and thera-

peutic response differences between bulk samples and peripheral margin 
cells defined by either surgeons estimate of macroscopic total resection, 
fluorescence identification peri-operatively, or planning based on MRI-
enhancement pre- and perioperatively [35, 76, 81]. As such, it is intrigu-
ing to note that the majority of biopsies (17 out of 27, 63%) obtained 
from these infiltrative regions were found to be comprised of the NEU 
molecular subtype, which in the TCGA population of bulk samples is rare 
(83 out 542 samples, 15%)[35]. While this may be influenced by a rela-
tively increased proportion of the sample being derived from non-
neoplastic cells when compared to bulk tumor, histological validation 
confirmed necrosis, mitosis and tumor markers within the selected sam-
ples. 

	 This is clinically relevant since diffuse invading cells may respond 
differently to therapy when compared to the core (bulk removed) sam-
pled cells. Glas et al demonstrated in five paired core and peripheral cul-
tures that the therapeutic response to radiation and chemotherapy 
(lomustine and TMZ) was significantly different in more than half (64%) of 
tested conditions[76]. In practice, the establishment of GSCs from the 
invading margin of the resection cavity of tumors may be challenging, as 
reported by Piccirillo et al, who found that these samples senesce under 
serum free conditions, and are less likely (but not unable) to proliferate as 
xenografts in orthotopic immunocompromised mice[81]. 

4.0 Conclusions and recommendations

	 In conclusion, we propose the use of GSCs as a convenient and 
reliable tool for the investigation of drug responses in vitro. As summa-
rized in Table 3, the advantages of GSCs over serum supplemented cul-
tures with regard to recapitulation of driving molecular alterations be-
tween parental tumor, xenograft and cell cultures has led researchers 
worldwide to implement these methods to investigate GBM in vitro. As a 
model of the disease, there will always be limitations to the application 
and interpretation of the data to the human condition. Based on the pre-
sented overview of these limitations we would like to stress the impor-
tance of further development of the GSC-based models to address some 
of these shortcomings. 

	 First, clinical studies are required to interrogate prospectively the 
predictive value of drug response for agents tested both in patients and 
their resection tissue derived GSCs. If positive, these studies would 
make a crucial contribution to the advancement of personalized medi-
cine in GBM. With the increased knowledge of intratumoral heterogene-
ity, we advocate for precise tracking of sample biopsy records, and the 
validation of molecular characteristics of parental tissue(s) and subse-
quently derived clones to adequately interpret derived data. 

	 With exception of the epigenetic condition of these cells, the tran-
scriptome and the copy number profile are adequately recapitulated for 
at least for the first five passages of the derived cultures. Future studies 
are expected to shed light on this phenomenon as well as the epigenetic 
drift and the profound implications of the interplay between GSCs and 
the microenvironment in which these cells subside. In addition, the im-
proved derivation of tumor cells from the residing margin of the resection 
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cavity, may lead to better understanding of the biology that drives inva-
sion, recurrence and interplay between stromal cells. With regard to recur-
rence, and the increasing tendency to reoperate patients with recurrent 
disease, studies will focus on the temporal molecular dynamics with re-
gard to driving events in drug resistance and tumor relapse. At last, we 
hope to see clinical trials capitalizing on the enhanced insight derived 
from GSC models to improve clinical outcome of GBM patients in the 
near future. 
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NF1 Message

Singh et 
al (2003)

[15]

K SF 
Cult
ures

1 Chr. 7 Chr. 
10

Yes ND ND ND ND ND CD133+ cells are brain tumor initiating cells

Galli 
(2004)[47]

K SF 
Cult
ures

2 Chr. 7, 20, 
19, 22, 3, 

21

Chr 
1,2,1
3,14,
22 

ND ND ND ND ND ND GB contains tumor initiating neural 
progenitor cells

Lee 
( 2006)

[14]

aCG
H, K

Tum
or 

and 
cultu
res 

(pair
ed)

2 Chr. 7 Chr. 
9, 10

Yes ND ND ND ND Yes 
(SS)

SF cultures are superior to SS cultures as GB 
models for in vitro and in vivo experiments

Tso (2006)
[32]

aCG
H, K

SS 
cultu
res 

4 Chr. 7 Chr. 
10, 
17

ND ND ND ND ND ND Primary SS GB cultures express 
mesenchymal like properties

DeWitt 
Hamer 

(2008)[82]

aCG
H, K

Tum
or, 
SS 

Cult
ure 
and 

Orga
noty
pic 

sphe
roids

8 Chr. 7, 
8,12, 

Chr. 
1,9,1
0,13, 
14 

      Organotypic cultures retain tumor specific 
CNA’s superior to SS cultures.

Gunther 
(2008)[42]

SNP, 
K

Tum
or

9 Chr. 4, 7 Chr 
9,10, 
17

Yes Yes Yes Yes ND ND GSC’s form distinct subtypes based on 
molecular and phenotypic characterization

Piccirillo 
(2009)[83]

SNP, 
K

SF 
Cult
ures

1 Chr. 7, 12, 
14, 15

Chr. 
1, 9, 
18, 
19

Yes ND ND Yes ND ND Distinct pools of GSC co-exist in GB

Ernst 
(2009)[41]

aCG
H

SF 
tum
or 

sphe
roids

20 7 .19, .20 6q, 
10, 
14q, 
22q

Yes Yes Yes ND ND ND SF spheroids have a superior correlation to 
parental tumor compared to SS cultures

Al Fael 
(2009)[12]

aCG
H, K

Tum
or 

and 
SF 

cultu
res

6 7 (all) Chr. 
9, 
10, 
13

No ND ND ND ND ND SF cultures, on extracellular matrix coating, 
conserve genotypic features with superior 

yield compared to neurosphere assay

Pollard 
(2009)[11]

aCG
H, K

Tum
or 

and 
SF 

cultu
res

2 Chr 1, 7, 
10,12

Chr. 
10

Yes Yes ND ND ND ND SF cultures on laminin conserve genotypic 
features with superior yield compared to 

neurosphere assay

Chen 
(2010)[20]

SNP Tum
or 

and 
SF 

cultu
res

16 7(all) 10 
(93
%)

Yes Yes Yes Yes ND ND PTEN is mandatory for SF culture 
propagation.

Kelly 
(2010)[44]

aCG
H, K

Tum
or 

and 
paire

d 
cultu
res

2 ND 1p, 
19q

ND ND ND ND Yes ND Establishment of 2 LGG cultures of which 1 
harbors the IDH1 R132G mutation. 

Vik-Mo 
(2010)[84]

SNP, 
K

Tum
or 

and 
cultu
res 

(pair
ed)

5 Chr. 1, 6, 
7,11, 15, 

16 .19, .20

Chr 
4, 9, 
10, 
11, 

14,1
5 21

Yes Yes No ND ND ND Brain tumor stem cells maintain overall 
molecular phenotype and tumorogenicity after 

in vitro culturing

51



Legend Table 1)

Overview of literature regarding genotyping of primary glioma culturing 
studies. Abbreviations: K = Karyotyping, FISH = Fluorescent In Situ Hy-
bridization, SNP =  Single Nucleotide Polymorphism array based com-
parative genomic hybridization, aCGH, array based Comparative Ge-
nomic Hybridization, ND = not determined. 

Table 2; overview of advantages and disadvantages of the GSC model 
for contemporary translational studies in GBM
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Wakimoto 
(2012)[85]
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5 Chr. 1,  4, 
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Chr. 
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14 

Yes Yes Yes ND ND No Brain tumor stem cells maintain overall 
molecular phenotype and tumorigenicity 

after in vitro culturing

Balvers 
(2013)[17]

SNP Tum
or 

and 
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27 Chr. 1,  4, 
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Chr1
, 9, 
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21

Yes Yes Yes Yes No Yes SF cultures are all Chr7p10q, IDH1-WT, 
with all TCGA subtypes represented but 

with enrichment for CLA subtypes

Bhat 
(2013)[34]
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paire

d 
cultu
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14 ND LO
H 
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Yes Yes ND ND No ND Proneural and mesenchymal transcriptome 
are recapitulated in vitro, however 

epigenetic drift is  observed towards a 
GCIMP transcriptome over serial passaging
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li (2013)

[48]

SNP, 
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and 
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cultu
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6 chr 4, 
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,X

Chr1
, 9, 
10, 
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14, 
15, 
21

Yes Yes Yes Yes ND ND GSC recapitulate canonical genetic 
alterations as found in patient samples

Baysan 
(2014)[58]

SNP Tum
or 

and 
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d 
cultu
res

5 Chr 
4,7,19,20

Chr 
1,3,9
,10,1

3

Yes Yes ND ND NO ND GSC recapitulate canonical genetic 
alterations as found in patient samples, 

although epigenetic drift occurs



GBM hallmarks and relevant traits to 
experimental studies

Advantages of GSC model Disadvantages of of GSC model

Methodological considerations Compatible  with  many  standardized 
assays.  Coating  based  assays  are  more 
convenient  in  handling  than 
tumorspheres[11, 13]. Vitrification needed 
for  biobanking  does  not  influence 
expression of genotypic profile[86].

Expensive  medium  and  coating 
preparation, laborious handling compared 
to conventional cell lines

Histological  recapitulation  of  disease 
hallmarks in xenografts

Invasive  growth  pattern,  (pseudo-
palisading)  necrosis[85].  Variability 
between  samples  in  growth  pattern  and 
survival

Xenografts usually have extended overall 
survival  when compared to conventional 
cell  lines  leading  to  longer  experiment 
turnover

Copy  number  alterations  and  somatic 
mutations stability

Stable  and  adequate  recapitulation  of 
canonical  genomic  events.  nonGCIMP 
tumors (80% population) are covered.

IDH-1  mutations  appear  incompatible 
with  SF-culture  conditions[17].  EGFR 
mutations  have  a  selective 
disadvantage[52]  could  be  similar  for 
other RTKs. 

Gene expression subtype stability Recapitulation of tumor subtype in vitro, 
stable for at least 5 passages[11, 17]

GCIMP tumors  do  not  proliferate  under 
SF conditions[34]. 

Epigenetic phenotype stability Adequate model for addressing epigenetic 
remodeling of cancer cells in vitro[59]

Epigenetic  drift  from  original  tumor 
profile in vitro[34, 58]

Treatment  response  to  conventional 
therapy and acquired resistance studies 

Recapitulation of parental tumor MGMT 
status in GSCs has been demonstrated[64, 
70]. Acquired resistance can be studied.

Blood brain barrier interaction cannot be 
addressed.  

Drug screening studies Suitable  for  combination  strategies, 
addressing  intratumoral  heterogeneity, 
compound libraries, shRNA libraries and 
relating  response  to  specific  molecular 
features.  High  throughput  screening  of 
inter-tumoral  heterogeneity  for  drug 
response.  High  throughput  screening  of 
intratumoral heterogeneity with regard to 
clonal diversity to drug response

Tumorspheres  usually  inconvenient  for 
reproducible  plating.  Low  passages  of 
GSCs  sometimes  have  considerable 
variability  with  regard  to  proliferation 
speed. 
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Abstract

Lessons from the history of cancer therapy inform that a multi- modal 
approach offers the best potential to eradicate the tumor mass and pre-
vent the recurrence after therapy. One of the most promising experimen-
tal therapies for cancer is the use of oncolytic adenoviruses as therapeu-
tic agents. These biologic agents exert their function by directly infecting 
and killing tumor cells. The new progeny generated after the first infec-
tion round will spread, generating a therapeutic wave that will optimally 
eliminate every cancer cell. Recently, modifications in the virus genome 
have allowed for the designing of viruses that infect with more potency 
than wild-type adenoviruses, replicate exclusively in tumor cells, selec-
tively target cellular receptors or molecular defects in the cancer cells, 
and deliver prodrug genes. In addition, these last-generation viruses can 
be combined with chemotherapy and other forms of cancer therapies to 
enhance the tumor killing capability. With the steady and fast pace of the 
progress in our knowledge of the genetics of tumors, we may soon fulfill 
our hope of reaching the final objective of an adenovirus-based personal-
ized medicine for cancer. 

INTRODUCTION

Oncolytic virotherapy utilizes the ability of replicating viruses to selec-
tively infect malignant cells, replicate within them, and subsequently lyse 
these cells to reinfect neighboring cells with the newly produced prog-
eny. Various case reports in the previous century showed this paradigm 
to be a feasible alternative therapy for the treatment of cancer [1], and 
results from preclinical experiments for malignant gliomas using geneti-
cally modified tumor-specific oncolytic adenoviruses have been very 
promising [2]. 

The rationale for treating malignant gliomas with oncolytic adenoviruses 
is based on several aspects of the disease. First, no curative treatment 
options currently exist for patients diagnosed with malignant gliomas, 
and the potential for rapid recurrence after primary treatment necessi-
tates the development of more efficient alternatives. Glioblastoma (grade 
IV glioma) has the most dismal prognosis, with a median survival of only 
15 months after initial diagnosis despite the use of aggressive chemora-
diotherapy regiments [3]. Second, although oncolytic virotherapy for dis-
seminated disease in several other cancer types is hampered by the 
physiologic boundaries of the circulatory and innate immune systems, 
metastasis is very uncommon in malignant gliomas; therefore, these tu-
mors might be targeted using local delivery of oncolytic viruses. Last, 
molecular aberrations in several signaling pathways render malignant 
gliomas vulnerable to oncolytic adenoviruses and offer targets for the 
immune system. 

Adenoviruses are double-stranded DNA viruses that can cause (usually 
mild) respiratory, digestive, and ocular infections in humans. Adenovi-
ruses have long been used to deliver genes and are generally considered 
to be safe [4], easy to genetically manipulate [5], and researchers are ca-
pable of generating high-stock titers for clinical administration. However, 
adenoviral vectors were originally constructed to be replication deficient; 
thus, the therapeutic success depended on the efficacy of the first round 

of infection. This strategy later proved to be insufficiently potent for 
achieving a relevant anticancer efficacy [6], which led researchers to de-
velop conditionally replication-competent adenoviruses as oncolytic ther-
apy. Although the concept of inducing oncolysis by replicating vectors 
was not entirely new [7], the ability to modify the viral genome to increase 
safety, specificity, and modify infectivity led to a shift from gene therapy 
to oncolytic virotherapy. 

Indeed, replication-competent adenoviruses proved to be more effective 
than replication-incompetent vectors for the treatment of solid tumors, 
thereby resulting in multiple clinical trials for several different tumor types 
[8]. It is important to note that although 55 different human adenoviruses 
exist, all the current clinical trials (n 5 87) of adenovirus-based therapy 
utilize (at least the backbone of) human adenovirus serotype 5 (Ad5) [9]. 
This tendency is predominantly attributed to the commercial availability 
of convenient molecular tools for genetically modifying Ad5 and the ex-
tensive knowledge of this species genome. Although the basic genomic 
makeup of human adenovirus species is relatively well conserved, consid-
erable interspecies variation exists at both ends of the genome in the E1 
and E4 regions [10]. The E1 region drives the replication of the virus, 
whereas the E4 region contains a variety of late genes that are, among 
other functions, involved in the capsid and binding motifs of the virus. 
Therefore, E4 variations may also account for the diversity between spe-
cies in the tropism for specific cellular receptors for facilitating viral entry. 
Comparative studies have assessed the oncolytic efficiency of several 
human adenoviruses for treating animal models of melanoma, ovarian 
carcinoma, and lung carcinoma, and the oncolytic potential of Ad35 [11], 
Ad6, and Ad11 [9] was shown to be similar to that of Ad5. Furthermore, 
chimeric vectors that utilize the Ad3 or Ad35 fiber for enhanced tumor 
tropism have been developed and used in glioma models and other ma-
lignancies. These chimeric viruses still depend on the Ad5 genes for nu-
clear trafficking, replication, and lysis; therefore, we focus on the Ad5 
viral mechanisms. 

Because viruses continuously adapt to manipulate and evade core cellu-
lar stress"response pathways to maintain their survival and reproduction, 
they can teach us important lessons about reverting the resistance of 
cancer cells to current cytostatic drugs. Furthermore, studying the ability 
of oncolytic viruses to subvert intracellular and systemic antiviral re-
sponse can improve our understanding of the delicate inter- play be-
tween tumor cells and their microenvironment. 

The purpose of this chapter is to provide a basic understanding of the 
potential, caveats, and future directions of adenovirus-based virotherapy 
for malignant glioma. 

HURDLES FOR ADENOVIRUS-BASED ONCOLYTIC VIROTHERAPY 

The use of adenovirus for oncolytic virotherapy has been shown to have 
several pitfalls, many of which were identified during the testing of viral 
vectors designed for gene therapy. Prior to treatment, approximately 
50% of the human population has been in contact with adenoviruses, 
with the generation of neutralizing antibodies that activate adaptive im-
mune responses to the oncolytic adenoviruses soon after administration 
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[12]. The peripheral circulation forms a very effective barrier for adeno- 
viruses because coagulation factors bind with high affinity to the capsid 
protein hexon [13]. In addition, erythrocytes bind to adenoviruses 
through their coxsackievirus and adenovirus receptor (CAR) [14]. Both 
phenomena result in an efficient sequestration of viral complexes into the 
liver and subsequent clearance. Although adenoviral clearance from the 

circulation is very effective, and therefore detrimental to an effective onco-
lysis, intratumoral delivery and its associated local immunogenicity may 
have ambivalent effects. In addition, the viral entry receptor CAR is highly 
expressed in a variety of off-target organs, whereas several tumors have 
been shown to have low or absent expression of CAR [15]. In malignant 
gliomas, the expression levels of CAR and integrins are heterogeneous 
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among and within individual patient samples [16] and in conventional gli- 
oma cell lines [17], which were found to be predictive for the oncolytic 
efficacy. This aspect of CAR expression might limit both the specificity 
and the efficacy of oncolytic adenoviruses. Intriguingly, CAR has been 
shown to act as a tumor suppressor when introduced into the U118 
glioma cell line in vitro and in flank tumors [18]. Furthermore, recent publi-
cations have related CAR expression to α-catenin-induced migration and 
proliferation in colon cancer [19] and have related the loss of CAR expres-
sion to chemotherapy-induced senescence [20].

MODIFYING ONCOLYTIC ADENOVIRUSES TO TREAT MALIGNANT 
GLIOMAS 

To overcome the previously described hurdles, researchers have evalu-
ated alternative targeting strategies for redirecting oncolytic adenovi-
ruses specifically to tumor cells while attenuating their ability to replicate 
and lyse healthy cells (Table 10.1). Native adenoviral tropism is mediated 
by the fiber knob (attachment) and penton base (internalization) pro- 
teins in the capsid of the virus, which facilitate bind- ing to CAR and in-
tegrin αVβ3/β5, respectively. The following strategies for enhancing the 
tumor cell specificity of oncolytic adenoviruses have been explored: 
modification of the structural capsid to increase tumor tropism, deletion 
of viral early genes that are required for viral replication in off-target cells, 
and introduction of tumor tissue-specific promoters for viral replication 
[21]. In the subsequent sections, we discuss the results of studies of on-
colytic adenovirus for malignant glioma that have implemented these 
strategies. 

Redirecting Adenoviruses Toward Glioma- Specific Receptors 

Several strategies for caspid modification have been explored [5]. Two of 
these were tested in the setting of malignant gliomas with varying suc-
cess. The first strategy is based on the incorporation of ligands into the 
fiber protein, such as Arg-Gly-Asp (RGD) motif (binds to integrins), 
single-chain Fv fragment (scFV) antibodies (bind to tumor-specific recep-
tors), or poly- lysine (binds to heparin receptors). The second strat- egy 
involves the creation of chimeric fiber-based vectors, which utilize the 
entry receptors of adenoviruses that naturally infect nonhuman species. 
A myriad of xenofibers have been reported (Table 10.1). 

Probably the most frequently and most extensively characterized ap-
proach for fiber modification in the context of malignant gliomas is the 
incorporation of an RGD motif into the HI loop of the fiber protein 
[16,17,22]. This strategy was shown to enhance infectivity drastically in 
both conventional cell lines lacking CAR expression and primary patient-
derived mono- layers and organotypic spheroids [22]. Retargeting onco-
lytic adenoviruses to the tumor-specific mutant epidermal growth factor 
receptor (EGFRvIII) also proved feasible in vitro and in vivo for targeting 
tumor cells expressing this receptor [23]. 

In an interesting comparative study of the infectivity of several fiber-
modified vectors [24], the authors reported increased infectivity of vec-
tors targeted toward the CD46 receptor, which is the preferred entry re-

ceptor for many type B adenoviral species (e.g., Ad35 but not Ad3). This 
receptor facilitates the cleavage of complement factors C3b and C4b to 
prevent the activation of the complement system against the host cell 
[25]. Although it was first discovered in monocytes, expression of the 
CD46 receptor is more or less ubiquitous; the CD46 receptor is shared 
among numerous pathogens as an entry receptor, and its role in onco-
lytic measles virus cell entry has been studied extensively [26]. CD46 
expression in malignant gliomas is still somewhat controversial [27], al-
though most studies have confirmed that chimeric fibers that supposedly 
utilize this receptor displayed and enhanced infectivity in a subset of ma-
lignant gliomas cultures. Particularly, the infectivity in early passage pri-
mary glioblastoma cell cultures was markedly improved for the chimeric 
Ad5/35 vector compared to the wild-type Ad5 [28]. 

Unlike Ad5/35, Ad5/3 chimeric vectors have been shown to utilize the 
CD80/86 receptor and similarly enhance infectivity compared to wild-
type Ad5. Furthermore, these vectors were found to be less cytotoxic in 
normal human astrocyte cultures [29,30]. Xenofiber chimeric vectors 
based on several different adenoviral species were tested in both conven-
tional glioma cell lines and patient-derived glioblastoma cultures [27]. 
The authors of that study could not confirm the success of Ad5/3 vector 
infectivity in primary glioblastoma samples; however, they did find strik-
ing increases in the infectivity by canine- and porcine-derived xenotype 
fiber vectors. Taken together, all these studies confirm the feasibility of 
increasing the therapeutic efficacy of Ad5 backbone-based vectors by 
modifying the method of cell entry. 

One important caveat has been reported in one study, in which the 
authors were unable to reproduce the in vitro beneficial effects of a panel 
of capsid- modified viruses when tested in xenograft glioblastoma mod-
els with either low- or high-CAR expression [31]. By measuring transduc-
tion of a luciferase imaging system as derivative for infectivity, the 
authors found that the modified adenoviral vectors were not superior to 
the unmodified adenoviral vector in D54-derived xenografts (high CAR) 
or U87-derived xenografts (low CAR). This study underscores the limita-
tions of in vitro models for predicting infectivity of adenoviruses, and it 
suggests that the role of the extracellular matrix and hypoxia should be 
considered as relevant factors that contribute to therapeutic success (or 
the lack thereof) in xenografts. In addition, none of these studies tested 
these vectors in glioma stem cell (GSC)- based models. In approximately 
the past decade, GSCs have been established as a superior model for 
studying glioblastoma drug response—compared to conventional cell 
lines such as U251, U87, and U373—in regard to the maintenance of 
glioblastoma gene expression signatures and recapitulation of glioblas- 
toma hallmarks in murine xenograft models [32]. One study did examine 
CAR expression in a panel of four GSC cultures and found that 60"95% 
of cells in these cultures were positive, thereby leading to effective onco-
lysis with Delta-24-RGD and a prolongation of survival from 38.5 to 66.3 
days in a GSC-derived xenograft model [33]. Nonetheless, the infectivity 
of GSCs remains to be interrogated for CD46-, CD80-, and CD86-
targeted vectors. 

Targeting Cancer Genetic Pathways 
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The second well-established strategy for creating tumor specificity is the 
implementation of genetic modifications that attenuate the replication of 
oncolytic adenoviruses in nonmalignant cells. Adenoviruses hijack the 
function of several tumor-suppressive path- ways, which are inactivated 
in cells in the G0 cell cycle phase, to facilitate the efficient transcription 
of viral genes. This viral manipulation of the cellular machinery is facili-
tated by the adenoviral E1A gene, and it is performed in concert with the 
prevention by the adenoviral E1B genes of the subsequent cellular activa-
tion of apoptosis signaling pathways [34]. In malignant gliomas, both cell 
cycling and apoptosis pathways are frequently dysfunctional [35] and are 
thereby putative candidates for adenoviral replication. The suggested 
paradigm here would be the modification of the viral genome targeting a 
neoplastic pathway. 

Indeed, the first oncolytic adenovirus tested in the context of malignant 
gliomas was the E1B-55K-deleted (dl1520) ONYX-15 virus. E1B-55K 
binds to p53 in the early stage of infection, thereby effectively blocking 
apoptotic signaling induced by the transduction of the viral E1A gene 
[36]. Approximately 35% of glioblastomas harbor somatic mutations in 
the p53 gene, whereas 87% have altered signaling within the p53 cas- 
cade [37]. Because binding to p53 is not the only function of E1B-55K, 
other (at least equally) important factors are likely contributing to the tu-
mor selectivity of ONYX-15 [38,39]. ONYX-15 was the first oncolytic ad-
enovirus to be tested in a clinical trial, which demonstrated a favorable 
toxicity profile for both intratumoral and intravascular administration. Im-
aging studies and lymphocytic infiltration suggested ONYX- 15 had bio-
logical activity; however, the clinical benefit to patients was not signifi-
cant [40]. The lack of clinical evidence for ONYX-15 as an effective agent 
was recently countered by the approval of the Chinese Food and Drug 
Administration for the treatment of refractory head and neck cancer in 
combination with cisplatin after a successful phase III trial. These results 
warrant the exploration of multimodal treatment strategies, which we 
discuss later in this chapter. 

The cell cycle-targeted variant of this strategy is successfully capitalized 
by a 24-bp deletion in the CR2 of E1A coined Delta-24 [41], and a similar 
vector was reported as dl922-947 [42]. This deletion results in the inabil-
ity of E1A to bind to the retinoblastoma protein, a protein essential for 
cell growth arrest in the G1 phase, by blocking the transcription factor 
E2F1. By doing so, E1A is causing the release of the transcriptional activ-
ity of E2F; as a consequence of the release of E2F, there will be activa-
tion of cellular pathways that are critical for viral replication [17]. The 
retinoblastoma-related network is altered in approximately 78% of glio-
blastomas, and homozygous deletions of retinoblastoma gene are found 
in 11% of them, according to The Cancer Genome Atlas (TCGA) data set 
[37]. The Delta-24 mutation has been implemented in several vectors 
investigated in preclinical studies of malignant gliomas [43"45]. Mechanis-
tically, the small 24-bp alteration does not affect the maximum evolu- 
tionarily conserved adenoviral machinery, therefore maintaining the onco-
lytic potency of the agent while leaving room for the insertion of potentiat-
ing transgenes. This biological agent is being clinically evaluated for the 
first time in a phase I trial investigating the biosafety of intratumoral injec-
tion (opened December 2008; ClinicalTrials.gov ID No NCT00805376). A 
second independent trial was initiated to investigate convection-

enhanced delivery via 48 hr of continuous infusion (EudraCT No. 2007-
001104-21). At the time of writing of this chapter, both trials were still 
accruing patients. 

Another vector that has been studied for treating malignant gliomas is 
Ad5-YB1 (also termed dl520). This oncolytic adenovirus depends on the 
nuclear accumulation of the transcription factor YB-1 for efficient replica-
tion. Adenoviral DNA replication is facilitated by the interplay between 
E1A-E2F and the E2 viral promoters. E2 expression is regulated by E1 
and E2 late promoters. The nuclear accumulation of YB-1 facilitated by 
E1B-55k (which can be transcribed independent of E1A after high viral 
dosing) has been demonstrated to induce the expression of the E2 late 
promoters, thereby facilitating viral DNA replication [46]. Ad5-YB1 can 
therefore be used as an oncolytic adenovirus to facilitate E1A-
independent viral replication and, consequently, oncolysis [47]. Elevated 
nuclear YB-1 expression was demonstrated in glioblastomas [48]. Fur-
thermore, YB-1 expression was particularly high in glioblastoma vascula-
ture [49], and Ad5-YB-1 seemed to repress vascular endothelial growth 
factor levels in glioblastoma cell lines in vitro [50]. Ad5-YB1 can therefore 
be used as an oncolytic adenovirus to facilitate E1A-independent viral 
replication and, consequently, oncolysis [47]. 

Tumor-Specific Promoter-Driven Oncolytic Adenoviruses 

Similar to the previously described strategy, the tumor-specific promoter 
(TSP)-driven oncolytic adenoviruses mainly derive their specificity from 
withhold- ing the ability to replicate in nonmalignant cells. All the onco-
lytic adenoviruses that have been evaluated in studies of glioblastoma 
models have linked E1A function to a promoter that is active in tissue 
and/or tissue vasculature (Table 10.1). For oncolytic adenoviruses, the 
TSP should be homogeneously expressed and at a higher rate in tumor 
tissue than in normal brain tissue and in other organs such as the liver in 
order to minimize toxicity and facilitate the efficient replication of the viral 
genome. Unfortunately, the number of promoters that fulfill these require-
ments is limited. Therefore, combinations of safety strategies are imple- 
mented, such as using the backbone Delta-24 vector with the E2F re-
sponse element as applied in the oncolytic adenoviruses named ICOVIR 
[51]. 

Hypoxia/hypoxia-inducible factor (HIF)-dependent replicative adenovi-
ruses (HYPR-Ads) are controlled by hypoxia-inducible response ele-
ments, leading to transcription of E1A in hypoxic cells [52], resulting in 
specific lysis of glioblastoma, medulloblastoma, and normal cells under 
hypoxic conditions in vitro. Although the ability of oncolytic adenoviruses 
to replicate in hypoxic tumors seems to be problematic, both wild-type 
adenovirus and the HYPR-Ads were able to replicate under hypoxic con-
ditions. HYPR-Ads were also shown to replicate in hypoxic tumor areas 
in a xenograft flank model of the LN229 glioblastoma cell line [53]. Novel 
improved oncolytic adenoviruses based on the same principle with aug-
mented replicative ability (HIF-Ad) have been combined with interleukin-4 
(IL-4) to boost adaptive immune response [54]. 

Another specific feature of tumor cells is telomerase expression; there-
fore, the human telomerase reverse transcriptase (hTERT) promoter is 
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specifically active in malignant cells. The use of the hTERT promoter to 
direct E1A transcription was first reported in glioblastomas by Ito et al. 
[55]. Other promoters that have been utilized in glioblastomas are the 
E2F [56], midkine [57], survivin [58], CXCR4 [59], tyrosinase [60], and vas-
cular endothelial growth factor [61] promoters. One of the few compara-
tive studies of TSP-driven oncolytic adenoviruses showed that survivin 
was superior to CXCR4 and midkine with regard to both tumor- specific 
expression and oncolytic efficacy in vitro [59]. 

The true specificity of promoter-driven E1A transcription is debatable 
because only very few copies of E1A can lead to viral replication and 
subsequent E1A accumulation [62]. To circumvent this problem, research-
ers have developed double-promoter systems that lock the transcription 
of E4 under a second specific promoter. This strategy was applied to 
glioblastoma in a study by Hoffmann et al. [24], in which two vector sys-
tems were shown to work particularly well. These authors used a com-
bined system that was designed using the Delta-24 background with 
E1A transcription regulated by the GFAP/COX-2 (cyclooxy- genase-2) 
tissue-specific promoter, followed by a proliferation-specific E4 transcrip-
tion (using E2F/Ki67 promoter [63]). This double heterologous system 
proved to be selective and effective in a panel of cell lines. Moreover, in 
combination with a chimeric fiber (Ad5/35), the use of this system ren-
dered significantly longer survival times compared to the homologous 
Ad5-based counterparts in a subcutaneous glioblastoma xenograft 
model [24]. 

In summary, the safety and specificity of oncolytic adenoviruses in vivo 
have been favorable thus far. This does not imply that incorporating extra 
safety mechanisms, without hampering therapeutic effect, is futile. Com-
bining the aforementioned three strategies should accommodate the de-
velopment of clinically secure vectors. Of note, in other solid tumors, the 
use of tissue- specific microRNAs has proven to be a useful strategy for 
targeting oncolytic adenoviruses to tumor cells efficiently [64,65]. This 
strategy has not yet been tested in glioblastomas, although miRNAs 
have been suggested to play an important role in the development of the 
dis- ease, which would facilitate the development of glioblastoma 
subtype-specific oncolytic adenoviruses [66]. 

SYSTEMIC DELIVERY OF ONCOLYTIC ADENOVIRUSES BY CELLU-
LAR VEHICLES 

The first trials with replication-incompetent adenoviruses revealed only 
limited spread of these vectors from the site of administration [67]. There-
fore, the paradigm of reinfection after efficient lysis by replication- compe-
tent adenoviruses was thought to improve the dissemination of the onco-
lytic adenoviruses. This notion seemed to hold true in animal models, but 
it remains to be confirmed in clinical trials. Because oncolytic adenovi-
ruses are administered intratumorally, the blood"brain barrier is less rele-
vant than when agents are intravenously administered. However, it re-
mains to be discerned how efficiently oncolytic adenoviruses can dis-
perse through the tumor parenchyma and infect invasive tumor cells in 
patients. Factors such as (altered) extracellular matrix, hypoxia, necrosis, 
and perturbed intratumoral perfusion have all been described to nega-
tively influence viral spread [68]. Furthermore, intratumoral administration 

limits the dosing frequency of oncolytic adenoviruses to a singular or 
once-repeated event, which should ideally take place after tumor debulk-
ing. 

Several strategies have been explored to circumvent this potentially limit-
ing factor. The carrier cell (or Trojan horse) strategy [69] has been applied 
in the con- text of oncolytic adenoviruses by infecting neural [70], mesen-
chymal [71], and adipose stem cells [72] for systemic or intratumoral de-
livery. For other oncolytic adenoviruses, leukocytes have been success-
fully employed as well [73]. Once infected, carrier cells have (1) the capa-
bility to shield viral particles from the peripheral immune barriers, (2) tro-
pism toward the tumor microenvironment, and (3) the ability to produce 
progeny to facilitate the amplification of viral release into the tumor micro-
environment. This strategy potentially switches the administration of vi-
rus from locally to systemically, allowing for more frequent and timed dos-
ing. 

Other enhanced features of vehicles that have been explored include the 
ability to contribute to an antitumor immune response and the secretion 
of therapeutic agents. Stem cells can be manipulated to deliver several 
therapeutic agents (e.g., miRNAs, cytokines, and prodrugs); however, 
they are thought to have some potential disadvantages, such as malig-
nant degeneration after grafting and negative contributions to the 
immune-suppressive or angiogenic tumor environment [74]. Loading 
stem cells with oncolytic adenoviruses resolves these problems because 
the vehicle cell will succumb to the infection. The tropism of carrier cells 
in general, before and after being loaded with oncolytic adenoviruses, 
demands special attention because not every in vivo model seems to be 
equally well attractive for homing purposes. The feasibility of this strat-
egy was first demonstrated by the observation that neural stem cells had 
the capability of migrating from the contralateral hemisphere to the ipsilat-
eral hemisphere harboring a xenograft tumor [75]. 

Several studies have demonstrated that once these vehicles get into the 
tumor, the delivery of oncolytic adenovirus is accomplished, resulting in 
therapeutic efficacy [76]. Doucette et al. demonstrated the homing ca-
pacities of murine mesenchymal stem cells (MSCs) delivered via intraca-
rotid injection toward a PDGF-B- induced RCAS/NTVa model [77]. These 
MSCs were not infected with virus, and therefore the results have no pre-
dictive value with regard to addressing the ability of these cells to shield 
the virus from the circulation. Other researchers have reported that the 
delivery of MSCs via intravenous injection may yield lower intratumoral 
delivery than delivery via intracarotid injection [35]. In a different compara-
tive study, the efficiency of neural stem cells to deliver oncolytic adeno- 
viruses was found to be superior to that of MSCs in U87-derived xeno-
grafts [78]. More mechanistic studies are needed to elucidate the molecu-
lar factors that contribute to the homing of stem cells toward glioblas- 
toma models. 

COMBINING ONCOLYTIC ADENOVIRUSES WITH APPROVED CYTO-
STATIC MODALITIES 
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The shared molecular mechanisms of tumor cell immortality and malig-
nant transformation by adenovirus prompted researchers to investigate 
combinatorial regimens with established agents to boost therapeutic effi-
cacy. Apart from the insertion of oncostatic transgenes in viral vectors, 
several cytostatic agents were demonstrated to have synergistic effects 
when combined with oncolytic adenoviruses (Table 10.2). Because all 
patients with glioblastomas receive ionizing radiation (IR) and (if in good 
clinical condition) the alkylating agent temozolomide (TMZ), these modali-
ties were evaluated to determine their effect when combined with onco-
lytic adenoviruses.

Geoerger et al. reported that radiation therapy potentiated when subse-
quent ONYX-15 oncolytic adenovirus was administered in a p53-mutant 
xenograft model derived from a primary patient culture [79]. Lamfers et 
al. found striking differences between in vitro and in vivo regimens in 
which Delta-24-RGD was combined with IR. Although the addition of IR 
did not increase the expression levels of adenoviral entry receptors in 
glioma cultures, the transgene expression of luciferase-carrying vectors 
did increase when Delta-24-RGD and IR were combined. These authors 
found that survival was prolonged in both subcutaneous and orthotopic 
U87-derived xenografts, although the difference was not significant in 
orthotopic xenografts. Intriguingly, the difference between using total 
body irradiation and whole-brain irradiation was very strikingly in favor of 
whole-brain irradiation [80]. Similar results were reported in studies using 
other oncolytic adenovirus, such as Ad-MDA7- IL24 [81] and CRAd-S-
pk7 [82]. These findings support the feasibility of combining IR with onco-
lytic adenoviruses in clinical trials. 

The other standard clinical agent prescribed for glioblastomas is TMZ, 
which, via alkylation, induces single-strand breaks that can be repaired 
by the DNA- repair enzyme MGMT. The methylation of the MGMT pro-
moter has predictive significance on therapeutic outcome with alkylating 
agents in (at least) subsets of glioblastomas [83]. The E1A protein is 
known to be a binding partner of p300/CBP that strongly represses 
MGMT promoter activity [84]. Indeed, several oncolytic adenoviruses are 
potentiated when administered in combination with TMZ: Delta-24-RGD 
[85], ICOVIR-5 [85], CRAd-Survivin-Pk7 [86], Ad5-Delo3-RGD [50], OBP-
405 [87], and CRADRGD-flt-IL24 [61]. 

Other drugs that have been combined with oncoly- tic adenoviruses in 
glioblastoma models include cyclophosphamide (CP) [88], everolimus 
[89], irinotecan [90], and daunorubicin, docetaxel, and trichostatin A 
(TSA) [47]. CP has been administered in combination with several onco-
lytic viruses. Recent clinical evidence showed that CP induced a benefi-
cial immune- modulatory phenotype for adaptive immune responses. A 
clinical trial of low-dose CP and oncolytic adenoviruses in patients with 
chemotherapy-refractory metastatic malignancies revealed a reduction of 
tumor- infiltrating Tregs, an increase in the presence of CD8 T cells, and 
a favorable effect on disease control and survival in a subset of patients 
[91]. Because of the myriad of viruses used and the tumor types treated 
in this study, the clinical results should be interpreted cautiously. How-
ever, the role of CP on the effect of oncolytic adenoviruses in humans is 
encouraging. 

TSA is a potent histone deacetylase inhibitor (HDACi) that has been 
shown to increase CAR expression, in turn leading to enhanced infectiv-
ity. Other oncolytic viruses benefited from the induction of transcriptional 
downregulation of antiviral response genes, thereby resulting in higher 
viral yield in glioblastoma cultures pretreated with HDACi [92]. Of note, 
TSA can induce the expression of MGMT, which would render TSA detri-
mental in combination with TMZ [84]. 

The chemotherapeutics that inhibit DNA repair or the induction of DNA 
damage have complementary effects with the virus due to the modula-
tion of the cell cycle by the E1 genes. Specifically, the deregulation of cell 
cycling could be detrimental to DNA damage repair systems (as in the 
MGMT example), thereby leading to enhanced cytotoxicity of the chemo-
therapeutic agents. Importantly, none of these drugs have been found to 
negatively impact viral replication. 

ONCOLYTIC ADENOVIRUSES AND AUTOPHAGY-MEDIATED LYSIS 

Autophagy is a cellular maintenance system that has been implicated to 
play canonical roles in diseases such as cancer, (auto)immune diseases, 
neurodegenerative diseases, and developmental disorders [93]. Stressful 
conditions such as starvation, infection, or cytotoxic damage result in a 
phenomenon that is described as macroautophagy (henceforth referred 
to as “autophagy”), in which large vesicular structures engulf cytoplasmic 
content. These structures, the so- called autophagosomes, are subse-
quently processed to fuse in the lysosomal pathway and form autopha-
golysosomes, in which the intravesicular content is degraded and proc-
essed for several purposes. For instance, antigen presentation through 
MHC-II complexes is autophagy dependent, as is the adoptive immune 
response to viral pathogens. The role of autophagy in disease is re-
garded to be context and outcome dependent, meaning that in some 
circumstances, autophagy seems to prevent cell death, whereas in oth-
ers it facilitates cell death [94]. Autophagic cell death is considered to be 
a programmed cell death pathway in which morphological examination 
of cells reveals extensive vacuolization of the cytoplasm while key fea-
tures of apoptosis and necrosis are non-apparent [95]. The term auto-
phagic cell death suggests that autophagy is the key executer of cell de-
mise, but this proposal is rather controversial [96]. However, in tissue 
development, cell death might be prevented via inhibitory interventions in 
the molecular processes underlying autophagy [97]. 

The role of autophagy and autophagic cell death in the infectious cycle 
of oncolytic adenoviruses was published by Kondo’s group [55]. These 
authors described autophagic features in hTERT-Ad-infected cells, plus a 
partial rescue of oncolysis in cells that were treated with the autophagy 
inhibitor 3-methyladenine. Follow-up research revealed the upregulation 
of ATG5"ATG12 expression during infection and co-localization with ad-
enovirus fiber in a brain tumor stem cell-derived xenograft model [33]. 
The manipulation of autophagy can be achieved via several inducing and 
inhibiting drugs. Everolimus, a mammalian target of rapamycin inhibitor, 
efficiently induces autophagy and was indeed found to synergize with 
Delta-24-RGD in vitro and in vivo in orthotopic U87 models [89]. Other 
cytostatic drugs known to induce autophagy that have been reported to 
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potentiate oncolytic adenovirus therapeutic effect are TMZ [86] and 
OSU-03012 (a PDK-1 inhibitor [98]). 

The role of autophagy in adenovirus-induced oncolysis has not been clari-
fied. As previously mentioned, the prevention of autophagy results in an 
almost complete rescue of oncolysis by adenoviruses. However, the pre-
vention of autophagosomal fusion with lysosomes, described as the com-
pletion of autophagic flux, was shown to not prevent oncolysis signifi-
cantly [99]. This finding suggests that the induction of autophagy, rather 
than the degradation of autophagosomal content, is mandatory for a suc-
cessful adenoviral infectious cycle. Indeed, the activation of caspase-8, 
an initiator caspase in the extrinsic apoptotic signaling pathway, has 
been shown to depend on the initiation of autophagy during the adenovi-
ral infectious cycle. Furthermore, caspase-8 processing and subsequent 
activation have been shown to depend on the autophagy-related pro-
teins p62 and LC3B. Knockdown or mutation protein experiments of 
LC3B revealed that caspase-8 activation, and thereby cell death, is sub-
stantially diminished after TRAIL or MG- 132 (proteasome inhibitor) treat-
ment [100,101]. 

The theory that autophagy would provide a platform for caspase-
mediated cell death has been previously postulated [102]. Just as 
caspase-8-mediated apoptosis can be activated in autophagosomes, so 
can the regulated necrosis pathway. The activation of programmed death 
pathway machinery via death receptor-induced signaling complex (DISC) 
assembly in autophagosomes can be influenced by several drugs and 
relates to the immunogenicity of the death pathway of choice. The ability 
to activate multiple pathways on the same scaffold formed by autophago-
somes is in line with the inability of caspase inhibitors to completely res-
cue cells from lysis once autophagy is induced [99]. With regard to 
caspase-8-mediated cell death, it is noteworthy that caspase-8 is hetero-
geneously expressed in malignant gliomas, and a substantial proportion 
of these tumors lacks protein expression [103,104]. 

MOLECULAR PROFILING OF MALIGNANT GLIOMAS AND ONCO-
LYTIC ADENOVIRUSES 

During the past decade, an enormous effort has been made to profile 
malignant gliomas on several molecular platforms. Molecular characteri-
zation studies hold promise for deciphering the biological basis of patient 
heterogeneity in drug response and could therefore be relevant for pre-
dicting which patients might benefit from oncolytic virotherapy or which 
patients should be treated with a different alternative. Furthermore, these 
large data catalogs could provide insight into tumor-tailored strategies to 
combine therapeutic agents with maximal cytotoxic effect. To date, 
TCGA has provided the largest catalog of samples and combined multi-
ple platforms (histology gene expression, copy number alterations, and 
methylation status) to eventually segregate at least four different sub-
types [104]. These four subtypes (proneural, neural, classical, and mesen-
chymal) were coined to describe the characteristics of the biological func-
tion of the genes overrepresented in each cluster. 

Retrospective analysis of glioblastomas with regard to median survival 
did not reveal significant differences among the four clusters, although 

classical and mesenchymal tumors seemed to benefit more from aggres-
sive therapy than did proneural and neural tumors [104]. Second, the 
subtypes seemed to coincide with several copy number alterations 
(CNAs), although none of the more frequent CNAs seemed to be exclu-
sive to the subclasses defined by TCGA. The two most distinct subtypes 
with regard to both CNAs and gene expression profiles are the proneural 
and mesenchymal. The proneural signature coincides with IDH1 muta-
tions, PDGFR-α amplifications, and the overexpression of genes involved 
in central nervous system development. Mesenchymal tumors are typi- 
fied by the overexpression of genes related to nuclear factor-κB and tu-
mor necrosis factor-α signaling. Furthermore, these mesenchymal tu-
mors are more closely associated with intratumoral necrosis and signs of 
inflammation, typified by a higher intratumoral infiltration of microglial 
cells and lymphocytes. 

This evident inflammatory component of mesenchymal tumors could be 
of interest in oncolytic virotherapy for multiple reasons. First, the immune 
surveillance within solid tumors correlates with the presence of immune 
cell infiltrates in vaccine therapy for melanoma, pancreatic cancer, and 
colon cancer. The presence of a proinflammatory microenvironment, in-
creased signaling of inflammation-associated path- ways within cancer 
cells, and the secretion of proangiogenic cytokines predisposes the tu-
mor to an effective antitumor response after vaccination [105]. 

The first evidence of this paradigm was presented in a phase I trial by 
Prins et al. that showed that tumors with a mesenchymal phenotype 
were more susceptible to dendritic cell vaccines based on autologous 
tumor lysates with adjunctive TLR3 or TLR7 agonists [106]. 

PERSPECTIVE 

The purpose of this chapter is to provide basic and updated information 
about the science supporting the design and utilization of oncolytic ad-
enoviruses for the treatment of cancer at preclinical and clinical levels. 
Several lines of progress were discussed in sufficient detail to present 
the advantages and disadvantages of this approach. Moreover, the pro-
gress in our under- standing of the genetics of tumors is providing investi-
gators with new conceptual tools to improve the potency and tumor se-
lectivity of the virotherapy approaches. In the near future, the armamen-
tarium of anticancer therapeutic strategies will surely include replication-
competent adenoviruses. These constructs will probably be administered 
in combination with targeted small molecules, conventional therapies 
including chemo- and radiotherapy, and other biological approaches, 
such as immunotherapy. It is now the moment for the oncolytic virus ap-
proach to move from the stage of repeatedly demonstrating its safety to 
show for the first time its much expected anticancer efficacy. 
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Abstract 
Oncolytic viruses (OV) have broad potential as an adjuvant for the treat-
ment of solid tumors. The present study addresses the feasibility of clini-
cally applicable drugs to enhance the oncolytic potential of the OV 
Delta24-RGD in glioblastoma. In total, 446 drugs were screened for their 
viral sensitizing properties in glioblastoma stem-like cells (GSCs) in vitro. 
Validation was done for ten drugs to determine synergy based on the 
Chou Talalay assay. Mechanistic studies were undertaken to assess vi-
ability, replication efficacy, viral infection enhancement and cell death 
pathway induction in a selected panel of drugs. Four viral sensitizers 
(fluphenazine, indirubin, lofepramine and ranolazine) were demonstrated 
to reproducibly synergize with Delta24-RGD in multiple assays. After vali-
dation we underscored general applicability by testing candidate drugs 
in a broader context of a panel of different GSCs, various solid tumor 
models and multiple OVs.Overall this study identified four viral sensitizers 
which synergize with Delta24-RGD and two other strains of oncolytic 
viruses. The viral sensitizers interact with infection, replication and cell 
death pathways to enhance efficacy of the OV. 

Introduction

Patients newly diagnosed with glioblastoma have a median survival of 
14.7 months despite surgery and radiation combined with adjuvant che-
motherapy using temozolomide.1, 2 Hence, studies into more effective 
alternatives are warranted. An approach which is currently under phase-
I/II clinical investigation is the use of the oncolytic adenovirus 
Delta24-RGD.3 Treatment with Delta24-RGD has shown promising re-
sults in preclinical models4 and has demonstrated therapeutic responses 
in a subset of patients.3 This is similar to results of other oncolytic virus 
(OV) trials.5 Delta24-RGD was engineered to specifically target and repli-
cate in cancer cells deficient in the Rb pathway by means of a 24-base 
pair deletion in the viral E1A gene. Insertion of the RGD-peptide into the 
fiber-knob enhances viral entry by attachment to αvβ3/αvβ5 integrins.6 
Delta24-RGD is therefore not dependent on entry via the coxsackie ad-
enovirus receptor (CAR), which is usually sparsely expressed in 
glioblastoma.7

In OV therapy heterogeneous responses have been shown both in pre-
clinical models as well as in patients.3, 8, 9 Therefore such treatment 
strategies require enhancement of OV efficacy in order to be potentially 
curative. This can be achieved by enhancing replication, attenuating cellu-
lar defense mechanisms to infection, enhancing viral lysis or altering the 
immune response. 

The current study is aimed at the identification of sensitizers of oncolysis 
mediated by Delta24-RGD using the National Institutes of Health (NIH) 
clinical collection.10 One of the advantages of this drug library is the fa-
vorable toxicity profile of the drugs as these agents are routinely pre-
scribed for a wide spectrum of clinical indications. Also, the pharmacol-
ogical properties are known for most of these agents. These factors 
make these drugs suitable for rapid translation into clinical trials after in 
vitro confirmation. Potential heterogeneity in response to the newly identi-
fied combination therapies was studied utilizing a well-characterized 
panel of patient-derived glioblastoma stem-like cell cultures (GSCs).11, 

12 This model is known to preserve the original phenotypic and geno-
typic tumor characteristics.11, 12 We characterize the identified viral sen-
sitizers with regard to important aspects in glioblastoma treatment, in-
cluding synergistic interactions and viral mechanistic enhancement such 
as viral infectivity, protein production, expression and replication. Moreo-
ver, we study the cellular induction of apoptosis and necrosis. 

In addition, we present data on the general applicability of the identified 
drugs as viral sensitizers in other types of neoplasms and in combination 
with other types of OVs. The effects of Delta24-RGD are also enhanced 
by the identified viral sensitizers in triple negative breast cancer, ovarian 
carcinoma and colon carcinoma. Finally, the identified viral sensitizers 
enhanced the efficacy of both the HSV-1-based OV G47Δ-mcherry13 as 
well as the naturally occurring oncolytic Newcastle disease virus (NDV)14 
in the GSC model.

Materials and methods

Clinical drugs 

The NIH clinical collection which contains 446 drugs was obtained from 
the NCI/DTP Open Chemical Repository (http://dtp.cancer.gov). All drugs 
were dissolved in DMSO at 10mM. For validation, the hereafter named 
drugs were purchased individually, dissolved in DMSO and stored at 
-20°C. Anagrelide (37.5mM), rabeprazole (250mM) and Amlodipine 
(500mM) were obtained from Sequoia Research Products Ltd. (UK). Ebse-
len (50mM), fenoldopam mesylate (100mM), fluphenazine diHCl 
(100mM), indirubin (37.5mM), lofepramine (50mM), stiripentol (400mM), 
sumatriptan succinate (100mM), ranolazine diHCl (100mM) from Sigma-
Aldrich (MO, USA). 

Viruses 

The oncolytic virus Delta24-RGD was used for the viability experiments 
and the titration experiments. This virus has been described previously 6 
and includes both a 24-base pair deletion (E1A region) for selective repli-
cation in Rb-pathway deregulated tumor cells, and an RGD peptide inser-
tion for cell binding and entry using αv integrins.59 The replication-
deficient adenoviral vector Ad.luc.RGD was used for assessment of infec-
tivity and was kindly provided by Dr. D.T. Curiel, (University of Alabama, 
Birmingham, Al, USA). The Delta24-RGD-GFP was constructed for moni-
toring viral replication using fluorescent imaging and contains a GFP ex-
pression cassette under the E3-promotor. This virus was produced, puri-
fied and titrated as previously described.60 The Newcastle disease virus 
(NDV) has been described previously.14 The Herpes Simplex Virus-1 
based OV G47Δ-mCherry was constructed as described previously.13

Patient-derived serum-free cultured glioblastoma stem-like cells 

The patient-derived GSCs used for the experiments included a panel of 
cultures that were established and maintained under serum-free condi-
tions. The tumor specimens were acquired with patients’ informed con-
sent and with approval of the institutional review board of the Eras-

72

http://dtp.cancer.gov
http://dtp.cancer.gov


musMC. The fresh resection material was dissociated mechanically and 
enzymatically as described previously.11 The applied method has been 
demonstrated to 1) retain genetic stability after passaging 11, 61; 2) to 
recapitulate the phenotypic characteristics of the original tumor 11, 12 
and 3) to preserve markers of stemness in glioblastoma cells.62 The cells 
were maintained under serum-free conditions in DMEM/F12 medium sup-
plemented with 1% penicillin/streptomycin, 2% B27, 20ng/ml bFGF, 
20ng/ml EGF (Life Technologies, Paisley, UK), and 5µg/ml heparin 
(Sigma-Aldrich), at 37°C in a humid 95% air/5% CO2 chamber. The pa-
rental tumors and the cell cultures were molecularly characterized as has 
been described previously.11 The GSCs were classified as glioma World 
Health Organization (WHO) guidelines grade IV by histopathological as-
sessment of the parental tumor. The passages used were between p8 – 
p22.

Cell lines 

The A549 lung adenocarcinoma cell line and SKOV3 ovarian carcinoma 
cells were obtained from ATCC (VA, USA). The HCT-116 colon carcinoma 
cells were obtained from Sigma-Aldrich. The triple negative breast carci-
noma cell lines MB-MDA-231 was kindly provided by K. Naipal, MD, of 
the Department of Genetics, ErasmusMC, Rotterdam, The Netherlands. 
The cells were cultured in DMEM medium conditions with 10% FBS and 
1% penicillin/streptomycin. The cell lines were maintained at 37 °C in a 
humid 95% air/5% CO2 chamber. 

Viability assays and screening method 

Patient-derived GSCs and the cell lines of the other tumor types were 
seeded at 1x103 cells/well in 96-well plates. After 24 hours of incubation 
the cells were treated with the drugs at a concentration of 100µM, and 
combined with Delta24-RGD (MOI 50). Cell viability was measured using 
the CellTiter-Glo assay (Promega, WI, USA) after five days of incubation. 
For all drugs the combination drug effects were compared to single 
agent effects, with DMSO as controls. In cases where cell viability was 
reduced by more than 75% by the drug alone, the drug was re-screened 
at 10µM and 1µM. If the drug and the combination treatment did not af-
fect viability in this screen (<25% reduction of non-treated controls), i.e. 
concentrations were too low, then the drug was tested in the third experi-
ment at 50µM and 5µM). Potent viral sensitizers had to meet the criteria 
of 1) an enhancement factor (explained in the ‘statistical analysis’ sec-
tion) of >2 in viability reduction in both of the tested GSCs, and an abso-
lute enhancement of >25% in one the cultures, and 2) the viability of 
cells treated with the monotherapies had to be >25% compared to con-
trols, as additional effects are difficult to distinguish below this threshold. 
After identification of the drugs that met these criteria, the drugs were 
further evaluated for available data on the blood-brain barrier penetra-
tion. 

The validation of identified drugs was performed using the Chou-Talalay 
assays, to determine synergy between Delta24-RGD and the drugs by 
median effect equation calculation.16 For the Chou-Talalay assay, the 
IC50 values were determined via a concentration-range of 3-fold steps, 
ensuring no effect on the one end, and complete cell kill on the other end 

of the concentration-range. Similarly, combination effects were deter-
mined using a concentration range of the drug with a concentration 
range of the virus. Viability was measured by CellTiter-Glo. The assays 
were performed in triplicate using the glioblastoma culture GS79. The 
same cell culture as in the original drug screen was used for the Chou 
Talalay experiments. The combination index was calculated for every 
combination and considered synergistic if <1, additive if =1 and antago-
nistic if >1. The screen on a panel of GSCs was performed according to 
a same treatment regimen, by using two drug concentrations, namely the 
IC50 value as determined in GS79 and a 2-fold step lower doses. Two 
MOIs of Delta24-RGD were used (MOI 25 and MOI 75). The results are 
presented as percentage of non-treated controls with standard error. 

Viral infection assays

The effects of the selected drugs on viral infection were assessed using 
the non-replicating vector Ad.luc.RGD as described previously.8 GS79 
and GS102 cells were seeded at 5x103 cells/well in a 96-wells plate and 
kept overnight in an incubator. The cells were treated with one concentra-
tion of the four drugs and infected with Ad.Luc.RGD. Post-infection, the 
cells were incubated for 24 hours and permeabilized by a freeze/thaw 
cycle in Triton X-100 (0.9% v/v). Steady-Glo substrate (Promega) was 
added and luciferase was measured with an Infinite M200 plate reader 
(Tecan, Switzerland). The results are presented from three independent 
experiments as percentage of Ad.Luc-RGD only treated cells with stan-
dard error. 

Viral protein expression and viral titration assays by hexon staining 

The viral protein expression in Delta-24RGD infected cells was deter-
mined by direct staining for viral hexon protein at 48 hours post-infection 
of GS79 cells. The cells were seeded 1x103 cells/well in 96-wells plates 
and after 24 hours, the cells were treated with Delta24-RGD (Figure 1) or 
with Delta24-RGD and one of the viral sensitizers (Figure 3). After 48 
hours cells were fixed with cold methanol and stained as described be-
low. The results are displayed as mean counts/well of triplicates with 
standard deviation. 

Viral titration assays were performed to determine progeny viral particle 
production. For this, GS79 cells were seeded at 5x104 cells per well and 
after 24h were treated with Delta24-RGD in combination with each of the 
four drugs. At both 48h and 96h the cells and supernatants were har-
vested. Three freeze-thaw cycles were performed, the cells were centri-
fuged at 1500 rpm for 3 minutes to remove cell debris, and the super-
natants were collected. Supernatants were added in serial dilution to 
1x103 cells per well of the A549 lung adenocarcinoma cell line. At 48h 
cells were fixed using ice-cold methanol and washed in PBS/0,05% 
Tween-20 (Sigma-Aldrich). Staining was done using the primary mouse 
anti-hexon antibody in PBS/1% BSA (Adeno-X™ Rapid Titer Kit, 
#632250, Clontech, CA, USA). The hexon plaques were quantified and 
viral titers were calculated in triplicate. The results are shown as mean of 
the three viral titers and were considered significant if p<0.05 (using the 
Students´ T-test) 
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Late viral transgene expression using Delta24-RGD-GFP

Late viral transgene expression was studied by evaluating GFP expres-
sion from a Delta24-RGD-GFP virus. GFP expression was monitored 
over time. GS79 cells were seeded at 2.5x103 cells/well in 96-well plates 
and were incubated with the identified drugs and/or Delta24-RGD-GFP 
at concentrations at which synergy had been detected by Chou Talalay 
analysis. The plates were placed in an IncuCyte real-time cell imaging 
incubator (Essen Bioscience) and GFP was measured for five consecu-
tive days. The experiment was performed in duplicate and fluorescence 
was measured every two hours and graphically displayed as mean object 
counts/mm2. 

Flow cytometry on integrin αvβ3 and CAR expression

GS79 cells were seeded at 5x104 cells per well in 6-well plates. After 24 
hours the cells were treated with fluphenazine, indirubin, lofepramine and 
ranolazine at the concentrations shown in the results. At 4, 8 and 24 
hours the cells were harvested, washed and incubated for 15 minutes in 
FACS buffer (PBS/0.25%, BSA/0.05%, NaN3/0.5mM, EDTA/2% human 
serum) using primary mouse anti-CD51/CD61 (1:50, Abcam (Cambridge, 
UK)) and primary rabbit anti-CAR (H-300, 1:50, Santa Cruz (Dallas, TX, 
USA)). After a washing step the cells were incubated with Alexa-488 anti-
rabbit and PE-anti mouse secondary antibodies (Life Technologies). 
Next, the cells were fixed in BD FACS lysing buffer (BD Biosciences, CA, 
USA). In the flow cytometry analysis, a minimum of 3x104 events was 
obtained on a FACS Canto II (BD Bioscience). Flow cytometry data were 
analyzed by using the Infinicyt software (Cytognos, Salamanca, Spain), 
where debris and doublets were removed with FSC-H and FSC-A. The 
expression was plotted for the remaining events.

In silico analysis of pathways and target molecules 

The Ingenuity Pathway Analysis (IPA) software was used for in silico 
analyses on the drugs of interest. We aimed to find mechanisms related 
to the efficacy of combination therapy, by analyzing downstream mole-
cules influenced by the four drugs, fluphenazine, indirubin, lofepramine 
and ranolazine. We investigated overlapping functions of the four drugs 
to detect common pathways of interaction (IPA, Sept 2014). Firstly, mole-
cules of common pathways were identified for fluphenazine, indirubin, 
lofepramine and ranolazine by in silico connection using the ‘build’ algo-
rithm and addition of downstream direct and indirect molecules. The re-
sults were projected in a network for the four drugs (Figure S2). Further-
more, the ‘comparison analysis’ in the IPA software was used to analyze 
common pathways of the four drugs and discover potential novel drugs 
with the same mechanism of action. The top ten common pathways 
were considered significant if the p-value <0.05. The analysis was based 
on the first and second level of downstream affected molecules of the 
various drugs.

Caspase-3/7 activity 

To evaluate Caspase-3/7 activity, cells were seeded 5x103 cells/well in a 
black-walled 96-well plate. The cells were treated with the four drugs as 
single treatment, virus alone, or in combination with Delta24-RGD, at a 
concentration at which synergy was observed in the Chou Talalay as-
says. Staurosporine (Sigma Aldrich, 20nM) was used as a positive con-
trol. The CellPlayer 96-Well Kinetic Caspase-3/7 Apoptosis Assay (Essen 
Bioscience) was added to the wells and, the caspase-3/7 activity was 
tracked by fluorescent images over a time period of 60 hours with the 
IncuCyte system using a 10X magnification at 37°C. Two fluorescent 
images/well of triplicates were collected every two hours up to sixty 
hours and displayed as object counts/mm2.

Lactate dehydrogenase assay

GS79 cells were seeded at 1.0x103 cells/well in a 96-well plate. After 24 
hours, cells were incubated with two concentrations of the drugs fluphe-
nazine, indirubin, lofepramine and ranolazine in the range at which syn-
ergy was detected and two concentrations of virus (MOI 100 and MOI 
50). The cells were incubated for five days and placed at 37°C in a hu-
midified 95% air/5% CO2 incubator. After this period, the amount of LDH 
in the supernatant was determined using the CytoTox-One assay 
(Promega). Fluorescence was measured in a Tecan Reader. Cell viability 
was measured by CellTiter-Glo assay to calculate the ratio of LDH per 
number of living cells. The results were presented as LDH per viable unit 
as percentage of non-treated controls with the standard errors. The ex-
periments were performed in triplicate.

Statistical analysis

In the primary compound screens, the “Enhancement” was calculated 
according to the description of Chou63, namely the viability of the most 
effective monotherapy divided by the viability of the combination therapy. 
The criterion for designating a drug as potential viral sensitizer was as 
follows: an enhancement of >2 in both tested cultures, and an absolute 
reduction of the single drug treatment with >25% viability in at least one 
culture. The “Absolute Difference” is the viability of the most effective 
monotherapy minus the viability of the combination therapy, which deter-
mines the absolute reduction in viability of cells in the combination treat-
ment compared to the single agent treatment.63 The drug alone had to 
reduce viability by no more than 75% as below 25% viability combina-
tion effects are difficult to detect. 

The Chou-Talalay method was performed as described16 and means 
were plotted with standard deviations. To compare effects of different 
treatments, the Student’s T-test was used, and statistical significance 
was reached if p<0.05. The caspase-3/7 activity was calculated as ob-
jects counts/well. The caspase-3/7 activity and Delta24-RGD-GFP over 
time were analyzed by a two-way ANOVA with a Tukey’s Post-Test. The 
treatment effect was compared to the controls, and combination treat-
ments to both single agent treatments. 
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Results 

GSCs demonstrate heterogeneous susceptibility to Delta24-RGD

The therapeutic efficacy of Delta24-RGD is heterogeneous between glio-
blastoma patients.3, 9 Therefore, investigations into potential viral sensi-
tizers should be designed to yield insights both from responsive and re-
sistant models. To achieve this, we screened eight GSCs for their respon-
siveness to Delta24-RGD. The non-replicating vector Ad.Luc.RGD was 
used to assess infectivity and the results show substantial variation be-
tween the eight GSCs (Figure 1a). GS79 was relatively resistant whereas 
GS359 was very sensitive to adenoviral infection. The remaining cultures 
GS401, GS245 GS184, GS102, GS281 and GS295 were intermediately 
sensitive. 

Next, the viral protein production of 
Delta24-RGD during the first replication 
cycle was determined by staining for the 
adenoviral capsid protein hexon (Figure 
1b) at 48 hours. The number of hexon 
counts at this time point revealed a simi-
lar pattern to the luciferase expression 
data of Figure 1a, with the most resis-
tant GS79 having the lowest hexon 
counts and the most sensitive GS359 

having the highest counts. 

Two cultures were selected for the subsequent drug screen to investigate 
which drugs sensitize glioblastoma to OV therapy with Delta24-RGD. 
Based on the infection and viral protein production assays, GS79 was 
picked as the “resistant” sample and GS102 as the “intermediate resis-
tant” sample. Accordingly, the IC50 values of Delta24-RGD in GS79 and 
GS102 were found to be high compared to the MOIs observed in conven-
tional cell lines8; MOI200 for GS79 and MOI70 for GS102 (Figures 1c-d). 

Clinical drug screening identifies potential sensitizers of OV therapy with 
Delta24-RGD

In order to identify viral sensitizers of OV therapy with Delta24-RGD in 
GSCs, the NIH clinical collection was explored (Figure S1a10). This col-
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lection contains 446 drugs most of which have been approved by the 
FDA for use in humans for a wide spectrum of clinical indications.15 A 
third of these are central nervous system (CNS) drugs, including anti-
epileptics, antidepressants, antipsychotics. The drug screening strategy 
is illustrated in a flow-chart (Figure S1b). The primary screen was per-
formed on the two mentioned cultures GS79 and GS102 at a drug con-
centration of 100µM. Potential viral sensitizers were defined as described 
in the methods section, which resulted in two arms. The first arm con-
sisted of 332 drugs for which monotherapy reduced viability between 25-
75%. Of those drugs, six had viral sensitizing effects in both GS79 and 
GS120. The second arm consisted of drugs for which monotherapy at 
100µM decreased GSC viability by more than 75% (n=114 drugs), since 
this is incompatible with a reliable evaluation of additive effects with 
Delta24-RGD. Therefore these drugs were titrated for combination ther-
apy activity at 50, 10, 5 or 1µM, which resulted in the identification of

 four viral sensitizers with enhancement effect at a dosage of 10 or 5µM. 
In total ten drugs had a viral sensitizing effect in both GSCs. Table 1 pro-
vides an overview of these drugs which are; amlodipine, anagrelide, ebse-
len, fenoldopam, fluphenazine, indirubin, lofepramine, ranolazine, stiripen-
tol and sumatriptan succinate. 

Synergy was detected for six of the potential viral sensitizers

The ten identified viral sensitizers were validated and tested for synergis-
tic activity in GS79 cells according to the Chou-Talalay methods.16 The 
IC50 values were determined by concentration-response assays (dis-
played in Table 1). The combination assays were performed and the com-

bination indices (CIs) were calculated. Four of the ten identified drugs 
were synergistic (CI<1) and two were additive (CI=1) when combined 
with Delta24-RGD. These were anagralide, ebselen, fluphenazine, indiru-
bin, lofepramine and ranolazine (Figures 2a-b, Table 1). The other drugs 
(amlodipine, fenoldopam, stiripentol and sumatriptan) failed to reproduce 
enhancement in the wider concentration range of in vitro testing and 
were therefore excluded from further validation. In addition, the literature 
was searched for the ability of the six drugs to cross the blood brain bar-
rier in vivo.17-21 Anagrelide was excluded from further studies because 
it has not been reported to penetrate the blood-brain barrier in vivo (Ta-
ble 1), whereas this has been reported for the other drugs.

Viral sensitizers increase adenoviral infection and replication efficacy

 To determine whether the drugs improved the efficacy of viral infection, 
the luciferase expression of the Ad.Luc.RGD-infected GSCs was deter-
mined 24 hours after combination treatment with ebselen, fluphenazine, 
indirubin, lofepramine and ranolazine. The dosages at which synergy was 
observed were applied in these experiments. Fluphenazine, indirubin and 
lofepramine significantly increased Ad.Luc.RGD infection in both GS79 
and GS102 (Figure 3a, p<0.05). Ranolazine increased viral infection only 
in GS102. Ebselen decreased luciferase expression in both GSCs 
(p<0.05 in GS79 and GS102)

Triggered by the effect of these viral sensitizers on infection efficacy it 
was hypothesized that these drugs may alter the expression of viral entry 
receptors CAR and integrin αvβ3. Flow cytometry was performed to in-
vestigate the expression of CAR and integrin αvβ3 before and after treat-
ment with the viral sensitizers (Figure 3b). Both indirubin and lofepramine 
were demonstrated to influence the adenoviral receptor expression at 4 
and 8 hours post-treatment. We did not find up-regulation of entry recep-
tors by fluphenazine although the viral infectivity was increased as shown 
in Figure 3a. For ranolazine, no effects on the surface receptors were 
observed. In summary, fluphenazine, indirubin, and lofepramine in-
creased viral infection. For lofepramine and indirubin this was associated 
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with increased levels of CAR and slightly increased levels of αvβ3 in-
tegrins. 

Effects of the drugs on Delta24-RGD early viral replication, late viral gene 
expression and progeny production

We investigated the Delta24-RGD viral hexon production during the first 
viral cycle as a measure of replication efficacy after combination therapy 
with the viral sensitizers. At MOI 60, the four drugs increased the number 
of hexon spots at 48 hours (p<0.05). Ebselen slightly decreased the num-
ber of hexon counts/well (p<0.01). Fluphenazine, lofepramine, and rano-
lazine all increased viral protein production by 2 to 3-fold and indirubin 
was most effective, increasing the hexon counts by 3.7-fold (p<0.01) At 
the higher virus concentration of MOI 125, only indirubin and ranolazine 
were still significantly increased compared to control (Figure 3c). 

To measure the effects of the four drugs on the viral cycle in a longitudi-
nal manner, we performed time-lapse fluorescence imaging of Delta24-
RGD-GFP infected cells. GFP is expressed late in the replication cycle 
(Figure 3d). Indirubin, ranolazine and fluphenazine peaked earlier than 
controls suggesting more efficient replication and lysis. The GFP data 
was in line with the results of the hexon staining. Both indirubin and rano-
lazine enhanced Delta24-RGD-GFP expression (p<0.01 and p<0.001 re-

spectively). Differences in the kinetics were observed, 
namely indirubin 

increased peak levels of GFP expression whereas rano-
lazine increased the fluorescence levels consistently 
over time without evidently enhancing peak levels. In 
accordance with the previous findings, ebselen re-
duced viral replication of Delta24-RGD-GFP (p<0.05). 
Due to the pronounced inhibitory effects of ebselen in 
both the viral infection and replication assays this drug 
was not further evaluated.

To assess whether the enhancement of early and late 
viral protein production translates to increased viral 
progeny production, viral titration assays were per-
formed (Figure 3e). Only indirubin increased the viral 

progeny production in GS79 cells at both 48 and 96 hours 
post-infection from 5.2x104 to 6.7x104 (p<0.05) and from 
5.9x104 to 9.0x104 (p<0.05), respectively, compared to 
Delta24-RGD alone. Interestingly, fluphenazine and ra-
nolozine achieved the opposite effect from indirubin: a 

decrease in viral progeny production at both time points (p<0.05). Lofe-
pramine did not significantly alter the viral progeny production. In sum-
mary, the viral progeny production was increased by indirubin and was 
decreased by both fluphenazine and ranolazine.

Viral sensitizers increase Delta24-RGD-induced oncolysis by enhancing 
apoptosis and necrosis

We performed an in silico analysis using the Ingenuity Pathway Analysis 
(IPA) software (Figure S2, IPA, September 2014) to identify which path-
ways are activated or inhibited by the four viral sensitizers. Next, we 
evaluated whether identified cell death pathways are relevant for viral 
oncolysis. Fluphenazine targets the dopamine receptor, indirubin targets 
the aryl hydrocarbon receptor and the apoptotic signaling molecules Bcl-
2, BIRC5 and NFκB, lofepramine affects pro-apoptosis associated 
SMPD1 and ranolazine affects the adrenergic receptor. The top ten of 
overlapping functions of the downstream molecules of these drugs in-
cluded relevant mechanisms for viral oncolysis such as cell death, apop-
tosis and necrosis.

Others have found cell death pathways to be affected by OV therapy.22, 
23 Since oncolysis induced by the adenovirus is reported to be associ-
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ated with both apoptosis and necrosis, we investigated the role of the 
viral sensitizers in both cellular responses. A longitudinal assessment of 
caspase-3/7 activity was performed to study the role of the viral sensitiz-
ers on apoptosis. All four viral sensitizers induced caspase 3/7 activity at 
early time points post-treatment (Figure 4a). Infection with Delta24-RGD 
led to a delayed onset of caspase 3/7 activity. Combination treatments of 
Delta24-RGD with each of the four viral sensitizers also led to a delayed 
onset of caspase 3/7 expression but with a higher peak activity level for 
indirubin at 9 – 15 hours and prolonged higher caspase 3/7 activity for 
fluphenazine, lofepramine and ranolazine at 30-60 hours (p<0.05). 

To determine necrotic cell death, a lactate dehydrogenase (LDH) assay 
was used. This assay measures the release of LDH in the culture me-
dium, which serves as a dynamic marker for loss of cellular membrane 
integrity, an early event in necrotic cell death. (Figure 4b). Delta24-RGD 
(MOI 75) monotherapy increased LDH levels five days post-infection 
(p<0.05 compared to controls). Fluphenazine was the only viral sensitizer 
that increased LDH levels in combination with the virus compared to 
both single agents (p<0.05). Indirubin and lofepramine combined with the 
virus increased LDH levels compared to the drugs alone, whereas rano-
lazine increased LDH compared to the virus alone (p<0.05). In conclu-

sion, viral sensitizers combined with Delta24-RGD effectively induced 
both apoptotic and necrotic cell death in vitro. The four drugs interacted 
with apoptotic cell death as derived from caspase-3/7 activity. Enhanced 
necrosis was demonstrated using ranolazine and fluphenazine. 

Viral sensitizers are effective in a broad panel of heterogeneously respond-
ing patient-derived GSCs 

Glioblastoma is a heterogeneous tumor, which has profound conse-
quences for efficacy of therapeutics. To place the viral sensitizing ability 
of the four drugs in the context of this molecular heterogeneity, a broader 
panel of GSCs was employed to investigate their general applicability. 
Table 2 shows the molecular characteristics of the panel of GSC cultures 
indicating that all TCGA-defined subtypes are represented as well as 
both methylated and unmethylated MGMT promoter subtypes. The viral 
sensitizers were combined with Delta24-RGD in the GSCs that were 
used in the initial infectivity studies (Figures 1a-b) and expanded with an 
additional set amounting to a total of twelve GSC cultures. The four viral 
sensitizers were applied in two different concentrations in combination 
with two MOIs of Delta24-RGD (Figures 5a-d). Significant enhancement 
was considered if the combination therapy decreased the viability com-
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pared to both single agents therapies (p<0.05). Fluphenazine was effec-
tive in enhancing Delta24-RGD oncolysis in all twelve patient-derived 
GSCs. Indirubin was effective in 11/12 GSCs. Lofepramine was effective 
in 9/12 cultures mainly at the higher concentration of 20µM and rano-
lazine was effective in 11/12 cultures. Overall, these data confirm that the 
four drugs that were identified as potential viral enhancers by a screen 
on GS79 are effective in a broader panel of patient-derived GSCs, which 
bears distinct molecular characteristics and shows differential sensitivity 
to Delta24-RGD. These findings suggest that the identified sensitizers 
could be effective in enhancing Delta24-RGD oncolytic therapy in a 
broader context of heterogeneous glioblastomas.

 General applicability of the drugs: enhancement in other tumor cell lines 
and enhancement of other viruses

The applicability of the four drugs as viral sensitizers was subsequently 
investigated in a broader perspective. We tested the combination of 
Delta24-RGD and the viral sensitizers in other tumor cell lines, namely 
the breast carcinoma cell line MB-MDA-231, the ovarian cancer cell line 
SKOV3 and the colon carcinoma cell line HCT-116 (Figure 6a; Supple-
mental Figure 3-4). Chou-Talalay assays were performed to determine 
synergy, additivity or antagonism. The results reveal that fluhpenazine, 
indirubina and ranolazine show synergy in all three cell lines, however 
there are large differences in the actual enhancement. Lofepramine 
showed additive enhancement in HCT-116 and synergy in SKOV3 and 
MB-MDA-231 cell lines. Ranolazine showed synergy at low concentra-
tions in SKOV3 cells, at high concentrations in MB-MDA-231 cells and at 
all concentrations in HCT-116 cells. In summary, the four drugs, and in 
specific, ranolazine and indirubin are effective sensitizers of Delta24-
RGD in other tumor cell lines including those originating from triple nega-
tive breast carcinoma, colon carcinoma and ovarian carcinoma. The ex-
tent of the enhancement could be tumor type dependent. In addition, we 
assessed the sensitizing effects of the four compounds on two other 
OVs, the Newcastle disease virus (NDV) and the Herpes Simplex Virus-
based G47Δ-mcherry in GS79 and GS102 (Figure 6b; Figure S4). The 
results show that fluphenazine, indirubin and lofepramine effectively syn-
ergized with G47Δ-mcherry in both GSCs. All four drugs were effective in 
combination with NDV, where ranolazine was the least effective drug. 
Also, the extent of the enhancement depended on both the virus and the 
cell culture . In summary, fluphenazine, indirubin and lofepramine are ef-
fective viral sensitizers for the OVs based on NDV and HSV vectors. 

Discussion

The present study has identified four clinical approved viral sensitizers 
for the oncolytic adenovirus Delta24-RGD in patient-derived GSCs, 
namely fluphenazine, indirubin, lofepramine and ranolazine. Mechanistic 
studies attributed the synergistic activity with the virus partly to en-
hanced infection, replication or both. Not in the least, the induction of 
programmed cell death through apoptosis and or necrosis, was found to 
be increased and accelerated. As such, we conclude that these four viral 
sensitizers are potentially promising adjuvants to virotherapy for glioblas-
toma. 

Previously, we have reported the strength of implementing a panel of 
GSCs for the assessment of combination therapy for glioblastoma in 
vitro.9, 24-26 The NIH clinical compound library has been applied to 
GSCs before27, 28 which resulted in the identification of numerous GSC 
specific compounds, and established the use of GSCs as a useful tool 
for drug screening experiments. Interestingly, Pollard et al., identified 
fluphenazine as a monotherapeutic agent in three GSC cultures as well. 
We here performed the first systematic drug screen to identify clinically 
approved drugs that enhance oncolytic adenovirus potency. Others have 
identified synergizing compounds in a mechanism driven strategy, 29, 30 
or by combining the current clinical standard therapeutics31-33 and ra-
diation therapy.4, 34, 35 Compound screenings for oncolytic HSV, 
myxoma and VSV have been reported using other chemical 
libraries.36-38 The strategy to detect viral sensitizers through high 
throughput screening, as implemented in this study, results in the unbi-
ased detection of very potent FDA approved compounds.

One of the advantages of screening panels of GSCs is the identification 
of responders and non-responders, which grants the opportunity to inves-
tigate underlying mechanisms.25 Accordingly we have observed that the 
response to Delta24-RGD therapy is heterogeneous8, and may be driven 
by cell-entry receptors, autophagy mediated lysis and cellular anti-viral 
response.22, 39, 40 Viral sensitization by these four compounds was 
reproduced in a panel of twelve GSCs, which suggests applicability of 
combination therapy in both intrinsically resistant and susceptible glio-
blastoma patients. Furthermore, viral sensitizing by the four drugs was 
not restricted to Delta24-RGD; both NDV and HSV virotherapy syner-
gized with these compounds, nor was is restricted to glioblastoma, as 
viral sensitizing was observed in cell lines derived from other tumors. 
These results suggest that a more general mechanism of action underlies 
these combination therapies. 

The combination of the in vitro drug screen and the in silico pathway 
analysis on the identified compounds was shown to be a powerful tool to 
predict mechanisms of action. As indicated by the in silico analysis, the 
four compounds converge on cell death pathway enhancement, which 
we could substantiate in the validation experiments. The pathways identi-
fied were of specific interest for combination treatment with Delta24-
RGD, as apoptosis and necrosis have been shown to be involved in onco-
lytic cell death.41-43 

The identified viral sensitizers have been sparsely investigated in the con-
text of OV therapy. Below, we discuss the four viral sensitizers individu-
ally with regard to the mechanism of action, the reported effects in combi-
nation with viruses and their known effects on the immune response. The 
immune response is crucial for Delta24-RGD efficacy in vivo.44 

Fluphenazine is a neuroleptic drug used for the treatment of psychosis 
and has not been previously identified as a viral enhancer. The drug en-
hanced infection, viral protein synthesis as well as oncolysis in the whole 
panel of patient-derived GSC cultures. Interestingly the viral progeny 
yield was decreased which may be related to the enhanced apoptotic 
and necrotic cell death possibly interfering with efficient viral particle pro-
duction. Earlier fluphenazine was reported to inhibit leukemia and brain 
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tumor cells27, 45, 46, which may be related to the inhibition of calmodu-
lin that contributes to apoptosis through caspase-8 and Akt-pathway 
inhibition.47 

Indirubin is used in Chinese medicine as an antipsoriatic48 and anti-
leukemia drug.49 In OV therapy using Delta24-RGD, we showed that 
indirubin increases infection, CAR and integrin expression, viral protein 
production during the first cycle, viral gene expression over time and viral 
progeny production. Increased viral activity by indirubin has thus far not 
been reported. Indeed, indirubin derivatives have been shown to affect 
viral activities. Indirubin-3’-monoxime was effective in increasing viral 
transduction of an adeno-associated viral vector.50 Another derivative 
was shown to inhibit viral replication of H5N151, cytomegalovirus52, and 
the pseudorabies virus.53 These reports and the results within this study, 
suggest that the effects of indirubin on viral replication may depend on 
the indirubin-derivative used, and/or on type of virus investigated. In our 
study, indirubin consistently augmented adenoviral oncolysis in multiple 
GSC cultures and other cancer cell lines, as well as the oncolytic activity 
of two other viruses, NDV and HSV. The downstream molecules of indiru-
bin are associated with apoptosis54, which was confirmed by our in vitro 
studies. Indirubins may also have specific effects on the immune system 
as indirubin-3’-monoxime has been reported to induce immunosuppres-
sive and anti-inflammatory effects on dendritic cells.55 Moreover, inhibi-
tion of the indirubin target GSK-3 reduces microglial inflammatory 
responses.56 Additional studies are warranted to investigate the effects 
on the immune response by indirubin in combination with Delta24-RGD. 

The anti-depressant lofepramine has not previously been identified as an 
enhancer of viral efficacy. We show that this drug increases viral infec-
tion, which was associated with up-regulation of viral entry receptors, 
and enhances viral replication. The in silico pathway analysis revealed 
that lofepramine as a monotherapy affects downstream molecules re-
lated to apoptosis. This was translated to the combination therapy as 
well, as we confirmed in vitro. As a single drug treatment, lofepramine 
has been reported to block leukemia cell proliferation and to sensitize 
cells to apoptosis.57 

The anti-anginal drug ranolazine is a sodium-channel blocker that has 
not been studied in combination with oncolytic viruses. Ranolazine en-
hanced the viral infection (culture specific) and viral protein production 
during the first viral cycle. However, viral progeny production was de-
creased, which is possibly related to enhanced induction of apoptosis 
and necrosis. Ranolazine has not been reported to possess direct tumor 
killing activity, however, a role for this drug in sodium channel–mediated 
breast cancer invasiveness has been reported.58 The current study re-
veals novel mechanisms associated with this drug, which were not previ-
ously identified. Neither ranolazine nor lofepramine have been studied in 
the context of the immune system.

In conclusion, our study identified four effective viral sensitizers for 
Delta24-RGD oncolytic therapy in glioblastoma. These drugs include 
fluphenazine, indirubin, lofepramine and ranolazine. This study reveals 
the interaction of the drugs with important viral oncolytic cell death 
mechanisms, as shown in silico and in vitro. The identified drugs are not 

only applicable in glioblastoma but show synergy with Delta24-RGD in 
multiple cancer types. Moreover, all drugs except ranolazine act synergis-
tically with other oncolytic viruses as well. Although the identified viral 
sensitizers are clinically applicable, future studies should focus on finding 
the optimal administration to achieve maximal effects in vivo. Moreover, 
in vivo studies with these agents are required to interrogate their effects 
on the immune response to OV therapy, a factor known to play a pivotal 
role in therapeutic outcome of these therapies. 
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Abstract: Oncolytic adenoviral vectors are a promising alternative for the 
treatment of glioblastoma. Recent publications have demonstrated the 
advantages of shielding viral particles within cellular vehicles (CVs), 
which can be targeted towards the tumor microenvironment. Here, we 
studied T-cells, often having a natural capacity to target tumors, for their 
feasibility as a CV to deliver the oncolytic adenovirus, Delta24-RGD, to 
glioblastoma. The Jurkat T-cell line was assessed in co-culture with the 
glioblastoma stem cell (GSC) line, MGG8, for the optimal transfer condi-
tions of Delta24-RGD in vitro. The effect of intraparenchymal and tail vein 
injections on intratumoral virus distribution and overall survival was ad-
dressed in an orthotopic glioma stem cell (GSC)-based xenograft model. 
Jurkat T-cells were demonstrated to facilitate the amplification and trans-
fer of Delta24-RGD onto GSCs. Delta24-RGD dosing and incubation time 
were found to influence the migratory ability of T-cells towards GSCs. 
Injection of Delta24-RGD-loaded T-cells into the brains of GSC-bearing 
mice led to migration towards the tumor and dispersion of the virus 
within the tumor core and infiltrative zones. This occurred after injection 
into the ipsilateral hemisphere, as well as into the non-tumor-bearing 
hemisphere. We found that T-cell-mediated delivery of Delta24-RGD led 
to the inhibition of tumor growth compared to non-treated controls, result-
ing in prolonged survival (p = 0.007). Systemic administration of virus-
loaded T-cells resulted in intratumoral viral delivery, albeit at low levels. 
Based on these findings, we conclude that T-cell-based CVs are a feasi-
ble approach to local Delta24-RGD delivery in glioblastoma, although 
efficient systemic targeting requires further improvement. 

1. Introduction 

Glioblastoma is the most frequently diagnosed primary brain tumor in 
adults, with a median survival of only 15 months after the initial diagnosis 
[1]. Despite the extensive scientific progress that has been made into the 
molecular characteristics of glioblastoma, patient prognosis has re-
mained virtually unaltered. As a result, translational research is warranted 
for the development of new therapeutic agents. Oncolytic virotherapy 
has been extensively studied for the treatment of glioblastoma and has 
proven to be a safe and feasible strategy from preclinical [2,3] and clini-
cal safety studies [4,5]. Delta24-RGD is a conditionally replicating onco-
lytic adenovirus that has demonstrated therapeutic efficacy in preclinical 
models of glioblastoma [6–8]. The Delta24 mutation consists of a 24-
base pair deletion in the E1A gene of the serotype 5 adenovirus [9]. This 
alteration facilitates selective viral replication in cells that harbor altered 
Rb pathway signaling, which is a common (75%) phenomenon in glioblas-
toma [10]. The addition of the RGD motif enhances the potency of Del-
ta24 by targeting the virus to alpha (V)-beta(3) integrins that are fre-
quently expressed on tumor cells and vasculature [11]. This omits the 
dependency on the expression of the Coxsackievirus and Adenovirus 
receptor (CAR). 

One of the major hurdles for virotherapy to target glioblastoma is efficient 
vector delivery, preferably over a prolonged period of administration [12]. 
Several strategies have been proposed to overcome this problem [5], of 
which cellular vehicles (CV) are a particularly interesting option [13]. CV-
systems are comprised of cells that are incubated with oncolytic virus ex 
vivo. Subsequently, these cells are administered systemically to employ 

their intrinsic tropism towards the tumor microenvironment, where effi-
cient delivery takes place in the form of viral transfer or lysis of the CV 
[14]. Some of the proposed potential advantages of CV are the shielding 
of viral particles from systemic neutralizing barriers, the ability of dosage 
amplification by replication of virus within infected vehicle cells and the 
ability to target tumor cells in multiple administrations. 

A myriad of vehicle cells from different tissue lineages have been investi-
gated for their capacity to deliver oncolytic adenovirus into glioblastoma, 
such as mesenchymal [15–17], neural [18–20] and adipose-derived stem 
cells [21]. While other oncolytic viruses have been used in combination 
with hematological lineage-derived cellular vehicles [22], oncolytic adeno-
virus has to date not been utilized in such a CV-system. The use of mye-
loid derived cells as CV for oncolytic adenovirus has been proven effec-
tive in prostate cancer xenografts [23]. We have investigated the feasibil-
ity of the Jurkat T-cell line as a model for T-cell-based cellular delivery of 
Delta24-RGD in a glioblastoma stem cell (GSC)-based preclinical xeno-
graft model. The presented study addresses the feasibility of this ap-
proach as a step towards targeted delivery of oncolytic adenovirus in 
combination with an adoptive immunotherapy treatment. 

2. Methods 

2.1. Cell Culture 

The glioblastoma stem cell line MGG8-Fluc-Mcherry was established 
and characterized as previously described [24,25]. Tumor spheres were 
grown in DMEM-F12 supplemented with penicillin-streptomycin, B27, 
EGF (5μg/mL), FGF(5μg/mL) and heparin(5mg/mL). Tumor spheres were 
passed by mechanical and chemical dissociation (Life Technologies, 
Bleiswijk, The Netherlands). For viability assays, cells were grown as 
monolayers by coating 96-well plates with growth factor-reduced matri-
gel coating (BD Bioscience, Breda, The Netherlands). The A549 lung ade-
nocarcinoma cell line (ATCC, Manassas, VA, USA) was cultured in DMEM 
supplemented with 10% FCS and 1% penicillin-streptomycin. Jurkat T-
cell E6.1 and Jurkat T-cell-GFP cells were grown in suspension in RPMI 
supplemented with 10% FCS and 1% penicillin-streptomycin. For sys-
temic delivery, retroviral vectors encoding human CD8α, as well as TCR 
genes (see below) were used to transduce Jurkat T-cells. The CD8α gene 
was described previously [26] and the TCRα and β genes originated from 
the gp100/HLA-A2-specific CTL clone 296 [27]. Following gene transduc-
tion, Jurkat T-cells were sorted for TCR expression (as described previ-
ously [28]). Our in vivo studies, using T-cells expressing a defined TCR, 
allowed us to use gp100 as a test target antigen for viral treatment of 
glioma. 

2.2. Virus Construction and Propagation 

Delta24-RGD was constructed as previously described [9]. For the con-
struction of Delta24-RGD-GFP, a set of previously developed plasmids 
was used to create the virus HAdV-5.Δ24.Fib.RGD.eGFP. This virus com-
bines the unique properties of Delta24-RGD with a replication-dependent 
expression of the eGFP imaging marker, as a result of incorporating 
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eGFP in the viral promoter-driven E3 region [29]. To this end, the RGD 
motif was excised from the plasmid, pVK526 [30], by NdeI + PacI diges-
tion and re-ligated into the plasmid, pShuttle-ΔE3-ADP-EGFP-F2 [29], 
resulting in pShuttle-ΔE3-Fib.RGD.ADP-EGFP. After removal of the kana-
mycin resistance gene (by ClaI digestion and re-ligation), PacI + AatII 
digestion was used to isolate the fragment containing the ΔE3-
Fib.RGD.ADP-EGFP sequence, which was recombined with SpeI-
linearized pAdEasy-1 [30], resulting in pAdEasy-ΔE3-Fib.RGD.ADP-
EGFP. The 24-bp deletion was introduced in the plasmid, pSh + pIX [31], 
by replacement of the SspI-to-XbaI fragment with the corresponding frag-
ment from the plasmid pXE.Δ24 [32], resulting in the plasmid, pSh + 
pIX.Δ24. The full-genomic sequence of HAdV-5.Δ24.Fib.RGD.eGFP was 
constructed by recombination in E. coli of pAdEasy-ΔE3-Fib.RGD.ADP-
EGFP with pSh + pIX.Δ24. The virus was rescued in 911 cells [33], using 
a previously described protocol. [30] To prevent heterologous recombina-
tion with the viral E1 sequence present in the 911 genome, upscaling of 
the virus was performed in A549 cells. After preparation of the virus 
stock, the presence of Δ24 and Fib.RGD was confirmed by PCR and re-
striction analysis. 

2.3. Delta24-RGD Infection and Replication Assay 

Jurkat T-cells were infected with Delta24-RGD at multiplicities of infec-
tion (MOI) 1, 10, 50, 100, 500 and 1,000 by plating cells for 2 h in serum 
free RPMI at room temperature. After 2 h, cells were washed and spun 
down twice in serum supplemented RPMI. Subsequently, cells were 
plated in triplicates of 1 ×103 cells per well in flat-bottomed 96-well 
plates. Cells were allowed to proliferate for 4 and 6 days, after which we 
performed the Cell Titer GLO viability assay (Promega, Leiden, The Neth-
erlands), as described by the manufacturer. For the treatment of MGG8-
spheres, the MOI was calculated based on the seeded cells counted 
from dissociated spheres. Cells were incubated for one day in which 
spheres form through adherence, and incubation followed 24 h post-
seeding, making the MOI in our hands reproducible and accurate. 

Transfer of Delta24-RGD-GFP from Jurkat T-cells towards MGG8-
Mcherry-FLuc was assessed by infecting Jurkat T-cells at MOI 0, 1, 10 
for 24 h, washed twice and co-cultured at a 1:1 ratio with MGG8 cells for 
5 days. Microscopic examination and image capture were performed on 
a conventional wide-field fluorescence microscope. For these experi-
ments, MGG8 cells were cultured on growth factor-reduced matrigel coat-
ing. 

The replication assay was performed with the above-described infection 
protocol at MOI 10, 50 and 100. Jurkat T-cells were harvested 1.5 h and 
4 days post-infection. Pellets and supernatants were collected and sepa-
rately freeze-thawed three times, and subsequently, pellets were reconsti-
tuted in medium to equal volumes, as present in the supernatants. After 
48 h, A549 cells were fixed with ice-cold methanol, and the Ad Rapid 
Titer plaque-forming assay (Clontech, Saint-Germain-en-Laye, France) 
was performed according to manufacturer's protocol. Experiments were 
performed twice, in triplicates. 

2.4. T-Cell Migration Assays 

Suspensions of 1 × 106 cells/ml Jurkat T-cells in RMPI were prepared. 
Cells were infected with Delta24-RGD dilutions at an MOI of 10, 50 and 
100 in 1 mL of serum free RPMI. Cells were incubated for 2 h and subse-
quently washed twice with serum supplemented RPMI and incubated for 
another 2, 24 or 48 h. Hereafter, 5 ×105 cells were inserted onto 
matrigel-coated transwell chamber inserts with 5-μm pores (Corning Inc., 
Amsterdam, The Netherlands). Cells were allowed to migrate into the 
bottom compartment for 12 h, after which cell numbers were quantified 
by performing a Cell Titer GLO viability assay (Promega, Leiden, The 
Netherlands) according to the manufacturer’s instructions. Experiments 
were performed twice, in duplicates. 

2.5. In Vivo Experiments 

All animal experiments were performed in accordance with the local Ani-
mal Ethical Committee, Erasmus MC Rotterdam. Experiments were per-
formed on 10–12-week-old NOD-SCID (Non-obese diabetic severe com-
bined immunodeficient) female mice (strain 
C.B-17/IcrHantmhsd-Prkdcs), Harlan, (Horst, The Netherlands). On Day 
0, intra-striatal injections of 5 × 104 MGG8-Fluc-Mcherry cells were per-
formed as described previously [34]. In short, a burr hole was drilled 2.5 
mm lateral and 0.5 mm anterior to the bregma, through which 5×10*4 
MGG8-Fluc-Mcherry cells in 5μL PBS were injected at a depth of 3 mm. 
After 14 days, mice were treated with intratumoral injections through the 
previously established burr hole. Treatment consisted of 5 μL PBS, 
Delta24-RGD 5 ×106 IUs in 5 μL PBS or 5 ×104 Jurkat T-cells infected 
with MOI 100 Delta24-RGD in 5 μL PBS. Jurkat T-cells were incubated in 
Delta24-RGD (MOI-100) 2 h prior to intratumoral injections. Mice were 
sacrificed upon symptoms of tumor burden or when more than 20% 
weight loss occurred. 

For systemic delivery of Jurkat T-cells infected with Delta24-RGD, mice 
were grafted with MGG8-Fluc-Mcherry, as described above. After 14 
days, treatment consisted of tail vein injections with 5 ×105 Jurkat T-cell-
gp100TCR cells pretreated with Delta24-RGD MOI 100 for 2 h, as de-
scribed above. Animals were treated with one (n = 3), two (n = 3) or three 
(n = 3) subsequent injections with a two-day interval. Animals were sacri-
ficed after 48 h, 96 h and 144 h after the first injection, allowing a cumula-
tive dosing effect in the latter two time points. Control animals were 
treated with equivalent dosages of Delta24-RGD through tail vein injec-
tions. Brains were snap frozen and assessed for viral delivery by hexon 
staining. 

2.6. Immunohistochemistry 

Snap frozen tumor tissue sections (8–10 μm) were cut on a cryotome. 
Sections were fixed with acetone. After permeabilization (Triton-X 0.01%) 
and blocking, slices were incubated with goat anti-hexon (Millipore, Bille-
rica MA, USA) and mouse anti-vimentin (from DAKO, Heverlee, Belgium). 
Negative controls were performed by omitting the primary antibodies. 
Counterstaining was applied using Vectastain mounting medium, includ-
ing DAPI, according to the manufacturer’s instruction (Vector Labs, Peter-
borough, U.K.). 
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2.7. 
Statistics 

Statistical analyses were conducted and illustrated in SPSS Statistics 
Software 19 (IBM, Amsterdam, The Netherlands). 

3. Results 

3.1. Delta24-RGD Efficiently Infects and Replicates in GSC and Jurkat T-
Cells 

Delivery of Delta24-RGD by Jurkat T-cell-CV was assessed in a series of 
in vitro assays. First, the optimal dosage for Delta24-RGD-mediated lysis 
of MGG8 GSCs was assessed by viability assay (Figure 1A). MGG8 tu-
mor neurospheres were found to be susceptible to Delta24-RGD-
induced oncolysis with an IC50 value of MOI 0.89 at 96 h post-infection 
(R2 = 0.92–0.99). 

Efficient adenoviral infection of leukocytes has been described as prob-
lematic in several reports [35,36], while others have demonstrated effi-
cient use of conditionally replicating adenoviruses in a subset of T-cell 
derived neoplastic cell lines, including Jurkat T-cells [37,38]. To investi-
gate the infectivity and replication capacity of Delta24-RGD in Jurkat T-

cells, we performed 
viability and viral titer 
assays on cells and 
supernatants. A 
dose-response effect 
of Delta24-RGD on 
Jurkat T-cell viability 
at 96 h post-infection 
was found (Figure 
1B). However, after 
144 h, cells exposed 
to MOI 10 or lower 
had repopulated the 
well. This is reflected 
in the IC50 values of 
MOI 9.2 at 96 h and 
MOI 20.4, at 144 h 
(R2 0.92–0.97). At 
MOI 50 and higher, 
the in vitro admini-
stration of Delta24-
RGD was sufficient 
to warrant efficient 
lysis and prevent 
population renewal. 

The ability of Delta24-RGD to replicate and produce progeny 
in Jurkat T-cells is demonstrated in Figure 1C. The infection of 
Delta24-RGD in Jurkat T-cells was dose-dependent and 
reached a saturation level at MOI 100. This was observed by a 
decrease in viral concentration in supernatants at 2 h post-

infection at MOI 10 and 50 of 99.99% and 98% of input virus, respec-
tively, whereas only a 7% decrease in input virus was found at MOI 100 
(Figure 1C, blue bars). In retrospect, we also derived an explanation from 
this data for the ability of Jurkat cells to repopulate after infection with an 
MOI below 10, since the infectivity will not suffice to cause timely replica-
tion in Jurkat cells. A significant amplification of input viral load was dem-
onstrated at all three dosages by 48 h (5.28 ×102–1.82 ×103-fold), which 
further increased at 96 h (2.12 ×103–9.16 ×103-fold). Interestingly, the 
relative amplification was highest in MOI 10-treated cells, suggesting a 
plateau for the replication-to-infection ratio. 

3.2. T-Cells Efficiently Deliver Delta24-RGD to GSCs In Vitro 

Since both Jurkat T-cells and MGG8 cells were found to be susceptible 
to Delta24-RGD-mediated oncolysis, the ability of Jurkat T-cells to func-
tion as a carrier cell to deliver virus was tested. To this end, we utilized a 
GFP-expressing variant of Delta24-RGD with a GFP-imaging cassette 
inserted into the E3 region of the viral genome. First, we tested the ability 
of (twice washed) Jurkat T-cell-CV to deliver virus onto MGG8 cells in a 
co-culture experiment. Delta24-RGD-incubated Jurkat T-cells were able 
to efficiently transfer virus onto MGG8 cells, as demonstrated by the ac-
cumulation of hexon-positive Jurkat T-cells and MGG8 cells over a time-
span of 96 h post-infection in co-cultures (Figure 2). Similar to viability 
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assays with Delta24-RGD monotherapy, survival of both Jurkat T-cells 
and MGG8 was dose dependent in this co-culture experiment, as demon-
strated by a greater loss of both cell types at MOI 10, as compared to 
MOI 1. 

3.3. The Migratory Capacity of T-Cells Is Preserved Following Short Incu-
bation Times with Delta24-RGD 

The brain tumor tropism of stem cells and leukocytes is influenced by 
secreted cytokines and chemokines by tumor and stromal cells [39–41]. 
Furthermore, the components of the extracellular matrix proteins can 
both attenuate and enhance T-cell infiltration into brain parenchyma [42]. 
Little is known about the role of adenoviral infection on leukocyte migra-
tion towards tumors. However, a positive influence on migration with 
low-dosages of oncolytic VSV (vesicular stomatitis virus) has been re

ported by others [43,44]. To address the influence of both Delta24-RGD 
and the aforementioned factors on Jurkat T-cell migration was assessed 
in a transwell migration assay (schematic representation in Figure 3A). To 
be able to fine-tune future administration of cells in vivo, separate time-
points were chosen to correct for the latency between infection and ad-
ministration. Both commercial extracellular matrix protein, as well as 
MGG8-derived matrix coating slightly reduced (non-infected) Jurkat T-
cell migration towards the lower compartment (data not shown). The ef-
fect of Delta24-RGD infection on Jurkat T-cell tropism toward serum-
supplemented medium was assessed in ECM-coated transwell filters at 
2, 24 and 48 h post-infection (MOI 10, 50 and 100). A short virus incuba-
tion time of 2 h best conserved the migratory capacity of the Jurkat T-
cells when compared to non-infected controls. Interestingly, dosing at 
MOI 10 led to increased migration, which may be a result of virus-
mediated activation of the Jurkat T-cells [42]. Prolonged incubation (24–
48 h) had a significant inhibitory effect on Jurkat T-cell migration (Figure 
3B). 
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Furthermore, Jurkat T-cells migrated most efficiently to serum-rich me-
dium. Both serum-free (EGF and bFGF supplemented) as well as MGG8-
conditioned medium led to similar levels of reduction of Jurkat T-cell mi-
gration over matrix-coated inlays (Figure 3C). 

3.4. Delta24-RGD-Loaded T-Cells Demonstrate Intraparenchymal Tumor 
Tropism and In Vivo Viral Transfer 

Based on the optimal dosing and incubation time in vitro, we proceeded 
to assess the in vivo potential of CV-based delivery of Delta24-RGD. For 
this, virus-loaded Jurkat T-cell CVs were injected intratumorally in 
MGG8-bearing mice (schematic representation of the experiment is pro-
vided in Figure 4A). Jurkat T-cells were incubated for 2 h at MOI 100 to 
achieve maximal infection and minimal loss of migratory capacity. First, 
the distribution of viral hexon-positive cells was assessed at early time 
points (24–144 h) post-intratumoral Jurkat T-cell delivery. Hexon staining 
revealed the presence of adenovirus, both in the core of the tumor, as 
well as at the peripheral margins (such as the contralateral hemisphere) 
of the tumor, where infiltrating single tumor cells reside (Figure 4B). Jur-

kat T-cell-GFP cells were especially present in (and around) 
the tumor core, suggesting preferential targeting for the 
xenografted tumor cells (Figure 4C). Encouraged by these 
results, the distribution of virus after contralateral injections 
(in the non-tumor-bearing hemisphere) at early time-points 
was assessed (schematic representation in Figure 4D). As 
expected, hexon staining was demonstrated within the Jur-
kat T-cell injection site, suggestive of the T-cell-based 
Delta24-RGD distribution, which left a necrotic cavity (Fig-

ure 4E). Strikingly, additional hexon staining was detected in the tumor-
bearing hemisphere in small tumor colonies at the invading margins of 
the tumor. These results demonstrate the intraparenchymal tropism of 
CV to the tumor, subsequently resulting in the in vivo transfer of oncolytic 
adenovirus to distant tumor cells (Figure 4E). 

3.5. Intratumoral Delivery of Delta24-RGD by T-Cells Leads to Prolonged 
Survival 

Therapeutic effect of Jurkat T-cell-mediated Delta24-RGD delivery was 
compared to both PBS and Delta24-RGD intratumoral injections. 
Delta24-RGD-loaded T-cells (CV) prolonged the overall survival of mice 
bearing MGG8 orthotopic xenografts to a similar extent as direct intratu-
moral injection of Delta24-RGD. When compared to PBS-treated con-
trols (mean: 38.6 days), both treatment conditions prolonged survival 
significantly (CV mean survival: 46.2 days, Log Rank p = 0.007; and 
Delta24-RGD mean: 49.6 days, Log Rank p < 0.001) (Figure 5A). There 
was no difference in survival between the CV and Delta24-RGD treat-
ment groups (p = 0.251). 
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3.6. Delta24-RGD-Loaded T-Cells Demonstrate Tropism for Intracranial 
Tumors 

Based on these results, a study was undertaken to assess the ability of 
CV to deliver Delta24-RGD after systemic tail-vein injections. To this end, 
MGG8-bearing mice received i.v. injections of Delta24-RGD-loaded Jur-
kat T-cells. The control group received i.v. injections of similar doses 
Delta24-RGD virus. To enhance CV tropism towards MGG8, Jurkat T-
cells were transduced with a T-cell receptor that specifically recognizes 
gp100 antigen presented bij HLA-A2. Gp100 is a tumor-antigen com-
monly expressed in Glioblastoma and MGG8 in vitro and in vivo (data not 
shown) [45,46]. Intratumoral dispersion of CV and/or infection of the tu-
mor cells was assessed by hexon staining after sacrificing the animals 
after 48–144 h post-treatment. Analyses of the brains revealed that direct 
intravenous injection of Delta24-RGD did not lead to infection of MGG8 

tumors in any of the analyzed animals, with the exception of a small vas-
cular structure in one animal at 144 h post-injection (Figure 5B, upper 
left). Contrary to virus-only injections, in mice that received Delta24-
RGD-loaded Jurkat T-cells, we observed multiple small hexon-positive 
cells at 48 and 96 h post-injection (Figure 5B, upper right and lower left). 
At 144 h after systemic administration, however, no hexon-positive cells 
were detected, nor where there any indications of intratumoral viral 
spreading observed (Figure 5B, lower right). 

4. Discussion 

In the current study we investigated the feasibility of T-cell-mediated de-
livery of Delta24-RGD to glioblastoma. The application of cellular vehi-
cles to deliver oncolytic viruses potentially overcomes several limitations 
of oncolytic virotherapy as a therapeutic alternative for glioblastoma 
(e.g., limited window of drug administration). For this reason, the use of 
leukocytes as cellular vehicles would be a step up in studies investigat-
ing targeted autologous T-cells, as a means to combine oncolytic virother-
apy with immunotherapy. The data presented here demonstrate the abil-
ity of Delta24-RGD to efficiently infect and amplify viral progeny in a T-
cell-derived cellular vehicle system. Indeed, T-cell cells were found to 
succumb to Delta24-RGD infection, albeit at higher MOIs compared to 
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the dose ranges used in glioma cell cultures [6]. This is congruent with a 
previous study by Yotnda et al. [38], demonstrating that higher dosages 
are needed to efficiently start replication and lysis in leukocytes. This can 
be accomplished by inserting the RGD-motif into the surface exposed 
loop of the fiber-knob, which results in increased infectivity. 

Based on these in vitro findings, we set-up a proof of concept study, 
which demonstrated that intratumoral CV-based delivery of Delta24-RGD 
yields comparable results to direct Delta24-RGD injections with regard to 
therapeutic efficacy. Importantly, delivery of Delta24-RGD into peripheral 
tumor regions was demonstrated after injections of cellular vehicles into 
the contralateral hemisphere in GSC xenografts. This indicates the 
strong tropism and migratory capacity of virus-loaded T-cells in the track-
ing of tumor cells in the brain environment. Moreover, systemically deliv-
ered Delta24-RGD-loaded CVs were detected in small numbers within 

the orthotopic xenografts within 48–96 h, although efficient virus hando-
ver to the tumor was not observed in this setting. We conclude that T-
cells have the ability to serve as cellular vehicles to deliver Delta24-RGD 
to glioblastoma at a distance, in particular to infiltrating tumor cells in the 
brain parenchyma. This may suggest a potential for CV approaches as a 
post-surgical adjuvant therapy, where CVs may be deposited in the resec-
tion cavity to track residual and surgically-inaccessible tumor cells. 

Several hurdles for successful implementation of this T-cell-mediated CV 
delivery strategy have been addressed. Our in vitro studies demonstrate 
an inhibitory effect of Delta24-RGD infection on Jurkat T-cell migration in 
tropism assays, which is dependent on both incubation time, as well as 
viral dosage. Intriguingly, lower MOIs seemed to increase tropism in our 
transwell assay. Similar enhancement of the T-cell migratory phenotype 
was reported in a VSV-based cellular vehicle system [44]. It remains to 
be determined whether infection with lower MOIs would further improve 
efficient delivery of Delta24-RGD in vivo. At present, lower dosages 
could not be applied in our xenograft model for the risk of developing 
hematological malignancy from remaining Jurkat T-cells that escape from 
viral infection; however, the use of an autologous T-cell population may 
possibly circumvent this problem. As shown, tail vein injections in ortho-
topic xenograft-bearing mice did not lead to widespread intratumoral 
delivery of Delta24-RGD. The administration of L1210 leukemic cells in a 
syngeneic CV model did yield appreciable intracerebral carrier cell infiltra-
tion in a VSV delivery model for lung cancer [22], indicating that the 
choice of oncolytic virus or tumor type may influence intracranial tro-
pism. With regard to this route of administration, it is important to con-
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sider that administration through injections into the common carotid ar-
tery may increase intratumoral delivery of CVs to the brain, as demon-
strated by others for Delta24-RGD delivery by mesenchymal stem cells 
[15]. 

The in vitro transwell migration assays demonstrated that MGG8-
conditioned medium was less effective for the attraction of T-cells com-
pared to serum-supplemented medium. This could either be due to im-
munologically repressive factors secreted by the tumor or the relative 
abundance of chemo-attractants available in serum-supplemented me-
dium for T-cells. Recent studies have shown that the secretion of several 
chemokines plays a crucial role in the influx of both mesenchymal stem 
cells, as well as lymphocytes in the glioblastoma microenvironment 
[39,47,48]. Further investigation is warranted to appreciate which factors 
contribute to CV tropism, and the development of patient-tailored vec-
tors (i.e., specific TCRs, chemokines, suicide genes) may need to be in-
cluded into the CV system to enhance therapeutic efficacy. 

We conclude that CV-mediated delivery of Delta24-RGD holds promise 
for future therapeutic application. The current results warrant further in-
vestigations into the delivery of Delta24-RGD by T-cells, possibly in com-
bination with adoptive immunotherapy strategies. 
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ABSTRACT

Glioblastoma (GB) is a devastating disease for which new treatment mo-
dalities are needed. Efficacious therapy requires the removal of stem-cell 
like cells, these cells drive tumor progression because of their ability to 
self-renew and differentiate. In glioblastoma, the GB stem-like cells 
(GSC) form a small population of tumor cells and possess high resis-
tance to chemo and radiation therapies. To assess the sensitivity of GSC 
to reovirus-mediated cytolysis, a panel of GSC cultures was exposed to 
wild-type reovirus Type 3 Dearing (T3D) and its junction adhesion 
molecule-A (JAM-A)-independent mutant, jin-1. Several parameters were 
evaluated, including the fraction of cells expressing the JAM-A reovirus 
receptor, the fraction of cells synthesizing reovirus proteins, the number 
of infectious reovirus particles required to reduce cell viability, the 
amount of infectious progeny reovirus produced and the capacity of the 
reoviruses to infect the GSC in 3-dimensional (3D) tumor cell spheroids. 
Our data demonstrate a marked heterogeneity in the susceptibility of the 
cultures to reovirus-induced cytolysis. While in monolayer cultures the 
jin-1 reovirus was generally more cytolytic than the wild-type reovirus 
T3D, in the 3D GSC spheroids, these viruses were equally effective. De-
spite the variation in reovirus sensitivity between the different GSC cul-
tures, our data support the use of reovirus as an oncolytic agent. It re-
mains to be established whether the variation in the reovirus sensitivity 
correlates with a patient’s response to reovirus therapy. Moreover, our 
data show that the expression of the JAM-A receptor is not a major deter-
minant of reovirus sensitivity in 3D GSC cultures. 

INTRODUCTION 

Treatment of glioblastoma (GB) remains a significant clinical challenge. 
Despite intensive treatment, which includes surgical resection, followed 
by chemo-irradiation therapy, the prognosis remains dismal. This is 
largely due to the high tumor recurrence rate caused by the highly infiltra-
tive and aggressive nature of these tumors. Despite the extensive re-
search in the past decades, the patient survival rates have only incremen-
tally improved.1 An important role in the recurrence of GBs has been as-
signed to a small population of cells, the GB stem-like cells (GSC).1–3 
These cells possess high resistance to radio- and chemotherapy4–6 and 
can self-renew and differentiate into the heterogeneous cell types that 
drive tumorigenesis.2,7,8 Additionally, genotypic and phenotypic analy-
ses of cultured GSC revealed that they retain the molecular characteris-
tics of the parental tumors better than cells cultured in conventional 
serum-containing media.7,8 

The notion that GSCs are relatively resistant to the conventional radiation 
and chemotherapies stresses the importance of exploring other means 
of eliminating these cells. An approach that has gained much interest for 
cancer treatment over the past decades is virotherapy. So far, at least 
fifteen different viruses have been evaluated in preclinical studies. Of 
these, at least four, that is, herpes simplex virus, human adenovirus, New-
castle disease virus and mammalian reovirus, have been evaluated in 
clinical studies for the treatment of GB. The results demonstrated that 
the approach is safe and well tolerated, and provided anecdotal 

evidence of anti-tumor efficacy (as reviewed in Wollman et al.9 and Zemp 
et al.10) Nevertheless, these studies revealed that the therapeutic effi-
cacy needs further improvement. One way to accomplish this is to focus 
the treatment modalities by identifying those tumors and patients who 
are more likely than others to respond to a specific therapy. 

Here we evaluated the susceptibility of a panel of cultured GSCs, iso-
lated from tumor resections of GB patients, to mammalian reovirus Type 
3. Reovirus Type 3 Dearing (T3D) has been evaluated extensively as onco-
lytic agent. It has a segmented double-stranded RNA genome. Reovirus 
attachment and entry are mediated by the junction adhesion molecule-A 
(JAM-A), which is an integral tight junction protein.11,12 Research indi-
cates that the absence or incorrect expression of JAM-A on colorectal 
tumor cells inhibits reovirus infection.13 In addition, upon infection, reovi-
ruses preferentially lyse cells with an activated RAS/RalGEF/p38 
pathway.14–16 This tumor cell preference leads to the initiation of at 
least 30 clinical studies involving the use of wild-type (wt) T3D as onco-
lytic agent.17 So far, one phase-I clinical trial involving intratumoral ad-
ministration of reovirus to patients with recurrent malignant glioma was 
completed. This study showed that this approach is safe and well toler-
ated, but anti-tumor efficacy has been limited.18 

To evaluate the capacity of reovirus to establish a lytic infection in brain 
tumor stem cells, we assessed the cytolytic capacity of reoviruses in 
GSC cultures. First, the expression of the canonical mammalian reovirus 
receptor, JAM-A,11 was analyzed by flow cytometry. A wide heterogene-
ity in JAM-A expression between the GSC cultures was observed. There-
fore, the susceptibility to wt T3D was compared with the susceptibility to 
the T3D mutant jin-1. This mutant, in contrast to wt T3D, can infect cells 
independent of JAM-A expression.19 To evaluate the susceptibility of the 
GSCs, early viral protein synthesis, the virus-induced cytopathic effect 
and progeny virus yields were determined. Progeny virus yields are rele-
vant, as virus spread and amplification are dependent on progeny pro-
duction. Moreover, virus penetration and spread in 3-dimensional (3D) 
GSC spheroid cultures were determined. The 3D cultures serve as an 
intermediate between monolayer cultures and animal model systems, 
and these 3D cultures may mimic the intratumor environment more than 
monolayer cultures.20,21 Moreover, distribution, spread and oncolysis 
can be studied in 3D spheroid models.22 Our data reveal a wide hetero-
geneity in reovirus susceptibility among the different GSC cultures and 
that the reovirus replication can be hampered at various stages of infec-
tion. In addition, we demonstrate that the jin-1 mutant infects cells more 
efficient in GSCs in monolayer cultures, is more cytolytic and produces 
more progeny virus upon GSC infection. However, in 3D GSC spheroid 
cultures, the pattern of viral spread and infection of jin-1 was similar to 
wt T3D. 

MATERIALS AND METHODS 

Cell lines 
The established cell lines 911 and U118MG were cultured in high glu-
cose Dulbecco’s modified Eagle medium (DMEM) (Invitrogen, Breda, The 
Netherlands), supplemented with penicillin, streptomycin (pen-strep) and 
8% fetal bovine serum (Invitrogen, Bleiswijk, The Netherlands). A detailed 
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protocol for establishment of GSC cultures from glioma resection speci-
mens is described elsewhere.23 In brief, GSCs were grown on growth 
factor-reduced extracellular matrix-(Cultrex BME Reduced Growth Fac-
tor, R&D systems, Abingdon, UK) coated dishes and cultured in DMEM- 
F12 supplemented with 1% pen-strep, B27 (Invitrogen), human EGF (5 
mg ml ! 1), human basic FGF (5 mg ml ! 1) (both Tebu-Bio, Heer-
hugowaard, The Netherlands) and heparin (5 mg ml ! 1) (Sigma-Aldrich, 
Zwijndrecht, The Netherlands). The tumor material was acquired with 
informed consent from patients as approved by the Institutional Review 
Board of the Erasmus Medical Center, Rotterdam. All cell cultures were 
cultured in humidified atmosphere of 5% CO2 at 37 1C. 

Reovirus 
The wt mammalian reovirus Type 3 Dearing strain R124 (referred in the 
text as wt T3D), and the jin-1 mutant were propagated as described 
before.19 Cultures of 911 cells were exposed to wt T3D in DMEM 2% 
fetal bovine serum. At 4h post infection, the medium was replaced with 
DMEM 8% fetal bovine serum. The wt T3D virus was harvested 48 h af-
ter infection by collecting the cells in 2% fetal bovine serum/phosphate-
buffered saline and the virus was released by three cycles of freeze-
thawing. The jin-1 virus was propagated on the JAM-A-deficient cell line, 
U118MG, and was harvested at 72h post infection. Infectious titers of 
both viruses were determined by plaque assay on 911 cell cultures. 

Cell viability assay 
Cells were infected in suspension with wt T3D or jin-1 at a multiplicity of 
infection (MOI) range 0–100 pfu911 per cell. Subsequently cells were 
transferred to an EMC growth factor-reduced pre-coated 96-well plate in 
which 10 000 cells per well were seeded. The viability of the cultures was 
measured 72h post infection by CellTiter-Glo Luminescent Cell Viability 
assay, according to manufacturer’s instructions (Promega, Leiden, The 
Netherlands). Briefly, the reagent was added to the cell cultures and incu-
bated at room temperature in the dark for 10min. Next, samples were 
transferred to black 96-well plates and luminescence was measured by a 
plate reader (Tecan Infinite M200, Tecan Group Ltd, Ma ̈nnedorf, Switzer-
land). Luminescence count data of the plate reader were transferred to 
Microsoft office Excel and half maximal effective concentration (EC50) 
values were calculated from the mean residual luminescence from three 
independent samples. 

Flow cytometry analysis 
Anti-JAM-A immunostaining. GSC cultures, 911 cells and U118MG cells, 
in suspension as single cells, were incubated with mouse monoclonal 
anti- JAM-A antibody (clone M.Ab.F11, Cat. No. ab17261, Abcam, Cam-
bridge, UK) for 1 h on ice. Subsequently, the cells were incubated in the 
dark with PE fluorochrome-conjugated rat anti-mouse serum (Cat. No. 
340270, BD Bioscience, Erembodegem, Belgium) for 30 min on ice. After 
washing, the samples were taken up in FACS buffer (phosphate-buffered 
saline, 0.5% BSA, 2 mM EDTA) and assayed on a BD LSRII flow cytome-
ter. Data were analyzed with FACSdiva software (BD Bioscience). Anti-
Sigma 3 immunostaining. Cells were infected in suspension with wt T3D 
or jin-1 at an MOI 1⁄4 3 pfu per cell and transferred to a 6-well plate at 
20000 cells per well. After 30h, the cells were harvested and fixed in 4% 
formaldehyde for 10min. Subsequently, cells were washed and permeabi-

lized with Perm/Wash buffer (Cat. No. 554714, BD Cytofix/ Cytoperm 
Fixation Permeabilization kit, BD Bioscience) followed by incubation with 
the anti-Sigma 3 mouse antibody (4F2, monoclonal antibody, Develop-
mental Studies Hybridoma Bank (DSHB), University of Iowa, Iowa, IA, 
US) for 1h at 41C. After washing twice with Perm/Wash buffer, the sam-
ples were incubated in the dark with the PE fluorochrome- conjugated rat 
anti-mouse serum (Cat. No. 340269, BD Bioscience) for 30 min. Subse-
quently, the samples were washed extensively, resuspended in FACS 
buffer and assayed on a BD LSRII flow cytometer and data of a gated 
population of 10000 cells were analyzed with FACSDiva software (BD 
Bioscience). 

Viral progeny  
Cells were exposed in suspension at 371C for 1h with wt T3D or jin-1, 
MOI 1⁄4 3 pfu911 per cell. Next, unbound virus was removed by centrifu-
gation, removal of the medium and plating the cells in fresh medium in 
24- well plates. After 72 h, cells and media were collected and freeze-
thawed three times to release virus from the cells. Viral titers were deter-
mined by plaque assays on 911 cells as described.24 The plaque titra-
tion conditions used have an inter-experimental variation of o15%. The 
virus production by the cell cultures was expressed as the fold-increase 
and calculated by dividing the total yield by the amount of virus used to 
infect the culture. 

Spheroid 3D cultures  
Multicellular spheroids were generated by seeding 10 000 cells per well 
in a non-adherent 96-well round-bottom plate in culture media supple-
men- ted with 2.4% methylcellulose (Sigma-Aldrich). After 1 day, the 
multi- cellular spheroids were washed three times and placed in fresh 
media. Two days later, the spheroids were mock infected or exposed to 
wt T3D or jin-1 at a MOI 1⁄4 10 pfu per cell. Three days after infection, 
the spheroids were fixed overnight with 4% formaldehyde and embed-
ded in paraffin. Analyses of 6mm paraffin sections were performed by 
3,30-Diaminobenzidine immunocytochemistry. First, sections were incu-
bated overnight with the primary antibody against Sigma 3 (4F2, DSHB) 
followed by a wash and subsequent incubation with the secondary horse 
radish peroxidase- conjugated antibody (Cat. no. P0447, Dako, Glostrup, 
Denmark). 

RESULTS 

The aim of our research is to develop an oncolytic virus-based therapy 
for glioblastoma. To assess the susceptibility, we defined the sensitivity 
of GSCs to reovirus by measuring five parameters. A panel of seven inde-
pendent serum-free GSC cultures23 was evaluated in parallel to the 
highly reovirus-susceptible human embryonic retinoblast cell line 
91119,24 and the JAM-A negative U118MG cell line.19 All of the serum-
free GSC cultures are derived from GB resections, five from primary tu-
mor specimens, and two from recurrent disease cases. The characteris-
tics of the patients from whom the GSC cultures were derived are sum-
marized in Table 1. The expression of the JAM-A reovirus receptor was 
assessed in each of these cultures by flow cytometry. The expression is 
heterogeneous and could be categorized in four groups. The GS187 and 
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GS249 cultures were JAM-A negative whereas the GS184 and GS186 
have only a low-level of JAM-A expression. Moderate JAM-A expression 
was measured in GS79 and GS245 cultures, respectively, with between 
30 and 50% of the cell population expressing JAM-A. The highest expres-
sion was observed in GS224, in which almost the entire population ex-
pressed JAM-A (Figure 1 and Table 2). The latter closely resembled the 
JAM-A expression of the control cell line 911. The high variation in JAM-
A expression prompted us to include in our studies the T3D reovirus jin-
1. In contrast to the wt T3D, the jin-1 mutants can infect cells independ-
ent of JAM-A expression.19 
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Within the GSC cultures, a highly variable sensitivity to wt T3D reovirus 
infection was observed (Table 2). In five out of seven GSC cultures, the 
fraction of reovirus-positive cells did not exceed 1%. This indicates that 
virus entry in these cultures is inhibited or that the infection is blocked 
prior to the initiation of reovirus protein synthesis. In contrast, upon wt 
T3D reovirus exposure, approximately 20% of the GS79 cells were posi-
tive for s3, whereas in GS224, more than 50% of the cells synthesized s3 
(Table 2). 

To establish the EC50, each culture was exposed to serial dilutions of the 
wt T3D reovirus stocks and the viability was determined. No clear cyto-
pathic effects were observed in four GSC cultures. The viability assay 
demonstrated that GS187 and GS249 are fully resistant to wt T3D. The 
GS184 and the GS245 cultures exhibited a minimal reduction in viability 
at the highest MOI used and therefore their EC50 values were scored as 
4100 pfu per cell. Infection of wt T3D was clearly discernible in GS79, 
GS186 and GS224 cultures (Table 2). In GS186 cultures, the reovirus cy-
tolysis was not accompanied by reovirus protein synthesis. 

To study whether GSC infection results in the production of infectious 
progeny reovirus, the viral yields were determined at 72 h post infection. 
From these data, the fold-increase in progeny was calculated (Table 2). 
Significant amounts of progeny virus particles were obtained in six out of 
the seven GSC cultures. Only from the GS184 culture the amount of 
reovirus recovered was below the amount used to infect the cultures. 
The highest yields were collected from GS79 and GS186, with a 20-fold-
increase in infectious titer. A 10-fold-increase was produced by GS224. 
The cultures of GS245 and GS249 both yielded almost four times more 
virus particles. A doubling of the infectious virus particle number was 
achieved by GS187. From these data we conclude that several of the 
GSC cultures are productively infected with wt T3D, albeit with highly 
variable yields. 

In order to determine the virus production per cell, the data of the s3-
positive population was combined with the virus yields (Table 2). The viral 
yield per cell obtained from GS79, GS184 and GS224 was low, and does 

not exceed the 300 pfu per cell. The production per cell from GS187, 
GS245 and GS249 cultures ranged from 1.5 x10*3 to 3 x10*3 pfu per 
cell. The highest yields were produced by GS186 with approximately 
10*4 pfu per cell. These data show that, whereas some cultures are sus-
ceptible to reovirus infection, they do not replicate reoviruses to high 
titers. 

The GSC cultures were grown as spheroids to study the reovirus spread 
in 3D cultures that mimic the tumor structure more faithfully than mono-
layer cultures.21,25 Immunocytochemistry revealed the presence of 
reovirus-infected cells in all GSC spheroid cultures. The distribution and 
the abundance of the reovirus-infected cells differed within the GSC 
spheroids (Figure 2). In GS184, only a few reovirus-positive cells were 
detected throughout the spheroid. In GS79 and GS245, the entire outer 
rim of the spheroids was infected. Already at visual inspection of the 
spheroid cultures cellular debris was observed surrounding the sphe-
roids. These detached cells were lost during sample processing prior to 
analysis. In GS187 and GS249, the wt T3D infected cells were concen-
trated at a single side of the spheroids, suggesting that the virus infec-
tion was initiated at a single point near the outer rim, and then spread 
inward from there. Additionally, visual inspection of GS187 spheroids 
revealed abnormal blown-up cell structures on the edge of the spheroid, 
indicative of reovirus infection. The GS224 spheroids showed a mixed 
pattern of infection with the entire outer layer being reovirus infected in 
combination with inward spread on one side of the spheroids. On GS186 
spheroids, the s3 staining revealed that all cells of the spheroids were 
infected with the exception of the core cells in a few spheroids. Taken 
together, these data show that there is a high variation in the extent of 
reovirus infection and pattern of spreading in the different GSC spheroid 
cultures. 

To study whether the jin-1 mutant is more effective in the GSC cultures, 
we repeated the experiments described above with this mutant virus. 
Overall, the fraction of positive cells exceeded the fraction of reovirus 
positive cells after infection with wt T3D. The cultures with the lowest 
number of reovirus s3-positive cells included GS184 and GS245. In the 
GS186, GS187 and GS249 cultures, more than 60% of the cell popula-
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tion stained positive for s3 reovirus protein. Most susceptible to jin-1 
were GS79 and GS224 with, respectively, 99 and 89% of the cells being 
reovirus positive (Table 2). 

Similar to the experiments with wt T3D reovirus, the EC50 values were 
determined (Table 2). All values of jin-1 infection were found to be lower 
than after infection with wt T3D. On GS249, a moderate cytopathic effect 
of jin-1 was seen at MOI 1⁄4 100. In all the other six cultures, cytopathic 
effects were clearly seen in higher dilution ranges. The EC50 determined 
on GS245 and GS184 was 40 and 26 pfu per cell, respectively. The re-
maining four cultures scored an EC50 below 10 pfu per cell. The culture 
most sensitive to jin-1 was GS186, in which an effect was already ob-
served at MOI 1⁄4 0.1. 

The lowest effective viral progeny yield was obtained from GS79, GS184 
and GS224 with less than a hundred-fold-increase in virus titer. Higher 
yields were obtained in GS245 and GS187 with a 200 and 500-fold ampli-
fication, whereas in the GS186 and GS249 cultures the yields exceeded 
the input dose by three orders of magnitude (Table 2). Moreover, the cal-
culated yield per infected cell in four of the seven cultures was similar for 
the jin-1 and wt T3D viruses. In three cultures, the yields per cell were 
different from those of wt T3D and jin-1. In GS79 and GS186, the yield of 
progeny virus is higher for wt T3D than for jin-1, whereas in GS184 the 
yield of the jin-1 was 45-fold higher than in wt T3D-exposed cultures. 

To study the distribution and abundance of reovirus-infected cells in 3D 
cultures, GSC spheroids were exposed to jin-1 (Figure 2). Similar to wt 
T3D, variable results were obtained upon exposure to jin-1. In four GSC 
spheroids, the cells at the outer rim stained positive for s3, although at 
varying levels. GS187 and GS249 were more effectively infected than 
GS79 and GS245. Viral spread into the core of the spheroids was seen in 
GS184, GS186 and GS224. In GS184 and GS224, only some isolated 
reovirus-infected cells were seen, whereas in GS186 spheroids, s3-
stained cells were found throughout the spheroid. 

DISCUSSION 

The identification of GSCs, their role in tumor recurrence, metastases 
and therapy resistance, stresses their importance in brain cancer re-
search. Treatment procedures aiming at eliminating these cells may im-
prove brain cancer outcomes.1,26 The aim of this study was to test the 
susceptibility of GSC cultures to the wt mammalian reovirus T3D and the 
JAM-A-independent jin-1 mutant. In previous studies, the susceptibility 
to reovirus was tested in tumor cells in serum-supplemented cul-
tures,27,28 which lose their parental tumor characteristics during cultur-
ing7,8 and therefore may be less representative for the clinical situation. 

In this study, we measured the GSC cultures on four parameters; reoviral 
protein synthesis, the induction of cytopathic effects, the production of 
progeny virus and the spread and penetration of the virus in a 3D sphe-
roid culture of the GSC. These parameters are all independently evalu-
ated in addition to cell lysis, production and spread. Moreover, because 
the expression of the high-affinity reovirus receptor JAM-A varied on the 

GSC cells, we evaluated if jin-1 was more potent in this regard than wt 
T3D. 

From this study we conclude that there is marked heterogeneity between 
the GSC cultures in their sensitivity to reovirus-mediated cytolysis. The 
differences in reoviral s3 protein synthesis may reflect variation differ-
ences in reovirus binding to the cells, reovirus egress from endosomes or 
differences in positive-strand messenger RNA generation.29,30 The effi-
ciency of reovirus s3 protein synthesis does not correlate with the sensi-
tivity to reovirus-mediated cytolysis. While GS186 is poorly susceptible 
to wt T3D reovirus synthesis, as evidenced by the fraction of cells that 
produces s3 proteins, it is relatively sensitive to reovirus- induced cytoly-
sis. In contrast, GS79 synthesizes s3-proteins in a relatively high percent-
age of the cells, while it is relatively insensitive and requires a high MOI 
for induction of cytopathic effects by wt T3D. Similarly, we see a highly 
variable capacity to support reovirus propagation. The amount of prog-
eny reovirus produced per productively infected cells varies over 2 or-
ders of magnitude with the GS186 culture being the most effective wt 
T3D producer, and the GS224 being least effective. With the use of the 
jin-1 reovirus, we see a similar heterogeneity. Whereas minor variation is 
seen in fraction of reovirus-infected cells in the different GSC cultures, 
the sensitivity to reovirus-induced cytolysis, as well as the capacity to 
produce progeny reovirus is much more heterogeneous. 

The infection efficiency, the reovirus-induced cytolysis and the virus pro-
duction in the monolayer cultures are more efficient with jin-1 than with 
wt T3D. In contrast, the distribution and abundance of s3-positive cells in 
spheroid cultures is similar with these viruses. This suggests that the 
JAM-A receptor expression is not a prime determinant of the reoviruses’ 
capacity to spread in spheroid cultures. Although this was unexpected, it 
is not unprecedented. Recently it was established that wt T3D infects 
and spreads efficiently in 3D tumor spheroids established from JAM-A-
deficient U118MG cells. In contrast, wt T3D infection of U118MG cells in 
monolayer cultures is dependent on JAM-A expression (Dautzenberg et 
al., Factors affecting reovirus spread in 3D cultures; manuscript in prepa-
ration). This demonstrates that the canonical T3D entry route, which 
starts by the reovirus s1 protein’s engagement of JAM-A, is not essential 
in 3D cultures, and that under these growth conditions alternative entry 
routes can be used by the reovirus. 

Spread of the oncolytic viruses within the tumor is essential for anti-
tumor efficacy. The compartmentalization brought about by depositions 
of extracellular matrix presents itself as a physical barrier.31 Also, the 
vasculature and the tumor-stroma may impose limitations to viral 
spread.32 An appealing option for enhancing the spread of the oncolytic 
viruses is the use of carrier cells loaded with oncolytic viruses.33–35 The 
carrier cells need to possess the capacity to home to tumors. Several 
cell types have been identified that can home to tumors, such as den-
dritic cells, T cells, macrophages and several types of stem cells. After 
loading, the virus should hitchhike on these cells and be released in the 
tumor.34,35 If the viruses are associating with the cells in a manner that 
shields them from neutralizing antibodies, the approach may also be ef-
fective in those patients with pre-existing neutralizing immunity against 
reovirus. That this strategy can be applied for reovirus delivery was 
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shown by Ilett et al.,36,37 who showed that reovirus can hitchhike onto 
dendritic cells and T cells. Additionally, internalization of reovirus by den-
dritic cells protected the virus from neutralizing antibodies.36 

So far, only single GSC cultures were established and studied from the 
individual patients. It therefore remains to be established whether the 
heterogeneity observed between different cultures faithfully reflects phe-
notypic inter-patient or inter-tumor variations, or whether the heterogene-
ity is the result of intratumor heterogeneity38 or even phenotypic drift in 
the cultures. The latter could result from the preferential outgrowth of 
specific populations of cells in the tumor cell cultures. Such culture bias 
could limit the predictive value as model for the clinical tumors in situ. It 
would therefore be extremely useful if clinical studies on the efficacy of 
oncolytic reovirus therapy were paralleled with in vitro studies on reovirus 
sensitivity in cultures of tumor cells derived from the same patients. Such 
studies may eventually reveal which of the in vitro parameters would best 
predict the efficiency of therapeutic reovirus replication in vivo. 
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Summary and conclusions of the thesis

Malignant glioma will remain a catastrophic diagnosis to patients and 
huge challenge for the daily practice of clinicians the coming decades. 
While the perspectives for patients with other solid tumors, such as 
breast or prostate cancer, have improved significantly over the last dec-
ade with a substantial group of patients being cured or chronically in re-
mission, the prognosis of primary GBM remains dismal. This thesis inves-
tigated potential therapeutic strategies for malignant glioma in the con-
text of a novel in vitro model of this disease. Multiple strategies were in-
vestigated for therapeutic enhancement of clinical standard of care (TMZ) 
and alternative (Delta24-RGD) agents that have shown efficacy for GBM. 
The following text summarizes the findings that were presented in this 
thesis. 

In chapter 2, the GSC model was prospectively analyzed for its recapitu-
lation of the human condition in vitro by interrogating hallmark molecular 
alterations and their distribution amongst prospectively analyzed patient 
cases and derived GSCs. Subsequently, we concluded that this model 
recapitulates canonical genomic alterations and gene expression based 
subtypes of malignant glioma. However, not all patient samples are 
propagatable under these culture conditions, and a selection seems to 
be made for IDH-WT samples, tumors with a copy number trait (Chr7p 
gain, Chr10q del) and enrichment for the Classical subtype is observed. 
In addition, there is substantial doubt raised both by this thesis, as well 
by other groups, that GCIMP tumors are not covered in GSC culture as-
says. This is important, since the GCIMP/IDH mutant tumors may be de-
rived from a separate entity of malignant glioma, which is predominantly 
represented in low-grade glioma. 

Chapter 3 demonstrates GSCs to serve as a valuable platform for the 
identification of response profiles of combination therapy for malignant 
glioma. We demonstrate that GSCs mimic the response-profile of the 
current clinical chemotherapeutic of choice (temozolomide), and that sus-
ceptibility to TMZ corresponds to MGMT protein expression, similar to 
the clinical situation. PARP inhibition, through the compound ABT-888 
(Veliparib), was demonstrated to enhance temozolomide based chemo-
therapy irrespective of MGMT expression. These findings are important 
since this molecular substrate of therapeutic response is one of the few 
straightforward clinical parameters that predict outcome in a subset of 
malignant glioma. Since temozolomide is likely to remain the golden stan-
dard first line treatment for the majority of malignant glioma patient in the 
near future, enhancement/synergism of new drugs in combination with 
temozolomide increases the likelihood of clinical translation. Future stud-
ies will be needed to identify biomarkers that can be used to predict 
therapeutic response and longitudinally measure the response (or lack 
thereof) to therapy in patients. 

In chapter 4 a contemporary overview is presented of the literature on 
molecular characterization of GSCs. Similar to the conclusions of chap-
ter 2, it is demonstrated that GSCs retain most of the hallmark character-
istics as found in the human disease. In addition, this chapter highlights 
some of the current caveats to GSC based research, such as the selec-
tion of subtypes (CLA/MES/PRO contra GCIMP) of malignant glioma, the 

implications of intratumoral heterogeneity on drug response and the impli-
cations of residual cells dispersed within in the resection cavity with re-
spect to tumor recurrence. It was concluded that future studies must 
focus on interrogating the clinical consequences of the latter two phe-
nomena on outcome together with the development of models for the 
currently not covered GCIMP / IDH mutated subtype.  

Chapter 5 provides an overview of the literature that is available on onco-
lytic adenovirus therapy for malignant glioma. Oncolytic virotherapy for 
GBM provides an attractive alternative treatment for several reasons. For 
one, viruses can be modified to selectively infect and lyse tumor cells, 
introduce therapeutic genes through viral replication and induce a by-
stander immunological response by shedding tumor antigens that would 
otherwise remain shielded from detection. In addition, much can be 
learned from the study of viruses with regard to tumor treatment. As the 
virus implements similar strategies as tumor cells to interact with the cell 
cycle to effectively replicate or prevent apoptosis, one may study these 
mechanisms to adapt them to oncology-oriented problems. Indeed, the 
study of the adenoviral infection cycle has provided substantial insight 
into nuclear transcription factors, cell death pathways, protein translation 
and cellular stress pathways. For instance, several viral proteins seem 
specifically designed to alter the function of known tumor suppressor 
genes such as p53, Rb1, BCL-2 and p21. For these reasons, it is my per-
sonal opinion that oncolytic virotherapy bypasses many limitations of 
single protein targeted tumor therapies since these viruses are actually 
evolutionarily driven for thousands of years to circumvent problems like 
pathway inhibitor resistance. 

Chapter 6 focuses on the identification of compounds that enhance onco-
lytic virotherapy for malignant glioma in GSCs. Four compounds out of a 
library of over 450 individual agents were validated to significantly en-
hance Delta24-RGD therapy. These agents (Fluphenazine, Indirubin, Lofe-
pramine and Ranolazine) interacted with either infection, viral progeny 
production and/or programmed cell death machinery significantly. All 
four compounds share a favorable toxicity profile, for which the FDA has 
approved these drugs for other indications than malignant glioma. In ad-
dition, these samples are known to pass the blood brain barrier, suggest-
ing a high likelihood of intracranial dosing at an adequate concentration 
for therapeutic success. We demonstrated that the sensitization of cells 
to Delta24-RGD by combination treatment with these compounds is 
shared by oncolytic herpes virus and Newcastle Disease virus. Follow up 
studies are planned to reproduce this effect in animal models. 

In chapter 7, it is demonstrated that Delta24-RGD administration can be 
enhanced by trafficking of cells within, or attached to, lymphocytes. 
Delta24-RGD is demonstrated to replicate within a T-cell-model and is 
effectively transferred to GSCs in vitro and in xenografts. In addition, 
these cellular vehicles were able to facilitate delivery of Delta24-RGD into 
invasive clusters of tumor cells. However, the distribution of cellular vehi-
cles after systemic injection was limited to sporadic cells and therefore 
deserves further development of the concept. All in all, this chapter pro-
vides a proof of concept and feasibility for enhancing oncolytic adenovi-
ral delivery by T-cells, which provides a window to combination therapy 
with autologous tumor targeted T-cells for adoptive immune therapy. 
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Chapter 8 focuses on two oncolytic reoviruses, which are assessed (and 
compared) for their ability to effectively infect, replicate and lyse a panel 
of GSCs. The results are illustrative for the potential of reovirus based 
oncolytic virotherapy as demonstrated by others in different models of 
GBM. Indeed, the oncolytic efficacy of reovirus in GSCs was shown to 
vary significantly between separate cultures, similar to Delta24-RGD as 
shown in chapter 6. This effect was not entirely dependent on the expres-
sion of known entry receptors, and furthermore, the ability of reovirus to 
kill tumor cells does not necessarily lead to a fruitful viral replication cy-
cle. Indeed, the distribution of reovirus within spheroid bodies of GSCs 
was demonstrated to be heterogeneous as well, which suggests a role of 
tumor-specific induced matrix molecules that influences the ability of 
reovirus to disperse into the tumor core. 

General conclusions and discussion

The following paragraphs will shed light on the questions addressed 
within this thesis. Since the main purpose of the thesis was to improve 
insight into (novel) therapeutic options for GBM, the evaluation of this 
thesis should be focused around this goal. As mentioned before in the 
introduction, we chose to investigate these novel therapeutic alternatives 
in the context of a novel patient derived model. The validation of this 
model is of pivotal concern to the later derived insight into the therapeu-
tic strategies investigated with the model. As such, we will first discuss 
the improvements of limitations of scientific method derived through utiliz-
ing the GSC model.

The patient derived glioma stem cell model

The ability to selectively propagate patient derived tumor cells that are 
proposed to be the driving population of the tumor is a very attractive 
feature of the GSC model. Whether this selection is achieved through 
culture medium composition remains to be elucidated. As mentioned in 
chapter 4, the definitive markers for specific isolation of glioma stem 
cells remain to be identified. Therefore, it remains a matter of definition, 
as to whether these cells are truly all glioma stem cells. The likelihood 
that out of millions of cells within the bulk of resection tissue, more than 
thousands of cells may truly be considered the initiating cells seems 
counterintuitive. The ability to discern the initiating cell may be of more 
fundamental (pathophysiological) importance than of direct therapeutic 
consequence. At the moment, no evidence exists of therapeutic conse-
quences of directly targeting the stem cell compartment of a tumor apart 
from in vitro studies with cells derived from this same assay[1], which is a 
biased approach for multiple reasons such as the lack of definitive mark-
ers of bona fide glioma stem cells, the inability to reliably assess the vi-
ability of these cells within their specific microenvironment, and the inabil-
ity to assess for therapeutic specificity for GSCs apart from other tumor 
cells. 

The main (and in our opinion most urgent) incentive for us to work with 
this culture model is the ability to more adequately recapitulate molecular 
and histological traits of the disease (chapter 2). The following questions 
however remain open for debate with regard to the interpretation of GSC 
model derived data; 1) what is the driving molecular feature that differenti-

ates between tumors that can and cannot be cultured under GSC-
conditions? 2) How predictive of therapeutic response in humans are 
drug-screening data obtained through GSC models? 

With regard to the first question, the data in this thesis are finger pointing 
towards the extracellular domain of the tumor cells for clues. Others have 
demonstrated the interaction between tumor cells and the surrounding 
stroma as pivotal to survival and proliferation[2]. It is reasonable to hy-
pothesize that the extracellular cues that are required for cells to prolifer-
ate in vitro may differ between glial subgroups and therefore may dictate 
culture outcome. It remains to be determined which factors are crucial in 
the failure of the subgroup of tumors that remain a challenge to culture to 
date. Specifically the development of in vitro models for IDH mutant/
GCIMP tumors would have significant impact. 

The second question has been touched upon to some extent by this the-
sis, but still remains to be prospectively addressed in parallel with a clini-
cal trial. We, amongst others, have determined GSCs to adequately mir-
ror TMZ response in vitro, retrospectively (chapter 3). However, this is 
just one therapeutic agent, while the future may be dictated by combina-
tion therapies, based on molecular testing of multiple parameters ac-
quired from surgical sampling. With respect to intratumoral heterogene-
ity, and inter-individual heterogeneity, it is hard to imagine that future clini-
cal decision-making on chemotherapeutic dosing will be based on pre-
clinical data derived from cell lines that are not derived from the same 
patient. To have a predictive in vitro screening tool will be paramount, 
and prospective studies will deliver the final answer to this question. 

Oncolytic virotherapy and GSCs 

The aforementioned concerns on GSCs are equally vital to OV as to any 
other therapeutic agent. In addition, the use of viruses for the treatment 
of diseases remains a brow-raising strategy to many clinicians and re-
searchers to date. Especially when the viruses are not genetically manipu-
lated to be replication deficient. The safety-concerns with regard to local 
or systemic infection resulting in significant adverse events have to date 
not been justified in toxicity studies[3, 4]. However, long-term effects 
have not been studied, although this concern is of less relevance to GBM 
patients. 

Fortunately we have found the GSC model to work conveniently with the 
testing of the OVs Delta24-RGD (chapter 6), reovirus (chapter 7), NDV 
(chapter 6) and herpes simplex virus (chapter 6). It was demonstrated 
that individual cultures harbor a unique response profile to OVs, which 
was dependent on known mechanisms (e.g. the expression of cell-
surface receptors that are known to facillitate viral entry) and more elu-
sive mechanisms that should be the focus of future studies. These re-
sults are congruent with multiple publications on other OVs. These indi-
vidual GSCs response profiles can be tackled by combination therapy 
(such as viral sensitizers identified in chapter 6), or the genetic manipula-
tion of the OV (as discussed in chapter 5 and demonstrated in chapter 7 
for reovirus). The major hurdles for OV in the coming decades will be simi-
lar to other compounds with regard to patient selection and toxicity stud-
ies. In this respect, the testing of OV on GSCs is convenient and repro-
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ducible and could therefore provide leads into patient selection, methods 
of resistance and how to bypass these hurdles through combination ther-
apy. 

Future studies are expected to shed significant light on the immune re-
sponse to OVs and therefore the GSC model is more or less redundant 
since patient derived material can only be grafted into immune compro-
mised animals. To take this problem into account, one could possibly 
imagine the application of fundamental research into the pathophysiol-
ogy of malignant glioma subtypes and reconstitute glioma subtypes by 
driver gene editing through novel gene-manipulation methods such as 
the CRISPR system[5]. Another approach may be the use of humanized 
mouse models[8]. In conclusion, this thesis has provided the opportunity 
to further investigate viral sensitizers that are expected to broaden the 
therapeutic response in GBM patients when compared to mono-therapy. 

Oncolytic virotherapy administration

A separate hurdle for OV remains the administration of the virus, for 
which multiple strategies have been explored in the past. In this thesis 
one chapter was designed to address the ability of Delta24-RGD to be 
packaged and delivered within cellular vehicles, as a molecular version of 
a Trojan horse. This strategy was found to be effective locally (by intracra-
nial administration) and to lesser degree systemically. As a proof of con-
cept study, the ability to deliver oncolytic adenovirus by packaging in a 
model of T-cells could provide a so-called double-edged sword. For one, 
OVs are able to replicate and burst, which results in a local amplification 
of Delta24-RGD within the tumor. In addition, T-cells can be manipulated 
to boost the immune response to tumor antigens, as well as provide a 
cytolytic function to tumor cells in parallel of the OV. Furthermore, the 
ability to deliver these cells systemically through a venous/central line 
makes repeated administration possible which significantly limits the inva-
siveness of the treatment. Obviously, this could also boost the process of 
clinical validation of these OVs. Similar studies have been undertaken 
with reovirus, vesicular stomatitis virus, varicella viruses and measles[6, 
7]. In conclusion, the presented data has opened a window for more stud-
ies into the systemic administration of OVs in combination with immune 
modulating strategies. In the end, this strategy may capitalize on the abil-
ity of both therapies to induce a lasting anti-tumor response against the 
individual patients’ specific tumor antigens. 

The author’s future perspectives

As a neurosurgery resident in a large academic center, brain tumors will 
remain a significant portion of my daily practice. While neurosurgery is 
not likely to provide a definitive cure to malignant glioma, the first strike 
against the disease by adequate decompression, representative tissue 
biopsies and most importantly achieving this without the induction of 
new neurological deficits, puts the neurosurgeon in the front seat to drive 
the outcome of glioma patients.  The neurosurgeon is in the unique posi-
tion to experience the three-dimensional structure of malignant glioma in 
situ. This renders neurosurgeons with an opportunity to hypothesis gen-
eration for scientific research. In line with this, together with physicians 
from multiple specialties, a shared responsibility exists towards patients 

to push the limits with respect to optimal treatment under safe circum-
stances while inquiring for options to always improve current standards. 

In the end, I foresee that malignant glioma patients will, similar to other 
solid tumors, capitalize on the enhanced treatment options provided by 
the scientific community. Based on the little steps that have been made 
in the last decades, in spite of large efforts, it is also anticipated that fun-
damental, translational and clinical research into this disease will remain 
a humbling experience. In the near future, patient trials will probably be 
stratified based on driving molecular features, combined with upfront 
laboratory tests on samples gathered through surgery and routine blood 
samples in advance to adjuvant therapy. As a result of this, the identifica-
tion of the best drug for the specific individual will potentially lead to dura-
ble response and most importantly the circumvention of off-target treat-
ment with possibly preventable adverse effects. In line with that, routine 
MRI imaging months after the initiation of therapy to inquire for therapeu-
tic response is likely to be replaced by synchronous imaging and blood 
assessment of markers that implicate local therapeutic efficacy. Similar 
to this, it is feasible to predict the undertaking of clinical trials that will 
investigate the impact of gross total versus subtotal resection in certain 
cases (for instance IDH and/or 1p19q altered low grades) that may war-
rant safety to prevail instead of maximal debulking since adjuvant ther-
apy could be able to provide a durable stable disease condition, a situa-
tion that already exists for the treatment of medulloblastoma.  

In anticipation of these significant steps that are foreseeable in the near 
future, the end of this thesis should at least conclude the following: al-
though the body of the thesis delivers answers to previously generated 
hypothesis, as with all scientific progress the end result is new hypothe-
sis generation and the humble conclusion that all our work remains 
ahead of us.  
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Samenvatting en conclusies proefschrift

Het maligne glioom zal de komende decennia een catastrofale diagnose 
voor patiënten en significante uitdaging voor de betrokken artsen blijven. 
Terwijl de klinische vooruitzichten voor patiënten met andere solide tumo-
ren, zoals borst- of prostaatkanker, behoorlijk verbeterd zijn de afgelopen 
decennia (waarbij zelfs een subgroep genezen of chronisch in remissie 
kan verblijven), blijft dit voor patiënten met een kwaadaardige hersentu-
mor een vergezicht. 

Dit proefschrift onderzocht potentiele therapeutische behandelingen voor 
het maligne glioom in de context van een nieuw in vitro modelsysteem 
van deze ziekte. Er werden meerdere strategieën verkend voor het 
combinatie-effect met de huidige standard chemotherapie (TMZ) ofwel 
een alternatieve behandeling genaamd Delta24-RGD (virotherapie). De 
volgende alinea’s zullen de belangrijkste bevindingen samenvatten, 
gevolgd door een beschouwing van de auteur met betrekking tot de toe-
komstperspectieven van de behandelde onderwerpen. 

In hoofdstuk 2 werd er op prospectieve wijze onderzoek gedaan naar de 
distributie van moleculaire afwijkingen in het genoom en transcriptoom 
van patiënten plus de van hen verkregen in vitro Gliomen-Stam-
Celkweken (GSCs). Er werd geconstateerd dat het GSC model een go-
ede representatie waarborgt van de moleculaire afwijkingen als gevon-
den in de patiënt. Echter, het lijkt erop dat niet iedere patiënt zijn tumor 
zich leent voor propagatie middels deze kweekmethode. Tevens blijkt er 
een verrijking plaats te vinden voor tumoren met een bepaalde ge-
netische constitutie welke gekenmerkt wordt door chromosoom 7p ampli-
ficaties en chromosoom 10q deleties. Verder valt op dat tumoren met 
een IDH mutatie niet langdurig in kweek gehouden kunnen worden. Qua 
transcriptoom werd er een verrijking voor het Classical subtype gecon-
stateerd. Voorts werd er op basis van de eerdergenoemde resultaten het 
vermoeden aannemelijk gemaakt dat G-CIMP tumoren, bestaande uit 
een prognostisch relatief faveure subgroup, mogelijk niet binnen dit 
model kweekbaar zijn. Dit is belangrijk omdat G-CIMP/IDH1 tumoren een 
belangrijke overlap hebben, en deze tumoren voornamelijk gediagnos-
ticeerd worden bij patiënten die jongvolwassen zijn en een relatief goede 
prognose hebben. 

In hoofdstuk 3 werd aangetoond dat het GSC-model zich praktisch goed 
leent voor het identificeren van response profielen voor het testen van 
combinatietherapie. Hierbij werd aangetoond dat het huidige gouden 
standard chemotherapeuticum (TMZ) een voorspelbaar respons profiel 
heeft in GSCs wanneer de expressie van het eiwit MGMT in acht wordt 
genomen. Dit is een wel bekend klinisch gegeven, wat ook maatgevend 
is voor de therapeutische respons in patiënten. Vervolgens werd aange-
toond dat remming van PARP, een eiwit met een cruciale rol in de DNA-
schade respons cascade, middels de stof ABT-888 (merknaam Veliparib) 
in een groot panel GSCs leidde tot een verruiming van het vermogen van 
deze beide stoffen om celdood te bewerkstelligen. Deze potentiering is 
specifiek interessant omdat het optreedt onafhankelijk van de a priori 
gevoeligheid van een GSC voor TMZ. Gezien het te verwachten is dat de 

standard adjuvante behandeling voor patiënten met een maligne glioom 
voorlopig zal blijven bestaan uit het geven van TMZ, is een additief zoals 
PARP een potentieel zeer welkome stof, mede gezien TMZ in de huidige 
setting niet bij iedere patiënt effectief is. Vervolgstudies zullen nodig zijn 
voor het vertalen van deze resultaten naar dier- en patiëntstudies. Hierbij 
zal ook specifieke aandacht nodig zijn voor biomarkers die therapeutisch 
effect kunnen vervolgen, zodat er gericht gedoseerd en gecombineerd 
kan worden op basis van het susceptibiliteitsspectrum van de individuele 
patiënt. 

In hoofdstuk 4 vindt de lezer een literatuuroverzicht (review) van beschik-
bare publicaties waarbij gekeken is naar de moleculaire karakterisatie 
van GSCs. In lijn met de bevindingen in hoofdstuk 2, wordt er gecon-
stateerd dat GSCs in het algemeen een correcte reflectie van het tumor-
profiel blijken te hebben wanneer gekeken wordt naar het genoom, tran-
scriptoom en epigenoom. Tevens worden er in dit review een aantal uit-
zonderingen op deze regel besproken, en wordt er dieper ingegaan op 
de consequenties van deze uitzonderingen op de interpretatie van de 
data verkregen middels dit model. Hierbij wordt de grote intratumorale 
heterogeniteit van mutaties, de variabele behandelingsrespons van indi-
viduele tumorcellen en de invloed van lokalisatie van tumorcellen binnen 
de tumorperiferie voor kweekbaarheid besproken. Er werd gecon-
cludeerd dat er ruimte is voor vervolgstudies waarbij het wenselijk is 
deze knelpunten verder te verkennen voor oplossingen.  

Hoofdstuk 5 voorziet de lezer van een vergelijkbare literatuurstudie 
echter ditmaal over oncolytische virotherapie. In dit hoofdstuk wordt de 
huidige stand van zaken omtrent adenovirus-gebaseerde virotherapie 
voor patiënten met een maligne glioom besproken. Oncolytische vi-
rotherapie is een interessante optie voor patiënten met een glioom om 
meerdere redenen. Allereerst is het mogelijk om met virussen selectief 
tumorcellen te infecteren (zonder gezond weefsel te beschadigen), hier 
therapeutische genen in tot expressie te brengen, en daarnaast door de 
infectie het (door de tumor actief gehinderde) immuunsysteem te reactiv-
eren tegen de tumor. Verder kan er veel van virussen geleerd worden met 
betrekking tot het pathologisch functioneren van tumorcellen. Dezelfde 
machinerie die tumorcellen gebruiken om het immuunsysteem te on-
twijken, de celdeling in het voordeel te gebruiken, en de grootschalige 
productie van eiwitten voor groei aan te jagen worden door het virus 
tijdens een infectie ook mis/gebruikt. In lijn met deze theorie zijn er in het 
verleden meerdere zogenaamde tumor-supressorgenen (eiwitten die als 
functie hebben het ontwikkelen van tumoren te voorkomen) ontdekt na 
het constateren van een adenoviraal interacterend eiwit (bijvoorbeeld 
p53, BCL-2, p21 en Rb). Het bestuderen van deze interacties kan ons 
derhalve aanwijzingen opleveren voor het gericht frustreren van deze 
mechanismen om tumorcellen te remmen/doden. Dit hoofdstuk geldt 
voorts als een introductie op de hoofdstukken die hierna volgen. 

In hoofdstuk 6 wordt een drug-screening uitgevoerd ter identificatie van 
stoffen die oncolytische virotherapie effectiever maken. Hierbij wordt een 
grootschalige test uitgevoerd op GSCs met een medicatie-bank van 450 
separate stoffen (door de Amerikaanse voedsel en medicijnen warendi-
enst, FDA, gekeurde medicamenten) getest op een positieve interactie 
met Delta24-RGD. Uiteindelijk werden er 4 potentieel zeer interessante 
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stoffen gevonden, wetende Fluphenazine, Indirubine, Lofepramine en 
Ranolazine. Deze stoffen waren in staat om, via meerdere afzonderlijke 
mechanismen, Delta24-RGD als oncolytische virotherapie synergistisch 
te versterken. Tevens werd er aangetoond dat dit effect ook voor 2 an-
dere virussen (Herpes Zoster en Newcastle Disease Virus) gold, en in 
kweekmodellen van 2 andere solide tumoren gereproduceerd kon wor-
den. Vervolgstudies worden gepland in dieren om deze virus-
modulerende stoffen te valideren. 

In hoofdstuk 7, werd een bekende limitatie van virotherapie (distributie in 
bloedbaan en brein) geprobeerd te verhelpen door het virus (Delta24-
RGD) verpakt in lymfocyten toe te dienen. Door gebruik te maken van 
een model voor T-cellen (Jurkats) konden buiten het lichaam geïn-
fecteerde cellen na injectie in het brein, of via de perifere bloedcirculatie, 
virus in de tumor brengen. Echter, het effect van deze strategie binnen de 
gebruikte methodiek was minder groot dan gehoopt. Deze studie toont 
evenwel de “principiële bruikbaarheid” van deze strategie voor adenovi-
rus en lymfocyten, en kan derhalve worden gezien als een kans om op 
latere termijn oncolytische virotherapie te combineren met autologe 
gerichte t-celtherapie zoals al gebruikt wordt voor een aantal hematolo-
gische maligniteiten. 

Hoofdstuk 8 heeft betrekking op het testen van de effectiviteit van twee 
oncolytische reovirussen, waarbij specifiek is gekeken naar infectiviteit, 
replicatie en lysis in een panel GSCs. Hierbij werd het eerder gevonden 
potentieel van reovirus voor de behandeling van gliomen (zoals in andere 
modellen) bevestigd in GSCs. Tevens werd er een belangrijke variatie in 
effectiviteit geconstateerd tussen verschillende GSCs, wat een reële re-
flectie zou kunnen zijn van de interindividuele heterogeniteit tussen pa-
tiënten voor deze virussen. Opvallend genoeg werd deze variatie niet 
veroorzaakt enkel door verschillen in zogenaamde intrede-receptoren die 
op de celwand aanwezig moeten zijn om infectie te faciliteren. Hierbij lijkt 
het derhalve dat infectie op zichzelf niet altijd leidt tot effectieve virusrepli-
catie en lysis. Verder bleek de mogelijkheid van het virus om te penetre-
ren door tumor sferoïden variabel is tussen GSCs, wat suggereert dat er 
mogelijk een rol is weggelegd voor specifieke door de tumor uitgeschei-
den matrix moleculen ten aanzien van de verspreiding van het virus 
buiten de cel.  

Discussie

In de volgende paragrafen zal dieper ingegaan worden op de hoofdvra-
gen waarnaar onderzoek is gegaan in dit proefschrift. Het voornaamste 
doel van deze thesis is het verbeteren van de efficiëntie van behandeling-
sopties voor het maligne glioom, en derhalve zal de evaluatie van het 
proefschrift ook in het teken staan hiervan. Zoals genoemd in de introduc-
tie werd er met name onderzocht of het gebruik van een nieuw model 
voor deze ziekte, wetende zogenaamde glioma stam cellen ontleend aan 
de primaire tumor, een betere predictieve waarde zou kunnen hebben 
voor het effect van deze (nieuwe) medicijnen. Er werd dus validatie be-
tracht, en vanuit deze validatie gekeken naar de eventuele verbetering 
die nieuwe middelen op de huidige standaardbehandeling zouden kun-
nen hebben. Gezien deze tweeledige opzet zullen we beide onderwerpen 

separaat, en in het licht van elkaar, bespreken in de volgende uiteenzet-
ting. 

Primaire patient-gederiveerde glioma stamcelkweken

De mogelijkheid om selectief tumor initiërende (en onderhoudende) cel-
len te kweken om hierop medicatie gevoeligheid te onderzoeken, is een 
van de grootste potentiele voordelen van het GSC-model. In dit proef-
schrift wordt onderschreven dat dit model voordelen heeft ten opzichte 
van de modellen die voorheen werden aangewend ten aanzien meerdere 
aspecten van het maligne glioom zowel op moleculair als histopatholo-
gisch niveau. Of de huidige constitutie van het kweekmedium werkelijk 
selectief stamcellen includeert in de kweken, en hierbij niet a priori een 
subgroep (IDH mutant) excludeert valt nog definitief te bewijzen. Andersz-
ins moet nog aangetoond worden in prospectieve studies dat tumor-
stamcel gerichte therapie an sich zijn grote preklinische belofte voor pa-
tiënten in kan lossen[1]. 

Het voornaamste (en in mijn opinie meest urgente) doel voor onder-
zoekers werkende met dit model was het onderschrijven van de in vitro 
betrouwbaarheid van dit model om moleculaire diversiteit gevonden in 
individuele samples te bestuderen in kweken. De volgende kwesties 
staan echter nog open voor definitieve oplossingen en antwoorden; 1) 
Wat zijn de sturende moleculaire afwijkingen verantwoordelijk voor het 
wel of niet kweekbaar zijn van individuele tumoren? 2) Hoe voorspellend 
voor therapeutische respons in patiënten is het responseprofiel van medi-
catie getest op GSCs?

Met betrekking tot de eerste vraag; de data in dit proefschrift wijst richt-
ing het extracellulaire domein van de tumor, waar mogelijk aanwijzingen 
liggen met betrekking tot de vele eiwitten en receptoren die daar in 
samenspel de configuratie van de tumorcel binnen zijn niche organiseert. 
Meerdere studies hebben aangetoond dat deze interacties van groot 
belang zijn voor overleving en proliferatie van tumorcellen[2]. Het is goed 
voorstelbaar dat verschillende subgroepen van het glioom op variërende 
wijze afhankelijk zijn van lokaal beschikbare extracellulaire signalen die in 
meer of mindere mate aanwezig moeten zijn in het kweekmedium om 
gepropageerd te kunnen worden in vitro. Vervolgstudies zijn geïndiceerd 
om te onderzoeken waar wat deze kwestie betreft aanpassingen gedaan 
moeten worden om de IDHmutant/G-CIMP tumoren binnen het model te 
kunnen vatten. 

Wat betreft de tweede kwestie is er in dit proefschrift enige progressie 
geboekt ten aanzien de voorspellende waarde van het GSC-model. Aller-
eerst is er in hoofdstuk 3 aangetoond dat het biologisch substraat van 
TMZ-responseprofielen zoals gekend in patiënten door het GSC-model 
adequaat vertaald wordt in vitro. Echter, dit betreft slechts monotherapie, 
waarbij het in de lijn de verwachting ligt dat de toekomst gekenmerkt zal 
worden door combinatietherapieën, waarbij het aantonen van deze trans-
lationele vertaling door de meerdere variabelen die combinatietherapie 
inherent met zich meebrengt als gevolg moeilijker zal worden. Apart van 
laatstgenoemde rest dan nog het probleem dat intratumorale heterogen-
iteit een vertekend beeld kan geven medicatiegevoeligheid wanneer een 
tweede sample wellicht resistente cellen zou kunnen bevatten waar in 
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kweek de gevoelige cellen zijn gepropageerd. Om deze reden ligt het in 
de lijn der verwachting dat toekomstige trials enkel nog gebruik zullen 
maken van patiënt gederiveerde kweken (liefst meerdere samples) waar-
bij, na in vitro testen op responseprofiel, in klinische setting het thera-
peutisch effect middels biomarkers al gedurende de behandeling wordt 
geobjectiveerd. Om deze reden zal een robuust predictief model zoals 
het gebruikte GSC-model  van groot belang zijn voor initiële screening 
voorafgaand aan geïndividualiseerde behandelingen.

Oncolytische virotherapie en GSCs

De eerdergenoemde knelpunten met betrekking tot GSCs zijn van gelijk-
waardig belang voor het testen van virotherapie bij het maligne glioom. 
Bijkomend is het gebruik van een virus om een ziekte te behandelen op 
zichzelf, voor zowel medische geschoolden als het grote publiek, top op 
heden een enigszins verontrustende strategie. Dit geldt in het bijzonder 
voor virale vectoren die hun capaciteit om hun viraal genoom te repli-
ceren en hiermee een (gelokaliseerde) infectie te bewerkstelligen, zoals 
de vectoren die in dit proefschrift werden aangewend. Het valt ten aan-
zien van deze terechte zorgen te vermelden dat toxiciteitstudies van 
meerdere oncolytische virussen voor hersentumoren tot dusver geen 
significante (levensbedreigende) bijwerkingen aan het licht hebben ge-
bracht [3, 4]. Hoewel langetermijneffecten nog niet onderzocht zijn, 
hebben deze mogelijk in de nabije toekomst minder relevantie voor pa-
tiënten. Dit argument gaat echter niet op voor de medewerkers die met 
deze medicatie in contact komen. 

Met betrekking tot de vragen geadresseerd in het proefschrift valt te ver-
melden dat het GSC-model praktisch zeer handzaam is gebleken voor 
het testen van OVs; Delta24-RGD (hoofdstuk 6), reovirus (hoofdstuk 7), 
NDV (hoofdstuk 6) en herpes simplex virus (hoofdstuk 6). Deze resultaten 
zijn vergelijkbaar met andere studies gepubliceerd met OV voor GBM. 
Net als voor andere medicijnen hebben individuele kweken een bijpas-
send responseprofiel wat afhankelijk blijkt te zijn van verschillende varia-
belen. Interessant is dat hierbij meerdere combinatiestrategieën de effec-
tiviteit van OV kunnen verbreden (in de populatie) en verstevigen (op indi-
vidueel niveau). De significante hordes die OV de komende decaden zal 
nemen zijn georiënteerd rondom patiënten selectie en (langere) toxic-
iteitsstudies. Hierbij zou het GSC-model een rol kunnen spelen. 

Toekomstige studies zullen naar verwachtingen de interacties van OV 
met het immuun systeem beter adresseren. Hierbij is het GSC-model 
minder aantrekkelijk omdat de cellen die men hierbij gebruikt doorgaans 
exclusief gebruikt kunnen worden in immuun gecompromitteerde proefdi-
eren. Een oplossing van dit probleem zou kunnen worden gevonden in 
selectieve gen manipulatie strategieën om de ontstaanswijze van het ma-
ligne glioom te kopiëren in diermodellen middels het CRISPR systeem 
[5]. Ook het gebruik van gehumaniseerde muizen (m.b.t het immuunsys-
teem) zou een oplossing kunnen blijken. 

Tot slot valt te concluderen dat dit proefschrift meerdere kansen heeft 
benut en opgeleverd om het gebruik van combinatie strategieën om OV 
te potentiëren voor de behandeling van het maligne glioom. 

Toediening van oncolytische virotherapie

Een extra horde voor OV blijft de toediening van vectoren, in het bijzon-
der bij adenovirus. In dit proefschrift werd hier in het bijzonder aandacht 
aan besteed in hoofdstuk 7. Hierbij werd middels het gebruik van T-
cellen de vector Delta24-RGD verpakt en zowel lokaal als systemisch 
toegediend in muizen met een maligne glioom in cerebro. Dit bleek in 
beide gevallen effectief (alhoewel systemisch in mindere mate). Als be-
wijs van "principiële bruikbaarheid" kan deze strategie op zichzelf een 
gecombineerde behandeling betekenen. Enerzijds werkt het virus op zijn 
gekende wijze door selectief tumorcellen te infecteren en te presenteren 
voor het immuunsysteem. Tegelijkertijd worden de noodzakelijke effector 
lymfocyten zelf gebruikt als de bezorgmedewerkers om de virussen ter 
plekke te verkrijgen. Hierdoor vergoot men wellicht de immuunrespons 
ter plekke. Het primaire doel, herhaalde toediening waarbij het virus niet 
opgemerkt wordt door het immuunsysteem tot het via de bloedbaan in 
de tumor wordt afgeleverd, is an sich al een grote stap vooruit. Ver-
volgstudies zullen aandacht schenken aan de optimale tijdspanne, ver-
houdingen in virus incubatie van de T-cellen en targeting van lymfocyten 
richting specifieke receptoren die de tumor herbergt ter herkenning. Er 
zijn vergelijkbare studies gepubliceerd waarbij deze strategie voor andere 
virale vectoren effect sorteert in meerdere vormen van kanker[6, 7]. Con-
cluderend kan gesteld worden dat de gepresenteerde data kansen biedt 
voor vervolgstudies naar deze behandelingsstrategie in patiënten, zodra 
het effect van Delta24-RGD middels lokale therapie verder ontwikkeld is. 

De auteurs toekomstperspectief

Als neurochirurg in opleiding in een groot academisch centrum blijft de 
behandeling van patiënten met een maligne hersentumor deel van mijn 
dagelijkse praktijk. Alhoewel curatie van het maligne glioom niet middels 
een chirurgische interventie mogelijk zal blijken, is het wel degelijk de 
neurochirurg die aanvankelijk een belangrijke rol speelt in de behandeling 
van de patiënt. De eerste klap lijkt ook in de context gliomen wel degelijk 
een daalder waard te zijn met betrekking tot adequate weefseldiagnose 
en, zo mogelijk, een zo ruim mogelijke decompressie van de tumor. 
Beide bepalen het verdere behandelplan en mogelijk het eventuele effect 
van dit plan. Gezien het belang van het testen van patiëntmateriaal staat 
de neurochirurg in het middelpunt van hypothesegeneratie in een unieke 
positie. In de multidisciplinaire behandeling van patiënten met een ma-
ligne glioom in de 21ste eeuw is derhalve (nog steeds) een rol van impor-
tantie weggelegd voor de neurochirurg. 

Er valt te voorzien dat patiënten de komende decaden de vruchten zullen 
plukken van de toegenomen kennis van de moleculaire constitutie van 
deze ziekte. Op die manier zal de klinische vooruitgang zoals geboekt bij 
andere maligniteiten ook bij gliomen gezien worden. Op basis van de 
kleine stapjes zoals gemaakt in de laatste jaren, ondanks de grote finan-
ciële en immateriële investeringen, zal deze tak van wetenschap de on-
derzoeker nederig houden ten aanzien van de grote stappen die nog te 
maken zijn voor onze patiënten. 
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Ik verwacht dat binnen afzienbare tijd patiënten trials zullen includeren en 
stratificeren op basis van moleculaire markers, in combinatie met respon-
seprofielen verkregen uit laboratorium onderzoek op patiëntmateriaal. 
Therapeutisch effect zal geobjectiveerd worden tijdens de behandeling 
middels beeldvorming en bloedtesten. Als gevolg zal de beste behan-
deling, met zo min mogelijk bijwerkingen, snel te identificeren blijken wat 
een enorme vooruitgang op meerdere niveaus zal blijken (zowel qua ef-
fectiviteit als kosten).

In anticipatie op deze vooruitzichten valt naar aanleiding van dit proef-
schrift te concluderen dat, na weer een aantal kleine stappen vooruit, er 
nog significante inspanningen noodzakelijk zullen blijken om het perspec-
tief voor onze patiënten te verbeteren.  
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