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1GENERAL INTRODUCTION

Glioblastoma Multiforme (GBM) is a devastating disease for which no effective 
therapy exists. Sadly, the prognosis for patients suffering from this disease has 
improved only marginally during the last three decades. It is for this reason 
that GBM has become the target of many novel and experimental approaches, 
including gene therapy and oncolytic viral therapy. 

Adenoviruses (Ads) are among the most widely used vectors in gene-
therapeutic applications in both brain and various other organs. The use of 
adenoviruses can now be divided into two main categories: Gene therapy using 
replication deficient viruses, and oncolytic therapy, or virotherapy, which involves 
the use of (conditionally) replicating adenoviruses. Despite several promising 
preclinical results, neither of these approaches has seen significant success when 
employed in clinical trials against GBM. Several reasons for this lack of effect have 
been suggested including the high immunogenicity of adenoviruses causing their 
rapid elimination, the severe attenuation of first generation oncolytic viruses and 
especially the limited distribution of Ads following injection into the brain or brain 
tumor. In addition, there is a strong need to image the effect and distribution of 
Ads following gene therapy or oncolytic therapy, as a real threat of significant 
toxicity exists caused by either the virus or the ensuing immune response when Ad 
distribution cannot be monitored or predicted. Therefore, to improve the effect 
of adenoviruses, whether used in the context of gene therapy or virotherapy, this 
thesis discusses some of these key factors: imaging the distribution and effect 
of adenoviruses in the brain, improving the potency of conditionally replicating 
adenoviruses and improving the distribution of adenoviruses in the brain.
To appreciate the ensuing chapters in this thesis, this introduction will highlight 
GBM and adenovirus pathology and biology as well as those common pitfalls 
encountered when using adenoviruses to treat GBM.

Glioblastoma Multiforme.
In 1926 in their seminal work ‘A Classification of the Tumors of the Glioma Group 
on a Histogenetic Basis with a Correlated Study of Prognosis’ Bailey and Cushing 
when speaking about Glioblastoma Multiforme realized that: “It is not only the 
largest single group in the series … but at the same time is one of the most 
malignant … In the five unoperated cases, the average duration of life from the 
onset of symptoms was only three months, which speaks well on the whole for 
the average survival period of twelve months for those surgically treated.” 1. 
Now, more than 80 years later, little has changed in the prognosis of patients 
suffering from this disease. 

Epidemiology
In the United States, 14.8/100,000 persons are diagnosed each year with a 
primary brain tumor of which 20.3% are GBM (incidence rate, IR, 3.05) 2. There 
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is a male predisposition (IR 3.86 vs. 2.39) and increasing incidence with age 
resulting in a maximum incidence of 13.45 in the 75-84 year age group. Despite 
this increase with age, GBM occurs in all age groups including the very young 
and malignant brain tumors are among the major causes of death in children. 
The two and five year survival rate for GBM patients according to these statistics 
are 8.7% and 3.3%, but the most current report studying the combination of 
Temozolomide and radiotherapy reported a two year survival rate up to 26.5% 3. 
In this study, the overall median survival had increased to 14.6 months vs. 12.1 
months for radiotherapy alone, the latter appearing remarkably similar to the 
numbers reported almost a century ago by Bailey and Cushing. 

Biology
Gliomas arise from glial cells or, as more recently proposed, from neural stem 
cells (NSC) and are classified according to their WHO grade I to IV, in which 
GBM are grade IV gliomas. GBMs are composed of poorly differentiated, often 
pleomorphic astrocytic cells with nuclear atypia and frequent mitotic activity. The 
presence of necrosis is needed for the diagnosis and is generally accompanied 
by microvascular proliferation. The GBM cell of origin has lately been the 
object of intense debate. A brain tumor cell could theoretically arise from a 
dedifferentiated glial cell after a series of oncogenic mutations, or from a NSC or 
precursor cell 4, 5. The latter explanation may appear especially plausible as these 
cells are inherently more permissive for transformation and possess an active 
self-renewal capacity 6. Many markers have been found that are suggested to 
identify the tumor stem cell. However, CD133 positivity for instance has also 
been shown to arise in cells previously negative for this archetypical stem cell 
marker 7, perhaps indicating dedifferentiation and thus complicating the stem 
cell hypothesis, demonstrating that further research is required before any 
hypothesis can be unequivocally accepted. 

GBMs are generally subdivided into primary and secondary tumors, a 
distinction first made by Scherer in 1940 8. Primary GBM presents without any 
evidence of malignant development of a lower grade precursor tumor and is 
also known as de novo glioblastoma. Secondary GBM requires progression from 
a less malignant astrocytoma and only 5% of all GBM can be termed as being 
secondary 9. Primary GBM shows a poor survival when compared to secondary 
GBM, which is mainly attributed to age as primary GBM occurs in older patients. 
The other major prognostic factor is the Karnovsky Performance Scale (KPS) at 
diagnosis. Genetically, both primary and secondary GBM often show loss of 
heterozygosity (LOH) at 10q but differ in other genetic markers. PTEN mutation 
and EGFR amplification are found in primary tumors, while secondary gliomas 
frequently display TP53 mutations. The p16INK4a/RB1 pathway controls cell cycle 
progression from G1 to S-phase and appears to be important in both tumor 
types. Defects in this pathway occur in as much as 70% of all GBM 10. 
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Numerous other genetic alterations have been described in glioblastoma. In 

addition to EGFR, growth factors such as PDGF, IGF, bFGF, FGF-2 and TGF-alpha 
are overexpressed, either by gene amplification or at the transcriptional level. 
Progression from a lower grade glioma usually involves an angiogenic switch, 
which appears to be mediated by VEGF, possibly in response to hypoxia induced 
increased transcription of the VEGF gene by the hypoxia-inducible factor (HIF) 
family of transcription factors 11.

Mutations of the isocitrate dehydrogenase 1 (IDH1) gene have been 
demonstrated in a subset of tumors, notably lower grade gliomas and secondary 
glioblastomas, and are strongly associated with increased survival, possibly by 
inhibiting wildtype IDH1 induced HIF-1 alpha expression 12-14.

The previous molecular distinctions have been important in the diagnosis and 
prognosis of brain tumors but have never been used to guide treatment of these 
patients. It has been shown that O(6)-methylguanine-DNA methyltransferase 
(MGMT) promoter methylation is a predictor of the clinical efficacy of concomitant 
Temozolomide and radiotherapy, providing a first molecular target to direct 
specific, perhaps even stratified, GBM treatment 15, 16.

Infiltration
Infiltration and migration are hallmarks of most glial tumors and the main cause 
of their resistance to therapy, even in the absence of distant metastasis. At the 
time of diagnosis, GBM cells will have spread well beyond the identifiable margins 
of the solid tumor. In many cases, these infiltrating cells will have reached as far 
as the other hemisphere 17, leaving even a total hemispherectomy ineffective as 
treatment 18.

Gliomas disseminate using white matter tracts, cerebrospinal fluid pathways, 
the perivascular space, subependymal space and by meningeal spreading 19. 
These preferential pathways suggest the existence of an opportunistic factor in 
the infiltrating behavior, as less resistance to fluid or cellular movement exists 
in these areas. In addition, migration occurs mainly in white matter and much 
less in the densely packed grey matter 20. However, to accommodate migration 
of tumor cells, the extracellular matrix will have to be actively modified, and 
migration requires active intracellular changes 21. Cell adhesion to extracellular 
matrix components, cell locomotion, and widening of the extracellular space 
(ECS) are key factors promoting migration. This process is characterized by 
the degradation and turnover of ECM components by production of specific 
proteases and inhibitors, as well as specific proteins to create a microenvironment 
beneficial to migration (reviewed in 19). Even though migration in any given case 
of GBM will be extensive, most migrated tumor cells will be in the zone directly 
adjacent to the solid tumor 22. Therefore, tumor recurrence after surgery can 
primarily be expected in this area 23.

The GBM can be considered to be a 2 component disease. Actively infiltrating 
cells do not divide and dividing cells do not infiltrate, although individual cells can 
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switch between these two states 21, 24, 25. As these components behave differently 
to the most common treatment strategies, they should be treated differently. The 
current standard treatment has been generally aimed at the dividing tumor cell. 

Treatment
The current standard treatment of GBM consists of surgery and combined radio/
chemotherapy. More than 98% resection, as identified on postoperative MRI 
or by the surgeon, is associated with an improved survival when compared 
to partial resection or biopsy for both GBM and anaplastic astrocytoma 16, 

26-28. Neuronavigation and intraoperative MRI have increased the percentages 
of resected tumor without increasing neurological complications 29. A truly 
“complete” resection however is unachievable due to infiltration of the normal 
brain and therefore surgery should be aimed at maximizing the resection 
percentage while sparing eloquent brain and functions. Surgery relieves 
symptoms from tumor burden, rapidly removes tumor edema and creates a time 
span for adjuvant therapies. 

Large studies have shown that radiotherapy combined with Temozolomide is 
more effective than either treatment alone 3, 15, 30. As mentioned before, patients 
with a methylation of the O-6-methylguanine-DNA methyltransferase (MGMT) 
promoter respond better to this concomitant treatment 15, 31, but although MGMT 
status should be determined to be able to provide an individualized prognosis 16, 
stratification by this marker is not yet common practice. Therefore the current 
adjuvant protocol for all patients consists of radiotherapy (60Gy, 2gy at 5 days 
per week for 6 weeks) combined with Temozolomide (75mg/m2/day during the 
course of radiotherapy) followed by a 4-week break, and then up to six cycles 
of adjuvant temozolomide by a 5-day schedule every 28 days (150 mg/m2/day 
for the first cycle increasing to 200 mg/m2 beginning with the second cycle). At 
recurrence, surgery can again be considered for a selected group of patients. 
Factors to consider include the mass effect, age, KPS, the expected extent of 
resection and especially the availability of another salvage therapy 32. In addition, 
surgery may be indicated for relief of edema or to obtain histology 33. Repeated 
irradiation should only be applied in a selected group of patients, mostly with 
focal recurrences, as whole brain radiotherapy (WBRT) cannot be re-administered 
without the risk of significant side effects. Individualized chemotherapy at 
recurrence is an option, but there exists debate over which agent would be most 
suitable 34. Obviously, any chemotherapeutic or other peripherally administered 
agent will have to negotiate the blood brain barrier to be effective. For all 
treatment options at recurrence, the lack of randomized clinical trials makes 
an evidence based choice an utopia and most of these options will be in an 
experimental trial setting.
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1EXPERIMENTAL TREATMENT 

Gene therapy – Adenoviruses
The grim prognosis but semi-localized (meaning no metastasis) character of GBM 
has made this disease a target for many experimental therapies. This introduction 
will focus on the use of gene therapy and especially oncolytic virotherapy.

Gene therapy relies on the delivery of DNA or RNA into cells. In cancer gene 
therapy, the gene of interest should either cure or kill the infected or surrounding 
cells. During the last two decades it has been realized that killing of infected cells 
is one of the core businesses of many viruses, which resulted in the use of viruses 
that were still capable of intracellular replication and lysis of the infected cell. This 
use of viruses, termed virotherapy or oncolytic virotherapy will be discussed later. 

Ideally, any gene delivery method should protect the genetic material against 
degradation, bring the material across the cell membrane into the target cell 
and have an acceptable safety profile. This can be accomplished using either 
viral or nonviral vectors. Nonviral methods of gene delivery can be subdivided in 
physical and chemical approaches. Physical approaches include needle injection, 
electroporation, gene gun, ultrasound and hydrodynamic delivery. Chemical 
approaches use synthetic or organic compounds to deliver DNA by active 
cellular uptake via endocytosis. These compounds include cationic lipids, often 
formulated as liposomes, cationic polymers such as poly-L-lysine or combinations 
of these 35-37. Although gene delivery by nonviral methods has the advantage to 
control toxicity, the efficacy of gene transfer is generally inferior to viral methods 
38. The main subject of this thesis concerns adenoviral delivery methods, therefore 
nonviral gene delivery methods will not be further discussed. 

Viral vectors are genetically modified viruses that are able to transfer genetic 
material to the infected cell. This is an inescapable consequence of the lifecycle 
and definition of any virus, which involves infection of the target cell, using the 
cell machinery to replicate the viral genome and produce new virions that are 
released into the environment. Integrating vectors include retroviruses (RV, such 
as lentiviruses) and parvoviruses (such as adeno-associated viruses (AAV)) that 
integrate their single stranded RNA (RV) or DNA (AAV) as double strand DNA into 
the host genome providing sustained and non-pathogenic (in the case of AAV) 
gene expression. 

The most commonly used non-integrating vectors are Herpes simplex viruses 
(HSV) and adenoviruses (Ad). As a vector for brain diseases, the neurotropic HSV 
has gained considerable interest. It contains a 152 kb linear double stranded DNA 
genome and can accommodate 40-50kb of foreign DNA which is significantly 
more than all other vectors.

Adenoviruses are the main subject of this thesis and therefore a more detailed 
description of this virus will be presented in the next paragraph.
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Adenoviruses
The family of Adenoviridae consists of non-enveloped icosahedral viruses, 
containing a linear double stranded DNA molecule of 26-45kb (Ad5: 36kb) in size 
that replicate in the nucleus of infected cells. More than 50 serotypes have been 
identified collected in 6 groups (A-F). In humans, adenoviruses (Ads) cause acute 
respiratory infections, pharyngitis, conjunctivitis, gastroenteritis and pneumonia 
(in young children) but human Ads do generally not produce proliferative 
infections in animals. The adenovirus capsid has a diameter of 70-110nm and 
is composed of 240 hexon capsomeres forming the 20 triangular faces of the 
icosahedrons and 12 penton capsomeres and associated fibers located at the 
vertices. Fiber length is 9 to 77.5nm. The fiber knob region mediates binding to 
the primary receptor CAR (Coxsackie and adenovirus receptor). This receptor is, at 
least in vitro, critical for infection by type 5 adenoviruses 39. Following this initial 
attachment, a penton based RGD motif binds to cell surface integrin molecules 
(�v�1, �v�3, �v�5) and mediates virus uptake in the cell by endocytosis. Recently 
it has been shown that viral infection in vivo, at least in the liver, is hexon and 
not fiber mediated, which could explain the discrepancy between some in vitro 
and in vivo results 40. Upon cellular uptake the viral capsid is dismantled and the 
protein coated viral genome is efficiently delivered to the nucleus by microtubular 
transport. 

The role of adenovirus proteins and genes is to prevent cellular attempts to 
halt adenoviral replication by cell cycle arrest or premature apoptosis and to 
create a cellular environment permissive to replication ultimately inducing cell 
death at the end of the viral replication process. This is a carefully balanced and 
elegant process involving a limited number of highly conserved adenoviral genes. 

The adenovirus genome contains five important early (E) coding regions (E1a, 
E1b, E2, E3, E4) transcribed from 5 promoters, which are mainly concerned with 
viral gene expression and replication. E1 proteins are expressed within 1-2 hours 
after infection and are critically needed for replication. Deletion of this part of the 
viral genome is utilized to create the most commonly used replication defective 
vectors for gene therapy. The E1A gene is important in the development of 
conditionally replicating viruses and encodes protein products generated by 
alternative splicing. E1a proteins are needed to promote the viral replication cycle 
by inducing a cellular environment beneficial to viral replication. E1a binds to 
Rb thereby releasing bound transcription factors such as E2F. These factors will 
induce either p53 dependent (or independent) cell death or cell cycle activation 
and viral replication. A mutation in this region preventing binding of E1a to 
Rb inhibits viral replication in Rb wt cells 41, 42. Early region 1b (E1b) proteins, 
and in particular E1b55kD, bind to p53 thereby promoting its degradation and 
interfering with programmed cell death and cell cycle arrest. The precise role of 
E1b55kD remains unclear as the increased p53 expression in p53 wt cells infected 
with E1b55kD deleted viruses does not appear to increase the death rate of these 
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cells 43. Mutations in this gene could prevent binding to and degradation of p53 
and prevent cell cycle arrest, which would limit replication to cycling (tumor) 
cells. E2 genes are completely involved in virus DNA synthesis. The E3 region 
of the adenovirus has two important roles, preventing elimination by the host 
immune response and causing cell lysis. E314.7kD and E310.4/14.5kD prevent 
TNF alpha induced apoptosis while E3gp19kD encodes a transmembrane protein 
that protects infected cells against adenovirus-specific cytotoxic T-cell immune 
responses. E311.6kD, or the adenovirus death protein (ADP), is required for 
efficient cell lysis at late stages of infection 44. Because the E3 region is not 
needed for viral replication this region is often utilized to insert transgenes but 
viruses deficient in E3 have been shown to be less cytotoxic to human cells both 
in vitro and in vivo 45. E4 gene products have been reported to regulate numerous 
actions including viral DNA synthesis, inhibition of cellular protein synthesis and 
regulation of mRNA shuttling and cell death 44.

Adenovirus late genes L1 to L5 are expressed late during viral replication and 
are mainly concerned with adenoviral assembly. The normal adenovirus life cycle 
ends with lysis of the infected cell, which generally does not occur before 48 
hours following infection depending on cellular replication rate. This cellular lysis 
occurs by a mechanism that may mimic apoptosis but more often has different 
characteristics, such as those found with autophagy or necrosis 46, 47.

Adenoviral vectors
The deletion of both the E1 and E3 region from the adenoviral backbone 
generates up to 8kb of space for the insertion of transgenes in such a replication 
deficient vector. The choice of transgenes is virtually unlimited and as an example 
this introduction will briefly outline those transgenes that have been clinically 
used in glioma therapy.

HSV-tk, herpes simplex virus thymidine kinase, converts ganciclovir to the toxic 
metabolite that kills the infected cell. This form of therapy is termed Gene-Directed 
Enzyme-Prodrug Therapy (GDEPT). Cell killing occurs not only in infected cells but 
also surrounding cells by a bystander effect which is needed because generally 
adenovirus will not infect all cells 48. This GDEPT strategy has been assessed in 
multiple phase I/II trials and is currently being assessed in a phase III trial 49-51.

Expression of p53 in infected cells should cause these cells to undergo 
apoptotic cell death. The use of Ad-p53 has not proceeded beyond a single 
phase I study in glioma patients 52, but this vector is produced commercially in 
China and the USA and already a registered medicine for HNSCC in China 53.

Interferon beta (IFN-beta) is a cytokine with anti-tumor activity and Ad.hIFN-
beta, an adenoviral vector expressing human IFN-beta has recently been injected 
into the tumors of patients harboring a GBM resulting in increased levels of 
apoptosis in infected cells 54.
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Oncolytic adenoviruses
When (parts of) the E1 genes (and other genes needed for replication) are left 
intact, adenoviruses will be capable of replication in infected cells and lysis of 
these cells, releasing their progeny in the cellular environment to infect new cells.

As mentioned before, deletion of the E1b55kD gene prevents binding of this 
gene product to p53. Thus, in wt p53 cells, p53 will be expressed and induce 
either cell cycle arrest or apoptosis, both detrimental to adenovirus replication. 
In p53 mutant tumor cells, p53 will be unable to cause a cell cycle arrest, and 
viral replication can occur, the basis of the oncolytic virus ONYX-015 55. This 
beautiful concept has been seriously challenged in the recent past 43, 56. Both 
p53 functions and dysfunctions, as well as the functions of E1b55kD, have 
proven to be more complex and redundant than the single interaction between 
the two. Nevertheless, ONYX-015 has been extensively tested in clinical trials 
57-64, including a phase I trial for glioma 65. In this trial, no significant toxicity or 
definition of a maximum tolerated dose (MTD) was noted after injections into 
the cavity wall following resection of relapsed high grade gliomas at a dose up to 
1010 Plaque Forming Units (PFU). 

Another approach is the deletion of part of the E1a gene. This will render 
the virus unable to induce cell cycle progression in Rb wt (normal) cells. Several 
variations of this mutation have been published 41, 42 and a variant of this virus, 
Ad-delta24-RGD 66, is currently being assessed in phase I/II trials against tumors 
including GBM. 

INCREASING EFFICACY

Targeting
There have been numerous attempts to increase the selectivity or potency 
of adenoviral vectors or oncolytic viruses. Adenoviruses can be made safer by 
modifying the infection characteristics, thus sparing normal cells, and by changing 
the genes that are expressed in infected cells in such a way that therapeutic 
transgene expression or replication is limited to target cells. These methods are 
termed transductional and transcriptional targeting respectively. Clinically assessed 
examples of these strategies have been outlined above, but preclinically many more 
adenovirus variants have been published. Strategies aiming at improving selective 
infection include fiber modifications that direct infection to more specific cancer 
cell receptors including integrins 67-70, EGFR 71-76, and fibroblast growth factor-2 
77, 78. Although all of these approaches appear feasible in vitro, the translation to 
the clinic, or even to in vivo studies is not always straightforward as it seems that 
other factors such as the extracellular matrix and other receptors are important 
mediators of adenoviral infection, especially in vivo 40, 79, complicating the intuitive 
approach of retargeting. This observation is corroborated by the lack of published 
clinical trials employing retargeted adenoviruses.
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Armed therapeutic viruses
Transcriptional targeting can be achieved by delivering a gene under the control 
of a suitable tissue or tumor specific promoter (TSP). Promoters of interest include 
surviving 80, COX-2 81, 82, GFAP 83, midkine 82, E2F 84, 85, tTERT 86-88 and for prostate 
cancer, PSA 89. All of these promoters are either active in cancer or specific tissue. 
Therapeutic transgenes such as p53 and HSV-TK can be put under control of the 
TSP, but also the adenoviral genes needed for viral replication (such as E1a, E1b), 
which yields TSP controlled conditionally replicating adenoviruses 90-92.

Combination therapy
Following the somewhat disappointing results of the first trials using adenoviral 
vectors or oncolytic viruses to treat human cancers, efforts were made to increase 
the activity of the first generation vectors, either by creating new vectors as 
described previously, or by combining existing adenoviral variants with more 
conventional therapies. One extra stimulus to pursue this strategy was the positive 
result observed when ONYX-015 was combined with cisplatin and 5-fluorouracil 
in patients with recurrent head and neck cancer, showing impressive tumor 
reductions 58. In addition, combining gene therapy or oncolytic therapy with 
conventional treatments is rational because clinical trials using adenoviruses are 
generally performed in an adjuvant setting following, or combined with, these 
conventional treatments. 

Replication deficient adenoviral vectors have been combined with other 
treatments for several reasons but most often because the transgene of interest 
was known to interact with the specific conventional therapy. The most prominent 
example is the combination of adenoviral expression of p53 and radiotherapy or 
chemotherapy 93-98. Other transgenes have been assessed as well including pro 
apoptotic BAX and HSV-TK 99-102.

Replicating adenoviruses have been a frequent subject of combination therapy 
103-113. Both conditionally replicating viruses as well as chemo- or radiotherapy are 
most effective against actively dividing cells. The mechanism behind the observed 
interaction has remained for the better part elusive despite many hypotheses that 
could at least be partially explanatory. In vitro, expression of the adenoviral E1a 
gene induces s-phase in quiescent cells, possibly sensitizing these cells to radio- 
or chemotherapy 114-116. Otherwise, these conventional treatments may increase 
adenoviral replication or facilitate infection 104, 117, 118. In vivo, other factors 
could participate. One of these factors is the immune suppression offered by 
radiotherapy and especially chemotherapy, decreasing the rate at which viruses 
are eliminated by the immune response following delivery 119-121.

Delivery
No matter how effective an adenoviral vector or oncolytic virus may be, either as 
single treatment or in combination with other therapies, it will cure no patient if 
it cannot reach the tumor. Delivery of adenoviruses to the brain and brain tumors 
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has been one of the most significant and insurmountable obstacles preventing 
the successful application of adenoviruses against this disease. Although this part 
of the introduction specifically refers to adenoviruses, the obstacle of efficient 
delivery is common for all gene therapeutic vectors or oncolytic viruses.

Prior to delivery it should be determined exactly where the virus needs to be 
delivered. Treatment can be directed to specific cells, specific locations in the 
brain or specific structures such as the white matter. When treating brain tumors, 
the target could be the (residual) enhancing tumor mass or migrating cells in 
the infiltrated periphery of the tumor. These different objectives ask for tailored 
delivery strategies. 

Methods of delivery
The brain can be accessed in three ways; through the skull, through the arterial 
blood supply or through the epidural or subdural space, intrathecally.
Intrathecal delivery of therapeutics is relatively non-invasive but does not 
result in deep penetration of the agent to the brain parenchyma 122, 123, and 
delivery of adenovirus by this route results in a predominant infection of the 
arachnoid and pia mater accompanied by an immune response-mediated toxicity 
124, 125. Although this route could hypothetically be utilized in the treatment of 
leptomeningeal metastasis or meningiomas, adenoviral toxicity seems a limiting 
factor for intrathecal delivery.

Intravascular delivery of adenoviruses offers the promise of highly selective 
tumor vascular bed targeting but is confronted by the challenge of passing the 
blood brain barrier (BBB), even when the BBB is disrupted in contrast enhancing 
tumors. Without manipulation of the BBB adenovirus is generally unable to 
reach the brain parenchyma 126, 127. Following osmotic disruption with mannitol 
or disruption by bradykinin, both tumor and brain parenchyma can be targeted 
to varying extent 126-128, but at the cost of significant toxicity and the risk of viral 
infection disseminating to other organs 126. In addition, intravascular delivery 
will render the virus directly susceptible to the potent antiviral effect of the 
immune system.

With both previous methods not ideal for brain tumor treatment, direct 
interstitial delivery has been the most widely used route of administration. Most 
commonly used techniques are the injection of adenovirus into the tumor, or into 
the wound bed following resection of the tumor. Although invasive and with 
the risk of injection related complications, this method of delivery bypasses the 
BBB while this barrier itself limits peripheral toxicity of the treatment. Interstitial 
or intratumoral injections have been used in all clinical trials for GBM using 
adenoviruses up to date 129. This method however did not result in widespread 
transgene activity in the tumor. When assessed, transgene expression could only 
be detected in a small area surrounding the needle or catheter tip 52, 130. It is likely 
that freehand injections result in extensive backflow into the resection cavity that 
might significantly limit the viral dose available at the site of injection.
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To be effective, viruses need to infect a considerable part of the tumor or be 

distributed widely in the parenchyma to infect migrated tumor cells. One method 
that could be used to achieve this goal could be convection-enhanced delivery 
(CED). 

Convection-enhanced delivery
Contrary to diffusion where particle movement and distribution are the results 
of random motion, advection consists of mass movement of particles present in 
a fluid. Convection is the sum of diffusion and advection and thus also implies 
mass movement, or bulk flow. Convection-enhanced delivery, CED, constitutes 
just that, delivery enhanced by convection. On first sight, CED is therefore a 
seemingly uncomplicated delivery method consisting of infusing fluids in the 
brain providing the possibility of eliminating simple diffusion and replacing it by 
convection. Several complicating factors should however be considered. 

The interstitial space in the brain takes up approximately 20% of the total 
brain volume 131. Any extracellular particle delivered by CED will initially distribute 
over this volume and therefore the total distribution volume could theoretically be 
5 times larger than the volume infused, yielding a ratio of volume of distribution 
(Vd) to volume of infusion (Vi), Vd/Vi, of 5. The actually achieved Vd/Vi ratio is 
however dependent on many other factors, and not every agent is suitable for 
CED when the objective is to target an as large volume as possible. The Vd can be 
elegantly predicted by mathematical modeling of the infusion process 132-138. Such 
simulations are important as they allow us to understand the observed effects of 
CED. A complete mathematical analysis would however be too complicated to 
include here and therefore some important aspects will be highlighted, some of 
which especially concern adenovirus delivery.

Convection needs to be accommodated in a medium, which in the brain is 
the extracellular space (ECS). The brain is considered to be a poroelastic medium 
and the normal movement of materials in the interstitial space of the gray matter 
is consistent with diffusion through a porous medium 139, while in white matter 
evidence for a significant natural bulk flow of interstitial fluid exists 140. In addition 
to this purely interstitial fluid movement, a paravascular fluid flow exists both in 
white and gray matter perivascular spaces 141-143. 

CED is dependent on the characteristics of the ECS. Important aspects for CED 
are the constituents and, especially for large particles, the width of the ECS. The 
width of the interstitial space, or pore size, in gray matter has been estimated to 
be 38-64 nm 144, while the width of the perivascular spaces may exceed 500nm. 
With interstitial infusion, the interstitial space may be dilated which is especially 
apparent in white matter 145-147. 

In the ECS, the tissue binding and degradation rate of any agent significantly 
affects its distribution, with high rates decreasing the possible Vd. Because 
convection is determined not only by advection but also by diffusion, a low diffusion 
coefficient would similarly affect the Vd. In addition, as mass particle movement 
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and diffusion could both be influenced by tissue and particle characteristics, 
advection itself might well be correlated to the diffusion coefficient. Therefore 
the diffusion coefficient is an important parameter in CED.

Efflux of infusate from the targeted region is dependent on the interstitial 
pressure, infusion pressure, intravascular pressure and tissue mechanics. Interstitial 
pressure varies between tumor, necrotic areas and brain parenchyma, with high 
intratumoral pressures generally leading to rapid efflux out of the tumor into the 
surrounding brain parenchyma or necrotic areas 148, 149. 

Infusate backflow along the infusion catheter is an important factor and is 
dependent on catheter diameter, flow rate and the mechanical properties of 
the infused tissue 133, 150. Backflow could result in severe toxicity when a toxic 
compound reaches the brain surface or ventricles 151. In clinical trials, strict 
guidelines that describe the distance the catheter tip needs to be away from 
ependymal, brain or cavity surfaces, have been devised to prevent backflow 149, 
but aside from the backflow occurring as a result of direct tissue disruption, it 
can never be completely prevented as it is inherent to the stresses and strains 
resulting from intraparenchymal infusions 133.

Imaging Adenoviruses
Imaging the distribution or activity of adenoviruses following gene therapy or 
virotherapy is technically difficult but the relevance is undeniable. In addition, 
imaging CED is of great importance as it should always be clear if the delivery 
method has been accurate to be able to comment on the specific activity or 
toxicity of any anti-cancer agent.

Imaging the distribution of Ads can be performed by imaging the particle 
itself, by imaging a surrogate marker showing a similar distribution to Ads or by 
imaging the effect of the Ad as a secondary marker of distribution.

Imaging the particle itself is complicated as the viral particle needs to be 
labeled with either a PET tracer or MRI contrast agent when applied in human 
studies while in animal studies bioluminescence or fluorescence reporters can 
be used. Of these two options, only the fluorescence reporters have been 
successfully used to image the viral particle. Examples include single labeling 
using Cy-3 and eGFP constitutively expressed in the viral capsid, which allows for 
repetitive imaging following viral replication 152-156. 

Using a surrogate marker has the advantage that the adenovirus does not 
have to be genetically or chemically modified. Using such surrogate tracers, both 
Adenovirus and Adeno-associated virus distribution has been imaged by MRI or 
iron staining using super paramagnetic iron oxide nanoparticles (SPIO) that have 
a diameter similar to the viral particles 127, 157, 158. A disadvantage is that surrogate 
markers have to be chosen of which the distribution closely mimics that of the 
virus, preferably using the same cellular receptors. 

Transgene expression can be used to determine which cells were infected 
following delivery of the virus. Examples include expression of PET markers such 
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as HSV-TK that can be imaged using PET tracers such as [18F]FHBG, [(3)H]FEAU 
or [14C]FIAU 159-161, and the somatostatin receptor subtype 2 (SSTR) that can 
be visualized using the somatostatin analogues (99m)Tc-P2045 or 111In-DOTA-
Tyr3-octreotate 162, 163. Transgene expression is probably the most practical way of 
visualizing the distribution but it should be remembered that transgene expression 
does not primarily represent viral distribution, but rather the consequences and 
efficacy of infection. 

Adenoviruses or oncolytic viruses lacking a transgene with imaging capabilities 
can be tracked only using indirect methods such as contrast enhanced MR 
imaging or Positron emission tomography of the effect of the virus on for 
instance a tumor. These methods are obviously rather crude and do not provide 
information about the actual distribution of the virus, but may be useful for 
therapy follow-up purposes.

AIM AND OUTLINE OF THE THESIS 

Oncolytic virotherapy and gene therapy provide an uncommon therapeutic 
option in the treatment of high grade gliomas with many pitfalls needing to be 
conquered. This thesis hopes to offer some improvements in oncolytic viral therapy 
for gliomas as discussed at the beginning of this introduction and repeated here:

 » Imaging the distribution and effect of adenoviruses in the brain
 » Improving the oncolytic potency of conditionally replicating adenoviruses
 » Improving the distribution of adenoviruses in the brain.

Chapter 2 investigates whether conventional 18F-deoxyglucose positron 
emission tomography could be used to monitor the effect of oncolytic viruses 
in vitro using multicellular spheroids. This preliminary investigation could be 
important as oncolytic viruses could increase the metabolic activity of infected 
cells but subsequent lysis of tumor could equally decrease the overall metabolic 
activity. In addition, PET might provide an assessment of adenoviral activity in 
the postoperative period when MRI is not useful due to non-specific changes in 
contrast enhancement.

In chapters 3 and 4 we attempt to improve the activity of 2 oncolytic 
adenoviruses, one directed to integrins and one expressing p53, by combining 
these with radiotherapy in both a subcutaneous glioma model and an orthotopic 
model. In these chapters we discuss the improved efficacy of this combined 
treatment and the differential effects in subcutaneous and intracranial models.

Chapter 5 is devoted to the intracranial delivery of adenoviruses by CED, 
research that has been performed in the preparation of a clinical trial using CED 
and the oncolytic adenovirus Ad-delta24-RGD in glioma patients. This chapter 
tries to answer the important question if the size and characteristics of the 
adenoviral particle make it a feasible CED agent.
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Chapter 6 contains a slight detour from the translational research covering 

the rest of the thesis and has been conceived from the problem that exists when 
trying to objectively compare several oncolytic viruses. In this chapter we attempt 
to find an objective assay for this comparison using mathematical modeling.
Chapter 7 contains a venture into the future of gene therapy where adenovirus 
is delivered using tumor targeting adipose tissue derived stem cells. Although 
clearly not clinically applicable anytime soon, studies like these further underscore 
the importance of adenoviral delivery and the methods that can be used to do 
so, now or in the future.

The most important findings in this thesis as well as an outlook into the 
future of oncolytic virotherapy and gene therapy are discussed in chapter 8 while 
chapter 9 contains a dutch summary.
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ABSTRACT

Multicellular tumor spheroids are used as a model to assess the efficacy 
of replicating oncolytic adenoviruses. As most assays used to assess 
cellular viability are unsuitable for oncolytic viruses because of ongoing 
viral replication, we have used Positron Emission Tomography (PET) to 
sequentially determine the incorporation of 18F-labeled deoxyglucose 
(18F-DG), as a measure of viability and compared the results to more 
commonly used assays for measuring the effect of oncolytic therapy. 
Glioma monolayer cultures and spheroids were infected with 
wildtype replicating adenovirus and viability was measured by 18F-DG 
incorporation, WST-1 assay, crystal violet assay and spheroid volume 2 
to 10 days following infection. Results show that volume measurements 
in adenovirus infected spheroids are confounded by the cytopathic 
effect occurring in infected cells. 18F-DG PET provides a useful method to 
assess small differences in cell number and viability following oncolytic 
viral therapy in glioma monolayer cultures and spheroids without the 
need for disintegration of these cultures. Moreover, using 18F-DG PET, 
repeated sequential measurements of spheroid viability can be made, 
decreasing the required number of spheroids per experiment. This is a 
valuable feature when using spheroids derived from limited amounts 
of patient material.
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INTRODUCTION

Tumor selective replicating, or oncolytic, adenoviruses are a relatively new 
treatment modality that is being studied in various types of cancer, including 
malignant gliomas 1, 2. Injection of adenoviral particles into a tumor mass will lead 
to multiplication of these particles in the infected tumor cells, lysis of the cells 
and subsequent spread of the viral progeny and infection of neighboring tumor 
cells, resulting in lysis of the tumor mass. The potential of this and other new 
anti-cancer treatments needs to be evaluated in an in vitro setting, using cultured 
tumor cells. As spreading of the virus throughout the tumor is the main factor 
determining therapeutic success, it is of great importance that these agents are 
assessed in a reliable and reproducible three-dimensional in vitro model. 

Therefore, we and others have established a three-dimensional in vitro tumor 
model, consisting of multicellular spheroids, which can be used to study the 
spread of replicating viruses in the tumor mass 3, 4. The multicellular spheroid 
can be grown from tumor cell lines using one of many described techniques 
5-7 or derived from primary tumor biopsy material 8, and is being widely used in 
cancer research. 

Two problems hinder the use of multicellular spheroids in the assessment of 
oncolytic viral therapy. The first problem concerns the difficulty of producing 
spheroids of equal size, often resulting in high variability and thus large 
experimental groups. Secondly, assessment of therapy response in spheroids 
is difficult. Most established methods for measuring the effect of therapy in 
spheroids or tumor cells, such as the outgrowth assay and clonogenic assay, 
cannot be used in the context of replicating viruses since ongoing viral replication 
within the cells will hamper these assays. Moreover, methods used to measure 
viability of spheroids or monolayer cultures frequently necessitate disruption of 
the cultured cells, making sequential analyses over a period of time in the same 
spheroid or cell culture impossible. The MTT derived WST-1 assay has been used 
to assess spheroid viability in a highly sensitive manner 4. However, the WST-1 
assay is a non-flexible assay allowing the measurement of only one aspect of 
cellular viability (i.e., mitochondrial activity). Moreover, it is questionable whether 
colorimetric assays reflecting metabolism are capable of measuring cell viability 
in the core of the structure as diffusion of the formed formazan dye into the 
culture medium may be limited within spheroids. Therefore, other methods 
that minimize experimental variability and reliably assess spheroid viability are 
warranted for evaluation of oncolytic viral therapies using this model.

18F-labeled deoxyglucose positron emission tomography (18F-DG PET) has 
frequently been used in the imaging and follow-up of Glioblastoma [reviewed 
in 9]. Neoplastic transformation leads to increased uptake of 18F-DG by tumor 
cells, which is caused by the increased membrane glucose transport capability of 
transformed cells. As the MTT assay may be considered a measure for glucose 
metabolism 10, results obtained by the MTT derived WST-1 assay and 18F-DG 
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incorporation, could give comparable results in in vitro studies. In addition, PET 
might be used sequentially, therewith overcoming the need for new spheroids at 
each time point and reducing the experimental group size.

Therefore we studied the possibility of using PET using 18F-labeled 
deoxyglucose as a tracer to assess cellular viability in monolayer cell cultures and 
tumor spheroids following treatment with an oncolytic adenovirus.

MATERIALS AND METHODS

Tumor cell culture.
Glioma cell lines U-87MG and U-373MG were originally obtained from the 
ATCC (Manassas, VA, USA). U-251MG glioma cells were a kind gift from J. van 
den Berg (dept. of radiobiology, VU University Medical Center, Amsterdam, the 
Netherlands). Cells were cultured in DMEM with penicillin, streptomycin and 
10% fetal calf serum (Gibco BRL Life Technologies, Paisley, United Kingdom) in a 
humidified incubator containing 5% CO2 at 37°C. 

Monolayer cultures and spheroids 
Monolayer cell cultures were created by placing up to 5x105 exponentially 
growing glioma cells per well in 24 well culture plates in 500μl culture medium. 
To determine the sensitivity of PET, cells were plated in increasing numbers 
from 1x104 to 5x105 cells per well. In experiments determining the effect of the 
oncolytic virus, 5x104 cells per well were used. 

To assess spheroid viability by PET, spheroids of glioma cell line U-87MG 
were produced by placing 1x104 up to 1x105 cells per 2% agarose-coated well 
in 96-well plates in 150 μl of DMEM culture medium. After allowing the cells to 
rest for 1 hour in a humidified incubator containing 5% CO2 at 37°C, plates were 
placed in an orbital shaker and incubator (Unimax 1010 and incubator 1000, 
Heidolph instruments, Germany) at 37°C and left rotating overnight at 110 rpm. 
The following day plates with formed spheroids were returned to the incubator 
for further culture. Culture medium was refreshed every four days. Using this 
method, spheroids of equal size and shape can be created from many cell lines in 
a fast and reliable manner that can be cultured up to 8 weeks 11, 12.

To assess viral oncolysis, spheroids consisting of 5x104 cells were used.

Adenoviral infection
To assess viral oncolysis we used the replication competent wild-type adenovirus 
type 5, Ad.wt, provided by Dr. R. Hoeben from Leiden University Medical Center, 
Leiden, The Netherlands. Infection of monolayers was performed at varying 
multiplicities of infection (MOI) ranging from 0 to 100 plaque forming units (PFU) 
per cell. Spheroids were infected with 1x105 or 1x106 PFU of Ad.wt in 200μl of 
medium. Monolayer cultures were infected one day after plating of the cells, cell 
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line spheroids were infected 3 days after production. After infection, spheroids 
were transferred to new agarose-coated 24 well culture plates in 500μl DMEM.

Oncolytic effects of Ad.wt on tumor cell monolayers were assessed 3 days 
post-infection to determine the dose response effect, and at 3, 5 and 7 days 
when effects of virus were sequentially measured. In spheroids the oncolytic 
effect was measured at 2, 6 and 10 days post-infection. After this period 
spheroids generally became completely lysed, precluding accurate measurements 
of metabolic activity or volume.

18F-DG incorporation assay and positron emission tomography
To assess 18F-DG incorporation, spheroids were transferred by pipette to 
uncoated 24 well culture plates. For monolayers and spheroids, culture medium 
was replaced by 500 μl glucose-free RPMI-1640 medium (Gibco BRL Life 
Technologies, Paisley, United Kingdom) after two 5 minutes washing steps in 
PBS. After an additional incubation time of 4 hours for the spheroids and 1 hour 
for monolayer cultures, 18F-labeled deoxyglucose (Mallinckrodt, Inc. BV, Petten, 
the Netherlands) was added to an activity level of 3.7 MBq/ml at calibration 
(scan) time. One hour after incubation with 18F-DG, monolayers and spheroids 
were washed twice for 5 minutes in PBS and replenished with new RPMI culture 
medium. Washing times of spheroids are critical up to a total time of 10 minutes, 
and longer washing times have only a limited effect on tracer uptake 13. In 
addition, the bioavailability of 18F-DG is equal for all cells in small spheroids 
14 and the measured signal is not caused by unspecific binding of tracer to 
cellular membranes 15. The remaining 18F-DG incorporation was measured under 
a Siemens ECAT HR+ scanner (Siemens, Knoxville, TN). Background correction 
was performed by incubating an empty culture well with 18F-DG and subsequent 
washing steps with PBS. After reconstruction, the results were quantified by 
drawing regions of interest (ROI) around the wells and calculating total activity 
per well using a CAP algorithm in a SUN system. In order to detect a possible 
effect of the repeated glucose depletion on the viability of spheroids, uninfected 
control spheroids were treated as described above, and viability was measured 
using the WST-1 assay after 2, 6 and 10 days and compared to spheroids that 
were not depleted with glucose.

WST-1 assay
Quantification of cell proliferation and cell viability using the WST-1 assay (Roche 
Diagnostics, Mannheim, GE) is based on the cleavage of the tetrazolium salt 
WST-1 by mitochondrial dehydrogenases in viable cells. After addition of a 10% 
WST-1 solution the formazan dye formation is monitored spectrophotometrically 
(OD450) in time. In monolayer cultures, a 100 μl 10% WST-1 solution was added in 
24 well plates. Spheroids were transferred by pipette to uncoated 96 well culture 
plates where a 100 μl 10% WST-1 solution was added. Incubation time with 
WST-1 was defined according to the manufacturer’s instructions. 
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Crystal violet assay.
Four days after infection, cells were washed twice in PBS and then fixed in 4% 
formalin. The formalin was removed and 0,5 ml of 1% crystal violet in 70% 
ethanol was added to each well and allowed to stain the cells for approximately 
15 minutes, followed by washing with tap water. 

The assay was quantified by dissolving the crystal violet dye in 250μl 10% 
acetic acid, after which absorption was measured using a spectrophotometer 
(Biorad) at 595nm. 

Spheroid volume
At the indicated days after infection digital pictures were taken using a constant 
magnification factor and image resolution. As virus-infected spheroids undergo 
a cytopathic effect associated with swelling and disintegration of outer cell 
layers, confounding volume measurements, the edges of these spheroids were 
determined to be that part of the spheroid where a clear distinction between 
the dark core and lighter zone of detaching cells from the spheroid could be 
made. Image analysis software (imageJ, NIH, http://rsb.info.nih.gov/ij) was used 
to determine the volume of the spheroids.

Statistical analysis
Results comparing the WST-1 assay to 18F-DG incorporation in experiments using 
adenoviral infection are presented by viability as percentage of uninfected control. 
Statistical comparisons were based on unpaired student’s t-tests and p<0,05 was 
considered statistically significant. Linear regression analysis was used to assess 
correlation between WST-1 conversion and 18F-DG uptake.

RESULTS

PET sensitivity in monolayer cell cultures and multicellular spheroids
PET detected significant differences between 1x104 and 2.5x104 and up to 5x105 
exponentially growing cells in U-251MG and U-373MG glioma monolayers, 
indicating the high sensitivity and feasibility of using a clinical PET scanner for in 
vitro experiments. We observed both the expected linear relation between cell 
number and 18F-DG uptake in these exponentially growing cells (r>0.99, p<0.01) 
(figure 1A and 1B) as well as a high degree of correlation between results of the 
WST-1 assay and 18F-DG uptake (r>0.99, p<0.01).

Due to the relatively high metabolic activity of the outer zone of spheroids, 
and possible limited diffusion of glucose to the core of the spheroid, it may 
be expected that 18F-DG incorporation in smaller spheroids is relatively higher 
per unit volume, and thus per cell, than in larger spheroids. Therefore, 18F-DG 
incorporation and results of WST-1 conversion assay were compared to each 
other in spheroids differing in number of cells per spheroid and size. Larger 
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spheroids showed a higher total metabolic activity as measured by WST-1 and 
18F-DG incorporation when compared to smaller spheroids (figure 1C). WST-1 
conversion and 18F-DG incorporation per cell however, was significantly higher in 
the smaller compared to the larger sized spheroids (2.3 and 2.9 fold respectively, 
p<0,01). The relation between WST-1 conversion or 18F-DG incorporation and 
number of cells per spheroid was therefore not linear.

Viral oncolytic effect on monolayer cell cultures and multicellular spheroids
The oncolytic effect of wild-type adenovirus, representative for oncolytic 
adenoviruses, on monolayer cultures of U-87MG, U-373MG and U-251MG 
glioma cells was assessed 3 days and up to 7 days post-infection by WST-1 
conversion assay, 18F-DG PET and a quantified crystal violet assay. Cells were 
infected with wildtype adenovirus at a multiplicity of infection of 0 to 100.

Figure 1. 18F-DG incorporation and WST-1 
signal increase with increasing cell number 
in monolayer cultures and multicellular 
spheroids. A-B, 1x104 to 5x105 cells were 
plated in 24 well culture plates. Metabolic 
activity was measured after 24 hrs. (mean 
± sd, n = 4). A, U-251MG, B, U-373MG. C, 
Spheroids differing in size were grown by 
spinning U-87MG cells at 110rpm overnight. 
3 days later viability was measured by WST-1 
or 18F-DG incorporation (mean ± sd, n = 6). � 
WST-1, � 18F-DG.
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A dose response effect was found between viral dose and monolayer viability, 
with viability of the monolayer cultures infected with the highest MOI decreasing 
to approximately 20% of control in all three cell lines tested (shown for U-373 in 
figure 2A). WST-1 signal correlated to 18F-DG incorporation (r>0.98, p<0.01) and 
to the quantified crystal violet assay in all the cell lines used. When monolayer 
viability was measured sequentially, 18F-DG PET allowed determination of 
decreasing cellular viability over time in U-373 and U-251 glioma cells infected with 
wild-type adenovirus up to 10 MOI (figure 2B). Sequential 18F-DG incorporation 
was comparable to WST-1 conversion for which fresh cell cultures were used in 
each measurement. No cytotoxicity caused by the repeated depletion of glucose 
or administration of 18F-DG was observed.

WST-1 conversion following infection of U-87MG spheroids with 1x105 or 
1x106 PFU of Ad.wt was compared to spheroid volume in the 10 day period 
following infection.

During this period, spheroid volume of untreated spheroids increased nearly 
exponentially from 0.51±0.04 mm3 to 2.48±0.15 mm3. Infection with 1x105 PFU 
Ad.wt had no significant effect on spheroid volume (2.55±0.19mm3, 103% of 
control) (figure 3A). However the oncolytic effect of 1x106 PFU caused a growth 
delay starting at day 6. The volume of these spheroids 10 days after infection was 
1.52±0.1 mm3, or 61±4% of control.

Figure 2. Viability of monolayer cell cultures decreases and can be assessed sequentially 
using PET following infection with wildtype adenovirus. A, 5x104 cells of astrocytoma cell 
lines U-251MG, U-373MG and U-87MG were seeded. Cell viability was measured by WST-1 
conversion, Crystal violet assay and 18F-DG uptake 3 days after infection. Shown are results 
for U-373MG (mean ± sd, n = 4). � WST-1, � 18F-DG uptake, � Crystal violet.  Values are 
represented as percentage of uninfected control. B, sequential PET measurements and WST-1 
results of U-373MG cells infected with 0,1, 1 or 10 MOI Ad.wt. solid lines 18F-DG uptake, 
dashed lines WST-1,� MOI 0,1, � MOI 1 � MOI 10.
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Figure 3. Spheroid volume measurements are confounded after oncolytic adenoviral therapy. 
Spheroid volume and viability measured by WST-1 assay after infection with 105 and 106 PFU 
Ad.wt (mean ± sd). A, spheroid volume in mm3, B, WST-1 assay as percentage of uninfected 
control (control at each measurement set at 100%). � uninfected control, � 105 PFU, � 106 PFU.

Figure 4. Sequential assessment of spheroid viability following adenoviral infection using PET. 
A, Graphical representation of metabolic activity of U-87MG spheroids 10 days after infection 
with Ad.wt as measured by 18F-DG PET using ROI analysis, n=8, from left to right: control, 105 
PFU, 106 PFU. B, Spheroids were infected with 105 or 106 PFU of wildtype adenovirus. Viability 
was sequentially measured by 18F-DG uptake or in new spheroids by WST-1 conversion at 2,6 
and 10 days post infection. Uninfected spheroids were used as control (mean ± sd, n = 8). Solid 
lines 18F-DG, dashed lines WST-1. � 105 PFU, � 106 PFU. Viability of uninfected control set at 
100% at each time point.
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Ten days after infection of spheroids, 1x105 or 1x106 PFU of Ad.wt decreased 
WST-1 values to 86±3% and 58±6% of control respectively (figure 3B). At earlier 
time points, no significant effects of oncolysis on WST-1 values were noted. The 
results show that effects of oncolytic virus on spheroids were detected with more 
accuracy using the WST-1 assay compared to volume measurements. 

Determination of viral oncolytic effect on spheroids by PET
Contrary to WST-1, the use of F-DG-PET allows repeated measurements of 
adenoviral oncolytic effect on spheroid viability. This approach using 18F-DG was 
compared to WST-1 conversion in virus-infected spheroids where new spheroids 
were used for each measurement. 

The repeated depletion of glucose had no effect on spheroid viability as 
measured by WST-1 assay (data not shown). Using ROI analysis per well to calculate 
F-DG incorporation in 24 well culture plates provided a clear distinction of activity 
per spheroid with no overlapping signal to neighboring wells (figure 4A).

In these experiments, 18F-DG incorporation and WST-1 conversion showed 
comparable results when used to determine the effect of adenovirus on 
multicellular spheroids. However, PET showed a decrease in signal before an 
effect was noted using the WST-1 assay (viability 6 days following infection with 
106 PFU: 18F-DG PET 57±10% of control, WST-1 102±6% of control) (figure 
4B). Ten days after infection, viability of spheroids infected with 106 PFU was  
25±4% (18F-DG PET) compared to 37±15% (WST-1). PET results of repeated 
measurements were comparable to those obtained from single PET measurements 
in representative samples from infected spheroids (data not shown). The results 
suggest that 18F-DG PET can be used to measure the metabolic activity of virus 
infected multicellular spheroids repeatedly over time.

DISCUSSION

The multicellular spheroid is the most relevant in vitro model to assess the 
activity of oncolytic replicating adenoviruses, and there is a need for a reliable 
assay to repeatedly determine the viability of spheroids following oncolytic 
treatment.

The current experiments were performed to assess the possibility of measuring 
uptake of 18F-labeled deoxyglucose as a marker of viability in multicellular 
spheroids and monolayer cultures treated with a replicating adenovirus. The PET 
scan results were compared to the established WST-1 assay for viability, spheroid 
volume, and the crystal violet assay for monolayer cultures. 

These studies show that 18F-DG incorporation as measured by PET scan 
correlates to the highly sensitive WST-1 assay as a marker of proliferation or 
metabolic activity in both monolayer cultures and multicellular spheroids and 
that PET may be used to perform sequential measurements on single spheroids.  
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Both assays depend on the diffusion of tracer or substrate inside spheroids and 
the metabolic activity of spheroid cells. At the same time, oncolytic viruses affect 
spheroid volume. Therefore experiments were performed to assess the effects 
of spheroid size on the measured signal. The relatively high 18F-DG uptake and 
WST-1 conversion per cell in small spheroids compared to the larger spheroids 
may be explained by the existence of a central non-proliferating core and a 
metabolically more active rim. As this rim is of equal thickness in either large or 
small spheroids under equal culture conditions 16, 17, small spheroids will possess 
a relatively higher amount of proliferating and metabolically active cells, and thus 
a higher degree of 18F-DG incorporation per cell. In addition, 18F-DG  and WST-1 
penetration inside the spheroid may be hampered in the larger spheroids 18. 
Therefore, differences in spheroid volume may have a significant influence when 
determining the effect of therapy using either assay. This is substantiated by a 
study from Senekowitsch-Schmidtke et.al. who demonstrated that a decrease in 
F-DG incorporation per spheroid was accompanied by an increase in metabolic 
activity per cell following radiotherapy of adenocarcinoma spheroids 14. These 
results could partially be explained by the size differences between irradiated and 
untreated spheroids. 

Growth and viability of spheroids largely depend on the availability of glucose. 
Glucose uptake in spheroids may be considered to be a crucial parameter to 
determine spheroid viability 19, 20.

Although 18F-DG and other tracers have been used to determine the viability 
of tumor spheroids 13, 14, 21, 22, these studies generally used a gamma counter 
to assess glucose incorporation. PET has never been employed to detect F-DG 
incorporation. PET is being used with increasing frequency as a diagnostic tool 
and for assessment of response to treatment in the clinical setting. Therefore, PET 
scanners are frequently becoming available in large clinical centers. In addition, 
PET may well be considered in the response assessment in clinical trials employing 
gene therapy or oncolytic therapy 23, especially in the early period following 
tumor removal and viral treatment when other imaging modalities such as MRI 
could be less useful because of unspecific tissue changes.

The use of PET to determine glucose incorporation proved to be quick and 
practical, and the procedure showed reproducible results in all experiments. 
After addition of 18F-DG, monolayer cultures and spheroids in standard 24-well 
culture plates could be imaged without the need for detachment of cells or 
spheroid disintegration. Although a gamma camera could possibly be used in 
similar experiments, the use of tomography enabled us to assess and quantify the 
activity in multiple cell culture plates simultaneously, which would not have been 
possible using simple planar acquisition methods. 

Importantly, the method that we have used and tested allows sequential 
measurements of tracer uptake in the same cell cultures or spheroids over time, 
reducing experimental variability and group size. This advantage is of great value 
for performing studies in spheroids obtained from primary patient material, 
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which is often available in limited amounts only. In addition, other tracers may 
also be applied in such a test system allowing analysis of various aspects of 
multicellular spheroid biology.

Future studies should include additional tracers to further develop the use of 
PET scanning as a versatile platform for assessment of the effect of viral oncolytic 
therapy in in vitro cell and spheroid cultures.
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ABSTRACT

The conditionally replicating adenovirus (CRAd) Ad∆24-p53 replicates 
selectively in Rb mutant cells, and encodes the p53 suppressor protein. It 
has shown improved oncolytic potency compared to the parental control 
Ad∆24. As exogenous p53 has been shown to enhance radiosensitivity, 
the combination of Ad∆24-p53 and Ad∆24 with radiotherapy was 
assessed in vitro and in vivo against the therapy resistant gliomas.
In glioma cells, multicellular spheroids and animal xenografts the efficacy 
of combination therapy was assessed. P53 phosphorylation, induction 
of apoptosis and viral replication were determined following single or 
combination therapies.
In vitro, Ad∆24-p53 was more effective against glioma cells than the 
control Ad∆24. Addition of irradiation equally increased the efficacy of 
both Ad∆24-p53 and Ad∆24 resulting in improved oncolysis compared to 
single agent treatment. Radiotherapy did not significantly change the 
replication kinetics of Ad∆24-p53 or Ad∆24. No detectable increase in 
p53 phosphorylation was observed but combination of radiotherapy and 
Ad∆24-p53 caused an increase in the percentage of apoptotic cells. In 
vivo, combination therapy with either Ad∆24 or Ad∆24-p53 significantly 
increased the number of mice demonstrating tumor regression (100%) 
as well as long-term survival (50%). no differences between viruses were 
noted.  
Exogenous p53 expression does not appear to increase the synergistic 
interaction of CRAds combined with radiotherapy. These results however 
do indicate that radiotherapy provides the time frame in which Ad∆24 
and Ad∆24-p53 can eradicate established tumors that would otherwise 
escape treatment, and establishes the need to combine these modalities 
to form an effective anti-cancer treatment. 
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INTRODUCTION 

When used in preclinical tumor models, conditionally replicating adenoviruses 
(CRAds) have shown considerable potential in the treatment of various forms 
of cancer such as malignant gliomas. However, the application of such viruses 
in clinical trials has been less successful 1. Limited replication and penetration of 
the adenovirus in the tumor tissue are commonly regarded as the main obstacles 
preventing effective treatment of cancer. In addition, activation of the immune 
system may contribute to the rapid elimination of the administered virus from 
the tumor and surrounding tissue 2. These limitations established the need to 
develop more potent vectors and combine viral treatment with other treatment 
modalities such as chemotherapy or radiotherapy. 

The conditionally replicating adenovirus Ad∆24 contains a 24bp deletion 
in the E1a region limiting replication to cells with disrupted Rb pathway 3. 
Mutations in the Rb pathway may occur in as many as 70% of all malignant 
gliomas 4, 5, making Ad∆24 attractive for selective virotherapy of these tumors. 
However, cells expressing a functional p53 gene product were shown to be more 
vulnerable to adenovirus-mediated lysis 6, 7. Therefore, we previously constructed 
the Ad∆24 variant Ad∆24-p53 that expresses the tumor suppressor gene p53 
and have shown its increased oncolytic potency in vitro and in vivo xenograft 
glioma models 8, 9. In addition, it has been shown by others that exogenous p53 
expression from a replicating adenovirus does not increase toxicity to normal cells 
in vitro 10.

Combining adenoviral treatment with radiotherapy has been studied in 
various tumor models including prostate 11-13, lung 14 and brain tumors 15, 16. We 
envisaged that the combination of Ad∆24-p53 with radiotherapy would be of 
particular interest, as not only replication competent adenoviruses but especially 
exogenous p53 expression are known as effective radiosensitizing agents 17, 18. 
We therefore combined Ad∆24-p53 treatment with radiotherapy in glioma both 
in vitro and in vivo models and compared the efficacy of this virus to that of 
Ad∆24.

MATERIALS & METHODS

Tumor cell cultures and Multicellular Spheroids
Glioma cell lines U-87MG and U-251MG were obtained from the ATCC 
(Manassas, VA). Glioma cell line U-87MG contains a homozygous deletion of the 
p16 locus, PTEN mutation and is wildtype p53, although p53 function appears to 
be attenuated 19; U-251MG glioblastoma has mutated p53, p14arf/p16 deletion 
and PTEN mutation 20.

Tumor cells were maintained in DMEM with 10% fetal calf serum and 
antibiotics (Gibco BRL Life Technologies, Paisley, United Kingdom).
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To prepare spheroids, 5x104 U-87MG glioma cells were seeded in 150 μl of 
DMEM culture medium with antibiotics per 2% agarose-coated well in 96-well 
plates. After allowing the cells to rest for 1 hour in a humidified incubator 
containing 5% CO2 at 37°C, plates were placed in an orbital shaker and incubator 
(Unimax 1010 and incubator 1000, Heidolph instruments, Germany) at 37°C and 
left shaking overnight at 110 rpm to form spheroids of equal size. The next day, 
spheroids were placed back in the incubator and cultured for two more days 
before being used in the experiment, thereby allowing the aggregated cells to 
form compact spheroids.

Viruses
All viruses used have been described in detail elsewhere. AdSVEp53 is a replication 
deficient adenovirus vector carrying a SV40 early promoter-driven human p53 
expression cassette 21. The conditionally replicative adenovirus Ad∆248 carries a 
24-bp deletion corresponding to amino acids 122–129 in the CR2 domain of E1A 
necessary for binding to pRb, as well as a deletion of the E3 gene 3. Ad∆24-p53 
was derived from Ad∆24 by inserting the SVEp53 expression cassette from 
AdSVEp53 in the deleted E3 region 8.

Viruses were plaque purified, propagated on 293 cells for replication-deficient 
vectors or A549 cells for replicative viruses and purified by CsCl gradient according 
to standard techniques. Viral titers were determined by limiting dilution assay on 
293 cells.

Irradiation and infection of cells and spheroids
Cells of the indicated cell lines were irradiated with 0, 3, 6 and 9 Gray (Gy) using 
a Cobalt 100 source at a dose rate of 5.01 cGy/second. Immediately hereafter, 
2x104 cells per well were seeded in 24 well culture plates in 400μl DMEM with 
10% FCS and antibiotics. Cells were infected at the indicated multiplicity of 
infection (MOI) 24 hours after radiotherapy. Virus or control was added in 100μl 
culture medium. The next day, 1.5ml culture medium was added.

Spheroids were replated to agarose-covered 24 well culture plates and 
irradiated with 0 or 9 Gy using a clinac linear accelerator and were treated 24 
hours after irradiation with no virus, Ad∆24 or Ad∆24-p53 at 5*104 Plaque 
Forming Units (PFUs), equivalent to approximately 1 MOI per spheroid by adding 
viral solutions to the culture medium.

Assays for Adenovirus cytotoxicity in vitro
Eleven days after infection, cells were fixed in 3.7% formaldehyde in Phosphate 
Buffered Saline (PBS) for 30 minutes after which they were stained with Crystal 
Violet. Wells were rinsed with tapwater. To quantify the results observed in the 
Crystal Violet staining, Crystal violet was dissolved in 250μl 10% acetic acid, 
after which a 50 μl sample was measured using a spectrophotometer (Biorad) 
at a wavelength of 595nm 14. Experiments were repeated at least 3 times. 
The combination of AdSVEp53 with radiotherapy was assessed 9 days after 
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radiotherapy using the WST-1 assay (Roche Diagnostics, Mannheim, Germany) 
according to the manufacturer’s instructions.  

After spheroid infection, digital pictures were taken 3 times weekly. Spheroid 
diameter was determined to be the dark compact zone of the spheroid, 
discarding the swollen and detached cells forming the outer rim. Digital images 
were analyzed using imageJ software (NIH, http://rsb.info.nih.gov/ij). Color 
images were converted to binary images and thresholded to discard the swollen 
and detaching cells forming the outer rim. Spheroid volume was calculated 
from the resulting black and white image. In a parallel experiment, spheroids 
were transferred after 13 days to uncoated 96 well culture plates containing 
50μl of a 10% WST-1 solution in DMEM. WST-1 conversion was measured 
spectrophotometrically using a plate reader (Biorad) at 450nm according to 
manufacturer’s instructions.

Western Blot Analysis
Cells were seeded in 25 cm2 culture flasks and allowed to attach and grow until 
subconfluent. Cells were then irradiated with 9 Gy or sham irradiated, and the 
next day cells were infected with AdSVEp53, Ad∆24, or Ad∆24-p53 at 100 PFU/
cell for 1 hour after which infection medium was removed and culture medium 
was added. This relatively high dose was chosen to ensure infection of all tumor 
cells. Cells were harvested, centrifuged and washed in icecold PBS 24 hours after 
infection, after which they were lysed in 200μl of a mixture of IgePal, 5M NaCl, 
triethanolamine, deoxycholate, 1mM phenylmethylsulfonyl fluoride, and 50μg/μl 
antipain by three freeze/thaw cycles. Lysates were cleared by centrifugation, and 
protein content was determined using the BCA Protein assay Kit (Pierce, Rockford, 
IL). 15μg of protein was separated on a 10% SDS page gel and transferred to a 
polyvinylidene difluoride membrane (Bio-Rad). Immunoblots were blocked for 30 
minutes in 5% milk in TBS-T and rinsed in TBS-T with 1% milk. Antibodies used were 
for p53 DO-7 (DAKO, Glostrup, Denmark) diluted 1:1000, for p53 phosphorylated 
at serine 15 Ser15 (Cell Signaling Technology, Beverly, MA) diluted 1:2000 in 5% 
BSA in TBS-T and AC-15 (Sigma, St. Louis, MO) diluted 1:5000 for �-actin as a 
loading control, followed by anti-IgG-HRP conjugate (DAKO). Chemiluminescence 
was detected using ECL detection reagent (Amersham, Arlington Heights, IL). 

Detection of Apoptosis
U-87MG cells were irradiated (9gy) and plated on coverslips. After 24 hours 
cells were infected with 100 MOI of Ad∆24 or Ad∆24-p53. 24 hours after 
infection, cells were rinsed in PBS, fixed in 3.7% formaldehyde in PBS and briefly 
permeabilized for 5 minutes (0.5% Triton X-100/PBS). Nuclei were stained with 
1 μg/ml Hoechst-33342 (Sigma, St. Louis, MO) and examined by fluorescence 
microscopy for signs of chromatin condensation and nuclear fragmentation, 
indicative of apoptosis. To quantitate the percentage of apoptotic cells, at least 
500 nuclei per sample were counted.
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Titration of adenovirus produced in cell cultures 
Cells and supernatants of cells irradiated up to a dose of 27 Gy and 24 hours later 
infected at an MOI of 100 PFU/cell with Ad∆24 or Ad∆24-p53, were harvested 
36 and 100 hours after infection. Viral production was assessed by endpoint 
dilution titration on 911 cells seeded in 96-well culture plates at 1x104 cells per 
well. 48 hours after infection of 911 cells, viral titers were determined using the 
AdenoX rapid titer assay kit (Clontech). 

Animal experiments
All animal experiments were approved by the local committee on animal 
experiments and were carried out under the conditions established by the 
European Community (directive 86/609/CCE).

Female SPF athymic nude mice (Harlan, Horst, the Netherlands) were 
injected with 4x106 U-87MG cells in 50μl of PBS in the right hind limb. Tumors 
were measured three times weekly and volume was calculated according to 
the equation: V(mm3) = (4/3 π (length + width)/4 )3. When tumors reached 
approximately 160 mm3 (7 days), animals were randomised and assigned to 
treatment groups (day 0). For irradiation, mice were anaesthetized on day 0 and 
day 4 with an intraperitoneal injection of ketamine (100mg/kg) and xylazine 
(9mg/kg). Mice were then placed in a specially designed box allowing the tumor-
bearing legs to protrude in a 20x20cm irradiation field while protecting the rest 
of the body with a 3 cm lead shield. Mice were irradiated using a clinac linear 
accelerator to a total dose of 10 Gray per irradiation treatment. 

At days 0, 2 and 4 of treatment intratumoral injections were performed with 
50μl PBS, Ad∆24 or Ad∆24-p53 at 3,3x108 PFU in PBS. At days 0 and 4, virus 
injections were performed directly following radiotherapy. The total dose of 
1x109 PFU was chosen as pilot experiments with Ad∆24-p53 showed a modest 
growth delay and less than 10% tumor-free survivors at this dose. Mice were 
sacrificed when their tumors reached 2000 mm3. The experiment was stopped 
after a period of 120 days when there were long-term survivors. 

Immunohistochemistry
After sacrifice of the animals, tumors were excised and snap frozen in liquid 
nitrogen. Tumors were cut into 8μm thick sections using a cryotome. Haematoxylin 
staining was performed on all sections for analysis of morphology. Staining for 
the adenoviral hexon protein and p53 was performed using the polyclonal anti-
adenoviral hexon protein antibody AB1056 (Chemicon international) diluted 
1:1000 in PBS with 1% BSA or for p53 DO-7 (DAKO, Glostrup, Denmark) diluted 
1:1000, followed by the secondary biotinylated rabbit-anti-goat immunoglobulin 
antibody E0466 (DAKO), streptavidin-horseradish peroxidase conjugate (DAKO), 
and the chromogen diaminobenzidine, as described previously 22. 



57AD∆24 AND AD∆24-P53 COMBINED WITH RADIOTHERAPY

3

Statistical methods
Differences between treatment groups in vitro were assessed by one-way ANOVA 
followed by Bonferroni post-hoc analysis. To assess interaction between viruses 
and radiotherapy, two-way ANOVA was used. In cases where the combination 
effect was significantly greater than the summed effects of single agents as 
assessed by two-way ANOVA, the terms supra-additive or synergistic were used. 

In in vivo experiments, statistical significance in tumor growth rate (tumors 
reaching 5 times initial tumor volume) between groups was assessed by the 
non-parametric Mann Whitney test. Tumors not reaching 5 times initial tumor 
volume were censored at 120 days. Median tumor growth delays per group 
were calculated. Tumor regression was described as complete regression being a 
tumor volume less then 15 mm3 on two consecutive measurements and partial 
regression as a 50% decrease in tumor volume in at least two consecutive 
measurements 23.  Differences in long-term survival were assessed by the log-rank 
test. The statistical software package SPSS (SPSS Inc., Chicago, IL, USA) was used 
for data analysis with indicated tests. In all experiments a p-value of  <0.05 was 
deemed statistically significant.

RESULTS

Irradiation enhances the effect of the non-replicating AdSVEp53 in vitro 
Previous studies showed that the exogenous expression of p53 in U-87MG cells 
enhances the effect of radiotherapy 18, 24. To confirm the radiosensitizing effect 
of AdSVEp53, 50 MOI was combined with 6 gy irradiation. Cellular viability, as 
measured by the WST-1 assay, significantly decreased from 82±7% of control 
(irradiation) and 100±8% of control (AdSVEp53) to 39±4% of control for 
the combination (p<0.05, figure 1a). These results show that exogenous p53 
expression in U-87MG glioma cells may increase the efficacy of radiotherapy.

Irradiation enhances the effect of Ad∆24-p53 and Ad∆24 in vitro
Next, the combined effects of irradiation and oncolytic viral treatment were 
assessed in glioma cell lines U-251MG and U-87MG. Exponentially growing 
tumor cells received up to 9 Gy of irradiation and were infected 24 hours later 
with a concentration range of Ad∆24 or Ad∆24-p53. The cancer cell inhibitory 
effect was determined 11 days after irradiation using a quantified crystal violet 
assay (figure 1b-c). A dose dependent effect of irradiation was noted in U-251MG 
and U-87MG, with 9gy decreasing cell viability to 10% and 40% respectively. 
Single treatment with Ad∆24-p53 was more effective than single treatment with 
Ad∆24 needing approximately 10-fold less virus to achieve similar reductions in 
cell viability. Combination of oncolytic adenoviruses and irradiation was more 
effective than single treatment. In U-87MG cells the addition of 6 and 9gy 
irradiation to an MOI of 0.1 of either virus caused a significant and supra-additive 
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Figure 1. Anticancer activity of AdSVEp53, Ad∆24 and Ad∆24-p53 is enhanced when combined 
with radiotherapy. Viability is expressed as percentage of uninfected control. A AdSVEp53 with 
6 gy on U-87MG cells. B and C Ad∆24 and Ad∆24-p53 at a dose of 0.001-1 MOI combined 
with 0,3,6 or 9gy irradiation. Asterisks show significant supra-additive interactions between 
viruses and radiotherapy as assessed by two-way ANOVA, means ± SD *p<0.05.

decrease in viability when compared to single treatments, as assessed by 2-way 
ANOVA (figure 1b). In U-251MG cells combination therapy was supra-additive at 
3 and 6gy when combined with 0.001 or 0.01 MOI Ad∆24-p53, or 0.01 and 0.1 
MOI Ad∆24 (figure 1c). Overall, the combined effects showed a similar pattern 
for both CRAds, with Ad∆24-p53 remaining approximately 10-fold more effective 
against these tumorcells. Therefore, the addition of p53 expression from a CRAd 
did not appear to induce an added radiosensitizing effect.

Irradiation does not result in detectable phosphorylation of Ad∆24-p53-
encoded p53 at serine 15 but induces apoptosis.
Phosphorylation of exogenous p53 at serine 15 following irradiation has been 
reported to increase radiosensitivity of wt p53 cells 25. P53 expression and 
phosphorylation at serine 15 were examined in U-87MG cells after 9 Gy of 
irradiation and infection with 100 PFU/cell Ad∆24, Ad∆24-p53 or the replication 
deficient control vector AdSVEp53. 

As shown in figure 2a, irradiation induced a slight increase in endogenous 
p53 expression without evidence of serine 15 phosphorylation. The control 
vector AdSVEp53 induced p53 approximately 20 fold with concomitant 
phosphorylation. Irradiation promoted exogenous p53 phosphorylation. In 
contrast, oncolytic adenovirus Ad∆24 decreased expression of p53 compared 
to uninfected controls, which was not substantially counteracted by irradiation. 
Ad∆24-p53 induced p53 expression in U-87MG cells at a higher level than did 
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Ad∆24 and this expression increased after irradiation. Serine 15 phosphorylation 
of Ad∆24-p53 encoded p53 could not be detected.

Hoechst staining revealed minimal apoptosis in U-87MG control cells or cells 
infected with either oncolytic virus (figure 2b). Infection with Ad∆24, and to a 
lesser extent Ad∆24-p53 seemed to increase the size of the nucleus in contrast 
to the nuclear shrinkage and fragmentation commonly seen in apoptotic cells. 
Irradiation increased the number of fragmented nuclei, increasing the percentage 
of apoptotic cells to 7±1%. Ad∆24-p53, but not Ad∆24, further increased the 
number of apoptotic cells to 10±1% (p<0.05).   

Figure 2. P53 expression, 
phosphorylation status and 
induction of apoptosis. A 
Western blot analysis of 
glioma cells (U-87MG) for p53 
and p53 phosphorylated at 
serine 15 after treatment with 
irradiation and AdSVEp53, 
Ad∆24 or Ad∆24-p53. �-actin 
expression is shown as a 
loading control. B Hoechst 
staining of U-87MG cells. 
Ad∆24-p53 but not Ad∆24 
increases the percentage 
of nuclear fragmentation 
indicating apoptotic cells when 
combined with radiotherapy. 
Bars show mean ± SD. 
*p<0.05.
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Irradiation does not affect viral propagation 
Combination treatment appeared most effective up to an irradiation dose of 6 
Gy. Therefore, virus progeny production and release were determined 36 and 
100 hours after infecting U-87MG and U-251MG glioma cells with 100 PFU/
cell Ad∆24 or Ad∆24-p53 with or without 6 Gy of irradiation 24 hours before 
infection. At 36 hours after infection intracellular yield of Ad∆24-p53 was 3 and 
5 fold higher than that of Ad∆24 in U-87MG and U-251MG cells, respectively 
(p<0.05). At 100 hrs after infection intracellular yield of Ad∆24-p53 in U-87MG 
cells, but not in U-251MG cells, was still higher compared to Ad∆24 (p<0.05, 
figure 3).

Interestingly, the release of Ad∆24-p53 from infected U-87MG cells was 
accelerated compared to Ad∆24. At 36 hours post infection, approximately 
10-times more Ad∆24-p53 than Ad∆24 virus was found in the culture medium 
(p<0.05). No differences were noted in viral release from U-251MG cells.

Irradiation generally did not induce significant changes in viral production or 
release from infected cells for both viruses. This was not even the case after high 
dose irradiation up to 27 Gy (data not shown). Thus Ad∆24-p53 replicated more 
efficiently in these glioma cell lines, which was unchanged by irradiation. 

Figure 3. Irradiation does not affect viral propagation. Glioma cells were irradiated with 6 Gy 
24 hours prior to infection with Ad∆24 or Ad∆24-p53. Viral yield in cells and supernatant was 
determined 36 and 100 hours after infection. A U-87MG, B U-251MG, Mean ± SD. *p<0.05.
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Combined irradiation and 
Ad∆24-p53 treatment 
effectively kills glioma cells in 
multicellular spheroids.
The enhanced propagation of 
Ad∆24-p53 from infected glioma 
cells theoretically translates 
into improved viral spreading. 
However, as viral spreading 
cannot realistically be assessed 
in a monolayer cell culture, 
and to provide a more accurate 
prediction of in vivo tumor growth, 
multicellular spheroids were 
prepared from U-87MG cells and 
treated with low-dose adenovirus 
(5x104 PFU, approximately 1 MOI) 
and radiotherapy (9 Gy). Treated 
spheroids were cultured for 23 
days during which the volume of 
these spheroids was measured 
three times weekly (figure 4a) and 
in addition viability was determined 
on day 13 (figure 4b). Although 
irradiated spheroids showed a 
substantial growth delay after 
radiotherapy, irradiation hardly 
affected spheroid cell viability. At 
day 13, when irradiated spheroids 
experienced maximal growth 
inhibition, metabolic activity in 
irradiated spheroids as measured 
by the WST-1 assay was still 94% 
of control.

Infection of spheroids with 
Ad∆24 or Ad∆24-p53 did not 
change mean spheroid volumes 
although a small but significant 
decrease of viability (76 vs. 80 % 
of control, p<0.01) was noted. 
In addition, a clear cytopathic 
viral effect was noted in some of 

Figure 4. Enhanced efficacy of Ad∆24-p53 
when combined with irradiation in 
multicellular glioma spheroids. A Spheroids 
were treated with 9 Gy irradiation and 5x104 
pfu of Ad∆24 or A∆24-p53. Spheroid volume 
was determined 3 times weekly. Mean volume 
± SD. * p<0.05 as compared by two-way 
ANOVA to single treatments. B WST-1 assay 
on U-87MG spheroids 13 days after treatment 
with 9 Gy and 5*104 pfu Ad∆24 or Ad∆24-
p53. Data are expressed as percentage 
of uninfected control ± SD. * p<0.05 as 
compared by two-way ANOVA to single 
treatments. C Photomicrographs of U-87MG 
spheroids 23 days after treatment (original 
magnification: x25).
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the Ad∆24-p53 infected spheroids that became visible at day 16. In contrast, 
combination treatment consisting of irradiation with Ad∆24-p53 induced a clear 
effect on spheroid growth in all treated spheroids starting 13 days after treatment. 
This coincided with a more than additive reduction of spheroid cell viability to 
50% of controls (p<0.05, two-way ANOVA). Moreover, overt cytopathic effects 
started to show 11 days after treatment followed by almost complete lysis of 
these spheroids documented at day 23 (figure 4c).

In this model, combining irradiation with Ad∆24 did not increase the efficacy 
of the virus in any detectable way. 

In vivo efficacy studies
Finally, the combined effect of oncolytic adenovirus and irradiation treatment 
was evaluated in a subcutaneous U-87MG glioma model (figure 5 and table 
1). Established tumors were injected with a total dose of 1x109 pfu of Ad∆24 
or Ad∆24-p53 and/or were subjected to 2x10 Gy of irradiation. Tumor size was 
monitored and animals were sacrificed when tumors exceeded a size of 2000 

Figure 5. Oncolytic activity of Ad∆24-p53 and Ad∆24 is enhanced when combined with 2x10 
Gy radiotherapy in U-87MG xenografts. A Average tumor growth curves for the first 25 days 
following treatment.  Mean tumor volume ± SD. B Kaplan-Meier survival curve of mice with 
tumors reaching 2000 mm3. C Representative haematoxylin and hexon staining of tumors 
excised at time of sacrifice (original magnification: x25) Shown are tumors treated with no virus 
or Ad∆24-p53. Ad∆24 showed similar hexon staining. 
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mm3. Median time to reach 5 times initial tumor volume (T5) was 14 days for 
control mice with no spontaneous regression occurring. Radiotherapy provided 
23 days tumor growth delay (T5 37 days p<0.001) but no long-term survivors. 
Treatment with oncolytic adenoviruses yielded a minor and non-significant 
growth delay of 2 days at the end of the experiment. When irradiation and 
oncolytic viruses were combined however, tumor regressions were noted in all 
treated mice, and complete regressions occurred in the majority of these mice. 
Although tumors recurred in some mice even after complete regression, the 
percentage of long-term survivors increased from 0% for irradiation treated 
animals and 11% or 22% for virus-treated animals, to 50% for both groups 
of combination treated animals (p<0.05, table 1, figure 5b). In this respect, no 
significant difference in efficacy between the two oncolytic viruses was observed.

Histological analysis of tumors that escaped treatment and reached 2.000 mm3 
showed typical high cell density with areas of necrosis and no obvious differences 
between irradiated and non-irradiated tumors that were treated with adenovirus. 
Immunohistochemical staining showed hexon protein expression, indicating the 
presence of adenoviral replication, in all tumors that were treated with virus, 
including tumor recurrences that occurred following a complete regression. No 
differences were detected in the amount or pattern of hexon staining in any of 
these tumors (shown for Ad∆24-p53 in figure 5c). We were unable to detect 
exogenous p53 expression above background levels (not shown). 

Table 1. Oncolytic activity of Ad∆24-p53 and Ad∆24 combined with radiotherapy in U-87MG 
tumors. 

n PR CR LTS* p(S)§ T5 (days)‡ TGD (days) p(TGD)§

Control 10 0/10 0/10 0/10 14
Irradiation 9 1/9 0/9 0/9 <0.01 37 23 <0.001
Ad∆24 9 0/9 1/9 1/9 NS 16 2 NS
Ad∆24-p53 9 0/9 2/9 2/9 NS 16 2 NS
Ad∆24 + irradiation 8 1/8 7/8 4/8 <0.05 49 35 <0.05
Ad∆24-p53 + irradiation 10 2/10 8/10 5/10 <0.01 46 32 0.01

PR partial regression, CR complete regression, *LTS, long term survivors as assessed on 
day 120. ‡ T5 Median time to reach 5 times initial tumor volume ± standard error. TGD 
tumor growth delay. §Significance level of survival (log-rank) and T5 (Mann-Whitney) as 
compared to PBS for irradiation, Ad∆24 and Ad∆24-p53 and compared to irradiation 
for both combination groups. NS, not significant. All differences between Ad∆24 + 
irradiation and Ad∆24-p53 + irradiation were not significant.
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DISCUSSION

Selectively replicating adenoviruses have been used in clinical trials treating 
various forms of cancer including glioblastoma multiforme 26-31. Although these 
treatments were generally well tolerated, only limited signs of therapeutic efficacy 
have been observed, one reason for these results being the severe attenuation 
of the replicative ability of the administered viruses. Tumor-specific retargeting, 
enhancement of infection efficacy or the addition of a therapeutic transgene 
(reviewed in 32) may improve the oncolytic activity of replicating adenoviruses, 
however the most promising clinical results were obtained when these viruses 
were combined with a conventional cytotoxic treatment 33. The oncolytic 
adenovirus Ad∆24-p53 combines tumor-selective replication with the expression 
of the p53 tumor suppressor gene. This virus has shown a high potency against a 
number of cancer cell lines as well as xenograft tumor models 8, 9, 34. In the current 
study we combined this oncolytic virus with radiotherapy both in vitro as well as 
in vivo and compared it to Ad∆24.

In vitro experiments using the p53 wildtype cell line U-87MG confirmed the 
increased anticancer effect of exogenous p53 expressed from AdSVEp53 when 
combined with irradiation, accompanied by exogenous p53 phosphorylation 
at serine 15, previously reported to be critical for induction of apoptosis after 
AdSVEp53 and radiotherapy 25. Combination with radiotherapy similarly increased 
the efficacy of low dose Ad∆24 and Ad∆24-p53, however, no phosphorylation 
of p53 could be demonstrated. The lack of detectable phosphorylated p53 
may have been caused by the relatively low exogenous p53 expression in cells 
infected with Ad∆24-p53 when compared to AdSVEp53. After infection with 
Ad∆24, p53 levels were reduced compared to control which was most likely 
due to binding of p53 by the adenoviral E1B protein and is in concordance 
with previous results using different cell lines 8, 35. Exogenous p53 expression 
from Ad∆24-p53 was not as high as expression from the non-replicating vector, 
but rather restored p53 to slightly above the endogenous level. Radiotherapy 
further increased p53 expression. Even in the absence of p53 phosphorylation, 
the combination of Ad∆24-p53 and irradiation caused a small but significant 
increase in the percentage of apoptotic cells, but this effect failed to induce 
additional oncolytic potency to the already powerfull synergistic combination of 
CRAds and radiotherapy. Other studies investigating the additive or synergistic 
effects of virotherapy using adenoviruses and irradiation or chemotherapy have 
generally focused on changes in viral replication. However, these studies reported 
contradictory results since increases 11, 13 as well as decreases 16, 36 or no change 14, 

37 in viral replication were reported. For efficient replication, the adenovirus needs 
to induce or sustain s-phase in quiescent or cycling cells, respectively (reviewed 
in 38). It could therefore be hypothesized that cell cycle affecting treatments such 
as radiotherapy or chemotherapy would have, if any, a primarily negative effect 
on viral replication. However, it is known that the adenovirus E1A protein is 
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capable of inducing s-phase in growth-arrested cells by either the Rb/E2F-1 or the 
P300/CBP pathway 39, the latter being unaffected by the ∆24 mutation. Indeed, 
we show that the replication and lytic properties of both viruses are generally 
unaffected by the addition of radiotherapy, even when given up to a very high 
dose. Importantly, these results may explain at least part of the synergistic effects 
seen when combining CRAds with radiotherapy. The irradiation-induced growth 
delay greatly reduces the number of cells that have to be eradicated by the 
virus, thereby shifting the balance between viral replication and tumor growth 
to the advantage of the virus. When the effect of radiotherapy on growth 
arrest subsides, fewer viable tumor cells will remain in the combination groups 
compared to not irradiated controls, which can subsequently be eradicated by 
the relatively large viral load present in the tumor.

This hypothesis was further investigated using a multicellular spheroid 
model. Viral spreading is difficult to analyse using most in vitro techniques, but 
the spheroid model offers a 3-dimensional system that predicts the oncolytic 
effect of a replicating viral vector in the absence of confounding factors such as 
the immune system 40, 41. These experiments demonstrated that whereas single 
treatment using Ad∆24-p53 caused CPE in some spheroids but was incapable of 
slowing down average spheroid growth, combination treatment caused almost 
complete lysis of all spheroids. Again, these results confirm that radiotherapy 
provides a time window in which the adenovirus is capable of eradicating a solid 
tumor, whereas uncontrolled tumor growth appears to outrun viral replication and 
penetration. Moreover, the activity of the less oncolytic Ad∆24 was not enhanced 
using radiotherapy, emphasizing the need for the most potent oncolytic virus.

In vivo, the oncolytic effect of Ad∆24-p53 or Ad∆24 at the administered 
dose was generally insufficient to significantly decrease tumor growth. However, 
some complete responses were noted. This mixed response to single treatment 
underlines the fine balance between tumor growth and viral replication. When 
tumor growth was inhibited by radiotherapy, both viruses fully eradicated most 
tumors in the first days following treatment and provided long term tumor 
control in 50% of all treated mice. These results again emphasize the need to 
combine replication conditional adenoviruses with a cytostatic treatment that 
does not influence the oncolytic potency of the virus. Additionally, the hexon 
staining present in relapsed tumors shows that when the effect of radiotherapy 
has subsided, the presence of replicating adenovirus may not always be sufficient 
to control tumor growth. 

Contrary to the results observed in vitro, we did not observe differences 
between Ad∆24-p53 and Ad∆24 in vivo as single treatments or when combined 
with radiotherapy. Combination therapy with either virus was so successful 
at eradicating these tumors that differences between viruses may have been 
obscured. In addition, other factors that influence oncolytic viral therapy may 
exist in vivo. For instance, phagocytic immune depletion, which may occur 
following irradiation of the tumor bearing limb, may decrease the amount of 
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virus-eliminating macrophages 42. Importantly, these results not only illustrate 
the efficacy of combination treatment, which has been reported on before, but 
additionally show the need to combine these agents, as single treatments were 
generally insufficient to cause long term survival or significant tumor regression 
in this resistant tumor model.

In the current study, we have shown that the oncolytic activity of Ad∆24 and 
Ad∆24-p53 can be greatly enhanced when combined with radiotherapy, which 
is standard therapy in the treatment of these tumors. This increase in efficacy 
appears to be mediated at least in part by the tumor growth arrest caused by 
radiotherapy, providing a time frame for the oncolytic adenovirus to eradicate 
this fast growing tumor, as its oncolytic action by itself is not affected by the 
radiotherapy. Exogenous p53 expression in the context of a replicating adenovirus 
does not appear to further increase the efficacy of combination therapy. These 
results do not only indicate that the CRAds Ad∆24 and Ad∆24-p53 combined 
with radiotherapy could be attractive options in the treatment of gliomas, they 
equally show that combination with a cytostatic therapy may be critically needed 
to achieve optimal treatment of these fast growing tumors using CRAds.
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ABSTRACT

The integrin-targeted conditionally-replicating adenovirus Ad5-
�24RGD has been demonstrated to possess strong oncolytic activity in 
experimental tumors and is currently being developed towards phase I 
clinical evaluation for ovarian cancer and malignant glioma. Previously, 
we reported that combination therapy of Ad5-�24RGD with irradiation 
led to synergistic anti-tumor activity in subcutaneous glioma xenografts. 
In the current study, the underlying mechanism of action to this synergy 
was studied and the effects of combined therapy were assessed in an 
orthotopic glioma model. 
Sequencing studies in U-87 monolayers demonstrated that delivery of 
irradiation prior to Ad5-�24RGD infection led to a greater oncolytic 
effect than simultaneous delivery or infection prior to irradiation. This 
effect was not due to enhanced virus production or release. Experiments 
using a luciferase-encoding vector revealed a small increase in transgene 
expression in irradiated cells. In tumor spheroids, combination therapy 
was more effective than Ad5-�24RGD or irradiation alone. Staining of 
spheroid sections demonstrated improved penetration of virus to the 
core of irradiated spheroids. Mice bearing intracranial tumors received 
a combination of Ad5-�24RGD with 1x5Gy total body irradiation, or 
with 2x6Gy whole brain irradiation. In contrast to the in vitro data and 
reported results in subcutaneous tumors, addition of radiotherapy did 
not significantly enhance the anti-tumor effect of Ad5-�24RGD. 
Combined treatment with Ad5-�24RGD and irradiation demonstrates 
enhanced anti-tumor activity in vitro and in subcutaneous tumors, but 
not in an orthotopic glioma model. These differential results underscore 
the significance of the employed tumor model in assessing the effects of 
combination therapies with oncolytic adenoviruses. 
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INTRODUCTION

Standard treatment for malignant glioma (radio-chemotherapy with or without 
gross tumor resection) offers a median survival time for patients with high-grade 
gliomas of less than 15 months. New and more efficacious treatment modalities 
are therefore much sought after. In recent years oncolytic viral therapy has 
become a promise for such a new treatment with the development of viruses 
with tumor specific targeting and replication properties. One such tumor specific 
adenovirus was engineered to replicate selectively in tumor cells with lesions in 
the retinoblastoma tumor repressor (pRb) pathway. This was accomplished by 
deleting 24 bp from the E1A gene, which abolishes the pRb binding capacity of 
the E1A protein 1, 2. This adenovirus mutant, known as Ad�24 or Addl922-947, 
demonstrated reduced replication potential in non-proliferating normal cells. 
The anti-cancer efficacy of these agents was confirmed in vitro and in xenograft 
animal models 1, 2. 

Retargeting of adenovirus towards molecules highly expressed on the tumor 
cell membranes has been described for various cellular receptors 3-7. Another 
approach used to target the adenovirus to tumor cells involves the insertion 
of an integrin binding peptide, arg-gly-asp (RGD), into the fiber of the virus, 
allowing the virus to make its primary attachment to integrins. Using replication-
deficient adenoviral vectors encoding luciferase, it was demonstrated that the 
RGD modification drastically enhanced infection efficiency of various tumor 
cells including malignant glioma 3, 8, 9. With the RGD-modified Ad�24 virus, 
Ad5-�24RGD, we and others demonstrated that improved infection efficiency 
translates to enhanced oncolysis in (primary) glioma cells and impressive anti-
glioma activity in subcutaneous and intracranial glioma xenografts  10, 11.

Previous studies using primary glioma cells and glioma cell lines have also 
shown a potentiating effect of irradiation on Ad5-�24RGD-induced oncolysis 
10. The enhancing effect of irradiation on viral oncolysis has been described for 
other oncolytic adenoviruses as well 12-14 15, however, an underlying mechanism 
of action has not been elucidated. In the current study we investigated in vitro 
the optimal sequencing of combined therapy, as well as the effects of irradiation 
on transgene expression, adenovirus receptor (CAR) and integrin expression, viral 
replication and release, and penetration of the virus into a three-dimensional 
tumor model. Moreover, we studied the anti-tumor activity of Ad5�24-RGD 
in combination with total body or whole brain irradiation in an intracerebral 
xenograft model for malignant glioma.
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METHODS

Cell Culture
The Ad5 E1-transformed human embryonal kidney cell line 293, the human lung 
carcinoma cell line A549, and the human glioma cell line U-87 MG were purchased 
from the ATTC (Manassas, VA). All cells were cultured in DMEM supplemented 
with 10% FCS and antibiotics (Life Technologies, Paisley, United Kingdom). 

Recombinant adenoviruses
The recombinant E1-deleted, replication-deficient adenovirus expressing the 
cytomegalovirus (CMV) promoter-driven luciferase reporter gene, Ad.Luc, was 
kindly provided by Dr R.D. Gerard (University of Texas Southwestern Medical 
Center, Dallas). The integrin-targeted replication-deficient adenovirus expressing 
luciferase, Ad5LucRGD, and conditionally-replicating adenovirus Ad5-�24RGD 
were a kind gift of Dr. D.T. Curiel (University of Alabama, Birmingham, AL) 
and have been described previously 9 16. Viruses were propagated, purified and 
titrated as described previously 10.

In vitro transgene expression
U-87 cells were seeded in quadruplicates in 48-wells plates at 2*104 cells per 
well. After 24 hours, cells were irradiated with an 80-KV orthovolt X-ray source 
(Pantak Therapax SXT 150) at a dose rate of 1.3 Gy per min to a total dose of 4Gy. 
Infection of cells with the luciferase-encoding vectors Ad.Luc and Ad5LucRGD 
was performed at 6, 12, and 24 hours post-irradiation. After 48 hours, the cells 
were assayed for luciferase expression using the luciferase chemiluminescent 
assay system (Promega, Madison, WI). 

Monolayer experiments
U-87 cells were seeded in quadruplicates in 96-well plates at 104 cells per well. 
Adenovirus infection was performed at indicated times prior to or post-irradiation 
(4Gy). Cell survival was assessed using WST-1 reagent (Roche Diagnostics, 
Mannheim, Germany). Viability is expressed as a percentage of control untreated 
cells. In parallel plates of monolayer viability experiments, supernatants and 
cell lysates were harvested at various timepoints to follow viral production and 
release. Total amount of virus present in cells and media was determined by 
end-point dilution titration on 293 cells. 

Spheroid experiments 
Spheroids were produced from U-87 cells using an adaptation of the spinner 
flask method  17. Briefly, single-cell suspensions were plated in agarose-coated 
96-well microplates at 104 cells per well and placed on an orbital shaker at 37ºC 
for 24 hours. The rotational forces allow the cells to rapidly aggregate and form 
spheroids of homogenous geometry and size. Spheroid viability was assessed 
using the WST-1 assay. Results are presented as percentage of untreated controls. 
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Cryosections were cut from frozen spheroids at 6 �M and the sections from the 
center of the spheroid, i.e. with maximal diameter, were used for staining for 
adenovirus hexon proteins.  

Flow cytometry
At various timepoints post-irradiation, cultured U-87 cells were immunolabeled 
with either anti-CAR monoclonal antibody RmcB 18, or with anti-�v�3 integrin 
or anti-�v�5 integrin monoclonal antibodies (Chemicon,Temecula, CA). Negative 
controls lacked the first antibody. For detection, FITC-conjugated rabbit anti-
mouse antibody (DAKO, Glostrup, DK) was used. Analysis was performed on a 
FACScan (Beckton-Dickinson, Erembodegem-Aalst, BE). Expression was quantified 
as the relative median fluorescence intensity compared to the negative control.

In Vivo Studies
For assessing the therapeutic effects of Ad5-�24RGD in combination with 
irradiation two animal experiments in a mouse model for intracerebral glioma 
were performed, the results of which are presented jointly in figure 5. In the first 
experiment, the effect of Ad5-�24RGD in combination with total body irradiation 
was assessed, and in the second experiment the effect of Ad5-�24RGD in 
combination with whole brain irradiation was assessed. In both experiments, 
U-87 cells were stereotactically injected into the right frontal lobe of adult female 
athymic nude mice (Harlan, Horst, The Netherlands) as described previously 19. 
Mice were randomly assigned to each of 4 treatment groups: PBS, RT, Ad5-
�24RGD, and RT+Ad5-�24RGD. For the first experiment, total body irradiation 
(TBI) was performed once on day 3 at a dose of 5 Gy (maximum tolerated 
dose).  Mice were irradiated with 15 MV X-rays, using a linear accelerator Varian 
Clinac 2300 C/D (Varian Medical Systems, Willich, Germany).  For the second 
experiment, tumor-bearing mice received whole brain irradiation (WBI). For 
this, a specific perspex (polymethyl methacrylate) box was designed which was 
constructed such that the mouse heads are positioned in the radiation field while 
the rest of the mouse is positioned outside that field under lead protection. The 
mice were irradiated on day 3 and day 7 post tumor cell injection at a dose of 
6 Gy each. This dose was tolerated well in pilot experiments. On day 4, mice 
in virus groups of both experiments received 2*107 pfu Ad5-�24RGD in 3�L 
PBS inoculated stereotactically into the same coordinates as the tumor cells and 
non-virus groups received 3 �L PBS. In both experiments animals were monitored 
daily and sacrificed upon appearance of symptoms evident for moribund decline. 
Brains were removed and frozen for (immuno)histological analysis.

(Immuno)histochemistry. 
Histological analysis of mouse brains was performed on hematoxylin and Eosin–
stained cryosections. Immunohistochemical staining for adenovirus hexon 
proteins was performed on acetone-fixed cryosections of U-87 spheroids or mice 
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brains from in vivo experiments using the goat anti-adenoviral hexon protein 
antibody 1056 (Chemicon) as described previously 19. Bound primary antibodies 
were detected using HRP-conjugated rabbit-anti-goat antibodies and exposure 
to the chromogens 3-amino-9-ethylcarbazole (AEC) or diaminobenzidine (DAB). 
Scoring of adenovirus staining was performed on 5-10 cryosections, obtained 
from different areas of the tumor, of each virus �RT-treated tumor with exception 
of the long-term survivors. The total numbers of ‘hot spots’, indicating individual 
hexon positive areas within the tumor, were counted in each tumor cryosection 
using light microscopy and are presented as means �SEM.

Statistics
Data from in vitro experiments are presented as means plus or minus standard 
deviation. Statistical analysis between groups was conducted with the two-
tailed student t-test.  For the in vivo experiments, a Kaplan Meier analysis was 
performed and survival in different treatment groups was compared using the 
Log-rank test. 

RESULTS

Dose and schedule-finding experiments
To determine the optimal sequence and schedule for Ad5-�24RGD and irradiation 
therapy, U-87 monolayers were infected 6 or 24 hours prior to irradiation, or 6 
or 24 hours post-irradiation. A dose-range of Ad5�24RGD and 4Gy irradiation 
was used. In parallel experiments, this irradiation dose was found to give greatest 
enhancement of viral oncolysis relative to controls (not shown). Viability was 
determined on day 8 post-infection. As shown in figure 1, infection of cells 24 
hours post-irradiation led to a greater enhancement of the oncolytic effect than 
delivery of the therapies on the same day or infection 24h prior to irradiation. 
Under these conditions all three virus dosages tested demonstrated a significant 
increase in cell kill compared to Ad5�24RGD treatment alone. Combination 
therapy reduced U-87 viability dose-dependently by 71-89% compared to 
33-63% for Ad5�24RGD alone and 15% for radiotherapy alone.

Effects of irradiation on virus production
A timecourse experiment in which U-87 cells were irradiated 24 hours prior to 
Ad5-�24RGD infection was performed and confirmed the enhanced oncolytic 
effect of combination therapy, demonstrating significantly enhanced cell killing 
from day 6 onward (figure 2A). In parallel, cells and supernatants were harvested 
during this experiment to quantify virus production and release during the course 
of the experiment. As shown in figure 2B no significant effect of 4Gy irradiation 
was found on amounts of virus produced or released by the infected cells at all 
timepoints tested. Therefore, the enhanced cell killing effect of combination therapy 
could not be attributed to enhanced virus production or release by irradiated cells.
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Figure 1. Dose and schedule-finding studies on glioma cell monolayers. Viability of U-87 cells 
treated with increasing doses of Ad5-�24RGD in combination with 4 Gy irradiation delivered 
in various sequences, was determined using WST-1 assay. Hatched bars represent virus-treated 
cells, solid bars represent virus+RT-treated cells. Results are expressed as percentage of untreated 
controls �SD, * P<0.01 compared to non-irradiated cultures.

Effects of irradiation on infection efficiency
To determine whether the infection efficiency of RGD- targeted viruses was 
improved in irradiated cells, experiments were performed using the luciferase 
encoding replication-deficient vector Ad.LucRGD. U-87 cells were infected with a 
dose-range of this vector 6, 12, or 24 hours after receiving 4 Gy irradiation. When 
cells were infected 6 hours post-irradiation, no significant effects on transgene 
expression were detected. Infection at 12 hours post-irradiation, resulted in a small 
but significant increase in luciferase levels at MOI 4, and when the infection was 
performed 24 hours post-irradiation, significantly enhanced transgene expression 
was found at all three virus dosages tested (figure 3). Parallel experiments using 
the untargeted Ad.Luc vector demonstrated significantly enhanced luciferase 
expression in irradiated cells at the 24 hour timepoint only (not shown). 
Next we assessed whether this increase in transgene expression resulted from 
enhanced infection due to upregulation of the main binding sites for these 
adenoviruses on the cell membrane. Flow cytometric analysis for CAR, �v�3, and 
�v�5 integrin expression was performed on U-87 cells 6, 12, and 24 hours after 
receiving 4 Gy. At all three timepoints, a similar expression pattern of CAR, �v�3, 
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Figure 2. Oncolysis and virus 
propagation on glioma cell 
monolayers. The effect of 
4Gy irradiation (RT), infection 
with 104 pfu Ad5-�24RGD, 
or the combination of Ad5-
�24RGD+RT on U-87 cell 
viability was monitored in time 
using WST-1 assay. Results are 
expressed as percentage of 
untreated controls �SD (A). 
In parallel, supernatants and 
cell lysates were harvested 
from the Ad5-�24RGD and 
Ad5-�24RGD +RT treated 
cells at various timepoints. 
Total amount of virus present 
in cells and supernatants (Sup) 
was determined by end-point 
titration. Results are expressed 
as mean total number of viral 
particles/lysate �SD (B).

Figure 3. Effects of irradiation on transgene expression. Control (hatched bars) and irradiated 
(solid bars) U-87 monolayers were infected with a multiplicity of infection (MOI) of 1, 2, or 4 
Ad5.LucRGD at indicated timepoints post-irradiation. Luciferase expression in cell lysates was 
assessed 48 h post-infection. Luciferase expression is expressed in relative light units/ 50 �L 
lysate �SD. * P<0.01 compared to non-irradiated cultures.
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and �v�5 integrins was found, which was not altered in response to irradiation (not 
shown). This indicates that enhanced binding of the virus to these cell membrane 
molecules is not a likely explanation for the increased luciferase expression 
after Ad.Luc-RGD infection of irradiated cells. Thus, irradiation probably does 
not facilitate cell entry of oncolytic adenovirus Ad5�24-RGD through these 
adenovirus receptors. 

Effects of irradiation on oncolysis and viral penetration in solid tumor 
structures
The architectural characteristics of multicellular tumor spheroids make these 
solid tumor structures an excellent in vitro model for studying effects of various 
treatments, including radiotherapy and viral oncolysis 20, 21. To study interactions 
between Ad5-�24RGD, irradiation and glioma cells in these three-dimensional 

Figure 4. Oncolysis and virus penetration 
in multicellular spheroids. The effect of 
5Gy irradiation, infection with 105 or 106 
pfu Ad5-�24RGD, or the combination 
of Ad5-�24RGD with 5Gy irradiation 
on the viability of U-87 spheroids was 
monitored in time using WST-1 assay. 
Results are expressed as percentage of 
untreated controls �SD (A). Spheroids 
from the 106 pfu group (left column) and 
the 106pfu+5Gy group (right column) 
were harvested at various timepoints 
and cryosections were stained for 
adenovirus hexon expression (B, original 
magnification x2).
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structures, U-87 multicellular spheroids were infected with 105 or 106 pfu Ad5-
�24RGD, 24 hours after receiving 5Gy irradiation. As expected, viability of 
spheroids decreased in time with combination treatment being more effective 
than single agent treatment. On day 8 post-infection, irradiated spheroids of the 
105 and 106 pfu Ad5-�24RGD dose were 28% and 19%, respectively, less viable 
than non-irradiated counterparts (figure 4A). 

To assess the kinetics of viral penetration into these tumor structures, 
spheroids from the 106 pfu Ad5-�24RGD groups (with and without irradiation) 
were frozen on day 1, 4, 6, and 8 post-infection. Immunohistochemical staining 
for adenovirus hexon proteins demonstrates a gradual outside-inside penetration 
of the virus in time. Irradiated spheroids remained slightly smaller in size than 
non-irradiated counterparts and viral penetration reached the core of these 
spheroids, which was not the case in the non-irradiated spheroids. (figure 4B).

Combination therapy of Ad5-∆24RGD and irradiation in intracranial glioma 
model
Based on these in vitro results we proceeded to study the effect of Ad5-�24RGD 
in combination with irradiation in an intracranial model for malignant glioma. 
Mice bearing pre-established U-87 tumors received either the maximum tolerated 
dose for total body irradiation (TBI) of 5Gy, or irradiation of the head only 
consisting of 2 doses of  6 Gy whole brain irradiation (WBI). This dose for WBI 
was selected based on dose-finding pilot experiments demonstrating a modest 
antitumor effect. A dose of 2*107 pfu Ad5-�24RGD was selected based on its 
therapeutic activity in previous pilot studies and reports by others 11, thereby 
allowing possible synergistic effects with irradiation to be detectable. 

As shown in figure 5 and table I, treatment with Ad5-�24RGD alone led to 
long-term survival of 17% of animals and median survival was prolonged by 5 days 
compared to PBS controls (p<0.001). For this aggressive tumor, this corresponds 
to an increased survival time of 19%. Treatment with 5 Gy TBI was ineffective, 
increasing median survival by only 3 days and curing none of the animals (p=0.06). 
The higher dose of 2x6 Gy WBI however, did prolong median survival by 10 days 
(37%) and led to long-term survival of 25% of animals (p<0.001). 

Surprisingly, combination treatment of Ad5-�24RGD with TBI was less 
effective than Ad5-�24RGD alone in terms of long-term survivors (0% compared 
to 17%), and no significant increase in median survival time was noted, 8 days 
versus 5 days (p=0.9). The combination of Ad5-�24RGD with WBI did slightly 
improve long-term survival compared to virus alone (22% compared to 17%) 
but not to WBI alone (22% compared to 25%). Interestingly, this combination 
prolonged median survival time compared to WBI alone by more than 100% 
(21 days compared to 10 days), however this effect did not reach statistical 
significance (p=0.45).
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Histological evaluation of intracranial tumors
Microscopic analysis of brains harvested at time of sacrifice demonstrated that all 
symptomatic mice bore massive tumors demonstrating non-infiltrative, spherical 
growth. Figure 6 depicts representative hematoxylin and eosin-stained sections 
of the different treatment groups. PBS-treated tumors demonstrate a dense 
cellular mass and the absence of necrotic areas (figure 6A+B). Tumors of mice 
that received either TBI or WBI revealed similar histology with areas of lower cell 
density and secluded foci with infiltrated granulocytes (figure 6C+D). Tumors 
treated with Ad5-�24RGD were found to contain multiple regions of dense 

Figure 5. Therapeutic effects of Ad5-�24RGD and radiotherapy on glioma-bearing mice. 
Combined results of two experiments in which mice bearing intracranial U-87 xenografts 
received intratumoral injection of PBS or 2*107 pfu Ad5-�24RGD, or the combination of these 
with either 5 Gy TBI or 2x 6Gy WBI. Survival is presented as percentage surviving of initial 
number of animals per group.

Table 1. Median survival times for in vivo experiments.

Treatment n
Median 
survival (d)

Increase 
in median 
survival (d)

Increase 
in median 
survival (%)

Percentage 
long-term 
survivors

PBS 18 27±1.1 0 0 0
Add24RGD 18 32±1.4 5 18.5 16.7
TBI 9 30±0.5 3 11.1 0
WBI 12 37±2.6 10 37.0 25
Add24RGD+TBI 9 35±1.4 8 29.6 0
Add24RGD+WBI 9 48±4.5 21 77.8 22
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infiltrates with granulocytes and the presence of apoptotic cells (figure 6E+F). 
Similarly, in both groups of combination-treated tumors, foci of granulocytes and 
apoptotic cells were observed (figure 6G+H). Long-term survivors were sacrificed 
at 120 days and microscopic analysis of these brains showed complete tumor 
regression. At the injection site, a glial scar with evidence of some inflammatory 
cell infiltrates often surrounding a cavity was observed (figure 6I+J). No remaining 
tumor was found in the brains of any of the long-term survivors. In the brains 
of these responders, no evident histological differences between virus-treated or 
virus+irradiation-treated tumors were noted. 

Immunohistochemical staining for adenovirus hexon protein, indicative 
for areas of active viral replication, demonstrated multiple areas of ongoing 
viral replication in all tumors of animals treated with Ad5-�24RGD (figure 7). 
No hexon positive areas were seen in the brains of the long-term survivors of 
virus or WBI+virus-treated animals (figure 7D). Importantly, WBI+Ad5-�24RGD-
treated tumors that did not regress (figure 7C), displayed both quantitatively 
and qualitatively smaller areas of adenovirus replication than tumors from the 
Ad5-�24RGD and TBI+Ad5-�24RGD-treated groups (figure 7A+B). This was 
verified by quantitative analysis of the hexon positive ‘hot spots’ per tumor 
cryosection (figure 7E) and revealed a decrease from a mean total of 170 �31 for 
virus alone to 52 �14 hotspots per cryosection after addition of WBI (p<0.05). 
It should be noted that mean time to sacrifice of analyzed brains was 32 days 
for Ad5-�24RGD-treated mice and 45 days for WBI+Ad5-�24RGD-treated mice. 
However, no correlation between time to sacrifice and total number of hexon 
hot spots was noted within each group. Interestingly, TBI prior to Ad5-�24RGD 
treatment did not affect total number of hexon positive hot spots.

DISCUSSION

The replication-competent oncolytic adenovirus Ad5-�24-RGD has shown 
potent anti-tumor activity in various preclinical tumor models 10, 11, 16, 22-24 and 
is currently being developed towards phase I clinical evaluation for ovarian 
cancer and malignant glioma (http://dtp.nci.nih.gov/index.html). Despite these 
developments, published preclinical studies evaluating combination treatments 
of Ad5-�24RGD with conventional therapies have thus far been limited to the 
combination with irradiation. We previously reported synergistic anti-tumor 
activity of this combination in a subcutaneous model for glioma 10. In the current 
study we attempted to elucidate the underlying mechanism to this synergy and 
to validate this effect in a more clinically relevant intracranial animal model.

In vitro combination studies evaluating different dosage and sequence regimens 
of both therapies demonstrated that delivery of irradiation 24 hours prior to Ad5-
�24RGD infection led to a greater oncolytic effect than simultaneous delivery of 
the therapies or irradiating 24 h post infection. Although this result correlated 
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Figure 6. Histopathological analysis of treated tumors. Hematoxylin-Eosin staining of 
representative cryosections of brains harvested at time of sacrifice demonstrating growth of 
large, non-invasive tumors (A+B). Tumors from the TBI and the WBI group (C+D) showing 
secluded foci with infiltrated granulocytes and tumors treated with Ad5-�24RGD containing 
regions of dense infiltrates with granulocytes and apoptotic cells (E+F). Combination-treated 
tumors receiving either TBI+virus or WBI+virus, also demonstrating foci of granulocytes and 
apoptotic cells (G+H) and long-term survivors showing complete tumor regression with a glial 
scar and inflammatory cell infiltrates surrounding a cavity (I+J). Original magnifications are 
indicated in the figures.
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with a small increase in luciferase expression after infection of irradiated cells 
with Ad.Luc-RGD, analysis of CAR, �v�3 and �v�5 integrin expression revealed no 
effect of irradiation on the expression of these primary cell membrane molecules 
involved in binding of the virus. This would suggest that improved infectivity is not 
a likely explanation for the found increase in transgene expression in irradiated 
cells, however, it cannot be excluded that alternative receptors and/or intracellular 
factors known to play a role in adenovirus binding and entry may be influenced 
by irradiation. Alternatively, increased transgene expression may be attributed to 
other factors such as enhanced activity of the CMV promoter driving the luciferase 
expression 25. A timecourse experiment performed in parallel demonstrated 
that the improved cell killing by Ad5-�24RGD in irradiated cells was not due to 
enhanced virus production or release. Studies by others on the effects of irradiation 
on adenovirus replication in vitro have yielded conflicting results. Increases in viral 
burst size of the prostate cell-specific oncolytic adenoviruses CV706 and CG7870 

Figure 7. Intratumoral virus rep-
lication. Representative cryosec-
tions showing immunohistochemi-
cal staining for adenoviral hexon 
expression in tumors treated with 
Ad5-�24RGD (A), Ad5-�24RGD+TBI 
(B), or Ad5-�24RGD+WBI (C) and 
in brains of long-term survivors (D). 
Original magnification x10. Quanti-
tative analysis of hexon expression 
in cryosections of Ad5-�24RGD and 
combination-treated tumors. Results 
expressed as mean number of hexon 
positive hot spots/cryosection �SD. * 
P<0.01 compared to Ad5-�24RGD 
group (E).
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in combination with irradiation have been reported 12, 15, as well as decreases in 
viral DNA synthesis in irradiated cells infected with ADP-overexpressing oncolytic 
adenoviruses 26. For the E1-B deleted oncolytic adenovirus dl1520 (ONYX-015), no 
significant effect of irradiation on virus replication was found 27, consistent with our 
results. It cannot be excluded, however, that irradiation induces cellular conditions 
that permit enhanced cell killing by the virus in the absence of enhanced progeny 
production or release. An alternative explanation for the combination effect of 
irradiation and Ad5-�24RGD infection in vitro, is the inhibitory effect of irradiation 
on tumor cell growth. By inducing a temporary growth delay, the virus-to-tumor 
cell ratio is shifted to the advantage of the virus. This hypothesis is supported by 
the results of the spheroid experiments, which demonstrate the growth inhibitory 
effect of irradiation on these three-dimensional tumor structures (figure 4B), 
keeping them smaller than their non-irradiated counterparts and by this means 
allowing the virus to penetrate to the core and destroy the spheroid more rapidly. 
This more general mechanism of enhanced anti-tumor efficacy of oncolytic 
adenoviruses in combination with radiotherapy is presumed to be operative in 
subcutaneous tumor models as well. Indeed, we and others have demonstrated 
the potentiating effect of irradiation on the anti-tumor activity of various oncolytic 
adenoviruses in a variety of subcutaneous xenografts 10, 12, 13, 15, 26, 27. Again, both 
increases 12 and decreases 13 in intratumoral adenovirus replication in irradiated 
tumors were reported.

Thus far, to our best knowledge, oncolytic adenoviruses have not been combined 
with irradiation in intracranial models for malignant glioma. Combination 
therapy using an oncolytic herpes virus and irradiation did demonstrate 
synergistic activity in the U-87 orthotopic tumor model 28. The results of our in 
vivo combination experiments were therefore unexpected. Although 5Gy total 
body irradiation has shown therapeutic efficacy in various subcutaneous glioma 
models, this dose was found to be ineffective in the U-87 intracranial setting. 
This may be partly due to the inherent radioresistance of the U-87 tumor cell 
line, which appears to be greater in vivo than predicted by our in vitro studies. 
As a result, no combination effect with Ad5-�24RGD and irradiation was found. 
Increasing the irradiation dose to 2x6Gy WBI, did produce a therapeutic effect by 
itself, however, a significant potentiating effect of the oncolytic activity of Ad5-
�24RGD could not be demonstrated. This result does not support the hypothesis 
that inhibition of tumor growth by irradiation leads to synergy between these 
two treatment modalities. Apparently, other mechanisms are operative in this 
glioma model. Discrepancies between results from in vitro and subcutaneous 
tumor models on one hand, and intracerebral tumor models on the other hand, 
may lie in the location and surroundings of the tumor cells. Indeed, Camphausen 
et al demonstrated that the experimental growth conditions of glioma cells, 
including U-87, quantitatively and qualitatively influenced radiation-induced 
changes in gene expression in these cells 29. Whereas relatively few genes were 
affected by irradiation when grown in monolayer culture, an increase was seen in 
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subcutaneous growth of glioma cells and an even further increase was found in 
orthotopic grown cells. Apparently, the normal brain environment has a profound 
effect on radiation-induced changes in gene expression and it is not implausible 
that these changes in gene expression may counteract the oncolytic activity of 
the virus, e.g. by hampering the adenovirus replicative cycle. This is supported by 
the results of the hexon staining of virus-treated tumors. Delivery of a therapeutic 
dose of 2 x 6Gy WBI, quantitatively and qualitatively decreased the number of 
hexon positive hot spots in these tumors, indicating that viral replication was 
diminished in these tumors. This effect was not seen in animals treated with 
the lower dose of 5Gy TBI. Possibly, this irradiation dose on the tumor was too 
low to induce the antagonistic effect, or the effect was counteracted by the 
temporary hematologic consequences of total body irradiation, which results 
in a decline in circulating immune cells. Indeed, immunosuppression prior to 
intratumoral adenovirus injection in orthotopic gliomas has been shown to 
improve adenoviral replication 19. Finally, the inhibitory effect of irradiation on 
(orthotopic) intratumoral virus replication appears to be specific for adenovirus, 
as Bradley et al demonstrated a 2-5-fold enhancement of herpes virus replication 
using the same animal model 28.

Combination therapy using cytotoxic agents with differing modes of action is 
gaining increasing attention in oncology treatment. A wider range of anti-tumor 
activity and the opportunity to augment cell kill within the range of toxicity for 
each agent, offer significant advantages compared to single agent treatment. Our 
data demonstrate that results obtained in preclinical models combining oncolytic 
adenovirus with radiotherapy may differ depending on the experimental growth 
conditions of the tumor cells. Results obtained in vitro or in subcutaneous tumor 
models for malignant glioma may be less valuable for predicting the therapeutic 
efficacy of combination therapies for this tumor. Since the natural environment 
of a glioma, i.e. the brain may be of great influence on the response of the 
tumor to certain agents, orthotopic animal models may therefore be essential for 
preclinical evaluation of novel therapies. This may be even more important when 
combining different treatment modalities of which the anti-tumor effects may be 
additional but the influence of the environment may act antagonistically.
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ABSTRACT

Conditionally replicating adenoviruses (CRAds) infect and replicate in 
tumor cells, releasing viral progeny upon lysis of the cell. This is a dynamic 
and inherently exponential process and, thus, the assessment of CRAds 
should incorporate these dynamics. In vitro experiments are therefore 
prone to subjective assessment because no validated assay exists that 
truly appreciates the dynamics of the process. An objective assay could 
simplify experiments and reduce the number of CRAd variants required 
to enter a full preclinical evaluation. 
We developed a simple and practical mathematical model incorporating 
easily obtainable parameters of the interaction between replicating 
viruses and growing tumor cells in vitro and, in the present study, validate 
this model by fitting the predicted values to experimentally-derived 
values. 
From the exponential curves of cellular growth and the viral propagation 
rate in glioma cells, we derive the four parameters needed in this model 
and show a robust fit to experimental data. Because the initial infection 
conditions appear to significantly influence the final outcome of CRAd 
experiments, these conditions are determined using the same cells and 
correlated with the expression of the primary adenovirus receptor CAR 
(coxsackie and adenovirus receptor). 
The results obtained shed light upon the method of action of CRAds and 
provide an objective and practical model and assay for determining and 
predicting CRAd activity in tumor cells.
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INTRODUCTION

Tumor-selective replicating or oncolytic viruses form a treatment modality that is 
being studied in various types of cancer. Conditionally replicating adenoviruses 
(CRAds) and other oncolytic viruses kill tumor cells in a way that is unlike 
any other therapy. CRAds rely upon infection of the cancer cell, intracellular 
replication, packaging of new virions and eventually lysis of the infected 
cell and the release of viral particles into the cellular environment to infect 
new cells. This is inherently an exponential process and therefore the cancer 
cell cytotoxic effect of a CRAd, at least in vitro, increases in time. These viral 
dynamics preclude the use of standard cytotoxicity assays commonly used in the 
assessment of cancer therapy. Metabolic assays such as the WST-1 or MTT assay 
are not fully reliable because infected cells, although scheduled to die, may in 
fact show higher metabolic activity. The clonogenic assay is equally unsuited as 
ongoing viral replication will prevent the formation of clones and, finally, assays 
measuring apoptosis are not useful because CRAds do not generally kill cells by 
apoptosis 1. In addition, because of the low level of expression of the primary 
adenovirus receptor CAR (coxsackie and adenovirus receptor) on tumor cells 2, 3, 
CRAds are frequently retargeted to alternative receptors 4-7. No validated assay 
exists to determine if this strategy effectively increases CRAd spreading. The rate 
of propagation of a viral infection is a multi-parametric and dynamic process 
that determines the ultimate fate of the cancer cell population. To be truly 
representative of CRAd activity, any objective assessment should incorporate this 
propagation rate. In addition, viral expansion occurs in the context of growth of 
the total population of tumor cells and therefore the dynamics of this population 
are equally important in the determination of viral potency. The mathematical 
and often deterministic behavior of these two populations, infected cells and 
non-infected cells, has spurred a number of rigorous mathematical analyses 
designed to predict the interaction between replicating viruses, a growing tumor 
and often the immune system 8-15. The advantage of such models is that the 
complete dynamic process of interaction can be taken into account. However, 
although often showing excellent fits to existing clinical and preclinical data, 
these models generally include many variables and parameters that need to be 
derived experimentally or from literature. For a reliable and practical in vitro 
assay, the number of variables in the model should be kept to a minimum if the 
resulting equation needs to be solved directly. Therefore, we have developed a 
mathematical model of virus-cancer cell interaction in vitro, partly based upon 
previous modeling work but further simplified, that may be used to objectively 
asses and predict CRAd potency in tumor cells in vitro and which includes only 
a limited number of experimentally derived variables. We validated this model 
using glioma cell lines and primary cell cultures and the CRAd Ad∆24-CMV-
GFP, which replicates selectively in tumor cells with dysfunctional Rb pathway 
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and expresses green fluorescent protein (GFP). The use of such an objective and 
practical assay might serve to limit the number of CRAds needing to enter a 
full preclinical evaluation, shifting the focus of attention to the most promising 
candidates.

MATERIALS AND METHODS

Model dynamics
We model this system by describing the rates of change of two variables: x(t), 
the number of uninfected cells, and y(t), the number of infected cells at time 
t. The initial infection conditions at t=0 are given by: x(0)=C1 and y(0)=C2. We 
model tumor growth by exponential growth of uninfected cells at a rate A, the 
tumor proliferation rate. Infected cells no longer proliferate. After some time, a 
fraction B of the infected cells lyse. These lysed cells infect C new and previously 
uninfected cells. This process is mostly limited by the number of lysed cells, not 
by the number of uninfected cells. The total number of infected cells after an 
infinitesimally small time step is thus given by y(t+∆t) = y(t)(1 - B + BC). Similarly, 
the change in the number of uninfected cells within a small time step is given 
by x(t + ∆t) = x(t) - BCy(t) + Ax(t). When x(t) has become zero, there are no 
cells left to infect (a priori there is no reason within the model for x(t) not to 
become negative, but this is a biological impossibility). We therefore consider 
only the positive part of solutions. Overall then, these assumptions give rise to 
the following differential equations model:
 

(1)

This model may be simplified even more by rescaling time. 

Setting � = BCt, and using          , we find
 

(2)

where     and   .         . Thus, we have a four parameter 
initial value problem to fit to experimental data. These values are determined 
from the exponential parts of the growth curves of uninfected control cells and 
the exponential increase of infected cells which can be extrapolated to t=0 to 
obtain C1 and C2. For the purposes of this paper, we are only interested in the part 
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of the solution where x > 0, or more precisely, in the time �0, where x(�0) = 0 for 
the first time. Model (2) can be integrated explicitly, to give the general solutions

(3)

(4)

The time when no cells are left to infect, in other words, when x becomes zero, 
�0, can also be found explicitly:

(5)

This expression is valid when � � �� - ���$�,, which allows for a wide range of 
choices of b and a. Where defined, �0 is always positive. The combined variable 
b-a thus plays a central role in the dynamics of this model. We thus use b-a as a 
general measure of oncolytic potency.

These equations describe a strongly simplified model of the actual process of 
oncolytic adenoviral action and are derived using the following assumptions and 
simplifications. The rate b is stable and thus does not change with a decrease 
in the number of uninfected cells, (i.e. a typical predator-prey relation where a 
declining number of uninfected cells decreases the rate of propagation does not 
exist). Because in vitro experiments are most reliably performed in exponentially 
growing cell populations and for the sake of simplicity, we do not consider a 
lag-phase or logistic cell growth. 

Model validation
Glioma cell lines U-87MG, U-373MG, and U-251MG were obtained from the 
ATCC (Manassas, VA). The glioma cell line U-118MG was a kind gift from Dr. 
Joanne Douglas (UAB Gene Therapy Center, Birmingham, AL). Primary glioma cell 
cultures VU-78, VU-144 and VU-186 were derived by mechanical dissociation from 
fresh tumor material collected during brain tumor surgery at the Department of 
Neurosurgery of the VU University Medical Center (Amsterdam, the Netherlands) 
and used before passage 15. All primary specimens were histopathologically 
confirmed to be glioblastoma multiforme. Cells were maintained in Dulbecco’s 
modified Eagle’s medium (DMEM) with 10% fetal calf serum (FCS) and antibiotics 
(Gibco BRL Life Technologies, Paisley, United Kingdom). 

Adenoviruses
AdGFP is a replication-deficient adenovirus vector carrying an expression cassette 
for enhanced green fluorescent protein under control of a cytomegalovirus 
(CMV) promoter in the deleted E1 region and has been described previously 16.

Ad∆24-CMV-GFP was constructed by inserting a GFP expression cassette 
under control of the CMV promoter in the deleted E3 region of Ad∆24 17, 
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which carries a 24bp deletion in the E1a region, limiting replication to cells with 
a dysfunctional Rb pathway 18. To construct the virus, the GFP open reading 
frame was PCR-amplified from pAd-CMV-GFP using primers, which contain 
overhanging XbaI and SacI sites 16. The PCR product was digested with XbaI and 
SacI and ligated into pABS.4-CMV-MCS 19. This plasmid was digested with PacI 
and the fragment containing CMV-GFP and the kanamycin resistance gene was 
inserted into PacI-digested pBHG11 (Microbix Biosystems, Mississauga, Ontario, 
Canada). A clone with the insert in the orientation that places CMV-GFP on 
the adenovirus R-strand was isolated, and the kanamycin resistance gene was 
removed by digestion with SwaI followed by self-ligation, yielding pBHG11-CMV-
GFP. Ad∆24-CMV-GFP was generated by homologous recombination in 911 
cells between pBHG11-CMV-GFP and pXC1-24 (a kind gift from Dr. R. Alemany, 
Translational Research Laboratory, Catalan Institute of Oncology, L’Hospitalet 
de Llobregat, Barcelona, Spain). Viruses were plaque purified, propagated on 
293 cells for AdGFP or on A549 cells for Ad∆24-CMV-GFP, and purified by CsCl 
gradient according to standard techniques. Viral titers in infectious units (iu) were 
determined by limiting dilution assay on 911 cells by hexon protein staining 48 
h after infection.

Infection of cells and cell counting
To determine infection efficiency, cells were plated in 96-well culture plates and 
allowed to grow until 50-70% confluency. Cells were infected at the indicated 
multiplicity of infection (MOI) with AdGFP or Ad∆24-CMV-GFP. Virus was added 
in 50μl after removal of culture medium and was replaced with fresh medium 
after 1 h. GFP expression was assessed by FACS analysis 36 h after infection. 
In experiments testing oncolysis, cells were seeded in 24-well culture plates in 
400μl DMEM with 10% FCS and antibiotics. After 2-3 days when cells were 
showing exponential growth, cells were counted and the indicated amounts of 
Ad∆24-CMV-GFP were added in 100μl culture medium. The next day, 1.5ml of 
culture medium was added to a total volume of 2ml. At the indicated times after 
infection, cultures were harvested using trypsin/ethylenediamineetetraacetic acid 
(EDTA) and cells were counted using a Casycounter (CASYcounter TT, Schärfe 
Systems, Reutlingen, Germany). Experiments were performed in triplicate.

Determination of GFP and CAR expression using FACS
The percentage of GFP expressing cells was determined by flow cytometry on 
a FACScalibur (BD Biosciences, Franklin Lakes, NJ, USA). Nonviable cells were 
excluded by adding 10 μg/ml propidium iodide (Sigma, St.Louis, MO, USA) and 
positive cells were gated against negative uninfected control cells. To determine 
CAR expression, cells were immunolabeled for 1 h with anti-CAR monoclonal 
antibody RmcB (Chemicon International, Temecula, CA, USA) 20, followed by 
3 washing steps in PBS and 1 h incubation with a fluorescein isothiocyanate-
conjugated rabbit antimouse antibody (DAKO, Glostrup, Denmark). Cells were 
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then fixed in 1% formaldehyde in PBS. Negative controls lacked the first antibody. 
Expression was quantified as the relative median fluorescence intensity compared 
to the negative control.

Statistical analysis
Curve fit and subsequent extrapolation to t=0 was performed to determine 
values of a, b, C1 and C2 from the exponential parts of the growth curves of 
parallel cultured control cells and GFP expressing cells using the weighted least 
squares method and R2 was determined to assess goodness of fit. Correlation 
between groups was assessed by Pearsons’ correlation coefficient. Multiple 
regression was used when accounting for multiple variables. Differences in GFP 
expression between AdGFP and Ad∆24-CMV-GFP were assessed by two-sided 
student’s t-test. In all experiments, p<0.05 was deemed statistically significant. 
For statistical analysis, GraphPad Prism (San Diego, CA, USA) was used.

RESULTS

Model validation
In our model of virus-cancer cell interaction (figure 1), four variables need to 
be determined experimentally to predict the changes in the populations of 
uninfected and infected cells according to the equations (3) and (4). These are 
the exponential growth rate of uninfected cells a, the exponential increase of the 

Figure 1. Model of interaction between CRAds and cancer cells in culture. At t=0 the 
population of tumorcells N (x+y) consists of x=C1 uninfected and y=C2 infected cells. At t+∆t, 
the uninfected cells have divided at rate A and a fraction B (in this case 0.5) of the infected cells 
have died and are subsequently removed from the population while infecting C new cells. these 
newly infected cells are derived from the population of uninfected cells. By rescaling time, A is 
rescaled to a, while B and C are rescaled to b.
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number of infected cells, or propagation rate, as determined by GFP or hexon 
expression, b and the initial numbers of uninfected and infected cells at t=0, C1 
and C2. To determine these values, cells of seven glioma cell lines and primary 
cultures were infected with 1 MOI Ad∆24-CMV-GFP and cells were counted in 
treated or uninfected control cultures up to ten days after infection. In parallel, 
GFP expression was determined by FACS analysis. Growth of all cell lines used 
showed a strong fit to an exponential growth curve (R2≥0.8 for all cells used; 
Table 1) which is a prerequisite for validation of the model. Values of a were 
quite similar for all cell lines and ranged from 0.43 to 0.47 corresponding to cell 
doubling times of 1.6 to 1.4 days respectively. In primary cells, values for a were 
lower ranging from 0.19 to 0.31, with cell doubling times in the range 3.7 to 2.3 
days. When the propagation rate b was determined from the increase in number 
of GFP positive cells, the data confirmed that this rate was exponential up to the 
last time point assessed, also if nearly all cells were infected at that point (Table 
1). Values of b were again lower in primary cells (0.47 to 0.65) compared to 
established cell lines (0.85 to 1.17). The values for oncolytic potency in these cell 
cultures were determined according to the model (Table 1). Potency was higher 
in cell lines compared to primary cultures with the exception of U-87MG in which 
Ad∆24-CMV-GFP had a low value of b-a. 

Virus-cancer cell interaction model provides a prediction of CRAd potency
Next we performed a curve fit procedure to fit the obtained cell growth curves 
to the model of virus-cancer cell interaction (figures 2a and 2b). Values of a, 
b as shown in table 1, C1 and C2 were entered into equation (3) and resulting 
predictions as well as experimentally determined values were plotted next to the 
exponential curves of control cell growth and propagation rate. Infected cells 
y, all cells (x+y) and uninfected control cells cultured in parallel were plotted 
up to the end of the experiment or up to the last point before all cells became 

Table 1. Determination of growth constants and propagation rates

a ± se R2 b ± se R2 b-a

U-87MG 0.46 ± 0.04 0.94 0.85 ± 0.08 0.93 0.39
U-118MG 0.46 ± 0.02 0.95 1.06 ± 0.05 0.98 0.60
U-251MG 0.47 ± 0.05 0.8 1.17 ± 0.06 0.89 0.70
U-373MG 0.43 ± 0.03 0.91 1.02 ± 0.04 0.98 0.59
VU-78 0.31 ± 0.01 0.99 0.65 ± 0.02 1 0.34
VU-144 0.19 ± 0.01 0.99 0.51 ± 0.03 0.97 0.33
VU-186 0.23 ± 0.01 0.98 0.47 ± 0.05 0.93 0.24

Values for a (cellular growth rate), b (viral propagation rate) and R2 were determined from 
the exponential part of the growth curves from all used cell cultures. As a measure of 
oncolytic potency in a specific cell line or primary culture, values of b-a were determined. 
Values are shown ± standard error.
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Figure 2. Fit of experimental data to model predicted curves.  Cells of indicated glioma cell lines 
and primary cell cultures were infected with 1 MOI  of Ad∆24-CMV-GFP and followed up to 
10 days following infection. Values of a, b, C1 and C2 were determined from the exponential 
sections of the curves. Experimentally derived measurements (symbols) were plotted together 
with model-predicted values (lines). R2 was determined using the weighted least squares 
method. Experimental values showed a significant fit to predicted values, both for established 
cell cultures (A) and primary cell cultures (B). � Control cell rowth of parallel uninfected cultures, 
� infected cells (y) as determined by GFP expression, � uninfected + infected cells (x+y). Bars 
show SEM where visible. R2 shown corresponds to the goodness of fit of the predicted infected 
+ uninfected cells (x+y) curve to the experimental data.
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infected. As our model does not provide a prediction beyond this point, including 
these points in the curve fit procedure would thus decrease the accuracy of the 
model. Goodness of fit (R2) for the curve describing (x+y) cells was as high as 
0.99 (U-118MG) and never fell below 0.76 (U-87MG) illustrating the validity and 
robustness of the model. Due to differences in the number of cells infected at 
t=0, oncolytic potency, b-a (Table 1), did not always coincide with the amount of 
cell killing observed in the experiments. 

Validity of virus-cancer cell interaction model is retained with variations in 
culture and infection conditions
To determine if variations in experimental conditions and cell growth would 
affect the validity of the model, primary cell culture VU-144 was assessed again 
after several passages in vitro. Cell growth characteristics of primary cells are 
known to vary substantially with increasing passage number. In addition, the 
MOI was increased to determine if this would affect the accuracy of the model. 
The tenfold increased MOI was reflected in an increased C2/C1 ratio (from 0.35% 
to 3.42%). Although both a (0.28±0.02, R2=0.97) and b (0.43±0.02, R2=0.99) 
had changed, the model continued to show a robust fit to the experimental data 
(R2=0.96, figure 3).

Determination of initial infection efficiency
Preliminary analysis of the virus-cancer cell interaction model showed that 
variations in the number of infected cells at t=0 (C2) can significantly influence the 
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Figure 3. Model retains validity with changing experimental conditions. Primary cells VU-144 
were passaged several times and infected with 10 MOI of Ad∆24-CMV-GFP. Experimental values 
(symbols) were plotted together with model-derived curves (lines).  � Control cell growth, � 
infected cells (y) as determined by GFP expression, � uninfected + infected cells (x+y). Bars 
show SEM where visible. R2 shown corresponds to the goodness of fit of the predicted infected 
+ uninfected cells (x+y) curve to the experimental data.
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outcome of experiments. Therefore, we established the infection efficiency of the 
cells used to validate the model. Cells were infected with 10 MOI of replication 
deficient AdGFP or oncolytic Ad∆24-CMV-GFP (figure 4a). With AdGFP, primary 
tumor cells generally showed a lower percentage of GFP expressing cells than 
established tumor cell lines. The percentages of GFP expressing cells varied widely 
and ranged from 0.18% (VU-144) to 62.3% (U-251MG), a more than 300 fold-
difference. When Ad∆24-CMV-GFP was used, a significantly greater percentage 
of primary tumor cells showed detectable GFP expression (p<0.05). Apparently, 
measuring transgene expression from the non-replicating vector underestimated 
infection efficiency and expression cassette replication by the oncolytic virus 
elevated transgene expression in infected cells thus compensating for low CMV 
promoter activity 21.

Correlation of CRAd propagation rate to infection efficiency, CAR 
expression and cellular growth rate
Expression of the primary adenovirus receptor CAR has been related to oncolytic 
potency of CRAds 3. Therefore, CAR expression on the panel of glioma cells 
was assessed and correlated to the propagation rate b, as well as infection 
efficiency. Relative CAR expression was low (<4) in VU-144, VU-186, U-118MG 
and U-87MG, and high in VU-78, U-251MG and U-373MG (figure 4b). As 
expected, CAR expression showed significant correlation with infection efficiency 
as determined by replication deficient vector mediated GFP expression (r2=0.86, 
p<0.01). Correlation to GFP expression from Ad∆24-CMV-GFP (r2=0.65, p=0.06) 
was moderate. Interestingly, the viral propagation rate b was strongly related 
to the cell growth rate a (r2=0.93, p<0.01), and not so much to infection 
efficiency or CAR expression. In fact, following multiple regression analysis, the 
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Figure 4. Correlation of infection efficiency  to CAR expression. A Cells were infected with 
AdGFP or Ad∆24-CMV-GFP and GFP expression was determined after 36 hrs by FACS analysis. 
Percentage of cells expressing GFP is shown ± SD. White bars, AdGFP; black bars, Ad∆24-CMV-
GFP; * p<0.05. B Relative CAR expression was determined by FACS analysis. Relative median 
CAR expression is shown ± SD.
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only independent variable predicting b was cell growth rate a (p<0.05 for all 
comparisons), indicating that a should be included when determining oncolytic 
potency using the propagation rate b. The results show that although low CAR 
expression might be the cause of low (initial) infection efficiency, it does not 
necessarily predict poor virus propagation, as evidenced by the values of b or b-a 
that were not independently related to CAR expression.

Simulation of virus-cancer cell interaction
As an example of the application of this model, we simulated the effect of two 
hypothetical oncolytic adenoviruses (hCRAd1 and hCRAd2) in a given tumor cell 
line with growth rate a=0.3. hCRAd2 has a low initial infection efficiency, but a 
high propagation rate (C1=9930, C2=70, b=0.9), while hCRAd1 was modified to 
have a 10-fold higher infection efficiency, which however hampered its oncolytic 
potency mirrored by a lower propagation rate (C1=9300, C2=700, b=0.4 figure 
5). With these parameter values and from figure 5 it appears evident that while 
hCRAd1 has infected more cells at t=0, eventually hCRAd2 will infect all cells 
before hCRAd1 will do so (t(x=0) according to equation (5) = 7.43 vs. 8.45 days, 
respectively, figure 5). Importantly, if a viability assay had been performed at, for 
instance, day 7, counting viable cells and expressing the result as a percentage 
of control, the results at this time point would have appeared to be opposite. 
Additionally, those results would not have appreciated the fact that, at day 
7 hCRAd2 would have infected a greater portion of the residual viable cells, 
destining them for destruction. These simulations underscore the importance of 
scoring CRAd potency as its propagation rate minus the growth rate of the cells 

Figure 5. Simulation of CRAd 
potency. The effects of two 
hypothetical CRAds with different 
values for b and C2 were predicted 
using the model for virus-cancer 
cell interaction. Values for b and C2  

were 0.4 and 700 (hCRAd1) and 0.9 
and 70 (hCRAd2). Growth curves of 
control cells (solid line), infected 
cells (y) and all (treated) cells (x+y) 
(dotted lines) for hCRAd1 and 
hCRAd2 plotted up to x=0. t(x=0) 
was determined using equation (5).
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(when CRAds are assessed in more than one cell line), b-a, as well as accounting 
for initial infection efficiency C2. 

DISCUSSION

CRAds have shown considerable preclinical promise as anti-cancer agents. The 
results obtained, however, have hardly been substantiated in clinical trials 22 and a 
distinct gap exists between the number of CRAd variants developed pre-clinically 
and those that have actually entered clinical evaluation. Therefore, further 
research is warranted to determine the reasons for this discrepancy, starting with 
the basis of all CRAd assessment in in vitro experiments. Because the method of 
CRAd-induced cell killing is a dynamic process, it should be evaluated as such. 
Instead of using a single endpoint assay, which is common when determining 
CRAd potency, we opted to model and assess the process of viral infection and 
re-infection itself, which theoretically includes all factors in the cell killing process 
of CRAds. Rigorous models of the virus-tumor interaction have been published 
previously 9, 11, 13, 23, 24.  We opted to model this interaction using a minimal number 
of experimentally determined parameters to obtain a practical model and assay 
that can be explicitly solved and routinely used in in vitro experiments. 

The desire to obtain a relatively simple description of virus-cancer cell 
interaction that can be explicitly solved imposes several limitations on the model. 
Most importantly, it should be stressed that the model does not appreciate the 
three dimensional nature of tumors, nor the role of the immune system. It can 
only be used in in vitro experiments, which, however, should not limit its usability 
as all viral research is started in vitro and most promising CRAds are selected 
following in vitro evaluation. The proposed model of adenoviral mechanism 
of action is well accepted 25. Obviously, because the model does not impose 
restrictions on the number of infected cells, it does not account for events after 
t(x=0), the moment when no uninfected cells are left. Additionally, it has been 
argued that the viral propagation rate would slow down as more cells become 
infected which is commonly modeled in predator-prey systems. The use of a 
predator-prey model however would exclude x from reaching 0, which appears 
in contradiction to most experimental in vitro work 15. Moreover, because we 
did not note a significant reduction in propagation rate up to the point where x 
approaches zero (e.g. U-373MG; Figure 2a), modeling the decrease of uninfected 
cells with a mass action term seems to be inappropriate. The dynamics after 
t(x=0) only consist of infected cells dying off, and are therefore less relevant for 
the outcome of in vitro experiments. Obviously, the best option to correctly model 
events at values of x around zero would require the consideration of stochastic 
factors that would greatly complicate the usability of the model in standardized 
in vitro experiments. 
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Despite these limitations the model accurately predicted the process of viral 
propagation in in vitro experiments using established cell lines and primary 
cell cultures, obtaining robust fits to experimental data with as little as three 
to four measurements. It should be noted that although the model obviously 
oversimplifies the true cell-virus interaction, and thus leaves ample room for 
criticism, this is one of the first studies that attempts to validate a mathematical 
model by actual biological experiments. 

The most important finding in this study is the relation of the propagation 
rate b to the cellular growth rate a, which should be included when determining 
oncolytic activity. This relation was derived from both the design of the model 
and in their correlation in experimental results. The fact that b correlates to a is 
not surprising as adenovirus replication is most efficient in cells that are actively 
dividing. The inclusion of the cellular growth rate in viral replication experiments 
has however not been common practice although it appears intuitive that in the 
dynamic process of a spreading viral infection, the dynamics of the surrounding 
tumor cells are equally important. Moreover, including the cellular growth rate to 
determine the potency of a virus should allow a better estimation of normal cell 
toxicity, because these cells will generally have a lower growth rate compared to 
tumor cells.

Although the current study addresses adenoviruses, the experimental 
derivation of parameter values in the model imply that it could potentially be 
used in experiments employing other oncolytic viruses such as herpes simplex 
viruses, vaccinia virus, reovirus or vesiculostomatitis virus. Another interesting 
result when evaluating the model is the importance of the initial infection 
conditions, which are determined by the infection efficiency of tumor cells, 
where large differences are frequently observed when comparing different 
cell lines. This importance is illustrated by the simulated experiment where an 
only tenfold difference in initially infected cells can already seriously affect the 
outcome of the experiment. We therefore established the infection efficiency for 
the cells used in this study using either a CRAd or a replication deficient vector, as 
commonly used in infection efficiency experiments. Clear differences were noted 
between these two approaches, which were especially apparent in primary cell 
cultures. Transgene expression from a CRAd in these cells was higher compared 
to the non-replicating vector, which is most likely caused by a relatively low CMV 
promoter activity in these cells and expression cassette amplification by vector 
DNA replication 21. Our findings show that infection efficiencies determined by 
gene expression should be interpreted with caution. 

In addition we show that the infection efficiency of cells can have a substantial 
effect on the outcome of in vitro experiments that is irrespective of the true 
oncolytic potency of the adenovirus, as determined from the cellular growth rate 
and viral propagation rate.

The results obtained in the present study do not provide evidence in support 
of a direct relation between oncolytic potency and CAR expression, as has been 
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described before 3. CAR expression is only one factor determining the effect of 
the virus. Although cells with a low CAR expression are indeed more difficult to 
infect, the ensuing propagation rate was found not independently related to 
CAR expression. This interesting suggestion should be substantiated by additional 
experiments using, for example, CAR ablated cell lines and retargeted vectors. 

The results presented here may have some important implications for the 
design of experiments to evaluate oncolytic potency. First, they illustrate that the 
outcome of in vitro experiments could be significantly influenced by the number 
of infected cells at the start of the experiment and chosen time-point of analysis. 
Second, they underscore the importance of including multiple complete virus life 
cycles in the analysis, because modifications to the virus that affect viral uptake 
into cancer cells could also have an effect on the lytic replication of the virus 7. 
All of the above mentioned aspects are addressed when oncolytic potency is 
determined according to the model described in the present study. 
In conclusion, we recommend assessing CRAds by measuring their propagation 
rate and the cellular growth rate. Together with the experimental conditions at 
the beginning of the experiment, these parameters are sufficient to describe 
the dynamics of the virus-cancer cell interaction and to predict the point when 
all cells will be infected, using the model described in the present study. This 
provides a practical, straightforward and especially objective measure of CRAd 
potency that cannot be obtained by endpoint viability assays.
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ABSTRACT

The inevitable clinical recurrence of high grade gliomas after standard 
treatment is due to the highly diffuse infiltrating parts of these tumors, 
which remain after surgery and respond poorly to radiation and 
chemotherapy. It has been proposed to employ the homing capacity of 
neural stem cells (NSCs) to different types of intracerebral pathology for 
selective targeting of glioma cells, and delivery of transgenic expressed 
therapeutics. This approach has been successful in a number of preclinical 
experimental studies, however, a major drawback for clinical translation 
has been the limitation of harvesting and ex vivo expansion of NSCs in 
patients. Here we demonstrate that adipose derived stem cells (ASCs), 
which are easily harvested in relatively large quantities in humans, 
display the same tropism for gliomas as NSCs in vitro and in vivo. Both 
ipsilateral as well as contralateral injection of these cells in brains of 
glioma-bearing mice led to extensive homing to the tumor by the ASCs.
The potential of loading these cellular vehicles with transgenes was 
assessed using adenoviral vectors. ASCs could be infected with adenoviral 
vectors, albeit at very high MOI. Insertion of the arg-gly-asp (RGD) motif 
into the adenovirus fiber knob, thereby redirecting primary attachment 
of the virus to integrins, resulted in a striking 7000 fold increase in 
infection efficiency. However, in vivo migration of adenovirus-infected 
ASCs was not observed, most likely due to an inflammatory response 
to these cells which was not observed with control non-infected ASCs.  
These results indicate that ASCs are an interesting candidate for further 
development for cell-based therapy of gliomas, however adenoviruses 
are not appropriate vectors for delivery of transgenes in this context. 
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INTRODUCTION

The prognosis of malignant glioma remains poor, despite the currently standard 
treatment of extensive tumor surgery and radiotherapy combined with 
chemotherapy. Residual tumor is characterized by its diffuse and highly infiltrative 
nature, which is inaccessible to surgery and relatively resistant to radiation 
and chemotherapy, and consequently elicits recurrence of the tumor. Systemic 
treatment of residual tumor might be impaired by the blood brain barrier, which 
is not disrupted or partly disrupted in the infiltrated area of brain adjacent to 
tumor 1, which is in most cases the site of tumor recurrence. 

To overcome the difficulties of targeted treatment of the remaining infiltrating 
tumor cells following standard therapy, it has been proposed to use neural stem 
cells (NSCs) as a vehicle for targeted gene therapy, by exploiting their ability to 
home to various forms of pathology in the brain, including malignant gliomas 2-13. 
Although this concept showed promising results in experimental animal models, 
drawbacks for clinical translation are the limitations in harvesting and isolating 
neural stem cells in a clinical setting, and the technical difficulties of stable ex 
vivo expansion of neural stem cells. Bone marrow-derived mesenchymal stem 
cells (MSCs), which can be harvested more easily, have been applied in the same 
type of animal studies and it has been demonstrated that they share the same 
homing characteristics as neural stem cells 14-18. Although the harvesting of bone 
marrow-derived MSCs is technically less difficult and less demanding than NSCs, 
the yield remains limited. 

Another source of mesenchymal stem cells is adipose tissue, which harbors 
cells with a stem cell like phenotype, usually called adipose tissue derived stem 
or stromal cells (ASCs), which has been reviewed recently 19. We hypothesized 
that ASCs have the capability, similar to NSCs and bone marrow derived MSCs, 
for homing to glioma, which is relevant in a clinical context as ASCs are easily 
harvested in relatively large quantities 20. This was investigated in vitro and in an 
intracerebral model of malignant glioma. In addition, we assessed the possibility 
of providing these cells with a transgene by adenoviral transfection, and studied 
the effects thereof on the migratory and homing properties of these cells.

MATERIALS AND METHODS

ASCs
Human ASCs were derived from adipose tissue samples of three healthy female 
donors. Adipose tissue samples were obtained as waste material after elective 
surgery and donated upon informed consent of the patients by the department 
of Plastic Surgery from the VU University Medical Center. The isolation of the 
nucleated cells from adipose tissue (stromal vascular fraction cells) was performed 
as has been described previously 21. The isolated stromal vascular fraction cells 
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were cultured in DMEM containing 10% FBS, 100 U/ml penicillin, 100μg/
ml streptomycin and 2 mM L-glutamine. After 3 weeks of culture ASCs were 
harvested and surface marker expression was determined by flow cytometry, as 
described previously 22.

Fibroblasts and glioma cell lines
Human primary fibroblast cultures were derived from tissue obtained from uvulas 
removed at uvulopalatopharyngoplasty for snoring and/or obstructive sleep 
apnea of control persons without a cancer history as described previously 23.
Propagation of recombinant adenoviruses was performed on the Ad5 E1-
transformed human embryonic kidney cell line 293 (ATCC, Manassas, VA). The 
malignant glioma cell lines U-87MG was also obtained from ATTC, and the GFP-
expressing U-87MG clone was kindly provided by Dr Jim Rutka, Sick Children’s 
Hospital, Toronto, Canada. All cells were cultured in DMEM supplemented 
with 10% FCS and antibiotics (Life Technologies, Paisley, United Kingdom).  
For studying ASC homing toward a glioma with more invasive phenotype, the 
E-98 xenograft model, which was kindly provided by Dr Pieter Wesseling and 
Dr Albert van der Kogel, University Medical Center Nijmegen, the Netherlands, 
was employed 24. The patient-derived E98 tumor was propagated subcutaneously 
in female athymic mice (athymic nude, Harlan, Horst, The Netherlands).  After 
harvesting, the tumor was mechanically dissociated as described previously 24, 
and cell suspension were directly applied in in vivo experiments. 

Recombinant adenoviral vectors 
The recombinant E1-deleted, replication-deficient adenoviruses expressing 
cytomegalovirus (CMV) promoter-driven luciferase or beta-galactosidase reporter 
genes, Ad.Luc and Ad.LacZ, were kindly provided by Dr R.D. Gerard (University of 
Texas Southwestern Medical Center, Dallas). The replication-deficient adenoviral 
vector that expresses CMV promoter-driven enhanced green fluorescent protein 
(Ad.GFP) has been described previously 25. To increase infection efficiency, an 
RGD fiber modification, which targets �v integrins expressed on the cell surface 
was applied. These integrin-targeted E1-deleted adenoviruses expressing the 
luciferase or GFP reporter genes, Ad.Luc-RGD and Ad.GFP-RGD were kindly 
provided by Dr. D. Curiel (University of Alabama, Birmingham, AL) and have been 
described previously 26, 27. Adenoviral vectors were plaque purified, propagated 
on 293 cells and purified by CsCl gradient according to standard techniques. 
Functional titers (PFU) were determined by end-point dilution titration on 293 

cells according to standard techniques. 

Adenoviral infection experiments
To assess susceptibility of ASCs to infection with wildtype and RGD-modified 
viruses, cells were plated at 104 cells/ well in 96-well plates in 150μL culture medium. 
After 24 hours, a dose-escalation in triplicate of Ad.Luc, Ad.Luc-RGD, Ad.GFP, or 
Ad.GFP-RGD in 50μL culture medium was added to the wells. For quantification 
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of gene expression, luciferase expression in cell extracts of Ad.Luc and Ad.Luc-
RGD infected cells was measured using the luciferase chemiluminescent assay 
system (Promega Benelux, Leiden, The Netherlands) 24 hours post-infection. 
After removing the culture medium, lysis buffer was added to the wells and the 
whole plate was snap frozen on dry ice. After thawing, the luciferase activity in 
the cell lysates was measured using a Lumat LB 9507 spectrofluorometer (EG&G 
Berthold, Bad Wildbad, Germany). Results are expressed as relative light units 
(RLU) per sample.

To visualize transgene expression and determine the percentage of infected 
cells, Ad.GFP and Ad.GFP-RGD infected cells were analyzed by fluorescence 
microscopy. The number of GFP positive cells was determined by counting three 
random microscopic fields per triplicate using a 10x objective lens. 

In vitro migration assays
Migration of ASCs was assayed using a Transwell system with polycarbonate 
membranes (6.5 mm diameter, 8 um pore size; Costar, Corning). Human U-87MG 
glioma cells or primary human fibroblasts were plated in 24-wells plates at 104 
cells/well in 900μL culture medium and allowed to grow to near-confluence during 
3 days. Subsequently, for each Transwell 105 adipose-derived stem cells were mixed 
with 100 �L cold Matrigel (5.6 mg/mL; BD Biocoat, Bedford, MA) 1:1 diluted in 
serum-free DMEM. For studying the effect of adenoviral infection on ASC migration, 
ASCs were used which had been infected at MOI 3000 Ad.GFP or MOI 50 Ad.GFP-
RGD 24 hours earlier. The cold cell/Matrigel mixtures were carefully placed on the 
membranes and allowed to harden for 30 minutes at 37°C, after which 100 �L 
fresh culture medium was carefully added to the upper compartments. The ASC-
containing Transwells were then carefully placed in the 24-wells plates containing 
the tumor or fibroblast monolayers in conditioned medium. After 24 hours at 37°C 
in 5% CO2, the cells were fixed and stained (Diff Quick). The 24 hours time interval 
was chosen based on pilot experiments for optimizing the migration assay. At the 
end of the experiment, microscopic analysis of the U87 cells and fibroblasts showed 
that these cells were viable and had not grown overconfluent. The medium was 
not acidified indicating the sufficient condition of the cells and medium. Matrigel 
and cells on the upper side of membrane were removed with a cotton swab and 
the number of cells that had migrated to the lower side of the membrane was 
quantified. For each membrane, six random fields were counted on an inverted 
microscope using a 10x objective lens. Migration is expressed as mean number of 
migrated cells per microscopic filed or as percentage of uninfected control ASCs.

In vivo homing 
Intracranial glioma xenografts were established in 24 adult female athymic mice 
(athymic nude, Harlan, Horst, the Netherlands) by stereotactic injection of 5*105 
U-87MG-GFP (n=9), U-87MG (n=9), or E98 (n=6) cells in 3μL PBS into the right 
frontal lobe, 2.5 mm lateral and 1 mm rostral to the bregma at a depth of 3 mm. 
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After 5 days 5*105 ASCs (n=21) or control fibroblasts (n=3) in 3�L PBS were 
inoculated stereotactically either intratumorally using the same coordinates, or 
into the same coordinates of the contralateral hemisphere, or 4 mm posterior 
to the tumor cell injection site. For in vivo cell tracking, ASCs were labeled with 
the red fluorescent membrane label PKH-26 (Sigma) according to manufacturer’s 
instructions, or ASCs were labeled by transgene expression of the reporter genes 
Ad.LacZ (MOI 2000) and Ad.GFP-RGD (MOI 40). All injections were performed 
under anesthesia by intraperitoneal injection of 2 mg ketamine and 0.4 mg of 
xylazine in 0.9% saline. Animals were monitored daily and sacrificed on days 2, 
4, 7 or 14 after ASC injection. Brains were removed and frozen for cryosectioning 
(8-12 μm) and analysis of ASC migration and histology. PKH-26-labeled ASCs 
and U87MG-GFP were visualized in unstained crysections with fluorescence 
microscopy (Leica, filter sets N2.1 and I3 respectively) Digital micrographs with 
ASC (red) and U87 (green) were merged (Photoshop, Adobe) The �-Galactosidase 
expressing  ASCs were identified by processing the sections with X-Gal and 
Hematoxylin counterstaining for conventional light microscopy. 

RESULTS

Characterization of human adipose-derived stem cells
Stromal vascular fraction cells were obtained from human adipose tissue 
samples. After 3 weeks of culture ASC populations were obtained, showing a 
homogeneous expression of CD34, CD166, CD105, CD90, HLA-ABC and CD54. 
Cells were negative for CD31, CD146, CD106, HLA-DR and CD45 (Table 1). 

Adenoviral infection of ASCs
To study the possibility of loading 
the ASCs with a reporter gene 
or other gene of interest by 
adenoviral delivery, we assessed 
the susceptibility of these cells 
to adenovirus infection using 
vectors encoding the luciferase 
reporter gene. ASCs were 
infected with a dose-range of 
the luciferase-encoding vector 
Ad.Luc, or with a modification 
of this vector containing the arg-
gly-asp (RGD) peptide sequence 
in the adenovirus fiberknob (Ad.
Luc-RGD). This modification 
has been shown to enhance 

Table 1. Surface marker expression of human ASCs 
(passage 3 and 4)

Cell surface marker Cultured ASCs (n=3)

CD29 ++

CD34 +

CD45 -

CD90 +++

CD105 ++

CD106 -

CD166 +

CD54 ++

HLA-ABC ++

HLA-DR -
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Figure 1. Adenoviral infection of ASCs is enhanced using RGD-modified vectors. Luciferase 
expression in ASCs infected with a dose range of Ad.Luc or Ad.Luc-RGD shows superior 
infection efficiency of the RGD-modified vector. Luciferase is expressed in relative light units 
(RLU) per sample �SD (A). Infection of ASCs with a dose-range of Ad.GFP-RGD (upper row) 
or Ad.GFP (lower row) visualizes infectivity enhancement of the RGD-modified vector and the 
appearance of toxicity at MOI 1000 (B). These results are confirmed by quantitative analysis of 
GFP expression in these samples (C).
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infectability of numerous cell types by targeting �v integrins expressed on the cell 
surface 28-31. Infection with Ad.Luc resulted in low-levels of luciferase expression 
even below detection level up to multiplicity of infection (MOI) 30 (figure 1A). In 
contrast, infection with Ad.Luc-RGD gave high-level luciferase expression, even 
at the lowest virus dose of MOI 3. At MOI 300 the infectivity enhancement of 
Ad.Luc-RGD over Ad.Luc was almost 7000 fold. 

To visualize the infection differential of these vectors, ASCs were infected with 
the GFP-encoding adenoviral vectors Ad.GFP and Ad.GFP-RGD. Fluorescence 
microscopy demonstrated again strong infectivity enhancement with the RGD-
modified vector, with Ad.GFP-RGD infection at MOI 30 giving comparable 
expression to MOI 3000 of Ad.GFP. However, this experiment also revealed that 
infection with Ad.GFP-RGD at MOI 1000 and higher led to toxicity (figure 1B). 
Quantification of GFP-expression supported the microscopy results, demonstrating 
a sharp decline in GFP expressing cells at MOI 1000 (figure 1C). This effect was 
not seen within the high MOI range of Ad.GFP, nor with luciferase-expressing 
adenoviral vectors, suggesting that not the viral particles but high level GFP 
expression confers toxicity to ASCs, an observation that has also been reported 
in the literature 32, 33. Subsequent studies were performed with MOIs of Ad.GFP-
RGD well-below this threshold 

In vitro migration capacity of ASCs 
To investigate the migratory capacity of ASCs, transwell filter experiments were 
performed in which ASCs were mixed with the basement membrane matrix 
Matrigel and allowed to migrate toward near-confluent monolayer cultures 
of either U-87MG glioma cells or primary fibroblasts. After 24 hours, staining 
of transwell filters on the U-87MG monolayers demonstrated more than 90% 
coverage of the bottom-side of the filters, indicating active migration of the 
ASCs to the U-87MG cells. Although ASCs demonstrated active migratory activity 
towards both cell types, a statistically significant preferential migration to the 
glioma cells was demonstrated (p<0.001) (figure 2). 

In vitro migration of adenovirus-infected ASCs
To determine whether adenovirus-infected ASCs retain their migratory behavior 
toward glioma cells, the Transwell experiments were repeated with ASCs infected 
with Ad.GFP or Ad.GFP-RGD. MOIs were chosen to obtain approximately similar 
infection levels (50-60%), well below toxicity, being MOI 2000 for Ad.GFP and 
MOI 40 for Ad.GFP-RGD. As depicted in figure 3, although transfected ASCs do 
retain migratory capacity, Ad.GFP and Ad.GFP-RGD-infected ASCs demonstrated 
53% and 58% inhibition of migration relative to uninfected control ASCs. 
Fluorescence microscopy prior to staining of migrated cells demonstrated that 
migration was not restricted to uninfected ASCs within the infected population. 
These results were taken into account when determining the amount of ASC to 
be injected in the in vivo homing studies.
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In vivo homing capacity of PKH26 labeled ASC
In the first set of in vivo experiments PKH-26-labeled ASCs were injected posterior 
and ipsilateral to the tumor in U-87 or U-87MG-GFP tumor-bearing mice. Seven 
days later, PKH positive cells were detected concentrated at the periphery of the 
tumor, indicating that ASCs had migrated in a caudal-rostral direction toward the 
tumor (figure 4A). Even the most rostral sections of the tumor showed PKH positive 
cells, indicating that ASC migration did not stop when the tumor was reached 
from a caudal direction, but that the ASCs continued to surround the tumor. 
There was no difference between U87MG and U87MG-GFP groups indicating 
that homing was not GFP driven (figure 4B). Migration from the contralateral 
hemisphere was subsequently tested, which again showed migration to the 
tumor in a pattern similar to that observed after ipsilateral injection of ASCs. 
Although most ASCs remained at the tumor-brain interface, some ASCs had 
infiltrated further into the tumor mass (figure 4C). Abundant amounts of ASCs 
were detected in the white matter tracts of the corpus callosum, indicative for 
migration of the ASCs along these anatomical structures to the contralateral 
hemisphere (figure 4D). At day 14, following contralateral administration, the 
overall picture was the same although it seemed that homing to the tumor and 
infiltration of ASCs into the tumor had slightly increased (figure 4E). Intratumoral 

Figure 2 In vitro migration of ASCs. 
Migration of ASCs to U87 tumor cells, 
and to a lesser extent to human primary 
fibroblasts, was demonstrated using the 
Transwell filter assay (p<0.001, 2 sided 
Students t-test). Migration is expressed as 
the mean number of cells per microscopic 
field (10x objective lens).

Figure 3 In vitro migration of Ad.GFP and 
Ad.GPF-RGD infected ASCs. Migration of ASCs 
infected with Ad.GFP (MOI 2000) or Ad.GFP-
RGD (MOI 40) to obtain similar levels of GFP 
expression, do retain migratory capacity in 
the Transwell filter assay but to a lesser extent 
than uninfected control ASCs. Migration is 
expressed as percentage of control uninfected 
ASCs �SD.
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Figure 4. Fluorescence photomicrographs of PKH 26 labelled ASCs (red fluorescent) migrating 
to the GFP positive U87 MG tumor (green fluorescent). Images are merged after acquiring two 
separate digital images applying the appropriate filter set for PKH 26 and GFP respectively (All 
photomicrographs 10 x magnification). (A) ASC homing 7 days after ASCs injection ipsilaterally, 
red positive cells (ASCs) have migrated to the tumor/brain interface and have not infiltrated 
extensively further into the tumor. (B) Unstained section, ASC homing 7 days after ASC 
injection ipsilaterally to the U87 MG wild type tumor, ASCs have migrated to the tumor brain 
border, which has been indicated by the arrows. Images after conventional microscopy and 
fluorescence microscopy were merged. (C) ASC homing 7 days following contralateral injection. 
(D) Unstained tissue section, ASCs migrating at day 7 following the white matter tracts of the 
corpus callosum. Arrows indicate the border of the corpus callosum, LV: lateral ventricle. (E) 
ASC homing 14 days following contralateral injection. ASC have migrated further the tumor as 
compared to day 7 (F) ASC distribution following intratumoral injection at day 4.
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Figure 5. Photomicrograph of LacZ transfected ASCs after injection contra lateral to and 
Intratumoral in the E98 tumor model (Hematoxilin background staining10 x magnification). 
(A) contralateral injection of ASCs (blue stained) at day 3. Cells are clustered, no signs for 
cell migration. (B) Contralateral injection of ASCs at day 7 shows practically no migration, 
decreasing expression of �-Galactosidase and infiltrating inflammatory cells, which are shown 
more in detail in figure 6. (C) Intratumoral injection, day 2, clustered ASCs (blue) are observed in 
the E98 tumor (area of increased cell density). (D) Intratumoral injection at day 4. Again almost 
no migration in the tumor and decreasing expression of �-Galactosidase.
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injection of the ASCs led to extensive distribution of these cells throughout the 
tumor by day 7. Migration was inhibited at the tumor border, causing limited 
migration further into the normal brain parenchyma (figure 4F).

PKH 26 labeled fibroblasts injected ipsilaterally did not migrate, and remained 
in a cluster at the site of injection (data not shown).

Migration of transfected ASCs.
ASCs adenovirally transfected with the �-Galactosidase reporter gene, were 
injected either intratumorally or contralaterally in mice bearing the U87 tumor, 
which has a compact non-infiltrating growth pattern in vivo, or in mice bearing 
the E98 tumor, which has a more infiltrative growth pattern. The latter was used 
for assessing migration to the infiltrating tumor cells. In contrast to the in vitro 
migration assay, no migration was seen of the Ad.LacZ infected ASCs in both the 
intratumoral and contralateral injection groups of both the U87 (not shown) and 
E98 tumor models. At day 3, �-Galactosidase positive cells injected contralaterally 
to the E98 tumor, were still densely clustered at the injection site (figure 5A). At day 
7, individual ASCs seemed more scattered at the injection site, however, cells had 
hardly migrated away from this location (figure 5B).  Similarly, after intratumoral 
injection in E98 tumors there was no ASC migration within the tumor (figure 
5C-D). This experiment was repeated using ASCs infected with Ad.GFP-RGD in 
the U87 tumor model, and again tumor homing by GFP-transfected ASCs could 
not be demonstrated. �-Galactosidase and GFP expression decreased at day 7 
and was not detectable at day 14 (not shown).

Pathohistological analysis of the brains of mice injected with Ad.LacZ- or 
Ad.GFP-RGD-infected ASCs revealed infiltrating granulocytic cells, indicative of 
an acute inflammatory tissue reaction to the infected ASCs at day 7 (figure 5B and 
6A).  In contrast, analysis of E98 tumors, revealed no signs of an inflammatory 
response (figure 6B). In brains of mice injected with PKH 26-labeled ASCs, a 
collection of large epitheloid cells with slightly irregular nuclei with fine chromatin 
and ample cytoplasm was seen at the site of injection (figure 6C). These cells 
formed a fairly cohesive, rounded cluster, suggestive of a granuloma. The cells 
surrounding this cluster were small, with round, dark-staining nuclei, resembling 
lymphocytes, but their red fluorescence indicated that they were the labeled 
ASCs (figure 6D). Thus contrary to the adenovirally infected ASCs, no evidence of 
granulocytic infiltration or acute inflammatory response to PKH 26-labeled ASCs 
was observed (figure 6C).

DISCUSSION 

In this study we focused on the possibility of employing ASCs as vehicles for 
delivery of therapeutic transgenes to glioma. In general, desired cell characteristics 
in the context of such a treatment approach include, apart from selective homing 
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to tumor cells, the feasibility of harvesting relatively large quantities of these 
cells from glioma patients and efficiently transfecting them, with resultant 
stable transgene expression and preserved homing capacity. As demonstrated in 
several experimental animal studies 34-36, ASCs can be harvested in relatively large 
quantities and it is less technically demanding as compared to NSCs, which make 
them potential candidates for cellular based therapy in glioma.

The adenoviral infection experiments revealed very inefficient infection 
of ASCs using vectors with wild type tropism. The RGD fiber modification of 
Ad.Luc-RGD, which targets �v integrins expressed on the cell surface, resulted 
in a striking 7000 fold increase in transfection efficiency. Lentiviral vectors have 
been reported to have a higher transfection efficiency than adenoviral vectors 20, 
however an RGD modified adenoviral vector has not been tested in the context 
of ASCs before. ASCs have also been transfected using a retroviral vectors, which 
resulted in prolonged transgene expression 35. Results from the literature and the 
present study indicate that ASCs can be infected by various viral vectors and our 
results demonstrate that RGD-modified adenoviral vectors are highly efficient. 

The in vitro migration assay demonstrated the migratory capacity of 
adenovirus infected ASCs, although there was a decrease of approximately 
55 % compared to uninfected controls.  Migration to U87 tumor cells was 
enhanced as compared to control fibroblasts, confirming the tropism of ASCs for 
tumor as has been described for NSCs 2. Nevertheless, some in vitro migration to 
fibroblasts was also observed which was not unexpected as cultured fibroblasts 
also produce various cytokines and chemokines, which are likely to drive this 
migration process. The results indicate the migratory potential of ASCs however, 
careful interpretation of the data is warranted because of the limitations of such 
an in vitro migration assay. 

In vivo, PKH 26 membrane-labeled ASCs showed an apparent homing capacity 
to the tumor, in the same pattern of surrounding the tumor lesion as seen in 
an earlier study with bone marrow derived MSC 16. Intratumoral injection of 
PKH 26-labeled ASCs showed extensive distribution within the tumor similar to 
intratumorally injected NSCs as reported by Aboody et al. 2. ACS distribution was 
almost completely restricted to the tumor with little infiltration into the normal 
brain parenchyma. These results suggest that stem cell migration is triggered by 
chemo-attractants secreted by the tumor, which accumulate at the tumor/brain 
interface, resulting in the described distribution pattern. Candidates for such 
chemo-attractants are CXC chemokine ligand-12 (CXCL12), the release of which 
is TGF-� dependent 37, vascular endothelial growth factor-A (VEGF-A) 38, scatter 
factor/hepatocyte growth factor (SF/HGF) 7, and platelet derived growth factor 
(PDGF) 15, which are all factors produced by the U87MG tumor 39-41.

After the homing capacity of ASCs was established in the U87MG model, 
which is a compact non-infiltrative human glioma model, we sought to assess 
the homing capacity to infiltrating tumor cells. To this end, the E98 glioma 
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Figure 6. (A) Photomicrograph of Ad.LacZ infected ASCs, at day 7 contralateral to the 
tumor, showing infiltration of granulocytes indicating an acute inflammatory response (40x 
magnification). (B) Human E98 tumor not showing an acute inflammatory response indicating 
that the inflammatory response is not triggered by human cells in the nude mouse model (40x 
magnification). (C and D) PKH 26 labelled ASCs injected contralateral to the tumor at day 7. (C) 
Hematoxylin staining and 10x magnification, there is no indication of granolocytic infiltration 
and an acute inflammatory response, suggesting that adenoviral transfection triggered the 
acute inflammatory response. (D) fluorescence micrograph of red-labelled cells of the same 
cluster of cells as in C, demonstrating that these cells are the labelled ASCs.
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model, which bears infiltrative characteristics was employed 24. In this model, 
tumor infiltration can only be visualized by conventional light microscopy, and 
therefore a non-fluorescent label like �-Galactosidase was used to label the 
ASCs, in spite of the fact that adenoviral transfection using Ad.LacZ, without the 
RGD modification, is not very efficient (MOI: 2000). This approach also allowed 
us to ascertain whether ASCs preserved their homing capacity after adenoviral 
infection and while expressing a reporter gene. As the tumor-tracking capability 
of ASCs was completely eradicated following Ad.LacZ infection, Ad.GFP-RGD 
was used as a second reporter gene at a considerably lower MOI of 40 to exclude 
the possibility that high virus load might have impaired the homing capacity of 
the ASCs. Theoretically, the expression of LacZ and GFP could have been the 
limiting factor for migration, however LacZ and GFP do not elicit an inflammatory 
response in the brain and homing of Laz Z expressing neural stem cells to glioma 
has been demonstrated 2. Furthermore, to exclude the possibility that homing 
was abolished due to the chosen tumor model, Ad.GFP-RGD-infected ASCs 
were injected in U87MG-tumor bearing mice, in which PKH26 membrane-
labeled ASCs had already displayed potent homing capacity.  However, again 
in this experiment homing of GFP expressing ASCs could not be demonstrated 
indicating that adenoviral infection perse brings ASC migration in vivo to a halt. 
This is in contrast to the results of Nakamura and colleagues who demonstrated 
migration of adenoviral EGFP-transfected rat bone marrow-derived MSCs 16, 
from the contralateral hemisphere to the tumor in a rat glioma model. However, 
their model system consisted of rat stem and tumor cells, in contrast to the 
human stem cells and human glioma model we employed. In a very recent paper, 
Kucerova et al. demonstrated that ASCs can be stably transfected using retroviral 
gene transfer, while maintaining migration capacity in vitro and tumor tracking 
capability in vivo following intravenous injection in a subcutaneous colon cancer 
mouse model 34.  Although their in vivo experiment is difficult to compare to 
our study, the results indicate that retroviral infection may preserve the homing 
and migratory capacity in contrast to adenoviral infection. This difference may 
be explained by the fact that retroviral and lentiviral vectors are known to be 
less immunogenic than adenoviruses 42, 43. An important observation in this 
context, is the influx of inflammatory cells to the injection site of the adenovirally 
transduced ASCs. Such a response was not noted in the studies using PKH-26-
labeled ASCs. Furthermore, such a response was also not triggered by the U87 or 
E98 human tumor cells as such, indicating that the acute inflammatory response 
was not triggered by human cells in a mouse model. In spite of the immune-
compromised state of the nude mice, and the immune-privileged state of the 
brain, an acute local inflammatory response, presumably to the viral proteins 
in these cells, was evoked, as has been described previously after injection of 
oncolytic adenovirus using the same tumor model 44, 45. As a result, the infected 
ASCs may have been cleared by the immune cells, precluding their homing to 
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the tumor. This hypothesis is supported by the observed rapid loss of transgene 
expression after in vivo injection of the infected ASCs and also by the fact that 
the migratory capacity of these cells was much less affected by the adenoviral 
infection in the in vitro studies. Thus following adenoviral infection,

A limited reduction of migratory potential of ASCs was observed in vitro . 
However in vivo, migration was completely absent and associated with an 
inflammatory response, indicating that adenoviral infection perse may be a limiting 
factor for cell migration and that the resulting local inflammation abolishes tumor 
homing capacity completely. Less immunogenic vectors derived from retrovirus, 
lentivirus, and adeno-associated virus, or second-generation gutless herpes or 
adenoviral vectors, have all shown superior, long-term, transgene expression in 
rodent brains 46-50, and may therefore offer more suitable vector systems for gene 
transfer to ASCs and their subsequent use in tumor tracking studies. 

In conclusion, ASCs demonstrated potent homing capacity to glioma, which 
makes them potential candidates as vehicles for cell-based therapy and delivery 
of therapeutic transgenes.  However, first-generation adenoviruses are not 
appropriate vectors for delivery of therapeutic transgenes to ASCs as the induced 
immune response to the infected cells abolishes their migratory capacity. 
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DISCUSSION

The current thesis addresses a broad range of issues concerning oncolytic viral 
therapy for glioma. The title word “improving” implies that some of these issues 
will actually have improved following this thesis. Although, to a varying extent 
we certainly think this to be the case, such a broad subject leaves a lot to be 
discussed. This discussion is divided into one part which discusses the actual 
results of the thesis and a second part that concerns the current status and the 
future of the broader field of gene therapy and oncolytic viral therapy as a whole. 
Because gene therapy and oncolytic virotherapy in this thesis share a common 
carrier, the adenovirus, they will generally be discussed together but separately 
where needed.

Combination treatment
Ad∆24-p53 and Ad∆24 with and without radiotherapy were compared and no 
difference in anti-glioma activity was observed. It could well be however, that 
these results do not cover the whole story behind this comparison. In vitro, p53 
expression from Ad∆24-p53 induced apoptosis upon irradiation, killing cells more 
efficiently than Ad∆24 with radiotherapy. However, the combination of either 
of these viruses with radiotherapy in vivo caused a complete and equally rapid 
regression of established tumors in both treatment groups, possibly obscuring 
any effect of apoptosis. It therefore remains to be determined if the observed 
induction of apoptosis could be clinically relevant. Before a final conclusion 
can be drawn, these experiments should be repeated at a lower viral dose and 
such experiments would have to include intermediate time points to determine 
the presence of apoptosis in vivo. It has never been shown that radiotherapy 
significantly decreases viral replication. Apparently, the cell cycle arrest induced 
by radiotherapy can be overcome by the cell cycle activating properties of the 
oncolytic adenovirus 1, 2. Therefore, it could be intuitively thought that these two 
treatment modalities will be at least additive and perhaps synergistic assuming 
the virus will be capable of eradicating the complete tumor during the period of 
tumor growth delay. 

Another aspect of these experiments concerns the timing of treatments. 
Assuming that the combined effect of p53 expression and radiotherapy is short-
lived and occurs only directly after radiotherapy, it might be wise, for the synergistic 
effect, to fractionate the 20Gy administered in our experiments into multiple 
small doses, e.g. 10x2Gy. These issues are equally valid in the experiments using 
the orthotopic model as described in chapter 4. In addition, this chapter confirms 
again that orthotopic models behave differently compared to subcutaneous 
models. This is an important observation, especially as, to our knowledge, there 
have been no other studies combining radiotherapy and adenoviruses in an 
intracranial model. Therefore, assuming the intracranial model is more relevant 
to the actual disease, this chapter can be considered as a plea to increase the 
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use of these models. Considering this, it could be further argued that it would 
be even better to use even more relevant intracranial models, especially those 
exhibiting a truly invasive behavior. Although considerable progress has been 
achieved 3-6, a lack of such (human) models still exists. In this respect the E98 
model appears promising, showing extensive infiltration of tumor cells not seen 
in any other orthotopic mouse model using transplanted cells 7. When using 
such models, great benefit is to be expected from advanced imaging methods, 
such as analysis of Gaussian luciferase (Gluc) in blood and bioluminescent 
imaging of tumor growth, which enable in vivo monitoring of tumor growth and 
treatment response 8, 9. This would clearly decrease the dependence on symptom 
observations and the killing of animals at intermediate time points 10. Therefore, 
one future project will be the transduction of E98 cells with Gluc to obtain a truly 
invasive and traceable model. 

Whether the combination of radiotherapy and adenoviruses should be 
pursued any further at all, remains a matter of discussion. It cannot unequivocally 
be determined from the results described in this thesis, nor from other published 
results, whether such a combination would be truly beneficial in humans, 
considering the lack of orthotopic studies. Combination therapy should therefore 
only be considered when the virus was either specifically designed to be combined 
with radiotherapy and preclinical results are unequivocal, or when the clinical 
treatment phase when the virus will be used, most likely the combined chemo/
radiotherapy phase, necessitates such a combination. 

Delivery
Especially in the specific case of brain tumors, two populations of tumor cells 
need to be targeted: first, the clonally expanding tumor mass that remains after 
surgery and second, the diffusively infiltrating tumor cells that could spread as 
far as the other hemisphere. In the case of oncolytic (adeno)viruses it has already 
been shown, both experimentally and mathematically, that the spreading wave 
of viral replication by itself cannot easily surpass the rate of tumor growth or 
brain invasion, not even when using wildtype adenoviruses 11, 12. In addition, non-
replicating viruses will not distribute at all beyond the location where they were 
initially administered 13. To target most or all tumor cells, optimal delivery of the 
vector is therefore of paramount importance and this has not been achieved or 
documented in any clinical trial up to now 13.

Adenoviral vectors are incomparable to conventional cytotoxic therapies which 
are invariably administered by oral or vascular routes and whose penetration into 
tumor tissue can be measured by techniques such as HPLC in blood or tumor 
samples. In addition, especially when adenoviral delivery is suboptimal, which 
it will generally be, it should be exactly known where the vector is actually 
delivered in order to explain the ensuing results. Thus, imaging of vector delivery 
or distribution is of equal importance, something gene therapy has in common 
with many other nanoscale biotherapeutic strategies 14-20.
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Both problems, delivery and imaging, should ideally be resolved before a 
clinical trial is to be initiated. Chapters 2 and 5 of this thesis partially address 
these questions but many more remain to be answered. Convection-enhanced 
delivery (CED) could well represent an efficient delivery method of adenoviruses 
to the brain but animal experiments should ideally be scaled up to larger animals 
than rodents to see if the theory is applicable in larger brains as well. Indeed, 
studies using adenoviruses have been performed in dogs, which do offer a more 
suitable brain volume for this kind of experiments 21-23. Further experiments in 
dogs should therefore include true CED as opposed to the single injections used 
in these studies. 

As adenoviruses are immunogenic agents it should be determined whether 
the wide distribution that CED appears to offer will either increase or decrease 
the immune response to the infused virus. It can be hypothesized that a high local 
concentration of particles could be more immunogenic than a low concentration 
of widely distributed particles, or vice versa, and which one of the two will be 
most beneficial to glioma therapy and least toxic remains to be determined.

In addition, imaging techniques such as diffusion-weighted MR imaging 
could possibly be used to determine interstitial water flow, including perhaps 
the direction of flow, to construct a map that could be used for optimal CED 
catheter planning 24, 25. That resulting map would not be based solely on the 
diffusion characteristics and fiber orientation of the infused tissue, which is 
common practice in predicting CED, but should also incorporate the direction of 
preexistent interstitial flow. Such techniques could help to resolve the problem 
of completely covering the peritumoral area of a spherical tumor with a limited 
number of infusion catheters.

Imaging the viral distribution should be kept simple and should not interfere 
with the structure of the viral particle. Therefore, the use of a surrogate marker 
has many advantages as long as it does not interfere with the distribution and 
action of the virus. The inherent disadvantages, such as differences in distribution 
patterns, could be overcome by using nuclear imaging, which allows a direct 
evaluation of distribution by tracer coupling to the viral capsid 26.

The application of iron particles as surrogate tracers for viruses is not 
completely new 27-30. Clinically, the distribution of these nanoparticles has only 
been assessed after intravascular administration where they were found to be 
safe 31. Because of the well-known neurotoxicity of iron 32, 33, toxicity studies 
should be performed if these particles are to be delivered by CED. 

Efficient and predictable delivery and imaging of the viral distribution is not 
only beneficial to adenoviral therapy, but would also provide an extra safety 
assurance, which could be useful to persuade regulatory authorities expressing 
safety and shedding concerns.

Delivery of viruses using stem cells is an example of improving one experimental 
therapy with another. Although such a complicated combination will not ensure 
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a speedy clinical application, stem cells could well offer a vehicle for a number 
of agents, including viruses 34-38. The question is whether adipose tissue-derived 
stem cells will be capable of doing so. Other studies have used mesenchymal 
stem cells with some success 37, 38. Differences between stem cells obtained from 
these different sources should be determined to unravel the discrepancy in viral 
delivery capacity. Such studies could further enlighten the actual “stemness” 
of various cell types harboring classical stem cell characteristics. To ensure 
therapeutic success, transduced stem cells will have to be non-tumorigenic and 
preferably not allow viral replication, or at least cell death, until the cell reaches 
the tumor. This problem of delicate coordination will have to be solved before 
clinical application of these vehicles is feasible. 

Imaging the response to oncolytic viruses
We have used 18F-DG PET scanning in vitro to determine the effect of an oncolytic 
virus. The results from this study are preliminary, in effect showing that 18F-DG PET 
is sensitive enough to allow the measurement of the oncolytic effect of the virus 
in multicellular spheroids. The relevance of this chapter however is not so trivial, 
because it is indeed important to be able to determine whether the delivered virus 
is effective. Oncolytic virus trials are often designed such that virus injection follows 
resection of a recurrent tumor. Currently, activity of the virus has been detected 
for approximately two weeks 39, 40. It is therefore in this period that it is important 
to visualize the effect of the virus and PET scanning is a good candidate to do so, 
contrary to MRI or CT.  When using FDG PET in vivo or clinically, results could be 
distorted by activated infiltrating macrophages 41, especially following infusion 
of an adenovirus. In this respect, many alternative PET tracers are continuously 
being developed. One such tracer is [11C]PK11195 which binds to activated 
macrophages and microglial cells 42, 43. Using this tracer, possibly in addition to 
more common tracers such as 18F-DG might allow a distinction between oncolytic 
effects of the virus and the activation of the immune system. Therefore, whether 
the PET tracer used should be 18F-DG or any other tracer is left to be determined, 
but the flexibility of nuclear imaging does offer some promising options, especially 
in the direct postoperative period when the oncolytic activity of the virus can be 
expected to be maximal. Further experiments should be performed in an in vivo 
setting using relevant animal models.

Determining viral potency
Mathematical analysis of the process of viral propagation has been attempted 
before and quite rigorously 12, 44-47. These models have often tried to include 
as many relevant variables as possible in the interaction between viruses and a 
growing tumor but they differ from the model used in chapter 6. Theoretically, to 
gain some understanding in a very complex interaction, these models could be of 
great value as inclusion of all relevant variables offers the prospect of a complete 
prediction of the interaction and thus possibly the outcome of a viral treatment. 
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However, all of these variables will have to be known, either determined from 
the literature or experimentally. There is room for error in each of the obtained 
values and each variable complicates the model considerably. The practical use 
of such a model is therefore limited. The model used in chapter 6 includes a 
limited number of variables and in doing so keeps it simple. It is for instance 
only applicable in in vitro cell cultures and not in 3-dimensional models. Neither 
does it include the immune response. It is not suitable for cells that do not divide 
exponentially. This is however, the first attempt to use a mathematical model in 
an actual assay testing adenoviral oncolysis. Such an assay is truly needed to be 
able to objectively compare different oncolytic adenoviruses and thus to limit the 
number of viruses needing to be assessed in a complete preclinical assessment. 
At the very least, this model is a call to a standardization of potency assays for 
oncolytic viruses. For future applications, this model could be adapted to be valid 
in more situations, such as when assuming logistic cell growth. The challenge will 
then be to retain the practicality of the model while accounting for these more 
complicated variables.

Mathematically predicting the outcome of a single experiment may be 
feasible. Predicting the future of gene therapy and oncolytic viral therapy as a 
whole is worthy of a whole new discussion. 

The complexity of a simple virus
Clearly, a distinction should be made between gene therapy on one hand, in 
which the goal is restoration of gene function and where the target is generally 
quite clear, and cancer targeted therapy on the other hand. Whether used in the 
context of true gene therapy or oncolytic virotherapy, the goal can be anything 
from gene functioning to cell killing and this form is primarily discussed in this 
thesis. For both types of gene therapy however, we have come to realize that 
the introduction of a virus into a cell has far more consequences than just the 
delivery of the desired genetic material. For instance, the introduction of p53 
into a tumor cell by means of adenoviral transduction might differentially repress 
or transactivate more than 100 genes when compared to a non-p53 expressing 
control 48, 49. In stark contrast however, infection of cells with wildtype adenovirus 
alone already causes a differential expression of approximately 2.000 genes 50, 

51. While the effect of those 100 genes may be desired, unsurprising and to 
some extent predictable, the consequences of the other 2.000 genes will be far 
more difficult to predict. Surely this statement can easily be deemed premature 
considering the limited number of studies on this subject, but the conclusion is 
justified that gene therapy should consider other genes than just the intended 
therapeutic ones. In this context, the effect of exchanging for example the 
apoptotic transgene p53 for another apoptotic gene could appear to be just a 
bit redundant, at least from a therapeutic point of view. In effect, this realization 
could even direct us to using wildtype adenovirus as a therapy for, for instance, 
gliomas again. Wildtype adenoviruses are not genetically modified organisms 
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and their use is thus protected from a large part of the inherent legislation and 
rules surrounding genetically modified organisms. As adenoviruses replicate for 
more efficiently in fast dividing cells wildtype adenoviruses could be considered 
naturally selective for replicating (glioma) cells versus non dividing neurons and 
are, at least in vitro, dependent on the Coxsackie and adenovirus receptor (CAR) 
for their infection. This receptor might not be expressed on all tumor cells 52, but 
expression in normal brain, although not closely examined 53, appears to be low 
54, 55. Perhaps most important, the use of wildtype virus would prevent the search 
for hard to detect specific effects and allow us to direct our attention to the 
therapeutic effect itself, whether consisting of direct oncolysis or a combination 
with the elicited immune response.  

Realistically, wildtype adenovirus will not make it to the clinic anytime soon. The 
example of the wildtype virus however, does show that the ideal oncolytic virus 
can and should be relatively simple, at least for now. If we find ourselves, perhaps 
not so surpisingly, unable to change millions of years of adenoviral evolution 
elegantly assembled in only 36.000 base pairs in such a way that it does what 
we want it to do, we should perhaps change as little as possible. One example of 
such thinking has been the deletion of the adenoviral E3 region, dispensable for 
viral replication. In early oncolytic viruses this region has often been deleted from 
the viral genome, but later research showed that most if not all functions of E3, 
leading to immune evasion and cellular lysis, might be dispensable for replication, 
but not for efficient functioning as an oncolytic virus 56. 

More than often gene therapy, or the development of an adenovirus variant, 
is based on an idea that is too good to throw away easily, although sometimes 
it should be, for the sake of progress. The limited financial and human resources 
available for further development demand a strict selection of agents that will be 
assessed clinically. This point cannot be overstressed. The oncolytic adenovirus 
that made it to the clinic most prominently, ONYX-015, has been shown to be 
too severely attenuated to induce any clinically relevant oncolysis 40. The complex 
mechanism of oncolysis by replicating viruses makes a direct comparison between 
various adenovirus variants difficult. This comparison is nevertheless necessary 
for the reason mentioned above and this instigated the chapter on mathematical 
analysis and prediction of oncolytic potency, in the hope of providing an objective 
and standardized measure to compare oncolytic (adeno)viruses. 

Combining oncolytic viruses with conventional treatments such as radiotherapy 
may prove to be synergistic and even critically needed for efficient oncolysis, but 
at the same time can further complicate an already complicated treatment, as 
shown in this thesis. It could be argued that the addition of oncolytic virotherapy 
to radiotherapy should ideally be assessed to improve an already effective 
treatment and not to save a mediocre one. 

In the present situation a clinical trial should be performed only with the very 
best agent available and in total control of all confounding factors. Obviously, 
this statement will represent a utopia for at least some time to come, but research 
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should be focused on providing at least the beginnings of a framework for such 
a trial. 

Gene therapy – success or failure?
Up to now, no successful phase III trial in gene therapy has been completed in 
the United States or Europe. Moreover, the number of (approved) gene therapy 
trials following the high times of the nineties appears to be decreasing for the 
first time worldwide since 2006 57.

Several factors are commonly cited to explain why gene therapy has not yet 
become the treatment it once promised to be. These include the cost and complexity 
of vector production, the regulatory and logistic complexity of attempting trials 
with genetically modified agents and the inefficacy of the first generation vectors 
and oncolytic viruses, which were generally severely attenuated. The commonly 
shared response to these problems has generally been directed to the latter factor 
and resulted in the development of new vectors and viruses.

The current status of gene therapy could perhaps be seen as that of conflicting 
enthusiasms. Drug development consists of preclinical and clinical phases. The 
number of preclinical research questions that can be addressed in gene therapy 
is virtually endless and all of these questions are exciting. Even without a clinical 
follow-up, basic gene therapeutic research results can contribute greatly to our 
knowledge of the molecular biology of the cell. When one gene therapeutic 
agent does inadvertently not make it to the clinic, it is often worth the trouble to 
take a step back and develop another one, motivated by the unlimited flexibility 
and versatility of the (adeno)viral backbone. 

Indeed this strategy may be more tempting and surely more short-term 
rewarding than confronting the enormous costs and mountains of regulations 
surrounding a clinical gene therapy trial. There is no pressing need to perform 
a clinical trial in gene therapy when the preclinical rewards are sufficiently 
stimulating for most scientific careers.

On the contrary, for a physician there will always be an urgent need to try 
experimental treatments. When no effective treatment is available and the 
prognosis grim, such as is the case in malignant gliomas, clinicians will be even 
more easily persuaded to attempt a promising but complex therapy that has shown 
considerable efficacy in the laboratory. Gene therapy has certainly provided in this 
need with conceptually highly attractive ideas translated into hopeful preclinical 
results. These results have been expanded to clinical trials that often proved to be 
complex, expensive and generally disappointing 58-61. This led to basic scientists 
enthusiastically designing new vectors and skeptic doctors, who were not only 
confronted with negative results but also with excruciatingly complicated ways 
to obtain them. Indeed, physicians willing to embark on the long journey to a 
clinical trial, which will often have to be performed without backing from the 
pharmaceutical industry, have become rare. This discrepancy between research 
and clinic could ultimately lead to the demise of gene therapy. One solution 
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would be to include medical doctors in the process of preclinical development, 
an understanding of which might fuel their enthusiasm and involvement, as the 
elegance of gene therapy is undeniable. As such, development of viruses could 
perhaps be more clinically-driven, based on clinical problems and not so much on 
the molecular biology of the cell. As an example, such an approach might have 
driven research sooner towards preventing or augmenting the immune response 
to adenoviruses or improving delivery methods. No matter which direction is 
chosen, gene or oncolytic therapy should be a joint venture between two equally 
enthusiastic parties.  

The future of gene therapy
The time has come for gene therapy to fulfill its promise. This statement reflects 
both a negative and positive perception of the field and current status of gene 
therapy. The time has come because developments in molecular biology and 
medicine are starting to allow us a profound understanding of the complex 
biologic processes deep inside cells. This knowledge propels the development 
of new gene therapeutic strategies and provides hope for a truly gene targeted 
therapy in which the therapeutic result is actually a consequence of the targeting 
of one or more specific genes and not a welcome, but largely unexplained, 
bystander effect. The time has also come for gene therapy to emerge from its 
youth into adolescence, and although the ever expanding knowledge of the 
genome will almost surely ensure a place for some kind of gene-directed therapy 
in the future, this may not be necessarily so for the classical gene therapy. 

The best way to revitalize the field appears to be successful clinical trials. 
Although proponents of the field have always enthusiastically embraced the few 
clinical successes reported in the literature, they generally fail to ignore the fact 
that in two decades of gene therapy not a single approved gene therapeutic 
agent has hit the market outside China. This is surely a depressing notion for 
any field of medical research. Moreover, a field that can be brought to almost 
a full stop by the death, no matter how tragic, of two patients in total in over 
three decades of research, proves that it is entangled in a delicate balancing act 
between scientific research on one hand and ethical and medico-legal issues on 
the other. That field should realize that other challenges exist besides developing 
new and improved viral vectors.

The concept of gene therapy and oncolytic viral therapy is beautiful. When 
it surfaced in the previous century it was thought that DNA would be at the 
basis of all health and disease and in fact, this hypothesis still stands. The DNA 
still controls the cell and all cellular dysfunction. In the past three decades we 
have not found a reason to dig deeper than the four nucleotides that make up 
the genetic code. Microarray studies are rapidly increasing our knowledge of 
the genome and advanced analysis technologies will eventually make all this 
information comprehensible. In stark contrast to the beginning of the previous 
century, we now have an idea where and what the target is. We just don’t know 
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how to get there yet. To kill or cure a diseased cell, one can best start at the 
most upstream part of the disease cascade, which is the DNA. Surely, surgery, 
chemotherapy and radiotherapy will probably keep their roles in cancer therapy, 
but after centuries of experience these crude measures are unlikely to cure in 
the future those types of cancer that they have not yet cured by now. Therefore, 
failure of gene therapy is not an option, as gene therapy might well prove to be 
the only option remaining. 

It could well be that the adenovirus will not, in the end, prove to be the ideal 
vector for oncolytic therapy or gene therapy. It is also possible that gene therapy 
in the end will not require the transfer of actual DNA, but rather microRNA 
or any other agent acting on the genome. Progress can also be expected in 
nanotechnologies including liposomes and nanoparticles that in the end could 
replace viral vectors. Thus far however, none more efficient ways have been 
devised to transfer DNA into mammalian cells than the use of viruses. Oncolytic 
viruses will be even more likely to retain their position, as the biologic process 
of replication and oncolysis will be far more difficult to imitate. When the most 
important limiting factors, such as efficient delivery, are addressed, and these can 
be addressed, viral gene therapy and oncolytic viral therapy will be viable options 
in the treatment of cancer. 
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Een kwaadaardige hersentumor, en dan vooral het Glioblastoma Multiforme 
(GBM), is een verschrikkelijke vorm van kanker die in Nederland bij ongeveer 300 
mensen per jaar wordt ontdekt. Het is een tumor die niet uitzaait naar andere 
organen maar desondanks overleven mensen die eraan lijden vaak niet langer 
dan een jaar. De reden hiervan is dat de tumorcellen niet alleen te snel delen en 
zo de hersenen in de verdrukking brengen, maar tegelijk de hersenen infiltreren 
tot op plaatsen die niet te zien zijn met behulp van beeldvormende technieken 
zoals de MRI scan. Deze geïnfiltreerde tumorcellen verschuilen zich tijdelijk tussen 
normaal hersenweefsel en zijn daar onbereikbaar voor de neurochirurg en niet 
gevoelig voor radiotherapie of chemotherapie met Temozolomide, de standaard 
behandeling op dit moment. Nadat de zichtbare tumor dan is behandeld groeien 
deze cellen vrijwel altijd uit tot nieuwe tumoren die niet meer geopereerd kunnen 
worden zonder kans op onaanvaardbare neurologische uitval. 

Kanker ontstaat omdat cellen door genetische afwijkingen ongeremd delen 
en niet meer reageren op de signalen die een dergelijke losgeslagen cel normaal 
zouden moeten aanzetten tot zelfmoord, apoptose. Het aantal genen en eiwitten 
dat een bijdrage levert aan deze ontregelde celdeling is immens en er worden er 
steeds meer ontdekt. Al deze eiwitten activeren of deactiveren elkaar in complexe 
interacties en vormen zo ketens, pathways, die uiteindelijk leiden tot celdeling of 
apoptose. belangrijke pathways die voorkomen in dit proefschrift zijn die waarin 
de eiwitten p53 en Rb een rol spelen.

Adenovirussen zijn verkoudheidsvirussen. Virussen zijn kleine stukjes 
genetisch materiaal, DNA of RNA, omringd door een kapsel om dit materiaal te 
beschermen en uitstekende eiwitten, receptoren, waarmee het cellen infecteert. 
Het “levensdoel” van het virus is de voortplanting, met indrukwekkende 
hoeveelheden. Dit gebeurt doordat het cellen infecteert en binnendringt, de 
machinerie van de cel kaapt om het eigen genetisch materiaal te kopiëren en 
nieuwe virusdeeltjes maakt waarna de cel barst en deze deeltjes vrijkomen om 
nieuwe cellen te infecteren. Per geïnfecteerde cel kunnen duizenden nieuwe 
viruspartikels vrijkomen en dit zorgt er voor dat een virusinfectie zich razendsnel, 
exponentieel, kan verspreiden. Als het virus op deze manier wordt ingezet tegen 
kankercellen wordt dit virotherapie genoemd,  dit in tegenstelling tot gentherapie 
waarbij het virus enkel wordt gebruikt om genetisch materiaal over te brengen.

DNA replicatie, ook nodig voor nieuwe virusdeeltjes, vindt in cellen plaats 
als de cel deelt en daarom is het virus veel efficiënter in delende cellen zoals 
tumorcellen. Als de cel niet deelt zal het virus de cel dan ook aanzetten tot 
deling. Het is gebleken dat door het weghalen van bepaalde delen van het virale 
genoom, dit virus niet meer in staat is de cel aan te zetten tot deling, en daarom 
kan dit virus alleen repliceren in cellen die van zichzelf al delen, tumorcellen. Dit 
soort gemodificeerde adenovirussen gebruiken wij om tumoren te behandelen. 
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Hoewel dit een veelbelovend concept is, is inmiddels wel gebleken dat er nog veel 
problemen te overwinnen zijn. De belangrijkste uitdagingen zijn het verbeteren 
van de kracht en selectiviteit van het virus, het in beeld brengen van de activiteit 
van het virus en het bepalen waar het virus terechtkomt na toediening bij 
patiënten met een hersentumor.  In dit proefschrift wordt getracht voor deze 
problemen een oplossing te vinden.

Na de algemene introductie proberen wij in hoofdstuk 2 het effect van 
virotherapie te beoordelen met behulp van positron-emission tomography, PET. 
Hierbij wordt in dit geval gebruik gemaakt van radioactief gelabeld suiker om de 
metabole activiteit, het suikerverbruik, van cellen in beeld te brengen. We laten 
zien dat we hiermee de activiteit van het adenovirus kunnen beoordelen in kleine 
3-dimensionale tumorkweken. De relevantie van dit hoofdstuk schuilt in het 
gegeven dat het belangrijk zal zijn de activiteit van het virus te kunnen beoordelen 
in de eerste twee weken na toediening, waarna de immuunrespons het virus in 
het algemeen opgeruimd zal hebben. De MRI is in deze  periode niet zo geschikt 
omdat na een operatie het geopereerde gebied veel aspecifieke afwijkingen laat 
zien. Het gebruikte gelabelde suiker (18F-DG) zou vervangen kunnen worden 
door andere tracers, waarmee naar andere biologische eigenschappen van de 
interactie tussen het virus en de tumor gekeken kan worden.

in hoofdstuk 3 en 4 worden twee verschillende virussen gecombineerd 
met bestraling, de gebruikelijke behandeling van het GBM. Het virus dat 
wordt gebruikt in hoofdstuk 3, Ad∆24-p53, repliceert niet alleen selectief in 
tumorcellen die een mutatie hebben in de Rb pathway, maar brengt ook het 
eiwit p53 tot expressie dat apoptose induceert en in tumorcellen vaak ontbreekt. 
Hiernaast is p53 van belang bij de respons van tumoren op bestraling. We 
laten zien dat de expressie van p53 extra apoptose teweeg brengt in bestraalde 
glioomcellen vergeleken met het controle virus Ad∆24 en dat deze virussen als 
ze gecombineerd worden met bestraling in een subcutaan muizen tumormodel, 
waarbij een geïmplanteerde tumor onder de huid groeit, bijna alle tumoren bijna 
geheel doen verdwijnen, al komen er enkele later terug. Het lijkt dat dit effect zo 
sterk is dat een eventueel verschil tussen Ad∆24-p53 en Ad∆24, door de extra 
apoptose, in dit dierenexperiment niet meer waarneembaar is. In hoofdstuk 4 
wordt een andere adenovirus variant gebruikt die op dezelfde manier selectief is 
maar hiernaast zo gemodificeerd is dat het voornamelijk bindt aan eiwitten die 
veel op tumorcellen voorkomen, integrines genaamd. Van dit virus, Ad-delta24-
RGD, hadden wij al eerder laten zien dat het in een subcutaan model goed 
samenwerkt met bestraling. Bij het onderzoek in dit proefschrift hebben wij dit 
onderzoek uitgebreid en dit virus gecombineerd met straling in een intracranieel 
model, waarbij de tumor bij de muis groeit in het hoofd. Nu blijkt dat in dit 
model het virus en de bestraling elkaar niet meer versterken. Dit is belangrijke 
informatie omdat dit virus op dit moment wordt toegepast in een klinische studie 
waarbij patiënten met GBM behandeld worden. Deze resultaten hebben er onder 
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meer toe geleid dat in de huidige klinische studie Ad-delta24-RGD daarom niet 
met bestraling gecombineerd zal worden.

Waarom het combineren nu geen extra effect, synergie, oplevert, is niet 
bekend, maar het zou goed kunnen, en is inmiddels aangetoond, dat cellen in 
de hersenen op een volstrekt andere wijze groeien dan subcutaan. Ook is de 
immuunrespons, van groot belang bij virussen, in de hersenen anders dan in de 
rest van het lichaam. Tenslotte zou het zo kunnen zijn dat de bestraling in het 
subcutane model teveel gericht wordt op het beenmerg waar de immuuncellen 
gemaakt worden, terwijl die bij het intracraniële model op het hoofd gericht 
is. Dit zou ervoor kunnen zorgen dat de immuunrespons geremd wordt in het 
subcutane model waardoor het virus zich makkelijker kan verspreiden en dus 
effectiever kan zijn. 

Een virus, al dan niet gecombineerd met bestraling, kan nog zo sterk zijn, als 
het niet bij de tumorcel komt, kan het die ook niet doden. De toediening van 
het adenovirus is dan ook erg belangrijk en een van de belangrijkste redenen dat 
tot nu toe virotherapie niet erg succesvol is geweest. In hoofdstuk 5 gebruiken 
wij een techniek, convection-enhanced delivery (CED) genaamd waarbij het 
geneesmiddel gedurende langere tijd onder lichte druk in het hersenweefsel 
wordt gepompt. Hierdoor ontstaat een vloeistofstroom tussen de cellen in het 
brein waarin het middel worden meegenomen en waardoor het in theorie grote 
afstanden kan overbruggen. Hoe ver de deeltjes daadwerkelijk komen wordt 
bepaald door vele factoren, maar belangrijk is dat bij succesvolle CED het 
volume waarover het virus zich verdeelt moet correleren met het volume dat 
wordt ingespoten, en niet met de dosis. Het is de vraag of dit ook opgaat voor 
virusdeeltjes, omdat deze een diameter hebben (70-110 nanometer, ongeveer 
1/100 van een cel) die over het algemeen groter is dan de ruimte tussen de cellen 
in de hersenen (ongeveer 50 nanometer).  Hierdoor zouden zij goed vast kunnen 
lopen tussen de cellen terwijl de infusievloeistof ongehinderd wegstroomt.

In dit hoofdstuk laten we zien dat in de witte stof in de hersenen waar de 
zenuwbanen lopen het virus zich verspreidt in verhouding tot het ingespoten 
volume,  maar dat dit niet zo is in de grijze stof waar de zenuwcelkernen zich 
bevinden. Hier is de verspreiding van virus afhankelijk van de dosis. Het meest 
waarschijnlijk is dit te verklaren door de geometrie van beide gebieden. Terwijl de 
zenuwvezels makkelijk uit elkaar gedrukt kunnen worden om ruimte te maken 
voor de virusdeeltjes, zijn de celkernen innig met elkaar verbonden en is de ruimte 
hier te klein voor een actief transport van het virus door de vloeistofstroming.

In dit hoofdstuk laten wij ook zien dat kleine ijzerpartikels, in diameter 
vergelijkbaar met virusdeeltjes, zich op dezelfde manier verspreiden in het 
rattenbrein. Omdat deze deeltjes zichtbaar zijn op de MRI, kunnen zij gebruikt 
worden om te laten zien waar het virus zich bevindt als zij tegelijk zouden worden 
geïnjecteerd. Dit is een zeer belangrijk aspect van virotherapie, omdat toxiciteit 
het best voorkomen kan worden als bekend is waar het virus zich in de hersenen 
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bevindt. Inmiddels zijn er voldoende aanwijzingen dat virussen veilig met behulp 
van CED in de hersenen toegediend kunnen worden. Wel moet nog worden 
uitgezocht of ijzerdeeltjes gevaar op kunnen leveren voor de hersenen, omdat 
ijzer toxisch kan zijn voor zenuwcellen.

Hoofdstuk 6 is geboren uit het verlangen verschillende adenovirussen objectief 
met elkaar te kunnen vergelijken. Omdat de interactie tussen het virus en de 
populatie tumorcellen een dynamisch geheel is dat voortdurend verandert tijdens 
een experiment, is het niet moeilijk om uit de resultaten van een experiment 
de verkeerde conclusie te trekken als niet op de juiste manier naar de uitslag 
wordt gekeken. Met een wiskundige voorspelling van de virus-tumor interactie 
wordt de dynamiek in zijn geheel beoordeeld. Als dit model vervolgens als test 
kan worden gebruikt, kan zo een meer objectieve vergelijking van verschillende 
virussen plaatsvinden. In dit hoofdstuk hebben wij geprobeerd deze interactie 
op zo eenvoudig mogelijke wijze te modelleren zodat de resulterende formule 
dagelijks gebruikt zou kunnen worden. Hopelijk zal dit leiden tot een eerlijker 
vergelijking van verschillende virussen.

In hoofdstuk 7 kijken we naar een andere toekomst voor de toediening 
van adenovirusen aan patiënten, namelijk met behulp van stamcellen die uit 
vetweefsel gewonnen zijn. Deze cellen worden gebruikt als transportmiddel 
voor het virus omdat bekend is dat stamcellen de tumorcellen opzoeken, en 
zo het virus als in het paard van Troje bij de tumorcel kunnen afleveren. Deze 
studie laat zien dat deze theorie praktisch uitvoerbaar is maar dat hier veel haken 
en ogen aan kleven. De toekomst zal uit moeten wijzen of dit een geschikte 
toedieningsmethode zal blijken te zijn. 

Virotherapie, en gentherapie in het algemeen, hebben het niet makkelijk 
zich te vestigen als geaccepteerde behandelingen. Afgezien van de inhoud van 
dit proefschrift wordt in de discussie, hoofdstuk 8, dan ook de toekomst van 
de gentherapie en virotherapie besproken. Er zijn goede en slechte periodes 
geweest. De hype van de beginperiode werd gevolgd door een periode waarin 
bleek dat het DNA veel ondoorgrondelijker is dan ooit voorgesteld. Het is de 
vraag of gentherapie niet te gecompliceerd is, en juist teveel mogelijkheden 
biedt waardoor er niet één keuze gemaakt wordt maar steeds maar weer nieuwe 
virusvarianten worden ontworpen die het nooit tot een klinische studie redden. 
De focus zou moeten liggen bij het verrichten van klinische studies waarbij 
daadwerkelijk patiënten behandeld worden. Als er een duidelijke keuze gemaakt 
wordt en als andere complicerende factoren, zoals de problemen bij de toediening 
van het virus, verholpen worden kan virotherapie de belofte inlossen die het 
jaren geleden heeft gedaan; door gebruik te maken van de alsmaar toenemende 
kennis van onze genetische achtergrond patiënten genezen die anders zouden 
overlijden aan ziektes zoals het Glioblastoma Multiforme.
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